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Abstract 

The magnetic materials are massively used for different purpose and applications. 

Spinel ferrite is most extensively used ferrite due to its large electrical resistivity and 

low eddy current. Superparamagnetic nanoparticles easily demagnetize with field. 

The superparamagnetic type of spinel ferrites made a large enhancement in 

ferrofluids based technologies such as contrast MRI, drug delivery, hyperthermia and 

biosensors etc. The objective of the present work is to synthesis magnetic nanoparticles 

and study their structural and magnetic properties. The second part is to prepare 

ferrofluids in various media using the synthesised nanoparticles. 

            Three different types of ferrite (Fe3O4, Cu-Zn ferrite and Ba-Sr ferrite) 

nanoparticles are synthesized. The structural properties are measured by X-ray 

diffraction, field emission scanning electron microscope, transmission electron 

microscope and particle size analyser. The results demonstrated the formation of 

spinel and hexaferrite structure with different shape and particle size distribution of 

the nanoparticles. The magnetic behaviour of nanoparticle investigated by the DC-

magnetization vs. magnetic field and magnetization vs temperature measurements. 

Ferrofluid is the combination of colloidal suspension of magnetic nanoparticles in a 

liquid media which responds to the external applied magnetic field. It has the quality 

to change the physical properties in the presence of external magnetic field i.e 

magneto viscosity effect (MVE).The surfactant is used to coat the nanoparticles to 

prevent the agglomeration and cluster formation. The viscosity of ferrofluid is 

controlled by applying magnetic force. The results clearly indicate that the viscosity 

variation with magnetic field is strongly dependent on the nature of carrier fluid and 

the shear rates. The flow curves show the power law behaviour of viscosity vs shear 

rate or non- Newtonian behaviour for all ferrofluids in the absence as well as in the 

presence of magnetic field. The yield stress is calculated from the extrapolation of the 

shear stress vs. shear rate using Herschel-Bulkley model. In shear the stability of 



chains of nanoparticles of different shapes and sizes is different. So, no general 

conclusion can be made about the influence of the geometric shape of nanoparticles 

on the MVEs in ferrofluids. The concentrated ferrofluid based on platelet BSM 

nanoparticles gives much higher MVE compared to other ferrofluids. 

The present study can serve as the basis for selecting a ferrofluid for a particular type 

of application; particularly, when a ferrofluid with a high MVE is needed. 



Contents 

CHAPTER-1 ................................................................................................................... 1 

Introduction ................................................................................................................... 1  

1.1 Magnetic materials ............................................................................................... 1 

1.1.1 Diamagnetic materials: ................................................................................. 1 

1.1.2 Paramagnetic materials: ............................................................................... 1 

1.1.3 Ferromagnetic materials: .............................................................................. 2 

1.1.4 Antiferromagnetic materials: ....................................................................... 2 

1.1.5 Ferrimagnetic materials ................................................................................ 2 

1.1.6 Superparamagnetic materials: ..................................................................... 2 

1.1.7 Spin glasses .................................................................................................... 2 

1.2 Ferrites and their Applications .......................................................................... 3 

1.3 Nanoparticles ........................................................................................................ 7 

1.3.1 Fe3O4 Nanoparticles ...................................................................................... 7 

1.4 Rheology................................................................................................................ 8 

1.5 Properties of ferrofluids and their applications .............................................. 8 

1.5.1 Surfactant ........................................................................................................ 9 

1.6 Types of fluids: There are different types of fluids based on their properties.

 .............................................................................................................................................. 10  

1.6.1 Ideal fluid: .................................................................................................... 10 

1.6.2 Newtonian and Non Newtonian behaviour: .......................................... 11 

1.6.3 Bingham plastic (BP) and Herschel –Bulkley (HB) fluid ....................... 11 

1.6.4 Thixotropic & Rheopectic Fluid ................................................................ 12 



ii 

 

1.7 Flow Models: ...................................................................................................... 12 

1.7.1 Bingham plastic model ............................................................................... 13 

1.7.2 Power law behaviour for fluids: ............................................................... 13 

1.7.3 Herschel-Bulkley model for fluids: ........................................................... 14 

1.8 “Magneto viscosity” in Ferrofluids ................................................................. 15 

1.9 Aim ....................................................................................................................... 16 

1.10 Objectives of the present work:...................................................................... 16 

1.11 Thesis Organization ......................................................................................... 17 

References: ................................................................................................................ 18 

CHAPTER-2 ................................................................................................................. 25 

Material Preparation and Experimental Techniques ........................................... 25 

2.1 Synthesis methods of ferrite nanoparticles .................................................... 25 

2.1.1 Synthesis procedure for magnetite “nanoparticles”: ............................. 26 

2.1.2 Synthesis of Cu1-xZnxFe2O4 (CZF) nanoparticles: .................................... 26 

2.1.3 Synthesis of Hydrothermalized CZF nanoparticles: .............................. 28 

2.1.4 Synthesis of Ba1-xSrxFe12O19 (x=0, 0.05, 0.1, 0.2, and 0.5) Nanoparticles:

 .......................................................................................................................................... 29  

2. 2 X’-ray Powder diffraction ................................................................................ 31 

2. 2. 1 X-rays: ......................................................................................................... 31 

2. 2. 2 Rietveld refinement: .................................................................................. 32 

2. 3 “Field Emission – Scanning Electron Microscope” (FE-SEM) .................... 33 

2.4 “High Resolution - Transmission Electron Microscopy” (HR-TEM) ......... 34 

2. 5 Particle Size Analyzer: ...................................................................................... 36 



iii 

 

2.6 “Physical Property Measurement System” - Vibrating Sample 

Magnetometer (PPMS -VSM): ......................................................................................... 37 

2. 6. 1 Working principle of VSM ....................................................................... 37 

2. 7 Ferromagnetic resonance (FMR) ..................................................................... 38 

2.7.1 Experimental Set-Up for FMR ................................................................... 38 

2. 7. 2 Microwave Unit ......................................................................................... 39 

2.7.3 The “Cavity” ................................................................................................ 39 

2.7.4 Signal Channel ............................................................................................. 40 

2.7.5 “Magnetic Field Controller” ...................................................................... 40 

2.7.6 The User (operator) Interface: ................................................................... 40 

2.8 Rheometer: .......................................................................................................... 40 

References: ................................................................................................................ 43 

CHAPTER-3 ................................................................................................................. 45 

Studies on Fe3O4 nanoparticles and ferrofluids ................................................... 45 

3.1 Studies on Fe3O4 nanoparticles ........................................................................ 45 

3.1.1 Structural Studies ........................................................................................ 45 

3.1.2 Morphological Studies................................................................................ 46 

3.1.3 Particle size distribution and zeta potential ............................................ 47 

3.1.4 Magnetization studies ................................................................................ 48 

3.2 Studies on ferrofluids ........................................................................................ 49 

3.2.1 Magneto-viscosity of water based ferrofluid .......................................... 50 

3.2. 2 Toluene based Ferrofluid .......................................................................... 51 

3.2.3 Paraffin oil based Ferrofluid ...................................................................... 51 



iv 

 

3.2.4 Silicone oil based Ferrofluid ...................................................................... 51 

3.3 Flow Curves of Fe3O4 Ferrofluids .................................................................... 54 

3.4 Shear stress of different Fe3O4 Ferrofluids: .................................................... 56 

References: ................................................................................................................ 59 

CHAPTER-4 ................................................................................................................. 61 

Studies on Cu-Zn (CZF) Ferrite nanoparticles and ferrofluids ......................... 61 

4.1 Study of Co-precipitated CZF (C-CZF) nanoparticles.................................. 61 

4.1.1 “Structural studies”: ................................................................................... 61 

4.1.2 Morphological Analysis ............................................................................. 63 

4.1.3 TEM Analysis ............................................................................................... 64 

4.1.4 Particle size distribution and zeta potential ............................................ 66 

4.1.5 Magnetization Studies of C-CZF nanoparticles: ..................................... 68 

4.1.6 Rheological study of C-CZF based ferrofluids: ...................................... 72 

4.2: Study of hydrothermalized (H- CZF) nanoparticles: .................................. 77 

4.2.1 “XRD” results:.............................................................................................. 77 

4.2.2 FESEM Results ............................................................................................. 79 

4.2.3 TEM Analysis ............................................................................................... 80 

4.2.4 Particle size distribution and zeta potential ............................................ 83 

4.2.5 Magnetization Studies ................................................................................ 84 

4.3 Study H-CZF based ferrofluids ....................................................................... 87 

4.3.1 Magneto-viscosity plots of water based H- CZF ferrofluids: ............... 87 

4.3.2 “Magneto-viscosity” plots of “paraffin” based H- CZF ferrofluids: ... 90 

4.3.3 Shear Stress in Paraffin oil based ferrofluids: ......................................... 94 



v 

 

References: ................................................................................................................ 98 

CHAPTER-5 ............................................................................................................... 101 

Studies on Ba-Sr ferrite (BSM) nanoparticles and ferrofluids ........................ 101 

5.1 Study of Ba-Sr ferrite nanoparticles .............................................................. 101 

5.1.1 “Structural” studies: ................................................................................. 101 

5.1.2 Morphological study: ............................................................................... 102 

5.1.3 Magnetic Properties .................................................................................. 108 

5.2 Study of Ba-Sr ferrofluids: .............................................................................. 110 

5.2.1 Magneto-viscosity of BaFe12O19 ferrofluids: .......................................... 113 

5.2.2 Magneto-viscosity of Ba0.95-Sr0.05Fe12O19 ferrofluids in different colloids:

 ........................................................................................................................................ 118 

5.2.3 “Magneto-viscosity” of Ba0.9-Sr0.1Fe12O19 ferrofluids in different colloids:

 ........................................................................................................................................ 121 

5.2.4 Magneto-viscosity of Ba0.8-Sr0.2Fe12O19 Ferrofluids in different solvents:

 ........................................................................................................................................ 123 

5.2.5 Magneto-viscosity of Ba0.5-Sr0.5Fe12O19 Ferrofluids: ............................... 126 

5.2.6 Herschel-Bulkley behaviour in ferrofluids: ........................................... 128 

5.2.7 Magneto Sweep ......................................................................................... 132 

5.2.8 Inverse Ferrofluids .................................................................................... 134 

References: .............................................................................................................. 138 

CHAPTER-6 ............................................................................................................... 141 

Summary and Conclusions ..................................................................................... 141 

Summary ................................................................................................................. 141 



vi 

 

6.1 Important Conclusions on Studies on Nanoparticles ................................. 141 

6.2 Important Conclusions on Studies on Ferrofluids ...................................... 143 

6.3 Future Scope ..................................................................................................... 145 

 

  



vii 

 

List of Figures: 

Figure 1. 1 Schematic diagrams for spinel ferrite. .............................................................. 4 

Figure 1. 2 Spikes formation in ferrofluid with applied magnetic field. ........................ 9 

Figure 1. 3 Surfactant coated magnetic nanoparticles with and without field. ........... 10 

Figure 1. 4 Hydrophilic and Hydrophobic behaviour. .................................................... 10 

Figure 1. 5 General flow actions. ......................................................................................... 11 

Figure 1. 6 Types of flow for fluids. ................................................................................... 12 

Figure 1. 7 Thixotropic and rheopectic fluid. .................................................................... 12 

Figure 1. 8 Bingham plastic flows. ...................................................................................... 13 

 

Figure 2. 1Schematic methods for synthesize different ferrites ferrofluid ................... 25 

Figure 2. 2Diffraction from Bragg’s equation. .................................................................. 32 

Figure 2. 3Atomic form factor for X-ray (and neutron) against angle. ......................... 32 

Figure 2. 4 Schematic diagram of FESEM. ......................................................................... 34 

Figure 2. 5 TEM schematic diagram. .................................................................................. 35 

Figure 2. 6 Schematic diagram of the interaction between electron beam and sample 

surface. .................................................................................................................................... 36 

Figure 2. 7 Schematic diagram for an X-band EPR spectrometer. ................................. 39 

Figure 2. 8 MCR 501 rheometer .......................................................................................... 41 

 

Figure 3. 1 XRD pattern of Fe3O4 nanoparticles. ............................................................... 46 

Figure 3. 2FESEM micrograph of Fe3O4 nanoparticles. ................................................... 47 

Figure 3. 3Fe3O4 nanoparticles distribution (a) and zeta potential (b). ......................... 48 



viii 

 

Figure 3. 4 Magnetization curve for Fe3O4 nanoparticles. ............................................... 48 

Figure 3. 5 ESR signals for Fe3O4 nanoparticles. ............................................................... 49 

Figure 3. 6 Magneto-viscosity plots of water, toluene, paraffin and “silicone oil” based 

ferrofluids. .............................................................................................................................. 51 

Figure 3. 7 Colloidal effect in water, toluene, paraffin and silicone oil based ferrofluids 

at zero field............................................................................................................................. 55 

Figure 3. 8 Flow curves of different Fe3O4 ferrofluids at various magnetic fields ....... 55 

Figure 3. 9 Shear stress vs. shear rate at various fields .................................................... 57 

 

Figure 4. 1 XRD spectra of C-CZF nanoparticles. ............................................................. 62 

Figure 4. 2 FESEM images of C-CZF nanoparticles. ........................................................ 63 

Figure 4. 3 “TEM micrographs” for C-CZF nanoparticles. ............................................. 66 

Figure 4. 4 Particle size distribution of C-CZF nanoparticles. ........................................ 67 

Figure 4. 5 Zeta potential of C-CZF nanoparticles ........................................................... 68 

Figure 4. 6 Magnetization curves for C-CZF nanoparticles. ........................................... 69 

Figure 4. 7 Magnetization vs. Zn-content of C-CZF nanoparticles. ............................... 70 

Figure 4. 8 FC and ZFC curves of C-CZF nanoparticles at applied field of 100 Oe. ... 71 

Figure 4. 9 Effect of composition of CZF on viscosity of toluene based ferrofluids at 

H=0. ......................................................................................................................................... 72 

Figure 4. 10 Flow curves of CZF toluene based ferrofluids respectively...................... 73 

Figure 4. 11 Magneto-viscosity of Cu1-xZnxFe2O4 (x= 0.2, 0.4, 0.6) toluene based 

ferrofluids respectively. ....................................................................................................... 74 

Figure 4. 12 Effect of composition of CZF paraffin based ferrofluids at H=0. ............. 75 



ix 

 

Figure 4. 13 Flow curves of Cu1-xZnxFe2O4 (x= 0.2, 0.4, 0.6) paraffin oil based ferrofluids 

respectively. ........................................................................................................................... 76 

Figure 4. 14 Magneto-viscosity of CZF paraffin oil based ferrofluids. ......................... 77 

Figure 4. 15 XRD images of H-CZF. ................................................................................... 78 

Figure 4. 16 FESEM images of H- CZF ............................................................................... 80 

Figure 4. 17 TEM micrographs of H- CZF nanoparticles. ............................................... 82 

Figure 4. 18 Particle size distribution of H- CZF respectively. ....................................... 83 

Figure 4. 19 Zeta potential of H-CZF nanoparticles ......................................................... 84 

Figure 4. 20 Magnetization curves of H-CZF nanoparticles ........................................... 85 

Figure 4. 21 M (H) loops parameters for H- CZF nanoparticles. ................................... 86 

Figure 4. 22 FC and ZFC curves of H-CZF nanoparticles ............................................... 87 

Figure 4. 23 Effect of colloid in H-CZF water based ferrofluids at H=0. ....................... 88 

Figure 4. 24 Flow curves of H-CZF water based ferrofluids at H=0 to 1.33T. .............. 88 

Figure 4. 25 Magneto-viscosity of H-CZF water based ferrofluids ............................... 90 

Figure 4. 26 Effect of colloid in H-CZF paraffin oil based ferrofluids at H=0 .............. 91 

Figure 4. 27 Flow curves of paraffin oil based H-CZF ferrofluids. ................................ 92 

Figure 4. 28 Magneto-viscosity of paraffin oil based H-CZF ferrofluids ...................... 93 

Figure 4. 29 H-B model fit. ................................................................................................... 95 

 

Figure 5. 1 XRD of BSM nanoparticles. ............................................................................ 101 

Figure 5. 2 FESEM images of BSM nanoparticles. .......................................................... 103 

Figure 5.3 TEM micrographs of BSM nanoparticles. ..................................................... 106 

Figure 5.4 Particle size distribution of BSM nanoparticles. .......................................... 107 



x 

 

Figure 5.5 Zeta Potential of BSM nanoparticles. ............................................................. 108 

Figure 5.6 Magnetization curves of BSM nanoparticles . .............................................. 109 

Figure 5.7  FC and ZFC curves of BSM nanoparticles at 100 Oe. ................................. 110 

Figure 5.8 Solvent and Colloidal effect in BSM ferrofluids at H=0. ............................. 113 

Figure 5.9 Viscosity vs. shear rate of BMW, BMP and BMS ferrofluids. .................... 114 

Figure 5.10 Magneto-viscosities of water, paraffin and silicone oil based BSM 

ferrofluids. ............................................................................................................................ 116 

Figure 5.11 Magneto-viscosity of paraffin BM based FF. .............................................. 117 

Figure 5.12 Viscosity vs. shear rate for BMP ferrofluids. .............................................. 117 

Figure 5.13 Viscosity vs. shear rate of BSM5W, BSM5P and BSM5S ferrofluids. ...... 118 

Figure 5.14 Magneto-viscosity at 1 and 10 s-1 of BSM ferrofluids. ............................... 120 

Figure 5.15 Flow curves of paraffin and silicone oil based BSM ferrofluids. ............. 121 

Figure 5.16 Magneto-viscosity of paraffin and silicone oil based BSM ferrofluids. .. 123 

Figure 5.17 Flow curves of water, paraffin and silicone oil based BSM ferrofluids. . 124 

Figure 5.18 Magneto-viscosity of water, paraffin and silicone oil based BSM ferrofluids 

of 1 and 10 s-1 respectively. ................................................................................................ 125 

Figure 5.19 Flow curves of water, paraffin and silicone oil based BSM ferrofluids. . 126 

Figure 5.20 Magneto-viscosity at 1 and 10 s-1 of water, paraffin and silicone oil based 

BSM50 ferrofluids. .............................................................................................................. 128 

Figure 5.21 H-B model fit for BMW, BSM5W and BSM50W ferrofluids. ................... 129 

Figure 5.22 H-B model fit for BMP and BSM10P ferrofluids. ....................................... 131 

Figure 5.23 H-B model fit for BSM20S and BSM50S ferrofluids. ................................. 132 

Figure 5.24 Storage moduli (a) and loss moduli (b) of BMW and BSM5W ferrofluids.

................................................................................................................................................ 133 



xi 

 

Figure 5.25 Schematic image of an inverse ferrofluids. ................................................. 134 

Figure 5.26 Viscosity vs. magnetic field of BSM10S ferrofluid. .................................... 135 

Figure 5.27 Flow curve of BSM10S ferrofluid. ................................................................ 135 

Figure 5.28 Flow curve of shear rate of BSM10S ferrofluid. ......................................... 136 

 

  



xii 

 

List of Tables: 

Table 1.1: Classification of ferrite materials ........................................................................ 3 

 

Table 2.1: Fe3O4 ferrofluids in various colloidal media. .................................................. 26 

Table 2.2: Properties of colloidal media. ............................................................................ 27 

Table 2.3: C-CZF ferrofluids in various colloidal media. ................................................ 28 

Table 2.4: H-CZF ferrofluids in various colloidal media. ............................................... 28 

Table 2.5: BSM ferrofluids in various colloidal media. .................................................... 29 

 

Table 3.1: Fe3O4 ferrofluid in different colloids. ............................................................... 50 

Table 3.2: The fitting parameters of power law ................................................................ 55 

Table 3.3: H-B model fitting parameters for FW ferrofluid. ........................................... 57 

 

Table 4.1: Crystallographic parameters for C- CZF nanoparticles. ............................... 62 

Table 4.2: Average particles size, particle distribution and zeta potential parameters.

.................................................................................................................................................. 66 

Table 4.3: M (H) parameters for C- CZF nanoparticles. .................................................. 69 

Table 4.4: Crystallographic parameters for H- CZF nanoparticles. ............................... 78 

Table 4.5: Average particle size, distribution and zeta potential parameters for H-CZF 

nanoparticles: ......................................................................................................................... 84 

Table 4.6: Magnetization parameters of H- CZF nanoparticles. .................................... 85 

Table 4.7: Power-law fitting parameters for water based H-CZF ferrofluids. ............. 89 



xiii 

 

Table 4.8: The fitting parameters of power law for H-CZF ferrofluids are tabulated 

below: ...................................................................................................................................... 92 

Table 4.9: H-B model fitting parameters. ........................................................................... 95 

Table 5.1: Crystallographic parameters for BSM nanoparticles. .................................. 102 

Table 5.2: Average particles size, hydrodynamic particle distribution and zeta 

potential parameters. .......................................................................................................... 106 

Table 5.3: M (H) parameters for BSM nanoparticles. ..................................................... 108 

Table 5.4: Physical properties of colloidal. ...................................................................... 110 

Table 5.5: The fitting parameters of power law for BM ferrofluids are tabulated below:

................................................................................................................................................ 114 

Table 5.6: The fitting parameters of power law for BSM5 ferrofluids. ........................ 119 

Table 5.7: Fitting parameters of power law for BSM10 ferrofluids. ............................ 121 

Table 5.8: The fitting parameters of power law for BSM20 ferrofluids ....................... 124 

Table 5.9: The fitting parameters of power law for BSM50 ferrofluids are tabulated 

below: .................................................................................................................................... 126 

Table 5.10: Shear stress, consistency and power index values for water based 

ferrofluids ............................................................................................................................. 129 

Table 5.11: Shear stress, consistency and power index values for paraffin based 

ferrofluid. ............................................................................................................................. 131 

Table 5.12: Shear stress, consistency and power index values for BSM20S and BSM50S 

FF. .......................................................................................................................................... 132 

 

  



xiv 

 

 

 



 

CHAPTER-1 

Introduction 

1.1 Magnetic materials 

 Magnetic materials are massively used for different purpose and applications. 

Many years back the mankind understood the significance of the magnetic materials 

in their life. Since 1930, the studies of various properties of magnetic materials have 

been done extensively by many groups. The magnetic materials are  useful in several 

applications” like; permanent magnets, “magnetic recording media”, sensors, 

memory chips, activators and in biomedical applications such as hyperthermia, drug 

delivery and catalyst etc. [1-3]. The electrons and the magnetic dipoles present in 

magnetic material are the consequences of the magnetic properties with the applied 

magnetic field. Therefore, based on response to the external magnetic field materials 

are categorized into “diamagnetic”, “paramagnetic”, antiferromagnetic, 

“ferromagnetic” and “ferrimagnetic” materials [4]. 

1.1.1 Diamagnetic materials: 

Usually, these types of materials are hardly magnetized when they come under 

the magnetic field. At given field the magnetic dipoles line up opposite to the field 

direction. Therefore, the induce magnetic field repels the applied field and the 

material oppose the field around it. It has a negative susceptibility which is 

independent to temperature. e.g.: water, inert gases, and “transition metals”. 

1.1.2 Paramagnetic materials: 

When the field is present, these materials get magnetized due to the tendency of 

dipole moments alignment towards applied field direction. These materials follow 
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Curie’s law with small and positive magnetic susceptibility. e.g. : Pt, Al and Copper 

sulphate. 

1.1.3 Ferromagnetic materials: 

These materials exhibit very strong magnetic nature. The interactions between 

magnetic dipoles are extremely strong and align parallel at given magnetic field. 

Alignment of magnetic dipoles in one direction is known as Weiss domain. The 

spontaneous magnetization is found in the ferromagnetic system even at zero applied 

field.  e.g.: Ni, Gd, Fe, and Dy. 

1.1.4 Antiferromagnetic materials: 

These materials show the antiparallel arrangement of the neighboring atoms which is 

the cause of zero net magnetization. This order exists below Neel temperature (TN) 

and the material is paramagnetic above TN. e.g.: Zinc ferrite, hematite, metals, alloys 

and oxides.   

1.1.5 Ferrimagnetic materials   

These materials exhibit the imbalanced atoms or spin in the anti-parallel way due to 

that the net magnetic moment is non-zero. These materials show the extraordinary 

resistivity and anisotropic properties. They are ferromagnetic below Tc and 

paramagnetic above Tc. e.g.: ferrites and magnetic garnets. 

1.1.6 Superparamagnetic materials:  

The superparamagnetism is generated when the multi domains are transformed 

into single domain of a critical size. The thermal energy at room temperature 

overwhelm the “magneto static energy” of domain wall resulting in zero hysteresis. 

This phenomenon is known as superparamagnetism. 

1.1.7 Spin glasses  
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The spin glass is formed when there is disordered in the alignment of unequal 

spins of the component of the atoms. The net magnetization disappears because of 

random orientation of spins in the system. This magnetic state is normally observed 

at low temperatures. 

