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PREFACE 

 

Nanoscale transition metal-metal oxide matrix composites are significant materials for a wide 

range of potential technological applications due to their tunable physical properties. These 

nanocomposites are produced by the addition of reinforcement particles to the metal oxide 

matrix. Based on the processability, transition metal nanoparticles embedded in a transition 

metal oxide matrix have been extensively implemented in various areas of research, such as 

catalysis, gas sensors, Li-storage anodes, supercapacitors, spintronic devices, and hard 

magnetic materials. For ferromagnetic transition metals, the changes in the magnetic properties 

reflect the progression of in-situ or ex-situ reduction in transition metal-oxides. This forms an 

exciting part of the research for the creation of ferromagnetic nanoparticles embedded in the 

antiferromagnetic oxide matrix. 

Among them, NiO-based nanocomposite obtained through the in-situ reduction process 

is a significant area for industrial applications. Most of the NiO reductions reported in the 

literature are the high temperature based displacement reactions. Thus, a preferable solid-solid 

or solid-liquid mechanochemical reduction by reactive milling process can lead to the 

fabrication of NiO-based nanocomposites with tunable structural and magnetic properties. 

Reactive milling or the mechanochemical synthesis by using a high-energy ball milling route 

is a cost-effective and industrially viable process for the fabrication of materials in fine powder 

form with the requisite shape and dimension. However, most of the reported NiO reduction 

works are limited either to the evaluation of the structure of nanocomposites or to their 

magnetic behavior. Although the microstructure and magnetic properties of a system at the 

nanoscale are closely connected, detailed studies involving both the features are rare in the 

literature. 

Therefore, in this thesis, we present a detailed investigation of NiO reduction dynamics 

and the properties of the resulting NiO-(Al/Ti/Mg) based nanocomposites prepared by using 

the high-energy planetary ball milling technique under dry milling conditions. This study 

includes (i) the effect of the substitutional elements on the nature and types of NiO reduction 

dynamics; (ii) the impact of reduction process on the structural, vibrational, and magnetic 

properties of NiO-(Al/Ti/Mg) nanocomposites as a function of specified compositions and 

milling periods; (iii) understanding of the temperature and field-dependent magnetic properties 

of the as-milled powders; and (iv) obtaining correlations between the structural, 
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microstructural, vibrational and magnetic properties of the nanocomposites with the 

mechanochemical reduction dynamics and composition-dependent behaviors. 

The present thesis is organized as follows: Chapter 1 presents a brief introduction to 

the content of the thesis, along with the relevant literature review in detail. Chapter 2 

summarizes the fundamental aspects, including the brief overview of the structure of NiO, 

defects, mechanochemical reduction process, the basics of magnetism, intrinsic properties of 

magnetic materials, types of anisotropies and magnetic interactions, etc. Chapter 3 discusses 

the experimental techniques, including the sample preparation methodologies used in the 

present studies. The basic principle and theory behind the experiments, the experimental set-

up, and the measurements/methodologies leading to the determination of the physical 

properties are also discussed. The results and discussions of NiO-(Al/Ti/Mg) based 

nanocomposite powders, obtained by using high-energy ball milling technique, are presented 

in Chapters 04 to 06.  

Chapter 4 discusses the effects of Al (x at.%) content and milling time (tm) on the 

structural and magnetic properties of NiO-Al based nanocomposites. In-situ NiO-Ni-Al2O3 

nanocomposites are prepared by varying (i) the compositions of the initial powders as NiO-Al 

(x at.%) with x = 0 - 40 for a constant milling time (tm) of 30 hrs and (ii) tm from 0 to 30 hrs 

and by fixing the compositions as NiO-Al (x at.%) with x = 0, 20, 40. The dynamics of 

mechanically activated aluminothermic reduction of NiO involving two different types of 

reaction kinetics, and the resulting structural and magnetic properties are reported in detail. 

Chapter 5 is meant for the detailed study of the structural, vibrational, and magnetic properties 

of NiO-Ti based nanocomposites prepared (i) by varying the compositions of the initial 

powders as NiO-Ti (x at.%) with x = 0 - 35 for a constant tm of 30 hrs and (ii) by varying tm 

from 0 to 30 hrs and by fixing the compositions as NiO-Ti (x at.%) with x = 20, 35. The 

correlation between structural, vibrational, and magnetic properties of the milled powders 

concerning the reduction dynamics is presented elaborately. Chapter 6 is focused on the 

systematic investigations on the structural, vibrational, and magnetic properties of NiO-Mg 

based nanocomposites prepared by varying the composition of the powders as NiO-Mg (x 

at.%) with x = 0 – 50.  

The above systematic investigations have several interesting outcomes, which 

contribute to the understanding of (i) the reduction dynamics and the resulting physical 

properties of NiO-(Al/Ti/Mg) powders under different compositions and milling periods, (ii) 

the magnetic phase transitions, temperature-induced structural phase transformation and the 

associated magnetic behaviors, and (iii) the exchange bias effect and its magnitude depending 
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on the relative fractions of NiO and Ni phases. Furthermore, the present studies have also 

revealed the strong correlation between structure, vibrational, and magnetic properties of NiO-

(Al/Ti/Mg) based nanocomposites prepared under optimum milling conditions. To the best of 

our knowledge, this is the first time we are reporting the mechanochemical reduction dynamics 

and the correlative magnetic behavior over a wide range of compositions. The controlled 

reduction of NiO by Al/Mg/Ti into the in-situ nanocomposites may find possible applications 

in the fields of metallurgy, ore reduction, and catalysis.  

Chapter 7 provides a summary of the results obtained in the thesis and briefly points 

out the scope for further work on these topics. References and lists of publications arising out 

of the present investigations are listed at the end of the thesis. 

  

TH-2283_146121018



vi 

 

  

TH-2283_146121018



vii 

 

CONTENTS 

1. Prologue 1 

 1.1. Introduction 2 

 1.2. Motivation behind the work 3 

 1.3. Objectives of the thesis work 8 

2. Fundamental aspects and theoretical models 9 

 2.1. Introduction 10 

 2.2. Structural properties 10 

  2.2.1. Crystal structure 11 

  2.2.2. Magnetic structure 11 

 2.3. Crystallographic defects 13 

  2.3.1. Intrinsic defects 14 

  2.3.2. Extrinsic defects 16 

 2.4. Reduction reactions 17 

  2.4.1. Thermochemical reduction 17 

  2.4.2. Mechanochemical reduction 19 

   2.4.2.1. Solid-Solid reduction 24 

    2.4.2.1.1. Gradual reduction 25 

    2.4.2.1.2. Self-propagation reduction 25 

 2.5. Magnetic ordering 27 

  2.5.1. Origin of magnetism 27 

  2.5.2. Diamagnetism 28 

  2.5.3. Paramagnetism 28 

  2.5.4. Ferromagnetism 30 

  2.5.5. Antiferromagnetism 32 

 2.6. Intrinsic properties of magnetic materials 34 

  2.6.1. Exchange interaction 34 

 2.7. Anisotropy 36 

  2.7.1. Magnetocrystalline anisotropy 38 

  2.7.2. Exchange anisotropy (bulk) 40 

  2.7.3. Shape anisotropy 41 

  2.7.4. Surface anisotropy 43 

  2.7.5. Magnetoelastic anisotropy 43 

  2.7.6. Induced anisotropy 44 

 2.8. Size effects and magnetism 45 

 2.9. Magnetic interaction 48 

TH-2283_146121018



viii 

 

  2.9.1. Direct exchange interaction 48 

  2.9.2. Super-exchange interaction 48 

  2.9.3. Magnetic dipole-dipole interaction 50 

  2.9.4. Anisotropy interaction 50 

 2.10. Law of approach to magnetic saturation 50 

3. Experimental Methods 53 

 3.1. Introduction 54 

 3.2. Techniques used for sample preparation 54 

  3.2.1. Ball milling technique 54 

   3.2.1.1. Mechanical milling 54 

   3.2.1.2. Reaction milling 56 

 3.3. Structural characterization 56 

  3.3.1. X-ray Diffraction 56 

  3.3.2. Scanning electron microscopy 59 

  3.3.3. Transmission electron microscopy 62 

 3.4. Spectroscopic characterization 65 

  3.4.1. Micro-Raman spectroscopy 65 

  3.4.2. X-ray photoelectron spectroscopy 67 

 3.5. Thermal property characterization 68 

  3.5.1. Differential scanning calorimetry 68 

 3.6. Magnetic property characterization 70 

  3.6.1. Vibrating sample magnetometer 70 

  3.6.2. Physical property measurement system 72 

4. Milling of NiO-Al powders: Effect of Composition and Milling time 75 

 4.1. Introduction  76 

 4.2. Experimental details 77 

 4.3. Results and discussion 79 

  4.3.1. Effect of Al content on the properties of NiO-Al powders 79 

   4.3.1.1. Structural properties 79 

   4.3.1.2. Magnetic properties 85 

  4.3.2. Dynamics of milling on the properties of NiO-Al powders 90 

   4.3.2.1. Structural properties 92 

   4.3.2.2. Magnetic properties 98 

 4.4. Summary 108 

5. Milling of NiO-Ti powders: Effect of Composition and Milling time 111 

 5.1. Introduction  112 

 5.2. Experimental details 112 

TH-2283_146121018



ix 

 

 5.3. Results and discussion 115 

  5.3.1. Effect of Ti content on the properties of NiO-Ti powders 115 

   5.3.1.1. Structural properties 115 

   5.3.1.2. Vibrational properties 120 

   5.3.1.3. Magnetic properties 122 

  5.3.2. Dynamics of milling on the properties of NiO-Ti powders 129 

   5.3.2.1. Structural properties 130 

   5.3.2.2. Vibrational properties 137 

   5.3.2.3. Magnetic properties 139 

 5.4. Summary 145 

6. Milling of NiO-Mg powders: Effect of Composition 147 

 6.1. Introduction  148 

 6.2. Experimental details 148 

 6.3. Results and discussion 150 

  6.3.1. Structural properties 150 

  6.3.2. Vibrational properties 158 

  6.3.3. Magnetic properties 158 

 6.4. Summary 165 

7. Summary and scope for future work 167 

 7.1. Summary of the results 168 

 7.2. Scope for future work 171 

References 173 

Publications 189 

  

 

  

TH-2283_146121018



x 

 

 

TH-2283_146121018



Chapter 1: Prologue 

 

1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 1 

Prologue 

 

 

  

TH-2283_146121018



Chapter 1: Prologue 

 

2 

1.1. Introduction: 

‘There’s Plenty of Room at the Bottom’, the technological vision of extreme 

miniaturization, envisioned and presented by the esteemed Nobel Laureate Richard P. 

Feynman [FEYN1960] at the California Institute of Technology has now become a classic 

in the 20th-century science. This embodied the next scientific and industrial revolution 

through the introduction of the newer and exciting world of ‘NANOSCIENCE’ 

[FEYN1960, DAVI1999, DUPA2007, SCHO2018]. Often regarded as ‘the science of 

extremely tiny’, nanoscience in a broader sense envisions a technology using the ultimate 

toolbox of nature, through the atomic built-up of materials with smallest functional 

organizations lying within the dimension of nanometer-scale or one billionth of a meter 

scale [BHUS2007]. Coined in the year 1974 by Norio Taniguchi to describe extra-high 

precision and ultra-fine dimensions, nanotechnology is the controlled manipulation of 

individual constituent molecules and interacting groups of molecules to produce 

nanostructured materials and submicron objects, which can have practical applications in 

the real world. The nanomaterial synthesis is divided broadly into two categories (Top-to-

bottom and bottom-to-top approaches) and find the most profound impact on the 21st century 

economic and social stature. Scientific research in nanoscale science and technology 

promises breakthroughs in the diverse areas of materials and manufacturing, electronics, 

biotechnology, healthcare, energy, environment, and the field of information technology 

[CHON2004, KELS2005, SING2011, WOLF2012, PATR2018, STEF2018]. 

In this context, due to the rapid progress in the fabrication and processing of 

nanostructures, the nanomaterials are classified depending upon their size, geometries, 

crystalline textures, chemistries, and physical properties, which are known as nanoparticles, 

nanowires, nanoribbons, nanofibers, nanocomposites, nanofoams, nanopores, nanocrystals, 

etc. [RAOC2004]. Among them, nanocomposites are the example of a real and rapidly 

growing application through the still futuristic image of the nanotechnological world 

[BHUS2007, PAUL2008, CAMA2009, CHOI2019]. In general, composite is an 

assemblage of two or more phases of chemical constituents or structures of different natures. 

It usually consists of a matrix and a reinforcement (either in metal, ceramic, or polymer 

phase) and completes a better performance material than their individual counterparts 

[CHAW2012, HUN2012]. Especially, nanocomposites are the unique architectured 

composite/hetero-structures with multiple phase domains (as shown in Figure 1.01), and at 

least one of the domains has a nanometric dimension. It is also possible that all the phases 

TH-2283_146121018



Chapter 1: Prologue 

 

3 

can have nanometer dimensions. Nanocomposites have emerged as suitable alternatives to 

outdo the limitations of Monolithics and micro composites by the incorporation of 

nanosized particles into the matrix of a standard material.  

 

Figure 1.01: Schematic representation of types of nanocomposites. 

 

Recently, they also attracted much attention owing to the synergistic properties induced by 

the interactions between different nanometer-scale objects. Nanocomposites show 

fascinating magnetic, magneto-optical, and semiconducting properties, which can easily be 

modulated by the interfacial interactions between the different nano-components. This 

opens up novel opportunities to develop advanced multifunctional nanomaterials for device 

concepts and applications [KREM2012]. Among the different nanocomposite systems, 

metal-oxide based nanocomposites with tailored properties find potential applications in the 

fields of photocatalytic [LINI2011, PRAJ2019], photovoltaic [CLAV2014], electronic 

[COST2009], and magnetic properties [YIJB2005, FIGU2008]. Also, the metallic 

nanoparticles coupled/dispersed finely with metal oxides are of promising applications in 

catalysis, plasmonics, sensors, nanomagnetism, ore-reduction, metallurgy processes 

[PATE2019], etc.  

 

1.2. Motivation behind the work: 

With the recent advances in the processability and applications of metal-metal oxide 

nanocomposite systems, there has been a considerable search for new metal oxides, which 

can be directed towards controlled compositions and structures. Nevertheless, to reach a 

suitable transition metal oxide (TMO), care has to be taken on the choice of the materials. 

Among all the TMOs, Nickel Oxide (NiO) is one of the most promising materials owing to 

its excellent characteristics such as high chemical and thermal stabilities with environmental 

TH-2283_146121018



Chapter 1: Prologue 

 

4 

benignity, low cost, and enhanced physical and chemical properties from the reduction of 

bulk to nanostructure [KATE2018]. Being a transition metal monoxide with a simple face-

centered-cubic (fcc) structure (Space group 𝐹𝑚3̅𝑚 and number 225), it possesses a strongly 

correlated electron system. NiO is the known antiferromagnetic oxide that presents the 

highest Néel temperature (TN ∼ 525 K) [RINA2014] and hence, plays a crucial role in 

addressing the challenge of storage density increase in magnetic recording media 

[DETO2015]. In the last decade, nanoscale NiO has generated renewed interest owing to its 

properties such as high surface-area-to-volume-ratio, presence of defects like Ni and O 

vacancies, tunable magnetic and electric properties, etc. and find applications in catalysis 

[XIAO2011], biosensors [TYAG2013], electrochromics [RUNN2014], anodic capacitors 

[PILB2015], fuel and solar cells [GIBS2013], smart windows [PATI2013] and spintronic 

devices [VARD2015]. Besides, NiO shows effective particle size-dependent magnetic 

properties with competitive finite-size versus surface effects where the AFM behavior of 

NiO is mostly tuned at nanolevel [RICH1956, KODA19971, TIWA2005, MAND2011, 

KISA2014, GAND20171]. With the strong interplay between finite-size effects, defects and 

oxygen vacancies, NiO nanoparticles exhibit significant moments, high coercivity, loop 

shifts, and size-dependent Curie temperature (TC) [MAKH1997, KODA19971, TIWA2005, 

YIJB2007]. 

Besides, with the recent amalgamations of metal-metal oxide nanocomposites 

having one and/or more magnetic constituents, there has been considerable research 

attention towards the ‘Magnetic Nanocomposites’ systems, which possess unique and novel 

properties induced by magnetic interactions between their constituents [BEHR2011, 

GOVA2014, HAUS2015, TIET2015, ZHAN2017, SWIA2018]. Hence, metal-oxide based 

magnetic nanocomposites containing AFM ordered NiO and/or FM Ni are extensively 

studied to tune the overall structural and magnetic behavior of the nanocomposite systems. 

As the properties of the multi-component particles depend not only on their size and 

structure but also by their composition, these NiO/Ni-based nanocomposites are of 

extensive applications than the single component particles. Hence, these composites have 

received increased attention not only for their interesting chemical characteristics, such as 

applications in bioseparation [LEEI2006], Li-storage [CHEN2018], catalysts [SONG2017], 

fuel cell electrodes [MURA1996], gas sensors [FASA2013], or supercapacitors/battery 

hybrids [LUQ2011] but also for their magnetic properties [SORT1999, SALG2008, 

JOHL2014, YAOX2014]. In particular, the NiO/Ni nanocomposites having FM Ni 
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nanoparticles embedded in the AFM NiO matrix show interesting magnetic phenomena, 

like the exchange bias effect, tunable blocking temperature, and TC [SETO2005, 

NOGU2008. DELB2011, DUAN2012, KREM2012, KISA2014, GOKU2015, 

BHAN2019]. 

However, to tailor the properties of these nanocomposites, a relevant synthesis route 

is necessitated to control the chemical composition, crystal structure, morphology, and 

mutual interaction between metallic and oxide phases. Depending upon the synthesis routes, 

these nanocomposites can be classified into two groups: ex-situ and in-situ. The ex-situ 

processes consist of the addition of reinforcements prior to the synthesis [XIAK2010, 

CASA20141]. In contrast, the in-situ composites have reinforcement phases formed through 

the chemical reactions between different components in the system during the processing 

itself [CASA20142]. There are several techniques implied for the synthesis of metal-metal 

oxide nanocomposites, like hydrothermal [TUW2015], sputtering [YIJB2005, ABIY2007], 

pulsed electro-deposition [LIAN2015], physical vapor depositions [HONC2010], sol-gel 

[KWIA2000, ENNA2004], solution combustion [PRAB2015], eruption combustion 

[WENW2011], ball-milling [TAKA1993], etc. Amongst all these techniques, the in-situ 

mechanochemical approaches coupling both the mechanical and physical phenomena using 

the high-energy ball milling technique have gained unprecedented attention for the synthesis 

of nanocomposites with tunable properties [DOPP2004, NOGU2008, KAUP2011]. 

 

Figure 1.02: Schematic diagram of a mechanochemical reaction process in NiO. 
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Ball milling/mechanical alloying (MA), in general, represents a solid-state powder 

processing technique that involves repetitive welding, fracturing, and rewelding of the 

powder particles in a high-energy ball mill [SURY2001]. This preparation route is not only 

used to synthesize nanocrystalline materials, amorphous alloys, solid-solutions, and 

intermetallic phases but also activates the solid-solid and even solid-liquid chemical 

reactions during the milling process effectively [SURY2001, SURY2004]. If the initial 

powder mixtures are chemically reactive by nature, the milling is not only associated with 

the size refinement but also accompanied by the chemical reactions [KOCH1991]. As the 

mechanical energy supplied during the milling process is utilized for processing the in-situ 

chemical reactions, it has been termed as the mechanochemical synthesis/reactive milling. 

In reactive milling, the intensive mechanical treatment of crystalline solids occurs through 

the repetitive welding and fracturing of powders as schematically presented in Figure 1.02. 

This leads to the increasing area of contact between the reactant powder particles due to 

significant plastic deformation and the size refinement. This allows the fresh surfaces to 

come into contact repeatedly with the simultaneous accumulation of structural defects, and 

the reaction proceeds without any diffusion process through the product phases. As a 

consequence, it induces chemical reactions with a kinetic and thermodynamic behavior 

much different from the thermochemical reactions [TSUZ2004]. This method is one of the 

most inexpensive techniques for studying the metal-oxide based reduction processes on the 

different reaction kinetics, which is predominantly suitable for the synthesis of advanced 

materials, composites, nanoparticles, and nanostructured materials at moderately low 

temperatures in a ball mill without any need for external heating. 

The mechanochemical reduction processes in different oxide systems have been 

reported: (1) Schaffer et al. [SCHA1989] reported reaction between Ca and CuO to produce 

metallic Cu; (2) Takacs [TAKA1992] illustrated the reduction of Fe3O4 by Al; (3) Lu et al. 

[LUY1993] also showed the reduction of Fe3O4 by Al for the formation of both 

ferromagnetic and superparamagnetic Fe particle; (4) Mulas et al. [MULA2001] 

demonstrated for Cu2O and CuO by reacting with Ti and Zr; (5) Botta et al. [BOTT2003] 

revealed the formation of Fe-FeAl2O4-Al2O3 metal ceramics complex by the 

mechanochemical activation of the Al and Fe3O4 powder mixtures; (6) Venugopal et al. 

[VENU2005] showed the reduction of CuO and Cu2O by Al to develop Cu and Al2O3 

nanoparticles; (7) Heidarpour et al. [HEID2009] illustrated the formation of Al2O3/Mo 

nanocomposite by reacting Al with MoO3; (8) Hosseini et al. [HOSS2012] studied the 
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synthesis of Co and Al2O3 from Co3O4/Al powder mixture, etc. In addition, the careful 

review of the literature suggests that most of these reduction reactions are conducted by Al. 

In the case of NiO, the solid-state reaction of NiO and a solid-metallic reducing agent 

has been reported earlier. Matteazzi et al. [MATT1992] initially investigated the solid-state 

reaction of NiO-Al using the planetary ball mill to produce the Ni/Al2O3 nanocomposite. Li 

et al. [LIJ2004] studied the preparation of Ni/Al2O3 nanocomposite powders by using the 

high-energy ball milling and observed the non-occurrence of self-propagation reactions due 

to the presence of dilute alumina in the raw powder mixture. Anvari et al. [ANVA2009] and 

Oleszak [OLES2004] have shown the formation of α-Al2O3 during dry milling of NiO-Al. 

Similarly, the effect of mechanical activation on the NiO-Al reaction process was reported 

by Udhayabanu et al. [UDHA2010] using toluene as a process controlling agent. The 

reduction reaction was observed to progress gradually during milling. But, after heating at 

1000 °C, the amorphous alumina formed during the milling transformed into a stable α-

Al2O3. Reactive ball milling of NiO by H2 was reported by Doppiu et al. [DOPP2004]. 

Similarly, Jagtap et al. [JAGT1992] and Yang et al. [YANG1998] demonstrated the 

carbothermal reduction of NiO. The Ni0.6Zn0.4O composites have been prepared in NiO-Zn 

mixture at lower temperatures using the high-energy ball milling procedure, and the 

reduction reaction was observed to progress gradually during the milling [SETO2015]. 

Setoudeh et al. [SETO2017] studied the reduction reaction between NiO and Mg and 

observed the complete magnesiothermic reduction of NiO within 15 minutes of milling for 

the stoichiometric composition of Mg and NiO. 

These literature reviews summarize that the process of reduction in NiO and, in 

particular, studied via the mechanochemical reduction processes has been carried out 

randomly for the limited compositions without any systematic investigations. Furthermore, 

the detailed analyses of the resulting magnetic properties of the in-situ nanocomposites, 

formed due to different types of reduction, are still missing. It may be noted that the study 

of NiO reduction and the control of properties of subsequent Ni are of practical importance 

in the fields of ore reduction [HIDA2009], catalysis [LESC2004] and solid-oxide fuel cells 

[SING2003, GUOL2014], and resistive random access memory [BRUC2003]. However, 

most of the reported literature is based on the change in the structural properties of the 

composite systems, and no systematic work has been carried out to study the magnetic 

properties of the resultant nanocomposites products.  
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This motivated us to plan the current thesis work with the following objectives as 

given below: 

 

1.3. Objectives of the thesis work: 

 To prepare the NiO-(Al, Ti, Mg) based nanocomposites by the reactive milling 

process in a high-energy ball mill under dry milling conditions and argon gas 

environment. 

 To study the effect of (i) the substitutional elements for a particular milling period, 

and (ii) the milling periods for the selected composition on the nature and types of 

NiO reduction dynamics. 

 To investigate the effect of the reduction process on the structural, vibrational, and 

magnetic properties of NiO-(Al/Ti/Mg) nanocomposites as a function of 

compositions and milling periods. 

 To understand temperature and field-dependent magnetic properties of the as-milled 

powders. 

 To study the effect of temperature-induced structural phase changes in the milled 

NiO-(Al, Ti, Mg) powders.  

