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PREFACE 

Transformers generate heat through energy losses and get heated due to iron core and copper 

losses that results into elevated resistance within the windings, increased hysteresis loss and 

decreased saturation magnetization of the core and degradation of the transformer’s 

insulation. Ultimately these will lead to significant and permanent efficiency reduction. 

Therefore, it is necessary to dissipate the heat generated by the core and windings so that the 

temperature of the transformer can be kept below a threshold at which the insulation begins 

to deteriorate. To inhibit temperature rise, transformers are cooled with mineral oils. The 

final, steady-state temperature of the transformer reflects equilibrium between power losses 

and heat dissipation properties of the coolant. As the oil is heats up, it experiences decrease in 

the density. Oil in contact with the transformer coils absorbs highest amount of heat and as a 

result it becomes least dense and starts rising relative to the surrounding oil. The rising oil 

makes contact with the walls of the housing, transfers heat to the walls and ultimately to the 

exterior environment. The cooled oil moves downward and replace the heated oil, which is 

rising from the windings. This natural convection caused by the interplay between the gravity 

and heat induced density variation represents the cooling mechanism most commonly utilized 

in commercial high power transformers.  

Gravitational forces that circulate oil in transformers are relatively weak. Temperature 

gradients across the oil reservoirs are often observed to be quite large, which results into poor 

heat transfer. Transformer windings frequently develop “hot spots” that can cause insulation 

break-down. These factors can lead to significant and permanent efficiency reduction. 

Development of coolants with enhanced thermal conductivity and better dielectric properties 

is critical for uninterrupted operation of high power transformers.  

Magnetic fluids can provide thermal and dielectric benefits over transformer oils. 

Magnetic fluids are colloidal suspensions of superparamagnetic nanoparticles coated with 

surfactant and dispersed in a carrier liquid. If used as a coolant, they can improve the cooling 

efficiency of transformers by enhancing the fluid circulation within windings because of the 

magnetically driven fluid flow. Magnetic field is present in the surroundings of windings and 

core of the transformer. This “leakage field‟ occurs because of electrical currents in the 

windings and reflects imperfect channeling of magnetic flux into the core. Its strength is 

highest in the immediate vicinity of the core and windings, and falls of rapidly with 
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increasing distance. This magnetic field gradient draws magnetic fluid towards the core. 

Since the core and windings generate heat, the temperature of the fluid rises as it approaches 

towards the core, resulting into the loss of magnetic properties and decrease in density. The 

magnetic fluid starts rising as the gravitational effect of density reduction begins to overcome 

the weakening of magnetic attraction. Movement of hot magnetic fluid is assisted by the 

attraction exerted by the core and windings on cooler more intense magnetic fluid, which 

displaces the hot rising fluid as it travels toward the core. Movement away from the heat 

source and contact with the walls of the housing causes the hot magnetic fluid to cool and 

reacquire magnetization. This convection cycle, driven by the magnetic and gravitational 

forces, involves much faster fluid flow and therefore greater cooling efficiency can be 

achieved with natural convection. In addition, magnetic fluids can increase the transformer 

capacity to withstand lightning impulses, while minimizing the effect of moisture in typical 

insulating fluids. Magnetic nanoparticles can also minimize dielectric breakdown in 

transformers.  

Magnetization of magnetic fluid is temperature-dependent, decreasing steadily until 

the fluid reaches a characteristic “Curie temperature” at which, it loses all its magnetic 

strength. This property of temperature sensitive magnetic fluid can be exploit to design a 

smart coolant that can tune its cooling efficiency according to the operating temperature of 

the transformer by adjusting its magnetic field induced convective flow. These characteristics 

of magnetic fluid based coolant help in designing smaller, more efficient transformers, or to 

extend the life and loading capability of existing units. Despite of promising nature of this 

technology, very little efforts have been made to explore it. In our understanding the 

fundamental reason behind this is the inherent complexity involved in design and synthesis of 

stable, temperature sensitive magnetic fluids.   

Ferrites are generally used to prepare magnetic fluids. Most substituted ferrites tend to 

have Curie temperatures too high for practical use in the proposed application. However, 

many mixed and rare earth doped ferrites exhibit Curie temperatures in the range of 100 °C –

300 °C. Among different temperature sensitive magnetic materials, Zn-containing spinel 

ferrites (Me1-xZnxFe2O4) are most attractive because they allow large variation in their 

magnetic properties with small variation in the Zn content. For transformer cooling 

applications, temperature sensitive magnetic fluids also needs to be stable under extreme 

conditions of temperature and magnetic field.  
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This thesis provides an insight into the synthesis of stable temperature sensitive 

magnetic fluids with tunable Curie temperatures which are suitable for transformer cooling. 

Influence of particle size and size distribution on the colloidal stability of magnetic fluids and 

temperature induced aging of magnetic fluids is also the core focus of this thesis. The 

outcome of the doctoral research is organized in seven chapters. 

This thesis begins with the Introduction of magnetic fluids, in Chapter 1. It summarizes 

various properties and applications of magnetic fluids. The concept of temperature sensitive 

magnetic fluids is introduced for cooling applications in power transformers. It also evaluates 

potential magnetic nanoparticles that are well suited for thermo-magnetic cooling, on the 

basis of moderate saturation magnetization and tunable Curie temperature and discusses the 

unique properties of MZ ferrite based magnetic fluids. 

Chapter 2 summarizes existing literature on ferrite magnetic nanoparticles and their 

magnetic fluids. In the first section various methods developed for the synthesis of magnetic 

nanoparticles are reviewed. The focus of the literature review is to evolve correlation between 

synthesis conditions, particle size and their magnetic properties. In the second section, 

various techniques developed for the synthesis of magnetic fluids are reviewed. The focus 

here is on the correlation between tunable Curie temperature and saturation magnetization of 

fluids. In the third section of Chapter-2, literature on structural, magnetic and thermal 

properties of magnetic fluids are summarized. This chapter ends with discussion on stability 

and aging of magnetic fluids at elevated temperature. 

Chapter 3 provides details of experimental protocols developed and followed for the 

synthesis of MZ ferrite magnetic nanoparticles. In the first part of this chapter, synthesis of 

uniform MZ ferrite nanoparticles is carried out by chemical co-precipitation method. A series 

of Mn1-xZnxFe2O4 (x = 0 – 1) nanoparticles are synthesized by chemical co-precipitation 

method. Amongst them MZ nanoparticles with high saturation magnetization are used for 

further investigation. In the second part, a series of MZ nanoparticles are synthesized by co-

precipitation method as a function of co-precipitation pH (10 – 13), reaction temperature (80 

– 100 °C) and reaction time (1 – 4 h). The correlation between particle size and saturation 

magnetization have also been evaluated in this chapter. 

In Chapter 4, protocols for the synthesis of magnetic fluids with tunable Curie 

temperature and saturation magnetization are described. In this chapter, synthesis of MZ 
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fluids having varying Zn content, an oleic acid as surfactant and commercial transformer oil 

as carrier liquid is explained. Magnetic properties of MZ fluids are analysed with modified 

Langevin theory. By fitting magnetization data with modified Langevin theory, magnetic 

particle diameter (Dm), saturation magnetization (Ms), polydispersity ( ), mean field constant 

() and ferrimagnetic susceptibility ()  are determined. 

Evaluation of effect of aging on the colloidal stability of magnetic fluids is studied in 

Chapter 5. This study was conducted over an extended period of 210 days. Photon 

Correlation Spectroscopy (PCS) and Vibrating Sample Magnetometry (VSM) are used to 

determine effect of aging on the colloidal stability and magnetic properties of MZ fluids. 

Chapter 6 aims to evaluate colloidal stability of magnetic fluids under accelerated 

thermal aging and its correlation with hydrodynamic size and magnetic properties of the 

magnetic fluids. In this chapter, effect of accelerated thermal aging on the dispersion stability 

and magnetic properties have been evaluated by photon correlation spectroscopy and 

vibration sample magnetometry, respectively on MZ fluids that are aged at  50 °C to 150 °C 

for 0 – 72 h. A correlation between hydrodynamic size of nanoparticles, its polydispersity and 

colloidal stability of fluids have been established. Effect of influence of degree of Zn 

substitution on the stability of MZ fluids under accelerated thermal aging has also been 

evaluated.   

Chapter 7 summarises important findings of this work and scope for the future work. 
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  CHAPTER 1 

INTRODUCTION 

1.1 MAGNETIC FLUIDS 

Magnetic fluids are the colloidal suspension of superparamagnetic nanoparticles dispersed in 

carrier liquid, which responds to an applied external magnetic field as if the fluid itself 

possesses magnetic characteristics [1-3]. It combines both fluidic and magnetic properties in a 

single system. Magnetic fluids are generally composed of 5% magnetic nanoparticles, 10% 

chemically adsorbed surfactant and 85% liquid carrier [4]. Magnetic nanoparticles dispersed in 

fluids have diameter of the order of 10 nm. They undergo translational and rotational Brownian 

motion, which avoid the settling of particles under the gravitational and magnetic fields. High 

surface energy (due to small size) of nanoparticles and relatively strong Van der Waals forces 

between magnetic particles can cause their aggregation. To inhibit this agglomeration, 

nanoparticles are stabilized by steric or ionic stabilization process [5]. Based on the type of 

stabilization, magnetic fluids are classified into following two subclasses: 

1.1.1 Sterically Stabilized Magnetic Fluids 

1.1.2 Ionically Stabilized Magnetic Fluids 

1.1.1 Sterically Stabilized Magnetic Fluids 

Sterically stabilized magnetic fluids are prepared by coating magnetic nanoparticles with 

surfactants to prevent aggregation of nanoparticles. Surfactants are made up of polar organic 

molecules, whose structure comprised of a short functional group (alkali, acid, etc.) and long 

tail chain (hydrocarbon, fluorocarbon, etc.). Steric repulsion caused by this polymeric chains of 

surfactants between nanoparticles acts as a physical barrier, which keeps the magnetic 

nanoparticles floating in the fluid and stabilizes the colloid [5].  If nanoparticles  are  dispersed  

in  a  non-polar medium like oils,  a monolayer of  hydrophobic surfactant  is  sufficient  to  

provide steric repulsion against the magnetic and Van der Waals attraction between 

nanoparticles. The polar head of the surfactant is attached to the particle surface through chemi-

adsorption and the carbon chain is floating in the carrier liquid. On  the other  hand,  if  the  

nanoparticles needs to dispersed  in  a  polar median like water,  a double layer of surfactant is 

required to form a hydrophilic layer around the nanoparticle surface. The polar head of a 
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surfactant can be cationic, anionic or non-ionic. Sketches of sterically stabilized magnetic 

nanoparticles dispersible in non-polar medium (like oil) and polar medium (like water) is 

shown in Fig. 1.1. 

  

(a)       (b) 

Fig. 1.1. Sterically stabilized magnetic nanoparticles coated with (a) monolayer of surfactant 

(dispersible in oil) and (b) double-layer of surfactant (dispersible in water). 

 

1.1.2 Ionically Stabilized Magnetic Fluids 

In ionically stabilized magnetic fluids, colloidal stability of nanoparticles is achieved by 

decorating the surface of nanoparticles with ions [6, 7]. Magnetic nanoparticles when prepared 

by chemical precipitation method, an acid-alkaline reaction keeps the surface of nanoparticles 

electrically charged [8, 9]. Usually water is used as liquid carrier and pH of the solution vary 

between 2 to 12, depending on the sign of the surface charge of the particles. Acidic ionic 

magnetic fluid (pH < 7) have positive charge on the surface of nanoparticles, and alkaline 

ionic magnetic fluid (pH > 7) have negative charge on the surface of nanoparticles. The 

surface charge density of the particles is typically of the order of 10 µC/cm2 [10]. Ionic 

citrated or tartrated magnetic fluids provide both the steric and electrostatic repulsion to 

prevent aggregation of nanoparticles in magnetic fluids. In case of citrated magnetic fluids, 

nanoparticles are coated with small chain molecules, such as 3-carboxy-3-

hydroxypentanedicarboxylic acid (COOH-CH2-COH-COOH-CH2-COOH). In the presence of 

water, these molecules ionize. Besides the steric repulsion, there is also an electrostatic 

interaction. The sketches of a nanoparticles of acidic and alkaline magnetic fluids are shown 

in Fig. 1.2. 
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(a) (b) 

Fig. 1.2. Ionically stabilized nanoparticles in (a) acidic magnetic fluid (pH < 7) and (b) alkaline 

magnetic (pH > 7). 

1.2 PROPERTIES OF MAGNETIC FLUIDS 

1.2.1 Magnetic properties 

Magnetic fluids contains ferro or ferrimagnetic nanoparticles. Magnetic fluids do not show 

ferromagnetism as they do not retain residual magnetization, when the external magnetic field is 

removed. Magnetic nanoparticles dispersed in fluids are superparamagnetic and possess high 

magnetic susceptibility. When the size of ferro or ferrimagnetic particle decreases below its 

domain size, nanoparticles transform from polydomain to single-domain [11-13]. The critical 

size of a single-domain particle depends on its shape, temperature and magnetic anisotropy of 

the crystal. When the particle size reduces below this critical limit, the thermal energy is 

sufficient to randomize the magnetic dipoles [14, 15]. Such small particles have no intrinsic net 

magnetic moment in the absence of external magnetic field, but in the presence of external field, 

they show strong magnetism owing to their high magnetic susceptibility. These particles behave 

identical to paramagnets in the absence of external magnetic field and they show spontaneous 

magnetization like ferromagnets when subject external magnetic field [14-16].  Ferrites are used 

to prepare magnetic fluids [17-19]. Magnetic properties of ferrite nanoparticles are strongly 

correlated with the characteristics of nanoparticles such as size, size distribution, shape, surface 

chemistry, cationic distribution, etc. [20].  

1.2.1.1 Size effect 

Magnetic properties of nanoparticles depends on the size of nanoparticles. As the size of the 

magnetic nanoparticles decreases, the magnetic anisotropy energy per nanoparticle also 

decreases. Magnetic anisotropy energy is the energy that keeps the magnetic moment in a 
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particular orientation. At a particular size called the characteristic size of nanoparticles, the 

anisotropy energy equals to the thermal energy, which allows the random flipping of the 

magnetic moments [21]. This flipping occurs when the size of the nanoparticles decreases below 

the characteristic size (ro). Below this size, each magnetic nanoparticles display 

superparamagnetism. The saturation magnetization (Ms) of nanoparticles also strongly depends 

on the size of the nanoparticles (eq. (1.1)) [22]. Magnetic nanoparticles possess disordered spin 

structure on its surface which is known as ‘magnetic dead layer’. When the size of the 

nanoparticles is relatively small (< 5 nm), the ratio of thickness of disordered spin layer (dead 

layer) to the radius of the magnetic nanoparticle becomes significant. Surface spin disorder thus 

lead to the reduction in saturation magnetization. The correlation between saturation 

magnetization and nanoparticle size can be given by [22] 

Ms = Msb [(r − d)/r]3
                                                                                                                                                                       (1.1) 

where r is the radius of nanoparticles, d is thickness of the magnetic nanoparticles surface 

exhibiting disordered spins, Msb is saturation magnetization of bulk sample and Ms represents 

saturation magnetization of magnetic nanoparticles of radius r. 

1.2.1.2 Structural properties  

Magnetic properties of ferrites are directly related to the chemical composition and distribution 

of the cations between tetrahedral and octahedral lattice sites in spinel crystal structure of 

ferrites. Generally, chemical composition of ferrites can be expressed by AB2O4, where; A and 

B refer to the tetrahedral and octahedral cation sites, respectively (Fig. 1.3.). In normal spinel 

lattice, all the bivalent (M+2) metal ions occupy the tetrahedral sites while all the octahedral sites 

are occupied by the trivalent (Fe+3) metal ions. In inverse spinel, half of the trivalent (Fe+3) 

metal ions and all the bivalent (M+2) metal ions occupy the octahedral sites while the other half 

of the trivalent (Fe+3) metal ions occupies the tetrahedral sites. In mixed metal ferrites, both 

bivalent and trivalent metal ions occupy both the tetrahedral and octahedral sites. Type of 

cations and their distribution between the two interstitial sites in the spinel unit cell determine 

their intrinsic magnetic properties [23, 24]. The cation distribution between A and B sites 

depends on the ionic radii of the cations [25]. Since the magnetic moments of the cations at the 

octahedral sites are parallel to the magnetic field, and the magnetic moments at the tetrahedral 

sites are antiparallel, the vector sum of the magnetic moments between sub-lattice A and B 

gives the magnetic moment of the crystal.  
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Fig. 1.3. Crystal structure of AB2O4 spinel ferrites [26]. 

Saturation magnetization of nanoparticles depends on the net magnetic moment of the crystal 

and exchange interactions between magnetic ions occupying the tetrahedral A–sites and 

octahedral B–sites. In normal spinel, all bivalent metal ions (M2+) occupies the tetrahedral A– 

sites and Fe3+ ions occupies the octahedral B–sites. The structural formula can be represented 

as: 

A    [  B  ] 

                                                                     M2+ [Fe3+] O2-
4 

                                                                             0 

In the inverse spinel structure, half of the Fe3+ ions occupy the tetrahedral A–sites and another 

half is at octahedral B–sites. All the bivalent metal ions (M2+) occupies the B–sites. Magnetic 

moments of Fe3+
 at A and B sites mutually compensates each other and net moment of the 

nanoparticles is because of the magnetic moments of bivalent cations (M2+) at the octahedral B–

sites. The structural formula for the inverse spinel structure can be represented as 

                                                                      A    [     B     ] 

              Fe3+ [M2+
 Fe3+] O2-

4 

                                                                      0 

In mixed spinel, bivalent metal ions M2+ and Fe3+ ions occupies both the A and B–sites. The 

structural formula for such mixed spinel is 
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                                                           A         [             B          ] 

    M2+
1- Fe3+

 [M
2+
 Fe3+

1- Fe3+] O2-
4 

          0 

where  is the degree of inversion. It represents the fraction of Fe3+ presents at the tetrahedral 

A–sites.  

Interaction between A and B sub-lattices in spinel structures consist of inter sub-lattice 

(A–B) super-exchange interactions and intra sub-lattice (A–A) and (B–B) exchange 

interactions. Amongst these, the inter sub-lattice (A– B) interaction is the strongest. (A–A) is 

relatively weak as compared to (A–B) interaction. In general, (A–A) interaction is ten times 

weaker than the (A–B) interaction. (B–B) interaction is the weakest amongst all [27, 28]. These 

exchange interactions effects the magnetization and hence the Curie temperature of AB2O4 

ferrites. Therefore any deviation from the normal cation distribution as explained above can 

lead to the cation site disorder resulting into the drastic changes in the magnetic properties of 

nanoparticles. 

1.2.2 Polydispersity in size 

Magnetic fluids contains magnetic nanoparticles as dispersed phase. These magnetic 

nanoparticles are polydispersed in size and follow the log-normal particle size distribution [29, 

30]. Polydispersity in size of magnetic nanoparticles plays an important role in the magnetic 

properties of fluids. Progressive alignment of magnetic moments in an applied magnetic field 

for polydisperse magnetic nanoparticles is different from that of the monodisperse magnetic 

nanoparticles. This different characteristic is due to the dependence of magnetic dipole moment 

on the size distribution of magnetic nanoparticles. Particles with larger size orientates at low 

magnetic fields while smaller particles require stronger fields. 

1.2.3 Inter-particle interactions in magnetic fluids 

The classical Langevin theory for paramagnetism has often been applied for interpreting the M–

H data of magnetic fluids by comparing the individual magnetic moments of particles. Here 

each magnetic moment is considered to be non-interacting like gas molecules. Magnetic fluid 

contains non-interacting single-domain particles. The magnetization of assembly of such 

isolated superparamagnetic nanoparticles can be described by the Langevin’s theory [31]. This 
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model assumes spherical shape of particles, dominance of thermal energy over the anisotropy 

energy, polydispersed nature of particles that usually obeys log-normal size distribution 

function and average domain magnetization (Md) of the particles that remains constant for a 

given size distribution. The inter-particle interactions are neglected in this model. 

M = Ms ∫ 𝑓(𝐷) 𝐿 (𝛼)𝑑𝐷
∞

0
                                                                                                       (1.2) 

where Ms is the saturation magnetization of nanoparticles and L(α) = cothα-1/α is the Langevin 

function. The Langevin parameter α = µH/ kBT.  µ is the magnetic moment of individual spin 

cluster, H is applied external magnetic field. f(D)dD is the log-normal cluster diameter 

distribution function with mean cluster diameter Dm and width σ. 

 f(D) dD = 
1

√2𝜋𝐷
𝑒𝑥𝑝 (

− 𝑙𝑛(𝐷
𝐷𝑚

⁄ )
2

2𝜎2 )dD                                                                                      (1.3) 

If inter-particle interaction is taken into the consideration then classical Langevin’s theory is 

modified with the mean field theory in which Langevin parameter α is defined as [32, 33]; 

α =  
µ(𝐻+𝐻𝑖𝑛𝑡)

𝑘𝐵𝑇
                                                                                                                         (1.4) 

Here, Hint = λM1; λ is mean field constant (dimensionless) and M1 is the internal field acting on 

each particle/cluster. 