1.2 Ferrites and their Applications  

The classification of ferrite structure depends on the crystal structure. The 

properties are given in the table 1.1: 

Table 1. 1: “Classification of ferrite materials” 

Ferrite Crystal structure  

 

General formula  

Spinel 

 

Cubic M2𝐹𝑒2
3+O4  

M2+ = Ni2+, Mn2+, 

Zn2+,Mg2+, Cu2+ ions or a 

mixture of mentioned 

ions 

Garnet 

 

Cubic 

 

R3+𝐹𝑒5
3+O12  

R= Y3+, Gd3+ 

Hexaferrite 

 

Hexagonal  

magnetoplumbite 

 

AFe12O19     M-type 

AM2Fe16O27 W-type 

AM2Fe23O46 X-type 

A2M2Fe16O27 Y-type 

A3M2Fe24O41  Z-type 



Chapter-1: Introduction  

4 

 

A4M2fe36O60  U-type 

M2+ = Fe2+, Ni2+, Mn2+ 

Zn2+, Mg2+ ions or a 

mixture of mentioned 

ions 

Orthoferrite 

 

Orthorhombic 

Perovskite  

 

R3+Fe3+O3 

R3+ = Gd3+, Y3+, Nd3+, 

Sm3+, Lu3+ 

 

The spinel ferrite is most extensively used ferrite because of large “electrical 

resistivity” and low “eddy current”. Spinel ferrite is simple class of material having 

cubic close packed crystal structure. The metal ions generally occupy the “tetrahedral” 

and “octahedral” sites in the oxygen layers as shown in Fig. 1.1. 

 

Figure 1. 1 Schematic diagrams for spinel ferrite. 

Fig. 1.1 shows the tetrahedral and octahedral sites of metal ions and oxygen ions 

in spinel lattice structure. The main reason for cation distribution is structural 

disorder, composition, ion size and deficiency of oxygen in spinel ferrite system. The 
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general formula for spinel ferrite is (Me1-iFei) [MeiFe2-i] O4 where i= 0 stand for “normal 

spinel”, i=1 for “inverse spinel” and 0 < i <1 for mixed spinel. The structural, magnetic 

and electrical properties can be changed by changing the cation distribution. 

The main components of ferrites are iron oxide and metal oxide [5-6]. Basically 

the super exchange interaction is as a result of placement of magnetic ion among the 

metal ions. Ferrites possess “high electrical resistivity”, “high saturation 

magnetization”, high permeability, less “eddy current” losses and low “dielectric 

losses” [7-8].  Among all the magnetic materials, ferrite is the highest demandable 

magnetic material in large number of applications [9]. The change in properties of 

ferrite can be  due to change in synthesis method, quantity of essential metal oxides, 

sintering, sensitivity and different amount of dopants and impurities which change 

the area of applications [10]. The ferrites are found to be mostly used in permanent 

magnets, magnetic recording media, sensors, memory chips and activators etc. In 

other way ferrites are also used in biomedical applications like hyperthermia, drug 

delivery, as catalyst and magnetic resonance imaging (MRI) etc. [11-12]. Soft ferrite 

shows the great performance at less cost because of their “high resistivity” [13]. The 

superparamagnetic type of spinel ferrites made a large enhancement in ferrofluids 

based technologies such as contrast MRI, drug delivery, hyperthermia and biosensors 

etc. [14-15].  
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When ferrite is exposed to higher frequency microwaves, the eddy current 

becomes a main problem and reduces the performance of the material. The high 

frequency problem is reduced by increasing resistivity. The resistivity value in ferrites 

is of the order of 107 Ω m compared to the value for iron which is 10-7 Ω m. The reason 

for decrease in resistivity or increase in conductivity is due to change in conduction 

mechanism from free electron conduction to electron hopping. Ferrite show the 

importance at high frequency for electromagnetic applications [16]. The efficiency can 

be increased by using ferrite nanoparticles. The “Cu-Zn ferrite’’ is widely used due to 

its large initial permeability, high resistivity, high dielectric constant, saturation 

magnetization and low power loss etc. Many group have tried to improve the 

magnetic properties in various ways such as different synthesis method, heat 

treatment, substitutions etc. [17]. Some reports show the substitution of Zn in Cu 

ferrites, regulate the size of the particle and improvement in the structural and 

magnetic properties [18-19]. 

The hexagonal ferrites are represented as MaFe12O19 where Ma denotes here 

“Ba”, “Pb”, “Sr”. They exhibit magnetoplumbite structure and demanded in various 

applications due to low cost of production. Hexaferrites are massively used as 

permanent magnets [20-21]. In hexagonal ferrites oxygen ion exhibit closed packed 

structure. These ferrites show large coercivity and large frequency range of 

application [22]. The lattice of hexagonal ferrite is matching with the spinel structure 

with closely packed oxygen ion. 

At few layers some metal ions show the same ionic radii as the oxygen ion. These 

hexagonal ferrites contain large ions and can be produced by replacing the oxygen 

ion. 

The magnetic moment in ferrite is the additions of the particular magnetic 

moment of the specific sub lattice as explained by Neel. In spinel ferrites the “exchange 

interaction” among the electrons of ions does not having the similar values on A-site 
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and B-site. Since the interaction among A and B-site or AB-site interaction known as 

the strongest whereas interaction between AA-site is very weak as compared to A-B 

site interaction and B-B site is the weakest among all interactions. The strongest 

interaction is the cause for ferrimagnetism and having the highest “exchange energy” 

due to which antiparallel arrangement of cation is formed. 

1.3 Nanoparticles 

The properties of bulk are very different as compared to nanoparticles. Basically 

the range of the nanoparticles is 1 -100 nm. The properties of material change 

drastically when the grain or particle size changes from micrometer to Angstrom 

scale. The nanoparticles have practical application in various fields which covers 

biomedical and engineering. The nanoparticles can be divided in various type based 

on their shape, size and properties. The first group includes gold, quantum dots and 

polymer. The second group contains semiconducting and ceramic. The silica is known 

as hard nanoparticle. The classification of nanoparticles depends on their demand and 

can be synthesized in various ways according to their use. The nanoparticles are used 

to increase the efficiency, speed and sustainability. The nanoparticle finds application 

in aerosol, suspension and emulsion. The surfactant coating modifies the nanoparticle 

surface properties to avoid the cluster and agglomeration in the liquids. The coated 

magnetic nanoparticles are used to make stable ferrofluids, colloidal dispersion, 

cosmetics and lubricants.  

1.3.1 Fe3O4 Nanoparticles 

Fe3O4 (magnetite) is an important member of spinel ferrite family and is known 

for its excellent properties  useful in various applications such as recording material, 

storage devices, heat transfer, sensors, mineral separation and bio-medical 

applications etc. [23-26]. It possesses the super paramagnetic behaviour and low Curie 

temperature.  Fe3O4 nanoparticles are biocompatible and non- toxic and thus they are 

useful in biomedical applications.  Magnetite has face-centered cubic spinel structure. 
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The structure formula for magnetite is represented as [Fe3+] A [Fe3+, Fe2+] B O4. In 

magnetite crystal structure “oxygen ions” closely organized in the “cubic 

arrangement”, small Fe ion blocks the gap. On “tetrahedral (A) site” Fe ion bounded 

via four oxygen whereas “octahedral (B) site” bounded by six oxygen. A site shows 

the anti-parallel arrangement towards B site. There are several synthesis methods for 

preparing the uniform Fe3O4  nanoparticles such as sol-gel, microwave-hydrothermal, 

co-precipitation, thermal decomposition, micro emulsion etc. [27-28]. 

1.4 Rheology 

Rheology is considered as the deformation of the solids and flow of fluids. 

Basically the study is to understand the deformation of the matter under stress or in 

other words to develop the relation between stress and viscosity to get the information 

about the flow type i.e. Newtonian or non-Newtonian nature of the fluids.  

1.5 Properties of ferrofluids and their applications  

Ferrofluid is the combination of “colloidal suspension” of magnetic 

“nanoparticles” in a solvent which responds to the external “applied magnetic field”. 

Ferrofluid was discovered by NASA research center in 1960s in U.S. The scientists 

were investigating the method of controlling the liquid in space. In the absence of 

gravity in space , the ferrofluid flow was managed through the  “applied magnetic 

field” [32] .  Fig. 1.2 shows the formation of spikes as a result of ferrofluid response 

towards external applied field. Spikes are formed towards high magnetic field 

direction.  
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 Figure 1. 2 Spikes formation in ferrofluid with applied magnetic field. 

In the past decades, several groups have prepared ferrofluid for study of their 

properties and applications [33]. The size of the magnetic nanoparticle need to be 

below the critical limit so that due to gravity the Brownian motion of particles is not 

restricted and no sedimentation takes place. The “nanoparticles ” are typically < 10 

nm and coated with surfactant such as oleic acid to avoid cluster formation and 

sedimentation [34].  Cluster or agglomeration happens due to magnetic dipole 

interaction and Van der Waals forces. The typical solvent used to prepare ferrofluid is 

water or oil. The ferrofluids are useful in various application such as magnetic sensors, 

“clutches”, lubricants, tunable dampers, defect “sensors”, optical grating, magnetic 

resonance imaging, hyperthermia, drug delivery, cell separation, biosensors and 

magneto-mechanical applications etc. [29-37].  

1.5.1 Surfactant  

Surfactant is used to prevent the nanoparticles from clumping and restrict to 

form agglomeration and settle down in liquid. The tiny magnetic particles interact 

with each other and form a large dense cluster which leads to sedimentation. The 

“ideal ferrofluid”, does not settle down when magnetic field is applied. The Surfactant 

can be of hydrophilic or hydrophobic nature as shown in Fig. 1.3. 
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Figure 1. 3 Surfactant coated magnetic nanoparticles with and without field. 

Polar surfactant has the property to absorb the nanoparticle whereas non-polar 

surfactant sticks out to the solvent and forms the regular or irregular layer around the 

particle. The electrostatic repulsion prevents the particles from agglomeration [38- 39]. 

Apart from preventing the cluster formation in ferrofluids, surfactant improves the 

fluid`s magnetic response or saturation. 

 

Figure 1. 4 Hydrophilic and Hydrophobic behaviour. 

 

1.6 Types of fluids: There are different types of fluids based on their properties. 

1.6.1 Ideal fluid:  

A fluid is called ideal when it shows the zero viscosity, incompressible, no shear 

stress and shows the constant normal stress. 
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1.6.2 Newtonian and Non Newtonian behaviour:  

When the viscosity does not change and remains constant when subject to 

increase in pressure or temperature, then it is known as the Newtonian behaviour of 

the fluid. The fluid which obeys the Newton’s law is known as Newtonian fluids. 

Ex: water and chloroform 

Viscosity (η) = 
𝑠𝑡𝑟𝑒𝑠𝑠 (𝜏)

𝑠ℎ𝑒𝑎𝑟 𝑟𝑎𝑡𝑒(𝛾)̇
          (1.1) 

The fluid which does not follow the Newton’ law is known as non-Newtonian 

fluid or when the shear rate is not equal to shear stress. The viscosity is not constant 

for the non-Newtonian fluids. Ex: Toothpaste, suspensions, blood, shampoo etc.  Fig. 

1.5 shows the common flow behaviour of fluids. 

 

Figure 1. 5 General flow actions. 

1.6.3 Bingham plastic (BP) and Herschel –Bulkley (HB) fluid 

BP fluids are those fluids which behave like Newtonian fluid when shear is 

applied as shown in Fig. 1.6. 
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Figure 1. 6 Types of flow for fluids. 

If a fluid needs small stress to starts flow then after applying the stress fluid 

behave as non-Newtonian or flow in the same way then these fluids are known as 

Herschel-Bulkley fluids.  

1.6.4 Thixotropic & Rheopectic Fluid  

The viscosity of thixotropic materials decreases with increase in time at constant 

shear rate. Ex: paraffin oil, cream, gel etc. 

The viscosity of rheopectic materials increases with decrease in time at constant 

shear rate. Ex: printer ink. Fig. 1.7 represents the both behaviour of a fluid with time.   

 

Figure 1. 7 Thixotropic and rheopectic fluid. 

1.7 Flow Models: 
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1.7.1 Bingham plastic model   

This model is most general model and useful for drilling engineering. The BP 

model contains two parameters which are the yield stress and fluid viscosity. 

 

Figure 1. 8 Bingham plastic flows. 

In this model at the beginning the fluid resist to flow until shear stress reaches 

some definite value and once fluid starts to flow the relation between shear rate and 

shear stress become linear as shown in Fig. 1.8. 

τ = YP’ +PV’ (γ)          (1.2) 

Here YP’ is “yield point”, PV’ is “plastic viscosity”  

PV= θ600-300θ   

YP= θ300-PV 

YP= (2x θ300) - θ600                                                          (1.3) 

 This model is used to calculate the low shear rate and also useful for modeling 

fluids like toothpaste. 

1.7.2 Power law behaviour for fluids:  

This law is the simple law to describe the nature of fluid in various range of shear 

rates on which the coefficients are fitted. It assumes that all fluids are pseudo plastic. 

This law includes the mathematical prediction and correlates the experimental data 

[41]. The following equation defines power law behaviour of fluids.         

τ = K (𝛾)̇𝑛−1              (1.4)     
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Here K and n represent consistency’ and power index’.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

It describes shear thinning part of following curve. If n’ =1, fluid known as 

Newtonian’ fluid whereas if it decreases then it is known as non-Newtonian.  The 

values of power index ranges from 0.2 to 0.6, depends on types of fluid. Power law is 

useful for modeling the fluids without yield stress at zero shear rates. 

Based on power index value the fluid is divided in three types: (i) Pseudo plastic 

(n<1), (ii) Newtonian fluid (n=1) and (iii) Dilatant (n>1). 

1.7.3 Herschel-Bulkley model for fluids: 

The generalized model form of non- Newtonian fluid is known as Herschel-

Bulkley fluid introduced in 1926 by Winslow Herschel and Ronald Bulkley [42]. 

Which leads the stress in complex non-linear manner. This law also known as “yield 

power law model” which pronounces the rheological terms more precisely as 

compared to other model.   There are three parameters defined this model: 

τ = 𝜏0 +K𝛾̇n                 (1.5) 

Here, consistency (k), flow index (n) and yield stress (𝜏0). If n value decreases 

then it will become more curvature whereas if n increase it become more off curvature 

as shown in figure 1.6. This law follows two conditions: (i) when n =1, it becomes the 

Bingham plastic model. (ii) When n=0 and τ= τ0 , then it describes Newtonian fluid. 

This law can describe Bingham plastic and power law. Therefore, this model is 

beneficial over power law in that n and k are not static numbers based on simply two 

dial reading. 

 Based on n values shear thinning and shear thickening can be found out while 

k is the simple proportionality constant. The quantity of stress which the liquid 

experiences before yield and starts to flow is defined as yield stress. 
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Some assumptions which all model make: 

• The flow is isothermal. 

• The drilling fluid is incompressible. 

• Workout which model is best Hydraulics analysis. 

• Limitation in software and therefore understand where sources of divergence 

from reality may occur. 

• Describe the sources of inaccuracy within these models. 

 1.8 “Magneto viscosity” in Ferrofluids  

When the ferrofluid placed under an external magnetic field then the spike 

formation starts forming which are nothing but the alignment of the nanoparticles in 

the field direction and forming the spike structure.  These spikes generate due to the 

interaction between number of forces present in the system such as gravity, Van der 

Waals force and surface tension etc.[40]. 

There are some important factors on which magneto-viscosity of ferrofluids 

depends: 

(i) Synthesis method of nanoparticles and ferrofluids. 

(ii)The stability of the nanoparticles in the ferrofluids. 

(iii)Hydrodynamic response and nanoparticles shape.  

(iv)Proper volume for surfactant, nanoparticles and dispersion media. 

(v) Properties of surfactant and solvent such as viscosity, density, vapor pressure     

and boiling point. 

(vi)Magnetic response or saturation magnetization of the nanoparticles.  

(vii)Temperature of the ferrofluid.  

Several researchers have made effort to improve the stability of ferrofluids by  

approaching different synthesis methods and other conditions like control  



Chapter-1: Introduction  

16 

 

of shape and size of the nanoparticles [43-44]. There is always a challenge to  

the researchers to produce liquid from a solid through melting the metal magnets 

because of the property of magnetic materials to loss the magnetic behaviour at high  

temperature (Neel or Curie temperature). 

1.9 Aim  

The extraordinary properties of ferrite nanoparticles and ferrofluids are 

demanded in various applications. The present study is done on the structural and 

magnetic properties of ferrite nanoparticles. The magneto-viscosity of ferrofluids and 

their flow properties is also investigated. Synthesis techniques, compositions, shape 

and size of nanoparticles, surfactant and colloidal media are also discussed. Therefore 

thesis covers the different properties of three different ferrites (i) Fe3O4, (ii) Cu-Zn 

ferrite, and (iii) Ba-Sr ferrite nanoparticles and their ferrofluid. 

1.10 Objectives of the present work:  

1. To synthesize the Fe3O4 nanoparticles and ferrofluid by co-precipitation 

method.   

2. To synthesize the CuxZn1-xFe2O4 (CZF) nanoparticles by using co-precipitation 

and hydrothermal method.  

4. To synthesize the BaxSr1-xFe12O19 (BSM) nanoplatelets by using hydrothermal 

method.  

5.  To study the structural, morphological and stability of all (Fe3O4, CZF and Ba-

Sr hexaferrite) nanoparticles.  

6. To measure the magnetic response for all prepared ferrite nanoparticles. 

7. To study the rheological properties including flow curves, magneto-viscosity 

and magneto sweep of the synthesized ferrofluids in different solvents. 
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1.11 Thesis Organization 

❖ Chapter 1: This chapter reveals the brief review over ferrite nanoparticles and 

their applications. Developed structure by doping metal ion in nanostructure 

spinel ferrite is also discussed. Properties of ferrofluid and their application are 

also discussed. 

❖ Chapter 2: introduces the synthesis method for preparing the nanoparticles and 

ferrofluids. The measurements technique briefly described which are used for 

characterization. The following techniques were used to characterize the all type 

nanoparticles and their ferrofluids. 

        1. X-ray diffraction (XRD) 

2. Field Emission microscope (FESEM) 

3. Transmission electron microscope (TEM) 

        4. Particle size analyzer  

        5. Vibrating sample magnetometer (VSM)  

        6. Electron spin resonance (ESR) 

        7. Rheometer 

❖ Chapter-3: This chapter gives the information of structure, magnetic and    

 rheological properties of Fe3O4 nanoparticles and ferrofluids.  

❖ Chapter-4: This chapter contains the “structural”, “magnetic” and magneto-

viscosity of CZF nanoparticles and ferrofluids.  

❖ Chapter-5: This chapter introduces the effect of Sr doping on structural and 

magnetic and magneto-viscosity of BSM nanoparticles and ferrofluids.  

❖ Chapter-6: This chapter presents the overall thesis summary and future scope. 
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CHAPTER-2  

Material Preparation and Experimental Techniques  

This chapter presents different preparation methods for synthesizing the 

nanoparticles of various ferrites. The method of preparing stable and uniform 

ferrofluids in different solvents is also described. Various experimental techniques 

used for characterization of nanoparticles and ferrofluids are discussed in details. 

2.1 Synthesis methods of ferrite nanoparticles 

The nanoparticles of Fe3O4, CZF and BSM were synthesized by co-precipitation 

and hydrothermal methods. Fig. 2.1 represents the schematic diagram for preparing 

the different ferrites nanoparticles.  

 

Figure 2. 1Schematic methods for synthesize different ferrites ferrofluid 

The synthesis of Fe3O4 and CZF nanoparticles was done by co-precipitation 

method. The hydrothermal method was used to optimize the shape and size of CZF 
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and BSM nanoparticles. The detailed synthesis method for each ferrite is described in 

the following sections. 

2.1.1 Synthesis procedure for magnetite “nanoparticles”:  

The magnetite nanoparticles were synthesized via “co-precipitation method”. 

The FeCl2.4H2O, FeCl3.6H2O were used as raw materials. Initially, FeCl3·6H2O and 

FeCl2·4H2O in (1:2) ratio dissolved in deionized water. The NaOH solution (3 mol) was 

added in the mixture under constant magnetic stirring until the color of the precipitate 

changed from brown to black. The prepared nanoparticles were washed several times 

for maintaining the final pH at 7. The resultant precipitate was dried at 60 o C to obtain 

nanopowder for characterization.  The reaction is represented by the eq. 

Fecl2.4H2O + Fecl3.6H2O                                         Fe3O4   (Magnetite) 

2.1.1.1 Synthesis of Fe3O4’ based ferrofluids:  

The Fe3O4 nanoparticles coated with “4-Dodecylbenzenesulfonic acid” (DBSA) 

/oleic acid and dispersed in water’, toluene, paraffin’ and silicone oil’ to prepare 

ferrofluids as listed in the below table. 

Table 2. 1: Fe3O4 ferrofluids in various colloidal media. 

Ferrofluid Name  Composition 

 

Colloidal  

 

Surfactant  

 

FW Fe3O4 Water DBSA 

FT Fe3O4 Toluene Oleic acid 

FP Fe3O4 Paraffin Oil Oleic acid 

FS Fe3O4 Silicone oil Oleic  acid 

2.1.2 Synthesis of Cu1-xZnxFe2O4 (CZF) nanoparticles:  
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Co-precipitation method was used to synthesize the nanoparticle of composition 

Cu1-xZnxFe2O4 (CZF). Metal salts of Cu2+, Zn2+’ and Fe3+’ were dissolved in distilled 

water with appropriate ratio. Resultant solution was kept at 80 ˚C. The following 

reaction is used for controlling the hydroxide ion in the solution: 

(1 − 𝑥)Cu2+ + xZn2+ +2Fe3+ + n OH-             Cu1-x Znx Fe2O4 +H2O 

The distilled water is used for washing the prepared solution to maintain pH at 

7. The slurry was heated at 90 ˚C for 10 hours to dry and obtain CZF nanoparticles. 

2.1.2.1 Preparation method of Co-precipitated CZF nanoparticle based ferrofluids: 

The hydrodynamic distribution affects the properties of ferrofluid.  A number of 

colloidal were used for synthesizing different CZF based ferrofluids [1-2]. The below 

table is used to list the properties of “colloidal” for the synthesis of “ferrofluids”. From 

application point of view, stability of ferrofluid is important and it depends on proper 

selection of colloidal.   

Table 2. 2: Properties of colloidal media. 

S. No. “Colloidal” Dynamic 

viscosity of colloidal 

(mPa.s) at 300K 

Density 

(g/ml) 

Vapor 

Pressure(k Pa) 

1 Toluene 0.55 0.86 8.7 

2 Water’ 0.8’ 1 4.3 

3 Paraffin oil’ 25 to 80’ 1.1 0.5 

4 Silicone oil 10 0.93 0.6 

  

The synthesized ferrofluids are listed in the following table. 
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Table 2. 3: C-CZF ferrofluids in various colloidal media. 

Ferrofluid 

Name 

Composition 

 

Colloidal 

 

Surfactant 

 

CCZF20 Cu0.8Zn0.2Fe2O4 Toluene and 

Paraffin oil 

Oleic acid 

CCZF40 Cu0.6Zn0.4Fe2O4 Toluene and 

Paraffin oil 

Oleic acid 

CCZF60 Cu0.4Zn0.6Fe2O4 Toluene and 

Paraffin oil 

Oleic acid 

2.1.3 Synthesis of Hydrothermalized CZF nanoparticles:  

The CZF nanoparticles were synthesized using hydrothermal synthesis route [3]. 

The salts of Cu2+, “Zn2+” and “Fe3+” were mixed in appropriate mole ratio with water. 

The resultant mixture was placed in autoclave at 200 0C for 24 hours. The resultant 

slurry was collected and kept for drying at 80 0C for 12 hours to get the CZF nano 

powder.  

2.1.3.1 Synthesis of Hydrothermalized CZF nanoparticle based Ferrofluids:  

The surfactant coated hydrothermalized nanoparticles were dispersed in various 

solvents to prepare different ferrofluids. The prepared ferrofluids are listed in the 

table below. 

Table 2. 4: H-CZF ferrofluids in various colloidal media. 

Ferrofluid Name Composition 

 

Colloidal 

 

Surfactant 

 

HCZF20W 

 

 

Cu0.8Zn0.2Fe2O4 

Water 

 

DBSA 
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HCZF20P 

 

Paraffin oil Oleic acid 

HCZF40W 

 

HCZF40P 

 

 

Cu0.6Zn0.4Fe2O4 

Water 

 

Paraffin oil 

DBSA 

 

Oleic acid 

HCZF60W 

 

HCZF60P 

 

Cu0.4Zn0.6Fe2O4 

Water 

 

Paraffin oil 

DBSA 

 

Oleic acid 

2.1.4 Synthesis of Ba1-xSrxFe12O19 (x=0, 0.05, 0.1, 0.2, and 0.5) Nanoparticles:  

 The nanoparticles of composition Ba1-xSrxFe12O19 were prepared via 

hydrothermal process in an autoclave [4]. The mole ratio of metal nitrates (Ba2+/Fe3+) 

1:4.5 were mixed in distilled water and solution were mixed with sodium hydroxide. 