 To analyze the correlation between the structural, microstructural, vibrational, and 

magnetic properties of the nanocomposites with the mechanochemical reduction 

dynamics and composition-dependent behaviors. 
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2.1. Introduction: 

Magnetism is a class of physical phenomena by which materials affirm an attractive or 

repulsive force. Dated back to almost a thousand years, the history of magnetism is coeval 

with the history of science. However, to date, the underlying principles and mechanisms, 

which elucidate the magnetic properties of the materials are quite complex and mysterious. 

It is well-known that most of the modern technological devices such as sensors, electric 

motors, hard disk drives, etc. rely on magnetism and magnetic materials. This triggered 

extensive studies of various types of magnetic materials from both fundamental and 

application points of view over the last few decades. Throughout the years, magnetic 

materials have evolved from bulk form to the nanostructures to cater to newer demands via 

novel technologies. In particular, the recent endeavors on the development of magnetic 

properties in new types of magnetic materials in the abundant oxide forms and the broad 

latitude of tunability of the magnetic properties in the nanoscale region has received 

widespread recognition in the field of artificial engineering. This chapter provides an insight 

into the structural properties, crystal structure, magnetic structures, defects, reduction 

reactions of metal-oxide materials, and the origin of magnetism in solids, the phenomena of 

different types of magnetism, and anisotropy. 

 

Figure 2.01: Schematic representation of the collinear arrangement of (a) crystal structure, 

and (b) magnetic structure. 

 

2.2. Structural properties: 

The high degree of correlation between the structural, morphological, chemical, and 

magnetic properties of Transition-metal oxides (TMOs) makes way to the myriad of 

fundamental science and research activities [DUOL2010]. Among all these TMOs, Nickel 

oxide (NiO) is one of the most extensively studied low dimensional oxide system owing to 
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its potential applicability in the fields of catalysis [CHAI2017, KUCH2017, SONG2017], 

batteries [NIS2013, XUD2017], gas sensors [MILL1997], electrochromic films [FARI1998, 

HUAN2011, MOUL2014, BROW2016], and magnetic materials [MAKH1997, ICHI2003, 

MORI2018, MORI2019]. Due to its simple crystallographic and well-known magnetic 

structure with an ordering temperature far above the room temperature, it is easy to grow 

single crystals as well as the thin films due to its high chemical and mechanical stability. 

The crystal structure and magnetic structure of NiO under the present investigations are 

discussed briefly in the following section. 

 

2.2.1. Crystal structure: 

NiO belongs to the group of binary 3d transition metal monoxides, RO (R = Mn, Fe, Co, 

Ni, Cu) having strongly correlated electron system of space group 𝐹𝑚3̅𝑚 [group number: 

225]. It adopts the classic NaCl structure as shown in Figure 2.01(a) with octahedral Ni(II) 

and O2- sites with the bulk lattice constant of (aNiO =) 4.1705 Å at 0 K [BERT1971]. In 

general, NiO is cubic rock-salt structured and exhibits pale green color when Ni and O are 

in a 1:1 stoichiometric ratio. 

 

2.2.2. Magnetic structure: 

The bulk NiO, due to its electronic structure and chemical bonding, is a prototypic collinear 

antiferromagnet having an easy-plane type-II antiferromagnetic (AFM) ordering with the 

standard Néel temperature (TN) of 523 K. Among all the TM monoxides, NiO possesses 

highest magnetic ordering temperature and consequently plays a crucial role for addressing 

the challenges in magnetic recording applications by allowing magnetic stability at low 

volumes well above the room-temperature range. The prototype magnetic unit cell of NiO 

is close to cubic, but with a doubled lattice parameter in order to accommodate the AFM 

spin arrangement, as shown in Figure 2.01(b). For T < TN, in the AFM form, amongst the 

twelve nearest neighbors surrounding any Ni ion, six are oriented parallel to the central ion, 

and six are arranged in an antiparallel manner [SHUL1951]. However, the number of next-

nearest neighbors for an infinite crystal of NiO is six, all coupled antiparallel to the central 

ion. The AFM order of NiO can be treated via two ferromagnetic (FM) spin lattices, which 

consists of the FM alignment of the magnetic moments of the Ni2+ ions order 

ferromagnetically in the (111) planes with adjacent (111) planes aligned antiparallel. Hence, 

the overall crystal shows a typical AFM ordering [SHUL1951, ROTH19581, ROTH1960, 
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HUTC1972, HILL2001]. In the paramagnetic state (above TN), the symmetry follows a 

typical face-centered cubic (fcc) structure [RICH1956]. However, passing from the 

paramagnetic state to the antiferromagnetic state, fcc structured NiO is accompanied by 

spontaneous strain and slightly departs from the cubic symmetry. This influences a weak 

cubic-to-rhombohedral distortion (𝑅3̅𝑚) due to magnetostriction [RICH1956, 

ROTH19582, MASS1991]. The relative orientation of the spins concerning each other is 

determined by the exchange interactions. 

In NiO, two components of spin configurations exist due to the non-local exchange 

interactions: (i) Direct exchange interaction between the nearest neighbors Ni ions, which 

favors the paring of spins to lower energy; and (ii) Super-exchange interaction, a very strong 

and dominant interaction, which originates from the next-nearest neighbor Ni ions. In line 

with this, the dominant coupling through the 180° super-exchange interaction is 

strengthened by the rhombohedral distortion, which enables the next nearest neighbor Ni 

ions to get closer together [SHUL1951, LOUD2012]. According to the concepts of 

Anderson [ANDE1950], the dominant exchange forces are produced by the phenomenon of 

super-exchange interaction where the electronic wave functions of the magnetic Ni ions 

overlap with the intermediate oxygen ions; thus the next-nearest neighbors are especially 

significant in controlling the alignment of the magnetic moments, thereby determining the 

type of magnetic lattice [ROTH1960]. Experimental measurements of the magnetic 

moments give values between 1.77 and 2.2 ± 0.2μB per Ni ion, and usually, each Ni 2p ion 

has its spin-only magnetic moment of 2μB [KWON2000]. 

 

Figure 2.02: Schematic representation of the collinear arrangement of (a) magnetic 

structure, (b) T-domain, and (c) S-domain of bulk NiO [HTTP0001]. 

 

NiO was the first material where the antiferromagnetic domain structure was directly 

observed. This was supposedly due to its ordering at room temperature and thereby proved 

TH-2283_146121018



Chapter 2: Fundamental aspects and theoretical models… 

 

13 

the Néel’s hypothesis proposed in 1954 [TANN1979]. As said before, due to the exchange 

striction of NiO below TN, the cubic symmetry at the antiferromagnetic state is lowered to 

the trigonal symmetry and becomes normal to the ferromagnetic (111) plane. Therefore, 

each of the magnetic domains in NiO possesses its unique trigonal axis. As the 

ferromagnetic ordering is observed in alternate (111) planes and there are possible four 

equivalent (111) planes where ordering can occur; four types of possible domains called as 

‘T domains’ are observed [ROTH1960, SLAC1960, HUTC1972, MARM1979, 

MADE1984, SANG2006]. The T domains are, in fact, quite equivalent to the 

crystallographic twins and hence called as the T (or twin) domains. Moreover, within each 

T domain, the alignment of spins happens in three equivalent (112) directions due to 

magnetostriction [as shown in Figure 2.02(a, b, c)] and hence a further subset of three 

domains is observed known as the ‘S domains’. Table 2.01 summarizes the crystallographic 

directions of the T and S domains of NiO. The top row presents the stacking directions of 

ferromagnetic Ni2+ planes in the four T domains, whereas the other rows show spin 

directions in all the 12 orientational domains. 

 

Table 2.01: Crystallographic directions of the T and S domains of bulk NiO. 

S T 

 𝑇1[1,1,1] 𝑇2[1,1, 1̅] 𝑇3[1, 1,̅ 1] 𝑇4[1̅, 1,1] 

S1 [1,1, 2̅] [1,1,2] [1,2,1] [2,1,1] 

S2 [2,̅ 1,1] [1, 2̅, 1̅] [2̅, 1̅, 1] [1,̅ 1, 2̅] 

S3 [1, 2,̅ 1] [2̅, 1, 1̅] [1, 1,̅ 2̅] [1,̅ 2̅, 1] 

 

2.3. Crystallographic defects: 

Defect engineered NiO nanostructures/composites have received unprecedented attention 

due to the presence of various extended as well as point defects. Defects are the wanted or 

un-wanted disruptions to an otherwise perfect arrangement of atoms in a crystal lattice and 

in any way affect the overall behavior of the system [MOUR2012]. The defects in any 

crystal structure are classified broadly into two types, i.e., extended defects and point 

defects. The extended defects are mainly the dislocations, where an extra line of atoms has 

been inserted or removed in/from the crystal, which does not extend throughout the crystal 

and significantly alter the electrical, mechanical, and magnetic properties of the material 

[SUGI2013]. On the other hand, the point defects are the zero-dimensional defects and 
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basically the localized disruptions involving a single atom or pair of atoms, but often extend 

to larger distances in the lattice structure. However, the major defects governing the NiO 

nanoparticles fabricated via the top-to-bottom approach are the point defects such as 

misplaced lattice atoms/ions, vacancies, foreign atoms/ions as schematically shown in 

Figure 2.03. These point defects are classified further into intrinsic/native defects and 

extrinsic or external impurity defects (dopants), which are found either on the lattice 

(substitutional site) or at the interstitial positions [SPAI2014]. These all-inclusive dominant 

point defects permit the possibility of tailoring the material properties into requisite diverse 

combinations, which play a crucial and fundamental role in enhancing the materials/device 

performance.  

 

Figure 2.03: Schematic illustration of some simple point defect types in a solid [HTTP0002]. 

 

2.3.1. Intrinsic defects: 

An intrinsic defect is formed when an atom is missing from a crystal position by creating a 

vacancy or occupies an interstitial position where no atom would usually appear, creating 

an interstitialcy. As interstitial sites in most crystals are small or have an unfavorable 

bonding configuration, interstitialcy is comparatively uncommon and a type of high-energy 

defect. In contrast, vacancies are abundant in all crystalline solids, and their most manifested 

effect is to govern the migration of atoms in a crystal lattice through the solid-state diffusion 

process. In ordered compounds, the well-known point defects are the Schottky and Frenkel 

defects. The Schottky defect involves paired vacancies on the cation and anion sublattices, 

whereas a Frenkel defect is created between a paired vacancy and an interstitial [TILL2010]. 

TH-2283_146121018



Chapter 2: Fundamental aspects and theoretical models… 

 

15 

The understanding of these defect mechanisms is quite essential in metal-oxide 

systems to improve the device performances [DAWS2015, FLYN2016, ZHUY2019] and to 

understand the underlying unique properties in different nanostructures, which, due to the 

defect engineering, show markedly distinct behavior as compared to their bulk counterpart 

[ZHUY2019]. In specific, for the NiO system, the point defects like oxygen vacancies play 

a significant role in altering the electronic and magnetic properties [PARK2008, 

GAND20172, ARCI2018, ZHAN2018]. As reported earlier by Roberts et al. [ROBE1984] 

through the XPS spectral analysis, high binding energy components of O 1s spectra at 531.4 

eV and Ni 2p3/2 spectra at 856.1 eV are correlated with the oxide defect structure of NiO. 

Nickel vacancy in NiO has been reported as the dominant point defect in the NiO systems 

[PARK2008], which results in the electrical conductivity of NiO thin-film structures 

[JANG2009]. Hong Bi et al. reported the weak ferromagnetic behavior in NiO 

nanocrystallites attributing to the reduced coordination and broken bonds combined with 

the lattice distortion [BIH2004]. 

Ni vacancy in dislocation cores was attributed as the prime source of ferromagnetic 

behavior in antiferromagnetically ordered NiO [SUGI2013]. Similarly, Nickel vacancies as 

the dominant defect type that determine the electrical properties of NiO were reported by 

Zhang et al. [ZHAN2016]. Thus, intrinsic defects can significantly alter the lattice 

parameters in NiO [EKUM2011]. Likewise, the chemical and electronic property of NiO 

nanorod structure was successfully optimized through O-vacancy engineering by Zhang et 

al. [ZHAN2018] and observed that the O-vacancies on the surface of NiO nanorods could 

remarkably enhance their electronic conduction and promote the hydrogen evolution 

reaction kinetics simultaneously. The intrinsic p-type conductivity in single-domain NiO 

nanoparticles was attributed to hole states induced by Ni vacancies by Gandhi et al. 

[GAND20171]. Peck et al. [PECK2012] reported that the prolonged exposure of bulk NiO 

to the ambient environment leads to hydroxylation of NiO, which changes the chemical 

environment and hence the importance of sample condition. 

Moreover, when NiO is heat-treated in an O-rich environment, the oxygen interstitial 

Oi becomes as the O-excess defect and is observed as a type of surface defect. Vacancies 

and interstitial atoms are responsible for the occurrence of nonstoichiometric compounds, 

and NiO is an appropriate candidate with somewhat variable stoichiometry. When NiO is 

prepared at relatively low temperature, i.e., 1100 K, by the partial oxidation of excess nickel, 

its composition becomes Ni1.0O1.0 that exhibits pale green color and has insulating behavior. 
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If the same material is treated with excess oxygen at 1500 K, the cation vacancies occur, 

leading to a composition of Ni1.0-O1.0. This nonstoichiometry changes the color of the 

powder into black, which posses semiconducting properties. The deficiency of the positive 

charge that would otherwise accompany cation vacancies is compensated by the presence 

of an appropriate amount of Ni3+, which accounts for the electrical conductivity in non-

stoichiometric NiO. If a Ni3+ ion exists at some point, an electron from elsewhere in the 

lattice may jump to it, converting it to Ni2+ and simultaneously creating a Ni3+ ion at a new 

lattice point. By a series of such electron jumps, the charge can migrate through the crystal 

and show strikingly different behavior than the stoichiometric NiO.  

 

2.3.2 Extrinsic defects: 

The extrinsic point defects are termed as solutes if they are added intentionally to the 

material and are called impurity if they are formed unintentionally. The foreign atoms 

occupying a lattice site is known as a substitutional solute, and that occupying an interstitial 

site is called as interstitial solute. As the interstitial sites are relatively small in a crystal 

structure, smaller atoms often fill the interstitial sites (example: carbon, hydrogen, and 

nitrogen). Meanwhile, the larger atoms are often found in the substitutional sites (example: 

Aluminium, Silicon). More complex extrinsic defects appear in compounds. Another form 

of extrinsic defects added in a material is the process of doping. Doping/substitution in this 

context is a process of adding a small amount of foreign atoms/ions into the host matrix 

without forming any secondary phases within the solubility limit. When a foreign atom is 

added beyond the solubility limit, there is a formation of either different oxides or a 

secondary phase depending upon the mutual solubility limit of the two components. The 

distribution of the dopant in the crystals/grains of the matrix material may be homogeneous 

or heterogeneous. Doping/substitution in NiO is performed with the aim of enhancing the 

properties of parent NiO for potential technological applications. These extrinsic point 

defects affect most of the properties in defect engineering but are of utmost importance in 

controlling the electrical properties in semiconducting crystals. Similarly, in the case of 

nanostructures, physical and electrical properties are controlled by the structure and 

concentration of the defects.  

Moreover, the defects are often accountable for mass transport, which reins the 

properties of materials for advanced functionalities like oxygen ion conductors and diffusion 

barriers. For oxidation/reduction of the metals, these defects accelerate the reaction by 
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tuning a pathway for the fast oxygen diffusion or having a favorable place for the reaction 

to occur. For instance, in Ni(110), substantial changes in both the atomistic structure and 

morphology were observed when immersed in water and Pb-contained solution. This 

provided a simple and direct experimental evidence of the role of the defects in the chemical 

reaction of oxide surfaces with both water and Pb-contained solution where the introduction 

of defects could accelerate the reaction process in NiO. Doping in NiO is performed to 

enhance the properties of the parent NiO for potential applications. For instance, Mg doping 

in NiO enhances the bandgap of NiO significantly [BENA2014], Li doping in NiO thin 

films enhances the p-type conductivity owing to the occupancy of substitutional sites in the 

films by Li ions [DUTT2010], Zn doping in NiO, i.e., Ni0.98Zn0.02O induces ferromagnetism 

at about 70 K [MAST2014], and Fe doping in NiO enhances the oxygen evolution reaction 

kinetics, and the Fe incorporation leads to an increase in the catalytic activity of the NiO 

surface [PEBL2017]. 

 

2.4. Reduction reactions: 

Reduction, in terms of oxygen transfer, is a process where an atom within a molecular entity 

loses oxygen atom from a molecule. Reduction processes are the half of a full chemical 

reaction where if one molecule is reduced, the other half gets oxidized, and the full reaction 

is termed as the Redox reaction. The term reduction comes from the Latin stem, which 

means ‘to lead back’ and defines anything that leads back to the metallic form of the 

corresponding metal oxide. The type of redox reaction where an element replaces or 

displaces from a compound is called the displacement reactions. Depending upon the stimuli 

used for performing the reaction, these reactions can be categorized majorly as the 

thermochemical, electrochemical, and mechanochemical types. For our current 

investigations, we have taken into account the comparison between the thermochemical and 

mechanochemical processes, as described below. 

 

2.4.1. Thermochemical reduction: 

The type of chemical reaction, which takes place by the evolution/absorption of heat, is 

known as the Thermochemical reactions. The type of thermochemical reaction, which 

occurs with the evolution of heat, is called ‘exothermic’ reaction, whereas, that occurs by 

the absorption of heat, is termed as the ‘endothermic’ reaction. Among these, a prominent 

thermochemical redox reaction is the metal-oxide based ‘thermite’ reaction. This was first 
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coined by Goldschmidt in 1908. ‘Thermit’ describes the exothermic metal oxide reduction 

reactions with Al to form metals/alloys and Al2O3. Being highly exothermic by nature, the 

reactions involve a large heat release as sufficient to heat the product phases above their 

individual melting points [WANG1993]. For instance, the thermite reaction 

2𝐴𝑙 + 𝐹𝑒2𝑂3 = 2𝐹𝑒 + 𝐴𝑙2𝑂3 + ∆𝐻; ∆𝐻 > 3000 ℃ (2.01) 

The reaction temperature of >3000°C is higher than the individual melting points of Fe and 

Al2O3 and leads to the synthesis of stable product phases. 

Though initially meant for the Al-based reduction processes, the term ‘thermite 

reaction’ in the current industrial and research scenarios, describes to a much broader class 

of reactions and is redefined as the exothermic redox reaction, which comprises a metal 

reacting with a metallic/non-metallic oxide to form the corresponding metal/nonmetal of the 

reactant oxide and a stable oxide of the reactive metallic agent. This oxidation-reduction 

reaction takes the form as, 

𝐴𝑂 + 𝑀 = 𝐴 + 𝑀𝑂 + ∆𝐻 (2.02) 

Where M is a reactive metal, A is a metal/non-metal with MO and AO being their 

corresponding oxide forms, and ΔH is the total heat generated during the reaction. Being 

exothermic, the value of ΔH is largely negative. In most of the cases due to high exothermic 

heat, the reaction proceeds locally at the initial stage of the reaction, which is followed by a 

self-sustaining process, a striking feature of the reaction to be used as a highly energy-

efficient route for a wide range of metallurgical applications [GOLD1898, GOLD1908, 

GOLD1909, PERF1967, BALA1971, BELI1972, CARL1973, MEHR1973, TARL1974, 

ASTO1977, KEYA1985, STOI1985, JHAB1989]. 

Despite all the well-versed studies on the thermochemical reactions and having a 

myriad of applicability, the inherent limitation of these reactions is that the product phases 

remain spatially separated. As the solid-state reactions involve the formation of product 

phases at the reactants’ interfaces and the growth of the product phases involve diffusion of 

atoms of the reactant phases through the product phase, a barrier layer is formed, which 

prevents further diffusion. Hence, these reactions are carried out at elevated temperatures 

for the conventional thermochemical processes. The reactivity of solids is, therefore, 

dependent on initial contact areas and hence particle size, on factors that influence diffusion 

rates, such as defect densities, and local temperatures, and on product morphology 

[CART1961, RAPP1973, GOME1976]. In conventional thermochemical systems, the 

reactants remain mostly unperturbed and hence, are spatially separated during the reaction. 
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Besides, high-temperature processes invariably lead to the formation of coarse-grained 

products due to the occurrence of grain growth. These types of coarse-grained materials are 

usually undesirable for the manufacturing of advanced engineering components due to their 

poor mechanical properties, poor sinterability, etc. As a consequence, there is considerable 

interest in finding alternative synthesis procedures that either reduce the requisite processing 

temperature or eliminate the need for applied heating altogether [MCCO1995, 

MCCO1998]. Hence, to increase the reaction rate and to have the desired product at 

moderate temperatures, a different fabrication approach is necessitated, which can easily 

bring unreacted materials to frequent contact with each other. This noble thought gave rise 

to the widely recognized area of mechanochemical reduction processes.  

 

2.4.2. Mechanochemical reduction: 

Mechanochemical processes are the chemical transformations induced/ initiated/ 

accelerated by mechanical means such as frictions, compression, and shear stress 

[TAKA2013]. Therefore, it is a complementary process to the conventional methods of 

activation like heat, irradiation, and electrochemistry [BALA2008]. It is a well-recognized 

technique that forms an important category for the synthesis of composites, nanomaterials, 

ceramic metal-matrix composites, etc. and requires an ample amount of energy for the 

activation of chemical reactions via mechanical treatment in the form of heat energy 

[WUH2012, SAHA2014, XUC2015, LUM2017, HOWA2018]. Known for promoting 

solid-solid and solid-liquid reduction reactions rapidly and quantitatively, mechanochemical 

processes possess a strong persevere in having high importance in the material synthesis 

[SURY2001]. The mechanochemical reactions comprise exchange reactions, 

oxidation/reduction reactions, phase transformations, and decomposition in both inorganic 

and organic compounds, among which the present thesis work will mostly involve the solid-

solid mechanochemical reduction processes. 

The notable feature of these mechanical-assisted processes is the attainment of 

chemical changes by the mechanical action of grinding/milling. Grinding, in a broader 

sense, describes the effect of mechanical forces on a material that allows a solid to break 

into small parts. Through the process, an excess of potential energy through shear/friction 

contributions introduce shape and surface defects in the mixture of reactants without using 

any solvent. These defects/changes can significantly improve/modify the chemical 

reactivity to give the final product of the materials [KUBI2008, RALP2013, XUC2015]. 
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Boldyrev in 1986 [BOLD1986] described the mechanical activation being responsible for 

the change in the solid-state reactivity owing to the induced defects, which play a crucial 

role in the chemical reactions. For instance, dislocations generally improve the solid 

solubility limits, whereas point defects or free radicals find crucial importance in the 

decomposition reactions. The exchange reactions involving the mechanochemical 

reductions take the form as follows [IVAN2000]: 

𝑀𝑂 + 𝑅 = 𝑀 + 𝑅𝑂 + ∆𝐻 (2.03) 

Where a metal oxide (MO) is reduced by a more reactive metal (also termed as reductant 

(R)) to form the pure metal M of the corresponding oxide. The mechanochemical reduction 

reactions are characterized through a large negative free-energy change and hence, are 

thermodynamically achievable at room temperature [SURY2001, SURY2004]. 

Though no detailed historical demonstrations is available to the most basic question 

of ‘why and when’ the first mechanochemical process was commenced, a reference of 

cinnabar reduction to mercury at around 350 BC was reported on a booklet entitled ‘On 

stones’ by Theophrastus, a student of Aristotle, by using a copper mortar and pestle 

(followed reaction as 𝐻𝑔𝑆 + 𝐶𝑢 → 𝐻𝑔 + 𝐶𝑢𝑆) and is perhaps the earliest surviving 

document of mechanochemical reaction process [TAKA2000, XUC2015]. However, the 

preliminary mechano-chemically self-sustained reaction (MSR) was put forward by Faraday 

in 1820 on the decomposition of silver chloride. He described the silver chloride reduction 

process by grinding with Zn, Cu and Fe in a mortar and the reactions were observed to be 

exothermic (For instance, 2𝐴𝑔𝐶𝑙 + 𝑍𝑛 → 2𝐴𝑔 + 𝑍𝑛𝐶𝑙2) [FARA1820, TAKA2007]. 

Though the process was described as the ‘dry way’ of inducing reduction, this gave a 

possibility to the conventional MSR type reaction. 

Nonetheless, the first mechanochemical reaction was reported by Matthew Carey 

Lea in 1866 [LEAM1866, LEAM1893] by taking into consideration of a broad range of 

compounds and establishing the theory of mechanical grinding. This method is much 

different in prospect to the conventional thermochemical reactions [TAKA2007]. Hence, 

the process of mechanochemical reactions has emerged as a growing research field in the 

scientific and industrial arena having the prime attributes of mechanical-assisted processes 

to the fields of mineral and waste processing, metals refining, ultrafine powder production, 

combustion reactions, extension of solubility limits, production of a fine dispersion of 

second-phase particles, synthesis of novel crystalline phases and the possibility of alloying 

difficult-to alloy elements, etc. [SUND1987, FROE1990, WARD1994, FROE1995, 
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POLK1995]. Some of the metal oxide systems processed through the mechanochemical 

reductions are summarized in Table 2.02. Since the earliest manual mechanochemical 

synthesis (by mortar and pastel) could not provide a proper control of the synthesis 

parameters (such as frequency or grinding force), the more advanced non-manual electronic 

instrumentations like mixer and planetary mills are currently used to achieve high 

reproducibility of the mechanochemical synthesis as well as to accomplish solvent-free 

processes through well-defined reaction parameters like milling/grinding speed and milling 

force. The main mechanical energy applied to the reactants in mixer mills is the compact 

force, whereas the planetary ball mills use shear force to provide the mechanical energy 

required for the chemical reactions [HOWA2018]. 