M = Ms ∫ 𝑓(𝐷) 𝐿 ( 
µ(𝐻+𝐻𝑖𝑛𝑡)

𝑘𝐵𝑇
 ) 𝑑𝐷

∞

0                                                                                                                                    (1.5) 

 

1.3 APPLICATIONS OF MAGNETIC FLUIDS 

Applications of magnetic fluids can be broadly classified into two categories: 

1.3.1 Biomedical applications 

1.3.2 Engineering Applications 

 

 



8 
 

1.3.1 Biomedical applications 

1.3.1.1 Magnetic drug targeting 

Magnetic drug targeting is a proposed therapy which can be used to treat malignant tumours by 

targeting chemotherapeutics drugs tagged with magnetic carriers by means of external magnetic 

field. The principle of magnetic drug targeting is to deliver the drug to the tumour region 

without harming healthy tissues. Magnetic fluids loaded with anticancer drugs are injected into 

the tumour and localized by means of external magnetic field at the targeted site. In this therapy, 

the amount of drug required is much lower than that required in conventional chemotherapy. 

When the magnetic field is turned off, the drug along with magnetic nanoparticle carrier 

disperses in blood and eventually removed from the blood stream by the plasma proteins (Fig. 

1.4.)  [34]. Since the total amount of drug to be delivered is very small, there is very little or no 

side effects of this therapy [34].   

 

Fig. 1.4. Schematic diagram representing the concept of magnetic drug targeting [35]. 

1.3.1.2 Magnetic cell separation 

The separation of target cells from the untargeted cells, and the maintenance of the membranes 

of target cells and untargeted cells, are particularly important in biomedicine. Magnetic cell 

separation using biocompatible nanoparticles is one way to achieve this. This process involves 



9 
 

o Labelling / tagging of specific cells with magnetic nanoparticles coated with polymers 

like dextran or polyvinyl alcohol. 

o Separating out of these labelled entities via a fluid-based magnetic separation device, 

which is made by passing it through a region in which there is a magnetic field gradient 

which can immobilize the tagged material by external magnetic field (Fig. 1.5.) [36]. 

 

Fig. 1.5. Schematic representation of magnetic cell separation [36]. 

Cell separation can be used to clean up bone marrow from cancer infected samples. In 

this case, magnetic nanospheres coated with monoclonal antibodies having affinity towards 

tumour cells are used. When marrow removed from the patient, it is put in contact with the 

coated spheres in a liquid solution, the tumour cells selectively attach to the surface of the 

spheres, which are then magnetically separated from the solution [34]. The clean bone marrow 

is then reintroduce into the patient. 

1.3.1.3 Hyperthermia 

Magnetic hyperthermia is a proposed treatment option for cancer, which is under active 

research. It is based on the idea that magnetic nanoparticles can generate heat in AC magnetic 

field, which can cause cell apoptosis in localized cancer region. In this method, magnetic fluids 

containing magnetic nanoparticles dispersed in a carrier liquid are targeted to the tumour site. 

Once localized, these magnetic nanoparticles are subject to an AC magnetic field (Fig. 1.6.). 

Magnetic nanoparticles generate heat due to hysteresis loses, which kills the cells in the 

surrounding cancerous tissues. For hyperthermia treatments temperature profile in the malignant 

tissue region is very important. The ideal temperature profile is one where the body temperature 

in healthy tissue is maintained, while the therapeutic temperature of 42 °C inside the tumour is 

achieved by choosing appropriate biocompatible magnetic fluids containing magnetic 
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nanoparticles having their Curie temperature in the vicinity of therapeutic temperature of    42 – 

45 °C [37]. 

 

Fig. 1.6. Schematic representation of magnetic hyperthermia [38]. 

1.3.1.4 Contrast enhancement for Magnetic Resonance Imaging 

Magnetic resonance imaging (MRI) is used to examine and diagnose variety of disorders in 

internal body structures. In conventional MRI, the contrast between the object under 

investigation and its surrounding medium is poor as it depends on the difference of relaxation 

time of H+ in two mediums. Generally, this difference is not strong enough to render well 

resolved images. If magnetic nanoparticles from a biocompatible magnetic fluid are selectively 

absorbed by tissues, they give sharp contrast in the MRI image. Further, uptake of magnetic 

nanoparticles by various tissues will be different and hence their relaxation times also differs, 

thus providing MRI images with improved contrast [39]. 
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1.3.2 Engineering Applications 

1.3.2.1 Dynamic sealing 

Computer hard disks operates in a hermetically closed box as powder or smoke can destroy the 

reading and writing process. Hence it is required to seal hermetically the hole through which the 

axle passes. It is done by introducing the magnetic fluid in between the magnet and the shaft 

(Fig. 1.7.). The presence of external magnetic field keeps the fluid in the grooves, which blocks 

the passage of the foreign impurities. Presence of fluid provides frictionless motion to the shaft 

under hermetically sealed condition [40]. 

 

Fig. 1.7. Schematic diagram of dynamic seal using magnetic fluid [40].  

1.3.2.2 Transformer cooling 

Power transformers are usually cooled by mineral oils. As the oil is heated, it experiences 

decrease in the density. Oil in contact with the transformer coils absorbs highest amount of heat 

and as a result it becomes least dense and starts rising relative to the surrounding oil. The rising 

oil makes contact with the walls of the housing, transfers the heat to the walls and ultimately to 

the exterior environment. The cooled oil moves downward and replace the heated oil, which is 

rising from the windings. This natural convection, caused by the interplay between the gravity 

and heat induced density variation, represents the cooling mechanism most commonly used in 

commercial high power transformers [41].  

Gravitational forces that circulate the oil are relatively weak. Temperature gradients 

across the oil reservoirs are often observed to be quite large, which results into poor heat 

transfer. Hence, to improve heat transfer, magnetic fluid can be used instead of the mineral oils 
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that surrounds the windings and core of the transformer. Magnetic fluid can improve the cooling 

efficiency of transformers by enhancing the fluid circulation within windings because of the 

magnetically driven fluid flow. Magnetic field surrounds the windings and core of the 

transformer. This “leakage field” because of the current in the windings reflects imperfect 

channelling of magnetic flux into the core (Fig. 1.8.) [42, 43]. Its strength is highest in the 

immediate vicinity of the core and windings and falls of rapidly with increasing distance. This 

magnetic field gradient draws the magnetic fluid towards the core. Since the core and windings 

generate heat, the temperature of the fluid rises as it approaches towards the core, resulting into 

the loss of magnetic properties and decrease in the density.  Magnetic fluid starts rising as the 

gravitational effect of density reduction begins to overcome the weakening of magnetic 

attraction. Movement of hot magnetic fluid is assisted by the attraction exerted by the core and 

windings on cooler more intense magnetic fluid, which displaces the hot rising fluid as it moves 

towards the core. Movement away from the heat source and contact with the walls of the 

housing causes the hot magnetic fluid to cool and reacquire magnetization. This convection 

cycle driven by the magnetic and gravitational forces involves much faster fluid flow and 

therefore greater cooling efficiency can be achieved with thermomagnetic cooling [42]. 

 

Fig. 1.8 Schematic representation of thermomagnetic cooling in power transformers [42]. 

1.4 TEMPERATURE SENSITIVE MAGNETIC FLUIDS 

To use magnetic fluids in heat exchange devices, they should possess large thermomagnetic 

coefficient and suitable Curie temperature, which should be matching with the operating 
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temperature of transformer. Temperature sensitive magnetic fluids suitable for cooling 

applications in high power transformers should have Curie temperature between 70 °C to 300 

°C [42]. Ferrites are generally used to prepare temperature sensitive magnetic fluids [42 - 44]. 

Magnetic properties can be tuned by choice of bivalent (M2+) metal ions, which may be a single 

metal species or a combination of two or more species. The variable parameters include particle 

size, shape, surface properties, Curie temperature and saturation magnetization. Most 

substituted ferrites used in the preparation of magnetic fluids tend to have Curie temperatures 

that are too high for practical use in transformers. Curie temperature of mixed metal ferrites lie 

between 100 °C to 200 °C (Table 1.1). In addition, some ortho ferrites and rare-earth garnets 

have low Curie temperatures. Amongst them Mn1-xZnxFe2O4 (MZ) ferrite nanoparticles are well 

suited for thermomagnetic cooling, because of their moderate saturation magnetization and 

tunable Curie temperature [1, 45]. 

Table 1.1: Curie temperature of various ferrite nanoparticles [42]. 

Ferrite nanoparticles Curie Temperature (°C) 

Zn0.6Co0.5Fe1.9O4 115 

Mg0.5Zn0.5Fe2O4 120 

Ni0.3Zn0.7Fe2O4 130 

Ni0.2Zn0.6Fe2.2O4 145 

Mn0.5Zn0.5Fe2O4 150 

MnFe2O4 300 

 

1.5 STABILITY OF TEMPERATURE SENSITIVE MAGNETIC FLUIDS 

Stability of temperature sensitive magnetic fluids play an important role for cooling applications 

in power transformers. Magnetic particles needs to be dispersed in carrier fluids with high 

colloidal stability for long periods without significant aggregation [19, 46]. Particles in 

dispersion may adhere together and form aggregates of larger size and random shapes which 

may settle down under gravity. Stability denotes that the particles do not aggregate at a 

significant rate. The agglomeration of magnetic nanoparticles in fluids can cause clogging of 
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microchannel in transformers. Particle agglomeration also decreases the thermal conductivity of 

magnetic fluids. One of the important parameter that effects the stability of the magnetic fluids 

is the size of nanoparticles and its distribution. Small size nanoparticles and narrow size 

distribution is essential to prepare stable magnetic fluids [1].  

1.6 AGING OF TEMPERATURE SENSITIVE MAGNETIC FLUIDS 

In temperature sensitive magnetic fluids; magnetization of fluid strongly depends on the fluid 

temperature. When exposed to temperature gradient, they exhibit magnetic convection in 

addition to natural convection caused by the density gradient. This additional drag force 

enhances the cooling efficiency of the fluid and thus improves their performance in 

transformers. Magnetic nanoparticles dispersed in transformer oil should be able to withstand 

the device’s operating temperature without any loss in their dispersity [19]. One of the 

important parameter that effects the stability of the magnetic fluids at elevated temperature is 

agglomeration of nanoparticles. The presence of surfactant coated magnetic nanoparticles helps 

in improving the heat dissipation of the magnetic fluids by preventing the particle 

agglomeration even when a strong magnetic field is present. When fluids subject to high 

temperatures for long period, thermal stress reduce the surfactant capping [47]. Another 

parameter that effects the stability of the magnetic fluids is the size of nanoparticles and its 

distribution. Nanoparticles in fluids when subjected to accelerated thermal aging can have 

enhance temperature induced aggregation of nanoparticles. This temperature dependent 

aggregation could significantly reduce cooling efficiency of magnetic fluids in transformers. 

Hence, it is essential to prepare magnetic fluids having high colloidal stability at elevated 

temperatures.   
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CHAPTER 2 

LITERATURE REVIEW 

2.1 INTRODUCTION 

Magnetic nanoparticles of iron, nickel, cobalt and manganese, their alloys and their oxides are 

used for the synthesis of magnetic fluids [1-3]. The choice magnetic nanoparticles for fluids 

depends on their application. In order to use magnetic fluid for transformer cooling applications, 

it requires large pyromagnetic coefficient i.e. fluid with high saturation magnetization and low 

Curie temperature. Therefore, synthesis of magnetic nanoparticles with tunable magnetization 

and Curie temperature is of great interest. Ferrites are widely used in the preparation of 

temperature sensitive magnetic fluids [4-7]. Amongst them Zn-containing spinel ferrites       

(M1-xZnxFe2O4) are most attractive because it is possible to tune their magnetic properties by 

small variation in the content of Zn.   

Physical and chemical properties of ferrite nanoparticles largely depends on the 

synthesis method and preparation conditions. Several techniques have been developed to 

synthesize ferrite nanoparticles. In this literature review we compare the influence of synthesis 

methods and conditions of synthesis on the properties of Mn1-xZnxFe2O4 (MZ) nanoparticles. 

The literature survey is also focused on the effect of synthesis variables on the size and size 

distribution of nanoparticles and their correlation with the magnetic properties. This chapter 

also cover literature available on the preparation of magnetic fluids. A brief review is also 

presented on the structural and magnetic properties of magnetic nanoparticles. In the last section 

of this chapter, a limited literature on colloidal stability and thermal aging of magnetic fluids are 

presented. 

2.2 SYNTHESIS OF MZ NANOPARTICLES 

This section reviews literature on synthesis of MZ nanoparticles. MZ nanoparticles are 

generally synthesized by high energy ball-milling [8], hydrothermal method [9], auto-

combustion method [10], sol-gel process [10], micro-emulsion technique [12], and co-

precipitation method [13].  

Arcos et al. [14] introduced high energy ball-milling process for preparation of MZ 

nanoparticles. MZ nanoparticles with particle size in the range of 40 – 51 nm were obtained. It 
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was observed that the particles obtained by ball-milling process were large and non-uniform. 

Ball-milling also introduce strain into the crystal lattice of nanoparticles. 

Rath et al. [15] proposed hydrothermal process to synthesize ultra-fine and relatively 

strain free MZ nanoparticles with narrow size distribution. Mn0.65Zn0.35Fe2O4 nanoparticles with 

size 9 – 12 nm were synthesized by controlling the pH of precipitation. Although the particles 

were small, but were not superparamagnetic. The cation distribution in the nanoparticles was 

different from the normal spinel structure observed in bulk ferrites. Rath et al. [16] have studied 

the influence of cation distribution on magnetic properties (Hc, Ms and Tc) and size of MZ 

nanoparticles. They have observed that the particle size decreases with increasing Zn content. 

MZ nanoparticles synthesized by hydrothermal route contains hematite (α-Fe2O4). The presence 

of this secondary phase makes the correlation difficult between microstructure and magnetic 

properties of MZ nanoparticles. Wang et al. [17] have synthesized MZ nanoparticles by 

hydrothermal method. They have concluded that the magnetic properties of spinel ferrite 

nanoparticles depends on the occupancy of bivalent metal ion at tetrahedral A–sites in spinel 

matrix. Aggregation of nanoparticles are usually observed when synthesized by hydrothermal 

route. This method is also very costly and not suitable for bulk production of nanoparticles. 

Mangalaraja et al. [8] proposed low cost auto-combustion method for the synthesis of 

MZ nanoparticles. They have synthesized Mn0.8Zn0.2Fe2O4 nanoparticles with moderate 

crystallinity. Deraz et al. [18] reported synthesis of Mn0.5Zn0.5Fe2O4 nanoparticles by auto-

combustion method by using mixture of glycine and ammonium nitrate. Synthesized 

nanoparticles possess high saturation magnetization (85 emu/g), the remnant magnetization (22 

emu/g) and coercivity (58 Oe) owing to their large size. Ping Hu et al. [19] studied effect of heat 

treatment on the structural and magnetic properties of MZ nanoparticles prepared by auto-

combustion method. When annealed at 550 °C, it decomposes into Fe2O3 and Mn2O3. Angadi et 

al. [20] reported synthesis of spinel MZ nanoparticle with average crystallite size of 25 – 30 nm. 

It was prepared by solution combustion method using mixture of urea and glucose. They have 

observed that lattice parameter, cell volume, saturation magnetization, remanence magnetization 

and magneton number decreases with increase in Zn2+ concentration in MZ nanoparticles. This 

method yields nanoparticles with improved phase, large size and broad size distribution. 

Clustering of nanoparticles is difficult to control. Yield is also low and process is difficult to 

scale-up. 
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Limin et al. [21] proposed sol-gel method for the synthesis of MZ nanoparticles. The 

average crystallite size of nanoparticles was 60 – 90 nm. This method was simple, fast and 

produced MZ nanoparticles at low temperature. They have studied effect of calcination 

temperature on the grain size of nanoparticles. The grain size increases with increase in the 

calcination temperature. Azadmanjiri et al. [22] synthesized Mn0.8Zn0.2Fe2O4 nanoparticles with 

particle size 70 – 80 nm by sol-gel method using nitrate citrate gel and studied the effect of 

sintering temperature on the magnetic properties of MZ nanoparticles. They observed that 

nanoparticles did not show saturation in magnetization even at high magnetic fields. Chand et 

al. [23] synthesized Mn substituted Zn ferrite (MnxZn1-xFe2O4) nanoparticles by sol-gel method 

using glycol. They have observed high agglomeration of nanoparticles with relatively less 

saturation magnetization (13 – 25 emu/g) as compared to bulk and high coercivity (127- 320 Oe).  

Dahotre et al. [24] synthesized MZ nanoparticles by sol-gel method using citric and 

ethylene glycol. They reported formation of Fe2O4 and MZ phases. Saturation magnetization, 

remnant magnetization and coercivity; all decreases with increase in the Zn content in MZ 

nanoparticles. They attributed these changes in magnetic properties to the variation in cationic 

stoichiometry and occupancies at interstitial sites. They also reported formation of magnetic 

dead layer on the surface of nanoparticles i.e. existence of spin canting is responsible for the 

observed decrease in magnetization with reduction in particle size. Winiarska et al. [25] have 

studied effect of precursor on the properties of MZ nanoparticles. They have reported that MZ 

nanoparticles obtained from the hydroxide precursor had larger crystallite size (35.6 nm) and 

heterogonous structure, whereas MZ nanoparticles obtained from the oxalate precursor had 

smaller crystallite size (29.6 nm) with heavy agglomeration. MZ nanoparticles prepared with 

citric acid and ethylenediaminetetraacetic acid (EDTA) had large crystallite size (40 nm) and 

loose sponge-like structure with fewer aggregation [26]. Sol-gel method is easy and economical, 

yield is acceptable and process can be scale-up without much pain. However difficulty in 

control over the size, aggregation and poor tunability of magnetic properties of MZ 

nanoparticles obtained by sol-gel method limits its utility. 

Liu et al. [27] proposed micro-emulsion technique to synthesize nanocrystalline 

MnFe2O4 nanoparticles with narrow size distribution and negligible agglomeration. 

Superparamagnetic MnFe2O4 nanoparticles having size 4 to 15 nm were obtained by water-in-

toluene reverse micelles formed by sodium dodecylbenzenesulfonate (NaDBS) surfactant. 

Morrison et al. [28] carried out the comparative study of MZ nanoparticles synthesized by 
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micro-emulsion and ball-milling process. They reported that the nanoparticles synthesized by 

ball-milling possess broad distribution of particle sizes, whereas micro-emulsion technique 

provides better control over size and morphology. Makovec et al. [29] studied the influence of 

particle size on specific magnetization of MZ nanoparticles. They reported the size controlled 

synthesis of Mn0.5Zn0.5Fe2O4 nanoparticles in water-CTAB-hexanol micro-emulsion. They 

concluded that the specific magnetization of the nanoparticles depends on the size of magnetic 

nanoparticles. The same group in another study [30] concluded that the pH after the 

precipitation should be > 8, as pH < 8 favors formation of nonmagnetic α-FeOOH phase. Micro-

emulsion technique can produce nanocrystalline MZ nanoparticles with narrow size distribution 

and low agglomeration. However, the major limitation of this method is low yield. 

Auzans et al. [31] proposed size controlled synthesis of MZ nanoparticles by co-

precipitation method. Ultrafine MZ nanoparticles with particle size 6 – 19 nm were obtained 

by co-precipitation method.  Arulmurugan et al. [11] reported synthesis of MZ nanoparticles 

having size < 12 nm by co-precipitation method. They have observed that saturation 

magnetization and Curie temperature of MZ nanoparticles decreases with increase in Zn 

content. Lan et al. [32] reported effect of Zn substitution on magnetic properties of MZ 

nanoparticles in terms of cation distribution. Mn1-xZnxFe2O4 (x = 0 - 0.7) with particle size 8 – 

19 nm were synthesized by co-precipitation method. They have observed that the Curie 

temperature of Mn1-xZnxFe2O4 nanoparticles decreases with increase in Zn content, which was 

due to the substitution of non-magnetic Zn2+ at A–sites, which reduces the (A–B) inter lattice 

exchange interaction. Kareem et al. [33] reported effect of Zn substitution on structural 

properties of MZ nanoparticles synthesized by co-precipitation method. Zn substitution in MZ 

nanoparticles changes its crystal structure from normal spinel structure to inverse spinel or 

mixed spinel depending on the degree of Zn substitution. Zn substitution did not affect the 

morphology of nanoparticles but their particle size decreases with increase in Zn substitution. 

Amongst all methods of MZ nanoparticle’s synthesis, chemical co-precipitation method 

is economical, reproducible and easy to scale-up. Hence, chemical co-precipitation method is 

widely explored for the synthesis of MZ nanoparticles. 

2.3 PREPARATION OF MAGNETIC FLUID 

This section reviews existing literature on preparation of magnetic fluids. The first study on 

preparation of water based magnetic fluids was reported by Elmore [34] in 1938. Intensive 
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research on magnetic fluids did not start until 1960. Pappel et al. [35] in 1965 synthesized first 

stable magnetic fluid by grinding magnetite in ball-mill with oleic acid and heptane. This 

magnetic fluid was stable for more than six months. The major disadvantage of this method was 

its long production time, low productivity, contamination and broad size distribution. In 1973, 

Khalafalla and Reimers first proposed a chemical method for the preparation of Fe3O4 based 

sterically stabilized magnetic fluid by using nonmagnetic precursor such as suboxide of iron 

compounds [36]. 