The solution was autoclaved for hydrothermal heat treatment at 523K for 24 hours. 

Finally the solution was washed several times for maintaining the pH at 7. The final 

paste was dried at 90 °C to obtain ferrite nano powder. 

2.1.4.1 Synthesis of Ba1-xSrxFe12O19 (x=0, 0.05, 0.1, 0.2, and 0.5) Ferrofluids:   

The following table lists various ferrofluids synthesized by dispersing surfactant 

coated BSM nanoparticles in various solvents. The colors show name of different 

ferrofluid. 

Table 2. 5: BSM ferrofluids in various colloidal media. 
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Ferrofluid name 

 

“Composition” and 

nanoparticles magnetic 

nature  

Surfactant  

 

“Colloidal “ 

 

BMW 

BMP 

BMS 

BaFe12O19 (FM) 

  

BaFe12O19 (FM)  

 

BaFe12O19 (FM)  

DBSA 

Oleic Acid 

Oleic Acid 

Water 

Paraffin Oil 

Silicone Oil 

BSM5W 

BSM5P 

BSM5S 

Ba0.95Sr0.05Fe12O19 (FM) 

 

Ba0.95Sr0.05Fe12O19 (FM) 

 

Ba0.95Sr0.05Fe12O19 (FM) 

DBSA 

Oleic Acid 

Oleic Acid 

Water 

Paraffin Oil 

Silicone Oil 

BSM10W 

BSM10P 

BSM10S 

Ba0.9Sr0.1Fe12O19 (FM) 

 

Ba0.9Sr0.1Fe12O19 (FM) 

 

Ba0.9Sr0.1Fe12O19 (FM) 

DBSA 

Oleic Acid 

Oleic Acid 

Water 

Paraffin Oil 

Silicone Oil 

BSM20W 

BSM20P 

BSM20S 

Ba0.8Sr0.2Fe12O19 (FM) 

 

Ba0.8Sr0.2Fe12O19 (FM) 

 

Ba0.8Sr0.2Fe12O19’ (FM) 

DBSA 

Oleic Acid 

Oleic Acid 

Water 

Paraffin Oil 

Silicone Oil 

BSM5W 

BSM5P 

BSM5S 

Ba0.5Sr0.5Fe12O19’ (FM) 

 

Ba0.5Sr0.5Fe12O19 (FM) 

Ba0.5Sr0.5Fe12O19 (FM) 

DBSA 

Oleic Acid 

Oleic Acid 

Water 

Paraffin Oil 

Silicone Oil 
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2. 2 X’-ray Powder diffraction  

X’-ray diffraction pattern of Fe3O4, CZF and BSM nanoparticles were recorded 

using “Bruker D8 ADVANCE (DAVINCI design) diffractometer” fitted with Cu’-Kα’ 

target for generating X-rays. The “Joint Committee on Powder Diffraction standards 

(JCPDS)”, “PCPDF win” and the National Bureau of Standards data cards are used for 

comparing the obtained diffraction patterns of the synthesized nanoparticles. 

2. 2. 1 X-rays:  

The interaction between atom and high energy electrons, generate X-rays. The 

generated spectrum is electromagnetic spectrum, the spectrum at low tensions shows 

only continuous spectrum and at high tensions 25 kV or higher discrete sharp lines. 

In order to confirm the structure of a material refer to its composition at different types 

of complication, finding the molecular formula to the correct position of all atoms in 

the molecules. The structural properties massively affect the macroscopic properties 

of a material. Therefore, structural characteristics play an important role in identifying 

the structure of a material. XRD and Bragg diffraction are used for morphological and 

structural information of nanomaterials.  

The diffraction from a crystal is shown in Fig. 2.2. For constructive interference 

the path length difference is given by formula, 

2dhkl sinθ= nλ                      (2.1) 

The equation (2.1) known as “Bragg’s law”, where, ‘n’ represents an “integer”, 

‘λ’ represents “x -ray wavelength” and ‘θ’ represents the “Bragg angle”. 
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Figure 2. 2Diffraction from Bragg’s equation. 

 

Figure 2. 3Atomic form factor for X-ray (and neutron) against angle. 

The “structure factor (Fhkl)” is an essential parameter in “crystallography” which 

carries the “atomic structure factor” and “atoms positions” which are defined with the 

formula 

Fhkl = ∑ 𝑓𝑛
𝑁
𝑛=1  exp (2πi (han + kbn +lcn))            (2.2) 

Where Fhkl is structure factor, fn is atomic scattering factor and a, b and c are 

atomic positions in unit cell.  

In the XRD pattern the intensity of peaks are directed through the crystal 

structure and diffractometer. The atomic form factor against angle for X-ray is given 

in Fig. 2.3. 

2. 2. 2 Rietveld refinement: 

Full Prof Suite program use to perform Rietveld refinement. For profile 

parameter “Thompson-Cox-Hastings pseudo-Voigt” is used. The crystallite size of the 

ferrite nanoparticle is estimated from “Williamson-Hall (WH) plot”.  

“Full Prof Program” is established for “Rietveld analysis of neutron” or XRD 

data composed at variable or constant step in 2θ. Individually or with powder data 

the single crystal refinements can also be done with this program.  

Some important properties of FullProf are described below:  
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▪ XRD contains the laboratory and synchrotron sources.  

▪ With different profile parameters one and two wavelengths can be used.  

▪ The 2θ (scattering variable) in degrees.  

▪ The background can be fixed, refined by Fourier filtering.  

▪ For each phase the peak shape selection can be “Gaussian”, “Lorentzian”, 

modified Lorentzian, “pseudo-Voigt”, “Pearson-VII” and “Thompson-Cox-

Hastings (TCH) pseudo-Voigt”. 

▪  Multi-phase can be up to 16 phases.  

▪  Magnetic structure refinement can be done in two way: one is explaining the 

magnetic structure in magnetic unit cell and the other one is important for 

unequal magnetic structures.   

▪ The consequence of size and strain is reflected in hkl-dependence of FWHM.  

2. 3 “Field Emission – Scanning Electron Microscope” (FE-SEM) 

FESEM (Model Ultra55 of Carl Zeiss) was used for capturing images of the 

nanoparticles with spatial resolution < 2 nm. Electron microscopes are high vacuum 

instrument. To avoid the electrical mismatch inside the gun, high vacuum is 

appropriate and allow electrons to move within the apparatus. Several electron 

emission sources are required for various vacuum stages. Emission sources are 

classified in two classes: “thermionic emitters” and “field emitters”. The first one is 

used to heat the filament for reduce the work function. The electron beam containing 

a tungsten filament shield of zirconium oxide from Schottky field emitter. This is 

mainly worked to minimize the work function for emitter electron from tungsten (4.6 

eV to 2.8 eV).  The increased thermionic emission field is used at high field gradient 

to produce the electron in FESEM. The field emission gun generally made by Tungsten 

wire in which the electron emitters can produce up to 1000x the emission of a tungsten 

filament. The narrower probing beams which provide by electron gun is result in both 

improved minimize sample charging and spatial resolution.  



Chapter 2: Material Preparation and Experimental Techniques 

34 

 

 

 

Figure 2. 4Schematic diagram of FESEM. 

Fig. 2.4 shows the schematic diagram of FESEM. The primary electron are 

focused (with 1 to 30 kV) and deflected in the high vacuum column (< 1x10-7 Torr) by 

electronic lenses to generate the fine beam for bombardment of the object and the 

secondary electrons are emitted in every spot. The angle and velocity of “secondary 

electron” relate with surface structure. The detector is used to capture these electrons 

and generate the signal. These signals are converted into the video scan image and can 

be saved which is used to focus the microstructure and cross-sectional mode.  

2.4 “High Resolution - Transmission Electron Microscopy” (HR-TEM) 

“Transmission electron microscope” (TEM) is extremely useful and 

multipurpose instrument which is used to characterize the morphology, particle size, 
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diffraction pattern of materials and elemental analysis. The “spatial resolution” in 

TEM has ability to confirm the picture and material “diffraction”. The bright field and 

dark field pictures are used to study the defect as well as domain structure. The direct 

atomic arrangement can be visualized in high resolution imaging mode (HRIM).  

 

Figure 2. 5 TEM schematic diagram. 
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Figure 2. 6 Schematic diagram of the interaction between electron beam and 

sample surface. 

The diffraction mode gives the clear information of crystal structure. TEM 

schematic diagram presented in Fig.2.6. High energy electrons produced by the 

accelerating voltage of 300 kV are used in TEM.  The electron beam is passed through 

the sample leading to their scattering. The operating mode is a refined system based 

on electromagnetic lenses used to focus the electron for picture collection. The mode 

of image gives the highly magnified vision of the structure. The atomic arrangements 

are found at HRTEM. 

The electron diffraction mode shows the pure information of local crystal 

structure. 

In diffraction mode, an electron diffraction pattern is originated through sample 

place lightened via “electron beam”. The diffraction pattern corresponds to XRD 

pattern. The particular spot pattern represents single crystal and ring pattern shows 

the polycrystalline and the series of diffusion rings indicate the amorphous nature of 

a material. 

2. 5 Particle Size Analyzer: 

Particle size analyzer (Modal LitisizerTM 500) is a powerful tool to characterize 

particles in the liquid media. It determines the “particle size”, “zeta potential” and 

“molecular mass”. The cmPALS technology provides the unprecedented accuracy in 
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ELS measurements. Laser light with wavelength 658 nm is used through an individual 

frequency laser diode. There are three angle used known as detection angles 150, 900, 

1750 (particle size), 150 (zeta potential) and 900(molecular mass). The measurement 

range are 0.3nm -10μm (particle size), 3.8nm- 100 μm (zeta potential) and 980Da-

200MDa (molecular mass). The system has the temperature range of 0-90 0 C (32- 194 

0 F). The minimum volume of liquid required is 20 μL for particle size, 350 μL for zeta 

potential and 20 μL for molecular mass. “Dynamic light scattering” (DLS) technique 

provide the information on average particle size from the average size distribution. 

Electrophoretic light scattering (ELS) is used for measuring the zeta potential. The 

speed of particles is measured by ELS in the presence of “electric field”. The speed of 

moving the particle depends on the surface charge (zeta potential)  

2.6 “Physical Property Measurement System” - Vibrating Sample Magnetometer 

(PPMS -VSM): 

Physical Property Measurement System (PPMS-6000 Quantum Design) is used 

for performing the magnetic measurements with the maximum magnetic field of 9T 

and temperature range of 2- 300 K.  

2. 6. 1 Working principle of VSM 

The VSM was used for magnetization measurements of the samples sample 

under the uniform magnetic field. The VSM is based on “Faraday’s law of induction”. 

The magnetization depends on the constant field, as much the strongest the constant 

field, highest will be the magnetization. The magnetic dipole moment creates the 

magnetic stray as the sample is displaced and can be observed by the pick–up coils.  

The voltage is generated in the pick-up coil by varying the magnetic flux. The 

“time dependent induced voltage” is, 

                  Z coil = 
𝑑𝜑

𝑑𝑡
 = 

𝑑𝜑

𝑑𝑧

𝑑𝑧

𝑑𝑡
                           (2.3) 
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Here, Φ known as “magnetic flux”, ‘z’ shows the “vertical position of the 

sample”, ‘t’ represents “time”.  

The voltage of “sinusoidal oscillating sample” defined as: 

Z coil    =   (2πf*C*m)*(A sin (2πft))             (2.4) 

Here ‘C’ refers to “coupling constant”, ‘m’ is “magnetic moment of the sample”, 

‘A’ represents “amplitude of oscillation”, and ‘f’ is “frequency of oscillation”.  

The instrument was calibrated by a cylindrical shaped Ni sample. The 

magnetization as low as 10-6 emu/gm could be measured. 

2. 7 Ferromagnetic resonance (FMR) 

It has been used to study magnetic phase transition and anisotropy. The spectra 

was noted on “JEOL (JES-FA200) ESR spectrometer operating” at “X- band” frequency 

(ν = 9.16 GHz). Field modulation was adjusted at frequency of 100 kHz and amplitude 

10 Oe”. The magnetic field was ramped from 0-10 kOe to record the first derivative of 

the power absorption. The dynamic susceptibility at fixed frequency of the 

spectrometer was recorded as a function of the magnetic field strength. Resonance 

field was measured at the field where dP/dH became zero. 

2.7.1 Experimental Set-Up for FMR 

The standard JEOL (JES-FA200) X-band ESR is describes below: 
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Figure 2. 7 Schematic diagram for an X-band EPR spectrometer. 

2. 7. 2 Microwave Unit 

The microwave bridge play role in both microwave as well as detector of the 

transmitted waves. The gun diode was used for create the microwaves with X-band 

frequencies (ν = 9.2 GHz). The waveguide was used to shift the microwave to an 

attenuator.  

The output of the attenuator is transferred with a waveguide to a circulator that 

forces the waves into the resonator containing the sample and the reflected microwave 

is directed to the detector, which consists of a diode that converts the microwave 

power to electric current. 

The waveguide is used to transfer the output of the attenuator via circulator 

which directs the waves into the resonator containing the sample and the reflected 

microwave is directed with detector. 

2.7.3 The “Cavity” 

“Microwave cavity” is used to keep the sample which aids the amplification of 

weak signals from the sample. Cavity with high quality factor is required to minimize 

the energy dissipation and to improve the sensitivity. To achieve this condition the 

sample is located in least electric field and extreme magnetic field. 
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2.7.4 Signal Channel 

The “phase sensitive detection” is used with necessary electronics to make the 

signal channel. Basically it Improve the sensitivity in system. At “modulation 

frequency”, “magnetic field” is “modulated” sinusoidally. For comparison the field 

modulated signal is used as reference. It is delicate to some “modulation frequency” 

and phase like field modulation. Some signals which do not satisfy the requirements 

are blocked.  

2.7.5 “Magnetic Field Controller” 

Magnetic field controller regulates the field sweep. The regulator controller 

arranges the field values, the sweeping duration and required current to flow in each 

magnet coil. A Hall probe is placed in between the two magnet poles to sense the field. 

The controller regulates the field by comparing the Hall probe with the earlier set 

reference voltage. 

2.7.6 The User (operator) Interface: 

The JEOL ESR-spectrometer has Acquisition Software configured for different 

types of measurements. The computer software is active to feed the values. Through 

the software several parameters are set. The temperature controller is used for cooling 

and maintaining the sample temperature 

2.8 Rheometer: 

The rotational rheometer (Anton Paar MCR 501) was used to investigate the 

magneto-viscosity of various ferrofluids at 250C. The diameter of the measuring 

system is 20 mm parallel plate geometry. The gap is 0.1 mm between the plates and 

rotational which was used to carry out all measurements. The magnetic platform is 

attached with the rheometer to obtain the “magnetic field” in the vertical direction. 
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Figure 2. 8 MCR 501 rheometer 

The cutting edge technology is used in the MCR rheometer. The low friction 

bearing, EC motor technique and patented normal force have been optimized. Except 

rotational, oscillatory mode is also supported in MCR rheometer. The measurements 

can be performed at various temperature of the sample with specific accessories. The 

air bearings, high performance synchronous motor and force sensor make the Anton 

Paar MCR 501 a compact system. 

The movement of bearings can be detected from the normal force sensor. The 

bottom plate is unmovable and is equipped with a Peltier temperature controller unit 

attached to a hood for maintaining uniform sample temperature. The air bearings and 

oil free air compressor is used for supplying air at continuous pressure of 5-8 bar to 

the rheometer. A chiller is used to circulate water to the system. The Rheo Plus 
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software is used for controlled rheological measurements. In rheometer air bearing is 

one of the most important part which supports the synchronous motor. Two types of 

air bearings namely radial and axial air bearings are used. The axial air bearing is used 

to support weight of all the rotating parts. A very small angular displacement (less to 

0.1 μrad) can be measured by using optical encoder. This encoder carries non-

conducting light source and photo cell. During the transient and steady state, the 

normal force sensor which is integrated through the air bearing, is used to measure 

the normal force in both positive and negative directions. The temperature control 

unit maintains the uniform temperature all over the sample. The Peltier system 

carrying an actively controlled lower plate and hood, provides a desired level of 

temperature directly with 0.02 C accuracy. To determine the gap between the plates 

the true gap technology based on induction method is used. This technology also 

supports to suppress the errors in measurements initiated by normal force and 

thermal expansion. The transponder chip is combined to the geometry which contains 

all the significant data and communicated to the Rheo Plus software. The measuring 

geometries are easily attached to the rheometer rotor using a quick-fitting coupling. 

The equipment is useful in three measuring geometries namely cone –plate, parallel 

plate and cup-bob.  
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CHAPTER-3 

Studies on Fe3O4 nanoparticles and ferrofluids 

This chapter contains the details about the structural and magnetic properties of 

Fe3O4 nanoparticles. The XRD, FESEM, DLS, ESR and VSM have been used to 

characterize the structure, morphology and stability of the magnetic nanoparticles. 

DBSA\Oleic acid have been used as surfactants to coat the nanoparticles which were 

dispersed in water, toluene, paraffin and silicone oil for the preparation of ferrofluids. 

The magneto-viscosity measurements were carried out on the synthesized ferrofluids. 

The effect of the colloidal on the rheological properties of the ferrofluids is studied.  

3.1 Studies on Fe3O4 nanoparticles 

The less toxic nature of magnetite nanoparticles is make them attractive for 

biomedical applications. In the recent years, several groups have studied various 

properties of Fe3O4 nanoparticles. The Fe3O4 nanoparticles were synthesized via 

alternating current magnetic field assisted method anticipating improvement in their 

properties compared with classic co-precipitation method [1]. However not much 

difference is found in the properties of nanoparticles synthesized by this method.  We 

have followed the simple co-precipitation method described in chapter 2 to synthesize 

the magnetite nanoparticles. The structural and magnetic properties of the 

synthesized nanoparticles were studied at room temperature.   

 3.1.1 Structural Studies  

Fig. 3.1 shows the XRD pattern of magnetite (Fe3O4) nanoparticles. The XRD 

pattern confirms the single phase cubic spinel structure (JCPDS No: 01-1111) with 

space group Fd-3m. All the observed peaks are indexed to Fe3O4 crystal structure. 

There is no impurity phase seen in the data.  The most intense peak (311) is described 

by Gaussian and used to calculate the half - width of reflection. 
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Figure 3. 1 XRD pattern of Fe3O4 nanoparticles. 

The average crystallite size of Fe3O4 nanoparticles is calculated using the Debye-

Scherrer formula [2]:  

Dhkl = 
𝐾𝜆

𝛽ℎ𝑘𝑙.𝐶𝑜𝑠 𝜃
                      (3.1) 

Here K is particle shape factor (0.9), 𝜆 is X- ray wavelength, 𝛽ℎ𝑘𝑙 is half- width of 

(hkl) reflection,=
2𝜃

2
, shows Bragg angle. The average crystallite size of magnetite 

nanoparticle is estimated by using eq. (3.1) is 13 ±1.5 nm which agrees with FESEM 

particle size. The equation to find out the lattice parameter (a) in cubic crystal structure 

is defined as: 

a = dhkl √ℎ2 + 𝑘2 + 𝑙2                (3.2) 

Here (h,k,l) are Miller indices, dhkl represents inter-planar spacing. The estimated 

lattice parameter by using eq. (3.2) is 8.384 Å for the spinel structure of Fe3O4. 

 3.1.2 Morphological Studies 

Fig. 3.2 shows the FESEM image of Fe3O4 nanoparticles. FESEM micrograph 

confirmed the formation of the agglomeration of nanoparticles as nanostructures. The 

average estimated particle size is around 15 nm. The particles are mostly spherical in 

shape. 
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Figure 3. 2FESEM micrograph of Fe3O4 nanoparticles. 

 The particles size from FESEM studies is comparable with that obtained from XRD 

data. 

3.1.3 Particle size distribution and zeta potential 

Fig 3.3 (a) shows the particle size distribution of Fe3O4 nanoparticles. The 

estimated hydrodynamic diameter is 206.2 nm. The size distribution is large as 

compared to FESEM average particle size distribution due to the tendency of magnetic 

nanoparticles to form cluster or agglomerate in the water media. 

The measured value of zeta potential is - 70.2 mV for magnetite nanoparticles 

which is considered to be the good for the stability of ferrofluid. Zeta potential value 

depends on the ionic strength of a solution. Zeta potential scan was done to determine 

the stability of nanoparticles in water. The magnetite nanoparticles dispersed in water 

to measure the zeta potential is shown in Fig 3.3 (b).  
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Figure 3. 3Fe3O4 nanoparticles distribution (a) and zeta potential (b).  

The rise in ionic strength is the cause of compression of the electric double layer 

which results in reduction in zeta potential and vice versa. 

3.1.4 Magnetization studies 

M (H) plot at room temperature for Fe3O4 nanoparticles is shown in Fig. 3.4. The 

magnetite nanoparticles show ferrimagnetic behaviour. Similar results for Fe3O4 

nanoparticles is reported by other group [3]. The saturation magnetization of Fe3O4 

nanoparticles is 48 emu/g at 1.5 T. 

 

 

Figure 3. 4Magnetization curve for Fe3O4 nanoparticles. 



Chapter-3 

49 

 

Fig. 3.5 shows the ESR spectra of the nanoparticles. A broad asymmetric ESR 

signal is observed.   

 

 

Figure 3. 5ESR signals for Fe3O4 nanoparticles. 

 The estimated g-value is 2.1, which clearly shows the ferrimagnetic nature of the 

nanoparticles. The magnetic moment of the Fe3O4 nanoparticles depends on particle 

size as well as the spin arrangement at the particle surface. The slightly different 

magnetic properties may be due to difference in particle size obtained in our synthesis 

procedure. Similar magnetic properties are reported by other group [4].   

3.2 Studies on ferrofluids 

The Fe3O4 based ferrofluids (FFs) were synthesized by using Fe3O4 nanoparticles 

in various solvents such as water, toluene, paraffin oil and silicone oil. The volume 

ratio of Fe3O4 nanoparticles, “surfactant” (DBSA /oleic acid) and solvent (water, 

toluene, paraffin or silicone oil in a particular volume) have been taken as 1:0.5:1.5 for 

preparing the ferrofluids. The Fe3O4 nanoparticles were coated with DBSA for the 

preparation of water (FW) based ferrofluid. Whereas Fe3O4 nanoparticles were coated 

with oleic acid for the toluene (FT), paraffin (FP) and silicone (FS) oil based ferrofluids 

respectively. The DBSA and oleic acid coating for Fe3O4 nanoparticles exhibit large 

hydrophobic nature which reduce the contact among the layers. 
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The list of prepared Fe3O4 nanoparticles based different ferrofluids are given 

below. 

Table 3. 1: Fe3O4 ferrofluid in different colloids. 

Ferrofluid 

Name  

Composition  

 

Solvent 

 

Surfactant  

 

FW Fe3O4 Water DBSA 

FT Fe3O4 Toluene Oleic acid 

FP Fe3O4 Paraffin Oil Oleic acid 

FS Fe3O4 Silicone oil Oleic  acid 

3.2.1 Magneto-viscosity of water based ferrofluid  

Magneto-viscosity of Fe3O4 based ferrofluids is studied in the magnetic field 

range of 0-1.33 T using a rheometer as described in chapter 2. Most of the magneto-

viscosity measurements on Fe3O4 water based ferrofluids are reported in the low field 

range of 0- 1 kOe.  In this work magneto-viscosity measurements on Fe3O4 based 

ferrofluids in various colloids are carried out in the high magnetic range. Fig. 3.6 

shows the magneto-viscosity plots for various Fe3O4 based ferrofluid at two shear rates 

of 1 and 10 s-1. The variation of viscosity with increasing and deceasing field is complex 

at shear rate of 1 s-1. With increasing field viscosity initially increases rapidly followed 

by slight decreasing trend. At shear rate of 10 s-1 the viscosity initially increases rapidly 

with increasing field and saturates at around 0.25 T field. It decreases with decreasing 

field with a large hysteresis in viscosity vs. magnetic field curve. 
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Figure 3. 6Magneto-viscosity plots of water, toluene, paraffin and “silicone oil” 

based ferrofluids. 

3.2. 2 Toluene based Ferrofluid 

Fig 3.6 shows Magneto-viscosity of toluene based ferrofluid at shear rate of 1 and 

10 s-1. The viscosity increases first rapidly and then slowly increased with increasing 

field. There is no saturation in viscosity even up to the highest magnetic field. There 

is small hysteresis in viscosity vs. field plot.  