 

Table 2.02: Some of the mechanochemical reactions in oxide compounds are stated below. 

Reaction ∆𝑯𝟎 

kJ/mol 

∆𝑮𝟎 

kJ/mol 

References 

3𝑆𝑖𝑂2 + 4𝐴𝑙 → 3𝑆𝑖 + 2𝐴𝑙2𝑂3   [MATT1992] 

𝑊𝑂3 + 2𝐴𝑙 → 𝑊 + 𝐴𝑙2𝑂3   [MATT1992] 

2𝑊𝑂3 + 3𝑇𝑖 → 2𝑊 + 3𝑇𝑖𝑂2   [MATT1992] 

3𝑆𝑛𝑂2 + 2𝑊 → 3𝑆𝑛 + 2𝑊𝑂3  +25 [VARN1974] 

𝑆𝑛𝑂2 + 𝑆𝑖 → 𝑆𝑛 + 𝑆𝑖𝑂2  -276 [BOLD1971] 

3𝑆𝑛𝑂2 + 4𝐴𝑙 → 3𝑆𝑛 + 2𝐴𝑙2𝑂3  -535 [BOLD1971] 

2𝑆𝑏2𝑂3 + 3𝑆𝑖 → 4𝑆𝑏 + 3𝑆𝑖𝑂2  -2823 [PATE2004] 

4𝐶𝑑𝑂 + 4𝑆 + 3𝐹𝑒

→ 𝐹𝑒3𝑂4 + 4𝐶𝑑𝑆 

 -673 [SAIT2004] 

2𝐶𝑢𝑂 + 𝑇𝑖 → 2𝐶𝑢 + 𝑇𝑖𝑂2 −620  [MULA2001] 

2𝐶𝑢𝑂 + 𝑍𝑟 → 2𝐶𝑢 + 𝑍𝑟𝑂2 −777  [MULA2001] 

2𝐶𝑢𝑂 + 𝐻𝑓 → 2𝐶𝑢 + 𝐻𝑓𝑂2 −796  [MULA2001] 

3𝐶𝑢𝑂 + 2𝐴𝑙 → 3𝐶𝑢 + 𝐴𝑙2𝑂3 −273  [SCHA1990, MATT1992] 

𝐶𝑢𝑂 + 𝐶𝑎 → 𝐶𝑢 + 𝐶𝑎𝑂 −475  [SCHA1989, MCCO1995] 

2𝐶𝑢𝑂 + 𝐶 → 2𝐶𝑢 + 𝐶𝑂2 −138  [TSCH1982] 

4𝐶𝑢𝑂 + 3𝐹𝑒 → 4𝐶𝑢 + 𝐹𝑒3𝑂4 −488  [SCHA1990, MCCO1995] 

𝐶𝑢𝑂 + 𝑀𝑔 → 𝐶𝑢 + 𝑀𝑔𝑂 −445  [SCHA1990, MCCO1995] 

𝐶𝑢𝑂 + 𝑀𝑛 → 𝐶𝑢 + 𝑀𝑛𝑂 −231  [SCHA1990, MCCO1995] 
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𝐶𝑢𝑂 + 𝑁𝑖 → 𝐶𝑢 + 𝑁𝑖𝑂 −382  [SCHA1990] 

2𝐶𝑢2𝑂 + 𝑇𝑖 → 4𝐶𝑢 + 𝑇𝑖𝑂2 −598  [MULA2001] 

2𝐶𝑢2𝑂 + 𝑍𝑟 → 4𝐶𝑢 + 𝑍𝑟𝑂2 −754  [MULA2001] 

𝐶𝑢2𝑂 + 𝑀𝑔 → 2𝐶𝑢 + 𝑀𝑔𝑂 −430  [PAVL2018] 

𝐶𝑑𝑂 + 𝐶𝑎 → 𝐶𝑑 + 𝐶𝑎𝑂 −377  [MCCO1995] 

𝐶𝑟2𝑂3 + 2𝐴𝑙 → 2𝐶𝑟 + 𝐴𝑙2𝑂3 −273  [MATT1992, TAKA1993] 

𝐶𝑟2𝑂3 + 3𝑍𝑛 → 2𝐶𝑟 + 3𝑍𝑛𝑂 +49  [TAKA1993] 

𝑉2𝑂5 + 5𝑀𝑔 → 2𝑉 + 5𝑀𝑔𝑂 −1457  [MATT1992, YANG1994] 

2𝑉2𝑂5 + 5𝑇𝑖 → 4𝑉 + 5𝑇𝑖𝑂2 −1623  [YANG1994] 

3𝑉2𝑂5 + 10𝐴𝑙 → 6𝑉 + 5𝐴𝑙2𝑂3 −3727  [YANG1994] 

3𝑀𝑛𝑂2 + 2𝐴𝑙 → 3𝑀𝑛 + 𝐴𝑙2𝑂3   [MATT1992] 

𝐹𝑒2𝑂3 + 2𝐴𝑙 → 2𝐹𝑒 + 𝐴𝑙2𝑂3   [NASU1999] 

𝐹𝑒2𝑂3 + 2𝐵 → 2𝐹𝑒 + 𝐵2𝑂3   [MATT1992] 

𝐹𝑒2𝑂3 + 2𝐶𝑟 → 2𝐹𝑒 + 𝐶𝑟2𝑂3   [MATT1992] 

3𝑍𝑛𝑂 + 2𝐴𝑙 → 3𝑍𝑛 + 𝐴𝑙2𝑂3   [MATT1992] 

3𝐶𝑜𝑂 + 2𝐴𝑙 → 3𝐶𝑜 + 𝐴𝑙2𝑂3   [MATT1992] 

𝑀𝑜𝑂3 + 2𝐴𝑙 → 𝑀𝑜 + 𝐴𝑙2𝑂3   [MATT1992] 

6𝑁𝑏2𝑂5 + 10𝐴𝑙

→ 12𝑁𝑏 + 5𝐴𝑙2𝑂3 

  [MATT1992] 

3𝑁𝑖𝑂 + 2𝐴𝑙 → 3𝑁𝑖 + 𝐴𝑙2𝑂3 -968  [MATT1992, UDHA2010] 

𝑁𝑖𝑂 + 𝐶 → 𝑁𝑖 + 𝐶𝑂   [YANG1998] 

𝑁𝑖𝑂 + 𝐻2 → 𝑁𝑖 + 𝐻2𝑂   [DOPP2004] 

𝑁𝑖𝑂 + 𝑀𝑔 → 𝑁𝑖 + 𝑀𝑔𝑂 -361  [SETO2017] 

 

Mechanochemical processes by using the ball milling technique or the reactive 

milling process involve the typical alloying of materials with an advantage of chemical and 

physicochemical transformations in amalgamation with the effective mechanical energy 

generated during the milling process. Milling of powders in the presence of reactive 

solids/liquids/gases is now regularly employed to synthesize various composites, alloys, 

intermetallics, etc. by enabling a displacement reaction via in-situ or ex-situ approaches. 

These displacement reactions are characterized by a large negative free energy change and 

thereby attainable thermodynamically at room temperature but are mostly limited by kinetic 
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considerations. As the initial powder mixtures are chemically reactive by nature, the milling 

is not only associated with the size refinement but also is accompanied by the chemical 

reactions occurring at the interfaces of the nanometric grains, re-generated incessantly 

during the milling process [KOCH1991]. The mechanochemical synthesis substantially 

enhances the kinetics of the reduction reactions through the repetitive welding and fracturing 

of powders. This leads to the increasing area of contact between the reactant powder 

particles due to the size refinement. This allows the fresh surfaces to come into contact 

repeatedly with the simultaneous increase in defect densities, and the reaction proceeds 

without any diffusion process through the product phases. As a consequence, chemical 

reactions, that, due to the separation of the reacting phases by the product phases necessitate 

high-temperature synthesis techniques (or thermochemical processes), are attained at a 

somewhat lower temperature in a ball mill without the obligatory external heat supply and 

create an intimate mixture of reactants at atomic level [TSUZ2004]. 

The mechanochemical processes proceed through the consumptions of educts and 

the formation of products as per the physicochemical laws and are characterized by using 

the fundamental Gibbs-Helmholtz thermodynamical equation as 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 (2.04) 

Where ΔH is the reaction enthalpy, ΔS is the entropy, and ΔG is Gibb’s free energy at a 

specified reaction temperature (T). If the value of ΔS is small, i.e., the crystal structure is 

almost preserved and less disordered, then ΔG is determined predominantly by the change 

of enthalpy ΔH. However, for highly disordered crystals, ΔS becomes the most crucial term 

in the thermodynamic relation. As the chemical reactions are more or less dependent on the 

crystal defects, the major possibility for the favorability of the chemical reaction depends 

upon the sign of ΔG. Based on the laws of thermodynamics, the chemical reaction can 

thermodynamically be favorable and can proceed spontaneously when the value of ΔG 

stands negative. Hence, Gibb’s free energy of the reaction (ΔGreac) is given as, 

∆𝐺𝑟𝑒𝑎𝑐 = ∑∆𝐺𝑝𝑟𝑜𝑑𝑢𝑐𝑡 − ∑∆𝐺𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 , ∆𝐺 < 0 (2.05) 

If a chemical reaction is accompanied by the formation of gas or fluid phases (melts, 

solutions), solid-solutions, or by the generation of defects, then, for a more strict 

thermodynamic forecast, it is necessary to take into account the changes of entropy and 

specific heat capacity during phase transitions of the components (melting, vaporization, 

dissolution), changes of volume and other parameters. 
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The prime features of these mechanochemical processing/reactive milling carry the 

applications of this technique for the manufacturing of advanced materials and provide an 

ample opportunity to make products with unique characteristics and have some of the 

following benefits:  

1. The resultant powders show not only a substantial size reduction but also an 

exceptionally high reactivity due to the higher free energy being accumulated in the 

defective crystal lattice and an increased grain boundary volume. 

2. A significant decrease in crystallite size at the nanometric level or the transformation 

to an amorphous structure owing to growing crystal cell disordering with prolonged 

mechanochemical treatment is observed. 

3. Extension of solid-solubility limit is obtained due to the formation of metastable 

equilibrium between the terminal solid solution and an amorphous phase. 

4. Nucleation of various complex oxides and composites at ambient temperature by the 

formation of hetero-bridging bonds, owing to intimate mixing under the controlled 

shear stress conditions in dry solid process and short-range atomic transfer across 

the boundaries of solids, can be achieved. This is otherwise not possible to 

synthesize by conventional chemical processes. 

5. Fabrication of a variety of equilibrium solid compounds is possible. 

The mechanochemical reductions in solids can occur in two broad types as follows: 

 

2.4.2.1. Solid-Solid reduction: 

The solid-solid mechanochemical reductions involve all the initial reactants in the solid-

state form without the aid of any liquids or gases. The solid-solid mechanochemical 

reductions were established by Tamman and Hedvall [TAMM1932, HEDV1938] in the 

1930s and were accepted by the end of the 1960s that the solid-solid reaction between solids 

could become significant if individual compounds are mixed intimately and heated. As the 

lattice vibrations with increasing amplitudes result in the frequent exchange of atomic 

positions in a crystal lattice and, in turn, bring about a faster microscopic diffusion, the 

mechanochemical reduction process is favorably initiated. This exchange of atomic 

positions in a crystal is especially effective in disordered structures [HABA1969]. In fact, 

when there is an intimate mixing of the initial solid reactants occurs during milling, the 

commencement of the mechanochemical reduction process is observed. 
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The characteristic feature of the conventional solid-solid reactions involves the 

formation of product phases at the reactant interfaces. Moreover, the reaction rates are 

strictly limited by the diffusion of atoms of the reactant phases through the freshly formed 

surface layer of product phases, and this, in turn, constitutes a barrier layer that prevents 

further reaction processes. Meanwhile, reactive milling substantially provides means to 

enhance the reaction kinetics of the reduction processes significantly and is attributed to the 

particle size reduction owing to the repeated deformation, fragmentation, mixing, and cold-

welding of powder particles during milling. The reduction of particle size of the reactants 

leads to the fresh surfaces to come into contact repeatedly via increased specific surface area 

of solids, and the reaction can proceed without diffusion through the product layer. 

Consequently, reactions requiring high-temperature processes can occur at moderate 

temperatures without any external heat supply. Besides, mechanical alloying induces high 

structural disorders, which contribute significantly to the acceleration of diffusion 

processes. In contrast, the particle size refinement and subsequent reduction in diffusion 

distances due to the microstructural refinement result in decreased reaction temperatures of 

mechanochemical processes [SURY2001]. Depending upon the mechanical synthesis 

kinetics and milling criteria, the displacement reactions between a metal oxide and a more 

reactive metal induced by the ball milling process is categorized into two types; (i) Gradual 

reduction and, (ii) Self-propagation reduction [SCHA1990, TAKA1992, TAKA1993, 

SEIF2016]. 

 

2.4.2.1.1. Gradual reduction: 

If the reaction proceeds through a very small volume during each collision, the reaction is 

known as the gradual transformation process. The heat generated during the gradual 

processes is inadequate enough for the reaction to occur instantaneously, and hence the 

reaction progresses slowly over time. As oxides and metals are usually immiscible, gradual 

transformations lead to the formation of nanocomposite structures with the maximum 

components of initial powder combinations. 

 

2.4.2.1.2. Self-propagation reduction: 

If sufficiently exothermic reactants are processed in a high-energy ball mill, a self-sustaining 

reaction can be mechanically induced after an activation time (processing time ranging from 

a few minutes to several hours), known as the mechanically induced self-sustaining reaction 
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(MSR) process [TAKA2014, EBRA2015]. The MSR process, akin to any other mechanical 

alloying processes, is characterized by the activation period, during which size refinement, 

intimate mixing of reactants, and the formation of crystalline defects occur [EBRA2016]. 

Most of the MSR type reactions occur at some critical time moment, known as ‘ignition 

time’ where the rate of the reaction starts to increase, and the released reaction heat of the 

exothermic process causes a sudden increase of the mill temperature and rate of the reaction. 

The requisite ignition time relies not only on the processing parameters but also depends 

upon the thermodynamic and kinetic properties of systems under concern [GOTO2013]. A 

self-sustaining reaction requires sufficient self-heating to propagate the reaction, where the 

measure of self-heating is determined to form the adiabatic temperature and is obtained to 

be at least 1800 K [TAKA2002, TAKA2014]. Hence, the occurrence of MSR mainly 

depends on the ratio of reaction enthalpy to the heat capacity of the products at room 

temperature, (−∆𝐻298𝐾
0 )/(∑𝐶𝑃298𝐾

), as the known substitute for the adiabatic temperature 

at the beginning of the reaction.  

For a standard MSR, the value of (−∆𝐻298𝐾
0 )/(∑𝐶𝑃298𝐾

) is found to be >2000 K. 

However, the occurrence of MSR depends largely upon several factors such as processing 

parameters during high-energy ball milling (for instance, the ignition time is inversely 

proportional to the ball-to-powder weight ratio), mechanical behavior of the powders, 

activation energy, and heat conductivity, etc. [TAKA2014]. The critical milling time where 

ignition of the self-propagating reaction takes place is determined from the sudden 

temperature increase in the milling [ATZM1990] or from the jump in pressure [JALA2013] 

caused by the rapid exothermic reactions. Hence, the ignition time serves as the reference 

point in a self-sustaining process, because its variation with milling conditions reflects the 

changes in the milling rate of the mechanochemical reactions [EBRA2015]. Thus by 

measuring the temperature and pressure profiles of the vial during the mechanochemical 

reductions, the synthesis time of a chemical reaction can be obtained. 

The first milling based study on the thermite-type self-propagating reductions was 

reported by Schaffer and McCormick in 1989 [SCHA1989] by using Ca reactant to reduce 

CuO, ZnO, and CuO-ZnO oxide mixtures. They also gave a further investigation of the 

metal-metal oxide displacement reactions for the CuO reduction process with Ca, Mg, Al, 

Ti, Mn, and Fe [SCHA1990]. Similar types of work were reported by McCormick for a 

large number of oxide-metal and chloride-metal reactions [MCCO1995] followed by the 

other displacement reactions being studied such as CuO-Fe [SHEN1991], Fe3O4-Al 
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[TAKA1992], Cu2O/MoO3/FeO/WO3/VO/TiO/B2O3-Mg and Cu2O/FeO-Al [POPO1993], 

PbO-Si [FANG1996] and CuO-Me (Me = Al, Cr, Mg, Ti, Si, Fe) [EBRA2015] systems by 

using the self-propagating approach. 

 

Figure 2.04: Schematic representation of the magnetic moment associated with (a) an 

orbiting electron, and (b) a spinning electron [HTTP0003]. 

 

2.5. Magnetic ordering: 

2.5.1. Origin of magnetism: 

The macroscopic magnetic properties of the materials are the consequence of magnetic 

moments associated with individual electrons in an atom [OHAN2000, KITT2004]. Each 

electron has magnetic moment originated from two different sources: (a) Orbital motion of 

electron around the nucleus, which generates a small magnetic field having magnetic 

moment along the axis of rotation (see Figure 2.04a) and (b) Magnetic moment originating 

from the electron spin directed along the spin axis either up or down depending on the mode 

of rotation (see Figure 2.04b). This reveals that in an atom, each electron may be considered 

as a small magnet having permanent orbital and spin magnetic moments. Moreover, the 

electrons in an atom are occupied according to Pauli’s Exclusion Principle and Hund’s rule. 

Therefore, the net magnetic moment of an atom is the sum of the individual magnetic 

moments of each constituting electrons, including both orbital and spin contributions and 

accounting moment cancellation. For an atom having completely filled electron shells or 

subshells, when all electrons are taken into account, there is a total cancellation of both the 

moments. Hence, materials composed of atoms having completely filled electron shells are 

not able to be permanently magnetized. Based on the number of unpaired electrons in an 

atom, their orientation in the orbitals and the spin-orbit interaction between the electron 
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orbital angular momentum and spin angular momentum, and their response in the applied 

magnetic field, materials are broadly categorized into diamagnetic, paramagnetic, 

ferromagnetic, antiferromagnetic and ferrimagnetic types [KRON2003]. 

 

2.5.2. Diamagnetism: 

Diamagnetism is one of the fundamental properties of the materials and is the manifestation 

of Lenz’s law, i.e., if one applies a field to a system of moving charges, then their motions 

change in such a way that they create a magnetization, which opposes the original applied 

magnetic field [OHAN2000]. Such effect is existent in all materials, but is often suppressed 

by other types of magnetism and hence is taken into account in only those materials, which 

possess completely filled electronic configuration. The atoms and molecules of diamagnetic 

substances do not possess any net magnetic moment (i.e., all the orbital shells are filled, and 

there is no unpaired electron). However, when exposed to a magnetic field, the electrons 

orient themselves in such a direction to oppose the applied magnetic field and thereby 

register negative magnetization and negative susceptibility. Most of the semiconducting 

materials like ZnO and SnO2 are diamagnetic by nature. 

 

2.5.3. Paramagnetism: 

In some solids, each atom possesses a permanent dipole moment owing to incomplete 

cancellation of electron spin and/or orbital magnetic moments. The orientations of these 

atomic magnetic moments are random in the absence of an external magnetic field, resulting 

in no net macroscopic magnetization. However, these atomic dipoles are free to rotate, and 

paramagnetism occurs when they preferentially align by rotation with an external magnetic 

field [KITT2004]. Some of the atoms or ions in this class of materials have a net magnetic 

moment due to unpaired electrons in the partially filled orbital. However, the individual 

magnetic moments are magnetically non-interactive ones. In the presence of an applied 

magnetic field, there is a partial alignment of atomic magnetic moments in the applied field 

direction, resulting in a net positive magnetization and positive susceptibility. Both 

diamagnetic and paramagnetic materials are, in general, considered to be non-magnetic as 

they exhibit magnetization only in the presence of an external field. The tendency of 

alignment of magnetic moments along the field direction is opposed by the thermal energy, 

which tries to randomize the spin orientation. Hence they exhibit a small and temperature 

(T) dependent paramagnetic susceptibility, χpara, known as the Curie Law, 
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𝜒𝑝𝑎𝑟𝑎 =
𝐶

𝑇
 (2.06) 

with a Curie constant ‘C’ [BLUN2003]. In classical theory, each atomic moment is 

considered as magnetic dipole alignment in a particular direction with an angle θ with 

respect to the applied magnetic field and average magnetic moment along the field direction, 

z is illustrated as 

< 𝜇𝑧 > = 𝜇𝐿(𝑦) (2.07) 

Here, μ is the magnetic moment of each dipole, and L(y) is the Langevin function,  

𝐿(𝑦) = 𝐶𝑜𝑡ℎ(𝑦) − 1 𝑦⁄ , where 𝐿(𝑦) = 𝜇𝐵 (𝑘𝐵𝑇)⁄ . This Langevin function elucidates the 

magnetization of small particles made up of atomic clusters. In case of low applied field or 

at high temperature, such that y is small, L(y) tends to y/3. So, 

< 𝜇𝑧 > =
𝜇𝑦

3
=

𝜇2𝐵

3𝑘𝐵𝑇
 (2.08) 

Or, the magnetization 

𝑀 = 𝑁 < 𝜇𝑧 > =
𝑁𝜇2𝐵

3𝑘𝐵𝑇
 (2.09) 

So, the susceptibility 

𝜒𝑝𝑎𝑟𝑎 =
𝑀

𝐻
=

𝜇2𝑁𝜇0

3𝑘𝐵𝑇
=

𝐶

𝑇
 (2.10) 

The above expression is the Curie law, as obtained by the classical theory. Based on the 

quantum mechanical treatment and taking into account the quantization of total angular 

momentum of each atom, the average magnetic moment per atom aligned along the direction 

of the applied magnetic field (i.e., ‘z’ direction) of any paramagnetic sample can be stated 

as [JILE1997, GUIM1998, BLUN2003]. 

< 𝜇𝐽
𝑧 > = 𝑔𝜇𝐵𝐽𝐵𝐽(𝑥) (2.11) 

Here g is the Landé g-factor, which depends on the spin-orbit coupling of electrons in each 

atom, J is the total angular momentum quantum number, μB is the Bohr magneton with a 

value of 9.27×10-24 J/T, and BJ (x) is the Brillouin function. The Brillouin function is defined 

as, 

𝐵𝐽(𝑥) =
1

𝐽
[(𝐽 +

1

2
)𝐶𝑜𝑡ℎ (𝐽 +

1

2
) 𝑥 −

1

2
𝐶𝑜𝑡ℎ

𝑥

2
] (2.12) 
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Here, the variable 𝑥 = 𝑔𝜇𝐵𝐵 (𝑘𝐵𝑇)⁄ , where kB is the Boltzmann constant, and T is the 

temperature. If N is the number of atoms per unit volume, the volume magnetization M can 

be written as, 

𝑀 = 𝑁 < 𝜇𝐽
𝑧 > = 𝑁𝑔𝜇𝐵𝐽𝐵𝐽(𝑥) (2.13) 

For the selection of magnetic field B and temperature T such that x is small, 𝐵𝐽(𝑥) =

[𝐽(𝐽 + 1) 3]𝑥⁄ . This assumption holds true for paramagnetic samples over a wide 

temperature range and low applied field. Therefore, 

< 𝜇𝑧 > = 𝑁𝑔𝜇𝐵𝐽
(𝐽 + 1)

3
𝑥 =

𝑁𝑔2𝜇𝐵
2𝐵

3𝑘𝐵𝑇
𝐽(𝐽 + 1) (2.14) 

Or the susceptibility, 

𝜒𝑝𝑎𝑟𝑎 =
𝜇0𝑁𝑔2𝜇𝐵

2

3𝑘𝐵𝑇
𝐽(𝐽 + 1) (2.15) 

It is in the form of Curie law, C/T. Thus, the magnetic susceptibility based on Brillouin 

function expression reduces to Curie-law. Some examples of paramagnetic materials are W, 

Ce, Al, Li, Mg, etc. with typical χpara values of 6.8×10-5, 5.1×10-5, 2.2×10-5, 1.4×10-5 and 

1.2×10-5, respectively in SI units [BLUN2003].  