Zins et al. [37] in 1999 reported synthesis of charge stabilized aqueous magnetic fluid 

without stabilizing agent. They synthesized aqueous magnetic fluids by chemical method and 

studied their stability as a function of pH. They observed that the particle size of magnetic 

nanoparticles is most critical parameter as far as its stability is concerned.  

Bica et al. [2] proposed the synthesis of concentrated magnetic fluids with polar liquids, 

C3–C10 (propanol, .., decanol) alcohols as carriers and double layer steric stabilization with oleic 

acid and dodecylbenzensulphonic acid. High colloidal stability of magnetic fluids with 

hydrodynamic volume fraction ~0.65 was observed in polar medium while in aqueous medium 

this stability starts falling as the volume fraction of magnetic particles increases.  

Xing-ping Qiu et al. [38] proposed the stabilization of magnetic fluids by using organic 

solvents. They reported synthesis of polyvinyl alcohol (PVA) and dextran stabilized Fe2O4 

nanoparticles based magnetic fluids. Particle size increases with increase in PVA concentration, 

while particle size decreases with increase in dextran concentration. Lin et al. [39] prepared 

magnetic fluids with Fe2O4 nanoparticles which are coated with poly (acrylic acid) (PAA). The 

PAA oligomers provides both the electrostatic and steric repulsion against particle aggregation. 

Wang et al. [40] synthesized γ-Fe2O3 nanoparticles based aqueous magnetic fluids. It was 

observed that the magnetic fluids were stable over the pH range of 4 – 12. Mandel et al. [41] 

also reported that steric stabilization in water based magnetic fluids was lost above pH 12. 

Ramimoghadam et al. [42] synthesized magnetic fluids in which Fe3O4 nanoparticles were 

coated with dodecanoic acid. It was observed that dodecanoic acid increases the dispersion 

stability of magnetite nanoparticles and reduces their polydispersity. These fluids were stable in 

pH range from 4 to 12. 

Jacintho et al. [43] proposed synthesis of magnetic fluids having ferrite nanoparticles 

coated with fatty acids of raw vegetable oils such as soybean and castor oil and dispersed them 
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in cyclohexane. These raw fatty acids stabilized magnetic fluids were stable and readily usable 

in nonpolar media. Sahoo et al. [44] reported synthesis of magnetic fluids by stabilizing the 

magnetite nanoparticles with oleic acid (OA), lauric acid, dodecyl phosphonate, hexadecyl 

phosphonate, and dihexadecyl phosphate. It was reported that alkyl phosphonates and 

phosphates can be used for obtaining thermodynamically stable dispersions of magnetic ferrite 

nanoparticles. It was also observed that the phosphonate / phosphate coated particles suffered 

from lower dispersibility as compared to oleic acid coated nanoparticles. Oleic acid coated 

nanoparticles were readily dispersible in nonpolar solvent, while lauric acid coated 

nanoparticles were partially dispersed in non-polar solvents. 

Sartoratto et al. [45] synthesized maghemite nanoparticles based temperature sensitive 

magnetic fluids. Nanoparticles were coated with either oleate or decanoate and dodecanoate. 

Colloidal stability at 90 °C was highest for oleate-grafted maghemite-based magnetic fluid, 

whereas decanoate and dodecanoate-grafted fluids were unstable.  Yue-hua et al. [46] studied 

the effect of cation on the dispersibility of oleate coated magnetite nanoparticle based magnetic 

fluids with sodium chloride, calcium chloride and aluminium chloride. It was observed that 

magnetic fluids with sodium chloride gives better colloid dispersibility. They have also studied 

effect of anions on the dispersibility of oleate coated magnetite based magnetic fluids by using 

sodium chloride, sodium sulphate and sodium phosphate. It was concluded that aqueous 

magnetic fluid with sodium oleate as dispersant show better dispersibility in acidic medium.  

Caruntu et al. [47] reported synthesis of magnetic fluids with particles coated with 

oleates and dispersed in polyols. It was observed that increase in inter-particle distance with 

dilution led to a higher anisotropy which, in turn, led to substantial increase in the coercivity 

and blocking temperature. Maity et al. [48] reported synthesis of magnetic fluids with 

superparamagnetic nanoparticles suspended in aqueous and non-aqueous media by coating 

nanoparticles with single and bilayer of oleic acid. Better dispersion of nanoparticles was 

observed in non-aqueous media. Lopez-Lopez et al. [49] reported synthesis of magnetic fluids 

with oleate coated magnetite nanoparticles in different organic solvents with dielectric constant, 

ranging from 1.8 to 9. It was observed that magnetic fluids prepared in liquids like kerosene, 

mineral oil, dodecane, carbon tetrachloride, and chloroform with low dielectric constant (εr < 5) 

were stable. They demonstrated from  thermodynamic analysis that stability of the suspensions 

in liquids with low dielectric constant (εr < 5) was well correlated with the low lyophobic 

attraction between the particles, which can easily surmounted by thermal agitation, since the 
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van der Waals attraction was negligible. In contrast, for liquids with εr > 5 like CH2Cl2 and 

water, the suspensions become unstable because of the combined action of the Van der Waals 

and lyophobic attractions, the latter being dominant for strong polar solvents.  

Parekh et al. [50] synthesized Fe–Zn ferrite magnetic fluids having low Curie 

temperature and moderate saturation magnetization for use in energy conversion devices. They 

observed that magnetization of fluids decreases with increase in the Zn content. Arulmurugan et 

al. [51] reported synthesis of Co–Zn magnetic fluid. Curie temperature of the fluid decreases 

from 415 °C to 267 °C with increase in Zn substitution in ferrite nanoparticles. Vaidyanathan et 

al. [52] reported synthesis of temperature sensitive Co–Zn magnetic fluid using transformer oil 

as carrier. The magnetic particle size and saturation magnetization decreases with increase in 

zinc substitution.  

Upadhyay et al. [53] synthesized Gd substituted Mn–Zn ferrite based temperature 

sensitive magnetic fluids. Saturation magnetization, Curie temperature and pyromagnetic 

coefficient, all increases with Gd substitution. Ortiz et al. [54] reported the synthesis of Gd and 

Eu substituted Mn–Zn magnetic fluid. Curie temperature increases with Gd substitution and it 

decreases with Eu substitution in Mn0.8Zn0.2Fe2O4. Arulmurugan et al. [55] synthesized Mn–Zn 

ferrite based temperature sensitive magnetic fluid in heptane by using oleic acid as surfactant. 

The Curie temperature decreases from 360 °C to 160 °C and specific magnetization decreases 

from 148 G to 120 G with the increase in zinc substitution.  

2.4 PROPERTIES OF TEMPERATURE SENSITIVE MAGNETIC FLUIDS 

2.4.1 Structural properties  

Chikazumi et al. [56] have shown that magnetic nanoparticles form chain-like clusters due to 

dipole-dipole interaction in magnetic fluids. They observed that when a weak field was applied, 

particles tend to form micro-clusters elongated parallel to the field. Further increase in magnetic 

field causes growth of clusters, resulting into the formation of macrostructures.  

Horng et al. [57] revealed that two separate chains merge and elongate under higher 

magnetic field. They observed that chains also tend to elongate when the particle concentration 

was increased. They have also reported that magnetic fluids prepared with polydispersed 

particles forms needle like structure while fluids prepared with monodispersed nanoparticles 
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form column like structures [58].  Butter et al. [59] reported the presence of linear clusters in 

magnetic fluids even in zero magnetic field. They observed that the chains grow larger in the 

field direction as well as in direction perpendicular to the magnetic field. Zubarev et al. [60] 

studied the formation of chain like structures in polydispersed magnetic fluids. They have 

observed that the magnetic interaction decreases the chain length while steric interaction 

increase the chain length. Rajnak et al. [61] reported the formation of visually observable 

patterns in dilute low-polarity magnetic fluids when exposed to external electric field. The 

presence of space charge and its motion towards electric field gradients was assumed to be a 

trigger for the colloidal cloud formation. They revealed that electrical forces due to space charge 

and permittivity variation induced the pattern formation in magnetic fluids.  

2.4.2 Magnetic properties 

Blums et al. [62] performed the magnetogranubmetric analysis of magnetic fluids by using 

Langevin model of non-interacting subdomain particles. They have observed that instead of log-

normal particle size distribution, it follows a more complex distribution of magnetic moments. 

They have reported that decrease in magnetization of small particles was due to the presence of 

canted spin structure on the surface of nanoparticles. Maiorov et al. [63] studied the magnetic 

properties of MZ magnetic fluids. They have used high field approximation and decompose the 

magnetization curve into a spectrum of Langevin functions having different magnetic moments 

to estimate the spontaneous magnetization of the fluid. Desai et al. [64] used the modified 

Langevin's theory by incorporating inter-particle interactions to fit the virgin curve of particle 

magnetization. It was observed that mean field constant decreases with increase in the particle 

size and saturation magnetization. Further, with decrease in Zn-content in MZ magnetic fluids, 

their particle size, domain magnetization and Curie temperature increases linearly [65]. They 

have reported that this linear variation in saturation magnetization and Curie temperatures were 

function of cationic distribution and occupancies of octahedral and tetrahedral sites, which in 

turn affects the inter (JAB) and intra magnetic interactions (JAA, JBB).  

Ivanov et al. [66] reported the process of finding particle size distribution from the 

experimental magnetization curves for polydispersed magnetite magnetic fluid at various 

concentrations by using modified mean field theory of second order. To check the consistency, 

extensive molecular dynamics and Monte Carlo simulations were performed for systems with 

different particle size distributions. A perfect match between experimental, theory and computer 

simulations proved that the modified mean field theory of second order is an effective tool for 
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the magnetogranulometric analysis of magnetic fluids with wide range of concentrations. 

Solovyova et al. [67] studied the effect of polydispersity on the magnetostatic properties of 

magnetic fluids by using extended second-order modified mean-field theory. The theoretical 

predictions were tested rigorously against results from Monte Carlo simulations of 

monodisperse, bidisperse, and polydisperse magnetic fluids. Comparisons were made between 

systems with the same Langevin susceptibility and the same saturation magnetization. For initial 

susceptibility, second-order modified mean-field theory was most accurate for the monodisperse 

model, while the new theory worked best for polydisperse systems with a significant proportion 

of large particles.  

2.5 COLLOIDAL STABILITY OF MAGNETIC FLUIDS 

Mendenhal et al. [68] demonstrated that short term stability of magnetic fluids was independent 

of the nature of surfactant and long-term stability of magnetic fluids was function of the pH of 

the medium, surfactant concentration and its molecular weight. Yerin [69] reported that that 

when magnetic fluids were diluted, their colloidal stability was distributed by the formation of 

aggregate macrostructures. It was observed that these aggregated nanoparticles got dispersed in 

2 – 4 days. Jozefczak et al. [70] reported effect of temperature on particle size distribution of 

transformer oil-based magnetic fluids. Samples with different volume concentrations of 

magnetite nanoparticles were prepared by subsequent dilution. They have observed that with 

increase in the temperature, larger structures split into aggregates consisting of two or more 

nanoparticles.  

Pop et al. [71] reported long term stability of magnetic fluids under low gradient 

magnetic fields. They have observed that exposure of magnetic fluids to low gradient magnetic 

fields for long term led to the formation of clusters. Kudelcik et al. [72] studied structural 

changes in magnetic fluids with external magnetic field and temperature. They observed that 

when magnetic field was increased, the interaction between external magnetic field and the 

magnetic moments of the nanoparticles resulted into aggregation of magnetic nanoparticles 

followed by cluster formation. At temperatures above 30 °C the influence of external magnetic 

field on cluster formation was negligible as the thermal energy exceeds the magnetic energy. 

Thirupathi et al. [73] reported formation of chains in magnetic fluids with increasing magnetic 

field. Formation and destruction of magnetically induced structures influences the interactions 

between magnetic nanoparticles and hence the formation of aggregates. Hornowski et al. [74] 

had observed formation of chain like aggregates in diluted magnetic fluids and homogeneous 
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drop-like structures in dense magnetic fluids. Durdureanu-Angheluta et al. [75] studied the 

colloidal stability of magnetic fluid with aging by calculating % age weight loss with time. They 

have reported that magnetic fluids were stable upto 90 days. 

2.6 ACCELERATED THERMAL AGING OF MAGNETIC FLUIDS 

Effect of elevated temperature on physical and insulating properties of magnetic fluids was 

studied by Segal et al. [76].  Transformer oil based magnetic fluid sample was subject to 

thermal aging. Studies carried out for 34 and 50 weeks at 185 °C have shown little degradation 

in the thermal and colloidal stability of magnetic fluids. It was concluded that the magnetic 

fluids’ integrity was not affected by long term exposure to elevated temperatures (185 °C). No 

change was observed in the dielectric properties of magnetic fluids as well. In another study, 

they have reported that magnetic fluids retain their colloidal stability and its initial magnetic 

susceptibility even at very low magnetization when exposed to magnetic field gradients for long 

time [76, 77]. 

In recent reports by Patel et. al. [78 , 79],  they have estimated normal life expectancy of 

MZ magnetic fluids by using Arrhenius rate equation by measuring winding temperature of 

transformer submerged in magnetic fluid which was subjected to normal load and over load 

conditions. Patel et al. showed that under over loading condition for about 24 h, the insulation 

degradation reduced the normal life of a transformer by 27 days when it is immersed in 

transformer oil, whereas in case of magnetic fluid normal life reduced by only 3 days. 

From the Literature surveys following gaps in study have been identified:  

Gaps in the study  

 Mixed metal ferrite nanoparticles having Curie temperature that is covering the entire 

operating range of transformers are not available.  

 Application of magnetic fluids for heat transfer applications also depends on factors like 

particle size, shape, size distribution, etc., which needs to be understood before 

optimizing the magnetic fluid system. 

 Very little information is available on the properties of temperature sensitive magnetic 

fluids at elevated temperatures, which are generally prevailing inside the power 

transformers. 
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 Colloidal stability of temperature sensitive magnetic fluids under accelerated aging is a 

major concern and it poorly understood. 

Based on these shortcomings, following objectives have been defined for this assignment. 

Objectives 

1. Synthesis of stable temperature sensitive magnetic fluids from magnetic particle system 

(Mn1-xZnxFe2O4), with requisite Curie temperature. 

2. Investigate the effect of particle size and size distribution on stability and thermomagnetic 

properties of magnetic fluids. 

3. Photon Correlation Spectroscopy (PCS) and Vibrating Sample Magnetometry (VSM) 

characterizations of as-synthesized and aged magnetic fluids to understand the effect of 

accelerated thermal aging on the stability of magnetic fluids. 
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CHAPTER 3 

SYNTHESIS AND CHARACTERIZATION OF Mn1-xZnxFe2O4 NANOPARTICLES 

3.1 INTRODUCTION 

Mn1-xZnxFe2O4 (MZ) nanoparticles can be used for the synthesis of temperature sensitive 

magnetic fluids. Synthesis of MZ nanoparticles with desired magnetic properties and tunable 

Curie temperature is quite challenging. These properties depends on the degree of Zn-ion 

substitution in spinel lattice, synthesis method used and conditions of preparation. Hence, it is 

desirable to optimize processing parameters affecting the Curie temperature and magnetic 

properties of nanoparticles. Factors that needs to be taken into the account for description of 

magnetic properties are distribution of particle sizes and magnetic interaction among the 

particles as well as distribution of magnetic ions between the tetrahedral A–sites and octahedral 

B–sites. 

Several techniques have been developed to synthesize MZ nanoparticles. This includes 

high-energy ball milling, micro-emulsion [1, 2], sol-gel [3], hydrothermal [4] and co-

precipitation techniques [5]. Amongst them co-precipitation method is a promising approach for 

the synthesis of MZ nanoparticles because of the simplicity of the method. In the first part of 

this chapter, protocols for the synthesis of uniform MZ nanoparticles with tunable magnetic 

properties by chemical co-precipitation method have been described. A series of Mn1-xZnxFe2O4 

(x = 0 – 1) nanoparticles are synthesized by chemical co-precipitation method. Optimize 

synthesis conditions have been established by controlling the degree of Zn-ion substitution, 

reaction pH, reaction temperature and reaction time to prepare superparamagnetic MZ 

nanoparticles with tunable magnetic properties. 

As-synthesized MZ nanoparticles needs to be characterized for their structural and 

magnetic properties in order to understand their dependence on synthesis conditions. MZ 

nanoparticles are characterized by X-ray diffraction. Structural investigation of nanoparticles 

have been carried out on PAN analytical X’pert PRO powder X-ray diffractometer. The X-ray 

diffraction patterns are recorded at room temperature by using monochromatic CuKα radiation 

(λ = 1.5405 nm) in the 2 range of 28° to 70°. The X-ray diffraction patterns are further refined 

by Rietveld refinement technique using “Fullprof suite” program. Magnetization and Curie 

temperature measurements of MZ nanoparticles are carried out on Lake Shore 7404 vibrating 
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sample magnetometer (VSM). M–H loops are measured at 25 ºC in the magnetic field range of 

0 to 5 KOe. High temperature M–T measurements are carried out on Lake Shore 7404 VSM 

with 74035 single stage cryostat oven assembly from 300K to 700K. 

3.2 SYNTHESIS OF Mn1-xZnxFe2O4 (x = 0 - 1) NANOPARTICLES 

3.2.1 Materials 

AR grade FeCl3 was obtained from S.D. fine-chem Ltd., MnCl2.4H2O was purchased from 

LOBA chemicals. ZnSO4.7H2O, NaOH and acetone were purchased from Merck, India. All 

chemicals were used as-received without any purification. Aqueous solutions were prepared in 

Milli-Q ultrapure water (ρ = 18.2 MΩ). 

3.2.2 Synthesis procedure 

A series of Mn1-xZnxFe2O4 (x = 0 – 1) nanoparticles has been synthesized by chemical co-

precipitation of  Fe3+
, Mn2+ and Zn2+ from their aqueous salt solutions with NaOH base [6, 7].  

Synthesis of MZ nanoparticles are summarized as a flow chart in Fig. 3.1 and described in 

detail in Annexure–I (A1). 

 

 

Fig. 3.1. Schematic diagram of synthesis protocols used for the preparation of MZ 

nanoparticles. 
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Aqueous solutions (100 mL each) of MnCl2.4H2O, ZnSO4.H2O and FeCl3 were prepared 

by dissolving appropriate quantities of reactants in distilled water. The pH of the solution was 

adjusted to < 2 with dilute HCl. It was then added into aqueous NaOH (100 mL) under constant 

mechanical stirring at 400 RPM. The molar ratio of (MnCl2.4H2O + ZnSO4.7H2O) :  FeCl3 :  

NaOH was maintained as 1 : 2 : 8. The solution pH was adjusted to 10 – 13 with 1 M NaOH 

under constant stirring. The colour of the solution immediately turned brown-black indicating 

the precipitation of solid phase. These precipitates were constantly stirred at 400 RPM for 20 

min. After 20 min of mechanical stirring metal salts get converted into their hydroxides. These 

metal hydroxides were then subjected to constant heating at 80 – 100 ºC for 1 – 4 h. During this 

time hydroxides transform to nanoparticles of metal oxides [8]. Magnetic nanoparticles were 

then cooled to room temperature and decanted with permanent magnet. Nanoparticles were then 

washed 3  ̶  4 times with warm distilled water followed by an acetone wash and dried overnight 

at 100 °C. Sample codes and compositions of as-synthesized MZ nanoparticles are summarized 

in Table 3.1.  

 

Table 3.1 Sample codes and composition of MZ nanoparticles. 

Sample code Composition of MZ nanoparticles 

MZ0 Mn1.0Zn0.0Fe2O4 

MZ2 Mn0.8Zn0.2Fe2O4 

MZ4 Mn0.6Zn0.4Fe2O4 

MZ6 Mn0.4Zn0.6Fe2O4 

MZ8 

MZ10 

Mn0.2Zn0.8Fe2O4 

Mn0.0Zn1.0Fe2O4 

 

3.3 EFFECT OF Zn–ION SUBSTITUTION ON STRUCTURAL PROPERTIES OF MZ 

NANOPARTICLES 

Magnetic properties of MZ nanoparticles depend on the degree of Zn-ion substitution and 

distribution of bivalent metal ions between tetrahedral A–sites and octahedral B–sites in spinel 
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lattice of MZ nanoparticles. To probe this structural dependence, powder X-ray diffractograms 

of MZ nanoparticles were recorded. Fig. 3.2 shows the Rietveld refined X-ray diffractograms of 

as-synthesized MZ nanoparticles. In each diffractogram six peaks were observed, which are 

indexed well with the cubic spinel structure having Fd3m space group [9, 10].  