3.2.3 Paraffin oil based Ferrofluid 

Fig. 3.6 shows the magneto-viscosity of paraffin oil based Fe3O4 ferrofluid at 1 

and 10 s-1 shear rates. Paraffin oil based ferrofluid show high viscosity (41 Pas. s) at 1 

s-1. The magnetic field of 0.7 T is sufficient for the viscosity to saturate at both shear 

rates. There is very small hysteresis in viscosity vs. magnetic field curve. 

3.2.4 Silicone oil based Ferrofluid 
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Fig. 3.6 shows the magneto-viscosity of “silicone oil” based Fe3O4 ferrofluid at 1 

and 10 shear rates respectively. This ferrofluid showed the highest viscosity (59Pa.s) 

without saturation at higher field. The viscosity vs. field behaviour is complex for 

increasing as well as decreasing. There is large hysteresis in viscosity vs. field curve at 

shear rate of 10 s-1. 

The experimental results indicates that the variation in viscosity with magnetic 

field depends on the nature of carrier fluid and shear rate. The viscosity of liquids is 

determined by the interaction among the liquid molecules. Whereas for ferrofluids 

viscosity is due to colloids as well as due to interactions between magnetic 

nanoparticles. When a magnetic field is applied, the magnetic nanoparticles align in 

the direction of magnetic field forming drops or linear chains which offer flow 

resistance leading to increase in ferrofluid viscosity. 

 The viscosity variations of the FF with magnetic field is shown in Fig. 3.6. For 

FP and FT FF, when the field is decreasing the viscosity is higher than when field is 

increasing. Whereas for FW at shear rate 10 s-1 and FS FF when the field is decreasing 

viscosity is lower than when the field is increasing. At lower fields for FW (shear rate 

1 s-1) FF when the field is decreasing, viscosity is higher than when the field is 

increasing. 

As per classical theories with the increase magnetic field, the viscosity of the FF  

increases due to resistance offered by aggregation and formation of chain-like or drop-

like structures [5]. When the field is decreasing the magnetic structures formed could 

not recover completely[6-8]. The magnetic field could cause, which leads to significant 

increase of viscosity of the ferrofluid. Computational Studies also confirm the 

formation of linear chains and bulk drop-like structures in FFs[9- 10]. Obviously, the 

appearance of the chain-like and drop-like structures could affect the magneto-viscous 

properties of FFs. Several studies has pointed out that dipole–dipole interaction 

between nanoparticles and shear stress compete and give rise to magneto-viscous 
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effect [11-15]. Even a small percentage of the nanoparticles forming magnetic 

structures as dimers is sufficient to affect the flow of ferrofluid [16]. 

Fig. 3.6 hysteresis curves shows some interesting results.  

1. The increase in viscosity with increasing magnetic field is due formation of the 

chain-like and drop-like magnetic structures. It has been pointed out that the 

polydispersity of nanoparticle size in ferrofluids is necessary for magnetic 

structure formation [6-7]. At low fields the biggest nanoparticles form the drops 

l. When the field increases, the drops align in the field direction leading to 

viscosity saturation. As the magnetic field increases further the relatively small 

particles also form new chain-like structures and drops leading to further 

increase in viscosity of the FF. Much higher field is required to observe viscosity 

saturation due to relatively small particles. So the magneto-viscous effect of the 

FF at low field is due to the biggest particles and at high magnetic field it is due 

to relatively small particles.  

2. The viscosity is higher when the magnetic field is decreased than when 

magnetic field is increased for FP and FT ferrofluids. This may be due to the 

reason that the structures do not reach the initial sizes when field is increased. 

It may also be due to formation of bigger drops than the drop size while 

increasing the field.   

For FW and FS ferrofluids, the higher viscosity of ferrofluid when the field 

magnetic field is increased than when field is decreased is observed. This may be due 

to breakup of structures to smaller size due to shear when the field is decreased. The 

hydrodynamic forces become more dominant than field effects. 

The hysteresis phenomenon observed in the magneto-viscosity plots, therefore, 

can be explained in view of formation and disintegration of the magnetic structures 

formed during increasing / decreasing of magnetic field.  
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The dipole-dipole interaction energy between the nanoparticles must be more 

than the thermal energy to form nanoparticle structures in a magnetic field.    

  When the magnetic field is applied the structure orient in the direction of field 

in the form of chains or drops giving rise to increase in viscosity i.e. magneto viscosity 

effect (MVE). When the shear rate is increased, the chains or drops disintegrate into 

smaller units leading to decrease in viscosity. The MVE therefore qualitatively as well 

as quantitatively depends on the competition between magnetic forces and 

hydrodynamic force (shear flow). The MVE therefore will be higher if magnetic field 

strength is high and shear rate is low.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

3.3 Flow Curves of Fe3O4 Ferrofluids  

The flow behaviour of the synthesized ferrofluids is investigated from the flow 

curves at different applied “magnetic fields”. Fig. 3.7 shows the effect of solvent of 

Fe3O4 based ferrofluid on viscosity vs. shear rate plots. The FS FF show the highest 

viscosity. The non –Newtonian behaviour is observed for FW, FS and FT FFs in entire 

range of shear rate. The FT FF shows Newtonian behaviour above shear rate of 200 s-

1. Because of high concentration of magnetic particles, the magnetic structures are 

formed due to dipole interactions of the nanoparticles. The large distribution in 

hydrodynamic diameter of the magnetic particles suggest that the drop-like magnetic 

structures of various sizes are formed in the FF without the application of external 

magnetic field. The size of the magnetic structures depends on the type of solvent. In 

the case of FS, FW and FT FFs, these structures are so large in size that the highest 

shear rate is unable to disintegrate them resulting in Non- Newtonian behaviour of 

these FFs. These results show a profound effect of solvent on the rheological properties 

of Fe3O4 based. 
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Figure 3. 7 Colloidal effect in water, toluene, paraffin and silicone oil based 

ferrofluids at zero field 

 

Figure 3. 8 Flow curves of different Fe3O4 ferrofluids at various magnetic fields 

Table 3. 2: The fitting parameters of power law  

Ferrofluid 

Name  

K values n (power 

index) 

Magnetic 

field (T) 

 

FW 

7.6 0.22 0.00 

23.8 0.19 1.33 
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FT 

2.1 0.02 0.00 

14 0.08 0.27 

24 0.08 1.33 

 

FS 

6.31 0.5 0.00 

17 0.3 0.65 

39 0.3 1.33 

 

Fig. 3.8 shows the flow curves for Fe3O4 ferrofluids at different field values 

between 0 to 1.33 T. The viscosity increases at low shear rate and thus show non-

Newtonian behaviour. The similar viscosity vs. shear rate behaviour was observed by 

other group [17]. Since in low shear regime, the “magnetic force” dominate the 

“hydrodynamic force” in the ferrofluid leading to magnetic structure formation which 

hinder the flow and thus lead to increase in viscosity. Due to disordered arrangement 

of the magnetic nanoparticles at low shear rate they resist to flow so the resultant 

fluidity decreased [18]. As the shear rate increases the bigger chains were broken into 

smaller chains which leads to decrease in the viscosity. The hydrodynamic forces 

dominate in the high shear rate regime and the ferrofluids show the Newtonian 

behaviour.  Similar behaviour is noticed by other group in water based ferrofluid 

based on surface modified  dextran coated magnetic nanoparticles [19]. The power 

law behaviour is nor observed for FP FF. 

3.4 Shear stress of different Fe3O4 Ferrofluids: 

The FW ferrofluid data is analyzed in view of H-B model. Fig.3.8 shows the shear 

stress verses shear rate for water based ferrofluid (FW). At higher magnetic field the 

stress is increasing due to magnetized saturation of the magnetic nanoparticles (Fe3O4) 

in the external magnetic field direction. This phenomenon is described through 
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Herschel-Bingham (H-B) model: τ = 𝜏0 + K  𝛾̇𝑛−1 , where 𝜏0 shows the yield stress of 

the Fe3O4 nanoparticle, τ is shear stress. The yield stress values are calculated via 

extrapolation of the shear stress plot by “H-B model fit” at zero field as well as 

“applied magnetic fields”. This model is derived using the power law with the 

inclusion of “yield stress” 

 

Figure 3. 9 Shear stress vs. shear rate at various fields 

The increase in yield stress value from 4 to 15 Pa with applied field from 0 to 1.33 

T is observed. With increasing field the chain formation occurs leading to increase in 

yield stress.  

Table 3. 3: H-B model fitting parameters for FW ferrofluid. 

Ferrofluid 

Name 

K values n (power 

index) 

Magnetic 

field (T) 

Yield stress(𝜏0 

(Pa) 

 

FW 

2.7 1.58 0.0 4.70 

8.90 1.42 0.32 9.5 

9.10 1.4 1.33 15 
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Many research group have worked on synthesize the stable ferrofluid from 

different method and in different colloidal media [21]. Recently, the rheological 

properties of water based Fe3O4 ferrofluids was reported [22]. The flow curves follow 

the Newtonian behaviour and H-B model at different fields. Similarly, other group 

reported that the water based ferrofluids exhibit the non-Newtonian behaviour at 

different magnetic field[23]. Most of the studies are on dilute ferrofluids. In this work 

concentrated Fe3O4 based ferrofluid in water is synthesized and got high viscosity as 

compared to other reports.  The toluene and paraffin oil based ferrofluids show low 

hysteresis in viscosity vs. field plots which is promising for applications.  

In summary, the nanoparticles of Fe3O4 were successfully prepared by co-

precipitation method. The XRD data analysis confirmed the cubic spinel structure 

with Fd-3m space group. The microstructural study is confirmed the spherical shaped 

nanoparticles. The magnetization results showed the ferrimagnetic behaviour. The 

magneto-viscosity of ferrofluids determined through the interaction among molecules 

of the solvent, between the magnetic nanoparticles and the applied magnetic field. 

Silicone oil based ferrofluid showed the highest magneto-viscosity at 1 s-1 whereas the 

toluene based and paraffin oil based ferrofluids found to be more stable fluids with 

the application of applied field. The flow curves showed the non-Newtonian 

behaviour for all synthesized ferrofluids. The yield stress values are calculated via 

extrapolation of the shear stress plot by “H-B model fit” at zero field as well as 

“applied magnetic fields”. 
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CHAPTER-4 

Studies on Cu-Zn (CZF) Ferrite nanoparticles and ferrofluids 

This chapter is on the studies of structure, magnetic and magneto-viscosity of Zn 

doped Cu-ferrite nanoparticles synthesized by two different preparation methods. 

The chapter is divided in two sub-sections. First section describes the structural, 

magnetic and magneto-viscosity of co-precipitated “Cu1-x-ZnxFe2O4” (C-CZF) (x= 0, 

0.2, 0.4, 0.6) nanoparticles and ferrofluids. Second section describes structural, 

magnetic and magneto viscosity of hydrothermalized “Cu1-x-ZnxFe2O4” (H-CZF) (x= 0, 

0.2, 0.4, 0.6) nanoparticles and ferrofluids. The XRD, FESEM, DLS and VSM were used 

to characterize the nanoparticles. The DBSA and oleic acid were used as the 

surfactants. The C-CZF nanoparticles were dispersed in toluene and paraffin oil and 

the H-CZF nanoparticles were dispersed in water and paraffin oil for the preparation 

of ferrofluids. The effect of colloidal on magneto-viscosity is studied for the 

synthesized ferrofluids. 

4.1 Study of Co-precipitated CZF (C-CZF) nanoparticles  

4.1.1 “Structural studies”: 

Fig. 4.1 shows the XRD of Cu-Zn (Zn=0, 0.2, 0.4, 0.6) ferrite. Rietveld analysis is 

used to fit the XRD pattern and two phases are observed in the structure. The cubic 

spinel is the main phase which has Fd-3 m space group and the other one is CuO phase 

with C12/c1 space group. Spinel phase percentage is found to be increased from 74% 

to 100% as x increases from 0 to 0.4 respectively. The CuO phase vanishes at x = 0.4 

and again appears at x = 0.6.  These results show the instability in the structure 

formation. The Debye Scherrer formula is used to calculate the crystallite size as 

described in chapter 3. The average crystallite sizes (d), lattice parameters (a, b, c) for 

all phases are tabulated in the Table 4.1. 
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Figure 4. 1 XRD spectra of C-CZF nanoparticles. 

Table 4. 1: Crystallographic parameters for C- CZF nanoparticles. 

Sample 

Name 

CuO phase 

( % ) 

Crystallite 

Size (nm) 

(d) 

Lattice 

parameters for 

CuO (Ǻ) 

Spinel 

phase 

(%)                           

Lattice 

parameters 

(Ǻ) 

CCF  25 8 a=4.73,b=3.38, c 

=5.13,β=99.94 

75 a=b=c=8.39 

α= β=γ= 90 
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CCZF20  5 9 a =4.78,b= 3.47,  c 

= 4.96, β=100.33 

95 a=b=c=8.40 

α= β=γ= 90 

CCZF40  _ 7 a =4.70,b= 3.47, c = 

4.96, β=99.55 

100 a=b=c=8.41 

α= β=γ= 90 

CZF60  8 10 a=4.68, b=3.38, c 

=5.13, β=99.57 

92 a=b=c=8.38 

α= β=γ= 90 

4.1.2 Morphological Analysis  

The FESEM micrographs for CZF nanoparticles of various compositions are 

shown in Fig.4.2. The acquired micrographs reveal that the particles are almost 

spherical in shape but not uniform in size. It is observed that the particles are forming 

bigger cluster with increasing Zn content in the Cu ferrite.  

      

  

Figure 4. 2FESEM images of C-CZF nanoparticles. 
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4.1.3 TEM Analysis 

Fig. 4.3 represents the TEM images of co-precipitated Cu-Zn (Zn= 0.0, 0.2, 0.4, 

0.6) ferrite nanoparticles at different magnifications. For each composition (CCF, 

CCZF20, CCZF40, CCZF60) image are recorded to show the distribution of the 

nanoparticles, “scattered area electron diffraction (SAED) pattern” and “high 

resolution transmission electron microscopy” (HR-TEM).  The images show mixture 

of spherical as well as cubic shape nanoparticles. The average particle sizes are listed 

in Table 4.2. 
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Figure 4. 3 “TEM micrographs” for C-CZF nanoparticles. 

Table 4. 2: Average particles size, particle distribution and zeta potential 

parameters. 

Sample Name Average Particles 

Size (± 1 nm)  

Hydrodynamic 

diameter (±5 

nm) 

Zeta Potential 

(mV) 

C-CF 8 161 -63.7 

C-CZF20 7.7 169 -71.8 

C-CZF40 17 171 -81.8 

C-CZF60 7.8 195 -80.2 

4.1.4 Particle size distribution and zeta potential 

Fig. 4.4 represents the hydrodynamic particle size distribution of C-CZF 

nanoparticles.  
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Figure 4. 4Particle size distribution of C-CZF nanoparticles. 

The quantity of sample taken for measurement is about 0.05%. The 

hydrodynamic diameter of the nanoparticles is more as compared to TEM results due 

to the cluster formation of magnetic nanoparticles when mixed in water media. The 

hydrodynamic size is listed in table 4.2 for various samples. It is found that the 

hydrodynamic size distribution increases with increase in Zn content. This means that 

bigger agglomerate formation is taking place with increasing non-magnetic metal ion. 
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Figure 4. 5 Zeta potential of C-CZF nanoparticles 

The Fig 4.5 illustrates the zeta potential which is basically used to predict the 

suspension stability. The higher “zeta potential” value indicate higher “stability” of 

the solution. The C-CZF samples show high negative zeta values which contribute to 

prevent the agglomeration by electrostatic repulsion. The samples show excellent 

stability. 

4.1.5 Magnetization Studies of C-CZF nanoparticles: 

Fig. 4.6 shows the magnetization (M (H)) vs. applied magnetic field plots for Cu-

Zn (Zn=0.0, 0.2, 0.4, 0.6) nanoparticles at 5K and 300K.  
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Figure 4. 6 Magnetization curves for C-CZF nanoparticles.  

Due to low values of MR and HC magnetic, the results confirm the super 

paramagnetic behaviour of CZF nanoparticles [1-2].  The Ms value increases as Zn 

content increases to x= 0.2 and then followed by decreasing trend for Zn content, x > 

0.2.  

Table 4. 3: M (H) parameters for C- CZF nanoparticles. 

Sample Name  Saturation Magnetization 

(Ms) (emu/g) at 300 K 

Saturation Magnetization 

(Ms) )(emu/g) at 5 K 

CCF 23 33 

CCZF20 75 97 

CCZF40 47 81 
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CZF60 40 78 

Fig. 4.7 shows the magnetization vs. Zn content. Magnetic properties of ferrite 

depend on the composition, particle size and cation distribution. The reduction in 

lattice parameters with increasing Zn content for x > 0.2 should increases Ms, but it 

decreases gradually with increase in Zn content as shown in Fig 4.6 and Fig 4.7.  

 

Figure 4. 7 Magnetization vs. Zn-content of C-CZF nanoparticles.  

The initial increase in Ms can be described on the basis of “Neel’s sub-lattice 

model theory”. The increment in magnetization is resultant of drop of “MA” with 

“Zn” content because of non-magnetic Zn+2 ions in spinel ferrite acquire the A site and 

replaces Fe+3 from A site to B site. The Cu-Zn ferrite has cubic spinel structure. The 

cations “super exchange interaction” (A-B) is highly stronger as compared to “(A-A)” 

or “(B-B)” interactions. Therefore, the cation distributions over A and B sites and 

particles size has strong effect on magnetic properties. The super exchange interaction 

between two magnetic cations through oxygen ion can be as a result of “intra sub 

lattice” “AA” and “BB” and inter-sublattice “AB" interactions. The bond angle and 

distance between two metal cations determine the superexchange interaction strength 

between them. The “AB” interaction is known as the strongest interaction among all 

other interactions, whereas AA and BB interaction are weak interactions. So the “AB” 

interaction become weak for x > 0.2 due to reduction in number of magnetic ions at A 

site as Zn content increases. 
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The temperature dependence of magnetization of CZF nanoparticles in 

temperature range of 2 to 375 K was studied under “applied magnetic field” of 100 Oe 

in  “zero-field cooling” (ZFC) and “field cooling” (FC) modes. In ZFC mode the 

sample was cooled from 375 to 2 K without field. The magnetization measurement 

was performed with increasing temperature by applying 100 Oe magnetic field. The 

sample was cooled under field in FC mode and magnetization data was noted. The 

magnetization increases with decreasing temperature in ZFC mode. After reaching a 

maximum value it decreases rapidly with decreasing temperature. Magnetization vs. 

temperature plot for C-CZF nanoparticles is shown in Fig. 4.8.  

 

Figure 4. 8FC and ZFC curves of C-CZF nanoparticles at applied field of 100 

Oe. 

The magnetization achieved maximum value at “blocking temperature (TB)” 

where the “relaxation time” is equivalent to time scale of magnetic measurements. 

Therefore, as temperature decreases, under FC mode magnetization continues to 

increase approaching towards a saturation value. The FC and ZFC curves separation 

elucidate the non-equilibrium magnetization. Two phenomenon have been noticed 

for the superparamagnetic system: First is the paramagnetic nature at high 
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temperatures for all the samples and second is the curved maxima in ZFC curves at 

temperature Tmax. This is related to the magnetic moment distribution of nanoparticles. 

The curve separation temperature, TB = 91, 113, 89, 51 K for CCF, CCZF20, CCZF40 

and CCZF60 samples, respectively. The results clearly show the irreversibility 

continuing below TB. This is related to the blocking temperature of the bigger particles. 

4.1.6 Rheological study of C-CZF based ferrofluids:  

4.1.6.1 Flow curves and magneto-viscosity plots of toluene based Cu-Zn ferrite 

ferrofluids 

Toluene has low viscosity and used as most common dispersing solvent for 

ferrofluid preparation. Fig. 4.9 shows the effect of composition for toluene based CZF 

ferrofluids without any external magnetic field. The C-CZF20 FF show high viscosity 

as compared to C-CZF40 and C-CZF60 FF due to high magnetization. All ferrofluids 

follow Newtonian behaviour at shear rate > 50 s-1and non-Newtonian behaviour at 

shear rate < 50 s -1.  

 

Figure 4. 9 Effect of composition of CZF on viscosity of toluene based 

ferrofluids at H=0. 

Fig. 4.10 depicts the flow curves of toluene based ferrofluids at various magnetic 

field values. All the ferrofluids show “non-Newtonian” behaviour at low shear rate < 
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100 s -1. The flow curves approach “Newtonian” behaviour at high “shear rate”. These 

flow curves exhibit the power law behaviour.  

 

Figure 4. 10 Flow curves of CZF toluene based ferrofluids respectively. 

The ferrofluid show “non-Newtonian” behaviour even without external applied 

field at low shear rates indicating the formation of magnetic structures like drops or 

chains due to dipole-dipole interactions. The large hydrodynamic diameter and its 

dispersion indicates the formation of magnetic drops of various sizes.  These magnetic 

drops consisting of nanoparticles align in chains when an external magnetic field is 

applied and thus give rise to magneto viscous effect (MVE). Fig. 4.11 shows the 

magneto-viscosity of toluene based CZF FF ferrofluids at 1 and 10 s-1shear rates. 
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Figure 4. 11 Magneto-viscosity of toluene based C-CZF ferrofluids. 

The hysteresis is observed in magneto-viscosity curves. The viscosity increases 

sharply as magnetic field is applied for CZF20T, CZF40T FFs and appears to approach 

saturation value with increasing field. For CZF60T the viscosity increases with 

increasing field with no sign of approaching saturation value.  For all samples the 

viscosity is lower for increasing magnetic field stage than for decreasing magnetic 

stage. This means that magnetic structures, chains and drops formed while increasing 

magnetic field do not relax back to their original shapes when magnetic field is 

removed. This is due to domination of magnetic force over hydrodynamic force in the 

ferrofluid. The maximum MVE with minimum hysteresis is observed for CZF40T at 

shear rate of 1 s-1. This sample therefore can find application as flow controller by 

applying magnetic field. 

4.1.6.2 Flow curves and “magneto-viscosity” plots of “paraffin” based CZF 

ferrofluids 

The CZF20P, CZF40P and CZF60P ferrofluids were prepared by dispersing 

coated CZF nanoparticles with oleic acid in paraffin oil. As from magnetization study 

the CZF (Zn=0.2, 0.4 and 0.6) nanoparticles exhibit the super paramagnetic nature. Fig. 

4.12 represents the effect of composition on viscosity vs. shear rate plot at zero applied 

field for CZF paraffin based ferrofluids. The C-CZF20 FF show high viscosity as 

compared to other FF due to high magnetization. All ferrofluids follow the non-
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Newtonian behaviour below shear rate < 100 s-1 and approach Newtonian behaviour 

above shear rate of > 100s-1.  

 

Figure 4. 12 Effect of composition of CZF paraffin based ferrofluids at H=0. 

Fig. 4.13 presents the viscosity vs. shear rate at different magnetic fields (0 to 

1.33T). The viscosity decreases non-linearly with shear rate. The ferrofluids approach 

Newtonian behaviour above shear rate of 500 s-1 when magnetic field is applied. This 

is due to alignment of preexisting magnetic structures as linear chains in the applied 

magnetic field direction. The CZF40P ferrofluid exhibits the maximum magneto 

viscosity effect at low shear rate as compared to the other ferrofluids.  These may be 

due to large dispersion in hydrodynamic diameter compared to other FFs. 
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Figure 4. 13 Flow curves of paraffin oil based C-CZF ferrofluids. 

Fig. 4.14 represents the magneto-viscosity of CZF nanoparticles dispersed in 

paraffin oil at shear rate 1 and 10 s-1 for CZF20P, CZF40P and CZF60P respectively. 

The CZF40P shows the highest change in viscosity with applied magnetic field. This 

may be due to wider distribution in hydrodynamic diameters of magnetic structures 

consisting of nanoparticles preformed in the absence of applied field. When the field 

is applied the bigger particles as well as tiny particles generate the aggregation in the 

field direction as chains or drops. All the ferrofluids show the magnetic hysteresis. 

The maximum MVE with minimum hysteresis is observed for CZF40T at shear rate of 

1 s-1. 
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Figure 4. 14 Magneto-viscosity of CZF paraffin oil based ferrofluids. 

This sample therefore can find application as flow controller by applying 

magnetic field. The magnetic hysteresis is much lower as compared to toluene based 

FFs  

 4.2: Study of hydrothermalized (H- CZF) nanoparticles: 

4.2.1 “XRD” results: 

Fig. 4.15 shows the “XRD pattern” of hydrothermalized CZF samples. The XRD 

pattern is fitted with the three phase structures confirmed by “Rietveld analysis”. The 

cubic spinel is main the phase with space group Fd-3m. The second phase is CuO with 

space group “C12/c1” and third is confirmed as orthorhombic phase with the “space 

group” “R -3 c”. The orthorhombic phase is 41% for x=0.0 composition and with 

substituting of Zn it disappeared.  
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Figure 4. 15 XRD images of H-CZF. 