 

2.5.4. Ferromagnetism: 

Certain materials exhibit a permanent magnetic moment resulting from the strong 

interaction between the magnetic moments of atoms, even in the absence of an external 

magnetic field. This dominates over the thermal energy and reveals an alignment of 

magnetic moments in a particular direction. Such behavior is exhibited by some of the 

transition metals like Fe, Co, Ni, and some rare earth metals. Ferromagnetic materials show 

two distinct characteristics: (1) spontaneous magnetization and (2) existence of magnetic 

ordering temperature. Spontaneous magnetization is the net magnetization, which exists 

inside a uniformly magnetized microscopic volume, even in the absence of an external 

magnetic field. The magnitude of this magnetization at absolute temperature depends on the 

spin magnetic moments of electrons. The atomic moments in ferromagnetic materials align 

either in a parallel or an antiparallel arrangement exhibiting very strong interactions, which 

are produced by the electronic exchange forces. Therefore, a large net magnetization exists 

in ferromagnetic materials even after the removal of the external applied magnetic field. 
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Figure 2.05: Magnetic hysteresis loop of a ferromagnetic material. 

 

All ferromagnetic materials exhibit a magnetic hysteresis loop (M-H loop) under the 

application of an external magnetic field, as displayed in Figure 2.05. By studying the M-H 

loop, we can have detailed information about the magnetic properties of the corresponding 

ferromagnetic material. The loop is generated by measuring the magnetic flux of a 

ferromagnetic material while the magnetizing field is changed continuously. In the virgin 

state, the ferromagnetic materials follow the dashed line starting from the origin ‘o’. As the 

applied field is increased, it reaches the point 'a' where almost all of the magnetic domains 

are aligned to field direction, and a further increase in the magnetizing field produces a very 

little or no increase in magnetic flux. The magnetization obtained at this point is known as 

the saturation magnetization (MS). When the applied field is reduced to zero, the curve goes 

from point ‘a’ to ‘b’ and not to ‘o’. Therefore, some magnetic flux remains in the material 

even at zero magnetic fields. This is called as retentivity and indicates the remanence or 

level of residual magnetism in the ferromagnetic material. As the magnetic field is reversed, 

the curve moves to point ‘c’, where the magnetization truly reaches zero. This point is 

termed as the coercivity (HC) or coercive force. With further increasing the applied field in 

a negative direction, materials again become magnetically saturated, but the moments align 

exactly in the opposite direction (point ‘d’). Further reducing the field to zero brings the 

curve to point ‘e’. At this point, the level of residual magnetism is almost equal to that 

achieved in the other direction (point ‘b’). Increasing the field back in the positive direction 

returns the magnetization to zero. Successively, the magnetization curve takes a different 

path from point 'f' back to the saturation point (point ‘a’), where it completes the loop. From 
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the M-H loop, the following magnetic parameters can be obtained: (i) Retentivity: the 

material's ability to retain a certain amount of magnetization when the magnetizing field is 

removed after attaining saturation, (ii) Coercivity: the magnitude of the reverse magnetic 

field necessitated to make the magnetization to zero; (iii) Permeability: property of the 

material that describes the ease with which a magnetic flux is established in the component. 

These hysteresis or magnetic parameters are not only intrinsic properties but are also 

dependent on various parameters such as grain size, domain state, internal stresses, and 

temperature. As the magnetic parameters depend on the grain size, they are useful for the 

magnetic grain sizing of natural samples. The elements Fe, Ni, and Co and their alloys are 

typical examples of ferromagnetic materials. Ferromagnetic materials are categorized 

broadly into two types: (a) hard ferromagnetic materials exhibiting a very high HC (> 1000 

Oe) and are used mostly as permanent magnets and media for data storage and (b) soft 

ferromagnetic materials with low HC (< 100 Oe), which are used for transformer core, read 

head and magnetic sensor applications. With increasing temperature, ferromagnetic 

materials exhibit a transition from a ferromagnetic state to the paramagnetic state at a 

temperature termed as the Curie temperature (TC) when the thermal energy eventually 

overcomes the exchange energy and produces a randomizing effect leading to 

paramagnetism. 

The phenomenon of ferromagnetism can often be described by the Mean-field or 

Molecular field model. The molecular field model merely assumes that all the interactions 

from the neighboring magnetic species can be explained in terms of an effective internal or 

molecular field Bm, which is proportional to the magnetization, i.e., 𝐵𝑚 =  𝜆𝑀, where λ is 

the Weiss molecular field constant. So the total magnetic field experienced by each dipole 

is the sum of applied magnetic field B and the molecular field Bm. Then, the expression for 

magnetization, as stated in eqn. (2.13) can be modified as 

𝑀 =
𝑁𝑔2𝜇𝐵

2𝐽(𝐽 + 1)

3𝑘𝐵𝑇
(𝐵𝑎 + 𝜆𝑀) (2.16) 

 

2.5.5. Antiferromagnetism: 

In certain materials, the spins of electrons have a tendency to align in a regular pattern with 

neighboring spins pointing in opposite directions, below a specific temperature, known as 

the Néel temperature (TN). Hence, within TN, the overall magnetization gets canceled out and 

gives to an almost zero magnetic moment. Pointed out by Néel in 1936, these materials are 
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called as the antiferromagnetic materials. Above TN, the material is typically paramagnetic 

due to the randomization of magnetic moments. The magnetic susceptibility of 

antiferromagnetic materials appears to go through a maximum as the temperature is 

lowered. The antiferromagnetic ordering in a material is possible based on different types 

of magnetic unit cell structure, as shown in Figure 2.06 except for the B type, which is a 

ferromagnetically ordered.  

 

Figure 2.06: Different types of antiferromagnetic arrangement in a unit cell [HTTP0004]. 

 

In A-type structure, the magnetic ions are coupled ferromagnetically in each (001) plane but 

with alternate planes aligned in an opposite spin orientation such that a net antiferromagnetic 

interaction is exhibited. The B-type structure is a ferromagnetic one with all the six nearest 

neighbor magnetic ions coupled ferromagnetically. In C-type structure, the atoms in (101) 

and (110) planes are ferromagnetically aligned where each atom has two ferromagnetic and 

four antiferromagnetic nearest neighbors to form a net antiferromagnetic unit cell. In G-type 

structure, each ion is coupled antiferromagnetically to all of its six nearest neighbors. Some 

materials follow a structure, which is a result of the coupling of two types of magnetic 

structures. One such example is the CE-type, where there is coherent stacking of octants of 

C and E-type structures. The examples of antiferromagnetic materials are MnF2, MnO, CoO, 

FeO, Cr2O3, NiO, α-Fe2O3 with TN of 67 K, 116 K, 292 K, 116 K, 307 K, 525 K, and 950 

K, respectively [BLUN2003]. 

TH-2283_146121018



Chapter 2: Fundamental aspects and theoretical models… 

 

34 

2.6. Intrinsic properties of magnetic materials: 

2.6.1. Exchange interaction: 

Weiss (1907) reported that in addition to any externally applied field H, there is an internal 

molecular field or exchange field in a ferromagnetic material proportional to its 

magnetization. 

𝐵𝐸
⃗⃗ ⃗⃗  = 𝜆𝑀⃗⃗  (2.17) 

Where λ is a constant and independent of temperature. According to eqn. (2.17), each spin 

sees the average magnetization of all the other spins. This molecular field is not truly a 

magnetic field, and so does not enter into the Maxwell equations. For instance, there is no 

current density 𝑗  related to 𝐵𝐸
⃗⃗ ⃗⃗   by ∇⃗⃗ × 𝐻⃗⃗ = 4𝜋𝑗 /𝑐. The magnitude of the molecular field 

may be as high as 103 Tesla. Now the major question which arises is, what is the origin of 

such a huge internal molecular field? For example, the magnetic field at distance r due to a 

magnetic dipole of dipole moment m is [KITT2004], 

𝐵𝑑𝑖𝑝
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ = (

𝜇0𝑀

4𝜋𝑟3
) [2𝑐𝑜𝑠𝜃𝑒𝑟⃗⃗  ⃗ + 𝑠𝑖𝑛𝜃𝑒𝜃⃗⃗⃗⃗ ] (2.18) 

The order of magnitude of, 𝐵𝑑𝑖𝑝(= 𝜇0 𝐻𝑑𝑖𝑝) is, 𝜇0 𝑀 4𝜋𝑟3⁄ . Taking m = 1 µB and r = 0.1 

nm, it provides, Bdip ≈ 1 Tesla or 10 kG only. This reveals that the huge molecular field is 

not due to the magnetic dipole interaction. This mystery was a lingering topic until 1928 

after the concept of exchange interaction was put forward by Heisenberg [HEIS1928]. The 

origin of the Heisenberg exchange interaction is electrostatic but involves quantum 

mechanical explanations. The charge distribution of a system of two spins depends on 

whether the spins are parallel or antiparallel. Pauli’s exclusion principle dismisses the 

possibility of two identical electrons occupying the same quantum state simultaneously. 

However, it does not exclude the same criterion for two electrons of opposite spin. Hence, 

the electrostatic energy of a system depends on the relative orientation of the spins: the 

difference in energy defines the exchange energy. The energy of interaction between the 

atoms i and j bearing electron spins Si and Sj is defined from the Heisenberg model as 

[OHAN2000], 

𝐸𝑒𝑥𝑐ℎ = −2∑𝐽𝑖𝑗𝑆𝑖. 𝑆𝑗
𝑖<𝑗

 (2.19) 
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Where Jij is the exchange integral and is correlated to the overlap of the charge distribution 

of the atoms i and j. Supposing that the exchange interaction is the same for each nearest-

neighbor pair, eqn. (2.19) turns as 

𝐸𝑒𝑥𝑐ℎ = −2𝐽 ∑𝑆𝑖. 𝑆𝑗

𝑛𝑛

𝑖<𝑗

 (2.20) 

 

Figure 2.07: Bethe-slater curve: Elements above (below) the horizontal axis are 

ferromagnetic (antiferromagnetic) [HTTP0005]. 

 

For the parallel orientation of the magnetization (ferromagnet), J should be positive, and for 

the antiparallel alignment of spins, J should be negative. The variation of J with respect to 

inter-atomic distance is known as the ‘Bethe-Slater curve’ and is displayed in Figure 2.07. 

It is clear from Figure 2.07 that the value of J and hence the short-range exchange interaction 

depends strongly on the inter-atomic distance. Eqn. (2.20) can further be simplified by 

taking into account the energy of a particular atom i interacting with its j nearest neighbor: 

𝐸𝑒𝑥𝑐ℎ
𝑖 = −2𝐽𝑆𝑖 ∑𝑆𝑗

𝑗

 (2.21) 

While for the entire material, 

𝐸𝑒𝑥𝑐ℎ = −
1

2
∑𝐸𝑒𝑥𝑐ℎ

𝑖

𝑗

 (2.22) 

Thus, the discrete, pairwise interaction can be replaced by assuming that the magnetic 

moment 𝜇𝑚
𝑖 = 𝑔𝜇𝐵𝑆𝑖 at the site, i interact with a molecular field. Heff given by the net effect 

of the z nearest-neighbor spins: 

𝐸𝑒𝑥𝑐ℎ
𝑖 = −𝜇0𝜇𝑚

𝑖 𝐻𝑒𝑓𝑓 = −𝑔𝜇0𝜇𝐵𝑆𝑖𝐻𝑒𝑓𝑓 (2.23) 

Where g is the Landé g-factor, µB is the Bohr magneton, and µ0 is the permeability of the 

free space (= 4π×10-7 H/m or 1.256×10-6 H/m). Comparing eqn. (2.23) with eqn. (2.21), the 

effective field can be written as, 
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𝐻𝑒𝑓𝑓 =
2𝐽

𝑔𝜇0𝜇𝐵
∑𝑆𝑗
𝑗

≅
2𝑧𝐽

𝑔𝜇0𝜇𝐵

〈𝑆𝑗〉 (2.24) 

Here, the sum over z neighboring spins has been replaced by z times the average spin value 

〈Sj〉. Using 𝑀 = 𝑁𝑣𝑔𝜇𝐵〈𝑆𝑗〉, eqn. (2.24) gives, 

𝐻𝑒𝑓𝑓 ≅
2𝑧𝐽

𝑁𝑣𝑔2𝜇𝐵
2𝜇0

𝑀 (2.25) 

From eqn. (2.25), it can be seen that Heff is the Weiss molecular field defined as, 𝐻𝑚𝑜𝑙 =

𝜆 𝑀 provided 

𝜆 =
2𝑧𝐽

𝑁𝑣𝑔2𝜇𝐵
2𝜇0

 (2.26) 

Using the value of the molecular field coefficient  as 103, J is calculated to be 2×10-21 J or 

0.01 eV/atom. Exchange interactions are weaker than the Coulomb interactions that 

distinguish levels of different principal and orbital quantum numbers, but stronger than spin-

orbit interaction. Following the treatment of Weiss molecular field that TC = C with 𝐶 =

𝑁𝑣𝜇𝑚
2𝜇0/3𝑘𝐵, the expression for TC can be obtained from eqn. (2.26) as 

𝑇𝐶 =
2𝑧𝐽𝜇𝑚

2

𝑔2𝜇𝐵
23𝑘𝐵

=
2𝑧𝐽𝑠(𝑠 + 1)

3𝑘𝐵
 (2.27) 

where, 𝜇𝑚 = √𝑔𝜇𝐵𝑠(𝑠 + 1). Another vital relation between exchange energy and the 

magnetization is defined as, 

𝐸𝑒𝑥𝑐ℎ
𝑖𝑗

𝑉
=

𝑠2𝑎2𝐽𝑁𝑣
′

2
(
∇𝑀

𝑀
)
2

= 𝐴(
∇𝑀

𝑀
)
2

 (2.28) 

Where a is the distance between the spins, A is the exchange stiffness constant having a 

value of 5×10-12 J/m to 30×10-12 J/m for most ferromagnets, and Nv' is the number of nearest-

neighbor atoms per unit volume. Thus, it is clear from the above equations that the exchange 

energy or the Heisenberg exchange interaction strongly depends on temperature due to the 

dependence of interatomic distance with temperature. In particular, the disordered 

ferromagnetic system is the subject of low TC value due to the low value of J. 

 

2.7. Anisotropy: 

In a material, when a physical property relies on the direction, that property is said to exhibit 

anisotropy. In magnetism, the preference of magnetization to lie in a particular direction of 

the material is called magnetic anisotropy. As anisotropy contributes prominently in tuning 
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the nature of the M-H loop, it is crucial to understand the various possible sources of its 

origin and influence on controlling the magnetic properties. The anisotropy of a material 

can be intrinsic as a result of its crystal chemistry or shape or induced by a suitable 

processing technique. Figure 2.08 displays a typical situation where for zero applied field, 

the magnetization would point along the easy axis shown (α = 0). When a field is applied, 

the magnetization is pulled towards the field direction and approaches closer to the field 

direction with increasing applied field. For any intermediate values of α, the magnetization 

gets attracted in opposite directions, i.e., up by the field and down by the anisotropy. 

Let us assume that all the magnetization in a magnetic material is pointing in the 

same direction, and the material exhibits an easy axis of magnetization. In such a scenario, 

the energy per unit volume of the magnetization is described as, 

𝐸 = 𝐾 𝑠𝑖𝑛2𝛼 (2.29) 

Where K is the anisotropy constant with a unit of energy per unit volume (J/m3 or erg/cc). 

Hence, the energy term, E, is also energy per unit volume. Generally, the magnitude of 

uniaxial anisotropy is described in terms of the anisotropy field, which is defined as the field 

required to saturate the magnetization of a uniaxial crystal in the hard axis direction, as 

stated in eqn. (2.30) as, 

𝐻𝑘 =
2𝐾

𝜇0𝑀
 (2.30) 

In general, the energy of the magnetization is, 

𝐸 = 𝐾 𝑠𝑖𝑛2𝛼 − 𝜇0𝑀𝐻 𝑐𝑜𝑠(𝛽 − 𝛼) (2.31) 

Where the first term is the anisotropy energy whereas the second term is due to the magnetic 

field, and the difference in the angle (β - α) is the angle between H and M. In order to have 

equilibrium, the first derivative is required to be zero. Therefore, the derivative of eqn. 

(2.31) with respect to the angle α provides, 

𝑑𝐸

𝑑𝛼
= 2𝐾 sin 𝛼 cos𝛼 − 𝜇0𝑀𝐻 𝑠𝑖𝑛(𝛽 − 𝛼) = 0 (2.32) 

Taking the value of β as 90 for the equilibrium angle for magnetization relative to the easy 

axis and considering the eqn. (2.30), we have 

sin 𝛼 =
𝐻

𝐻𝑘
 (2.33) 

The above equation implies that when H = 0, the magnetization points along the easy axis, 

and when H = HK, the magnetization points along the direction of the field. For any 
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intermediate values of the field, the magnetization points at a value of angle as given by 

eqn. (2.33) rotating smoothly between the easy axis and the applied field. 

 

Figure 2.08: Schematic diagram of magnetization, applied field, and easy axis for a given 

material. 

 

2.7.1. Magnetocrystalline anisotropy: 

The tendency of the magnetization to align itself along a preferred crystallographic direction 

is termed as the magnetocrystalline anisotropy and is an intrinsic property of the magnetic 

material. The preferred crystallographic direction is called the ‘easy’ axis since it is easiest 

to magnetize a demagnetized sample to saturation if the applied field is along the preferred 

direction, meanwhile, the direction where a much larger field is required to reach saturation 

is known as the ‘hard’ axis. Hence, the crystal is higher in energy when the magnetization 

points along the hard direction as compared to the easy axis, and the energy difference per 

unit volume between the samples magnetized along the easy and hard axis is called the 

magnetocrystalline anisotropy energy and is measured through the area between the hard 

and easy magnetization curves. The isothermal initial magnetization (IM) curves of single 

crystals of different 3d ferromagnetic elements are shown in Figure 2.09 for explaining the 

same. It can be observed that the magnetization approaches saturation in different ways 

when magnetized in different directions. For instance, body-centered cubic iron displays 

[100] as easy axis and [111] as hard direction, while nickel with face-centered cubic crystal 

structure has [111] as easy axis and [100] as hard directions. This behavior can well be 

understood by analyzing the development of anisotropy energy in different symmetries as 

stated below, 

For hexagonal:  
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𝐸𝑎 = 𝐾1 sin2 𝜃 + 𝐾2 sin4 𝜃 + 𝐾3 sin6 𝜃 + 𝐾3
′ sin6 𝜃 sin 6𝜙 (2.34) 

For tetragonal:  

𝐸𝑎 = 𝐾1 sin2 𝜃 + 𝐾2 sin4 𝜃 + 𝐾2
′ sin4 𝜃 cos 4𝜙 + 𝐾3 sin6 𝜃

+ 𝐾3
′ sin6 𝜃 sin 6𝜙 

(2.35) 

For cubic:  

𝐸𝑎 = 𝐾1𝑐(𝛼1
2𝛼2

2 + 𝛼2
2𝛼3

2 + 𝛼3
2𝛼1

2) + 𝐾2𝑐(𝛼1
2𝛼2

2𝛼3
2) (2.36) 

Where αi are the direction cosines of the magnetization. K1c term is equivalent to 

𝐾1𝑐(sin
2 𝜃 𝑐𝑜𝑠2 𝜙 sin2 𝜙 + cos2 𝜃 sin2 𝜃). When, θ = 0, ϕ = 0, this term reduces to eqn. 

(2.29) [COEY2010]. 

 

Figure 2.09: Magnetization of single crystals of Iron, Nickel, and Cobalt [COEY2010]. 

 

Figure 2.10: Schematic drawing of broadside and head-to-tail configurations for a pair of 

ferromagnetically coupled magnetic moments. 

 

Origin of magnetocrystalline anisotropy: There are two distinct sources of 

magnetocrystalline anisotropy: (i) single-ion contributions and (ii) two-ion contributions. 

The single-ion contribution is due to the electrostatic interaction of the orbitals containing 

the magnetic electrons with the potential created at the atomic site by the rest of the crystal. 

This crystal field interaction stabilizes a particular orbital, and then by the spin-orbit 

interaction, the magnetic moment is aligned in a specific crystallographic direction. For 

instance, a uniaxial crystal having 2×1028 ions/m3 described by a spin Hamiltonian DS2 with 
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D/kB = 1 K and S = 2 will have the anisotropy constant as, K1 = nDS2 = 1.1×106 J/m3. This 

single ion contribution is a major anisotropic component in hard magnetic materials where 

the tendency for the magnetization to align along a particular crystallographic direction turns 

the susceptibility to a tensor rather than a scalar quantity. On the contrary, the two-ion 

contribution replicates the anisotropy of the dipole-dipole interaction. Taking into 

consideration the broadside and head-to-tail configurations of two dipoles, each having 

moment m, as shown in Figure 2.10, the energy of the head-to-tail configuration is lower by 

3μ0m
2/(4πr3), and hence the magnets tend to align head-to-tail. In non-cubic lattices, the 

dipole interaction is a prime source of ferromagnetic anisotropy. 

 

Figure 2.11: Schematic of relative orientations of the atomic moments in the 

antiferromagnetic and ferromagnetic materials, illustrating the lateral offset in the 

magnetization curve. The magnitude of the exchange bias field HE and coercive field HC are 

defined [FANY2013]. 

 

2.7.2. Exchange anisotropy (bulk): 

Exchange anisotropy refers to the magnetic manifestations of an exchange coupling at the 

interface between two varyingly ordered magnetic systems. First proposed by Meiklejohn 

and Bean [MEIK1956] for Co particles embedded in antiferromagnetic CoO, the surface 

exchange anisotropy generally arises due to the exchange coupling between the 

antiferromagnetic regions with the ferrimagnetic or ferromagnetic regions. The 
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antiferromagnetic regions of the material are deemed as the regions of stronger 

magnetocrystalline anisotropy, and therefore, the preferential direction of magnetization 

gets transmitted to the adjacent ferromagnetic region by exchange coupling across the 

interface. Exchange bias is usually defined by an asymmetric M-H loop and is characterized 

by an exchange bias field HE. For the Co (TC = 1390 K)/CoO (TN = 291 K) system reported 

by Meiklejohn and Bean, shifted M-H loops of partially oxidized Co particles is observed 

at 77 K in a field of 1 Tesla [MEIK1956] due to the resulting interaction between the 

antiferromagnetic CoO and ferromagnetic Co particles. In the case of thin films with proper 

layer structures of antiferromagnetic/ferromagnetic material [FANY2013], the nature of the 

M-H loop and shift in the loop can be controlled, as shown in the Figure 2.11. 

 

Figure 2.12: Magnetization of a prolate ellipsoid of revolution with c > a and no 

magnetocrystalline anisotropy. c-axis is the easy direction of magnetization. 

 

2.7.3. Shape anisotropy: 

Though most of the magnetic samples show some magnetocrystalline anisotropy, a 

polycrystalline sample with no preferential orientation of its grains cannot possess an overall 

crystalline anisotropy. However, only if the sample is exactly spherical, then the same field 

is required to magnetize the sample to the same extent in every direction, and if non- 

spherical, then it is easier to magnetize it along a long axis. This phenomenon arising in the 

materials due to the asymmetric shapes is called shape anisotropy [SPAL2010]. This is, in 

particular, important for thin films where one dimension is very short as compared to other 

dimensions. The demagnetization field inside the material or the stray field outside the 

magnetic material depends on the magnetization and shape of the material [JILE1997, 

OHAN2000, BLUN2003]. The magnetostatic energy of a ferromagnetic ellipsoid (Figure 

2.12) with magnetization MS is given as 
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𝐸𝑚 =
1

2
𝜇0𝑉𝑁𝑀𝑆

2 (2.37) 

The anisotropy energy is related to the difference in energy ΔE when the ellipsoid is 

magnetized along its hard and easy directions. N is the demagnetization factor tensor for the 

easy direction. 𝑁′ = (1 2⁄ ) (1 − 𝑁) is the demagnetization factor tensor for the hard 

directions. Hence, 

∆𝐸𝑚 =
1

2
𝜇0𝑉𝑀𝑆

2 [
1

2
(1 − 𝑁) − 𝑁]  

∆𝐸𝑚 =
1

4
𝜇0𝑉𝑀𝑆

2[1 − 3𝑁]  

𝐾𝑠ℎ =
1

4
𝜇0𝑀𝑆

2[1 − 3𝑁] (2.38) 

Also, the demagnetization factor tensor, which relates the demagnetization field with a 

specimen magnetization as a function of the position is given by [NEAL1994], 

𝑁(𝑟) = −
1

4𝜋
∭𝑑3𝑟′∇′ (∇′ (

1

𝑟 − 𝑟′
)) (2.39) 

 

Table 2.03: Demagnetization factors (in Gaussian units) of selected shapes. 