 

Fig. 3.2. Rietveld refined X-ray diffraction patterns of MZ nanoparticles. 
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Rietveld refinement uses a least square approach to refine a theoretical line profile 

until it matches the measured profile [11]. Obtained best fit values of various structure 

factors and goodness of fit parameters (2, Rp, Rwp) are reported in Table 3.2. In normal 

spinel lattice, all the bivalent metal ions occupy the tetrahedral A–sites while all the 

octahedral B–sites are occupied by the trivalent metal ions. In the inverse spinel structure 

half of the trivalent metal ions occupy the tetrahedral A–sites while rest of them occupies 

the octahedral B–sites and all the bivalent metal ions occupy the remaining vacant 

octahedral B–sites. In mixed metal ferrites, both bivalent and trivalent metal ions occupy 

both the tetrahedral A–sites and octahedral B–sites with random occupancies [12]. 

Occupancies of Mn2+, Zn2+, Fe3+ in MZ nanoparticles as obtained from the Rietveld 

refinement are reported in Table 3.2. 

It is observed from refined data that the lattice parameter “a” of MZ nanoparticles 

increases with increasing Zn-content. This might be because of the difference in the ionic 

radii of bivalent and trivalent metal ions occupying the tetrahedral A–sites and octahedral 

B–sites in spinel lattice leading to strained lattice. The ionic radius of Mn2+, Zn2+ and Fe3+ 

are 0.81 A°, 0.74 A° and 0.68 A° respectively, which are higher than the void size of 

tetrahedral A–sites (0.28 A°) and octahedral B–sites (0.52 A°). Hence, occupation of A–

sites and B–sites by Mn2+, Zn2+ and Fe3+ ions results into strained lattice. Amongst the 

bivalent (Zn2+, Mn2+) metal ions, Zn2+ ions occupy the tetrahedral A–sites, due to their 

smaller radius. Mn2+ ions which are supposed to occupy the tetrahedral A–sites only, now 

also partially occupies the octahedral B–sites. The fraction of octahedral B–sites occupied 

by the Mn2+ ions or fraction of tetrahedral A–sites occupied by the Fe3+ ions, referred as the 

degree of inversion ‘’ is responsible for this observed changes in lattice parameters. Rath et 

al. [13] have previously reported decrease in lattice parameter with increasing Zn ion 

substitution. They have attributed this decrease to the replacement of Mn2+ cations having 

larger ionic radii (r = 0.082 nm) by the Zn2+ cations, which are having smaller ionic radii (r 

= 0.074 nm). However, they have not evaluated distributions of occupancies of bivalent and 

trivalent metal ions between tetrahedral A–sites and octahedral B–sites to support their 

conclusion. An opposite trend in the lattice parameter variation viz-a-viz to the substitution 

of Zn-ions in spinel matrix was observed in this study. It may be because of the partial 

compensation of decrease in lattice strain by the corresponding increase in the degree of 

inversion (Table 3.3) [14]. 
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To further probe the effect of Zn substitution on the particle size and magnetic 

properties of MZ nanoparticles, analysis of peak broadening in each diffractogram was 

performed by adopting the Williamson-Hall (W–H) approach [15]. According to the W–H 

approach, crystallite size and lattice strain contributes to the X-ray line broadening (β1/2). X-

ray line broadening is the sum of the broadening caused by the crystallite size and lattice 

strain i.e. 

β1/2 =  βsize +  βstrain                                                                                                                                                                         (3.1) 

where  βsize = λ/(L cos θ) and  

βstrain  = 4ηtanθ  

 β1/2 cosθ = 4ηsinθ + λ/L                                                                                                       (3.2)   

where λ is the wavelength of X-rays, L is the full-width half maximum (FWHM) of each 

diffraction peaks, θ is the angle of diffraction, η represent the lattice strain and  β1/2 is the 

average crystallite size of nanoparticles. If β1/2cosθ is plotted against sinθ, the slope of the line 

and intercept will provide estimation of the lattice strain and crystallite size of the nanoparticles, 

respectively.   

The variation in crystallite size of MZ nanoparticles obtained from W–H plot as a 

function of degree of Zn-ion substitution (x) is shown in Fig. 3.3. The highest crystallite 

size (19 nm) was observed for x = 1, which is within the superparamagnetic limit of 25 nm 

for MZ nanoparticles [15, 16]. Crystallite size of MZ nanoparticles decreases with increase 

in Zn substitution in the spinel matrix of Mn1-xZnxFe2O4. Crystallite size varies between 9 – 

19 nm. This decrease in crystallite size of MZ nanoparticles with increasing Zn-ion 

substitution indicates that Zn also acts as grain growth inhibitor during the growth of MZ 

nanoparticles [17]. These results are in good agreement with those reported in literature by 

Gopalan et al. [9].  
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Table 3.2. Structural parameters obtained from the Rietveld refinement of X-ray diffraction 

patterns of MZ nanoparticles. 

 

Sample 

 

Lattice 

Parameter 

  (Å) 

 

Atom 

Atomic positons 

RBragg Rf 𝜲2 

x y z Occ. 

   MZ0 

 

 

 

 

 

MZ2 

 

 

 

 

 

 

 

MZ4 

 

 

 

 

 

 

 

MZ6 

 

 

 

 

 

 

 

MZ8 

 

 

 

 

 

 

 

MZ10 

8.41838 

 

 

 

 

 

8.35689 

 

 

 

 

 

 

 

8.36746 

 

 

 

 

 

 

 

8.37792 

 

 

 

 

 

 

 

8.357486 

 

 

 

 

 

 

 

8.39503 

Mn 

Mn 

Fe 

Fe 

O 

 

Mn 

Mn 

Zn 

Fe 

Fe 

Fe 

O 

 

Mn 

Mn 

Zn 

Fe 

Fe 

Fe 

O 

 

Mn 

Mn 

Zn 

Fe 

Fe 

Fe 

O 

 

Mn 

Mn 

Zn 

Fe 

Fe 

Fe 

O 

 

Zn 

Fe 

Fe 

O 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.00000(0) 

0.24119(16) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.27388(0) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.27486(11) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.27308(48) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.252(10) 

 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.24742(0) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.00000(0) 

0.24119(16) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.27388(0) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.27486(11) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.27308(48) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.252(10) 

 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.24742(0) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.00000(0) 

0.24119(16) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.27388(0) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.27486(11) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.27308(48) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.252(10) 

 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.24742(0) 

 

0.781(32) 

0.111( 0) 

0.219(32) 

0.889(0) 

1.000(0) 

 

0.483( 0) 

0.159( 0) 

0.200(0) 

0.317(0) 

0.341(0) 

0.500(0) 

1.000(0) 

 

0.519(0) 

0.141(0) 

0.400(0) 

0.281( 0) 

0.342(0) 

0.500(0) 

1.000(0) 

 

0.254( 0) 

0.073(0) 

0.600(0) 

0.146(0) 

0.427(0) 

0.500(0) 

1.000(0) 

 

0.01537 

0.09232 

0.80000 

0.18464 

0.40768 

0.50000 

1.00000 

 

1.000(0) 

0.500(0) 

0.500(0) 

1.000(0) 

 

18.5 

 

 

 

 

 

1.40 

 

 

 

 

 

 

 

17.1 

 

 

 

 

 

 

 

4.04 

 

 

 

 

 

 

 

4.15 

 

 

 

 

 

 

 

1.95 

 

17.5 

 

 

 

 

 

1.12 

 

 

 

 

 

 

 

12.7 

 

 

 

 

 

 

 

2.92 

 

 

 

 

 

 

 

3.62 

 

 

 

 

 

 

 

1.64 

 

1.39 

 

 

 

 

 

1.11 

 

 

 

 

 

 

 

1.36 

 

 

 

 

 

 

 

1.18 

 

 

 

 

 

 

 

1.17 

 

 

 

 

 

 

 

1.17 
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Table 3.3.  Degree of inversion (δ) of MZ nanoparticles. 

Sample Degree of inversion (δ) 

MZ0 0.22 

MZ2 0.32 

MZ4 0.28 

MZ6 0.15 

MZ8 0.19 

MZ10 0.00 

 

 

Fig. 3.3. Effect of Zn substitution on crystallite size of MZ nanoparticles. 

Morphology of the nanoparticles is another critical parameter that has significant 

influence on both the magnetic properties and their colloidal dispersion. Transmission electron 

micrographs of as-synthesized MZ nanoparticles are shown in Fig. 3.4 along with their size 

distribution histograms. As can be seen in the TEM micrographs, synthesized nanoparticles 

possess near spherical morphology. Significant clustering of nanoparticles can also be observed 

in the micrographs. This might be caused by the strong dipole-dipole interaction between 
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magnetic nanoparticles [14]. Each size distribution histograms in Fig. 3.4 was fitted with log-

normal particle size distribution function, 

 P(D)  =
1

Dσ(2π)1/2
e

−ln(
D

Dₒ
)

2

2σ2                                                                                                      (3.3) 

where, σ is the standard deviation, D is particle diameter and ln (Do) a mean of ln (D) 

[18]. From the fit, mean physical size and polydispersity of nanoparticles were obtained, 

which are shown in Fig 3.5. The mean physical size of nanoparticles are in good 

agreement with the crystallite size determined from X-ray diffraction studies. With respect 

to particle size distribution, a parameter used to define the size range of the  nanoparticles 

is called the “polydispersity index”. The term “polydispersity” is used to describe the 

degree of non-uniformity of a size distribution of particles. A relatively higher value of 

polydispersity index (𝜎) indicates that the synthesized nanoparticles are polydispersed, 

which is expected when nanoparticles are prepared by chemical co-precipitation method 

[19]. 

 

Fig. 3.4. TEM images of MZ nanoparticles and corresponding size distribution histograms 

obtained from TEM micrographs. 
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Fig. 3.5. Effect of Zn-ion substitution on particle size and polydispersity of MZ nanoparticles. 

3.4. EFFECT OF Zn-ION SUBSTITUTION ON MAGNETIC PROPERTIES OF MZ   

NANOPARTICLES 

Specific magnetization curves of as-synthesized MZ nanoparticles are shown in Fig. 3.6(a). No 

hysteresis is observable in any of the samples irrespective of the degree of Zn-ion substitution 

i.e., each sample exhibits superparamagnetism. Superparamagnetic behavior of nanoparticles is 

further confirmed from their ‘near zero’ remanence and coercivity values (Fig 3.6 (b)). 

  

Fig. 3.6. (a) M–H loops of MZ nanoparticles, (b) coercivity (Hc) and remanence (Hr) of MZ 

nanoparticles as a function of degree of Zn-ion substitution. Here 1 emu/g = 1 Am2/Kg and 1 Oe 

= 79.61 A/m. 
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Magnetization of an assembly of isolated superparamagnetic nanoparticles can be 

described by Langevin’s theory [20]. This model assumes (i) spherical shape of particles, (ii) 

dominance of thermal energy over the anisotropy energy, (iii) polydispersed nature of magnetic 

nanoparticles that usually obeys log-normal size distribution function and (iv) average domain 

magnetization (Md) of the particles that remains constant for a given size distribution. Inter-

particle interactions are also neglected in this model. As per Langevin’s theory, magnetization 

(M) of nanoparticles can be defined as, 

M = Ms ∫ 𝑓(𝐷) 𝐿(𝛼)𝑑𝐷
∞

0
                                                                                                       (3.4) 

where Ms is the saturation magnetization of nanoparticles and L(α) = cothα−1/α is the Langevin 

function. The Langevin parameter α = µH/ kBT.  µ is the magnetic moment of individual spin 

cluster, H is applied external magnetic field. f(D) dD is log-normal cluster diameter distribution 

function with mean cluster diameter Dm and width σ. 

f(D)dD = 
1

√2𝜋𝐷
𝑒𝑥𝑝 (

− 𝑙𝑛(𝐷
𝐷𝑚

⁄ )
2

2𝜎2 )dD                                                                                       (3.5) 

If inter-particle interaction is taken into the consideration then classical Langevin’s theory is 

modified with the mean field theory in which Langevin’s parameter α is defined as [21, 22]; 

α =   
µ(𝐻+𝐻𝑖𝑛𝑡) 

𝑘𝐵𝑇
                                                                                                                           (3.6) 

Hint = λM1; λ is mean field constant (dimensionless) and M1 is the internal field acting on each 

particle/cluster 

M = Ms ∫ 𝑓(𝐷) 𝐿 ( 
µ(𝐻+𝐻𝑖𝑛𝑡)

𝑘𝐵𝑇
 ) 𝑑𝐷

∞

0                                                                                                                                    (3.7) 

When the magnetization data are fitted with Langevin’s eq. (3.7); they did not fit well. A 

representative M–H curve of MZ4 nanoparticles fitted with the mean field theory eq. (3.7) is shown 

in Fig. 3.7 (a). To improve this fitting, eq. (3.7) is modified with extra linear term of H [23] 

M = Ms ∫ 𝑓(𝐷) 𝐿 (
 µ(𝐻+𝐻𝑖𝑛𝑡)

𝑘𝐵𝑇
 ) 𝑑𝐷

∞

0  + χH                                                                              (3.8) 
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Where χ is the susceptibility of nanoparticles having size greater than the superparamagnetic 

limit. When M–H data of MZ4 nanoparticles are fitted with this modified Langevin’s eq. (3.8), 

a better fit is observed (Fig. 3.7 (b)). 

  

Fig. 3.7. (a) M–H curve of MZ4 nanoparticles fitted with modified mean field theory eq. (3.7). 

Inset shows enlarge image of high field region where fitting is poor, (b) M–H curve of MZ4 

nanoparticles fitted with modified Langevin’s eq. (3.8). Inset show enlarge image of high field 

region where fitting was poor in initial fit (Fig. 3.7 (a)). Here 1 emu/g = 1 Am2/Kg and 1 Oe = 

79.61 A/m.  

All M–H curves (1st quadrant of Fig. 3.6 (a)) of MZ nanoparticle are fitted with 

modified Langevin’s theory eq. (3.8). These fitted M–H curves are shown in Fig. 3.8 (a). 

Fitting parameters derived from these fits are reported in Table 3.4. It has been observed that 

both the saturation magnetization and magnetic diameter decreases with increase in the Zn 

substitution (Table 3.4). Variation in the saturation magnetization (Ms) of MZ nanoparticles as 

a function of degree of Zn substitution is plotted in Fig. 3.8 (b).  

  

Fig. 3.8. (a) Magnetization fitted data for MZ nanoparticles (x = 0 – 1) with modified Langevin 

theory using mean field approximation (eq. (3.8)), (b) their saturation of magnetization as a 

function of Zn content. Here 1 emu/g = 1 Am2/Kg and 1 Oe = 79.61 A/m. 
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From this plot it can be observed that the saturation magnetization of MZ nanoparticles 

strongly dependents on the degree of Zn substitution (x). For smaller values of x i.e. x = 0.2 - 

0.4, the Ms of the MZ nanoparticles increases with increase in the degree of Zn substitution. 

However, Ms of MZ nanoparticles decreases with further increase in the degree of Zn 

substitution (x > 0.4). 

Table 3.4. Magnetic parameters of MZ nanoparticles obtained from the fits of M–H data with 

modified Langevin theory (eq. (3.8)). Here 1 emu/g = 1 Am2/Kg and 1 Oe = 79.61 A/m. 

 

Saturation magnetization of MZ nanoparticles depends on the magnetic moments of M2+ and 

Fe3+ ions and exchange interaction between them. In normal spinels bivalent metal ions (M2+) 

occupies all the tetrahedral A–sites and Fe3+ ions occupies the octahedral B–sites.  

     A [  B ] 

                                                                     M2+   [Fe3+] O2-
4 

                                                                      0 

In the inverse spinel, half of the Fe3+ ions occupy the tetrahedral A–sites and rest occupies the 

octahedral B–sites. Since, their magnetic moments are mutually compensated, the resulting 

moment of the nanoparticles is because of the magnetic moments of bivalent metal cations 

(M2+) occupying the octahedral B–sites.  

 

Sample 
Ms 

(emu/g) 

µ  

(×104
 µB) 

𝜎 
Dm 

(nm) 
λ 

M1 

(Oe) 

χ 

(×10-4) 

MZ0 39.19 2.40 0.22 22.4 24.80 0.82 4.27 

   MZ2 19.66 2.50 0.24 13.9 22.39 1.35 7.36 

MZ4 28.70 2.20 0.29 11.7 22.00 1.33 10.5 

MZ6 11.70 1.30 0.23 9.3 30.74 1.86 11.7 

MZ8 1.98 1.18 0.23 9.0 34.32 2.08 8.43 

MZ10 2.40 0.70 0.23 7.0    33.00 2.00 4.96 
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                                                              A      [     B   ] 

Fe3+ [M2+
 Fe3+] O2-

4 

                                                                    0 

In mixed spinels bivalent metal ions M2+ and Fe3+ occupy both the tetrahedral A–sites and 

octahedral B–sites.  

                                                         A           [             B           ] 

    M2+
1- Fe3+

 [Mn2+
 Fe3+

1- Fe3+] O2-
4 

          0 

Here  is the degree of inversion. It represents fraction of Fe3+ ions occupying the tetrahedral A– 

sites. Interaction between A and B sub-lattices in spinel matrix consist of inter sub-lattice (A– 

B) super-exchange interactions and intra sub-lattice (A–A) and (B–B) exchange interactions. 

Amongst these, the inter sub-lattice (A–B) interaction is the strongest. (A–A) is relatively weak 

as compared to (A–B) interaction [24]. It is generally ten times weaker than (A–B) interaction 

[24]. (B–B) interaction is weakest amongst these three interactions [24, 25].  

Bulk MZ0 is expected to have normal spinel structure. When the size of MnFe2O4 

decreases to several nanometers, its normal spinel structure transforms into mixed spinel 

structure with degree of inversion,  = 0.1-0.3 [26]. From the Rietveld refinement of X-ray 

diffraction data, the degree of inversion (is determined, which is 0.22 (Table 3.3) for MZ0 

nanoparticles. This means that in MZ0 nanoparticles, some of the Fe3+ ions which otherwise 

occupies the octahedral B–sites in bulk now occupies the tetrahedral A–sites.  

   A               [           B                 ] 

    Mn2+
0.78 Fe3+

0.22 [Mn2+
0.18 Fe3+

0.78 Fe3+] O2-
4 

            0 
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Occupation of tetrahedral A–sites by Fe3+ ions results into strong FeA
3+ –  FeB

3+ inter 

lattice super - exchange interaction. As the (A–B) interactions are much stronger as compared to 

MnA
2+– FeB

3+ interactions and other (A–A) and (B–B) interactions, this would result into 

highest saturation magnetization amongst the studied MZ0 nanoparticles [27]. However, the 

observed saturation magnetization of 40 emu/g is much lower than the Ms value of bulk MZ0, 

which is 80 emu/g [28]. This decrease in saturation magnetization of MZ0 nanoparticles viz-a-

viz to their bulk counterparts ascribed to the formation of canted spin magnetic dead layer on 

the surface of nanoparticles [29, 30].   

Partial substitution of Zn2+ ions at tetrahedral A–sites increases the diamagnetic 

contribution and reduces the Mn2+ ions at A–sites. This weakens the FeA
3+ – FeB

3+ and MnA
2+– 

FeB
3+ inter lattice exchange interactions. This results into decrease in Ms (21.5 emu/g) of MZ2 

nanoparticles.  

                        A      [            B             ] 

                                          Zn2+
0.2 Mn2+

0.48 Fe3+
0.32 [Mn2+

0.32 Fe3+
0.68 Fe3+] O2-

4 

           0 

Further increase in Zn substitution (x = 0.4) increases the saturation magnetization from 

21.5 emu/g to 26.6 emu/g. This increase in Ms is because of two competitive processes. Increase 

in Zn-content increases the diamagnetic contribution, which decrease the overall magnetization 

of MZ4 nanoparticles. At the same time, this decrease in Ms is compensated by the 

corresponding increase in FeA
2+– FeB

3+ inter lattice exchange interactions.          

                           A                    [              B              ] 

                                             Zn2+
0.4 Mn2+

0.32 Fe3+
0.28 [Mn2+

0.28 Fe3+
0.72 Fe3+] O2-

4 

                                                              0                 0 

Increase in the Zn2+ ions at A-site lead to an increased MnA
2+–FeB

3+ interaction. This 

enhanced A-B interaction dominates over the decreasing (A–A) interaction and thus lead to an 

enhancement in the overall magnetization of MZ4 nanoparticles. Similar results have been 

previously reported by Anantharaman et al. [31]. 
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With further increase in Zn (x > 0.4), the Ms of MZ nanoparticles decreases. Similar 

trend was observed by Anantharaman et al. [31]. They have attributed this reversal in trend to 

the transformation of mixed spinel structure to the inverse spinel structure. However, they did 

not support their hypothesis with concrete experimental evidence. Contradictory to their 

claim, we have observed no such deviation from mixed spinel structure (except for MZ10, 

which is normal spinel) as previously concluded from X-ray analysis. We attribute this 

decrease in Ms of MZ nanoparticles with increasing Zn substitution at tetrahedral A–sites to 

the enhanced diamagnetic contribution of Zn and to the weakening A–B and A–A 

interactions.   

In MZ10 nanoparticles (x = 1); there is no (A–B) or (A–A) interactions. The only 

possible interaction is the very weak (B–B) interaction between two Fe3+ ions present at the 

B–sites. As this interaction is very week, MZ10 shows a typical paramagnetic behavior (Fig. 

3.8(a)).   