The lattice parameters for orthorhombic phase are a=b = 5.04 c=13.78 Å and α= 

β=90, γ= 120. The average crystallite size and lattice parameters of hydrothermal CZF 

nanoparticles are mentioned in the Table 4.4. After hydrothermal treatment the phases 

are stabilized. Increase in lattice parameter is noticed due to the difference in ionic 

sizes of Cu+2 and Zn+2 with increase in Zn content. The ionic radius of Zn is more as 

compared to Cu+2 and when doping happen on A-site then Fe+3 ion  are displaced from 

A- site to B-site [3]. 

Table 4. 4: “Crystallographic parameters” for H- CZF nanoparticles. 
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Sample 

Name 

Crystallite 

Size (nm) 

 

CuO 

phase 

( % ) 

Lattice 

parameters for 

CuO phase (Ǻ) 

Spinel 

phase 

(%)                           

Lattice parameters 

for Spinel phase (Ǻ) 

 

HCF  28 56 a=4.698,b=3.416, 

c =5.11,β=99.61 

3 a=b=c = 8.391 α=β=γ= 

90 

HCZF20  13 8 a=4.698,b=

3.416, c =5.11 

β=99.59 

92 a=b=c = 8.385 

α=β=γ= 90 

HCZF40  10 1 a =4.709,b= 

3.429, c = 5.136 

β=99.55 

99 a=b=c = 8.432 

α=β=γ= 90 

HCZF60  11 0.5 a=4.697,b=

3.427, c =5.140 

β=99.53 

99.5 a=b=c = 8.441 

α=β=γ= 90 

4.2.2 FESEM Results 

The FESEM micrographs for H-CZF nanoparticles are presented in Fig. 4.16. The 

non- uniform particle size distribution of nearly spherical in the shape is observed. 

The images show particle agglomeration for all the CZF samples. 
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Figure 4. 16 FESEM images of H- CZF 

4.2.3 TEM Analysis 

Fig. 4.17 shows the TEM images of H-CZF (Zn= 0.0, 0.2, 0.4, 0.6) ferrite 

nanoparticles at different magnifications.  
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Figure 4. 17 TEM micrographs of H- CZF nanoparticles. 

In Fig. 4.17 each composition (HCF, HCZF20, HCZF40, HCZF60) have four 

images together: two micrographs show the distribution of the nanoparticles, third 

show the scattered “area electron diffraction” (SAED) pattern and fourth represent 

“high resolution transmission electron microscopy” (HR-TEM) respectively. The H-

CZF samples show increase in crystallite size. The analysis concluded that particles 

size is enlarged and the shape changes from spherical to cubic after heat treatment of 
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the nanoparticles [4-5] . Particle size and distribution along with zeta potential for CZF 

nanoparticles are is listed in Table 4.5.  

4.2.4 Particle size distribution and zeta potential 

Fig. 4.18 shows the size distribution H-CZF nanoparticles. The hydrodynamic 

diameter of the nanoparticles is more as compared to TEM results due to the cluster 

formation of magnetic nanoparticles when put into the water media. The 

hydrodynamic sizes are listed in Table 4.5 for various samples. The hydrodynamic 

diameter increases with increase Zn content which clarifies the particle cluster 

formation is taking place with increasing of non-magnetic metal ion. 

 

Figure 4. 18 Particle size distribution of H- CZF nanoparticles.  

The Fig 4.19 shows the zeta potential which is basically used to predict the 

suspension stability. Higher the “zeta potential” value, higher will the stability / 

strength of the solution. The higher negative zeta values (Table 4.5) contribute towards 

preventing the cluster formation by electrostatic repulsion in liquid solvent. The 

hydrothermal samples show excellent stability. 
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Figure 4. 19 Zeta potential of H-CZF nanoparticles. 

Table 4. 5: Average particle size, distribution and zeta potential parameters for 

H-CZF nanoparticles: 

Sample 

Name 

Particles Size 

(nm)  

Hydrodynamic 

particles Size  (nm) 

Zeta 

Potential (mV) 

H-CF 8 299 -60.5 

H -CZF20 8 178 -59.8 

H -CZF40 7.7 191 -151.4 

H -CZF60 8.6 215 -79.5 

 

4.2.5 Magnetization Studies 

Fig. 4.20 shows the (M (H)) plots of H-CZF (Zn = 0.0, 0.2, 0.4, 0.6) nanoparticles 

at 5K and 300K respectively.  
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Figure 4. 20 Magnetization curves of H-CZF nanoparticles. 

Table 4. 6: Magnetization parameters of H- CZF nanoparticles. 

Sample Name  Ms (emu/g) at 300 K Ms (emu/g) at 5 K 

HCF  20 26 

HCZF20  130 180.5 

HCZF40  78.7 135 

HCZF60  41 82.5 

 

Fig. 4.21 shows the saturation magnetization of H- CZF nanoparticles vs. Zn 

content. The samples show high magnetization values and exhibit superparamagnetic 

behaviour. All H-CZF samples have higher magnetization as compared to C-CZF 

samples. The magnetization increases as Zn content increase to x =0.2 followed by a 

decreasing trend for Zn content x>0.2. 
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Figure 4. 21 M (H) loops parameters for H- CZF nanoparticles.  

The magnetic parameters are listed in Table 4.6. As explained above the “AB” 

interaction become weak for x> 0.2 due to reduction in number of magnetic ions at A 

site as Zn content increases. 

Fig. 4.22 shows the M (T) plots of H-CZF nanoparticles under FC and ZFC modes 

under applied “magnetic field” of 100 Oe. The results show the superparamagnetic 

behaviour of the nanoparticles. In FC mode magnetization decreases with increasing 

temperature. In ZFC curves, the “magnetic moment” of nanoparticles is frozen below 

blocking temperature. Apparently with increasing “temperature”, the magnetization 

increases till TB, and then overlaps with FC mode curve. The measured TB values are 

139, 155, 129, 102 K for x= 0.0, 0.2, 0.4, 0.6 H-CZF nanoparticles respectively. 
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Figure 4. 22 FC and ZFC curves of H-CZF nanoparticles 

4.3 Study H-CZF based ferrofluids 

4.3.1 Magneto-viscosity plots of water based H- CZF ferrofluids: 

The volume ratio of nanoparticles, DBSA and water is 1:0.5:1.5 for different 

composition of CZF. The nanoparticles coated with DBSA surfactant were used for 

the preparation of water based ferrofluids. Fig. 4.23 shows the effect of colloidal in H- 

CZF water based ferrofluids at zero field.  The H-CZF20W FF show the highest 

viscosity as compared to other FF at zero field and non -Newtonian behaviour up to 

shear rate of 1000 s-1.  H-CZF40W and H-CZF60W FF show non -Newtonian behaviour 

below shear rate of 100 s-1 and Newtonian behaviour above 100 s-1.  Power law 

behaviour is not observed for the FFs at H = 0. 
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Figure 4. 23 Effect of colloid in H-CZF water based ferrofluids at H=0. 

Flow curves of H-CZF ferrofluids in the presence of magnetic field are shown in 

Fig. 4.24.  

 

Figure 4. 24 Flow curves of H-CZF water based ferrofluids at H=0 - 1.33T. 
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All ferrofluids show the “non-Newtonian” behaviour at low shear rate and 

Newtonian behaviour at shear rates above 100 s-1.   The Power law fittings are obtained 

for some FFs. The fitting parameters are listed in table 4.7 

Table 4. 7: Power-law fitting parameters for water based H-CZF ferrofluids. 

Ferrofluid 

Name  

K values n (power 

index) 

Magnetic field 

(T) 

 

H-CFW 

0.58 0.37 0.008 

1.9 0.06 1.33 

 

H-CZF20W 

2.3 0.16 0.008 

24 0.10 1.33 

 

H-CZF60W 

8.7 0.01 0.50 

29 0.08 1.33 

 

Fig. 4.25 shows viscosity vs. applied magnetic field of CZF ferrofluids at shear 

rate of 10 and 100 s-1. “Magneto viscosity” plots show a linear behaviour with 

increasing applied magnetic fields and do not saturate even up to highest applied 

field. When the “applied field” is reduced to “zero”, viscosity value remains high due 

to the persistence of magnetic structure during increasing magnetic field stage.  The 

viscosity continuously increases with increasing magnetic field stage. When the 

magnetic field is decreasing, the viscosity is higher than the increasing magnetic field. 

This indicates that the magnetic structures formed do not relax to initial shape on 

removal of magnetic field. So magnetic force is dominating over hydrodynamic force 

in water based ferrofluid. 

 

 



Chapter 4 Studies on Cu-Zn (CZF) Ferrite nanoparticles and ferrofluids 

90 

 

 

Figure 4. 25 Magneto-viscosity of H-CZF water based ferrofluids 

4.3.2 “Magneto-viscosity” plots of “paraffin” based H- CZF ferrofluids: 

Oleic acid was used as the “surfactant” to coat nanoparticles for preparing 

“paraffin” based ferrofluid. The ratio of nanoparticles, oleic acid and water by volume 

is 1:0.5:1.5 for different composition of CZF respectively. Fig. 4.26 shows the direct 

observation of colloidal effect on the H-CZF ferrofluids at zero field. The H-CZF40P 

FF shows the higher viscosity at zero field.  
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Figure 4. 26 Effect of colloid in H-CZF paraffin oil based ferrofluids at H=0 

Fig. 4.27 shows flow curves (viscosity vs. shear rate) of H-CZF ferrofluids. The 

viscosity is found to decrease with increase in “shear rate” non-linearly following a 

power law behaviour of viscosity vs. shear rate for all samples. The magneto-viscosity 

effect is highest for HCZF40 ferrofluid at low shear rates. All ferrofluids exhibit shear 

thinning behaviour i.e. the viscosity decreases with increase in the shear rate. 
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Figure 4. 27 Flow curves of paraffin oil based H-CZF ferrofluids. 

When shear stress is applied, the dipole interactions between particles are 

broken and particles are separated leading to gradual decrease in viscosity. The 

concentrated ferrofluids show shear thinning behaviour more readily than the dilute 

ferrofluids.  

Table 4. 8: The fitting parameters of power law for H-CZF ferrofluids are 

tabulated below: 

Ferrofluid 

Name  

K values n (power 

index) 

Magnetic 

field (T) 

 

H-CZF20P 

9.6 0.56 0.27 

14.7 0.04 1.33 
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H-CZF40P 

20.4 0.005 0.14 

31.4 0.002 1.33 

 

H-CZF60P 

5 0.023 0.17 

11 0.020 1.33 

 

Fig. 4.28 shows the variation of viscosity with applied magnetic field for CZF 

ferrofluids at “1” and “10” s-1. The increase in the viscosity of the fluid when magnetic 

field is applied is due to formation of magnetic structure like chains and drops as 

discussed in chapter 3 [6-7].  The length of chains increases with increase in magnetic 

field leading to significant increase in viscosity of the ferrofluid. With the reduction in 

magnetic field, the formed chains may disintegrate into original particles or different 

magnetic structures depending on the competition between magnetic interactions and 

hydrodynamic force. If the magnetic structure do not come back to original state, then 

hysteresis is observed in viscosity vs. magnetic field plots. 

The magneto viscosity plots show almost negligible hysteresis for CZF20P and 

CZF60P FFs compared to CZF40P FF. The CZF40P show the highest magneto-

viscosity effect.   

 

Figure 4. 28 Magneto-viscosity of paraffin oil based H-CZF ferrofluids  
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The viscosity for CZF40P increases linearly with increasing stage of magnetic 

field. The magnetic structures formed revert back for shear rate of 1 s-1, giving the 

minimum hysteresis. However, for shear rate of 10 s-1 structures formed do not 

disintegrate and hinder the flow of fluid and thus give rise to high viscosity compared 

increasing magnetic stage. These structures start disintegrating as the field is reduced 

to zero leading to decreasing trend in viscosity. 

4.3.3 Shear Stress in Paraffin oil based ferrofluids: 

 The shear thinning behaviour and magneto-viscosity of the FF is explained by 

“Herschel–Bulkley (H-B) model”, in this model shear stress is related to shear strain 

by the equation given as:     

τ = 𝜏0 +K𝛾̇n, 

Where 𝜏0 and τ are yield stress and shear strain of the ferrofluid respectively.   

Fig. 4.29 shows the plots of shear stress vs. shear rate for H-CZF ferrofluids. 

The change in the variation of shear stress vs. shear rate above 200 s-1 indicates 

that there is a yield stress associated with the ferrofluid. This yield stress arises due to 

the interactions between nanoparticles. The interactions between nanoparticles is 

strong in concentrated ferrofluids leading to a strong initial resistance to fluid flow. 

With the increase in shear rate, the resistance is ultimately overcome leading to more 

free flow of the ferrofluid. The flow curves are analysed using Herschel–Bulkley (H-

B) model developed for suspensions [6-8].  

 Fig. 4.29 shows the plots of “shear stress” vs. “shear rate” at various magnetic 

fields for paraffin based ferrofluids (H-CZF20P HCZF40Pand HCZF60P). It is 

observed that the shear rate starts to speed up above a particular stress value, which 

is known as the yield stress(𝜏0) of the sample. The shear stress and shear rate curves 

are fitted to the B-H model equation. 
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Figure 4. 29 H-B model fit. 

The solid lines is Fig. 4.29 are the fitting curves as per above equation. The fitting 

is good and table 4.7 lists the estimated H-B model parameters. The yield stress 

increases monotonically with increase in applied “magnetic field” because of chain-

type structure formation of the nanoparticles. The Yield stress is highest for H-CZF20 

sample and minimum for H-CZF60 sample. The n value is < 1 for H-CZF20 and H-

CZF 40 sample. 

Table 4. 9: H-B model fitting parameters. 

Ferrofluid 

Name  

K 

values 

n 

(power 

index) 

Magne

tic field  

Yield 

Shear  

stress(𝜏0) 

 

H-CZF20P 

0.1 0.7 0.17 4.2 

.3 0.76 0.4 5.07 

.6 0.8 1.33 8.4 

 

 

H-CZF40P 

0.8 0.8 0.0 0.6 

0.1 0.82 0.2 0.8 

0.12 0.85 0.4 2 

0.17 0.86 0.78 4 
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.2 0.9 1.33 5 

 

 

H-CZF60P 

0.6 1 0.0 0.1 

2 1.2 0.03 0.3 

4.5 1.6 0.07 0.4 

7 1.8 0.40 0.6 

9 2 1.33 0.8 

 

indicating Pseudo plastic flow for these fluids. Whereas for H-CZF60 sample n > 

1 indicating Dilatant flow for the fluid. 

The synthesis of  Zn- Cu ferrite nanoparticles have been reported by several 

groups by using different synthesis method [9-14].  In all these studies the synthesized 

nanoparticles are spherical in shape. Whereas, synthesized CZF nanoparticles via co-

precipitation method in the present study are mixture of spherical as well as cubic 

shape nanoparticles. The synthesized CZF nanoparticles by hydrothermal method are 

cubic shaped. The synthesized nanoparticles are more stable with improved magnetic 

properties. The synthesized CZF nanoparticles were used to prepare the water, 

toluene, paraffin oil and silicone oil based ferrofluids. The ferrofluids were studied to 

understand the effect of nanoparticle shape and nature of colloid on the magneto-

viscosity effect in ferrofluids. 

 In summary, the nanoparticles of Cu-Zn ferrite were prepared by co-

precipitation and hydrothermal methods. The Rietveld analysis confirmed the two-

phase (spinel and CuO phase) for co-precipitated samples whereas for 

hydrothermalized samples, three phases (spinel, CuO and orthorhombic phase) are 

confirmed. The orthorhombic phase disappeared after Zn doping in Cu ferrite. The 

microstructural studies confirmed the spherical and cube shaped nanoparticles. The 
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broad distribution of nanoparticles and good stability were estimated from the 

particles size analyzer analysis.  The magnetization results show zero corecivity at 

room temperature. The saturation magnetization increases after heat treatment. The 

co-precipitated CZF nanoparticles were dispersed in toluene and paraffin oil; while 

hydrothermalized CZF nanoparticles were dispersed in water and paraffin oil for the 

preparation of ferrofluids. The flow curves show non-Newtonian power law 

behaviour at low shear rates for all ferrofluids. At shear rates of > 400 all ferrofluid 

show Newtonian behaviour. All of the ferrofluids exhibit a shear thinning behaviour. 

The maximum MVE with minimum hysteresis is observed for C-CZF40T Toluene and 

Paraffin based ferrofluids at shear rate of 1 s-1. The maximum MVE with minimum 

hysteresis is observed for H-CZF40T Paraffin based ferrofluids at shear rate of 1 s-1. 

The shear stress and shear rate curves for Paraffin oil based H-ZCF ferrofluids follow 

the “Herschel–Bulkley (H-B) model”, these ferrofluids therefore can find application 

as flow controller by applying magnetic field. 
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CHAPTER-5 

Studies on Ba-Sr ferrite (BSM) nanoparticles and ferrofluids 

 This chapter describes the properties of “Ba1-xSrxFe12O19” (x = 0.0, 0.05, 0.1, 0.2, 

0.5) nanoparticles and the corresponding ferrofluids. The magneto-viscosity, flow 

curves and magneto sweep studies were carried out on Ba-Sr ferrite based ferrofluids 

prepared in different solvents. The XRD, FESEM, DLS and VSM techniques were used 

to characterize the nanoparticles. The DBSA and oleic acid were used as the 

surfactants.  

5.1 Study of Ba-Sr ferrite nanoparticles 

5.1.1 “Structural” studies: 

Fig. 5.1 shows the XRD pattern of Ba1-xSrxFe12O19 (x =0.0, 0.2, 0.4, and 0.6) 

hexaferrite nano powder synthesized by the method described in chapter 2.  

 

Figure 5. 1 XRD of BSM nanoparticles (x= 0, 0.05, 0.1, 0.2, 0.5) respectively. 
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The “single-phase” hexagonal “magnetoplumbite” structure for BaFe12O19 with 

“space group” (“P63/mmc”) (No.194 JCPDS” data file is confirmed. The Ba-Sr ferrite 

phase was confirmed and compared with other reports in the literature on hexagonal 

platelet nanoparticles. The “lattice parameters” and crystallite sizes are listed in 

. For reducing the formation of intermediate phases like ᾳ- Fe2O3 and BaFe2O3, the 

Fe/Ba ratio was optimized. 

The observed broad peaks in XRD pattern are due to the small sized particles. 

The XRD peak (311) was considered for calculating the crystallite size using the 

Debye-Scherer equation, as discussed in chapter 3.  

Table 5. 1: “Crystallographic parameters” for BSM nanoparticles. 

Sample Name  Crystallite size(nm) Lattice 

Parameter(Å) 

BM 51 a=b=6.801 and c=17.669 

BSM5 74 a=b=6.809 and c=17.691 

BSM10 47 a=b=6.802 and c=17.671 

BSM20 49 a=b=6.805 and c=17.680 

BSM50 57 a=b=6.841 and c=17.773 

5.1.2 Morphological study:  

Fig. 5.2 shows FESEM micrographs for all compositions of BSM nanoparticles. 

The particles size distribution, thickness and uniformity are affected by the change in 

Sr concentration. The large hexagonal platelet-shaped structures are formed. All the 

changes are due to the quantity of hydroxide ions taken for synthesis. The hydroxide 

ions are absorbed on the surface and prevent the crystal growth in (100) direction.  
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Figure 5. 2 FESEM images of BSM particles (x=0.0, 0.05, 0.1, 0.2, 0.5) 

respectively.  

The hydroxide ion dosage is important to form hexagonal-shaped nanoparticles. 

Finally, the result shows that the particles are nanometer in size and hexagonal 

shaped, similar to as reported by other group [1]. 

Fig. 5.3 shows the TEM images of BSM (Sr = 0.0, 0.2, 0.4, 0.6) ferrite nanoparticles. 

The images show the size distribution of the nanoparticles, “scattered area electron 

diffraction (SAED) pattern” and HR-TEM micrographs respectively. The particles are 

“hexagonal” in shape with average sizes 50, 70, 48, 46, and 56 nm for BM, BSM5, 

BSM10, BSM20, and BSM50 samples from the micrographs respectively. 
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Figure 5. 3 TEM particle distribution (a) & (b), Electron diffraction pattern (c), 

“HR-TEM” micrographs (d) and Average particle distribution (e) of samples BM, 

BSM5, BSM10, BSM20 and BSM50 respectively.  

Table 5. 2: Average particles size, hydrodynamic particle distribution and zeta 

potential parameters. 

Sample 

Name 

Average 

Particles Size  

(nm)  

(TEM) 

 

Hydrodynamic 

particles Size 

distribution  (nm) 

(PSA) 

Zeta 

Potential (mV) 

(PSA) 

BM 50 121.2 -58.8 

BSM5 70 287 -71.8 

BSM10 48 209.8 -58.9 
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BSM20 46 256.2 -59.8 

BSM50 56 425.5 -88 

 

The hydrodynamic distribution of BSM ferrofluid is shown in Fig. 5.4.  

 

Figure 5. 4 Particle size distribution of BM, BSM5, BSM10, BSM20 and BS50 

nanoparticles. 

Two “hydrodynamic distributions” are found for “BSM” nanoparticles. 

Hydrodynamic diameters of nanoparticles are listed in Table 5.2. The first peak shows 

the thickness distribution and the second shows the size distribution of the platelet-

shaped nanoparticles. The hydrodynamic particle size is found to be more than that 

estimated by TEM due to cluster formation in water.  
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Figure 5. 5 Zeta Potential of BM, BSM5, BSM10, BSM20 and BSM50 nanoparticles 

respectively. 

The zeta potential of BSM ferrofluid is given in Fig. 5.5. For “zeta potential” 

measurement the BSM nanoparticles were dispersed in water and the values are given 

in Table 5.2.  

5.1.3 Magnetic Properties  

Fig. 5.6 shows the plots of magnetization vs. applied magnetic field plots for BSM 

(BM, BSM5, BSM10, BSM20, and BSM50) nanoparticles at 5K and 300K. The magnetic 

results indicate a drop in “saturation magnetization” because of the creation of a 

nonmagnetic or amorphous phase in BSM samples. The saturation magnetization for 

pure barium ferrite is reported to be 17 emu/g. The hysteresis loop shows a 

ferrimagnetic behaviour. The remanence and coercivity parameters estimated from 

the magnetic hysteresis are listed in Table 5.3.  

 

 

Table 5. 3: M (H) parameters for BSM nanoparticles.  
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Figure 5. 6 Magnetization curves M (H) of Ba1-xSrxFe12O19.  

Fig 5.7 depicts the M-T (FC and ZFC) plots for Ba1-xSrxFe12O19 (0.0, 0.05, 0.1, 0.2, 

0.5) nanoparticles in the temperature range of 2 to 325K under magnetic field of 100 

Oe. 

 

Sample  

Name 

Mr 

(emu/g) 

300K 

Ms 

(emu/g) 

300K 

Hc 

(G) 

300K 

Mr 

(emu/g) 

5K 

Ms 

(emu/g) 

5K 

Hc 

(G) 

5K 

BM 3 17 360 9 25 888 

BSM5 6 28 345 15 40 887 

BSM10 7 28 464 16 42 948 

BSM20 6 25 558 14 37 1090 

BSM50 9 25 895 15 37 1436 
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Figure 5. 7  FC and ZFC curves of BSM nanoparticles at 100 Oe. 

The FC and ZFC curves are found to merge in the higher temperature region. In 

ZFC mode the magnetization appears with a broad peak which vanishes with 

increasing Sr content. The broad peak in ZFC curve can be due to “pinning of domain 

walls” with decreasing temperature. The magnetic domains are oriented randomly at 

high temperatures. The domains are aligned in the field direction when the sample is 

cooled under the magnetic field. Due to microstructural defects, some domain wall 

stay pinned in opposite direction to the field. As a result the net magnetization 

increasing trend slows down and gives rise to a broad peak with decreasing 

temperature.  

5.2 Study of Ba-Sr ferrofluids: 

The compositions of Ba1-xSrxFe12O19 (BM, BSM5, BSM10, BSM20 and BSM50) were 

used for preparing ferrofluids. The ferrofluids were prepared in different solvents to 

compare the stability and understand the solvent's effect on their magneto viscosity. 

The physical properties of solvents used for synthesis of ferrofluid are given in Table 

5.4. 

Table 5. 4: Physical properties of colloidal. 
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S. No.  