Shape N1 N2 N3 

Sphere 4/3 4/3 4/3 

Long Cylinder along the z-axis 2 2 0 

Infinite plate normal to the z-axis 0 0 4 

Strip film normal to the z-axis 

(with t – thickness, W – Width, L – Length; t  W  L) 

0 8t/W 4 

 

This tensor is given by the integral over the object volume and can be evaluated either inside 

or exterior to the body. The value of tensor N depends mostly on the specimen shape, which 

is difficult to obtain in closed-form and can only be calculated for an ellipsoidal shape 

precisely. In many symmetrical materials such as any ellipsoids of revolution, the 

demagnetization factor tensor has only three principal components, i.e., 

(
𝐻1

𝐻2

𝐻3

) = −(
𝑁1 0 0
0 𝑁2 0
0 0 𝑁3

)(
𝑀1

𝑀2

𝑀3

) (2.40) 
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where, N1 + N2 + N3 = 1 (in SI) and N1 + N2 + N3 = 4π (Gaussian). The demagnetization 

factors for the selected shapes are summarized in Table 2.03. A meticulous calculation of 

the demagnetization factor for various objects can be found in [NEAL1994]. As N = 1/3 for 

a sphere, it does not have any shape anisotropy. This anisotropy is fully effective in samples 

that are so small that they do not break up into any further domains [COEY2010]. 

 

2.7.4. Surface anisotropy: 

The magnetic anisotropy originated due to the reduced magnetic coordination of the surface 

spins as compared to the bulk surface spin is called the surface anisotropy. This anisotropy 

arises due to the missing neighbors for the surface spins and the breaking of their crystal 

field symmetry. Surface anisotropy contributes to a significant anisotropic component in 

magnetic nanoparticles where a significant fraction of atoms reside on the surface, and their 

magnetic properties such as exchange and anisotropy are starkly modified as compared to 

their massive counterpart. Proposed by Néel [NEEL1953] and microscopically modeled by 

Victora and MacLaren [MACL1994], this anisotropy is much stronger than a typical 

crystallographic anisotropy experienced by the particle’s core. The general form of the 

Néel’s approach to the surface anisotropy is, 𝐸𝑆𝐴
𝑁é𝑒𝑙 = − 𝐾𝑠 ∑ ∑ (𝑆𝑖. 𝑒𝑖𝑗)

2
𝑗≠𝑖𝑖 , where, Si 

defines to the unit vector spin on-site, i of the nanoparticle, eij is the unit vector connecting 

site i to its nearest neighbors, the second summation is over the nearest neighbors j of site i, 

and KS is the surface anisotropy term. In the case of weak magnetic anisotropies in magnetic 

nanoparticles, the surface component is generally approximated as a cubic contribution. 

 

2.7.5. Magneto-elastic anisotropy: 

When a ferromagnetic material is exposed to an applied magnetic field, and a change in 

magnetization occurs due to the presence of the mechanical strain of the lattice, it produces 

a unique easy axis of magnetization and the anisotropy involved in the process is known as 

the magnetoelastic anisotropy (MEA). The inverse effect, i.e., when a ferromagnetic 

material is exposed to an external magnetic field, the dimensions of the material change and 

thereby experience strain. This process is known as magnetostriction. The anisotropy energy 

associated with the magnetoelastic effect can be expressed as [JOHN1996], 

𝐸𝑚𝑒𝑎 = − 𝐾𝑚𝑒𝑎  𝑐𝑜𝑠
2𝜙 (2.41) 

Where  is the angle between the magnetization and the plane of isotropic anisotropy. The 

value of Kmea can be stated as  
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𝐾𝑚𝑒𝑎 =
3

2
𝜆𝜎 =  

3

2
𝜆𝐸𝜀 (2.42) 

Where λ is the magnetostriction coefficient, and σ is the stress, which relates to the strain (ε) 

through the elastic modulus E.  

 

Figure 2.13: Schematic drawing of bars to demonstrate inducing an easy-axis in a material 

with positive magnetostriction. 

 

The experimental values of λ for Fe, Ni, and Fe3O4 are -7×10-6, -33×10-6 and -40×10-6, 

respectively. Figure 2.13 shows the schematic view of bars with varying applied stress 

conditions. If λ is positive, then the application of tensile stress to the bar creates an easy 

axis in the direction of the applied stress. If compressive stress is applied, then the direction 

of the easy axis created remains perpendicular to the stress direction. On the contrary, if the 

magnetostriction constant of the material is negative, then the above phenomena would be 

reversed: tensile stress will create an easy axis perpendicular to the stress direction, and 

compressive stress will create an easy axis in the direction of the applied stress. 

 

2.7.6. Induced anisotropy: 

In certain magnetic materials, the magnetic anisotropy can be induced extrinsically in 

several ways: (i) By fabricating the nanoparticles in the presence of a magnetic field, (ii) 

heat-treating the materials in the presence of an externally applied field, and (iii) by applying 

uniaxial stress. For the first two cases after such treatment, the material may exhibit an easy 

axis of magnetization that points in the direction of the applied magnetic field. This induced 
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anisotropy is undeniably independent of any crystalline anisotropy or any other form of 

anisotropy that might be existent.  

 

Figure 2.14: Magnetization of a thin film with induced anisotropy created by annealing in 

a magnetic field. The sheared (a) and open (b) loops are observed when the measuring 

field H is applied perpendicular and parallel to the annealing field direction, respectively. 

 

Figure 2.14 represents a typical example of inducing the anisotropy in ferromagnetic 

materials by field annealing. In the last case, the uniaxial anisotropy is induced by applying 

uniaxial stress (σ) in a ferromagnetic solid [KRON2003]. The magnitude of the stress-

induced anisotropy is 

𝐾𝑢𝜎 =
3

2
𝜎𝜆𝑆 (2.43) 

Where λS is the saturation magnetostriction. The single-ion and two-ion anisotropy 

contribute to the stress-induced anisotropy. The highest values of uniaxial anisotropy are 

found in hexagonal and other uniaxial crystals. Smallest values are found in cubic alloys 

and amorphous ferromagnets. 

 

2.8. Size effects and magnetism: 

‘God made the solid-state; He left the surface to the devil’ stated by Enrico Fermi truly 

exemplifies the nanostructures through the prominent size/surface effect. Having smaller 

sizes, the nanostructures have a larger surface-area-to-volume ratio, and for small enough 

feature sizes, their properties are no longer dominated by the bulk of the material but by the 

surface atoms [BATL2002, BIEN2009]. A foremost effect of finite size on magnetic 

nanoparticles is the breaking of a large number of exchange bonds for surface atoms. This 
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has significant importance on ionic materials, as the exchange interactions observed in them 

are largely antiferromagnetic super-exchange interactions [ANDE1950] between the 3d 

orbitals of the metal ions and 2p orbitals of the oxygen ions. The strength of the super-

exchange interaction is directly proportional to the overlap between these orbitals, so it 

depends on the bond length and bond angle between the metal ions and the intervening 

oxygen ion. Furthermore, contingent on the coordination, the finite size, and the large 

surface can have effects not only on the structural order like reduced coordination, lattice 

disorder, contracted bond lengths, etc. but also dominates the magnetic properties of the 

nanosized particles [TIWA2005, WINK2005, THOT2007, YIJB2007]. In most cases, the 

size effect is originated owing to the competition between the surface and core magnetic 

behaviors and is of great technological attention in the fields of magnetic storage media, 

spin valves, spin transistors, and spin-dependent tunneling devices [KODA19971, 

KODA19991, RUBI2001]. Theoretically, the magnetic nanoparticles are pictured as a 

perfectly ordered single spin, which rotates synchronously as a large spin pointing either 

‘up’ or ‘down’ in a zero field along the easy axis. However, this cannot be said for surface 

atoms of the nanostructures where the structural defects like vacancies, dangling bonds, 

reduced atomic coordination, breaking of lattice symmetry result in site-specific surface 

anisotropy, weakened exchange coupling and misaligned surface spin leading to a net 

surface magnetization (Ferromagnetism or Antiferromagnetism). This surface 

magnetization largely depends on the finite size and degree of surface disorder [DOBR2005, 

HOCH2006, ZYSL2006, KODA19992]. 

Simultaneously, the large perturbations to the crystal symmetry at surfaces give rise 

to magnetocrystalline anisotropy of different magnitude and symmetry for surface sites as 

proposed by Néel in 1954 [NEEL1954]. The combined effect of reduced coordination and 

surface anisotropy, as reported by Kodama et al. [KODA1996, KODA19972, 

KODA19992], stated that the pairwise exchange interactions had the same magnitude for 

bulk and surface atoms. However, the total exchange interaction was found to be less (i.e., 

fewer neighbors) for surface atoms due to reduced coordination, and the surface anisotropy 

was accounted as the uniaxial anisotropy. 

These finite-size and surface effects are particularly significant in antiferromagnetic 

oxide nanoparticles. When the dimensions of antiferromagnetic oxides are decreased to the 

nanometric level, they exhibit weak ferromagnetism at the surface, and finite-size effects or 

a net magnetic moment originated from the uncompensated spins as proposed by Néel in 
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1961 and was attributed to the spin non-compensation of the two antiferromagnetic 

sublattices. Besides, due to structural disorder and broken bonds, the surface spin directions 

show deviation of the magnetic state from the perfect antiferromagnetic alignment resulting 

in a large magnetic anisotropy and observed finite magnetic moment [MAND2011]. For 

instance, NiO in bulk form is antiferromagnetic, with a TN of 524 K [SRIN1984]. 

Interestingly, the magnetic behavior of NiO at the nanoscale is observed to be strongly 

dependent on the intercalated finite size effect, surface effect, and interface effect 

[MENE2010, TADI2010]. This is related to the observation of anomalous magnetic 

behaviors such as magnetic enhancement, large coercivity, spin-glass freezing, and unusual 

hysteretic behaviors [GHOS2006, MAND2011]. These anomalous properties of NiO 

nanoparticles have been explained through various models like the two-sublattice model 

[TAYL1993], multi-sublattice model [KODA19971], and core/shell model [CARN2010, 

ARAG2012]. NiO nanoparticle is observed to have a small net magnetic moment owing to 

an unequal number of spins on the two sublattices as a result of the finite size [RICH1956, 

SCHU1962]. Similarly, larger magnetic moments have been observed in NiO nanoparticles 

due to multi-sublattice structures in the nanometric level [JAGO2009]. Kodama et al. 

reported the finite-size effects in antiferromagnetic NiO nanoparticles and stated a huge 

magnetic moment of 700μB and an HC of 10 kOe [KODA19971]. Vaidya et al. reported 

NiO/SiO2 core-shell nanostructures with the uncompensated spin magnetism for a NiO 

particle size of 25-100 nm. [VAID2009]. A high MS of 65 emu/g and a huge magnetic 

moment (500μB) in 3 nm NiO nanoparticles due to strong surface effect was reported by 

Winkler et al. [WINK2005]. However, the finite size and surface effects on the magnetic 

properties of NiO reported in the literature have been found to be somewhat inconsistent 

and dedicated to different factors altogether. 

Among the finite-size effects, one of the most obvious and heavily studied one is the 

superparamagnetism. This is a form of magnetism appearing in small ferromagnetic and 

ferrimagnetic particles. The basic principle lying within is that the magnetic anisotropy 

energy, which keeps a particle magnetized in a particular direction is generally proportional 

to the particle volume as stated by the Stoner-Wohlfarth model [𝐾 = 25𝐾𝐵𝑇 𝑉⁄ , where K is 

the anisotropy, V is the volume of the nanoparticle, KB is the Boltzmann constant, and T is 

the temperature]. Hence for sufficiently small nanoparticles at a specific critical size, 

thermal excitations become sufficient to rotate the particle magnetization and thereby 

demagnetize the whole assembly of such fine particles [MARG2015]. The effect of 
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superparamagnetism is observed in nanoparticles having a single magnetic domain and a 

subsequent diameter ranging between 3-50 nm depending upon the material. Hence, the 

magnetization of the nanoparticle is considered as a single giant magnet, which is the sum 

of all the individual magnetic moments of the atoms in the nanoparticle. However, in 

specific nanoparticles, the critical temperature of the superparamagnetic limit can be 

considerably tuned by the presence of large magnetic anisotropy [SKUM2003]. Mostly, the 

significant contributions to the magnetic anisotropy in nanoparticles are the 

magnetocrystalline, shape, and exchange anisotropies. The shape anisotropy becomes 

prominent for smaller nanoparticles having highly anisotropic shapes [PARK2000, 

ROCA2006]. Similarly, it has been observed that the exchange anisotropy increases with 

increasing surface-area-to-volume atomic ratio [ROCA2006]. Hence, the 

magnetocrystalline anisotropy, shape anisotropy, and exchange anisotropy play the key role 

in the enhanced total magnetic anisotropy in the nanoparticles and are plausibly induced by 

the surface, size, and shape effect. The magnetic anisotropy constant decreases with 

increasing particle size, which further confirms the effect of finite size on the total magnetic 

behavior of the nanoparticle systems.  

 

2.9. Magnetic interaction: 

2.9.1. Direct exchange interaction: 

If the two neighboring magnetic moments interact via an exchange interaction, the 

interaction is known as the direct exchange interaction. As the name suggests, this exchange 

interaction proceeds directly without the need for any intermediate molecules or ions. 

Though this looks like the most obvious route for an interaction to occur, the physical realm 

of the situations is scarcely simple. In reality, there is hardly seen any interesting magnetic 

phenomenon that could be explained based on the direct exchange. As there is insufficient 

overlapping of the participating magnetic dipoles, the direct exchange is not an important 

mechanism in controlling the magnetic properties of the materials. 

 

2.9.2. Super-exchange interaction: 

The long-ranged indirect exchange interaction between two non-neighboring magnetic ions 

mediated through a non-magnetic ion situated in between the magnetic ions is known as the 

super-exchange interaction. It was pointed out by Kramer [KRAM1934], Anderson et al. 

[ANDE1955, ANDE1958], Goodenough [GOOD1995], and Kanamori [KANA1959] that, 
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ferromagnetic and anti-ferromagnetic exchange interactions are possible via the super-

exchange interaction. Mostly valid for the antiferromagnetic materials, the super-exchange 

interaction arises due to the kinetic energy advantage of the antiferromagnetic state where 

the magnetic ions are commonly separated by the intermediate non-magnetic oxygen ions 

and is a typical interaction experienced in many ionic solids, including antiferromagnetic 

oxides and fluorides. 

 

Figure 2.15: Arrangement of spins and orbitals in (a) an antiferromagnetic super-exchange 

interaction, and (b) a ferromagnetic super-exchange interaction. 

 

A schematic representation of antiferromagnetic and ferromagnetic super-exchange 

interaction in MnO is shown in Figure 2.15 (a) and (b), respectively. In this case, there is no 

direct overlap between the Mn4+ cations. Figure 2.15 (a) presents the condition where the 3d 

orbitals point towards the O-2p orbital. The overlapping between the 3d and p orbitals 

enables the concurrent covalent bond formation between the cations (Mn4+) and anions (O2-

) on both sides since the electrons of O2- anion is shared with the 3d electrons. Here, out of 

two valence electrons of oxygen, the up spin electron spends some time with the cation in 

one side having up spin configuration, and the down spin electron spends some time with 

other cation having down spin configuration to satisfy the Hund’s rule. In this process, each 

cation-anion pair has a ferromagnetic (parallel) alignment of electrons, and the net cation-

cation interaction is antiferromagnetic. 

According to Goodenough [GOOD1995], the above covalent bonding is not 

permissible if the core spins of magnetic cations are aligned parallel, as shown in Figure 

2.15(b). Within this situation, out of two valence electrons of O2-, the spin-up electron forms 

covalent bonding with left side cation (Mn3+) having spin up electron, while the spin-down 
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electron of oxygen forms an ionic bond with right side cation (Mn4+). The direct exchange 

between oxygen and the right side cation is antiferromagnetic. So, overall ferromagnetic 

interaction prevails between Mn3+ and Mn4+ ions. 

 

2.9.3. Magnetic dipole-dipole interaction: 

Magnetic dipole-dipole interaction [BLUN2003] or dipolar coupling refers to the direct 

interaction between two magnetic dipoles. The energy of the interaction is given as  

𝐻 = −
𝜇0

4𝜋𝑟𝑖𝑗
3 [3(𝜇𝑖. 𝑟̂𝑖𝑗)(𝜇𝑗 . 𝑟̂𝑖𝑗) − (𝜇𝑖. 𝜇𝑗)] (2.44) 

where 𝑟̂𝑖𝑗 is a unit vector parallel to the line joining the centers of the two dipoles, μi, μj are 

the moments of two dipoles separated by a distance |rij|. This interaction is important in the 

properties of those materials, which order at milli-Kelvin temperature. The magnetic dipolar 

interaction is too weak to account for the ordering of most magnetic materials with high 

material ordering temperatures. There is a built-in anisotropy to the dipolar interaction, 

which can orient the spins either parallel (ferromagnetic) or antiparallel (antiferromagnetic) 

alignment. If the spins are oriented along rij, they couple ferromagnetically. Otherwise, they 

couple antiferromagnetically. 

 

2.9.4. Anisotropy interaction: 

Dzyaloshinskii [DZYA1958] postulated a contribution to the exchange interaction between 

two neighboring spins, which was later identified by Moriya [MORI1960] as the spin-orbit 

coupling between the spins. This is a probable case where spin-orbit interaction plays a vital 

role as a substitute for the oxygen atom for superexchange interaction. Here, the excited 

state of one of the participating ions is not connected with oxygen ion but is produced by 

the spin-orbit coupling in one of the magnetic ions. So there is an exchange interaction that 

arises between the excited state of one ion with the ground state of the other ion and known 

as the anisotropic exchange interaction or the Dzyaloshinskii-Moriya interaction. 

 

2.10. Law of approach to magnetic saturation: 

The theoretical model based on the micro-magnetism of ferromagnetic materials was 

developed by Brown to describe the law of approach to saturation magnetization 

[BROW1940, BROW1941]. A generalized equation [KRON1959] for the high-field 

magnetization is expressed in the form of a series as, 
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𝑀(𝐻) = 𝑀𝑆 (1 −
𝑎1

√𝐻
−

𝑎2

𝐻
−

𝑎3

𝐻3/2
−

𝑎4

𝐻2
…) + 𝛼𝑇√𝐻 + 𝜒𝑝𝐻 (2.45) 

Where M(H) is the magnetization in an external field H, MS is the saturation magnetic 

moment, χp is the high-field susceptibility terms. The values of constant coefficients a1, a2, 

etc. result from the intrinsic properties such as magnetocrystalline anisotropy, spin-waves, 

and Pauli’s paramagnetic susceptibility, as well as from extrinsic properties such as point 

defects, dislocations, grain boundaries, and non-magnetic precipitations.  

 

(i) Intrinsic contributions: 

The intrinsic contributions to the law of approach to magnetic saturation are as follows: 

 The1/H2 dependency of the expression is originated due to the magnetocrystalline 

anisotropy. Local fluctuations of the magnetocrystalline anisotropy as in the 

amorphous alloys result in the 1/H1/2 term at low fields region and 1/H2 term at higher 

applied fields. 

 The energy gap in the spin-wave spectrum due to the Zeeman energy gives the H

term. 

 χPH represents the enhanced Pauli’s paramagnetism of the band structure. 

 

(ii) Extrinsic contributions: 

Inhomogeneous spin states are produced by the stress sources due to the magneto-elastic 

interaction. Hence, the corresponding deviations of magnetization from the saturation 

values [ΔM = MS – M(H)] depend on the geometry of the defects, spatial variation of the 

stresses, and the correlation between the defects. The change in the values of ΔM due to the 

defects is as follows:  

 Point defects of radius result in ΔM = a4/H
2, when r0 > Lex. 

 Straight dislocation dipoles of width D contribute as ΔM= a2/H, when D < Lex and 

ΔM = a4/H
2, when D > Lex. 

 Non-magnetic spherical precipitations of radius r0 contribute as ΔM = a1/H
1/2, when 

r0 < Lex and ΔM = a3/H
3/2, when r0 > Lex. Similarly, the effect of intrinsic fluctuations 

of the materials parameters such as local spin density, local magnetic anisotropy 

energy, and local magnetic stray fields resulting from the local fluctuations of the 

spin density also affect MS. Magnetoelastic coupling due to the stress-induced 

sources has also effect on MS of magnetic materials. 
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3.1. Introduction: 

This chapter majorly provides a brief description of the various experimental techniques 

employed for the preparation and characterization of the samples together with the relevant 

theory associated with those techniques. Experimental data and results of the present thesis 

are based on the experimental techniques outlined in this chapter. 

 

3.2. Techniques used for sample preparation: 

Material processing was carried out by using a high-energy planetary ball milling technique. 

A brief discussion of the said preparation method is stated below. 

  

Figure 3.01: (left) Photographic view of the planetary ball mill used, and (right) schematic 

diagram of the horizontal section of a vial depicting the movement of the balls inside the 

vial due to its planet-like movement [LUY2015]. 

 

3.2.1. Ball milling technique: 

3.2.1.1. Mechanical milling: 

High-energy ball milling of the initial raw mixtures (powders) was carried out in a planetary 

ball mill (Insmart, India) under dry milling conditions in controlled argon (Ar) gas 

environment. The photographic view of the planetary ball mill comprising of a horizontal 

rotating support disc on which the vials are mounted and the schematic depiction of the ball 

motion inside the vial is shown in Figure 3.01. The vials mounted on the horizontal disc are 

equipped with a special drive mechanism that causes them to rotate along their own axes 

and in a direction opposite to that of the disc and thereby simulates a planet-like movement, 
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hence been named as the planetary ball mill. This leads to a large centrifugal force on the 

balls kept within the vial and allows for the highly impacted ball-powder-ball and ball-

powder-wall collisions within the vials. 

When the powders are placed inside the vial together with the grinding balls, the 

centrifugal forces acting interchangeably in like and opposite directions cause first the 

grinding balls to run down inside the wall of the vial by the friction effect. It is followed by 

the powders being ground and the milling balls lifting off and traveling through the inner 

chamber of the vial freely and colliding against the opposing wall by the impact effect. 

Hence, the powders are subjected to repeated cold welding and fracture at the surfaces of 

the balls and the vial, leading to the disintegration of the powders. In fact, welding and 

fracture are the two basic events that produce the permanent exchange of matter between 

the particles and ensure intimate mixing of individual elements of the raw powder mixture. 

This first results in a size refinement process to produce nanocrystalline alloys along with a 

large number of defects and ultimately attains an amorphous state at sufficiently high 

milling periods [SONI2001, SURY2001, KOCH2002, SURY2004]. Hence, size refinement 

is a natural consequence of the ball milling process. The size refinement and alloying 

processes are determined by the careful optimization of milling parameters such as ball-to-

powder weight ratio, ball size, rotation speed, milling time, etc. The nature of the milling 

vial and types of balls’ materials also play an important role in the process, along with the 

milling media. 

 

Figure 3.02: (left) Schematic view of the planetary ball mill under reactive milling process, 

and (right) the ball-powder-ball collision, leading to the structural and chemical 

transformation of the raw powder mixture. 
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3.2.1.2. Reaction milling: 

Reaction milling of the initial raw powder mixtures (reactants) was carried out in the high-

energy planetary ball mill. Reaction milling is basically a ball milling mechanosynthesis 

process characterized by the repeated welding, deformation, and fracture of the mixture of 

reactants. As the initial powder mixtures are chemically reactive and the displacement 

reactions occurring at the interfaces of the nanometric grains are mostly exothermic by 

nature, the milling associates both the natural size refinement/structural transformations 

along with the chemical transformations at ambient temperature [KOCH1991, TSUZ2004]. 

Hence, the type of reaction eventuated, and the controlled reaction rates are determined by 

the appropriate selection of processing parameters such as stoichiometry/relative proportion 

of the starting materials, chemical reaction paths, ball size, milling speed, milling time, etc. 

As the reactions in most of the scenarios are highly exothermic ones, milling media and the 

controlled gas atmosphere plays a crucial role in the reaction milling processes. The 

schematic view of the ball motion inside the vial along with the ball-powder-ball collision 

of the mixture of reactants used in the present thesis work is shown in Figure 3.02. 

In the present work, reaction milling of high purity powders has been carried out 

under dry milling conditions and a controlled high purity Ar gas atmosphere. Hardened steel 

vial and hardened steel balls (8 mm in diameter) were used for milling of all the powders. 

After a careful and systematic investigation, the rotating speed and ball-to-powder weight 

ratio were kept constant at 500 rotations per minute and 10:1, respectively. Prolonged dry 

milling results in a temperature rise inside the vial, which usually deteriorates the final 

product and sometimes even the constitution of the powders. So, the milling was 

programmed to pause for 15 minutes after every minute 15 minutes of continuous milling 

to elude the excessive heating. Furthermore, the time of milling throughout the thesis work 

was optimized depending upon the requisite reaction conditions. 

 

3.3. Structural characterization: 

3.3.1. X-ray diffraction: 

Put forwarded by W.H. Bragg and W.L. Bragg in 1912, X-ray powder diffraction (XRPD) 

is a rapid analytical technique predominantly used for the identification of various phases, 

degree of crystalline order and the quantification of secondary phases present in a crystalline 

material. High-power X-ray diffractometer (Rigaku TTRAX III 18KW) was used in the 

present work with a Cu-K source having a wavelength of 1.54056 Å. Figure 3.03 shows 
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the typical photographic view of the Rigaku TTRAX III X-ray diffractometer and the 

conventional symmetrical Bragg-Brentano geometry of powder X-ray diffractometer. The 

theta-theta (θ–θ) goniometer was used in the reflection (Bragg-Brentano) geometry 

[CULL2001]. 