                                                                            A    [     B    ] 

Zn2+[Fe3+ Fe3+]O4
2- 

                                                               0              0 

In some cases small magnetism is reported in MZ10 [32, 33]. For example, after fast 

quenching, a small part of Zn2+ may remain at the B–site and corresponding part of Fe3+ at the 

A–site. Typical degree of inversion ‘δ’ reported in literature is of the order of 0.1 [34]. This type 

of ZnFe2O4 manifests non-compensated ferri or antiferromagnetism, however this study did not 

find any such evidence of non-compensated spins.  

Another important magnetic property of MZ nanoparticles that too depend on the degree 

of Zn substitution is their Curie temperature (Tc). Curie temperatures of MZ nanoparticles have 

been determined from high temperature VSM measurements. Fig. 3.9 shows the M  T curves 

of MZ nanoparticles. Linear region of M  T curves are extrapolated and its intercept on the x-

axis provides an estimation of the Curie temperature. Tc of MZ nanoparticles as a function of 

zinc substitution (x) is also shown in Fig. 3.10. 
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Fig. 3.9. M  T plots of MZ nanoparticles. Here 1 emu/g = 1 Am2/Kg. 
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Curie temperature of MZ4 nanoparticles is highest (675 K), which monotonously 

decreases with further increase in the Zn content (Fig. 3.10). The Tc of MZ nanoparticles drops 

to 384 K for x = 0.8. MZ nanoparticles having lower Zn content (x ≤ 0.4) have stronger (A–B) 

exchange interaction. This strong interaction is responsible for their high Tc and Ms. As the 

degree of Zn substitution increases in MZ nanoparticles, the (A–B) intra-lattice exchange 

interaction weakens leading to the decrease in their Curie temperature. Pyromagnetic 

coefficients of MZ nanoparticles are calculated from (𝞉M/𝞉T) at T=Tc. Pyromagnetic 

coefficient ranges between 11 – 118 A/mK.  

 

Fig. 3.10. Effect of Zn content on the Curie temperature (Tc) and pyromagnetic coefficient 

((𝞉M/𝞉T)T=Tc) of MZ nanoparticles. 

Amongst all synthesized MZ nanoparticles, MZ4 nanoparticles have suitable crystallite 

size, magnetization and Curie temperature, therefore MZ4 nanoparticles has been chosen for 

further investigation. 

3.5 EFFECT OF REACTION PARAMETERS ON STRUCTURAL PROPERTIES OF 

MZ4 NANOPARTICLES 

To understand the effect of reaction parameters (pH, temperature, time) on the structural 

properties of MZ4 nanoparticles, a series of MZ4 nanoparticles have been synthesized by 

chemical co-precipitation method by following the protocols as described in Annexure–I (A2). 

Sample codes of as-synthesized MZ4 nanoparticles and their preparation conditions are 

summarized in Table 3.5. 
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Table 3.5. Sample codes and preparation conditions of MZ4 nanoparticles. 

Sample code 

Preparation conditions 

pH Reaction time (h) 
Reaction 

temperature (ºC) 

S-1 10.0 3 90 

S-2 10.5 3 90 

S-3 11.0 3 90 

S-4 11.5 3 90 

S-5 12.0 3 90 

S-6 12.5 3 90 

S-7 13.0 3 90 

S-8 11.0 1 90 

S-9 11.0 2 90 

S-10 11.0 3 90 

S-11 11.0 4 90 

S-12 11.0 3 80 

S-13 11.0 3 90 

S-14 11.0 3 100 

 

X-ray diffraction patterns of MZ4 nanoparticles prepared as a function of reaction pH, 

reaction time and reaction temperature are shown in Fig. 3.11. In each diffractogram six 

peaks were observed, which are indexed well with the spinel structure.  Each diffraction 

pattern is refined by the Rietveld method by assuming Fd3m space group. Obtained best 

fit values of structure factors and goodness of fit parameters (2, Rp, Rwp) are reported in 

Table 3.6 for reaction pH, in Table 3.7 for reaction time and in Table 3.8 for reaction 

temperature. 
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Fig. 3.11. (a) Rietveld refined X-ray diffraction patterns of MZ4 nanoparticles synthesized as a 

function of reaction pH. 
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Fig. 3.11. (b) Rietveld refined X-ray diffraction patterns of MZ4 nanoparticles synthesized as a 

function of reaction time. 

 

 

 

Fig. 3.11. (c) Rietveld refined X-ray diffraction patterns of MZ4 nanoparticles synthesized as a 

function of reaction temperature. 
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Table 3.6. Structural parameters of MZ4 nanoparticles prepared as a function of reaction pH. 

Sample 

Code  / pH 

 

Lattice 

Parameter 

(Å) 

Atom 

Atomic positons 

RBrag Rf 𝜲2 

x y z Occ. 

S1/pH 10.0 

 

 

 

 

 

 

 

S2/pH 10.5 

 

 

 

 

 

 

 

S3/pH 11.0 

 

 

 

 

 

 

 

S4/pH 11.5 

 

 

 

 

 

 

 

S5/pH 12.0 

 

 

 

 

 

 

 

S6/pH 12.5 

 

 

 

 

 

 

 

S7/pH 13.0 

 

 

8.313(10) 

 

 

 

 

 

 

 

    8.358(7) 

 

 

 

 

 

 

 

8.386(4) 

 

 

 

 

 

 

 

8.364(4) 

 

 

 

 

 

 

 

8.333(3) 

 

 

 

 

 

 

 

8.377(4) 

 

 

 

 

 

 

 

8.373(4) 

 

Mn 

Mn 

Zn 

Fe 

Fe 

Fe 

O 

 

Mn 

Mn 

Zn 

Fe 

Fe 

Fe 

O 

 

Mn 

Mn 

Zn 

Fe 

Fe 

Fe 

O 

 

Mn 

Mn 

Zn 

Fe 

Fe 

Fe 

O 

 

Mn 

Mn 

Zn 

Fe 

Fe 

Fe 

O 

 

Mn 

Mn 

Zn 

Fe 

Fe 

Fe 

O 

 

Mn 

Mn 

Zn 

Fe 

Fe 

Fe 

O 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.2783(10) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.247(5) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.242(3) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.2270(13) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.250(4) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.238(3) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.245(2) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.2783(10) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.247(5) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.242(3) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.2270(13) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.250(4) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.238(3) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.245(2) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.2783(10) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.247(5) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.242(3) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.2270(13) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.250(4) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.238(3) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.245(2) 

 

0.27014 

0.14701 

0.43861 

0.29125 

0.35319 

0.49980 

1.00000 

 

0.33240 

0.17067 

0.38692 

0.28068 

0.32953 

0.49980 

0.89435 

 

0.38987 

0.18949 

0.32895 

0.28118 

0.30999 

0.50052 

1.20145 

 

0.31005 

0.15514 

0.40803 

0.28192 

0.34490 

0.49996 

1.00000 

 

0.35332 

0.12601 

0.36554 

0.28114 

0.37408 

0.49991 

1.00000 

 

0.34996 

0.12381 

0.36785 

0.28219 

0.31647 

0.49972 

1.08934 

 

0.34620 

0.11217 

0.39145 

0.28235 

0.34354 

0.49429 

0.97655 

 

23.4 

 

 

 

 

 

 

 

 3.70 

 

 

 

 

 

 

 

5.17 

 

 

 

 

 

 

 

9.13 

 

 

 

 

 

 

 

7.50 

 

 

 

 

 

 

 

9.32 

 

 

 

 

 

 

 

12.5 

 

19.6 

 

 

 

 

 

 

 

3.44 

 

 

 

 

 

 

 

6.15 

 

 

 

 

 

 

 

11.4 

 

 

 

 

 

 

 

5.66 

 

 

 

 

 

 

 

20.6 

 

 

 

 

 

 

 

11.4 

 

1.21 

 

 

 

 

 

 

 

1.11 

 

 

 

 

 

 

 

1.15 

 

 

 

 

 

 

 

1.19 

 

 

 

 

 

 

 

1.64 

 

 

 

 

 

 

 

1.19 

 

 

 

 

 

 

 

1.20 
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Table 3.7. Structural parameters of MZ4 nanoparticles prepared as a function of reaction time. 

Sample 

Code/ 

Time (h) 

Lattice 

Parameter 

(Å) 

Atom 

Atomic positons 

RBra Rf 𝜲2 
x y z Occ. 

S8/ 1 

 

 

 

 

 

 

 

S9/2 

 

 

 

 

 

 

 

S10/3 

 

 

 

 

 

 

 

S11/4 

 

 

 

 

 

8.344(14) 

 

 

 

 

 

 

 

8.358(7) 

 

 

 

 

 

 

 

8.386(4) 

 

 

 

 

 

 

 

8.502(9) 

 

 

 

 

 

Mn 

Mn 

Zn 

Fe 

Fe 

Fe 

O 

 

Mn 

Mn 

Zn 

Fe 

Fe 

Fe 

O 

 

Mn 

Mn 

Zn 

Fe 

Fe 

Fe 

O 

 

Mn 

Mn 

Zn 

Fe 

Fe 

Fe 

O 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.275(4) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.238(7) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.242(3) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.2354(0) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.275(4) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.238(7) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.242(3) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.2354(0) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.275(4) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.238(7) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.242(3) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.2354(0) 

 

0.40156 

0.09666 

0.39321 

0.20523 

0.40255 

0.49979 

1.00000 

 

0.41682 

0.09711 

0.38082 

0.20236 

0.40393 

0.49996 

1.00000 

 

0.38987 

0.18949 

0.32895 

0.28118 

0.30999 

0.50052 

1.20145 

 

0.25602 

0.05(3) 

0.40456 

0.28529 

0.34701 

0.50102 

1.00000 

 

 

13.3 

 

 

 

 

 

 

 

10.9  

 

 

 

 

   

 

 

 5.17 

 

 

 

 

   

 

 

3.91 

 

 

 

 

 

 

21.0 

 

 

 

 

 

 

 

21.1 

 

 

 

 

  

 

 

6.15 

 

 

 

 

 

 

 

3.67 

 

 

 

1.08   

 

 

 

 

 

 

 

1.07 

 

 

 

 

 

 

 

1.15   

 

 

 

 

 

 

 

1.04 
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Table 3.8. Structural parameters of MZ4 nanoparticles prepared as a function of reaction 

temperature. 

Sample/ 

Temp. 

(ºC) 

 

Lattice 

Parameter 

(Å) 

Atom 

Atomic positons 

RBragg Rf 𝜲2 

x y z Occ. 

S12/ 80 

 

 

 

 

 

 

 

S13/ 90 

 

 

 

 

 

 

 

S14/ 100 

 

 

 

 

 

8.343(9) 

 

 

 

 

 

 

 

8.358(7) 

 

 

 

 

 

 

 

8.355(6) 

 

 

 

 

 

 

 

Mn 

Mn 

Zn 

Fe 

Fe 

Fe 

O 

 

Mn 

Mn 

Zn 

Fe 

Fe 

Fe 

O 

 

Mn 

Mn 

Zn 

Fe 

Fe 

Fe 

O 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.2299(14) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.242(3) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.2680(9) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.2299(14) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.242(3) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.2680(9) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.2299(14) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.242(3) 

 

0.62500(0) 

0.00000(0) 

0.62500(0) 

0.62500(0) 

0.00000(0) 

0.00000(0) 

0.2680(9) 

 

0.30149 

0.16769 

0.41620 

0.28231 

0.33224 

0.50007 

0.90240 

 

0.38987 

0.18949 

0.32895 

0.28118 

0.30999 

0.50052 

1.20145 

 

0.30639 

0.15427 

0.40263 

0.29098 

0.35025 

0.49548 

1.00000 

 

1.93 

 

 

 

 

 

 

 

10.9  

 

 

 

 

   

 

 

0.68 

 

 

 

 

   

 

 

0.895 

 

 

 

 

 

 

 

21.1 

 

 

 

 

  

 

 

0.42 

 

 

 

 

 

1.11   

 

 

 

 

 

 

 

1.07 

 

 

 

 

 

 

 

1.26   

 

 

 

 

 

 

Variation in crystallite size of MZ4 nanoparticles synthesized as a function of reaction 

pH, time and temperature is shown in Fig. 3.12.  Crystallite size of MZ4 nanoparticles increases 

with increase in the co-precipitation pH, reaction time and reaction temperature. A similar 

observation was also reported by Desai et al. [35]. The crystallite size of all the synthesized 

MZ4 nanoparticles are well within the superparamagnetic limit of 25 nm [15, 16]. Reaction 

temperature could not be kept below 80 ºC as, co-precipitation reaction below this temperature 

yields amorphous nanoparticles. 
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Fig. 3.12. Effect of (a) reaction pH, (b) reaction time and (c) reaction temperature on the 

crystallite size of MZ4 nanoparticles. 
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3.6. EFFECT OF REACTION PARAMETERS ON THE MAGNETIC PROPERTIES OF 

MZ4 NANOPARTICLES 

Magnetization curves of MZ4 nanoparticles synthesized as a function of reaction pH, reaction 

and reaction temperature are shown in Fig. 3.13. With increase in magnetic field, the 

magnetization of MZ4 nanoparticles increases because of progressive alignment of ensemble of 

magnetic nanoparticles along the external field direction. All samples exhibit superparamagnetic 

behavior i.e. near zero remanence and zero coercivity (Fig. 3.14, Table 3.9). It has been 

observed from the fits of MZ4 nanoparticles with modified Langevin’s eq. (3.8) that the 

magnetic diameter increases with increase in reaction pH, reaction time and reaction 

temperature (Table 3.10).  Mean field constant (λ) and mean internal field (M1) decreases with 

increasing particle size (Table 3.10). Saturation magnetization (Ms) also increases with increase 

in the particle size at lower pH. Highest saturation magnetization (28.7 emu/g) was observed 

when magnetic particle size was ~12 nm. Beyond 12 nm, magnetization of MZ4 nanoparticles 

decreases with increase in the particle size [36].  

This variation in magnetization can be explained in terms of the site occupancy of 

cations (Mn2+) at tetrahedral A–sites and B–sites. MZ4 nanoparticles possess mixed spinel 

structure (Zn2+
0.4 Mn2+

0.4 Fe3+
0.2 [Mn2+

0.2 Fe3+
0.8 Fe3+] O2-

4). A–A interactions in mixed spinel is weak 

as compared to A–B interactions. Thus changes in the occupancy of Mn2+ ions at A–sites 

(Table 3.6) are responsible for the observed trend of saturation magnetization. Occupancy of 

Mn2+
 ions at B–sites increases with increase in reaction pH upto 11. With further increase in 

reaction pH, occupancy of Mn2+ at B–sites decreases. Accordingly, the saturation magnetization 

of MZ4 nanoparticles increases with the reaction pH (upto 11) and with further increase in the 

pH; saturation magnetization of nanoparticles decreases. This may be because of decrease in the 

occupancy of Mn2+ ions at B–sites, which further weakens inter lattice  A–B interactions. 

Similarly with increase in reaction time and reaction temperature upto 3h and 90 ºC 

respectively, the saturation magnetization increases with increase in the occupancy of Mn2+ ions 

at B–sites. Further increase in reaction time or reaction temperature lead to the decrease in 

saturation magnetization of nanoparticles. This is because of decrease in the occupancy of Mn2+ 

ions at the B–sites (Table 3.7 and 3.8). 
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Fig. 3.13. Magnetization curves and corresponding saturation magnetization (Ms) of MZ4 

nanoparticles synthesized as a function of reaction of (a) reaction pH, (b) reaction time and (c) 

reaction temperature. Here 1 emu/g = 1 Am2/Kg and 1 Oe = 79.61 A/m. 
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Fig. 3.14. Coercivity and remanence of MZ4 nanoparticles as a function of (a) reaction pH, (b) 

reaction time and (c) reaction temperature. Here 1 emu/g = 1 Am2/Kg and 1 Oe = 79.61 A/m. 



59 
 

Table 3.9. Effect of reaction pH, reaction time and reaction temperature on structural 

(crystallite size) and magnetic properties (Coercivity (Hc), Remanence (Mr), Curie temperature 

(Tc)) of MZ4 nanoparticles. Here 1 emu/g = 1 Am2/Kg and 1 Oe = 79.61 A/m. 

Sample 
Crystallite Size 

(nm) 
Hc (Oe) 

Mr 

(emu/g) 

Tc 

(K) 

S1 08.4 0.60 0.002 392 

S2 09.8 0.40 0.002 547 

S3 13.3 2.00 0.140 665 

S4 14.9 2.20 0.130 611 

S5 18.1 4.70 0.300 589 

S6 18.3 0.30 0.010 574 

S7 19.4 0.20 0.300 557 

S8 06.7 1.39 0.016 428 

S9 10.2 0.75 0.077 543 

S10 13.3 2.17 0.196 665 

S11 14.9 0.51 0.007 573 

S12 10.2 0.20 0.018 464 

S13 13.3 2.00 0.014 665 

S14 14.9 1.16 0.090 566 

 

Curie temperature of MZ4 nanoparticles has been determined from high temperature 

VSM measurements. The M  T curves of MZ4 nanoparticles prepared as a function of 

reaction pH, reaction time and reaction temperature are shown in Fig. 3.15. The linear region of 

M  T curves have been extrapolated and intercept of each of this extrapolation on x-axis 

provides an estimation of the Curie temperature of nanoparticles. Tc of MZ4 nanoparticles are 

also reported in Table 3.9. Tc of MZ4 nanoparticles increase with increase in the pH from 10 to 

11 and then decreases with further increase in the pH (Table 3.9). For larger size nanoparticles 

(d > 13), the demagnetization effect appears at higher temperature and this effect disappears for 

size d < 13 nm because of lower saturation magnetization of these nanoparticles (Fig. 3.16) 

[37]. This size dependence of Curie temperature of MZ4 nanoparticles can be explained in 

terms of the site occupancy of cations (Mn2+) in the spinel lattice [38]. 



60 
 

Table 3.10. Magnetic parameters of MZ4 nanoparticles derived from the modified Langevin 

theory (eq. (3.8)) for particle systems synthesized as a function of reaction pH, reaction time 

and reaction temperature. Here 1 emu/g = 1 Am2/Kg and 1 Oe = 79.61 A/m. 

Sample 
Ms 

(emu/g) 

µ  

(×104
 µB) 

𝜎 
Dm 

(nm) 

λ M1 
χ  

(×10-4) 

S-1 03.7 0.9 0.30 04.4 33.0 1.80 05.4 

S-2 16.6 2.2 0.32 07.7 29.7 1.48 11.6 

S-3 28.7 2.2 0.29 11.7 22.0 1.33 10.5 

S-4 24.8 2.3 0.26 12.3 22.0 1.30 10.4 

S-5 24.5 2.5 0.27 15.0 20.2 1.20 07.7 

S-6 18.8 2.2 0.29 17.2 20.0 1.20 10.3 

S-7 17.0 2.8 0.30 17.8 19.0 1.10 07.9 

S-8 03.7 2.0 0.25 04.4 32.5 1.86 03.9 

S-9 22.4 1.8 0.29 08.6 25.1 1.43 12.3 

S-10 28.7 2.2 0.29 11.7 22.0 1.33 10.5 

S-11 18.5 1.8 0.26 12.2 21.2 1.30 11.2 

S-12 10.6 1.8 0.31 9.3 24.0 1.60 10.3 

S-13 28.7 2.2 0.29 11.7 22.0 1.33 10.5 

S-14 25.7 2.2 0.26 12.2 20.8 1.30 11.1 
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Fig. 3.15. (a) M  T plots of MZ4 nanoparticles synthesized as a function of reaction pH. Here 

1 emu/g = 1 Am2/Kg. 
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Fig. 3.15. (b) M  T plots of MZ4 nanoparticles synthesized as a function of reaction time. 

Here 1 emu/g = 1 Am2/Kg. 

 

 

Fig. 3.15. (c) M  T plots of MZ4 nanoparticles synthesized as a function of reaction 

temperature. Here 1 emu/g = 1 Am2/Kg. 
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As-synthesized MZ4 nanoparticles having mixed spinel structure (Zn2+
0.4 Mn2+

0.4 Fe3+
0.2 

[Mn2+
0.2 Fe3+

0.8 Fe3+] O2-
4), have Curie temperatures that ranges from 392 K to 665 K. As the A–A 

interactions are 10 times weaker than the A–B and B–B interactions in these ferrites, Tc depends 

on the occupancy of Mn2+ ions in the spinel matrix. In MZ4 nanoparticles it is assumed that 

Mn2+
 occupies the tetrahedral A–sites. Partial presence of Mn2+ at the octahedral B–sites may 

change the Tc from its original value. The highest value of Tc for sample S3 (prepared at pH 11) 

can be explained in terms of the site occupancy of Mn2+ ions. For higher pH (pH >11), Curie 

temperature decreases with increase in the particle size due to the decrease in the occupancy of 

Mn2+ ions at the  B–sites  (Fig 3.16). For lower pH (pH <11), Curie temperature increases with 

increase in the magnetic particle size.  

  

Fig. 3.16. Curie temperature (Tc of MZ4 nanoparticles (prepared at different reaction pH)as  

function of (a) magnetic diameter of nanoparticles and (b) ratio of occupancy of Mn2+ at A–sites 

and B–sites in the spinel structure. 

Effect of reaction time on the Curie temperature of MZ4 nanoparticles is shown in Fig. 