 

“Colloidal”  

 

“Dynamic 

Viscosity” of 

colloidal  

(mPa. s) 

at 300K  

“Density”  

(g/ml)  

“Vapor 

pressure” (k 

Pa)  

 

1 Water 
0.8 1 

4.3 

2 Paraffin Oil 
25 to 80 1.1 

0.5 

3 Silicone oil 1 0.971 0.6 

The below table lists the prepared ferrofluids (color used to identify the different 

sections): 

Ferrofluids 

 

Composition  

 

Surfactant  

 

Solvent  

 

BMW 

BMP 

BMS 

BaFe12O19  

  

BaFe12O19  

 

BaFe12O19  

DBSA 

Oleic Acid 

Oleic Acid 

Water 

Paraffin Oil 

Silicone Oil 

BSM5W 

BSM5P 

BSM5S 

Ba0.95Sr0.05Fe12O19  

 

Ba0.95Sr0.05Fe12O19  

 

Ba0.95Sr0.05Fe12O19  

DBSA 

Oleic Acid 

Oleic Acid 

Water 

Paraffin Oil 

Silicone Oil 

BSM10W 

BSM10P 

BSM10S 

Ba0.9Sr0.1Fe12O19  

 

Ba0.9Sr0.1Fe12O19  

 

Ba0.9Sr0.1Fe12O19  

DBSA 

Oleic Acid 

Oleic Acid 

Water 

Paraffin Oil 

Silicone Oil 
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BSM20S 

BSM20P 

BSM20S 

Ba0.8Sr0.2Fe12O19  

Ba0.8Sr0.2Fe12O19  

Ba0.8Sr0.2Fe12O19  

DBSA 

Oleic Acid 

Oleic Acid 

Water 

Paraffin Oil 

Silicone Oil 

BSM50S 

BSM50P 

BSM50S 

Ba0.5Sr0.5Fe12O19  

Ba0.5Sr0.5Fe12O19  

Ba0.5Sr0.5Fe12O19  

DBSA 

Oleic Acid 

Oleic Acid 

Water 

Paraffin Oil 

Silicone Oil 

 

Fig. 5.8 shows the effect of solvent on viscosity for various colloids based ferrofluids 

at zero applied magnetic field. Shear thinning is observed for all the ferrofluids. The 

maximum viscosity is observed for Silicone based ferrofluids for each composition of the 

nanoparticles.  
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Figure 5. 8 Solvent and Colloidal effect in BSM ferrofluids at H=0. 

The shear thinning effect is lowest for BSM10S and highest for BSM50S 

ferrofluid. The flow remains Non-Newtonian up to shear rate of 1000 s-1 for all 

ferrofluids except for BM, BSM5, and BSM20P which show Newtonian behaviour 

above the shear rate of 200 s-1. These results show that magnetic structures in the form 

of drops and chains are formed in the ferrofluid due to dipole-dipole interactions. 

5.2.1 Magneto-viscosity of BaFe12O19 ferrofluids: 

Ba-Fe12O19 (BM) nanoparticles were “dispersed” in “water”, paraffin and 

“silicone oil” for synthesizing the BMW, BMP and BMS ferrofluids respectively. The 

“volume ratio” of the nanoparticles, surfactant and “solvent” is taken as 1:0.5:1.5 

respectively.  

The “viscosity” vs. shear rate with various “magnetic fields” are shown in Fig. 

5.9.  
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Figure 5. 9 Viscosity vs. shear rate of BMW, BMP and BMS ferrofluids. 

The viscosity vs. shear rate plots indicate non-Newtonian behaviour for all the 

ferrofluids. The BMS ferrofluid show the highest viscosity (200 Pa.s) at 1.33 T applied 

magnetic field. The shear thinning behaviour for these ferrofluid similar to Cu-Zn and 

Fe3O4 based ferrofluids described in chapter 3 and 4 is observed. Fig. 5.9 shows 

Viscosity vs. shear rate at some selected applied magnetic field. The plot show that the  

“power law” behaviour is observed in all ferrofluids [3]. The n-value decreases from 0.68 

to 0.58 as magnetic field increases from 0.17 to 1.33 T. The small n-value indicates 

higher shear thinning at different applied magnetic field. 

Table 5. 5: The fitting parameters of power law for BM ferrofluids are tabulated 

below: 
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Ferrofluid 

Name  

K values n (power 

index) 

Magnetic 

field (T) 

 

BMW 

0.2 0.3 0.00 

0.3 0.3 0.01 

2.26 0.01 1.33 

 

BMP 

1.92 0.57 0.34 

3.3 0.51 1.33 

 

BMS 

17.3 0.06 0.00 

125.4 0.09 0.34 

200 0.08 1.33 

 

The decrease in n-value with an increase in the applied field reveals that the 

viscosity is influenced more by applied magnetic field at low shear rates than at higher 

shear rates. This behaviour at lower and higher shear rates appears due to the 

competition between the flow field and the applied magnetic field. The chain 

formation increases in viscosity when the magnetic field is applied perpendicular to 

the shear flow. The chains are broken in to small units with an increase in shear rate. 

The dominance of viscous forces over magnetic forces causes the chains to break. Fig. 

5.10 illustrates the variation in “viscosity” curves at 1 and 10 s-1 of BMW, BMP and 

BMS ferrofluids respectively. The following points are to be noted from the plots. 
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Figure 5. 10 magneto-viscosities of water, paraffin and silicone oil based BSM 

ferrofluids. 

 (1)The plate shaped particle are structurally more anisotropic than the other 

geometric shapes. (2) When the magnetic field is applied, the plate magnets will stack 

into long chains along the magnetic field due to high initial susceptibility. (3) With 

further increase in field, the viscosity increases and the plots for BMP and BMS. (4) In 

the present case, the stacked plate magnets forming long chains show slow mechanical 

relaxations with flow fields. The stacked plates in the field direction will be saturated 

after a specific field. But, instead of the viscosity increasing with magnetic field, the 

mechanical relaxation of the stacked plate structure takes place in the constant shear 

rate. The observed viscosity plots are attributed to the competition between the 

applied magnetic field and the relaxation of the plate magnets due to the shear rate.  

The oil based ferrofluids show saturation with the increase in applied magnetic field 

whereas the water based FF show linear behaviour. The BMW viscosity at shear rate 

1s-1 shows the highest value at 1.33 T. These results show that variation of viscosity 

with magnetic field is strongly dependent on the nature of the solvent. 

            The magneto-viscosity of BMP FF at constant shear rate of 50 and 150 s-1 

are shown in Fig. 5.11. The viscosity initially increases with the applied magnetic field, 

followed by a cusp and show the saturation at a high field. The maxima are noticed in 

the magneto-viscosity plots. The platelets are stacked in the field direction due to high 

initial susceptibility. The resultant viscosity curves confirm the competition between 
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field and relaxation of magnetic platelets due to shear. It is noticed that the hysteresis 

is decreasing with the increase in shear rate. This means the smaller magnetic 

structures follow the variation in magnetic field and thus give rise to lower hysteresis 

in the viscosity vs. field plots. 

 

Figure 5. 11 Magneto-viscosity of paraffin BM based FF. 

Fig. 5.12 ((a) & (b)) show the flow curves for paraffin based ferrofluids. The plots 

(Fig. 5.12 (a)) are fitted with power law equation as shown in chapter 3. The calculated 

K values are 0 .2-0.3 at the different fields from 0.17-1.33T.  

 

Figure 5. 12 viscosity vs. shear rate (a), shear stress vs. shear rate (b) for BMP 

ferrofluids.  

The n value reduces from 0.68 to 0.58, clearly showing the shear thinning 

behaviour at different fields. Fig. 5.12 (b) shows the shear stress vs. shear rate. The H-

B model fit is carried out for zero and applied fields as done in chapter 3 and 4. The 

yield stress is positive so the power index (n) is more as compared to the power law. 
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The range of n parameter is 0.72-0.82, K is 0.04-0.14 for magnetic field 0.17, 1.09 and 

1.33T. 

5.2.2 Magneto-viscosity of Ba0.95-Sr0.05Fe12O19 ferrofluids in different colloids: 

Fig. 5.13 shows the viscosity vs. shear rate for BSM 5 based FF at various 

magnetic fields.  

 

Figure 5. 13 Viscosity vs. shear rate of BSM5W, BSM5P and BSM5S ferrofluids. 

The shear thinning behaviour for these ferrofluid similar to BM described in the 

above section is observed. The power law behaviour is observed for these ferrofluids.  

The viscosity of most ferrofluid decrease and fluid show the field induced 

structure formation by the applied shear force. The field induced structure show 

alignment along the shear flow direction also reduces the fluid viscosity. This has been 
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confirmed through Small-angle Neutron Scattering (SANS)[4].  The particles are 

aligned towards the field in low shear. When shear increases, the deviation of chains 

from the field direction becomes more prominent and chains break into small 

particles. In another words, there is a race between the “hydrodynamic force” and 

“magnetic force”. At the low “shear rate” the “magnetic force” dominates the 

“hydrodynamic force” and chain formation happen. Whereas at high “shear rate” the 

hydrodynamic force governs to the magnetic force and chain becomes weaker or 

break into individual particle. 

Table 5. 6: The fitting parameters of power law for BSM5 ferrofluids. 

Ferrofluid 

Name 

K values n 

(power index) 

Magnetic field 

(T) 

 

BSM5W 

0.59 0.57 0.00 

1.19 0.42 0.02 

10.5 0.27 1.33 

 

BSM5P 

0.93 0.51 0.00 

7.5 0.38 0.17 

21 0.2 1.33 

 

BSM5S 

13 0.59 0.00 

22.4 0.64 0.17 

28.5 0.62 1.33 
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For more understanding of the relationship between magnetic force and 

hydrodynamic force and defined by a dimensionless quantity called Mason number 

which is an important term in magneto-rheological analysis.  Mason number is as 

given by: 

Mn = 
𝜂𝑐𝛾̇

2𝜇0𝜇𝑐𝛽2𝐻2               (5.1) 

Where 𝜇0  is the permeability of the vacuum, 𝜇𝑐the relative permittivity of carrier 

liquid and “β” is “contrast factor” defined as: 

β =  
𝜇𝑝−𝜇𝑐

𝜇𝑝+𝜇𝑐
                      (5.2) 

μp, is the relative permeability of the particles.  

The degree of “shear thinning” rises as the “magnetic field” increases. Many 

groups report this. 

Fig. 5.14 shows the viscosity as a function of magnetic field (from 0.0 to 1.33 T) 

at 1 and 10 s-1 for BSM5W, BSM5P and BSM5S ferrofluids, respectively. The magneto-

viscosity rapidly increases with increasing field.  

 

Figure 5. 14 Magneto-viscosity at 1 and 10 s-1 of BSM ferrofluids. 

In BSM5W and BSM5P ferrofluids there is no saturation up to high field (1.33T), 

still need high magnetic field >1.33T which is similar to our earlier report [5]. The 
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BSM5S ferrofluid shows a large viscosity among all other ferrofluids at 1 s-1 and 10 s-

1. The BSM5S ferrofluid shows the open hysteresis loop at 1 and 10 s-1. This is attributed 

to the situation where chains are not broken completely and magnetic structures are 

not returning toward the original position. Therefore, the viscosity is high for this 

ferrofluid at both shear rate (1s-1 &10s-1). 

5.2.3 “Magneto-viscosity” of Ba0.9-Sr0.1Fe12O19 ferrofluids in different colloids: 

The coated Ba-Sr ferrite nanoparticles were mixed in paraffin (BSM10P) and 

“silicone oil” (BSM10S) for the preparation of ferrofluids. Fig. 5.15 shows flow curves 

of BSM10P and BSM10S ferrofluids. The ferrofluids show non-Newtonian behaviour 

at various magnetic fields. The BSM10S ferrofluid show higher viscosity (4.8Pa.s) as 

compared to the BSM10P ferrofluid. 

 

Figure 5. 15 Flow curves of paraffin and silicone oil based BSM ferrofluids. 

Table 5. 7: Fitting parameters of power law for BSM10P and BSM20S ferrofluids. 



Chapter-5: Studies on Ba-Sr ferrite (BSM) nanoparticles and ferrofluids 

122 

 

Ferrofluid 

Name  

K values n (power 

index) 

Magnetic 

field (T) 

 

BSM10P 

0.48 0.7 0.00 

0.8 0.64 0.34 

2.07 0.49 0.84 

3.4 0.45 1.33 

 

 

BSM10S 

2 0.003 0.00 

2.5 0.87 0.59 

3.4 0.82 0.95 

4.7 0.79 1.33 

 

Fig. 5.16 represents the magneto-viscosity curves of BSM10P and BSM10S 

ferrofluids at a shear rate “1” and “10” s-1 respectively.  
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Figure 5. 16 Magneto-viscosity of paraffin and silicone oil based BSM 

ferrofluids. 

In BSM10P ferrofluid “viscosity” increased rapidly with an increase in the field 

and saturated at 0.25T for both shear rates (1 & 10s-1). Whereas BSM10S ferrofluid 

reaches the highest viscosity values (42Pa.s) at around 0.8 T and saturates with further 

increase in field. The behaviour of viscosity vs. field at a shear rate of 1s -1 and 10 s-1   

are just the opposite. 

5.2.4 Magneto-viscosity of Ba0.8-Sr0.2Fe12O19 Ferrofluids in different solvents: 

The coated Ba0.8-Sr0.2Fe12O19 “nanoparticles were dispersed in water” (BSM20W), 

paraffin (BSM20P) and “silicone oil” (BSM20S) for preparation of BSM20W, BSM20P, 

and BSM20S ferrofluids respectively. Fig. 5.17 shows the flow curves at some selected 

fields.  

The non-Newtonian behaviour is observed for ferrofluids. The shear thinning 

behaviour for these ferrofluid similar to BM described in above section is observed. 

The power law behaviour has been observed for these ferrofluids.  
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Figure 5. 17 Flow curves of water, paraffin and silicone oil based BSM 

ferrofluids. 

Table 5. 8: The fitting parameters of power law for BSM20 ferrofluids  

Ferrofluid 

Name  

K values n 

(power index) 

Magnetic field 

(T) 

 

BSM20W 

0.48 0.7 0.00 

5.9 0.36 0.34 

11.4 0.21 1.33 

 0.69 0.44 0.00 
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BSM20P 

2.4 0.46 0.02 

2.8 0.51 0.03 

4.7 0.4 0.59 

7.2 0.37 0.97 

11 0.3 1.33 

 

BSM20S 

8 0.62 0.00 

12 0.55 0.07 

18.7 0.57 1.33 

 

The magneto-viscosity data comparison between water, paraffin and silicone oil 

based ferrofluid are as follows: 

(i) “Viscosity” increases almost linearly in water and paraffin based ferrofluids 

and ends up with hysteresis loop with higher viscosity in decreasing field stage. 

 (ii) BSM20S ferrofluid shows the saturation at applied magnetic field 0.25T.   

 

Figure 5. 18 Magneto-viscosity of water, paraffin and silicone oil based BSM 

ferrofluids of 1 and 10 s-1 respectively. 
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5.2.5 Magneto-viscosity of Ba0.5-Sr0.5Fe12O19 Ferrofluids: 

The coated Ba0.5-Sr0.5Fe12O19 “nanoparticles were dispersed in water”, paraffin 

and “silicone oil” to prepare BSM50W, BSM50P, and BSM50S ferrofluids respectively. 

Fig. 5.19 presents the flow curves at different applied magnetic fields.  

 

Figure 5. 19 Flow curves of water, paraffin and silicone oil based BSM 

ferrofluids. 

The flow curves show the “decrease in viscosity with increase in shear rate”. All 

ferrofluids undergo “non-Newtonian” to “Newtonian” transition without magnetic 

field as well as with magnetic field. The shear thinning behaviour for these ferrofluid 

is similar to the BM described in the above section. The power law behaviour is 

observed for all these ferrofluids.  

Table 5. 9: The fitting parameters of power law for BSM50 ferrofluids are 

tabulated below: 

Ferrofluid 

Name  

K values n (power 

index) 

Magnetic 

field (T) 

 6.3 0.0004 0.00 
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BSM50W 11.7 0.11 0.03 

14 0.29 1.33 

 

 

BSM50P 

0.69 0.44 0.00 

2.4 0.46 0.02 

2.8 0.51 0.03 

4.7 0.4 0.59 

7.2 0.37 0.97 

11 0.3 1.33 

 

BSM50P 

0.3 0.72 0.00 

1 0.56 0.27 

1.4 0.54 0.65 

1.8 0.53 1.33 

 

 

BSM50S 

1.89 0.894 0.00 

2.1 0.898 0.78 

2.3 0.887 0.91 

2.7 0.87 1.33 
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Fig. 5.20 shows the “magneto-viscosity” as a function of the magnetic field at “1” 

and “10” s-1 for water (BSM50W), paraffin oil (BSM50P) and silicone oil (BSM50S) 

based ferrofluid respectively. The viscosity response is quite different in different 

solvents with applied magnetic field. In the presence of a magnetic field, nanoplatelets 

try to align toward the “field direction” which leads to “chain formation” in the 

ferrofluids. Here the BSM50S ferrofluid show the highest change in viscosity at “1” 

and “10” s-1 with the increase in the magnetic field. 

 

Figure 5. 20 “Magneto-viscosity” at 1 and 10 s-1 of water, paraffin and silicone 

oil based BSM50 ferrofluids. 

The almost linear increase in viscosity with the increasing magnetic field is 

observed for BSM50W and BSM50P ferrofluid at 1 s-1 and saturating at 10s-1. 

The BSM50W and BSM50P ferrofluid show large hysteresis on removing the 

magnetic field indicating that the formed structure is not coming back to its original 

position at zero field. The hysteresis plots for BSM50S are complicated and indicates 

the unstable nature of formed magnetic structures. The nano platelets could slide over 

each other more easily than cubic and spherical particles. This will affect viscosity 

variation with increase as well as with a decrease in the magnetic field and thus on 

hysteresis plots. 

5.2.6 Herschel-Bulkley behaviour in ferrofluids: 
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5.2.6.1 Water Based Ferrofluid 

 The water based ferrofluid is selected for analysis as per Herschel-Bulkley (H-

B) model. 

Fig. 5.21 shows shear stress vs. shear rate plots for three water based ferrofluids 

at different magnetic field. The fits to experimental data are found using the equation:                         

τ = 𝜏0 +K𝛾̇n, Where 𝜏0 is the “yield stress”. 

 

Figure 5. 21 “H-B model fit” for BMW, BSM5W and BSM50W ferrofluids. 

The colloidal plays an essential part in the rheological properties of ferrofluids. 

The nature of colloidal and ratio of surfactant plays a crucial part in the change of 

viscosity under different conditions except for the magnetic properties of 

nanoparticles. There is large change in yield stress on application of magnetic field. 

The value increased from 4 to 60 Pa with field values from 0 to 1.33T. Good H-B fits 

are obtained for these water ferrofluids at 1.33 T. The H-B model appears to be more 

suitable to describe the flow curves in the high magnetic field. At a high magnetic field 

almost all nanoparticles are arranged in long chains at low shear rates. When the shear 

rate increases, the long chains are broken into smaller units leading to Newtonian 

behaviour of the ferrofluid.  

Table 5. 10: Shear stress, consistency and power index values for water based 

ferrofluids  
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Ferrofluid 

Name  

K values n 

(power index) 

Magnetic 

field (T) 

Yield stress 

(𝝉𝟎) 

 

BMW 

0.09 0.76 0.5 2.07 

0.07 0.78 1.33 2.1 

 

BSM5W 

0.009 1.2 0.02 2.79 

32.3 0.16 1.33 23.6 

 

BSM50W 

0.2 0.81 0.03 14.3 

3.3 0.4 0.62 16.3 

24.9 0.2 1.33 9.35 

 

 Fig. 5.22 shows the shear stress vs. shear rate plots for paraffin based BSM 

ferrofluids. All the fitted with the H-B model equation. The yield stress provides the 

information about the force needed for breaking the large aggregation or formed 

chains which try to reforms due to magnetic-static force in an applied magnetic field. 

The BSM10P sample shows a higher stress value than BMP due to their hydrodynamic 

distribution performance in the solvent. The n-values are in the range of 0.8 to 0.9 and 

the K-values are in the range of 0.13 to 0.15 for the applied magnetic field range of 

0.008 to 0.34 T. 
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Figure 5. 22 “H-B model fit” for BMP and BSM10P ferrofluids. 

Table 5. 11 : Shear stress, consistency and power index values for paraffin 

based ferrofluid. 

Ferrofluid 

Name  

K values n 

(power index) 

Magnetic 

field (T) 

Yield 

stress(𝝉𝟎) 

 

BMP 

0.13 0.9 0.008 1.9 

0.15 0.89 1.33 2.2 

 

BSM10P 

0.13 0.92 0.84 0.94 

0.2 0.86 1.33 1.19 

 

The yield stress increases as the applied “magnetic field” increases for both the 

ferrofluids. 

Fig. 5.23 shows the shear stress vs. shear rate plots for silicone oil based BSM20S 

and BSM50S ferrofluids. 
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Figure 5. 23 “H-B model fit” for BSM20S and BSM50S ferrofluids.  

The yield stress is found to be higher for BSM50S FF compared to other 

ferrofluids. 

Table 5. 12: Shear stress, consistency and power index values for BSM20S and 

BSM50S FF.  

Ferrofluid 

Name  

K values n 

(power index) 

Magnetic 

field (T) 

Yield 

stress(𝝉𝟎) 

 

BSM20S 

0.77 0.9 0.78 3.75 

1.1 0.87 1.33 4.4 

 

BSM50S 

0.2 0.81 0.03 14.3 

3.3 0.4 0.62 15.3 

24.9 0.2 1.33 16 

 

5.2.7 Magneto Sweep  

The oscillatory experiments are helpful to probe the viscoelastic properties of the 

ferrofluids. The oscillatory test with small amplitudes is used to detect small changes 
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in the structure due to deformations. The strain amplitude sweep directly affects the 

formation and destruction of chains in ferrofluids. The elastic behaviour is given by 

storage modulus G.’ The mechanical energy used to destroy the elastic structure is 

estimated by loss modulus G’. 

The “storage modulus” (G’) and “loss modulus” (G’’) were determined with 

respect to the magnetic field applied 0 - 1.33 T at a constant strain amplitude 𝛾0 = 0.01% 

and ω =10 rad/sec for two ferrofluids as is illustrated in Fig. 5.24. The difference in the 

flow magneto sweep curves is observed for ferrofluids (BMW and BM5W) samples at 

the low field. It is observed from the curves that both show a quite similar trend.  

Initially when the field is applied the G’ and G’’ increased rapidly and at some field 

(0.5T), both samples show the maxima and then decreased at higher field. Loss 

modulus increases with increasing the field for both samples and showed the maxima 

and then decreased with increasing field. This is due to the change in microstructure 

in the ferrofluids, which may be the reason for this phenomenon. The storage modulus 

is higher than the loss modulus due to internal magnetic field strength. In the applied 

magnetic field (0 to 1.33T), the particles strongly interact and form the chain-type 

structure. At 0.5 T field almost all nanoparticles are in long chain structures. The 

movement of these structures becomes limited. As a result separated liquid flows 

more easily between these structures leading to a decrease in storage modulus and 

loss modulus. This is a phase transition in ferrofluid [6]. 

 

Figure 5. 24 “storage moduli” (a) and “loss moduli” (b) of BMW and BSM5W 

ferrofluids. 
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5.2.8 Inverse Ferrofluids 

The ferrofluid with nonmagnetic particles dispersed in it is known as inverse 

ferrofluids (IFF). Mainly silica large size particles are used for creating the matrix in 

the ferrofluid having long chain order and hydrodynamically continuous medium. 

The non-magnetic particles are form chains in the field direction, like in normal 

ferrofluids[7]. IFF shows an increase in shear resistance similar to normal ferrofluids 

[8-9]. The study of such a system offers the advantage of probing the effects of different 

particle shapes and sizes. We have focused on the simplest IFF consisting of BSM10S 

ferrofluid and silica particles volume % of 0.0005 (diameter 2.34 μm). 

 Fig 5.25 represents the schematic diagram for inverse ferrofluid.  

 

Figure 5. 25 Schematic image of an inverse ferrofluids. 

The chain formation on the application of magnetic field in inverse ferrofluids 

was discovered by Skjeltrop [10]. Inverse ferrofluids originate the viscosity rise 

comparable to other fluids (MR fluid, ferrofluids). Since the size and shape of the 

nonmagnetic particles are well defined, inverse ferrofluids also serve as suitable 

systems for model studies of the magneto rheological effect. The variation of viscosity 

for an inverse ferrofluid is shown in Fig. 5.26. The viscosity of inverse ferrofluid 

increases and reaches a saturation value smoothly. This is unlike the erratic variation 

of BSM10S ferrofluids discussed above.  
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Figure 5. 26 Viscosity vs. magnetic field of BSM10S ferrofluid. 

For the decreasing magnetic field stage, the viscosity is lower than the increasing 

magnetic stage. This indicates that the magnetic structures disintegrate into small 

units while decreasing the magnetic field. 