  

Figure 3.03: (left) Photographic view of Rigaku TTRAX III 18 kW X-ray diffractometer 

and (right) Bragg-Brentano diffraction geometry of a powder X-ray diffractometer 

[HTTP0006]. 

 

Figure 3.04: Schematic ray diagram of diffraction of X-rays by a crystal. 

 

XRPD technique allows the identification of various crystalline phases existent in 

the material and renders other structural information such as the size of the crystallites, 

lattice strain, the lattice constant, etc. It is well-known that an ideal crystal has a periodic 

planar arrangement of atoms with an inter-planar spacing of the order of a few angstroms, 

as shown in Figure 3.04. Diffraction of X-ray occurs through constructive interference of 

X-ray scattered from atoms of a set of parallel atomic planes in a crystal lattice at a particular 
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angular position of the incident wave known as Bragg angles [CULL2001]. So, the 

condition for obtaining the constructive interference is known as the Bragg’s law given by 

the relation [CULL2001], 

2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃 = 𝑛𝜆 (3.01) 

where dhkl is the inter-planer spacing, θ is the angle of incidence of the X-ray beam with the 

atomic plane, λ is the wavelength of X-ray (Cu-K = 1.54056 Å) and n is the order of 

diffraction (we consider only the first-order diffraction, n =1, as the second-order peaks are 

mostly difficult to detect experimentally). A sequence of these angles is used to determine 

the Miller indices (hkl), and the crystal structure can be identified from the systematic 

behavior of these indices. Figure 3.04 clearly shows the diffraction of X-ray from crystal 

lattice planes illustrating Bragg’s law. The different structural parameters such as the 

average crystallite size, d-spacing, the lattice constant and strain present inside the 

crystallites, etc. can be determined by a careful analysis of the XRPD patterns using various 

models [CULL2001].  

All the XRPD measurements in the present thesis have been carried out by 

employing a high-power X-ray diffractometer (Rigaku TTRAX III 18 kW) with Cu-Kα 

radiation (λ=1.5406 Å). The diffractometer was equipped with a pyrolytic graphite 

monochromator and a silicon scintillation counter. The generator power was set at 50 

kV/180 mA condition. Divergence and receiving slits were kept at 2/3° and 0.3 mm, 

respectively. XRPD patterns were collected at a slow scan rate of 0.005/s with 100 steps 

per degree. To subtract the instrumental broadening, the diffraction pattern of the standard 

silicon reference sample was recorded under similar diffraction conditions. The instrumental 

broadening corrected line profile full width at half maximum 𝛿(2𝜃), in radians, of each X-

ray reflection was calculated from the parabolic approximation correction [SHAA2014] 

defined as, 𝛿(2𝜃) =  √𝐹2(1 − 𝑓2/𝐹2). The terms F and f are the widths (in radians) of the 

Bragg peaks from the XRPD patterns of the milled powders and standard silicon reference 

sample, respectively. Both F and f were estimated by a non-linear curve fitting routine using 

Microcal Origin software. In addition, the exact peak position, full-width-half-maxima 

(FWHM), and integrated area of the XRPD peaks are obtained using the FULLPROF profile 

fitting of the experimental data using Xpert High Score Plus software and fitting with respect 

to the standard XRPD patterns. The average size of the crystallites could be estimated from 

the width of the diffraction peaks. This is equivalent to the diffraction of light from an 

ordinary optical grating where the line width is proportional to the number of diffracting 
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grooves in the grating. The crystallite size can be quantified by Scherrer’s formula 

[CULL2001] as,  

𝐷 =  
𝑘𝜆

𝛿(2𝜃) cos 𝜃
 (3.02) 

Where D is the average size of the crystals.  

  

Figure 3.05: (left) Photographic view, and (right) schematic view of a field-emission 

scanning electron microscope. 

 

3.3.2. Scanning electron microscopy: 

Scanning electron microscope (SEM, Leo 1430VP) and field-emission scanning electron 

microscope (FE-SEM, Sigma Zeiss, Germany) equipped with energy dispersive 

spectroscopy (EDS) attachment (Oxford) were used to study surface morphology and the 

elemental compositions of the milled samples. A photographic view of the FE-SEM used in 

the present study is displayed in Figure 3.05. SEM is a microscopic technique used for the 

observation of specimen surfaces and provides the topographical, morphological, and 

compositional information in detail. It utilizes a focused beam of electrons with relatively 

low energy to obtain a high-resolution, three-dimensional image of objects, and to study 

surface morphologies, fractured components, foreign particles and residues, polymers, 

electronic components, biological samples, etc. The thermionically emitted electrons or 

field emission controlled electrons are drawn to an anode, focused by two successive 

condenser lenses into a beam with a narrow fine spot size (~ 50 Å). The shorter wavelength 

of electrons allows image magnifications of up to 100,000 times in SEM. Pair of scanning 

coils located at the objective lens deflects the beam either linearly or in raster fashion over 

a rectangular area of the specimen surface, and the intensities of various signals, i.e., 
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secondary electrons, backscattered electrons and characteristic X-rays created by the 

electrons-specimen interactions are collected by one or more detectors and processed. 

 

Figure 3.06: (a) Electron and photons signals emanating from tear-shaped interaction 

volume during electron beam impingement on the specimen surface, (b) Energy spectrum 

of electrons emitted from the specimen surface, and (c) Effect of surface topography on 

electron emission. 

 

Figure 3.06 displays the interaction of electrons on the specimen surface. As shown 

in the figure, upon electron impingement on the surface, the interaction volume approaches 

the classical teardrop shape. These primary bombarding electrons on the surface dislodge 

valence electrons from the constituent atoms known as secondary electrons from the 

specimen. These dislodged secondary electrons are attracted and collected by a grid 

(positively biased) or detector, and afterward translated into a signal. Subsequently, these 

signals are amplified, analyzed, and translated into images of the topography of the specified 

specimen surface. Eventually, the image is shown on a cathode ray tube. The most common 

imaging mode counts on the detection of the very lowest portion of the emitted energy 

distribution. Here the ‘very lower energy’ means these are originated from a subsurface 

depth of no deeper than a few angstroms. 

Apart from the secondary electrons, the primary electron beam results in the 

emission of backscattered (or reflected) electrons (BSE) from the specimen. While the 
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secondary electrons are generated from the surface or near-surface atoms of the sample via 

inelastic interactions between the primary electron beams and the sample, BSEs are 

originated from the deeper regions through the elastic electron-atom interactions. BSEs 

possess more energy than the secondary electrons and have a definite direction. All 

emissions beyond 50 eV are considered to be backscattered electrons. Here, it may be noted 

that the BSE imaging is useful to distinguish one material from the other, as the yield of the 

collected BSE monotonically increases with atomic number Z (~ 0.05 Z1/2) of constituent 

atoms in the specimen. BSE imaging can easily distinguish elements with atomic number 

differences of at least 3, i.e., elements with atomic number differences of at least 3 show 

images with a discernible contrast. 

 

Figure 3.07: Schematic of X-ray generation and the plot of intensity versus X-ray energy to 

quantify the content. EDS data for the PbSe -MWNT sample. Copper and iron are from the 

formvar TEM grid and residual nanotube growth catalyst, respectively [HTTP0007]. 

 

Energy dispersive spectroscopy (EDS) analysis is quite useful in the identification and 

evaluation of materials, identification of contaminants as well as estimation of their relative 
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concentrations on the specimen surface. The electrons colliding with the specimen knock 

off some of the electrons from the inner shells of the atoms, as shown in Figure 3.07. During 

EDS analysis, the specimen is bombarded with an electron beam inside the SEM. The 

bombarding electrons, colliding with the specimen, transfer part of its energy to the atoms 

of the sample. This energy leads to the electrons of the atoms to jump to an energy shell 

with higher energy or knocking-off of some of the electrons from the atoms. A position 

vacated by an ejected inner shell electron due to the aforementioned transition is eventually 

occupied by a higher-energy outer shell electron. However, to be able to do so, the 

transferring outer electron is obligated to give up some of its energy in the form of X-ray 

emission. This amount of energy released by the transferring electron relies on which shell 

it is transferring from, as well as which shell it is transferring to. Besides, a unique amount 

of energy as an X-ray is released by the atoms of every element during the transferring 

process. Hence, by measuring the amount of energy present in the emanated X-ray during 

electron beam bombardment, the identity of the atom from which the X-ray was emitted can 

be found out. The output of an EDS analysis is an EDS spectrum, which is just a plot of how 

frequently an X-ray is received for each energy level. An EDS spectrum typically illustrates 

peaks corresponding to the energy levels for which the most X-ray had been received. Each 

of these peaks is unique to an atom and thereby corresponds to a particular element. The 

higher the peak in a spectrum, the more concentrated the element is in the specimen. 

In the present work, a thin layer of the as-milled powders were spread on carbon-

coated tape and mounted on the FE-SEM stub. Gold coating, wherever necessary, was then 

applied over it to yield an electrically conducting surface for SEM observation. 

 

3.3.3. Transmission electron microscopy: 

Transmission electron microscope (TEM, JEOL 2100, JEOL2100F, TECNAI TF20) 

has been used to study the microstructure of the powders depending upon its availability. 

Figure 3.08 depicts the cut-view of a TEM (Figure 3.08a), schematic ray diagrams of 

imaging (Figure 3.08b), and diffraction modes (Figure 3.08c). TEM is an optical equivalent 

to the conventional light microscope, which is based not only on the fact that electrons can 

have an ascribed wavelength (order of 0.25 nm) but also can interact with magnetic fields 

as a point charge. A beam of electrons is used instead of the rays of visible light and the 

glass lenses are replaced by magnetic lenses. As the wavelength of electrons is much smaller 

than that of light, the magnitude of optical resolution attainable by TEM is many orders 
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higher than the light microscope. Hence, the lateral resolution of the best microscopes is 

down to atomic resolution. 

 

Figure 3.08: (a) Cut view of the transmission electron microscope and (b) schematic ray 

diagrams of image mode and (c) diffraction mode. 

 

In a TEM, electrons emitted from the electron gun are accelerated to 200 keV or 

higher and first projected on to the specimen by means of the electromagnetic condenser 

lens system. During their passage through the specimen, the scattering processes 

experienced by the electrons determine the kind of information obtained (shown in Figure 

3.09), which may possibly happen in three different ways: (i) the electrons pass being 

unobstructed, (ii) elastically scattered without the loss of energy when electrons interact 

with the potential field of the ion cores and gives rise to a diffraction pattern. (iii) in-

elastically scattered where there is an energy exchange between the electron beam and 

matrix electron at heterogeneities such as grain boundaries, dislocations, second-phase 

particles, defects, and scattering effects, etc. The characteristic X-ray and Auger electrons 

are also generated but are normally not collected in a typical TEM measurement. The 

emergent primary and diffracted electron beams are now made to pass through a series of 
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post-specimen lenses. The objective lens produces the first image of the object. Depending 

upon how the electron beams reach the back focal plane of the objective lens, the beams are 

processed subsequently using various operation modes. Basically, either magnified images 

or diffraction patterns are obtained, which are projected on a fluorescent screen. 

 

Figure 3.09: Various signals generated as a result of electron beam interaction with a thin 

solid specimen in TEM. 

 

Images can be formed in a number of ways, either by using the central spot or 

some/all of the scattered electrons. The bright-field TEM (BF-TEM) image is obtained by 

intentionally excluding all diffracted beams and only allowing the selected portion of the 

central beam to pass through the specimen. This is done by inserting a suitably sized 

objective aperture into the back focal plane of the objective lens. Intermediate and projection 

lenses then magnify this central beam, and the microstructural image can finally be viewed. 

Dark-field images are also formed by magnifying a single beam by choosing one of the 

diffracted beams by means of an aperture that blocks the central beam and the other 

diffracted beams. In the third mode of imaging, the primary transmitted and one or more of 

the diffracted beams are made to recombine, thus preserving both their amplitudes and 

phases. This is the technique employed in high-resolution lattice imaging, which enables 
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the diffracting planes and arrays of individual atoms to be distinguished. From the high-

resolution TEM (HR-TEM) micrograph, average grain size, atomic inter-planar spacing, 

defects, and dislocations can be evaluated. On the other hand, the selected area electron 

diffraction (SAED) is performed by excluding the central beam intentionally via the beam 

blocker and collecting the diffracted beams to form the diffraction patterns. The elemental 

compositional analysis can also be performed by the X-ray energy dispersive analysis 

interfaced with the TEM set-up. Emergent electrons from the filament (cathode) are 

accelerated to high energies, which strikes with the specimen target (anode), and the X-rays 

of characteristic atoms are emitted from the irradiated area. These atoms can be identified 

by analyzing their energies, and the concentration of atoms can be evaluated by counting 

the number of X-rays emitted. 

In the current investigation, a tiny amount of sample in the powder form was 

dispersed by ethanol using an ultrasonicator. A drop of the colloidal solution was placed on 

a carbon-coated TEM grid and was allowed to dry in a clean environment. The grid with the 

dried powder particles was then used for the TEM observation. 

 

3.4. Spectroscopic characterization: 

3.4.1. Micro-Raman spectroscopy: 

Raman spectroscopy is an important analytical tool in the molecular spectroscopy that 

detects intrinsic rotational, vibrational, and other low-frequency modes in molecules upon 

the inelastic scattering of monochromatic radiation. This is generally used to study 

properties such as crystalline phases, defects, crystallographic orientations, strain, etc. in a 

material. Based on the Raman Effect, it is an inelastic light scattering phenomenon 

corresponding to the photon-phonon interaction. Figure 3.10 depicts the schematic diagram 

and photographic view of a micro-Raman spectrometer (LabRAM HR-800, Jobin Yvon, 

USA) equipped with the liquid nitrogen cooled CCD detector used for the present work. 

In Raman spectroscopy, the monochromatic laser beam is illuminated to the sample, 

which interacts with the molecular vibrations and originates a scattered light. A fraction of 

the scattered light has a wavelength different from the incident wavelength due to the 

inelastic scattering and thereby constitutes the main features of the Raman spectrum. If the 

scattered wavelength is shorter than the incident wavelength, the scattered lines are known 

as the Stokes line, whereas those of the longer wavelengths are called anti-Stokes lines. As 

the Stokes shifted Raman bands comprise of the molecular transitions from lower to higher 

TH-2283_146121018



Chapter 3: Experimental Methods 

 

66 

energy vibrational levels, these are more intense than anti-Stokes bands and are thereby 

measured in the conventional Raman spectrometers. Meanwhile, anti-Stokes shifted Raman 

bands are measured with fluorescing samples as fluorescence causes interference with 

Stokes shifted bands [BUMB2016]. 

 

Figure 3.10: Schematic diagram (top) and photographic view (bottom) of a Raman 

spectrometer. 

 

Raman spectrometers can be dispersive or non-dispersive. Dispersive spectrometers 

use grating or prism, while non-dispersive spectrometer uses interferometers such as 

Michelson interferometer. Here, the intense laser beam is incident on the samples through a 

microscope with the spot size of a few microns. The microscope is confocally coupled to 

800 mm focal length spectrograph equipped with two switchable gratings. The excitation 

photon is obtained by two monochromatic laser sources, i.e., He-Ne laser (λ = 633 nm) or 

Ar laser (λ = 488 and 514 nm). The laser beam is totally reflected by the beam splitter, which 

splits the beam into two parts having equal wavelengths. The laser beam is then allowed to 
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strike the sample where both Rayleigh and Raman scatterings occur, and the notch filter 

allows only the Raman scattered wavelength to pass through and effectively blocks the 

incident wavelength. The inelastically scattered light is allowed to pass through the grating 

and etalon, which in-turn resolves the weak inelastic scattered wavelength coming from the 

sample more efficiently. Furthermore, the beam is allowed to enter into a charge-couple 

device that detects the change in polarizability of the sample from the change in wavelength 

and converts into the intensity, and finally, intensity versus wavenumber graph is observed 

on the computer screen.  

 

Figure 3.11: (a) Schematic of XPS spectrometer, (b) excitation and de-excitation processes. 

 

3.4.2. X-ray photoelectron spectroscopy: 

X-ray photoelectron spectroscopy (XPS) or ESCA (Electron spectroscopy for 

chemical analysis) is a well-known quantitative surface-sensitive spectroscopic technique. 

This measures the elemental composition at the parts per thousand range, empirical formula, 

chemical state, and electronic state of the elements that exist within a material. XPS 

measurement requires a high vacuum (~ 10-5 Pa) or ultra-high vacuum (UHV with pressure 

better than 10-5 Pa) conditions. Based on the Einstein’s photoelectric effect and developed 

by Siegbahn and his research group [SIEG1967], it is accomplished by the irradiation of a 

sample with monoenergetic soft X-rays and simultaneously measuring the kinetic energy 

and number of electrons that escape from the top sub-surface (~ 0 to 10 nm) of the material 

as shown in Figure 3.11. 

The basic principle of XPS can be expressed by the following equation, 

𝐵𝐸 = ℎ𝜈 − 𝐾𝐸 − Φ (3.03) 

where, BE is the binding energy of the electron in the atom, h is the photon energy of the 

X-ray source, KE is the kinetic energy of the emitted electron that is measured in the XPS 

spectrometer and  is the spectrometer work function. The XPS principle for ejecting an 
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electron from the atom as photoelectron during excitation and release of Auger electrons 

during the de-excitation process is displayed in Figure 3.11. 

After the emission of a photoelectron, the atom turns into an excited state. To revert 

back the ionized atom to the ground state, the electron from an outer shell occupies the inner 

shell by releasing either an X-ray or Auger electron. For elements having low atomic 

numbers (Z < 30), Auger emission is the more dominant process. For XPS, Al-Kα (1486.6 

eV) or Mg-Kα (1253.6 eV) is generally used as the source of X-ray. The photon is absorbed 

by an atom of the sample, leading to the emission of a core (inner shell) electron. The energy 

of the emitted photoelectrons from the sample is determined using an appropriate electron 

energy analyzer, and this gives a spectrum with a series of discrete photoelectron peaks. For 

each and every element, there will be characteristic binding energy associated with each 

core atomic orbital, i.e., each element will give rise to a characteristic set of peaks in the 

photoelectron spectrum at kinetic energies determined by the photon energy and respective 

binding energies. The peak intensities measure how much of a material is present at the 

surface, whereas the peak positions indicate the elemental and chemical composition. 

Besides this, the FWHM is also a useful indicator of chemical state changes and physical 

influences. 

In the present study, XPS measurements were carried out in standard ultrahigh 

vacuum surface science chamber consisting of PSP Vacuum Technology electron energy 

analyzer (angle integrating ±10) and a dual anode X-ray source with (ULVAC-PHI, Inc.) 

using Mg-Kα X-ray beam (1253.6 eV) at a base pressure of 2×10-7 Pa and energy resolution 

at full width at half maximum is about 0.8 eV. The spectrometer was calibrated using Au 

4f7/2 at 83.9 eV and used for the calibration of the XPS spectra recorded for various milled 

samples. 

 

3.5. Thermal property characterization: 

3.5.1. Differential scanning calorimetry: 

Differential scanning calorimeter (DSC, LABSYS evo, SETARAM Instrumentation 

(Caluire, France) and NETZSCH STA 449 F3A00) has been used to study the thermal 

properties of the powders in the present work. Figure 3.12 depicts the photographic view 

and schematic diagram of a differential scanning calorimeter used for the present work. DSC 

is a known thermo-analytic technique used to measure the rate of heat flow and 

characteristic temperatures such as fusion and crystallization points, glass transition 
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temperatures, etc. as well as for the study of redox processes and many other chemical 

reactions. This not only involves the precise measurement of heat capacities, total heats of 

reaction, or transitions but also determines the ‘partial heats’ developed within selected 

temperature intervals, which are highly valued for the kinetic evaluations, and the advanced 

determination of crystallinity and purity of samples.  

 

Figure 3.12: (left) Photographic view and (right) schematic view of differential scanning 

calorimeter [HTTP0008]. 

 

The instrument used for the measurement is called a differential scanning calorimeter or 

DSC. The DSC curves are recorded either under a constant heating (or cooling) rate or under 

isothermal conditions (time scan at a constant temperature) in a specified atmosphere. A 

typical DSC consists of two isolated sealed alumina pans, one containing the sample and 

the other reference material. The pans are covered with a lid, which acts as a radiation shield. 

The two pans are heated or cooled uniformly in which the heat flow difference between the 

two is monitored. The basic principle underlying this technique is that, when the sample 

goes through a physical or chemical transition, either more or less heat flow will be needed 

than the reference in order to maintain a uniform temperature [HOHN2003]. The more or 

less heat flow depends on the transition being an exothermic or endothermic type. The DSC 

is commercially availed as two types, power-compensation DSC or as a heat-flux DSC. In 

the power-compensation type DSC, which has been used in the present study, the sample 

and reference holder are heated with separate heaters, and the respective temperatures are 

measured with separate sensors where both the temperatures can be varied linearly as a 

function of time being regulated by an average-temperature control loop. When the sample 

experiences a temperature difference due to any thermal process, a second-differential-

control loop tunes the power input, and the differential power signal is recorded as a function 

of the real sample temperature. Contrariwise, a single heater is used in the heat-flux DSC to 
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increase the temperature of both the pans and the small temperature difference (ΔT) due to 

an exothermic or endothermic process between the two isolated pans is recorded from which 

the heat flow is estimated.  

In the current investigation, a measured quantity of 15-20 mg powder was kept in a 

standard Al2O3 pan. The DSC measurements were performed by measuring the heating 

cycles of the powders at a scan rate of 10 K/minutes, and the scanning was carried out in a 

controlled Ar atmosphere by raising the temperature up to 1200 °C.  

 

3.6. Magnetic property characterization: 

Magnetic properties of the magnetic materials can be characterized by means of various 

experimental techniques such as physical property measurement system (PPMS), vibrating 

sample magnetometer (VSM), Faraday balance, ac susceptometer, etc. In this section, a brief 

description of the principles on the basis of various magnetic measurements used in the 

thesis work has been outlined. 

 

Figure 3.13: Schematic diagram of a vibrating sample magnetometer [HTTP0009]. 

 

3.6.1. Vibrating sample magnetometer: 

Vibrating sample magnetometer (VSM) is a versatile instrument to measure the net 

dipole moment of the materials exposed to an external magnetic field [SVOB2004, 

HORS2006]. By using VSM, the magnetic moment of the material is obtained either as a 

function of magnetic field, known as the magnetic Hysteresis (M-H) curve at a specific 

temperature to study the evolution of magnetic properties with field or as a function of 
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temperature, also called as thermomagnetic (M-T) curve at a specific magnetic field to study 

the magnetic transitions of the materials with temperature. Relying on the basic principle of 

Faraday’s laws of electromagnetic induction, VSM was first pioneered by Simon Foner in 

1959 at the Lincoln laboratories, MIT, USA [FONE1959]. Subsequently, many 

modifications have been carried out over the years to improvise the sensitivity of the 

instrument by keeping the underlying basic principle still the same [SMIT1956]. 

 

Figure 3.14: Photographic view of a vibrating sample magnetometer (VSM, Lakeshore 

7410, USA). 

 

Figure 3.13 displays the schematic diagram of a modern VSM. The instrument 

comprises of the following major parts: (a) Vibration exciter and sample holder, (b) water-

cooled electromagnet and power supply, (c) Hall probe, (d) pick-up coils, (e) amplifier, (f) 

control panel system, (g) lock-in amplifier and (h) computer interface. When the sample to 

be analyzed is kept in a uniform magnetic field, a dipole moment proportional to the product 

of the sample susceptibility and the applied field is induced in the sample. If the sample is 

made to vibrate through a sinusoidal motion at a constant frequency by using the vibration 

exciter, an electrical signal can be induced in suitably located stationary pickup coils (see 

Figure. 3.13). This amplitude of the signal is proportional to the magnetic moment of the 

sample, the vibrating amplitude, and the vibration frequency. By the use of a lock-in-

amplifier and feedback techniques, only that portion of the signal arising from the magnetic 
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moment is picked up and is converted into direct read-out in the unit of magnetization (e.g., 

emu) on a digital panel meter. 