3.17. It has been observed that the Curie temperature of MZ4 nanoparticles increases with 

increase in the reaction time from 1h to 3h. This is because of the increase in the magnetic 

particle size of MZ4 nanoparticles. A sharp decrease in TC was observed for MZ4 nanoparticles 

prepared at 4h. This variation in Tc of MZ4 nanoparticles has similar dependency on magnetic 

particle size and ratio of occupancy of Mn2+ ions at tetrahedral A–sites and octahedral B–sites in 

the spinel structure (Fig. 3.17).  
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Fig. 3.17. Curie temperature (Tc of MZ4 nanoparticles (prepared at different reaction time)as  

function of (a) magnetic diameter of nanoparticles and (b) ratio of occupancy of Mn2+ ions at 

A–sites and B–sites in the spinel structure. 

Effect of reaction temperature on the Curie temperature of MZ4 nanoparticles are shown 

in Fig 3.18. It has been observed that Curie temperature of MZ4 nanoparticles increases with 

increase in the reaction temperature from 80 ºC to 90 ºC and with further increase in 

temperature Tc decreases (Fig. 3.18). This decrease in Tc at higher reaction temperature was 

caused by the corresponding changes in the occupancy of Mn2+ cations at A–sites and at B–

sites. 

  

Fig. 3.18. Curie temperature (Tc of MZ4 nanoparticles (prepared at different reaction 

temperature)as a function of (a) magnetic diameter of nanoparticles and (b) ratio of occupancy 

of Mn2+ ions at A–sites and B–sites in the spinel structure. 


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Structural and hence magnetic properties of MZ nanoparticles can be tuned by optimizing 

either the degree of Zn-ion substitution in spinel matrix or by controlling the reaction conditions 

(pH, temperature, time) of co-precipitation reaction. Amongst MZ nanoparticles, MZ4 nanoparticles 

are best suited for intended applications due to their small size and higher magnetization. The co-

precipitation conditions of reaction pH = 11, reaction temperature = 90 ºC and reaction time = 3h 

yield MZ4 nanoparticles with optimum magnetic properties. 
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CHAPTER 4 

SYNTHESIS AND CHARACTERIZATION OF MAGNETIC FLUID  

4.1 INTRODUCTION 

Magnetic fluids for heat exchange devices should possess large thermomagnetic coefficient and 

suitable Curie temperature, which should be matching with the operating temperature of the 

device. As discussed in Chapter 3, MZ nanoparticles are well suited for temperature sensitive 

magnetic fluids as they possess moderate saturation magnetization and tunable Curie 

temperature. Magnetic nanoparticles when dispersed in transformer oil should be able to 

withstand the device’s operating temperature without any loss in their dispersity [1]. Stability of 

magnetic fluids largely depends on the characteristics of the nanoparticles and quality of their 

dispersion in transformer oil. It has been observed that various fluids have different degree of 

dispersion stability, which is a function of particle concentration in fluids and degree of zinc 

substitution in MZ nanoparticles [2, 3]. Another important parameter that effects the stability of 

the magnetic fluids is the size of nanoparticles and its distribution. Small size of nanoparticles 

and narrow size distribution is essential to prepare stable magnetic fluids [4]. Moreover, 

variation in composition, synthesis route and conditions of synthesis like reaction pH, reaction 

time and reaction temperature play an important role in controlling the particle size and its 

distribution in magnetic fluids. Therefore, it is desirable to synthesize MZ fluids in transformer 

oils that possess good dispersion qualities. 

In this Chapter, detailed discussion on the development of synthesis protocols for MZ 

fluids is described. Effect of degree of Zn-ion substitution under optimized condition of MZ 

nanoparticles, on the dispersion quality and magnetic properties of MZ fluids are investigated in 

this chapter. 

4.2 SYNTHESIS OF MZ FLUIDS 

4.2.1 Materials 

AR grade oleic acid was obtained from S.D. fine-chem Ltd., ammonia solution was purchased from 

LOBA chemicals, acetone and ethanol was purchased from Merck. Transformer oil was gifted by 

M/S Savita Oil Technologies Limited, India. All chemicals were used as-received without any 

purification. Aqueous solutions were prepared in Milli-Q ultrapure water (ρ = 18.2 MΩ) 
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4.2.2 Synthesis process 

To prepare magnetic fluids, MZ nanoparticles are synthesized by the co-precipitation method by 

following the protocols described in Chapter 3. These as-synthesized MZ nanoparticles were 

coated with monolayer of oleic acid to disperse them in transformer oil. The schematic diagram 

of synthesis protocols followed for the preparation of MZ nanoparticles based magnetic fluids 

are summarized in Fig. 4.1 and described in detail in Annexure–I (A3). 

 

Fig. 4.1. Schematic diagram representing synthesis of MZ magnetic fluids. 

Ammonium oleate was prepared by adding oleic acid (2.3 mL) drop by drop into diluted 

ammonia solution (40 mL water + 10 Ml (25 %) ammonia solution) under continuous stirring. It 

was heated at 60 °C till a clear transparent solution is prepared. This ammonium oleate was 

allowed to cool at room temperature and it was then added into the equal volume of aqueous 

dispersion of MZ nanoparticles. It was homogenized by continuous stirring for 1 h at room 

temperature. Oleic acid to nanoparticle w/w ratio was 1:1. It was then heated to 93 °C. At this 

temperature, ammonium oleate decompose and oleic acid chemi-adsorbed on the surface of 

magnetic nanoparticles through metal-hydroxyl bonds. After cooling to room temperature, the 

oleic acid coated magnetic nanoparticles were focculated with dilute HCl. For focculation dilute 



70 
 

HCl was added into dispersion of nanoparticles till its pH drops below 5. Nanoparticles were 

magnetically decanted and washed several times with warm distilled water to remove excess 

surfactants. Finally they were washed with a solution of acetone-ethanol (v/v = 1:1). 

Nanoparticles are then redispersed in commercial grade 20 mL transformer oil. By following 

these protocols, five sets of magnetic fluids are prepared. Volume fraction () of MZ 

nanoparticles was kept at 2.2% in each fluids. Sample codes along with composition of 

magnetic nanoparticles of each fluids are mentioned in Table 4.1 

Table 4.1. Sample codes and composition of temperature sensitive magnetic fluids. 

Sample code Composition of magnetic fluids 

MZ0-F Mn1.0Zn0.0Fe2O4 

MZ2-F Mn0.8Zn0.2Fe2O4 

MZ4-F Mn0.6Zn0.4Fe2O4 

MZ6-F Mn0.4Zn0.6Fe2O4 

MZ8-F Mn0.2Zn0.8Fe2O4 

 

4.3 CHARACTERIZATION OF MZ FLUIDS 

Fig. 4.2 shows the magnetization curves of as-synthesized MZ fluids. With increase in the 

external magnetic field, the magnetization of MZ fluids increases because of progressive 

alignment of ensemble of magnetic particles dispersed in transformer oil along the external field 

direction. All samples except MZ0-F exhibit superparamagnetism i.e. zero remanence and zero 

coercivity (Fig. 4.2). A very narrow hysteresis loop is observed in MZ0-F (Inset of Fig. 4.2). It 

may because of the small ferrimagnetic contribution from MZ0 nanoparticles having their size 

greater than the superparamagnetic limit. Saturation magnetization of MZ fluids have same 

dependence on degree of Zn-substitution as observed for MZ nanoparticles in Chapter 3. The 

only difference between the alignment of magnetic moments in this and previous case of 

nanoparticles is the type of rotation. In case of MZ nanoparticles, the only possible rotation is 

the Neel rotation; while in fluids, in addition to the Neel rotation, Brownian rotation is also 

possible [5]. The schematic diagram of these two types of rotation are shown in Fig. 4.3. 
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Fig. 4.2. Magnetization as-synthesized MZ fluids measured at room temperature. Here 1 emu/cc 

= 1000 A/m and 1 Oe = 79.61 A/m. 

 

Fig. 4.3. Schematic diagram representing Neel and  Brownian rotation in MZ fluids [5]. 

Magnetization of an assembly of isolated superparamagnetic nanoparticle can be described by 

the modied Langevin’s theory [6].  

M = Ms ∫ 𝑓(𝐷) 𝐿 (
 µ(𝐻+𝐻𝑖𝑛𝑡)

𝑘𝐵𝑇
 ) 𝑑𝐷

∞

0  + χH                                                                          (4.1)                           
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where Ms is the saturation magnetization of nanoparticles and L(α) = cothα−1/α is the Langevin 

function. The Langevin parameter α = µ(H +Hint)/kBT.  µ is the magnetic moment of individual 

spin cluster, H is the applied external magnetic field, Hint = λM1; λ is the mean field constant 

(dimensionless) and M1 is the internal field acting on each particle/cluster, f(D)dD is the log-

normal cluster diameter distribution function with mean cluster diameter Dm and width σ and χ 

is the susceptibility of nanoparticles having size above superparamagnetic limit. 

Magnetization of as-synthesized MZ fluids fitted modified Langevin theory is shown in 

Fig. 4.4. From the fit, magnetic particle diameter (Dm), saturation magnetization (Ms), 

polydispersity (), mean field constant () and ferrimagnetic susceptibility () have been 

determined, which are also reported in Table 4.2. Effect of degree of Zn-substitution on the 

saturation magnetization (Ms) is plotted as a function of Zn content for as-synthesized MZ 

fluids in Fig. 4.4 (b). Saturation magnetization of MZ fluids varies from 0.1 emu/cc to 3.5 

emu/cc (Table 4.2). Both the mean field constant and mean internal field as obtained from the 

fits increases with the increase in the Zn content (x = 0.2 - 0.8), indicating inter-particle 

interaction between magnetic nanoparticle increases with increase in the Zn content. This 

interaction depends not only on the distance between magnetic particles but also on the mutual 

orientation of their magnetic moments, which are now strongly correlated due to the Brownian 

rotation of nanoparticles in the fluid [7]. Magnetic particle size (Dm) as obtained from the fits of 

magnetization data with the Langevin theory decreases with the increase in the Zn content (Fig. 

4.4). 

  

Fig. 4.4. (a) Magnetization of MZ fluids fitted with modified Langevin theory and (b) Saturation 

magnetization of as-synthesized MZ fluids as a function of degree of Zn substitution. Here 1 

emu/cc = 1000 A/m and 1 Oe = 79.61 A/m. 
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Table 4.2.  Magnetic parameters of MZ fluids derived from the fits of magnetization data with 

modified Langevin theory. Here 1 emu/cc = 1000 A/m and 1 Oe = 79.61 A/m. 

Parameters MZ0-F MZ2-F MZ4-F MZ6-F MZ8-F 

Ms (emu/cc) 3.49 1.61 2.86 1.20 0.13 

𝜎 0.22 0.24 0.23 0.23 0.23 

Dm (nm) 14.80 13.9 11.6 9.30 9.00 

λ 49.32 23.84 26.31 27.89 38.26 

Hint (Oe) 146.90 34.32 41.80 47.13 88.38 

χ (×10-5) 7.92 11.10 19.70 16.60 8.23 

Dm of MZ fluids decreases with increase in the Zn-content (Fig. 4.5). Polydispersity of 

MZ fluids obtained from the fits of magnetization data is also shown in Fig. 4.6. It varies from 

0.22 to 0.24 and is nearly constant irrespective of degree of Zn-substitution. This relatively 

small and constant value of polydispersity indicates good dispersion stability of all MZ fluids 

(Fig. 4.7). Hydrodynamic size (DH) of MZ fluids varies between 16 and 26.5 nm (Fig. 4.5). No 

systematic trend is observed in the hydrodynamic size of MZ fluids with degree of Zn-

substitution. However, the broader trend is identical to the changes in the magnetic particle size 

of the fluids.   

 

Fig. 4.5. Effect of Zn-substitution on magnetic diameter (Dm) and hydrodynamic diameter (DH) 

of MZ fluids. 
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Fig. 4.6.  Polydispersity of as-synthesized MZ fluids as a function of Zn content. 

 

Fig. 4.7.  Photographic view of as-synthesized MZ fluids showing good dispersion stability at 

room temperature. 

Dispersion quality of MZ fluids also depends on oleic acid coating. Nanoparticles 

deficient with oleic acid monomers on their surface tend to agglomerate and lose their 

dispersion stability over time. A monolayer of oleic acid is desired for the good dispersion 

stability of nanoparticles [8]. To investigate the oleic acid coating on MZ fluids, 

thermogravimetric analysis was performed on MZ nanoparticles which are obtained by washing 

MZ fluids with acetone followed by vacuum dry at 25 °C. TGA thermograms of nanoparticles 

are shown in Fig. 4.8.   
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Fig. 4.8. TGA thermograms of oleic acid coated MZ nanoparticles. 

Single-step weight loss of 0 – 30 % is observed in each thermogram. This is because of the 

decomposition of oleic acid. This weight loss corresponds to monolayer coating of oleic acid 

coating on the surface of the MZ nanoparticles [8]. This further confirms good dispersion 

stability of nanoparticles in transformer oil. A magnetic nanoparticle having its diameter 10 – 

20 nm will show 20 – 30 % weight loss in their TG thermograms, if they are coated with a 

monolayer of oleic acid [8]. Instead, if multilayers of oleic acid is coated on the nanoparticle 

surface than the weight loss will be > 30%. 

As-synthesized MZ fluids in transformer oil show good dispersion stability owing to 

their small size (<25 nm), moderate polydispersity (<0.25) and monolayer coating of 

nanoparticles. Their magnetic properties are strongly correlated with the degree of Zn-ion 

substitution in the dispersed MZ nanoparticles. The saturation magnetization (Ms) and magnetic 

particle size (Dm) decreases with increase in the Zn-ion substitution. Colloidal stability of these 

as-synthesized MZ fluids under aging are further investigated in next chapters. 
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CHAPTER 5 

COLLOIDAL STABILITY OF MAGNETIC FLUIDS 

5.1 INTRODUCTION 

Colloidal stability of magnetic fluids plays an important role in cooling applications in power 

transformers. For stable magnetic fluids, magnetic nanoparticles need to be dispersed in 

transformer oil with good colloidal stability [1]. Agglomeration of magnetic nanoparticles 

results in the sedimentation of fluids, which could cause clogging of micro-channels in 

transformers that could result into permanent reduction in the cooling efficiency of the device. 

This particle agglomeration can also lead to the decrease in the thermal conductivity of 

magnetic fluids. Therefore, investigation on the colloidal stability of magnetic fluids is an 

important aspect and needs detailed investigation.  

It is important to study and analyse factors influencing the colloidal stability of magnetic 

fluids when aged. One of the important parameter that affects the colloidal stability of the 

magnetic fluids is the size of nanoparticles and their distribution in the dispersing medium. 

Small size of nanoparticles and narrow size distribution improve the colloidal stability of fluids 

[2]. It was reported that magnetic particles dispersed in fluids remain in Brownian motion when 

their size is between 4 nm to 20 nm [3]. When diluted; magnetic nanoparticles in the fluid tend 

to aggregate and disturb the colloidal stability by formation of aggregates of nanoparticles, 

whose size ranges between 100 – 200 nm [3, 4]. These aggregates may adhere together and 

settle under the influence of gravity. Stability denotes that the particles do not aggregate at 

significant rate. This chapter aims to estimate the lifetime of MZ fluids. Role of dipole-dipole 

interaction in aggregation and their influence on the colloidal stability of transformer oil based 

fluids have also been probed in this chapter. 

5.2 EFFECT OF AGING ON THE COLLOIDAL STABILITY OF MZ FLUIDS 

MZ fluids were synthesized by following the protocols as described in Chapter 4. Five samples 

of MZ fluids were prepared simultaneously under identical conditions. Sample codes and 

composition of magnetic nanoparticles of each fluids are previously mentioned in Table 4.1. To 

understand the effect of aging on the stability of magnetic fluids, MZ fluids were examined by 

photon correlation spectroscopy (PCS) and vibration sample magnetometery (VSM) after every 
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30 days. This study was extended over a period of 210 days. Colloidal stability of MZ fluids 

were evaluated on the basis of changes in the magnetic and hydrodynamic size and size 

distribution of MZ fluids (Annexure–I (A4)). 

Hydrodynamic particle size distributions of magnetic fluids obtained by photon 

correlation spectroscopy are shown in Fig. 5.1.   Each histogram is fitted with lognormal 

particle size distribution function [5].  

 P(D)  =
1

Dσ(2π)1/2 e

−ln(
D

𝐷ₒ
)

2

2σ2                                                                                                      (5.1) 

where, σ is polydispersity, D is particle diameter and ln (Do) a mean of ln (D) [6].The mean 

hydrodynamic size and size distribution of magnetic nanoparticles in fluids are determined from 

these fits. Mean hydrodynamic size determined from the fits of particle size distribution 

histogram (Fig. 5.1) of MZ fluids as a function of aging time is shown in Fig. 5.2. Irrespective 

of the composition of MZ fluids, their hydrodynamic size increases with aging. This might be 

caused by the aggregation of magnetic nanoparticles, irrespective of the composition of MZ 

fluids. Polydispersity index obtained from the fits of hydrodynamic particle size distributions 

also increases with aging (Fig. 5.3). This increase in polydispersity is also an indication of the 

increasing aggregation of magnetic nanoparticles in fluids. 

 

Fig 5.1(a). Effect of aging on the hydrodynamic particle size distribution of MZ0-F fluids. 
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Fig 5.1(b). Effect of aging on the hydrodynamic particle size distribution of MZ2-F fluids. 

 

 

Fig 5.1(c). Effect of aging on the hydrodynamic particle size distribution of MZ4-F fluids. 
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Fig 5.1(d). Effect of aging on the hydrodynamic particle size distribution of MZ6-F fluids. 

 

 

Fig 5.1(e). Effect of aging on the hydrodynamic particle size distribution of MZ8-F fluids. 
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Fig. 5.2. Effect of aging on hydrodynamic particle size (DH) and magnetic particle size (Dm) of 

MZ fluids. 
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Fig. 5.3.  Effect of aging on polydispersity of MZ fluids. 

This aging induced aggregation of magnetic nanoparticles in fluids can also be 

confirmed from their magnetization measurements. Magnetization of MZ fluids was measured 

after every aging cycle of 30 days for a period of 210 days. Magnetization data of MZ fluids 

fitted with the modified Langevin equation is shown in Fig 5.4 [7].  

M = Ms ∫ 𝑓(𝐷) 𝐿 (
 µ(𝐻+𝐻𝑖𝑛𝑡)

𝑘𝐵𝑇
 ) 𝑑𝐷

∞

0  + χH                                                                           (5.2)                     

where Ms is the saturation magnetization of nanoparticles and L(α) = cothα - 1/α is the Langevin 

function. The Langevin parameter; α = µ(H +Hint)/kBT.  µ is the magnetic moment of individual 

particle / spin clusters, H is applied external magnetic field, Hint = λM1; λ is mean field constant 

and M1 is the internal field acting on each particle / cluster, f(D)d(D) is the log-normal cluster 

diameter distribution function with mean particle cluster diameter Dm and width σ and χ is the 

susceptibility of nanoparticles having their size greater than the superparamagnetic limit. From 

the fit, magnetic particle diameter (Dm), saturation magnetization (Ms), polydispersity (), mean 

field constant () and ferrimagnetic susceptibility () have been determined, which are reported 

in Table 5.1. 
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Fig. 5.4. Effect of aging on magnetization of MZ fluids. All curves are fitted with modified 

Langevin equation 5.2. Here 1 emu/cc = 1000 A/m and 1 Oe = 79.61 A/m. 
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Table 5.1(a). Effect of aging on magnetic properties of MZ0-F fluid. Here 1 emu/cc = 1000 

A/m and 1 Oe = 79.61 A/m. 

Magnetic 

parameters 

Aging time (days) 

0 30 60 90 120 150 180 210 

Ms (emu/cc) 3.49 3.51 3.55 3.70 3.80 3.89 4.10 4.30 

𝜎 0.22 0.22 0.22 0.22 0.22 0.22 0.29 0.29 

Dm (nm) 14.80 14.80 14.80 16.08 16.08 16.08 17.40 17.40 

λ 42.02 42.02 42.02 44.2 44.2 44.2 37.5 37.5 

Hint (Oe) 1.40 1.40 1.40 2.60 2.60 2.60 2.20 2.20 

χ (×10-5) 9.60 9.70 9.80 9.10 9.30 9.50 7.06 7.46 

 

 

Table 5.1(b).  Effect of aging on magnetic properties of MZ2-F fluid. Here 1 emu/cc = 1000 

A/m and 1 Oe = 79.61 A/m. 

Magnetic 

parameters 

Aging time (days) 

0 30 60 90 120 150 180 210 

Ms (emu/cc) 1.61 1.69 1.75 1.80 1.88 1.93 1.95 1.97 

𝜎 0.24 0.24 0.25 0.25 0.25 0.25 0.25 0.25 

Dm (nm) 13.90 13.90 14.30 14.30 14.30 14.60 14.60 14.60 

λ 24.34 24.34 55.90 55.90 52.54 52.54 52.54 52.54 

Hint (Oe) 1.47 1.47 1.44 1.44 1.44 1.44 1.44 1.44 

χ (×10-5) 9.00 9.47 6.65 6.83 7.44 7.60 7.70 7.70 
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Table 5.1(c).  Effect of aging on magnetic properties of MZ4-F fluid. Here 1 emu/cc = 1000 

A/m and 1 Oe = 79.61 A/m. 