The viscosity vs. shear rate plot is shown in Fig. 5.27 for inverse ferrofluid with 

and without magnetic field. 

 

Figure 5. 27 Flow curve of BSM10S ferrofluid. 
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This viscosity at low “shear rates” decreases non-linearly with increasing shear 

rate. It approaches a constant value at a shear rate greater than around 300 s-1 

indicating a transition from “non-Newtonian” to Newtonian behaviour with an 

increase in shear rate.  

The stress dependence on the shear rate at various magnetic fields is shown in 

Fig. 5.28 for inverse ferrofluid shows that the stress is increasing with field strength 

due to the strong chain-like structure formation of the magnetic structures. The 

observed shape of the flow curves from 1 to 3 s-1, is unusual. Indeed, it is known that 

a decreasing flow curve cannot occur for a homogeneous material. These regions of 

the flow curve probably arise due to instabilities within the system [11]. 

 

Figure 5. 28 Flow curve of shear rate of BSM10S ferrofluid. 

The decreasing flow curves are reported in ERF under dc fields [12]. Observation of 

such results in the present IFF may be due to the platelet nature of nanoparticles in 

the ferrofluid. It is not clear what is the nature of the non-homogeneities or instabilities 

in these flow regimes. 

The various synthesis methods have been reported to achieve a single hexagonal 

phase with better structural and magnetic properties [13-14]. In order to improve the 

properties, some research groups have tried doping and found doping is useful in 

removing the magnetic anisotropy required for many applications [15-16]. The Sc-
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doping in barium hexaferrite improves the structural and magnetic properties [17]. 

While increasing the synthesis temperature, structural growth is found to be more 

stable with uniform particle size.  

The Ba-Sr hexaferrite platelets shaped nanoparticles synthesized via hydrothermal 

route gave the better structural and magnetic response in the present work. These 

nanoparticles were used to prepare water, paraffin and silicone oil based ferrofluids 

to study their magneto-viscosity at different applied magnetic field. The studies on 

Ba-Sr hexaferrite platelets shape based ferrofluids are reported for the first time.  

In summary, the Ba1-x-Srx Fe12O19 (x=0, 0.05, 0.1, 0.2, 0.5) nanoparticles were 

successfully synthesized via hydrothermal process. The analysis of XRD data 

confirmed the single-phase hexagonal magneto-plumbite structure of the 

nanoparticles. The microstructural study confirmed the hexagonal platelet shaped 

nanoparticles. The size distribution of nanoparticles and good stability was estimated 

from the particles size analyzer analysis. The magnetization results reveal the 

ferromagnetic nature of BSM nanoparticles at room temperature. The Three types of 

ferrofluid were prepared by dispersing the BSM nanoparticles in water, paraffin and 

silicone oil. All ferrofluids exhibit the power-law behaviour of viscosity vs.  shear rate. 

water-based BM ferrofluid's viscosity vs. magnetic field plots shows the highest 

viscosity and linear behaviour with the applied magnetic field. Although the 

magnetization of the platelet shaped nanoparticles of BSM is less compared to Fe3O4 

(spherical) and Cu-Zn (cubic) nanoparticles, but the Magneto Viscosity Effect (MVE) 

of the ferrofluids based on BSM is high. This may be due to the platelet shape of the 

BSM nanoparticles.  Herschel-Bulkley’s model was found to be applicable in 

explaining the MVE of the BSM ferrofluids.  

The storage and dissipation moduli measurement indicate the phase separation 

in ferrofluid. The studies on inverse ferrofluid reveal the phenomenon of decreasing 

flow curve. 
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CHAPTER-6 

Summary and Conclusions 

Summary 

Magnetic materials and ferrofluids have been extensively in demand for various   

industrial and medical purpose due to their outstanding physical properties which 

can be controlled by applied magnetic field. During last several years, ferrofluid are 

being studied for engineering and medical applications. Ferrofluids carry the tunable 

magnetic field rheological properties useful for number of applications. The 

microstructural changes in the ferrofluid (“magneto-viscosity”) properties have been 

extensively studied. “Magneto-viscosity” can be improved by changing some 

parameters like preparation methods, particle morphology, concentration, colloids 

and “applied external magnetic field”. The parameters which can be changed for 

application demands are viscosity, shear rate, yield stress, magnetic hysteresis and 

magnetic field. The present work is on studies of “structural” and “magnetic 

properties” of different ferrite nanoparticles. The magneto-viscosity measurements 

were carried out on the corresponding ferrofluids. The summary of the thesis is briefly 

described here: 

6.1 Important Conclusions on Studies on Nanoparticles 

▪ The nanoparticles of Fe3O4 were synthesized by using co-precipitation method 

at room temperature.  The XRD data analysis shows the single phase “cubic 

spinel structure” with “Fd-3m” space group by using “Rietveld refinement”.  

▪ FESEM micrographs confirmed almost spherical shape of the nanoparticles. 

The “zeta potential” showed the excellent stability of Fe3O4 nanoparticles. 

▪ The “magnetization M(H)” plots show the “ferrimagnetic nature” of the 

“nanoparticles” at room temperature.  
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▪ The Cu1-xZnxFe2O4 (x=0.0-0.6) ferrite were synthesized via co-precipitation 

process. The synthesis process was regulated by suitable ratio of metal and 

hydroxide ions. 

▪ The effect of Zn substitution on structure and magnetic properties of 

nanoparticles is investigated. The XRD data is fitted with two-phase structure 

using Rietveld analysis for all CZF samples with various crystallite size.  

▪ The FESEM micrographs show high grade agglomeration due to internal 

“magnetic field”. 

▪ TEM micrographs show the spherical and cube shape of the nanoparticles. The 

broad particle distributions is observed from the particle size analyzer data. 

The zeta potential shows the excellent stability.  

▪ The magnetization of CZF (0.0 to 0.6) nanoparticles shows zero hysteresis at 

room temperature indicating superparamagnetic nature. The Ms decreases 

gradually with increasing Zn content. The AB interaction becomes weaker 

when x > 0.2 due to reduction of magnetic ions on A site with increase in Zn 

content. 

▪  The M (T) plots of CZF nanoparticles elucidates the non-equilibrium 

magnetization.  

▪ The Cu1-xZnxFe2O4 (x=0.0-0.6) ferrite were synthesized via hydrothermal 

method.  

▪ Hydrothermalized CZF samples show the change in particles shape and size. 

The XRD data are fitted with three phase structure using Rietveld analysis. The 

stable structure formation and homogeneity is found after hydrothermal 

treatment of CZF samples. The orthorhombic phase disappeared on Zn doing.  

▪  The TEM micrographs confirm the cubic shape of the nanoparticles.  

▪  The magnetization increases after heat treatment of CZF samples.  

▪ Ba1-xSrxFe12O19 (x = 0.0, 0.05, 0.1, 0.2, 0.5) nanoparticles were synthesized by  

hydrothermal process. 
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▪ XRD data show that all peaks correspond to hexagonal phase of M-type 

hexaferrite. 

▪ FESEM and TEM confirm the hexagonal platelet shape of the nanoparticles.  

▪ The magnetization decreases with increasing Sr content. The magnetic results  

indicate reduction in saturation magnetization due to the creation of 

nonmagnetic phase in BSM samples. 

6.2 Important Conclusions on Studies on Ferrofluids 

▪ In order to prepare the ferrofluid, the DBSA coated Fe3O4 nanoparticles were 

dispersed in water and oleic acid coated Fe3O4 nanoparticles were dispersed in 

toluene, paraffin oil and silicone oil. The flow curves show the non-Newtonian 

behaviour in the absence and presence of the magnetic field (0 to 1.33T).  

▪ The magneto-viscosity plots show different behaviour with applied magnetic 

field at 1 and 10 s-1. The silicone oil based ferrofluid shows the highest magneto-

viscosity at 1 s-1. But as the stability point of view the toluene and paraffin oil 

based ferrofluids show the minimum hysteresis. The chain formation and 

magnetic hysteresis are observed in the magneto-viscosity curves. 

▪ In magneto-viscosity analysis the water and silicone oil based ferrofluid show 

higher magnetic hysteresis loop due to the viscosity of solvents and the 

hydrodynamic size distribution of particles in water and silicone oil. The 

magnetic structures of nanoparticles do not return to their original shape after 

removing the magnetic field leading to large magnetic hysteresis. 

▪ The ferrofluids which show less magnetic hysteresis are the most demandable 

ferrofluids in various applications. 

▪ The toluene and paraffin oil based ferrofluids were found to be more 

convenient ferrofluids in sensors and heat absorber applications.   
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▪ For the magneto-viscosity study, two types of ferrofluids were prepared: 

Toluene based and paraffin oil based. The flow curves show the non-

Newtonian behaviour at high magnetic field. 

▪  In magneto-viscosity curves show the chain formation which occurs due to 

bigger aggregation in higher field. The viscosity increases with decrease in the 

field attribute the magnetic interaction and mechanical alignment of particles 

and less loss of aggregation of particles. The magneto-viscosity was found to 

be the same for x=0.2 to 0.4 ferrofluid sample. 

▪ The two types of ferrofluids have been prepared from the hydrothermalized 

nanoparticles: water based and paraffin oil based CZF ferrofluids. The flow 

curves show the power law behaviour of viscosity vs. shear rate in zero as well 

in the presence magnetic field for all ferrofluids. The chain formation oppose 

the motion of ferrofluid leading to increase in viscosity with increase in 

magnetic field. The magneto viscosity plots show  less hysteresis for ferrofluids 

with 0.2 ≤ x ≤ 0.6 of Zn content compared to ferrofluid with x = 0.4. The 

ferrofluid with x = 0.4 show the highest viscosity (2.2Pa.s) under the magnetic 

field. 

▪ In magneto-viscosity plots show high reversibility with the magnetic field in 

toluene and paraffin oil based ferrofluids which is an important property for 

switching application.  

▪ Three types of ferrofluids were prepared by dispersing the BSM nanoparticles 

in water, paraffin and silicone oil. All ferrofluids exhibit the power law 

behaviour of viscosity vs. shear rate. The magneto-viscosity plot of the water 

based BM ferrofluid shows the highest viscosity and linear behaviour with 

applied magnetic field. Although the magnetization of the platelet shaped 

nanoparticles of BSM is less compared to Fe3O4 (spherical) and Cu-Zn (cubic) 

nanoparticles, but the Magneto Viscosity Effect (MVE) of the ferrofluids based 

on BSM is high. This may be due to platelet shape of the BSM nanoparticles.  
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Herschel-Bulkley model was found to be applicable in explaining the MVE of 

the BSM ferrofluids.  

▪ The storage and dissipation moduli measurements indicate the phase 

separation in ferrofluid. The studies on inverse ferrofluid reveal the 

phenomenon of decreasing flow curve. 

• The dipole-dipole interaction between magnetic nanoparticles 

determines the magneto viscous behaviour of ferrofluids.  

• The particle aggregates formed in the ferrofluid may have a different 

shape than that of the nanoparticles.  

• The flow curve and hysteresis of ferrofluids based on different shapes 

and sizes of nanoparticles may also be different. So, no general 

conclusion can be made about the influence of the geometric shape of 

nanoparticles on the MVEs in ferrofluids. 

• The concentrated ferrofluid based on platelet BSM nanoparticles gives 

much higher MVE compared to other ferrofluids. 

• The present study is useful for selecting a ferrofluid for a specific 

application. This is important when a ferrofluid with a high MVE is 

needed. 

6.3 Future Scope  

Further work on ferrofluids can be undertaken: 

1. To improve the synthesis techniques for developing the uniform sized 

nanoparticles for various applications. 

2. To modify the ferrofluid with innovative surfactant and colloidal media. 

3. To study the heating efficiency in ferrofluid hyperthermia using specific 

absorption (SAR) and intrinsic loss power (ILP) for the efficiency of the 

ferrofluids. 
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4. To understand the magnetic phenomena at the room temperature using AC-

susceptibility. 

To study the Faraday rotations in the superparamagnetic ferrofluid at room 

temperature. 
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Magneto-viscosity of Paraffin Based Barium Ferrite Ferrofluid 
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The ferrofluids synthesized from platelet magnets in liquid media are quite interesting due to their shape induced magnetic 

response. In the present work, the magneto-viscosity of Ba-ferrite, BaFe12O19 (BaM) ferrofluid is studied to understand the magnetic 

response of BaM platelet particles. The platelet particles were synthesized by hydrothermal method and coated with oleic acid. The X-

ray diffraction data confirms the platelets consisting of BaM phase. The field emission scanning electron microscopy and transmission 

electron microscopy micrographs show hexagonal platelets of 3 to 5 nm thickness and 50 to 250 nm in size. The magnetization vs. 

magnetic field plot shows hard ferromagnetic behavior of the nanoparticles. The ferrofluid was synthesized by dispersing coated 

platelets in paraffin. The flow curves of the ferrofluid exhibit shear thinning with power law behavior in the presence of magnetic field. 

The yield stress values are determined by extrapolating shear stress vs. shear rate plots to zero shear rate at various applied magnetic 

field values using Hershel-Bulkley equation. The magneto-viscosity, η of the ferrofluid as a function of magnetic field is investigated at 

various shear rates. The η value increases with increase in magnetic field, reaches a maximum value and then saturates at higher fields. 

This trend is due to the alignment of platelet shaped magnetic particles along the direction of magnetic field at different shear rates. 

With increase in magnetic field, the interaction between the magnetic nanoparticles and their arrangement becomes stronger leading 

to stacked plate chain formation. This shows that the variation of magneto viscosity as a function of shear rate can be controlled by 

competition between flow field and the magnetic field. 

 
Index Terms— Barium M-ferrite, Ferrofluid, Platelet nanoparticle, Rheological.  

 

I. INTRODUCTION 

ARIUM FERRITE (BaM) belongs to a large family of 

ferromagnetic oxides with a hexagonal close-packed 

structure. Barium ferrite can be used in permanent magnets 

due its hard ferromagnetic nature [1]. The study of ferrofluids 

consisting of platelet shaped magnetic nanoparticles is a new 

area of research activity due to their structural induced 

magnetic response. The ferrofluids are useful in applications 

such as retention of magnetic field, levitation of magnetic and 

non-magnetic objects, micro magnetics and catalysis 

associated with small particles, magnetic shielding etc. The 

most common applications of ferrofluids are in computers, 

loudspeakers, semiconductors, motion control, sensors etc.  

The focus of the present work is on the study of magneto-

viscosity of paraffin based BaM ferrofluid synthesized by 

using oleic acid coated ferromagnetic platelet particles. The 

behavior of the ferrofluid is similar to the plate shaped 

magnets dispersed in liquid crystal [2]-[3]. The magneto-

viscosity of the ferrofluid is investigated considering the 

effects of flow field, magnetic field and interactions between 

the nanoparticles. 

II. EXPERIMENTAL 

The barium ferrite (BaFe12O19) platelet magnetic nano-

particles were synthesized by hydrothermal method in auto 

clave as described in ref. [4]. The metal nitrates with the mol 

ratio (Ba2+/Fe3+) = 1:4.5 were dissolved in deionized water and 

co-precipitated with NaOH. The solution was heated 

hydrothermally in auto clave at 250 °C for 10 hours. The 

resulting precipitate was washed with deionized water until 

the pH reached 7, and then dried at 100 °C. The barium-ferrite 

nanoparticles were coated with oleic acid to avoid the 

agglomeration and cluster formation and dispersed in paraffin 

to synthesis of Ba-ferrite ferrofluid [5]. The oleic acid 

adsorbed onto the nanoparticles’ surfaces provides their 

colloidal    stability in nonpolar liquids [6] [7]. The oleic acid 

coated nanoparticles are hydrophobic and can be suspended in 

nonpolar liquids to get relatively concentrated ferrofluids [8]. 

The stability of Ba-ferrite nanoparticles for different 

surfactants is explained in ref. [9].  The X-ray diffraction 

pattern was recorded using a Bruker powder diffractometer 

equipped with Cu-Kα source at room temperature to 

characterize the phases in the samples. The micrographs of the 

BaM nanoparticles were recorded using a CARL ZEISS field 

emission scanning electron microscope (FESEM) and FEI 

Tecnai G2S-Twin 200 kV transmission electron microscope 

(TEM). The magnetization measurements as a function of 

applied magnetic field were carried out using the Lakeshore 

vibrating sample magnetometer (VSM). The magneto-

rheological data was investigated using oscillatory and 

rotational Rheometer (Anton-Paar MCR 501) at 303 K. The 

measuring system was a 20 mm diameter parallel-plate 

geometry. The gap between the plates was 0.1 mm and 

rotational mode was used for all measurements. The 

Rheometer equipped with magnetic stage from Anton-Paar 

was used for the generation of magnetic field in the vertical 

direction. 

III. RESULTS AND DISCUSSIONS 

Figure 1 shows the X-ray diffraction (XRD) pattern of BaM 

nanoparticles. The XRD pattern indicates a single-phase 

hexagonal magnetoplumbite   structure corresponding to 

BaFe12O19 with space group (P63/mmc) (No.194) referred from 

standard JCPDS data file. This phase is verified carefully and 

compared with similar work on the platelet particles of Ba-

ferrite [10]. The lattice parameters are 5.896, 5.896 and 23.835 

B 
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Å. The proper selection of Fe/Ba ratio has helped in 

suppressing the intermediate phases, such as ᾳ- Fe2O3 and 

BaFe2O3. The XRD pattern consists of broad peaks and a few 

sharp peaks which are influenced by small sized particle’s 

thickness similar to the work of other groups [4] [11] [12]. 

 

 
 

Fig. 1.  X-ray diffraction pattern of barium ferrite platelet nanoparticles. 

 

 

 

 
Figure 2 shows hexagonal disks in the FESEM micrograph 

of barium ferrite nanoparticles. The size, thickness and 

homogeneity of the hexagonal disks are dependent on the 

dosage of hydroxide ions used during the hydrothermal 

synthesis. The hydroxide ions are adsorbed on (001) surface 

and restrict the growth in (100) direction. So the formation of 

platelets depend on hydroxide ions dosage [3]. The FESEM 

micrograph in Fig 2 show that the particles are of nanometers 

size and plate shaped similar to reported by other group [13]. 

 
The TEM micrographs of BaM nanoparticles are shown in 

Fig 3. The electronic diffraction pattern also reveal the 

hexagonal (BaFe12O19) phase structure of BaM nanoparticles 

(fig3a). It is clear from this image that the nanoparticles are 

almost hexagonal in structure [4] [8].The micrographs show 

hexagonal platelets of 3 to 5 nm in thickness and 50 to 250 nm 

in size (fig3b - 3c). The planes shown in HR-TEM micrograph 

(fig.3d) correspond to hexagonal structure.  

Fig. 4 shows the M-H hysteresis loop of BaM nanoparticles. 

The data reveals the hard ferromagnetic behavior with the 

saturation magnetization (Ms) of ~ 34 emu/g at applied field of 

1.5 T at room temperature. The values of coercivity (Hc) and 

remanence (Mr) are 0.056 T and 12.6 emu/g respectively. 

Similar results are reported by other groups [14] [15]. 

Fig. 5 shows the viscosity plots of the BaM-ferrofluid with 

increasing and decreasing  magnetic field in the range of 0 - 

1.3 T at shear rates of 10, 50 and 150 s-1. Initially the viscosity 

increases rapidly with increase in magnetic field, followed by 

a cusp, and then it saturates with further increase in magnetic 

field. The magneto viscosity of ferromagnetic ferrofluids 

containing spherical particles is explained in our earlier work 

[5]. There was no maxima observed in the magneto viscosity 

plots of ferrofluid containing spherical particles. The 

alignment of magnetic nanoparticles takes place along the 

direction of magnetic field when the magnetic field is applied. 

With the increase in magnetic field, the interaction between 

the magnetic nanoparticles becomes stronger and leads them 

to form chains similar to what is reported in the case of 

ferromagnetic platelets dispersed in liquid crystals [16]. 

Increase in viscosity by increase in magnetic field is a 

consequence of formation and rearrangement of new 

structures (chain-like or drop-like structures), which are 

 
Fig. 4.  Magnetization as a function of applied magnetic field of Ba-

ferrite nanoparticles.  

 

 

 
Fig. 3.  Electron diffraction pattern (a), TEM particle distribution (b), 

HR TEM micrographs (c) of Ba-ferrite hexagonal platelet nanoparticles 

respectively. 

 

 

 
Fig. 2.  FESEM micrograph of barium ferrite platelets. 
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destroyed by increase in shear rate leading to slower increase 

in viscosity with magnetic field [5] [17]. 

The following points are to be noted from the plots in Fig. 

5. (1) The plate shaped particle are structurally more 

anisotropic than the other geometric shapes. (2)  When the 

magnetic field is applied, the plate magnets will stack into 

long chains along the magnetic field due to high initial 

susceptibility. (3)  With further increase in field, the viscosity 

should saturate, but a maxima is observed in the plots. (4) In 

the present case, the stacked plate magnets forming long 

chains show slow mechanical relaxations with flow fields. The 

stacked plates in the field direction will be saturated after 

certain field. But, instead of the viscosity increasing with 

magnetic field, the mechanical relaxation of the stacked plate 

structure takes place in the constant shear rate. As a result, the 

decrease in viscosity takes place giving rise to a maxima in the 

plot. (5) The slight increase in viscosity takes place with 

further increase in magnetic field.  The observed viscosity 

plots are attributed to the competition between the applied 

magnetic field and the relaxation of the plate magnets due to 

shear rate. The maxima in the plot vanishes at lower shear rate 

due to the viscosity becoming purely magnetic.  

 
Fig. 6 shows the Shear rate vs. viscosity (η) plots at some 

selected magnetic fields (H). These plots are fitted with 

following power law equation. 
1 nK   (1) 

Here K is the consistency coefficient and the exponent n is 

power law index. The K-value is between 0.2-0.3 for the 

various magnetic fields values. The n-value decreases from 

0.68 to 0.58 as magnetic field increases from 0.17 to 1.33 T.  

The small n-value indicates higher shear thinning at different 

applied magnetic field.  The decrease in n-value   with 

increase in applied field reveals that the viscosity is influenced 

more by applied magnetic field at low shear rates than at 

higher shear rates. This behavior at lower and higher shear 

rates appears due to the competition between the flow field 

and the applied magnetic field. In other words, the flow curves 

of Fig. 6 can be explained by the non-dimensional parameter, 

“Mason number”. Similar to electro-rheological fluids, the 

Mason number (Ma) is the ratio of shear forces or 

hydrodynamic forces (FH) to the magnetic forces (FM) i.e. 

Ma=FH/FM. 

The chain formation leads to increase in viscosity when the 

magnetic field is applied perpendicular to the shear flow. The 

chain length decreases with increase in Ma-value. The 

dominance of viscous forces over magnetic forces causes the 

chains to break. The viscosity as function of Mason number 

also follows the power law behaviour. There is a critical value 

of Mason number that determines the transition from 

magnetization to hydrodynamic control of the suspension 

structure [18]-[22].  
 

 

 

 
Fig. 6.  Viscosity vs. shear rate at various magnetic fields of Ba- ferrite 

ferrofluid  

 

 

 
Fig. 5.  Magneto viscosity plots at different shear rates of Ba-ferrite  
ferrofluid with increasing and decreasing magnetic field. Solid lines are 

guide to the eye. 

 
Fig. 7.  Shear stress vs. shear rate at various magnetic fields of Ba- 

ferrite ferrofluid.  
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Shear stress (τ) as a function of shear rate ( ) plots are 

shown in fig. 7. Herschel-Bulkley (H-B) model combines 

the power law model with the yield stress in the following 

equation. 

 nK  0
 (2) 

The yield stress (τ0) values are determined by extrapolation 

of shear stress (τ) vs. shear rate plots with H-B model fit for 

zero field and applied magnetic fields [23]. The H-B model is 

derived from the power law by considering yield stress. Here 

the yield stress is positive, so the n-value is higher than that 

obtained from power law.  The n-value is in the range 0.72 to 

0.82, whereas the K-value is in the range 0.04 to 0.14 for 

various applied fields of 0.17, 1.09 and 1.33 T. 

The flow curves show increase in yield stress from 0.796, 

0.97, 1.21 and 1.28 Pa for applied field of 0, 0.17, 1.09 and 

1.33T respectively. The monotonic increase in yield stress is 

observed with magnetic field. This is similar to reported by 

other groups [24].  