In the present work, VSM (Lakeshore 7410, USA) was used to investigate the room 

temperature, and temperature-dependent magnetic behaviors within the temperature range 

of 300 K – 1100 K. Figures 3.14 displays the photographic view of VSM used in the present 

study. The sample was fixed at the lower end of the sample holder after carrying out the 

calibration procedure using a standard spherical Ni sample for the standardization of 

measured magnetic moment. The measurement sequence is programmed as per the users’ 

choice using the software (IDEASVSM) provided with the instrument in such a way that 

the program starts either from the maximum field or from the zero applied field. The 

sequence is created with the intent to collect optimum data, which helps to extract the 

magnetic parameters (saturation magnetization, remanence magnetization, coercivity, etc.) 

with more accuracy. The exciter is vibrated at a frequency of 72 Hz (Lakeshore model 7410), 

and the signal received from the hall probe and the pick-up coils is converted into the 

magnetic moment of the sample. The magnetic field is increased automatically in user-

defined steps for measuring M-H loops. Likewise, in the case of high-temperature M–T 

measurements, a high-temperature oven attachment capable of providing a controlled 

heating/cooling of the sample from room temperature to 1173 K was used. For M–T 

measurements, the powder sample in the pellet form was loaded on a high-temperature 

sustainable holder (ceramic holder or quartz rod) after a calibration run using standard Ni 

sample. The oven was purged with argon/nitrogen gas to evade the oxidization of the sample 

at high temperatures. Magnetization was recorded at different temperatures for a constant 

applied magnetic field. The heating rate and the M–T sequences were programmed via the 

IDEASVSM software. 

 

3.6.2. Physical property measurement system: 

The physical property measurement system (PPMS) is a sensitive and versatile technique 

for the characterization of magnetization, electrical resistivity, Hall Effect, heat capacity, 

thermal conductivity, and thermal transport with a high degree of accuracy as a function of 

magnetic field or temperature. Figure 3.15 displays the photographic view of PPMS 

(Dynacool, Quantum Design) equipped with 9 Tesla conduction-cooled superconducting 

switch-less magnet system. For the room temperature magnetic measurement, the VSM 

configuration of the PPMS was used to characterize magnetic properties. The VSM option 
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transforms the PPMS into a highly sensitive DC magnetometer for faster data acquisition. 

The VSM option primarily comprises of (a) VSM linear motor transport/head for vibrating 

the sample, (b) detection coil set puck, (c) electronics for driving the linear motor transport, 

and detection of the response from the pickup coils, (d) computer interface.  

 

Figure 3.15: Photographic view of a physical property measurement system (PPMS, 

Dynacool). 

 

The sample to be analyzed is attached to the end of a sample rod and is oscillated 

sinusoidally with the center of oscillation being positioned at the vertical center of the 

gradiometer pickup coil. The precise position and amplitude of oscillation are controlled by 

an optical linear encoder signal readback from the VSM linear motor transport. The induced 

voltage in the pickup coil is amplified and lock-in detected in the VSM detection module, 

which uses the position encoder signal as the synchronous detection reference. This encoder 

signal is obtained from the VSM motor module, which interprets the raw encoder signals. 

The in-phase and quadrature-phase signals from the encoder and from the amplified voltage 

(from the pickup coil) are detected by the VSM detection module and sent over to the 

computer interface. In this technique, by using a suitable pickup coil configuration, a 

relatively large oscillation amplitude (1-3 mm peak), and a frequency of 40 Hz, a change in 

magnetization as smaller as 10-6 emu can be detected. 
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4.1. Introduction: 

Nanoscale transition metal (TM) - metal oxide matrix composites are very significant 

materials for a wide range of potential technological applications because of their tunable 

physical properties [PATE2019]. These nanocomposites are produced by the addition of 

reinforcement particles to the metal oxide matrix. Depending upon the processability, the 

TM nanoparticles embedded in a TM oxide matrix have been extensively applied in 

different research areas such as catalysis [SONG2017], gas sensors [FASA2013], Li-storage 

anodes [WENW2011], supercapacitors [NELS2003] or spintronic devices [JOHL2014], 

and in improving the energy product of hard magnetic materials [SORT2002]. For 

ferromagnetic (FM) TMs, the progression of in-situ or ex-situ TM-oxide reduction is 

accounted for by the change in the magnetic properties. This forms an exciting part of the 

research for the creation of FM nanoparticles embedded in the antiferromagnetic (AFM) 

oxide matrix. Among these, NiO based nanocomposites obtained through the in-situ 

reduction process is a significant thrust area for industrial applications [NOGU2005]. 

Though most of the reductions reported in NiO are high temperature based displacement 

reactions, a preferable solid-solid or solid-liquid mechanochemical (MC) reduction by 

reactive milling process can lead to the fabrication of NiO based nanocomposites with 

tunable structural and magnetic properties [NOGU2008].  

The solid-state MC reduction of NiO-Al to produce Ni/Al2O3 nanocomposites was 

first reported by Matteazzi et al. [MATT1992] using dry milling under argon (Ar) 

atmosphere. Later, Oleszak [OLES2004] utilized the mechanical activation of 

aluminothermic reduction of NiO for the development of NiAl/Al2O3 nanocomposites. 

Udhayabanu et al. reported the formation of Ni/Al2O3 nanocomposites by using toluene as 

the process controlling agent and revealed that the effect of mechanical activation on the 

reduction of NiO by Al is gradual one [UDHA2010]. A careful review of the literature 

summarizes that the process of reduction in NiO and, in particular, studied via the 

mechanochemical reduction processes, has been carried out randomly on limited 

compositions without any systematic investigations. Furthermore, the detailed analyses on 

the tuning of the resulting magnetic properties of the in-situ nanocomposites formed due to 

the reduction reaction are still missing. It may be noted that the study of NiO reduction and 

the control of properties of subsequent Ni are of practical importance in the fields of ore 

reduction [HIDA2009], catalysis [LESC2004] and solid oxide fuel cells [SING2003], and 

resistive random access memory [BRUC2003]. Also, the NiO system exhibits novel 
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properties when the size is reduced down to nanoscale [SARM2010, RINA2014, 

KISA20151]. Therefore, in the present study, (i) we report a systematic investigation on the 

NiO-Al (x at.%) reduction reaction by the effective mechanical activation of NiO-Al 

reduction reaction as a function of Al addition. (ii) The dynamics of the mechanically 

activated aluminothermic reduction of NiO [NiO-Al (x at.%, x = 0, 20, 40)] during the 

reactive milling process as a function of Al content and milling time (tm). 

 

Figure 4.01: Schematic representation of the formation of NiO-Al based solid-solution and 

nanocomposites. 

 

4.2. Experimental details: 

Weighed quantities of high purity (> 99.9%) NiO and Al powders procured from Sigma-

Aldrich, India was used as the raw materials. The as-mixed NiO and Al powders were 

subjected to ball milling under high purity argon (Ar) gas environment in a high-energy 

planetary ball mill (Insmart make). For the first part of the study, the milling process was 

carried out for NiO-Al (x at.%) powders with x varying from 0 to 40 for a constant milling 

time (tm) of 30 hrs. The NiO-Al powder mixtures were taken as to tune up to the 

stoichiometric composition of the powders, as NiO-Al (x = 0-40 at.%) to satisfy the reaction,  

3𝑁𝑖𝑂 + 2𝐴𝑙 = 3𝑁𝑖 + 𝐴𝑙2𝑂3 (4.01) 

The in-situ NiO-Al based nanocomposites (schematically presented in Figure 4.01) were 

prepared by high-energy ball milling under controlled argon gas environment. For the 

second part of the study, the milling process of NiO-Al (x at.%) powders with x = 20 and 

40, was carried out for different tm (= 0-30 hrs). The milling process was done in a hardened 

steel vial together with 8 mm diameter hardened steel balls in the mill operated at 500 

rotations per minute with a constant ball-to-powder weight ratio of 10:1 for all the sample 
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preparation. The optimization of milling time, milling speed, and ball-to-powder weight 

ratio was done mainly by monitoring the variation in the structural and magnetic properties 

of the resulting nanocomposites in the milled powders. The mill was programmed to halt 

for 15 minutes after every 15 minutes of operation to avoid any excess heat generated during 

dry milling. To study the nanostructural evolution in NiO-Al powders after milling, the 

milled powders were collected and characterized. 

The phase and structural evolutions of the NiO-Al powders were analyzed using X-

ray powder diffraction (XRPD) obtained through a high-power X-ray diffractometer 

(Rigaku TTRAX III 18 kW) using Cu-Kα radiation ( = 1.54056 Å), and equipped with 

pyrolytic graphite monochromator and Silicon scintillation counter. The generator was set 

at 50 kV/180 mA. The divergence and receiving slits were kept at 2/3° and 0.3 mm, 

respectively. The XRPD data were collected at a slow scan rate of 0.005 /s with 100 steps 

per degree for the quantitative analysis of structural parameters. To subtract the instrumental 

broadening contribution, the diffraction pattern of the standard Silicon reference sample was 

recorded under similar diffraction conditions. The instrumental broadening corrected line 

profile full width at half maximum 𝛿(2𝜃), in radians, of each X-ray reflection was 

calculated from the parabolic approximation correction as [KALI2008], 

𝛿(2𝜃) =  √𝐹2 (1 −
𝑓2

𝐹2
) (4.02) 

The terms F and f are the widths (in radians) of the Bragg peaks from the XRPD patterns of 

the milled powders and standard Silicon reference sample, respectively. Both F and f were 

estimated by a non-linear curve fitting routine using Microcal Origin software. The surface 

morphology of the powders was analyzed by using the field-emission scanning electron 

microscopy (FESEM, Zeiss Sigma) and scanning electron microscopy (SEM, Leo 1430VP). 

The presence of any impurity components was analyzed using energy dispersive 

spectrometer (EDS, Oxford) unit attached to SEM. The microstructural properties of the 

milled NiO-Al powders were analyzed using a transmission electron microscope (TEM, 

JEOL 2100, and Technai TF20) technique. X-ray photoelectron spectroscopy (XPS) 

analyses were carried out in a standard ultrahigh vacuum surface science chamber consisting 

of a PSP Vacuum Technology electron energy analyzer (angle integrating ±10°) and a dual 

anode X-ray source with an Mg-Kα source (1253.6 eV) at a base pressure of 2×10-10 mbar 

and energy resolution at full width at half maximum (FWHM) is about 0.8 eV. The 

spectrometer was calibrated using Au 4f7/2 at 83.9 eV. Mössbauer spectra were recorded at 
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room temperature using a standard constant acceleration Mössbauer spectrometer in the 

transmission geometry. Differential scanning calorimetry (DSC) was carried out for the as-

mixed and milled powders in argon (Ar) atmosphere using LABSYS Evo, SETARAM 

Instrumentation (Caluire, France) and NETZSCH STA 449 F3A00. Magnetic properties 

were characterized using vibrating sample magnetometer (VSM, LakeShore Model 7410) 

by performing (i) the room temperature initial magnetization (IM) curves and magnetic 

hysteresis (M-H) loops, and (ii) the high-temperature thermo-magnetization (M-T) 

measurements from 300 K to 1200 K temperature range performed at a 4 C/min heating 

rate under the applied magnetic field of 2 kOe. 

 

4.3. Results and discussion: 

4.3.1. Effect of Al content on the properties of NiO-Al powders: 

4.3.1.1. Structural properties: 

Figure 4.02(a) displays room temperature XRPD patterns of as-mixed NiO-Al and milled 

NiO-Al (x at.%) powders with x = 0-40 for 30 hrs of milling. As-mixed NiO-Al powders 

exhibit sharp characteristic Bragg reflections corresponding to face-centered cubic (fcc) 

NiO (JCPDS card No. 78-0423, space group 𝐹𝑚3̅𝑚) and fcc Al (JCPDS card No. 85-1327, 

space group 𝐹𝑚3̅𝑚). However, the Bragg reflections of Al disappear after 30 hrs of milling. 

This can be attributed to the dissolution of Al in the NiO matrix. No additional Bragg peaks 

corresponding to any other phases or compounds were observed within the resolution of a 

high-power X-ray diffractometer. With increasing x up to 7.5, XRPD patterns show only 

the Bragg peaks of NiO with considerable peak broadening and shift in NiO(200) peak to 

lower angles. While the first one confirms the formation of a NiO-Al solid-solution with 

highly-refined crystals, the later one could be attributed to the occurrence of atomic disorder 

due to the dissolution of Al in NiO, leading to a change in the lattice parameter. On further 

increasing x  10, the NiO(200) peak turns out to be asymmetric by nature and then splits 

into two peaks for further increase in x up to 25 (Figure 4.02b).  

The careful analysis of XRPD patterns using multiple peak fitting procedures, as 

displayed in Figure 4.02c – 4.02f, reveals the formation of an extraneous peak at 2 = 44.5° 

as a shoulder peak of NiO(200) peak corresponding to the Ni(111) reflection (JCPDS card 

No. 04-0850, space group 𝐹𝑚3̅𝑚). Besides, we have observed the development of a new 

broad peak around 2 = 52 corresponding to Ni(200) peak, which grows continuously as a 

function of Al content.  
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Figure 4.02: Room temperature X-ray diffraction patterns of (a) as-mixed and milled NiO-

Al (x at.%) powders with x = 0 - 40, (b) expanded XRPD patterns in the range of 2θ = 40° - 

48° and the multiple profile fittings of NiO(200) peak for x = 5 (c), 20 (d), 25 (e) and 40 (f) 

powders. 
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This could be attributed to the gradual reduction of NiO by Al into Ni [MATT1992, 

UDHA2010], also known as the aluminothermic reduction process and the formation of 

NiO-Ni-Al2O3 nanocomposites. On the other hand, for x = 40 powders, it is observed that 

(i) the intensity of the Ni(111) and Ni(220) peaks increases primarily along with the rapid 

growth of the Ni(200) peak at around 2 = 51.8, (ii) the intensity of NiO(200) peak reduces 

largely and submerges into Ni(111) peak, and (iii) the development of additional peaks 

around 2 = 45.6, 56.6, 60.5 and 66.7 corresponding to -Al2O3 phase was observed 

[UDHA2010]. These results confirm that the addition of Al in NiO forms the solid-solution 

of NiO-Al for Al up to 7.5 at.% and then reduces NiO gradually into Ni and Al2O3, which 

leads to the formation of in-situ NiO-Ni-Al2O3 nanocomposite. As a result, the color of the 

milled powder changes significantly after milling. It may be noted that the as-received pure 

(un-milled) NiO powder displaying a pale green color turns into the dark green after 30 hrs 

of milling (see Figure 4.03). This could be well attributed to the development of non-

stoichiometry in NiO ensued by the defects, crystallite size reduction, and the oxidization 

of Ni2+ to Ni3+ due to the breaking of Ni2+-O2--Ni2+ symmetry [AHMA2006, MIRO2007, 

GAND2011, KISA2014, RAVI2015]. However, with increasing x, the dark green color of 

the milled NiO-Al powder transformed into black color due to the significant reduction of 

nanocrystalline NiO into Ni-Al2O3 nanocomposites (see Figure 4.03).  

   

(a) (b) (c) 

Figure 4.03: Photo view of the change in the color of the (a) pure un-milled NiO, (b) milled 

NiO powder for 30 hrs, and (c) milled NiO-Al powders. 

 

To determine the percentage of NiO reduction by MC reaction process, we have 

utilized the change in the integrated intensity of NiO(200) peak [VENU2005, UDHA2010] 

using the integrated intensity equation as, 

𝐶 =  [
(𝐴 − 𝐵)

𝐴
] × 100 (4.03) 

Where A is the integrated intensity of NiO(200) peak for the pure NiO powder before 

milling, B is the integrated intensity of NiO(200) peak in milled NiO-Al powders, and C is 
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the percentage of reduction of NiO. The percentage of reduction of NiO increases gradually 

with increasing Al content and reaches about 50% and 91% for x = 25 and 40, respectively. 

Udhayabanu et al. [UDHA2010] reported a reduction of 70% at the end of 20 hrs milling 

for NiO-Al (20 at.%) using toluene as the process-controlling agent.  

 

Figure 4.04: The variations of lattice constant (aNiO) and crystallite size (DNiO) as a function 

of Al content for 30 hrs milled NiO-Al (x at.%) powders. 

 

Figure 4.05: SEM micrographs of pure un-milled NiO powder (a) and 30 hrs milled NiO-

Al (x at.%) powders with x = 0 (b), 20 (c) and 40 (d). 
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These observed results in the present study reveal that the MC reduction process in the 

milled NiO-Al powders strongly depends on the Al content under the present milling 

conditions. To study the solubility and size refinement, the lattice constant of NiO (aNiO) 

was calculated from the peak positions, and the crystallite size (DNiO) was calculated from 

NiO(200) peak using Scherrer’s formula after subtracting the instrumental broadening 

contribution as explained in the experimental section. Figure 4.04 shows the typical 

variation of aNiO and DNiO for milled NiO-Al (x at.%) powders. The lattice constant increases 

from 4.159 Å for x = 0 to 4.173 Å for x = 10 powder and then remains nearly constant for 

higher values of x. This suggests a maximum lattice constant change of 0.0014 Å per at.% 

of Al due to the addition of large atomic size of the Al atom in NiO. Although the observed 

increase in the lattice constant is in good agreement with the earlier report [BOUK2012], 

the actual variation of lattice constant strongly depends on the system due to the change in 

the dissolution process. The value of DNiO of the as-mixed NiO-Al powders is found to be 

about 40 nm. Upon milling the pure NiO (x = 0 at.%) powder for 30 hrs, DNiO decreases 

largely to 13.5 nm. With increasing x, DNiO decreases further to 10.3 nm for x up to 5 and 

then increases gradually up to 12.5 nm for x = 25. Note that the error in obtaining the peak 

position and full width at half maximum increases with increasing x above 10 at.% due to 

overlapping of the NiO and Ni peaks as well as owing to the substantial decrease in 

NiO(200) peak intensity. 

To analyze the changes in surface morphology and the evolution of nanostructured 

NiO-Al nanocomposites, the structural properties of the milled powders were characterized 

using FESEM and TEM techniques, respectively. Figure 4.05 depicts the typical SEM 

micrographs of pure NiO and milled NiO-Al (x at.%) powders with x = 0, 20, and 40. All 

the micrographs show a clear particle morphology. The average size of the particles for the 

pure NiO powder is in the range of 1-3 m. Upon milling for 30 hrs, the particle size reduces 

down to 300 nm but has a relatively inhomogeneous distribution, which results in an 

irregular morphology. Besides, these irregular fine particles tend to agglomerate in the form 

of spherical aggregates, which are typical of ball-milled powders resulting from the repeated 

cold welding and fracture of the powders during dry ball milling [AHNI2012, HOAN2016]. 

With increasing x, the size of the particles is marginally refined further due to the dissolution 

of Al in NiO for x up to 10 and then increases noticeably due to the formation of in-situ 

Ni/Al2O3 nanocomposites. Besides, the compositional analysis using EDS confirms the 

presence of Ni, O, and Al as the only elements present in the milled powders indicating the 
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purity of the final nanocomposite systems without any robust influence from the milling 

media. 

 

Figure 4.06: Bright-field TEM micrographs and SAED patterns of 30 hrs milled NiO-Al (x 

at.%) powders with x = 0 (a), 5 (b), 10 (c) and 20 (d). 

 

The typical bright-field TEM (BF-TEM) micrographs and the selected area electron 

diffraction (SAED) patterns for milled NiO-Al (x at.%) powders with x = 0, 5, 10 and 20 

are shown in Figure 4.06. The existence of fine nanocrystalline microstructure was observed 

from the BF-TEM micrographs, and the concentric diffraction rings in the SAED pattern 

could be indexed to the fcc structure of NiO for x  10 (see Figure 4.06a-4.06c) and fcc 

structures of NiO and Ni for x = 20 (Figure 4.06d) confirming the polycrystalline nature of 

the milled powders. The estimated mean crystallite size is found to be 13.3, 10.5, 11.6 and 

12.5 nm for x = 0, 5, 10 and 20 powders, respectively, while the aNiO of milled NiO-Al 

powders is ranging between 4.1585 Å and 4.1735 Å for varying x between 0 and 20, 

respectively. These results indicate that the aggregated particles with the size ranging from 

a few hundred nanometers to a few micrometers observed in SEM micrographs consist of 
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nanosized crystallites, as seen in TEM, oriented randomly with respect to each other. The 

changes in the structural properties are expected to play a significant role in the resulting 

magnetic properties of NiO-Al powders. Therefore, we measured the M-H loops at room 

temperature and high-temperature M-T curves for pure NiO and milled NiO-Al powders. 

 

Figure 4.07: Room temperature Magnetic hysteresis (M-H) loops of pure NiO and 30 hrs 

milled NiO-Al (x at.%) powders with x = 0 - 40. 

 

4.3.1.2. Magnetic properties: 

Figure 4.07 displays the room temperature magnetic hysteresis (M-H) loops of pure NiO 

and milled NiO-Al (x at.%) powders measured at a maximum applied field of ±12 kOe. It 

is observed that (i) Pure NiO and as-mixed NiO-Al powders exhibit a weak and almost 

linear magnetic response to the applied field, and the loop passes through the origin. This 

could be correlated to the antiferromagnetic (AFM) nature of the powder in the bulk form. 

(ii) Nature of M-H loops for the 30 hrs milled NiO powder changes significantly, i.e., 

magnetization increases considerably at lower fields, followed by a gradual increase in the 

higher field region. The loops do not pass through the origin and hence exhibit a clear 
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hysteresis loop. This confirms the existence of room-temperature ferromagnetism (RTFM). 

(iii) For x = 2.5 powders, the magnetization curve shows a feature similar to the one 

observed for the milled NiO powder, but a weak increase in magnetization was observed. 

(iv) With increasing x > 2.5, the magnetization decreases slightly for x up to 7.5 and then 

increases gradually for x up to 25.  

 

Figure 4.08: The variations of MS and HC with Al content for 30 hrs milled NiO-Al (x at.%) 

powders. 

 

(v) Later, a substantial increase in magnetization is observed for x = 40 powder. To analyze 

the variations of magnetic parameters with Al addition, the values of magnetization at 12 

kOe (MS) and coercivity (HC) were extracted from the M-H loops and shown in Figure 4.08 

as a function of Al content. It is clear from the figure that (i) the pure NiO powder milled 

for 30 hrs exhibits modest magnetization of 1.17 emu/g. (ii) the addition of a small amount 

of x (= 2.5 at.%) in NiO increases the magnetization from 1.17 emu/g to 1.3 emu/g. (iii) On 

further increasing x, the magnetization decreases slightly to 0.57 emu/g for x up to 7.5 and 
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then increases gradually from 0.57 emu/g to 4.3 emu/g for x up to 25. (iv) A sudden jump 

in the magnetization value to 24 emu/g is observed for x = 40 powder. (v) On the other hand, 

HC decreases initially from 154 Oe to 32 Oe for increasing x up to 10 and then increases 

significantly to 134 Oe for x up to 25. On further increasing x to 40, HC decreases again 

largely to 54 Oe. 

To explain the variations in the magnetic properties of the pure un-milled NiO and 

milled NiO-Al powders, we correlate both the structural and magnetic properties of NiO-Al 

powders. In pure NiO, the spins within AFM coupled (111) planes are compensated and 

hence do not contribute to the net magnetic moment. Accordingly, the M-H loop displays a 

weak response to the applied field [KODA19971, PECK2011] and passes through the 

origin. On the other hand, the observation of RTFM in milled NiO powder can be attributed 

to the existence of non-stoichiometry in NiO caused by the defects, size reduction, 

oxidization of Ni2+ to Ni3+, etc. [AHMA2006, MIRO2007, THOT2007, PECK2011, 

RAVI2015]. It is well-known that the milling process promotes significant crystallite size 

reduction and massive defects, including the formation of vacancies in NiO. The average 

crystallite size of pure NiO powder decreases from 40 to 13.5 nm after milling for 30 hrs, 

and the pale green color of the pure NiO powder is changed into dark green. This creates 

non-stoichiometry in milled NiO powders [AHMA2006, GROS2006]. 

Furthermore, with the crystal size refinement of NiO, the number of uncompensated 

spins on the surfaces with respect to the particle core increases due to the breaking of Ni2+-

O2-Ni2+ superexchange symmetry [CAZZ2003, MIRO2007, PECK2011]. Hence, we 

observed the alignment of particles’ net moment under low applied magnetic fields resulting 

in RTFM with the modest magnetization of 1.17 emu/g. Kisan et al. [KISA2014] reported 

that the magnetization of the milled NiO powders increases with increasing milling time up 

to 30 hrs and then decreases slightly for higher milling time. The maximum magnetization 

of about 1.12 emu/g was observed for NiO powder milled for 30 hrs. Ravi et al. [RAVI2015] 

showed that the magnetization of milled NiO powder increases significantly from 0.54 

emu/g to 1.28 emu/g with increasing milling speed. These reported results are in good 

agreement with the presently investigated samples. On the other hand, Del Bianco et al. 

[DELB2008] reported high values of magnetization of 7 emu/g for the commercial NiO 

powder milled for 20 hrs and attributed to the presence of Fe impurities in as-milled NiO 

derived from the milling media. With increasing x to 2.5, the magnetization increases from 

1.17 emu/g to 1.3 emu/g, which can be attributed to the decrease in the average size of NiO 
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crystal by introducing Al. This is in close agreement with the earlier reports on similar 

systems with decreasing the crystallite size [PECK2011, KISA2014, RAVI2015]. With 

increasing x up to 7.5, the magnetization decreases slightly to 0.57 emu/g and can be 

attributed to the presence of atomic disorder, which weakens the induced FM properties in 

the non-equilibrium solid-solution of NiO-Al by the substitution of the non-magnetic 

element, Al, beyond a critical value [DJEG2001, SHYN20151]. On further increasing x, the 

mechanical activation of aluminothermic reduction gets initiated, and hence a gradual 

reduction of NiO by Al takes place.  