Magnetic 

parameters 

Aging time (days) 

0 30 60 90 120 150 180 210 

Ms (emu/cc) 2.89 2.92 2.97 3.11 3.2 3.22 3.24 3.62 

𝜎 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.32 

Dm (nm) 11.60 11.60 11.60 11.60 11.70 11.70 11.70 12.70 

λ 23.00 21.80 22.90 28.30 36.00 30.50 37.10 33.80 

Hint (Oe) 1.40 1.32 1.38 1.59 1.59 1.59 1.59 1.59 

χ (×10-5) 1.70 1.70 1.80 1.50 1.40 1.50 1.46 1.80 

 

 

Table 5.1 (d).  Effect of aging on magnetic properties of MZ6-F fluid. Here 1 emu/cc = 1000 

A/m and 1 Oe = 79.61 A/m. 

Magnetic 

parameters 

Aging time (days) 

0 30 60 90 120 150 180 210 

Ms (emu/cc) 0.12 0.12 0.12 0.14 0.14 0.14 0.14 1.42 

𝜎 0.23 0.23 0.23 0.25 0.25 0.25 0.28 0.28 

Dm (nm) 9.30 9.30 9.00 11.80 11.80 11.80 11.80 11.80 

λ 27.80 27.50 26.51 37.50 33.02 31.36 37.08 35.70 

Hint (Oe) 1.68 1.66 1.60 2.27 2.00 1.90 2.24 2.16 

χ (×10-5) 1.48 1.49 1.47 1.30 1.34 1.32 1.26 1.53 
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Table 5.1 (e).  Effect of aging on magnetic properties of MZ8-F fluid. Here 1 emu/cc = 1000 

A/m and 1 Oe = 79.61 A/m. 

Magnetic 

parameters 

Aging time (days) 

0 30 60 90 120 150 180 210 

Ms (emu/cc) 0.12 0.12 0.13 0.13 0.14 0.14 0.14 0.15 

𝜎 0.23 0.23 0.28 0.28 0.28 0.28 0.28 0.28 

Dm (nm) 9.00 9.00 9.50 9.50 9.50 9.50 9.50 9.50 

λ 19.38 23.57 24.57 33.65 27.35 40.48 39.51 40.97 

Hint (Oe) 1.10 1.42 1.48 2.03 1.65 2.40 2.30 2.40 

χ (×10-5) 6.35 6.19 6.30 6.37 6.90 6.70 6.80 6.97 

Saturation magnetization (Ms) of MZ fluids is plotted as a function of aging time (Fig. 

5.5). It has been observed that saturation magnetization of MZ fluids increases gradually with 

aging irrespective of degree of Zn-substitution. This increase in Ms may be ascribed to the 

corresponding increase in their magnetic particle size (Table 5.1). Both the mean field constant 

and mean internal field as obtained from the fits increases with aging (Table 5.1). This 

enhanced inter-particle interaction during aging may be responsible for aggregation of 

nanoparticles in magnetic fluids. Because of this colloidal stability of MZ fluids decreases with 

aging. These results are in good agreement with those obtained from photon correlation 

spectroscopy. 

Lifetime of MZ fluids have also been calculated from the increase in the hydrodynamic 

size of magnetic fluids during aging. Hydrodynamic size of MZ fluids as a function of time can 

be expressed as  

𝐷𝐻(𝑡) = 𝐷𝐻(0)𝑒
𝑡

𝜏                                                                                  (5.3) 

Where, DH(0) is the hydrodynamic size of MZ fluid at t = 0 day, DH(t) is the hydrodynamic size 

of MZ fluid after aging time ‘t’ and τ is the lifetime of the fluid whose colloidal stability is 

under investigation. Time dependent hydrodynamic particle size of MZ fluids are shown in Fig 
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5.6. It is fitted with Eq. 5.3 and from the fits, life time (τ) of MZ fluids have been estimated. 

Lifetime of MZ fluids as obtained from the fits are shown in Table 5.2. The lifetime of fluids 

vis-à-vis to its colloidal stability is of the order of 200+ days. Maximum lifetime was observed 

for MZ2-F fluid (277 days). Although all MZ fluids are prepared with same protocols, they show 

different life expectancy. No correlation is observed between the lifetime of MZ fluids and 

degree of Zn substitution in MZ fluids. This might be because of the strong dependence of 

colloidal stability of magnetic fluids on the surface characteristics of the dispersed 

nanoparticles. 

 

Fig. 5.5. Saturation magnetization of MZ fluids as a function of aging time. Here 1 emu/cc = 

1000 A/m. 
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Fig. 5.6. Effect of aging on the hydrodynamic particle size of MZ fluids. 
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Table 5.2. Lifetime of MZ fluids. 

Fluid Lifetime (τ) (days) 

MZ0-F 246 

MZ2-F 277 

MZ4-F 218 

MZ6-F 237 

MZ8-F 227 

 

Colloidal stability of MZ fluids depends on the interplay between the colloidal medium 

and nanoparticles surface [8]. Inter-particle interaction due to the Brownian motion and dipole-

dipole interactions between magnetic nanoparticles affect the aggregation kinetics of 

nanoparticles [9]. Effect of aging on the colloidal stability of MZ fluids can be understood if 

change in the magnetic particle size and polydispersity of MZ fluids are correlated. The initial 

(Day – 1) and final (Day – 210) magnetic particle / cluster size and polydispersity of MZ fluids 

are reported in Table 5.3. A strong correlation between the colloidal stability of MZ fluids and 

corresponding changes in magnetic particle size (Dm) and polydispersity (𝜎) is observed. When 

MZ fluids are aged; an increase in the polydispersity (𝜎) is observed. Corresponding changes in 

Dm however, is negligible (Table 5.3).  This shows that when MZ fluids are aged; the domain 

growth of magnetic particles is negligible while most of the energy goes in the aggregation of 

particles. This might be because of presence of Zn in the spinel structure, which also acts as grain 

/ domain growth inhibitor [10, 11].  Increase in the aggregation of nanoparticles in MZ fluid 

under aging can be understood on the basis of dipole-dipole interaction. If the particle / cluster 

size increases, the dipole-dipole interaction energy also increases by an order of magnitude 

greater than the thermal energy. This interaction depends not only on the distance between 

magnetic particles but also on the mutual orientation of their magnetic moments. Due to this 

dipole-dipole interactions between magnetic particles, particles tend to attract each other and 

form chain-like structure [12] (Fig. 5.7). In these chain like aggregates of magnetic 

nanoparticles, magnetic moments are in “head-to-tail” position [12]. Schematic representation 

of mechanism of chain formation of magnetic nanoparticles in fluids is shown in Fig.5.7.  
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Table 5.3 Initial (before aging) and final (after aging for 210 days) polydispersity and magnetic 

particle (cluster) diameter of MZ fluids. 

  

Fluid 

Polydispersity Magnetic particle (cluster) size 

𝜎i 𝜎f Dmi (nm) Dmf (nm) 

MZ0-F 0.22 0.29 14.8 17.4 

MZ2-F 0.24 0.28 13.9 14.4 

MZ4-F 

 

0.23 

 

0.32 

 

11.6 

 

12.7 

 

MZ6-F 

 

0.23 

 

0.28 

 

9.3 

 

11.8 

 

MZ8-F 0.23 0.28 9.0 9.5 

𝜎i – initial polydispersity, 𝜎f – final polydispersity,  

Dmi –initial magnetic particle size, Dmf – final magnetic particle size 

 

   

T1 T2 T3 
 

Fig. 5.7. Schematic representation of chain formation of oleic acid coated magnetic 

nanoparticles in MZ fluid with aging. Here T1, T2, T3 represents time intervals, where T1 < T2 < 

T3. 

 

Strong dipolar interactions between the suspended magnetic nanoparticles lead to the 

formation of chain like complex nanostructures. This aggregation of nanoparticles was 

influenced by the size distribution of nanoparticles. An increase in the aggregation index 

(polydispersity) with aging is an indication of the increase in the clustering of nanoparticles. 

Irrespective of the composition of MZ fluids all fluids show enhancement in polydispersity 

(0.22 - 0.29) when aged. A photographic view of MZ fluids before and after the aging is shown 
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in Fig. 5.8 for visual comparison.  No visible changes in the dispersion quality of MZ fluids can 

be observed when aged for 210 days, however a significant increase in polydispersity is 

observed, leading to the stronger dipole interactions between nanoparticles, which eventually 

affect their colloidal stability. 

 

Fig. 5.8.  Photographic view of MZ fluids (a) before and (b) after aging for 210 days. No visible 

changes can be observed in the dispersion quality of the fluids. 

As-synthesized MZ fluids possess good dispersion stability. When aged, each fluid 

exhibits enhanced hydrodynamic and magnetic particle sizes leading to an increase in their 

polydispersity. These enhanced polydispersity of MZ fluids is responsible for reduction in their 

colloidal stability when aged. The lifetime of MZ fluids is of the order of 200+ days.  
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CHAPTER 6 

THERMAL AGING OF MAGNETIC FLUIDS 

6.1 INTRODUCTION 

Temperature sensitive magnetic fluids with tunable magnetic properties hold immense potential 

to be used as coolant in high power transformers [1]. The major challenge in their commercial 

use is poor colloidal stability under thermal aging. Properties of temperature sensitive magnetic 

fluids are strongly influenced by thermal aging [2-6]. Magnetic nanoparticles dispersed in 

transformer oil should be able to withstand the device’s operating temperature without any loss 

in their dispersion stability [7, 8]. One of the important parameter that effects the colloidal 

stability of the magnetic fluids under thermal aging is the hydrodynamic size of nanoparticles 

and its distribution at elevated temperature. Effect of thermal aging on the hydrodynamic size of 

the nanoparticles in industrial grade transformer oils and its influence on the magnetic 

properties and colloidal stability of magnetic fluids are not well understood.  

In this chapter, effect of thermal aging on the colloidal stability and magnetic properties 

of MZ fluids prepared in industrial grade transformer oil have been investigated. Effect of 

accelerated thermal aging on the dispersion stability and magnetic properties have been 

evaluated by photon correlation spectroscopy and vibration sample magnetometry, respectively. 

Effect of accelerated thermal aging on the dispersion stability and magnetic properties has been 

evaluated in the vicinity of the operating temperature of transformer. So far there is no such 

study reported in literature in which colloidal stability of transformer oil based magnetic fluids 

against thermal aging have been investigated in detail. 

6.2 EFFECT OF ACCELERATED THARMAL AGING ON COLLOIDAL STABILITY 

OF MAGNETIC FLUIDS 

To understand the effect of thermal aging; each magnetic fluids are subject to thermal aging at  

50°C , 75 °C, 100 °C, 125 °C and 150 °C for 24 h, 48 h and 72 h. To monitor the effect of 

thermal aging on the dispersion stability and magnetic properties of nanoparticles in transformer 

oil, after each aging cycle; magnetic fluids are characterized by photon correlation spectroscopy 

and vibrating sample magnetometery, respectively (Annexure–I (A5)). Magnetization of as-

synthesized MZ fluids measured after aging at 25 – 150 °C for 24 h, 48 h and 72 h are shown 

Fig. 6.1. This magnetization data is fitted modified Langevin theory [9]  



94 
 

M = Ms ∫ 𝑓(𝐷) 𝐿 (
 µ(𝐻+𝐻𝑖𝑛𝑡)

𝑘𝐵𝑇
 ) 𝑑𝐷

∞

0  + χH                                                                              (6.1)                     

where Ms is the saturation magnetization of nanoparticles and L(α) = cothα-1/α is the Langevin 

function. The Langevin parameter α = µ(H +Hint)/kBT.  µ is the magnetic moment of individual 

spin cluster, H is the applied external magnetic field, Hint = λM1; λ is mean field constant and M1 

is the internal field acting on each particle/cluster, f(D)dD is log-normal cluster diameter 

distribution function with mean cluster diameter Dm and width σ and χ is the susceptibility of 

nanoparticles having size above superparamagnetic limit. From the fit, magnetic particle 

diameter (Dm), saturation magnetization (Ms), polydispersity (), mean field constant () and 

ferrimagnetic susceptibility () have been determined, which are also reported in Table 6.1.  

 

Fig. 6.1(a).  Magnetization of MZ8-F and MZ6-F fluids fitted with modified Langevin theory 

(eq. (6.1)), after aging for (a) 24 h, (b) 48 h, and (c) 72 h. Here 1 emu/cc = 1000 A/m and 1 Oe 

= 79.61 A/m. 
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Fig. 6.1 (b).  Magnetization of MZ4-F and MZ2-F  fluids fitted with modified Langevin theory 

(eq. (6.1)), after aging for (a) 24 h, (b) 48 h, and (c) 72 h. Here 1 emu/cc = 1000 A/m and 1 Oe 

= 79.61 A/m. 
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Fig. 6.1(c).  Magnetization of MZ0-F fluid fitted with modified Langevin theory (eq. (6.1)), 

after aging for (a) 24 h, (b) 48 h, and (c) 72 h. Here 1 emu/cc = 1000 A/m and 1 Oe = 79.61 

A/m. 
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Table 6.1 (a).  Magnetic properties of MZ8-F fluids derived from the fit of magnetization data 

with modified Langevin theory. Here 1 emu/cc = 1000 A/m and 1 Oe = 79.61 A/m. 

Aging  

Temp. 

(°C) 

Aging  

Time 

(h) 

Ms  

(emu/cc) 
𝜎 

Dm  

(nm) 
λ Hint (Oe) 

χ  

(×10-5) 

25 24 0.13 0.23 9.00 38.26 88.38 8.23 

48 0.13 0.23 9.00 38.26 88.38 8.23 

72 0.13 0.23 9.00 38.26 88.38 8.23 

50 24 0.15 0.28 9.50 41.80 105.70 8.42 

48 0.15 0.28 9.50 41.80 105.70 8.42 

72 0.15 0.28 9.50 43.63 115.18 8.71 

75 24 0.16 0.28 10.00 43.79 116.04 9.12 

48 - - - - - - 

72 - - - - - - 

Table 6.1(b).  Magnetic properties of MZ6-F fluids derived from the fits of magnetization 

data with modified Langevin theory. Here 1 emu/cc = 1000 A/m and 1 Oe = 79.61 A/m. 

Aging  

Temp.  

(°C) 

Aging  

Time  

(h) 

Ms  

(emu/cc) 
𝜎 

Dm  

(nm) 
λ Hint (Oe) 

χ  

(×10-5) 

25 24 1.20 0.23 9.30 27.89 47.13 16.60 

48 1.20 0.23 9.30 27.89 47.13 16.60 

72 1.20 0.23 9.30 27.89 47.13 16.60 

50 24 1.28 0.25 11.80 27.50 46.47 17.20 

48 1.35 0.25 11.80 28.60 49.47 17.30 

72 1.35 0.25 11.80 28.60 49.47 17.30 

75 24 1.50 0.28 13.80 31.48 59.81 17.50 

48 1.50 0.28 13.80 31.48 59.81 17.50 

72 1.50 0.28 13.80 31.48 59.81 17.50 

100 

 

24 1.44 0.31 14.90 31.09 58.44 19.00 

48 1.40 0.31 14.90 28.40 48.50 19.40 

72 - - - - - - 
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Table 6.1(c).  Magnetic properties of MZ4-F fluids derived from the fits of magnetization 

data with modified Langevin theory. Here 1 emu/cc = 1000 A/m and 1 Oe = 79.61 A/m. 

Aging  

Temp.  

(°C) 

Aging  

Time  

(h) 

Ms  

(emu/cc) 
𝜎 

Dm  

(nm) 
λ Hint (Oe) 

χ  

(×10-5) 

25 24 2.86 0.23 11.60 26.31 41.80 19.70 

48 2.86 0.23 11.60 26.31 41.80 19.70 

72 2.86 0.23 11.60 26.31 41.80 19.70 

50 24 3.17 0.23 11.70 27.10 44.40 21.30 

48 3.17 0.23 11.70 28.13 47.82 19.50 

72 3.22 0.25 11.70 28.76 50.04 19.10 

75 24 3.24 0.32 12.70 28.10 47.70 21.70 

48 3.29 0.32 12.70 27.90 47.15 21.30 

72 3.44 0.32 12.70 30.12 54.81 19.80 

100 24 3.30 0.32 15.50 27.60 46.09 22.20 

48 3.58 0.32 15.50 27.60 46.09 21.80 

72 3.58 0.32 15.50 27.60 46.09 21.80 

125 24 3.53 0.32 17.20 26.88 43.54 23.30 

48 - - - - - - 

72 - - - - - - 

150 24 3.57 0.31 17.30 34.37 71.64 22.00 

48 - - - - - - 

72 - - - - - - 
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Table 6.1(d).  Magnetic properties of MZ2-F fluids derived from the fits of magnetization 

data with modified Langevin theory. Here 1 emu/cc = 1000 A/m and 1 Oe = 79.61 A/m. 

Aging  

Temp.  

(°C) 

Aging  

Time  

(h) 

Ms  

(emu/cc) 
𝜎 

Dm  

(nm) 
λ Hint (Oe) 

χ  

(×10-5) 

25 24 1.61 0.24 13.90 23.84 34.32 11.10 

48 1.61 0.24 13.90 23.84 34.32 11.10 

72 1.61 0.24 13.90 23.84 34.32 11.10 

50 24 1.74 0.25 14.30 24.29 35.70 11.70 

48 1.80 0.25 14.30 25.60 39.68 11.60 

72 1.84 0.25 14.30 25.76 40.18 11.90 

75 24 1.91 0.25 14.60 26.29 41.80 12.80 

48 1.92 0.25 14.60 27.05 44.09 11.90 

72 1.98 0.25 14.60 27.03 44.05 12.60 

100 24 1.95 0.27 16.50 25.70 39.83 13.00 

48 2.02 0.27 16.50 25.58 39.39 13.00 

72 2.02 0.27 16.50 25.58 39.39 13.00 

125 24 2.26 0.28 17.70 24.70 37.05 16.00 

48 2.26 0.28 17.70 24.70 37.05 16.00 

72 2.26 0.28 17.70 24.70 37.05 16.00 

150 24 2.36 0.30 18.50 33.13 66.26 14.60 

48 - - - - - - 

72 - - - - - - 
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Table 6.1(e). Magnetic properties of MZ0-F fluids derived from the fits of magnetization data 

with modified Langevin theory. Here 1 emu/cc = 1000 A/m and 1 Oe = 79.61 A/m. 

Aging  

Temp.  

(°C) 

Aging  

Time  

(h) 

Ms  

(emu/cc) 
𝜎 

Dm  

(nm) 
λ Hint (Oe) 

χ 

 (×10-5) 

25 24 3.49 0.22 14.80 49.32 146.90 7.92 

48 3.49 0.22 14.80 49.32 146.90 7.92 

72 3.49 0.22 14.80 49.32 146.90 7.92 

50 24 3.72 0.22 16.08 45.80 126.80 8.94 

48 4.03 0.22 16.08 45.80 126.80 9.69 

72 4.33 0.22 16.08 45.80 126.80 10.40 

75 24 3.74 0.29 17.40 45.80 126.80 8.99 

48 4.03 0.29 17.40 45.80 126.80 9.69 

72 4.33 0.29 17.90 45.80 126.80 10.40 

100 24 4.58 0.29 17.90 45.60 124.90 7.91 

48 4.79 0.29 17.90 45.60 124.90 8.28 

72 5.15 0.29 17.90 45.60 124.90 8.89 

125 24 5.01 0.31 19.30 45.20 123.30 18.00 

48 5.40 0.31 19.30 45.20 123.30 12.70 

72 5.80 0.31 19.30 45.20 123.30 13.60 

150 24 5.07 0.31 21.60 48.40 141.80 9.43 

48 - - - - - - 

72 - - - - - - 

Saturation magnetization (Ms) of MZ fluids are plotted as a function of aging 

temperature for various aging times in Fig. 6.2 (a). It has been observed that the Ms of MZ 

fluids increases with aging irrespective of degree of Zn-substitution (Fig. 6.2 (b)). This increase 

in magnetization of MZ fluids with aging might be caused by the temperature induced 

aggregation of nanoparticles resulting into clustering. The changes in the magnetic particle 

diameter (Dm) as a function of aging temperature as obtained from the fits of M–H data with 

Langevin eq. (6.1) is shown in Fig. 6.3. Corresponding changes in the hydrodynamic size of the 

MZ fluids after each aging cycle are also plotted in Fig. 6.3. Both the Dm and DH increases with 
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the aging temperature irrespective of the degree of Zn-substitution. Polydispersity of aged MZ 

fluids obtained from the fits of magnetization data is also shown in Fig. 6.4(a). Irrespective of 

degree of Zn-ion substitution, polydispersity increases with aging temperature (Fig 6.4(b)). 

 

Fig. 6.2 (a). Saturation magnetization of MZ fluids after aging for 24h, 48h and 72h at 25 °C – 

150 °C. Here 1 emu/cc = 1000 A/m. 