IV. CONCLUSION 

The BaM-ferrite ferrofluid was synthesized by dispersing 

oleic acid coated Ba-ferrite platelet nanoparticles synthesized 

by hydrothermal method and dispersed in paraffin. The 

BaFe12O19 is hexagonal structured hard ferrite belonged to the space 

group of P63/mmc. The reflections found in the XRD pattern 

indicates the single phase. This phase is verified carefully with 

similar work on the platelet particles of Ba-ferrite. The micrographs 

of FESEM and TEM confirmed the hexagonal platelet 

structure. The hard ferromagnetic behavior is observed in 

M(H) plot. The flow curves show the power law behavior at 

different applied magnetic fields. The magneto viscosity plots 

show different behavior compared to other ferrofluid reported 

in the literature due to shape induced magnetic response. The 

variation in magneto viscosity as a function of shear rate is 

controlled by competition between flow field and magnetic 

field.  
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The paraffin based ferrofluids were synthesized using the oleic acid coated Cu-
Zn ferrite (CZF) nanoparticles of compositions Cu0.6Zn0.4Fe2O4 (CZF1) and
Cu0.4Zn0.6Fe2O4 (CZF2) synthesized by hydrothermal process. The transmission elec-
tron micrographs (TEM) show the cubic shape particles of 4 to 10 nm and 4 to 18
nm size for CZF1 and CZF2 respectively. The nanoparticles show superparamagnetic
behaviour. The viscosity increases with increase in magnetic field due to the formation
of long chains of magnetic nanoparticles in ferrofluid. At higher flow rate, the magnetic
chains break into smaller units and arrange along the flow direction. The flow curves
show power law behavior. The size of magnetic nanoparticles influences the magneto-
viscosity of the ferrofluids. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4977759]

I. INTRODUCTION

The ferrofluids find application in fields like magnetic devices, electronic packing, mechanical
engineering, aerospace, bioengineering and biomedical treatment etc. The size, shape, functionality
and magnetization of the nanoparticles play significant role in the biomedical fields such as hyper-
thermia and drug delivery. Synthesis of stable magnetic nanofluids is a technological challenge. The
nanoparticles synthesized by hydrothermal heating process offers advantage over controlling the parti-
cle shape and size distribution. The process reduces the structural disorders such as oxygen deficiency
which leads to increase in uniformity and stability. The evolution of microstructures in magnetic parti-
cles based ferrofluids affect the viscosity of ferrofluids with increase in magnetic field strength. In this
work, we report the magneto viscosity of ferrofluids synthesized by using hydrothermally obtained
nanoparticles. The results are discussed considering the effect of size, shape, magnetization, shear
rate, interactions between nanoparticles and their aggregation.1–4

II. EXPERIMENTAL

The nanoparticles with composition Cu0.6Zn0.4Fe2O4 (CZF1) and Cu0.4Zn0.6Fe2O4 (CZF2) were
synthesized by hydrothermal process in autoclave at 250 ◦C for 12 hours following the method
reported elsewhere.5 The CZF nanoparticles were coated with oleic acid to avoid the agglomeration
and cluster formation and dispersed in paraffin for the synthesis of Cu-Zn ferrite ferrofluid.6 The
respective volume ratio of CZF nanoparticles, oleic acid and paraffin was taken as 0.5:0.5:1 to
synthesize the ferrofluids.

The X-ray diffraction patterns were recorded using a Bruker powder diffractometer equipped
with Cu-Kα source at room temperature to characterize the phases in the samples. The Rietveld
refinement was performed using Full prof suite for XRD. The micrographs of the CZF nanoparti-
cles were recorded using FEI Tecnai G2S-Twin 200 kV transmission electron microscope (TEM).
The magnetization as a function of applied field was carried out using the Lakeshore vibrating
sample magnetometer (VSM). The ferromagnetic resonance spectra were carried out using JEOL JES-
FA200 ESR spectrometer at X-band (v = 9.12 GHz) in different static external field directions. The
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magnetoviscometer data was investigated using oscillatory and rotational rheometer (Anton-Paar
MCR 501) at 303 K. The measuring system was a 20 mm diameter parallel-plate geometry. The gap
between the plates was 0.1 mm and rotational mode was used for all measurements. The rheometer
equipped with magnetic stage from Anton-Paar was used for the generation of magnetic field in the
vertical direction.

III. RESULTS AND DISCUSSION

Fig 1 a,b (left) shows the X-ray diffraction (XRD) patterns which are well fitted with two-phase
structure using Rietveld analysis. The major phase is cubic spinel system with space group Fd-3
m and the minor phase is monoclinic crystal system (CuO-phase) with space group C12/c1. The
CuO phase fraction is 0. 6% and 0.3% for CZF1 and CZF2 respectively.7 The average crystallite
size of CZF nanoparticles with Zn-content of 40% and 60% are 7 and 31 nm respectively. The
lattice parameter are 8.432(2) and 8.441(1) Å for CZF1 and CZF2 nanoparticles respectively. The
CuO phase found to be less for high Zn-content in the CZF. The transmission electron micrographs
(TEM) micrographs of CZF nanoparticles are shown in Fig. 1. The cubic shaped particles with size
distribution of 4 to 10 nm and 4 to 18 nm for CZF1 and CZF2 respectively are observed. The zero
corecivity is observed in magnetization plots (Fig. 1(top-right)) at 300 K with the magnetization
value (Ms) at 1.5 T of 54.5 and 79.8 emu/g for nanoparticles with composition Cu0.6Zn0.4Fe2O4

and Cu0.4Zn0.6Fe2O4 respectively. The coating decreases the magnetization of the nanoparticles. The
magnetization data of the coated nanoparticle of Cu0.4Zn0.6Fe2O4 shown by curve (c) indicates the
decrease in magnetization from its original value of 79.8 emu/g to 46 emu/g at 1.5 T. The variation
of magnetization of the uncoated nanoparticles is due to variation in the particle size and cation
distribution within the nanoparticles. Fig. 1(bottom-right) shows the ferromagnetic resonance (FMR)
spectra of CZF ferrofluids. The line shape of the resonance signal give information about the magnetic
and electronic state of the paramagnetic centers present in the material.8 The resonance in CZF2 is
at lower field compared to that in CZF1 ferrofluid. This indicates the magnetic response of CZF2 is
more than that of CZF1 ferrofluid.

Fig. 2 (left) shows the magneto-viscosity hysteresis plots of CZF1 and CZF2 at shear rate (γ̇) of
1 s-1. The viscosity (η) of CZF2 ferrofluid is higher than that of CZF1 ferrofluid at various applied
magnetic field. The magneto-viscosity is analogous to the magnetization as a function of magnetic

FIG. 1. X-ray diffraction pattern (left), TEM micrograph (middle), M vs H plot and FMR spectra at θ =0 (right) of the
nanoparticles of Cu0.6Zn0.4Fe2O4 (a) and Cu0.4Zn0.6Fe2O4 (b) The curve (c) in M vs H plots is for coated nanoparticles of
Cu0.4Zn0.6Fe2O4.
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field. Here, this is related to the conversion of magnetic force on the nanoparticles into viscosity of
the fluid.

For CZF1 ferrofluid, the viscosity increases rapidly followed by saturation in higher magnetic
field region with hysteresis when the magnetic field is decreased gradually. The small sized magnetic
nanoparticles can rotate and align easily in the magnetic field direction in the low applied magnetic
field region. So the magneto-viscosity increases from 0.6 to 2.4 Pa-s in the low field region. As the
magnetic field is increased, the formation of chains take place and the viscosity approaches saturation.
In the higher field region, the viscosity hysteresis is due to breaking of formed chains (relaxation or
lag) when the magnetic field is removed gradually. In low field region, the hysteresis is less due to
the zero coercivity of the magnetic nanoparticles. The solid content by volume is about 25 % in the
ferrofluid. The chain formation model, therefore is quite valid.

The magneto-viscosity plot of CZF2 does not saturate in the high field region and it shows more
hysteresis compared to CZF1 as magnetic field is reduced. This indicates that high magnetic force
is needed to rotate and align the nanoparticle suspension in the magnetic field direction. Magnetic
field (>1.33 T) is required for the formation of long chains leading to saturation in viscosity. These
results confirm that the size of magnetic nanoparticles influence the conversion of magnetic force on
the nanoparticles into the magneto-viscosity of the ferrofluids.

Fig. 2 (middle) shows the flow curves of CZF1 and CZF2 at different magnetic fields. These
curves show almost Newtonian behaviour in the absence of the magnetic field due to less disorder in
the nanoparticles. When the magnetic field is applied, the abrupt change in viscosity is observed in
low shear flow range and the viscosity is constant in the high flow region. The viscosity increases with
increase in magnetic field as the magnetic force resists the flow. At higher flow rate, the magnetic
chains break into smaller units and arrange along the flow direction. Apart from chain formation
perpendicular to the flow, the lateral aggregation of chains (zippering) occurs in the ferrofluids which
refers to the high shear thickening at higher magnetic fields.9 These plots are fitted with following
power law equation: η =K γ̇n−1 Here K is the consistency coefficient and the exponent n is power
law index. The n-value is in the range of 0.15 to 0.26 and 0.005 to 0.12 at different applied magnetic
fields for CZF1 and CZF2. The power law behavior is due to the zippering of chains in the magnetic
field. There is competition between hydrodynamic and magnetic forces acting in the ferrofluid which
determines the behaviour of viscosity as a function of magnetic field. There is an equilibrium state
when hydrodynamic and magnetic forces acting on the ferrofluid are equal. The viscosity variation
with magnetic field is represented in terms of Mason number (Mn) which is the ratio of shear forces
or hydrodynamic forces (FH) to the magnetic forces (FM) i.e. Ma=FH/FM.10–13 The shear stress (τ)
vs. shear rate plots (Fig. 2 (right)) at various applied magnetic field are as per predictions of Herschel-
Bulkley (HB) model for non-Newtonian flow of fluids.14 The variation observed in shear stress vs

FIG. 2. Magneto viscosity hysteresis plots at the shear rate of 1 s-1 (left), the flow curves at different magnetic fields (mid-
dle) and Shear stress vs. shear rate at various magnetic fields (right) of the ferrofluids of Cu0.6Zn0.4Fe2O4 (CZF1) (a) and
Cu0.4Zn0.6Fe2O4 (CZF2) (b).



056727-4 Gautam, Thirupathi, and Singh AIP Advances 7, 056727 (2017)

shear rate indicates that the torque cell in the rheometer is quite sensitive. It shows a resolution better
than 0.3 Pa in shear stress measurements.

In conclusion, the size, shape and magnetic behaviour of the nanoparticles influence the magneto-
viscosity of the synthesized ferrofluid.

ACKNOWLEDGMENTS

NG is grateful for the support under RGN Fellowship programme of UGC, India.
1 A. Gangwar, S. K. Alla, M. Srivastava, S. S. Meena, E. V. Prasadrao, R. K. Mandal, S. M. Yusuf, and N. K. Prasad, J. Magn.

Magn. Mater. 401, 559 (2016).
2 M. Krishna Surendra, S. Annapoorani, E. B. Ansar, P. R. Harikrishna Varma, and M. S. Ramachandra Rao, J. Nanoparticle

Res. 16 (2014).
3 J. Lu, S. Yang, K. M. Ng, C.-H. Su, C.-S. Yeh, Y.-N. Wu, and D.-B. Shieh, Nanotechnology 17, 5812 (2006).
4 G. Zabow, S. Dodd, J. Moreland, and A. Koretsky, Nature 453, 1058 (2008).
5 K. Nejati and R. Zabihi, Chem. Cent. J. 6, 1 (2012).
6 G. Wang, Y. Ma, X. Dong, Y. Tong, L. Zhang, J. Mu, Y. Bai, J. Hou, H. Che, and X. Zhang, Appl. Surf. Sci. 357, 2131

(2015).
7 N. Gautam, G. Thirupathi, and R. Singh, IEEE Trans.on Magnetics 52(7), 4600204 (2016).
8 S. Kamali, M. Pouryazdan, M. Ghafari, M. Itou, M. Rahman, P. Stroeve, H. Hahn, and Y. Sakurai, J. Magn. Magn. Mater.

404, 143 (2016).
9 N. S. Mousavi, S. D. Khapli, and S. Kumar, J. Appl. Phys. 117, 103907 (2015).

10 S. G. Sherman, A. C. Becnel, and N. M. Wereley, J. Magn. Magn. Mater. 380, 98 (2015).
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http://dx.doi.org/10.1016/j.jmmm.2015.10.087
http://dx.doi.org/10.1016/j.jmmm.2015.10.087
http://dx.doi.org/10.1007/s11051-014-2773-8
http://dx.doi.org/10.1007/s11051-014-2773-8
http://dx.doi.org/10.1088/0957-4484/17/23/017
http://dx.doi.org/10.1038/nature07048
http://dx.doi.org/10.1186/1752-153x-6-23
http://dx.doi.org/10.1016/j.apsusc.2015.09.196
http://dx.doi.org/10.1109/tmag.2015.2513441
http://dx.doi.org/10.1016/j.jmmm.2015.12.007
http://dx.doi.org/10.1063/1.4914484
http://dx.doi.org/10.1016/j.jmmm.2014.11.010
http://dx.doi.org/10.1007/s00397-004-0383-6
http://dx.doi.org/10.1038/535235a
http://dx.doi.org/10.1023/a:1010496907449
http://dx.doi.org/10.1007/bf01432034


Magneto-viscosity of Stable colloidal solutions of Barium-Strontium 

Hexaferrite Ferrofluid 

 
Nisha Gautam and Rajender Singh* 

School of Physics, University of Hyderabad, Central University P.O., Hyderabad, Telangana-

500046, India 

 

 

 

 

Abstract We report the synthesis of ferrofluids (FF) based on  Ba0.95Sr0.05Fe12O19 (BSM) ferrite 

platelet shaped nanoparticles. The structural and magnetic properties were studied to get the 

information about the particle shape and saturation magnetization. The magneto-viscosity 

measurements were undertaken on ferrofluids consisting of nanoparticles dispersed in water and 

silicone oil. The rheological properties of BSM ferrofluids were characterized as a function of field 

strength and shear rate. It is observed that the viscosity of both type of ferrofluids increases with 

increase in field strength. However, different hysteresis behavior is observed with different 

colloids in the magneto-viscosity plots at 1 and 10 s-1 shear rates respectively. The power law 

behavior is observed at different fields. These magneto-viscosity properties are useful in magneto 

mechanical and heat absorber applications. 
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Introduction 

Barium and strontium ferrites known as M-type magnetically hard ferrites with hexagonal crystal 

structures [1]. These ferrites show high coercive force, large magneto crystalline anisotropy, large 

saturation magnetization and mechanical resilience because of which they are demanded in various 

application such as multiple- state memory elements, magnetic bearings, magneto-therapy, purification 

and sensors etc [2]. Ferrofluids are the stable suspension of magnetic nanoparticle dispersed in suitable 

liquid solvent. Generally the ferrofluids are involved in various applications such as semiconductor, 

clutches, loudspeakers, sensors, micro-magnetic anti-seismic drug delivery, hyperthermia treatment etc. 

[3]. The behavior of plate shaped magnets dispersed in liquid crystals have also been reported in view of 

their applications in display devices [4]. Various methods have been introduced to improve the stability 

of ferrofluid considering their structural and magnetic response. In our earlier works we reported magneto-

viscosity of paraffin based cubic shaped Cu-Zn nanoparticle ferrite ferrofluid [5]. We also reported 

magneto-viscosity of paraffin based Ba ferrite ferrofluids. These ferrofluids were synthesized by 

dispersing hexagonal shaped nanoplatelets of Ba ferrite of size  (50-250 nm) in paraffin [12]. In the present 

work we report the magneto-viscosity of ferrofluids synthesized by dispersing BaSr ferrite hexagonal 

platelets shaped nanoparticles of size 20-25 nm in two different solvents i.e. water and silicone oil. This 

study is useful in understanding the effect of platelet size and nature of solvent on the magneto-viscosity 

of ferrofluids.  It is found that the magneto-viscosity behavior of these ferrofluids is different from the 

behavior observed in our earlier work.   

 

Experimental  

The nanoparticles of hexaferrite of compositions Ba0.95Sr0.05Fe12O19 (BSM) were synthesized by 

hydrothermal process in autoclave at 210 °C for 20 hrs as described in our work [5]. The BSM 

nanoparticles were coated with DBSA (4-Dodecylbenzenesulfonic acid) and oleic acid to avoid the 

agglomeration and cluster formation and dispersed in water and silicone oil for the synthesis of ferrofluids. 

The respective volume ratio of BSM nanoparticles, DBSA/oleic acid and water/ silicone oil was taken as 

0.5:0.5:1. The X-Ray diffraction (XRD) pattern of the BSM sample was recorded using powder X-ray 

diffractometer (Bruker) with Cu-kα radiation. The micrograph of the BSM nanoparticles were recorded 

using a CARL ZEISS field emission scanning electron microscope and FEI Tecnai G2S-Twin 200 kV 
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transmission electron microscope (TEM). The distribution of particles and zeta potential were recorded 

using LitisizerTM 500 particle size analyzer (Anton Paar). For measuring the distribution and surface 

charge of BSM platelets, a very thin fluid (0.05% in volume) was used in water media. The magnetization 

as a function of applied field measurements were carried out using physical property measurement system 

(PPMS). The magneto-rheological data was investigated using oscillatory and rotational Rheometer 

(Anton-Paar MCR 501) at 303 K. The rheology measuring system was a 20 mm diameter parallel-plate 

geometry with 0.1 mm gap used in rotational mode. The Rheometer equipped with magnetic stage was 

used for the generation of magnetic field in the vertical direction. 

 

Results and Discussion  

X ray diffraction data of the synthesized nanocrystalline ferrite Ba0.95Sr0.05Fe12O19 (BSM) shown in fig 1 

confirms the formation of hexagonal structure with space group (P63/mmc) as per standard JCPDS data 

file [6]. The lattice parameters are 5.896, 5.896 and 23.835 Å.  

  

 

Figure 1. X-ray diffraction pattern (a), FESEM micrograph(b) of BSM nanoparticles respectively. 

The FESEM micrograph for the synthesied nanoparticles is shown in Fig 1(b). It is observed that the 

nanoparticles are hexagonal disk shaped. The grains are homogenously distributed in well crystallized 

irregular shape [7].   
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Figure 2. Electron diffraction pattern (a), TEM particle distribution (b), HR TEM micrograph (c), 

of BSM nanoparticles respectively. 

 

TEM micrographs of BSM nanoparticles are shown in Figure 2. The electronic diffraction pattern (fig 2 

(a)) confirmed the hexagonal structure [8]. The particle are hexagonal shaped with thickness of  3 to 5 nm 

and size distribution of 20-25 nm (fig 2(b)). The HR-TEM micrograph corresponds to hexagonal structure 

(fig2(c)).  

 

Figure 3. Particle size distribution (c) and Zeta Potential of BSM nanoparticles respectively. 

 

Figure 3(a) and (b) show the hydrodynamic particle size distribution and zeta potential of BSM ferrofluid 

respectively. There are two distributions observed in particle size of the BSM platelets. The hydrodynamic 

size (Fig3 (a)) is recorded as 120 nm. The particle size analyzer distributions is high compared to TEM 

distribution because in the water based media the magnetic nanoparticles are forming clusters. The zeta 
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potential known as the surface collector charge from variation of particle zeta potential and heterogeneous 

distribution of surface charge. The characteristic of zeta potential of BSM nanoparticles in water is 

investigated. The mean zeta potential (Fig3 (b)) is found to be -49 mV for water based ferrofluid, 

indicating good stability of BSM platelets in water media. The zeta potential of particles may be changed 

by changing the ionic strength of a solution. An increase in ionic strength can compress the electric double 

layer and thereby decrease the zeta potential while a decrease of ionic strength can increase the zeta 

potential. 

 

 

Figure 4. Magnetization as a function of applied magnetic field of BSM nanoparticles. 

 

Figure 4 shows the M(H) plots for BSM nanoparticles. The data reveals the hard ferromagnetic behavior 

with the saturation magnetization (Ms) of ~ 28emu/g and 40 emu/g at 300 K and 5 K respectively which 

is close to reported by other groups [9]. The coercivity (Hc) values are 348 Oe and 890 Oe and remanence 

values (Mr) are 6 emu/g and 15 emu/g at 300 K and 5 K respectively. 

Figure 3(b) shows the temperature dependence of magnetization for BSM nanoparticles in the 

temperature range of 2 to 350 K in applied magnetic field of 100 Oe under zero-field cooling (ZFC) and 

field-cooling (FC) modes.  In ZFC mode, the BSM ferrite sample cooled from 375 K down to 2 K in the 

absence of magnetic field, then a magnetic field of 100 Oe was applied and the magnetization 
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measurement was made with increase in temperature [10]. Whereas, in FC mode the sample was cooled 

from 375 K down to 2 K in the presence of magnetic field and then magnetization measurement was 

recorded with increase in temperature [11]. The magnetization increases for both FC and ZFC modes 

with decrease in temperature and at high temperatures both follow the same path. In ZFC mode the 

magnetization of the sample increases with decrease in temperature. In the presence of a magnetic field 

if the nanoparticles are cooled to a very low temperature, the magnetization direction of each particle is 

frozen in the field direction. At blocking temperature (TB) the ZFC magnetization will be maximum at 

which the relaxation time equals the time scale of the magnetization measurements. By decreasing the 

temperature further, while the FC curve continues to increase, the ZFC curve reaches a maximum 

magnetization at 230 K. The separation between the ZFC and the FC curves gives the information about 

the non-equilibrium magnetization.  

 

 

 

Figure 5. Magneto viscosity plots at different shear rates of BSM ferrofluid with increasing and 

decreasing magnetic field for water based FF and silicone oil based FF at 1 and 10 s-1 respectively. 

 

Figure 5 shows the measurements carried out to investigate the shear dependence of magneto-viscosity. 

The experiments were performed at shear rate of 1s-1 and 10s-1.The magnetic field strength ranged from 0 
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to 1.33T. The ferrofluids were maintained at 25 0C for all measurements. In the case of water based FF 

the viscosity increases rapidly from 20 to 68 P.s and does not saturate at the high fields at shear rate 1 s-1  

.Very small increase in viscosity with increase in magnetic field is observed at shear rate of 10 s-1. No 

saturation in viscosity with increase in magnetic field is observed at both the shear rates. Whereas in the 

case of silicone oil based FF , slight saturation  in viscosity with increase in magnetic field is observed 

above 1.25 T of magnetic field at shear rate of 10 s-1. There is no significant change in viscosity with 

magnetic field at shear rate of 10 s-1 . A comparison of the magneto-viscosity of BSM FF shows that : (1) 

the viscosity is high in silicon based FF compared to water based FF. 2. The viscosity increases linearly 

with increase in magnetic field. (2) The rate of increase in viscosity with field is higher in water based FF 

compared to silicon oil based FF. 3. At shear rate of 1 s-1 the viscosity is high as compared to at 10 s-1 

because at low shear rate the magnetic force dominates the hydrodynamic force which is the main cause 

for chain formation. 4. The shear force and magnetic force become comparable at higher shear rate and 

magnetic force contain the chain together. When the field is applied the alignment of magnetic platelets 

takes place towards the field direction and chain formation takes place [12]. The chain formation leads to 

increase in viscosity with increase in magnetic field [12]. These chains break at high shear rate , leading 

to very small increase in viscosity with increase in magnetic field at shear rate of 10 s-1.  When the field 

is removed, the chains are broken and platelets try to come back to their original position and give rise to 

hysteresis in viscosity vs field plot. The linear increase in viscosity with no saturation with increase in 

magnetic field is a new result which is not observed in our earlier studies [5,12]. This may be due to 

smaller size of the platelet nanoparticles in the present ferrofluids. The FF based on cubic shaped nano 

particle show saturation in viscosity at high magnetic field [5]. Whereas FF based on disc shaped 

nanoparticles of size 50-250 nm show saturation in viscosity at very low value of magnetic field [12]. 

             The flow curves (shear rate vs viscosity) of BSM FF are shown in Figure 6. The plots are fitted 

with the power law equation η=K𝛾̇n-1. Here the K is consistency and n is power law index. The K value is 

between 17- 27 for various magnetic field values. The n- values are 0.55 to 0.59 as the field increases 

from 0.02 to 1.33 T. The small n- value indicates higher shear thinning at different fields. 
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Figure 6 shows the Shear rate vs. viscosity (η) plots at some selected magnetic fields (H). These 

plots are fitted with following power law equation.  

 

The power law behavior is due to the zippering of chains in magnetic field [5]. At different shear rate 

there is competition between the hydrodynamic forces (FH) and magnetic forces (FH) characterized by 

Mason number (Mn= FH/FM) [14]. The information regarding breaking and reformation of chains in 

the fluid can be determined by Mn value. 

Conclusion  

Ferrofluids (FF) based on  Ba0.95Sr0.05Fe12O19 (BSM) ferrite platelet shaped nanoparticles were 

synthesized.. The magneto-viscosity measurements show that the viscosity increases in silicone oil 

based FF as compared to the water based FF. The flow curves show the power law behavior. Due to 

smaller size of platelets in the present ferrofluids, magneto-viscosity plots show different behavior as 

compared to other ferrofluids. The synthesized ferrofluids are useful for heat absorber and magneto-

mechanical application. 
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