 

Fig. 6.2 (b). Saturation magnetization of MZ fluids measured after thermal aging for 24h at 

25°C – 150 °C. Here 1 emu/cc = 1000 A/m. 
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Fig. 6.3. Effect of thermal aging on magnetic diameter (Dm) and hydrodynamic diameter (DH) 

of MZ fluids. 
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Fig. 6.4 (a). Effect of thermal aging on polydispersity (σ) of MZ fluids. 

 

Fig. 6.4 (b). Average polydispersity (σ) of MZ fluids measured at 25 – 150 °C aging 

temperature.    
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Magnetization of MZ8-F fluids after aging for 24–72 h at 25–100 °C is shown in Fig. 

6.1 (a). Magnetization of MZ8-F increases gradually with aging temperature. This might be due 

to the domain growth under accelerated thermal aging. Magnetic diameter and polydispersity 

also increases with the corresponding increase in thermal aging (Table 6.1). Hydrodynamic size 

increases with aging temperature as well (Fig. 6.3), indicating thermally triggered aggregation 

of nanoparticles. Both the mean field constant and mean internal field as obtained from the fits 

increases with aging at elevated temperatures. This enhanced inter-particle interaction at 

elevated temperatures is responsible for aggregation, which eventually leads to sedimentation of 

fluid. MZ8-F fluid is stable only upto 50 °C. When subjected to thermal aging at 75 °C; it loses 

its fluidity due to strong aggregation of nanoparticles. MZ6-F fluid under accelerated thermal 

aging show identical behavior to MZ8-F. However, its stability under accelerated thermal aging 

is better than MZ8-F. It is stable upto 75 °C when aged. At 100 °C, MZ6-F loses its colloidal 

stability and sediments due to strong aggregation of nanoparticles (polydispersity,  = 0.31) 

(Table 6.2). 

Magnetization of MZ4-F fluids after aging for 24–72 h at 25 ̶ 150 °C is shown in (Fig 

6.1(b)). The saturation magnetization (Ms) of MZ4-F fluid increases with increase in the aging 

temperature (Fig 6.1(b)). Both Dm and DH (Fig. 6.3) increase gradually with increase in the 

aging temperature along with the polydispersity (Fig. 6.4(b)). In MZ4-F fluid, a sharp increase 

in magnetic particle size is observed when fluid is aged at 100 °C, however no hysteresis has 

been observed in the magnetization data for MZ4-F fluid aged at 100 °C, indicating that most of 

the thermal energy goes into the aggregation of nanoparticles. This fluid is stable upto 100 °C. 

At 125 °C, it loses its fluidity, due to heavy aggregation of nanoparticles ( = 0.32). MZ2-F 

fluid show identical behavior as shown by MZ4-F when aged. It is stable upto 125 °C. At 150 

°C, it loses its fluidity due to same reasons as explained previously. MZ0-F fluid under 

accelerated thermal aging is stable upto 125 °C. A photographic view of MZ0-F fluid before 

and after the aging at 125 °C is shown in Fig. 6.5. No change in the physical state of fluid is 

observed when aged at 125 °C. However, when aged at 150 °C, the fluid loses its colloidal 

stability and undergoes complete sedimentation. 
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Fig. 6.5.  Photographic view of MZ0-F fluid, (a) before and (b) after accelerated aging at 125 

°C for 72 h. No change in the dispersion quality has been observed due to aging at high 

temperature, (c) after accelerated aging at 150 °C, fluid loses its colloidal stability. 

Table 6.2 shows the comparison of colloidal stability of MZ fluids under investigation at 

different temperatures (25 °C to 150 °C) after aging for 72 h. Although all MZ fluids are prepared 

with same protocols and aged under identical conditions, they show different colloidal stability 

against thermal aging. As shown in Table 6.2, the colloidal stability under thermal aging 

increases with decrease in the Zn-content in the MZ fluid. Such unusual dependence of thermal 

stability of MZ fluids on zinc-content is not expected. Colloidal stability of fluids is governed 

by the interplay between the colloidal medium and nanoparticle surface [10]. Inter-particle 

interaction due to the Brownian and magnetic interactions also affects the aggregation of 

nanoparticles [11].  

Table 6.2: Colloidal stability of magnetic fluids after thermal aging for 72 h (green arrow: stable; 

red arrow: unstable) 

Fluid 
Temperature ( °C) 

25 50 75 100 125 150 

MZ8-F   

MZ6-F   

MZ4-F   

MZ2-F   

MZ0-F   
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The role of Zn-content in the observed thermal stability of MZ fluids under accelerated 

thermal aging can be understood if the influence of aging on the magnetic particle size and 

polydispersity of MZ fluids are correlated. The magnetic particle size and polydispersity of MZ 

fluids are shown in Table 6.3. Here Dmi and 𝜎i are the magnetic particle size and polydispersity 

of MZ fluids before the aging and Dmf and 𝜎f represents the magnetic particle size and 

polydispersity recorded at highest temperature for the largest time of thermal aging. A strong 

correlation between the colloidal stability of MZ fluids under thermal aging and corresponding 

changes in Dm and   is observed. When the fluid contains higher degree of Zn (MZ8-F); 

polydispersity (𝜎) increases from 0.23 to 0.28 when aged (Table 6.3).  

Table 6.3: Initial (before aging) and final (after aging for longest period at highest temperature) 

polydispersity and magnetic particle size of MZ fluids. 

Sample 

Polydispersity 
 Magnetic particle size 

(nm) 

𝜎i 𝜎f  Dmi Dmf 

MZ8-F 0.23 0.28  9.0 9.5 

MZ6-F 0.23 0.28 
 

9.3 13.8 

MZ4-F 0.23 0.32  11.6 15.5 

MZ2-F 0.24 0.28  13.9 17.7 

MZ0-F 0.22 0.31  14.8 19.3 

𝜎i – initial polydispersity, 𝜎f – final polydispersity,  

Dmi –initial magnetic particle size, Dmf – final magnetic particle size 

The corresponding change in Dm is from 9 nm to 9.5 nm. This means that when MZ8-F 

fluid is aged, the domain growth is negligible while most of the thermal energy goes into the 

aggregation of nanoparticles. This might be because of the presence of high Zn, which also acts as 

domain growth inhibitor [12, 13]. When MZ fluids with lower Zn contents are aged; they have 

higher domain growth (Table 6.3). Thus, when Zn content is lowered; it favours the domain 

growth of magnetic nanoparticles (14.8 nm to 19.3 nm in MZ0-F). Hence part of the thermal 

energy now goes into the domain growth of magnetic nanoparticles and minimizes the rate of 

aggregation of nanoparticles. Thus decreasing Zn content in MZ fluids favours domain growth 
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under thermal aging, which minimizes thermally triggered aggregation of nanoparticles leading to 

enhance colloidal stability of MZ fluids at elevated temperature. 

This study indicates that dispersion stability of these magnetic fluids against thermal 

aging decreases with increase in the degree of Zn-substitution in MZ nanoparticles. Decreasing 

Zn-content in MZ fluids favours domain growth under thermal aging, which minimizes thermally 

triggered aggregation of nanoparticles leading to enhance colloidal stability. Under optimized 

conditions, MZ0-F and MZ2-F fluids are stable upto 125 °C for 72h of thermal aging. 
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CHAPTER 7 

CONCLUSIONS AND SCOPE FOR FUTURE WORK 

7.1 CONCLUSIONS 

7.1.1 Structural and magnetic properties of MZ nanoparticles / fluids 

A series of Mn1-xZnxFe2O4 (x = 0–1) (MZ) nanoparticles have been synthesized by chemical co-

precipitation method by controlling the degree of Zn-substitution, reaction pH, reaction 

temperature and reaction time. All synthesized nanoparticles are superparamagnetic. They 

possess mixed spinel structure. No specific trend has been observed on the degree of 

substitution of bivalent metal ions (Mn2+) at the tetrahedral A-sites. However, a strong 

correlation has been observed between the crystallite, physical and magnetic particle sizes with 

the magnetic properties (magnetization and Curie temperature) of MZ nanoparticles. All the 

three types of particle sizes decrease with increase in the degree of Zn-substitution in the spinel 

matrix. This confirms that Zn acts as grain / domain growth inhibitor in the spinel matrix.  

  

  

Fig. 7.1. Saturation magnetization (Ms) and Curie temperature (Tc) of MZ nanoparticles as a 

function of (a) Zn content, (b) reaction pH, (c) reaction time and (d) reaction temperature. Here 

1 emu/g = 1Am2/Kg. 
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For smaller values of x (i.e. x = 0.2 – 0.4), the Ms of the MZ nanoparticles increases and for x > 

0.4 it decreases with increase in the degree of Zn-substitution. An analogous trend of Curie 

temperature of MZ nanoparticles has also been observed. Synthesis conditions (pH, reaction 

time, reaction temperature) affect the degree of Zn-substitution in the spinel matrix and hence 

can be used to tune the magnetic properties of MZ nanoparticles. Curie temperature of MZ 

nanoparticles have been tuned from 384 K to 665 K, which covers the entire operating 

temperature range of high power transformers (Fig 7.1).  

An analogous trend has been observed in the magnetic properties of MZ fluids. Both 

magnetic and hydrodynamic particle sizes of MZ fluids decrease with the increase in the degree 

of Zn-substitution. Polydispersity of MZ fluids is independent of degree of Zn-substitution 

(constant at 0.22-0.24) which suggest negligible agglomeration of nanoparticles leading to high 

colloidal stability of MZ fluids at room temperature (Fig 7.2) 

     

Fig. 7.2.  Polydispersity of as-synthesized MZ fluids as a function of Zn content and 

photographic view of as-synthesized MZ fluids showing good dispersion stability at room 

temperature. 

 

7.1.2 Effect of aging on the colloidal stability of MZ fluids 

As-synthesized MZ fluids possess good dispersion stability. When aged, each fluid exhibits 

enhanced hydrodynamic and magnetic particle sizes leading to an increase in their 

polydispersity. These enhanced polydispersity of MZ fluids is responsible for the reduction 

in the colloidal stability of MZ fluids. Although all MZ fluids are prepared with same 

protocols, they show different life expectancy. No correlation is observed between the 

lifetime of the fluids and the degree of Zn-substitution in MZ fluids. The lifetime of MZ 

fluids is of the order of 200+ days. 
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Table 7.1. Initial (before aging) and final (after aging for 210 days) polydispersity and magnetic 

particle (cluster) diameter of MZ fluids. 

  

Fluid 

Polydispersity Magnetic particle (cluster) size 

𝜎i 𝜎f Dmi (nm) Dmf (nm) 

MZ0-F 0.22 0.29 14.8 17.4 

MZ2-F 0.24 0.28 13.9 14.4 

MZ4-F 

 

0.23 

 

0.32 

 

11.6 

 

12.7 

 

MZ6-F 

 

0.23 

 

0.28 

 

9.3 

 

11.8 

 

MZ8-F 0.23 0.28 9.0 9.5 

𝜎i – initial polydispersity, 𝜎f – final polydispersity,  

Dmi –initial magnetic particle size, Dmf – final magnetic particle size 

Effect of accelerated thermal aging on the dispersion stability and magnetic properties has 

also been studied. Magnetic fluids are stable under accelerated thermal aging at elevated 

temperatures (from 50 °C to 125 °C), which is critical for their efficient performance in high power 

transformers. Dispersion stability of these magnetic fluids under thermal aging decreases with 

increase in the degree of Zn substitution in MZ fluids. Decrease in Zn-content in MZ fluids favours 

the grain / domain growth. This minimizes thermally triggered aggregation of nanoparticles leading 

to better colloidal stability of MZ fluids. Under optimized conditions, MZ0-F and MZ2-F fluids are 

stable upto 125 °C, while other fluids are stable only below 100 °C (Table 7.1). 

Table 7.2. Colloidal stability of magnetic fluids after thermal aging for 72 h (green arrow: stable; 

red arrow: unstable). 

Sample 
Temperature (°C) 

25 50 75 100 125 150 

MZ8-F   

MZ6-F   

MZ4-F   

MZ2-F   

MZ0-F   
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7.2 SCOPE FOR FUTURE WORK 

Magnetic fluids intended for Transformer cooling are required in larger quantities, typically of 

the order of few liters. Their Curie temperature should be in the close vicinity of the operating 

temperature of the power transformers and they should not lose their colloidal stability when 

aged under magnetic fields and temperature gradients. In this study, a series of stable magnetic 

fluids have been synthesized having Curie temperatures which cover the entire range of the 

operating temperature of the transformers. However, the volume of the fluid produced in a 

typical laboratory batch is limited to only few milliliters, which needs to be scaled-up. Batch to 

batch variation in the structural and magnetic properties and enhancement in the polydispersity 

while scaling up throws major challenges. To overcome these difficulties, scale-up protocols 

needs to be devised by involving digital automation of the entire process and an on-line, in-situ 

measurement of hydrodynamic particle size and size distribution.     

For transformer cooling applications, magnetic particles need to be dispersed in carrier 

fluids with high colloidal stability for long periods without significant degradation. However, 

stability of the suspension, especially the long term stability is a crucial factor for practical 

applications in power transformers. In this thesis, effect of size and size distribution of magnetic 

nanoparticles on the colloidal stability and magnetic properties of MZ fluids have been 

evaluated. This study was conducted over a period of 210 days. However, for the better 

understanding of the colloidal stability of magnetic fluids especially under magnetic field and 

temperature gradients, this needs to be done for an extended period, as the coolant life in a 

power transformer is of the order of years.  

Magnetic fluid flows under magneto convective and gravitational forces in transformers. 

This flow is even more complex in the presence of gradient magnetic field and dynamic 

temperature gradients that exist inside the transformers. Therefore, it is very important to study   

magnetohydrodynamic properties of magnetic fluids under identical conditions that exist inside 

the transformers, i.e. gradient magnetic fields and dynamic temperatures. An in-depth study on 

cooling efficiency and dielectric properties of transformer oil based magnetic fluids designed in 

this thesis needs to be conducted as well.  
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ANNEXURE-I 

EXPERIMENTAL 

Materials 

AR grade FeCl3 and oleic acid were obtained from S.D. fine-chem Ltd., MnCl2.4H2O and 

ammonia solution was purchased from LOBA chemicals. ZnSO4.7H2O, NaOH, ethanol and 

acetone were purchased from Merck. Transformer oil was gifted by M/S Savita Oil Technologies 

Limited, India. All chemicals were used as-received without any purification. Aqueous solutions 

were prepared in Milli-Q ultrapure water (ρ = 18.2 MΩ). The chemical structures of the reagents 

used for the synthesis of magnetic fluid are shown below: 

 

FeCl3 

 

MnCl2.4H2O 

 

ZnSO4.7H2O 

 

NaOH 
 

Acetone 
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Ethanol 

 

Oleic acid 

 

Transformer Oil 

 

 

A1. Synthesis of MZ magnetic nanoparticles 

A series of Mn1-xZnxFe2O4 (x = 0 – 1) nanoparticles were synthesized by chemical co-

precipitation of Fe3+
, Mn2+ and Zn2+ from their aqueous salt solutions. Aqueous solutions of 

MnCl2.4H2O, ZnSO4.7H2O and FeCl3 were prepared by dissolving stoichiometric quantities of 

each of these salts in 100 mL distilled water. pH of the solution was adjusted to < 2 with dilute 

HCl. It was then added under constant stirring into 100 mL aqueous solution of NaOH. The molar 

ratio of (MnCl2.4H2O + ZnSO4.7H2O) :  FeCl3 :  NaOH was maintained as 1 : 2 : 8. The solution 

pH was then adjusted to 11 with 1 M NaOH. It was stirred for 20 min. During this, metal salts get 

converted into their hydroxides 

 (1-x) Mn2+ + x Zn2+ + 2Fe3+ + 8OH-                       (1-x) Mn(OH)2 x Zn(OH)2 2Fe(OH)3               (1) 

These metal hydroxides were then subjected to constant heating at 90 ºC for 3h. During this time 

hydroxides transform to nanoparticles of metal oxides. 

(1-x) Mn(OH)2  x Zn(OH)2  2Fe(OH)3                         Mn(1-x)ZnxFe2O4 + nH2O                          (2) 

Magnetic nanoparticles were cooled to room temperature, magnetically decanted and washed 

multiple times with warm distilled water. The resulting black precipitates were washed with 

acetone and dried overnight at 100 °C. 

90 ºC 

90 ºC / 3h 
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A2. Synthesis of MZ4 nanoparticles 

A series of Mn0.6Zn0.4Fe2O4 (MZ4) nanoparticles were prepared by co-precipitation method at 

varying conditions of pH (10 – 13), reaction temperature (80 – 100 °C) and reaction time (1 – 4 

h). MnCl2.4H2O, ZnSO4.7H2O and FeCl3 were used as precursors and sodium hydroxide was used 

as precipitating agent. Aqueous solutions of MnCl2.4H2O, ZnSO4.H2O and FeCl3 were prepared 

by dissolving appropriate quantities of each of these reactants in 100 mL distilled water. The pH 

of the solution was adjusted to < 2 with dilute HCl.  It was added to 100 mL NaOH solution under 

continuous stirring. The molar ratio of (MnCl2.4H2O + ZnSO4.7H2O) : FeCl3 : NaOH was kept at 

1 : 2 : 8. The solution pH was adjusted between 10 to13 by adding desired quantity of 1 M NaOH 

solution. Within 20 min of stirring, metal salts were converted into their hydroxides. Metal 

hydroxides were then subjected to heating at 80  ̶  100 °C for 1  ̶  4 h. During this heating cycle, 

metal hydroxides transform themselves to metal oxide nanoparticles. Magnetic nanoparticles were 

then cooled to room temperature and decanted with permanent magnet. They were washed 

multiple times with copious amount of warm distilled water followed by an acetone wash and 

dried overnight at 100 °C. 

  

A3. Synthesis of MZ fluids 

As-synthesized magnetic nanoparticles Mn1-xZnxFe2O4 (x = 0 – 1) were coated with monolayer of 

oleic acid. For this purpose, ammonium oleate was prepared by reacting oleic acid with 

ammonium hydroxide under constant magnetic stirring. Ammonium oleate was added into the 

pre-synthesized nanoparticles. It was heated to 93 °C. At this temperature, ammonium oleate 

decompose and oleic acid chemi-adsorbed on the surface of magnetic nanoparticles through 

metal-hydroxyl bonds. After cooling it to the room temperature, the oleic acid coated magnetic 

nanoparticles were foculated with dilute HCl. Nanoparticles were magnetically decanted and 

washed several times with warm distilled water to remove excess surfactant. Finally they were 

washed with acetone-ethanol (v/v = 1:1) solution and redispersed in commercial grade 

transformer oil by mild heating under continuous stirring. 

 

A4. Colloidal stability of Magnetic Fluids 

To understand the effect of aging on the colloidal stability of magnetic fluids; an aging study was 

performed for 210 days. Effect of aging on the dispersion stability of magnetic fluids were 
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determined by photon correlation spectroscopy. Changes in the hydrodynamic size of 

nanoparticles in magnetic fluids also affect their magnetic properties. These aging induced 

changes in magnetic properties of fluids, were also determined by vibrating sample 

magnetometry.  

A5. Colloidal stability under accelerated thermal aging 

To understand the effect of thermal aging; each magnetic fluid was subjected to thermal aging at 

50 °C, 75 °C, 100 °C, 125 °C and 150 °C for 24 h, 48 h and 72 h. To monitor the effect of thermal 

aging on dispersion stability of magnetic nanoparticles in transformer oil, after each aging cycle; 

magnetic fluids were characterized by photon correlation spectroscopy and vibrating sample 

magnetometry. The hydrodynamic particle size and polydispersity index of magnetic 

nanoparticles were determine by Brookhaven “90 plus” particle size analyzer. Magnetization 

measurements were performed on LakeShore 7404 vibrating sample magnetometer at room 

temperature.  

A6. Characterizations of MZ particles / fluids 

Magnetic nanoparticles were characterized by X-ray diffraction. Structural investigation of 

nanoparticles was carried out on PAN analytical X’pert PRO powder X-ray diffractometer. X-ray 

diffraction patterns were recorded at room temperature by using monochromatic CuKα radiation 

(λ = 1.5405 nm) in the 2 range of 28° to 70°. X-ray diffraction patterns were refined by Rietveld 

refinement technique using “Fullprof suite” program. Transmission electron microscopy (TEM) 

image of magnetic nanoparticles was recorded on JEOL JEM 200 transmission electron 

microscope, which was operated at 200 kV. Magnetization and Curie temperature measurements 

of MZ4 nanoparticles were carried out on Lake Shore 7404 vibrating sample magnetometer 

(VSM). M–H loops were measured at 25 °C for magnetic field strength (H) of 0 to 5 KOe. High 

temperature M–T measurements were also carried on Lake Shore 7404 VSM with 74035 single 

stage cryostat oven assembly from 300 K to 700 K. 

As synthesized MZ fluids were characterized by vibrating sample magnetometer (VSM) 

for their magnetic properties, photon correlation spectroscopy (PCS) for their hydrodynamic size 

and size distribution measurement. Magnetization measurements were performed on LakeShore 

7404 vibrating sample magnetometer at room temperature. The hydrodynamic particle size and 

polydispersity index of MZ fluids were determine by Brookhaven “90 plus” particle size analyzer.  