 

Figure 4.09: High temperature normalized M-T data measured under the applied field of 2 

kOe for pure NiO, and 30 hrs milled NiO-Al (x at.%) powders. The inset shows the same 

data, but the normalized magnetization is plotted in logarithmic scale. 

 

Therefore, MS increases gradually with increasing x up to 25. Note that HC is also increased, 

which could be related to the increased interaction between NiO and Ni since the 

development of Ni and NiO matrix are nanocrystalline by nature. For x = 40 powder, MS 
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increases rapidly from 4.3 emu/g to 24 emu/g, and HC reduces largely from 134 Oe to 54 

Oe. This could be related to the formation of Ni/Al2O3 nanocomposite with the majority of 

NiO (~ 91%) reduced into Ni and Al2O3, resulting in a soft magnetic nature of the Ni/Al2O3 

nanocomposite. 

High-temperature M-T data were obtained by using VSM under the applied field of 

2 kOe to study the stability of FM above room temperature in the milled NiO-Al powders. 

Figure 4.09 shows the typical M-T curves obtained for pure NiO and milled NiO-Al (x at. 

%) powders with x = 0, 5, 20, and 40. For having direct comparison among all the M-T 

curves, normalized magnetization values of individual M-T curves are plotted in the y-axis. 

The Inset of Figure 4.08 displays the same data, but the magnetization is presented with the 

logarithmic scale to see the variation close to zero. The magnetization of the pure un-milled 

NiO powder increases gradually with increasing temperature up to 525 K and then decreases 

above 525 K. Since the pure NiO powder exhibits AFM nature at room temperature, the 

Néel temperature (TN) is determined from peak in the M–T curve and found to be nearly 525 

K. This is in agreement with the earlier reports [THOT2013, RINA2016]. In contrast, the 

milled NiO powder exhibits an almost constant magnetization close to the room temperature 

regime. This shows a continuous decrease in magnetization with increasing temperature. 

The magnetization approaches to zero above 900 K. Thermal derivative of the M-T data 

exhibits two minima: one close to TN and another broad minimum around 780 K 

corresponding to possible phase transition (TC) of induced FM nature caused by the 

exchange interaction between the Ni magnetic ions with different ionic states (Ni2+ and Ni3+) 

in the non-stoichiometry NiO generated by the defects and size reduction [PECK2011, 

KISA2014, KISA20152]. However, TC of the induced FM phase is observed to be 

significantly large as compared to its bulk Ni counterpart (~ 630 K). This can be attributed 

to: (i) possible competing exchange interaction between the FM Ni and AFM NiO core, (ii) 

strain due to lattice mismatch between Ni and NiO arising at the interface [FEYG2010] or 

high strain induced during the ball milling process [GORR2009], which acts more like a 

hydrostatic one [LEGE1972]. The presence of strain in the milled powders is also evident 

from the non-smooth decrease of magnetization with increasing temperature and hence 

increases TC [LEGE1972]. It may be noted that such high TC values have also been reported 

in a similar Ni/NiO system (~750 K) [FEYG2010] and Ni-doped Titania powders (~ 810 K) 

[BAHA2012]. With increasing x to 5, M-T curve exhibits a feature similar to the one 

observed for x = 0 sample, which could be related to the fact that the addition of 5 at.% Al 
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in NiO forms only solid-solution of NiO-Al without any MC reduction reaction and hence 

results in similar exchange interaction behavior as described earlier for x = 0 sample. On the 

other hand, the M-T curve of the sample with x = 20 exhibits two clear magnetic phase 

transitions (see inset of Figure 4.08) due to the relative changes in the Ni and NiO phases 

caused by the reduction process. This sample shows a significant magnetization drop around 

650 K corresponding to the magnetic phase transition of Ni and then a gradual variation of 

magnetization up to 1000 K corresponding to the induced FM behavior in NiO by the ball 

milling process [FEYG2010, KISA2014, RAVI2015]. With increasing x = 40, the gradual 

variation of magnetization above 650 K gets mainly suppressed due to major reduction of 

NiO by Al into NiO-Ni-Al2O3 nanocomposites, which results in a clear magnetic phase 

transition of majority Ni phase around 650 K. These results illustrate an extensive latitude 

of tunability of NiO by the MC reduction process to form the NiO-Ni-Al2O3 nanocomposites 

with increasing Al content and show a good correlation between the structural, magnetic 

and thermomagnetic properties of NiO-Al powders. 

 

Figure 4.10: Room temperature XRPD patterns of (a) as-mixed and milled NiO-Al (x = 0 

at.%) powders with tm = 0-30 hrs and the multiple profile fittings of NiO(200) peak for tm = 

0.5 (b), 5 (c), 20 (d) and 30 (e).  

 

4.3.2. Dynamics of milling on the properties of NiO-Al powders: 

In the previous section, we reported tuning of NiO reduction in NiO-Al powder mixtures 

and the evolution of the structural and magnetic properties of NiO-Al (x at.%) powders as a 
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function of x in detail. To study the types of NiO reduction and dynamics of the 

aluminothermic/ mechanochemical reduction process of NiO in detail, in this section, we 

shall focus on the effect of milling periods for specified Al contents (x = 0, 20, 40).  

 

Figure 4.11: Room temperature XRPD patterns of (a) as-mixed and milled NiO-Al (x = 20 

at.%) powders with tm = 0-30 hrs and the multiple profile fittings of NiO(200) peak for tm = 

0 (b), 5 (c), 20 (d) and 30 (e).  

 

Figure 4.12: Room temperature XRPD patterns of (a) as-mixed and milled NiO-Al (x = 40 

at.%) powders with tm = 0-30 hrs and the multiple profile fittings of NiO(200) peak for tm = 

3 (b), 5 (c), 10 (d) and 20 (e). 
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4.3.2.1. Structural properties: 

Figure 4.10 depicts the room temperature XRPD patterns of pure and milled NiO-Al (x = 0 

at.%) powders prepared at different tm. As the characteristic evolutions of structural 

properties strongly rely on the Al content, milling has been carried out separately for 

different milling periods (tm) with selected Al contents. The pure un-milled and milled NiO 

powders show Bragg reflections corresponding to the fcc structure of NiO only. No 

additional peaks corresponding to any other phases or compounds were observed within the 

resolution of the high-power X-ray diffractometer. The broadness of the NiO peaks 

increases considerably (as shown in the individual peak fittings of NiO(200) peak in Figure 

4.10b-4.10e), and the peak position shifts to lower angles with increasing tm. As described 

earlier, the peak broadening can well be attributed to effective size reduction, and the shift 

in peak positions is mainly due to the change in the lattice parameters in the milled powders. 

As a result, we observed the gradual color change of pure un-milled NiO powder from pale-

green into the dark green after milling. This could be attributed to the milling time induced 

non-stoichiometry in NiO caused by the defects, size reduction with increasing tm 

[KISA20152], oxidization of Ni2+ to Ni3+ [AHMA2006] due to breaking of Ni2+-O2--Ni2+ 

super-exchange interaction [MIRO2007, RAVI2015]. 

On the other hand, the as-mixed NiO-Al powder shows individual Bragg reflections 

corresponding to the fcc structure of NiO and Al. However, the XRPD patterns of the milled 

NiO-Al powders strongly depend on Al content and tm, and hence the process of milling is 

described separately. Figure 4.11 shows the characteristic XRPD patterns of as-mixed and 

milled NiO-Al (20 at.%) powders as a function of tm with the profile fittings of selected 

diffraction peaks of NiO-Al powders. All the reflections in the XRPD patterns of the as-

mixed powders can be indexed to fcc NiO and Al. It is observed for x = 20 powder that (i) 

after 5 hrs of milling, the intensity of the Al peaks is decreased significantly along with the 

considerable broadening in NiO peaks. Also, the formation of new peaks at 2 = 44.5 and 

51.8 is observed indicating the commencement of NiO MC reduction reaction, which 

results in the materialization of Ni. (ii) With increasing tm > 5, the intensity of Al peaks 

decreases further and then disappears eventually for tm > 10. This could be attributed to both 

dissolution and utilization of Al for the NiO reduction. (iii) A progressive peak broadening 

of NiO peak, along with a significant shift in the peak position, is observed up to 30 hrs. 

While the peak broadening confirms the refinement of NiO crystals with increasing tm, the 

peak shift is originated due to atomic disorder induced by the dissolution of Al in the NiO 
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matrix and the reduction. Furthermore, the intensity of the Ni peaks increases gradually with 

increasing tm up to 30 hrs. The formation of Ni results in substantial changes in the color of 

the milled NiO-Al powders as follows: The pale-green color of the as-received NiO powder 

changes into the dark green after 5 hrs of milling mainly due to the non-stoichiometry in 

NiO and weak reduction of NiO. On further increasing tm, the dark green color transforms 

into a black one due to the formation of Ni. (iv) Nevertheless, no additional Bragg peaks 

corresponding to any other phases or compounds were observed. 

On the other hand, the XRPD patterns of the NiO-Al (40 at.%) powders (Figure 

4.12a) reveal that (i) the peak intensities of NiO and Al decrease suggestively for 0.5 hr of 

milling. (ii) Interestingly, the process of aluminothermic reduction of NiO starts even by 3 

hrs of milling, which results in the formation of distinct Ni peaks at 2 = 44.5, 51.8 and 

76.3. In addition, the development of additional peaks at 2 = 45.6, 60.6 and 66.6 

corresponding to Al2O3 is observed. (iii) With increasing tm > 3, the NiO(200) and NiO(311) 

peaks at 2 = 43.35 and 75.46, diminish progressively and merge into Ni(111) and 

Ni(220) peaks at 2 = 44.5 and 76.3, respectively at the end of 30 hrs of milling. While 

the NiO(220) and NiO(222) peaks disappear completely, the existence of a highly strained 

NiO(111) peak is still observed after 30 hrs of milling. (iv) A close observation of Ni(200) 

peak at 2 = 51.8 unveils a considerable peak broadening with increasing tm from 3 to 30 

hrs. This may be correlated to the refinement of Ni crystals after its formation from NiO 

reduction. These results suggest that the reduction process for x = 40 powders is quite 

instantaneous and rapid, implying the plausibility of different reaction kinetics for x = 20 

and 40 powders. 

In a conventional self-propagating high-temperature synthesis process, the 

temperature of the reaction usually has to be raised at the temperature range of 800 to 1100 

C under the reactive gas atmosphere [BENT1924, BUDA1998, JEAN2013, RASH2013]. 

However, the reduction of NiO strongly depends on the types of the reducing gas and the 

processing conditions. The NiO reduction was also carried out by mixing the NiO with C 

powders, followed by the consecutive heating process under different gases [KIMK2011]. 

However, the temperature needed for the NiO reduction is still quite high. On the other 

hand, the reactive milling promotes mechanically activated solid-state chemical reactions 

between oxides and reducing agents such as Na, Mg, Ca, and Al for the reduction process. 

This might be because the milling process creates a large number of defects, grain 
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boundaries, and sub-grain boundaries, which favors mass transfer and diffusion path length 

with reduced activation energy [LUL1997].  

 

Figure 4.13: DSC curves for un-milled (a) and milled NiO-Al powders with x = 20 (b) and 

x = 40 (c) at different tm. 

 

To understand the process of aluminothermic reaction kinetics for the presently investigated 

samples in correlation with XRPD results, we have carried out the thermal analysis of the 

un-milled and milled NiO-Al powders using the DSC technique and the curves are depicted 

in Figure 4.13. The curves show (i) sharp endothermic peaks at around 650 C 

corresponding to Al melting and (ii) one exothermic peak at about 1040 C for x = 20 

powder corresponding to NiO reduction and two exothermic peaks at 1000 C and 1070 C 

corresponding to two-stage reduction of NiO [YANG1998].  

On the other hand, the milled NiO-Al powders exhibit a broad exothermic peak at 

440 C indicating the partial reduction of unreacted NiO present in the as-milled powders. 

However, we observed a significant endothermic Al melting peak at 5 hrs milled x = 20 

powder, and 0.5 hrs milled x = 40 powder indicating the presence of unreacted Al in the as-

milled powders. Similarly, the absence of the Al melting peak in DSC curves of other milled 

samples confirms the solid-state reduction of NiO in these milled samples. These results are 

in good agreement with the XRPD patterns (see Figures 4.11 and 4.12) and support the 

nature of NiO reduction reaction occurring with different Al content at different tm. Here, it 

may be noted that based on the milling criteria and the nature of the raw powder mixtures, 

MC displacement reactions during the reactive milling processes can have two completely 

different reaction kinetics plausible thermodynamically: (i) Gradual reaction, which 

progresses in a steady-state through a tiny volume during each collision of the milling balls 
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or, (ii) The self-sustaining reaction type, where the reaction enthalpy becomes sufficiently 

high for the reaction to proceed itself. The reaction enthalpies, ΔH, in both cases, are highly 

negative and hence, correspond to highly exothermic reactions. Therefore, a mechanically 

induced self-sustaining type of reaction can be triggered by the impact of the milling balls, 

if the ratio(−∆𝐻298𝐾
0 )/(∑ 𝐶𝑃298𝐾

) > 2000 𝐾, where ∆𝐻298 𝐾
0  is the reaction enthalpy and 

∑ 𝐶𝑃298𝐾
 are the total heat capacity of the products at 298 K [TAKA2002]. For the 

stoichiometric composition of the as-mixed NiO-Al powder as described in eqn. (4.01), 

∆𝐻298 𝐾
0  is found to be largely negative with the value of -953 kJ/mol and consequently, the 

value of (−∆𝐻298𝐾
0 )/(∑ 𝐶𝑃298𝐾

) turns out to be around 5349 K [HTTP0010]. Thus, the NiO-

Al reduction reaction is highly exothermic by nature, and thermodynamically, a 

mechanically induced self-sustaining reaction can be expected during ball milling if an 

abundant amount of reactant, Al, is availed in the as-mixed powder.  

 

Figure 4.14: The variations of NiO lattice constant, aNiO, and average crystallite size, DNiO 

as a function of tm for NiO-Al (x at.%) powders. 
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Therefore, for x = 40 powder, which has a stoichiometric composition, as stated in eqn. 

(4.01), the reaction process reveals self-propagating combustion kinetics in agreement with 

the earlier reports [JONE1994, ZHUH2000] and needs a critical tm of 3 hrs for the 

combustion reaction to be ignited. On the other hand, for x = 20 powders, the amount of Al 

available for the ignition of the above combustion reaction is considerably low and hence 

promotes only the gradual reduction process. Therefore, the MC reduction process in milled 

NiO-Al powders relies on tm and Al content under the present milling conditions. A more 

detailed thermal analysis and heat treatment at high temperatures of the as-milled samples 

at different tm would elucidate the nature of the reactions more in detail. 

To study the structural refinement, aNiO and DNiO were calculated after eliminating 

the contribution from instrumental broadening. Figure 4.14 displays the variations of aNiO 

and DNiO as a function of tm for the milled NiO-Al powders with different Al content. The 

value of aNiO for pure un-milled NiO powder is 4.176 Å, which increases progressively to 

4.179 Å for milled NiO powders after 10 hrs of milling and then tends to saturate at higher 

tm. DNiO decreases significantly from about 47 nm for the pure un-milled NiO powder to 

about 13 nm in 5 hrs of milling. With increasing tm > 5 hrs, DNiO decreases slowly and 

reaches to about 11 nm. On the other hand, for x = 20 powders, aNiO increases initially to 

4.177 Å after 5 hrs of milling and then decreases gradually to 4.168 Å at a rate of 3.810-4 

Å per hr up to 30 hrs of milling. DNiO decreases largely to about 19 nm in 5 hrs of milling 

followed by a gradual variation at higher tm, reaching to about 14 nm at tm = 30 hrs. With 

increasing x to 40, the variations of aNiO with tm exhibit two different slopes: i.e., 19.210-4 

Å per hr from 0 to 10 hrs and 2.6510-4 Å per hr from 10 to 30 hrs of milling. DNiO decreases 

from 47 nm to 13 nm within 5 hrs of milling and then reaches to about 11 nm after 30 hrs 

of milling. On the other hand, DNi varies from 7 to 14 nm and from 14 to 23 nm for x = 20 

and 40 powders, respectively. These changes could be attributed to the time-dependent 

aluminothermic reduction of NiO, which changes the formation of eventual nanocomposites 

with different fractions of NiO, Ni, and Al2O3. 

To understand the evolution of nanocomposites with different Al content and tm, the 

pure NiO and milled NiO-Al powders were characterized using the TEM technique. Figure 

4.15 displays the BF-TEM and high-resolution TEM (HR-TEM) images, SAED patterns, 

and inverse-Fast Fourier transform (i-FFT) images of selected areas of HR-TEM images for 

pure NiO and milled NiO-Al (x at.%) powders at different tm. BF-TEM image of the pure 

NiO powder reveals clear particle morphology with size varying between 40 and 70 nm. 
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The polycrystalline nature is evident from NiO concentric diffraction rings in the SAED 

pattern.  

 

Figure 4.15: BF-TEM and high-resolution TEM (HR-TEM) images, SAED patterns and 

inverse-Fast Fourier transform (i-FFT) images of selected areas of HR-TEM images for pure 

NiO [(a) and (b)] and milled NiO-Al (x at.%) powders at different tm [x=0, tm=3 (c) and (d); 

x=0, tm=30 (e) and (f); x=20, tm=5 (g) and (h); x=20, tm=20 (i) and (j); x=40, tm=5 (k) and (l); 

x=40, tm=20 (m) and (n); x=40, tm=30 (o) and (p)]. 

 

On the other hand, BF-TEM images of milled NiO powder confirm the presence of fine 

nanocrystalline microstructure with irregular morphology. The SAED patterns show 

diffraction rings corresponding to only fcc structure of polycrystalline NiO. DNiO decreases 

from 40-70 nm for the pure un-milled NiO powder to about 14 nm and 11 nm after milling 
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for 3 hrs and 30 hrs, respectively. The variations of the TEM crystallite size of NiO exhibit 

almost a similar trend with that of XRPD results. Nevertheless, the nanoparticles exhibit 

irregular shapes with broad size distribution. To analyze the lattice parameter prudently, we 

have carefully resolved the HR-TEM images by the i-FFT method using a GATAN digital 

micrograph and shown as the insets of all HR-TEM images.  

The i-FFT images help to resolve the lattice fringes with the subsequent 

determination of interplanar spacing of 0.241 nm corresponding to the NiO(111) lattice 

plane. With increasing x = 20, a similar nanocrystallinity with irregular morphology was 

observed. The SAED patterns and HR-TEM images support the presence of both NiO and 

Ni phases with fine nanometer-sized crystallites of NiO and Ni. The i-FFT images reveal 

the interplanar spacing of 0.24 nm and 0.20 nm corresponding to the NiO(111) and Ni(111) 

lattice planes, respectively. DNiO decreases to about 14 nm after 30 hrs of milling. Diffraction 

rings of Ni(111) phase is quite continuous and diffusive by nature, which overlaps with the 

spotty ring from NiO(200) plane for x = 20 powders (see Figures 4.15g and 4.15i), while 

clear diffraction rings corresponding to Ni and Al2O3 could be observed for x = 40 powders 

milled above 5 hrs. DNi calculated from HR-TEM images for x = 40 powders is in the range 

of 14-22 nm, which is in good agreement with XRPD results. These changes in the structural 

properties as a function of Al contents and milling times are expected to play a substantial 

role in the resulting magnetic properties of NiO-Al powders. Hence, we measured room 

temperature IM curves, M-H loops, and high-temperature M-T curves for milled NiO-Al (x 

at.%) powders. 

 

4.3.2.2. Magnetic properties: 

Figure 4.16 displays room temperature IM curves with magnetization in the logarithmic 

scale and M-H loops of pure NiO and milled NiO-Al powders at different tm. The extracted 

values of MS, HC, and exchange bias [HE = (|HC+|-|HC-|)/2] from the M-H loops are depicted 

as a function of tm in Figure 4.17. It is observed that (i) the pure un-milled NiO and NiO-Al 

powders exhibit weak and linear responses to the applied magnetic field due to the AFM 

nature of NiO. (ii) On the other hand, the milled NiO powder, even at 1 hr, displays different 

nature of the magnetic response to the applied field, i.e., the magnetic moment increases 

moderately at lower magnetic fields and then varies gradually at high fields. A clear M-H 

loop confirming the existence of RTFM is observed. Noticeably, the rate of increase in the 

magnetic moment at lower fields increases with increasing tm up to 20 hrs (see Figure 4.16a) 
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and saturates for tm = 30 hrs. (iii) M-H loops are shifted significantly to the negative axis 

(see inset of Figure 4.16b), but the amount of shift decreases with increasing tm.  

 

Figure 4.16: Room temperature initial magnetization (IM) curves (magnetization in 

logarithmic scale) and magnetic hysteresis (M-H) loops of pure and milled NiO-Al powders 

at different tm. 
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Figure 4.17: The variations of saturation magnetization, MS (in logarithmic scale), 

coercivity, HC, and exchange bias, HE as a function of tm for NiO-Al (x at.%) powders. 

 

The extracted values of MS, HC, and HE show that (i) MS increases progressively for the 

initial period of milling and nearly saturates at higher tm. This results in a maximum MS of 

1.02 emu/g after 30 hrs of milling. (ii) HC, observed as zero for pure un-milled NiO due to 

its AFM nature, has increased significantly to about 250 Oe after 1 hr of milling. On further 

increasing tm, HC decreases substantially from 250 Oe to about 160 Oe after milling for 20 

hrs and then remains almost constant up to tm = 30. (iii) The variation of HE with tm exhibits 

almost a similar trend of HC versus tm, i.e., HE is observed to be high for the initial period of 

milling, but decreases with increasing tm. However, the shape of the M-H loops for NiO-Al 

milled powders changes differently depending on Al content. For x = 20 powder milled for 
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5 hr, the moment increases noticeably in the lower field region, followed by a progressive 

increase in higher fields. This results in a clear M-H loop with RTFM having MS of 0.88 

emu/g and HC of 155 Oe. With increasing tm > 5 hrs, MS increases substantially and reaches 

a maximum of about 4.05 emu/g. However, the rate of increase in MS decreases with 

increasing tm > 10. In contrast to pure milled NiO powder, HC of the milled NiO-Al powder 

increases steadily with increasing tm up to 20 hrs and tends to saturate for 30 hrs milled 

powders. Consequently, the value of HE also increases up to 30 hr. With increasing x to 40, 

the nature of IM curves and M-H loops is found to be nearly the same for the powders milled 

up to 1 hr and then exhibits a rapid change in magnetization with a maximum of 28.5 emu/g. 

Upon increasing tm > 5 hrs, MS decreases almost linearly at a rate of 0.199 emu/g per hr and 

reaches to 23 emu/g for 30 hrs milled powders. HC increases largely to 300 Oe for 0.5 hr 

milled powder and decreases to 104 Oe after 3 hrs of milling. Subsequently, HC increases 

almost linearly at a rate of 4.54 Oe per hr and reaches about 225 Oe for 30 hrs milled 

powders. However, HE has not increased substantially for x = 40 as compared to x = 20 

powders.  

To understand the changes in the magnetic properties of NiO and NiO-Al milled 

powders, we correlate both the structural and magnetic properties. Pure un-milled NiO 

(pale-green colored) powder displays a weak response to the applied magnetic field 

[KODA19971] due to its AFM nature. On the other hand, the milled NiO powders undergo 

a large size reduction with increasing milling time and change in the color due to non-

stoichiometry [AHMA2006, GROS2006], which result in a breaking of Ni2+-O2--Ni2+ super-

exchange interaction [AHMA2006, MIRO2007, MAKH2008, RAVI2015] and increase in 

the number of uncompensated spins on the surfaces as compared to the particle core 

[PECK2011] upon increasing tm. This leads to an alignment of particles’ net moment in a 

relatively low field and enhances net moments along with high HC. Also, the exchange 

coupling between the induced FM and AFM core instigates the exchange bias effect, which 

decreases progressively with the size reduction of NiO. Furthermore, the lattice expansion 

observed in finer crystallites plays a crucial role in controlling the magnetic exchange 

interaction between the uncompensated surface spins and particle core spins. This is in 

agreement with the earlier report by Li et al. [LIL2006] that the room-temperature magnetic 

crossover of NiO is due to the lattice expansion. Del Bianco et al. [DELB2008] reported 

that saturation magnetization of NiO increases at a rate of 0.62 emu/g per Ni wt.% in 
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hydrogenated NiO. A quantitative comparison with the presently investigated samples 

indicates that the as-milled NiO powders have about 1.7 wt.% Ni enriched spatial regions. 

To examine the role of unexpected impurity contribution on the magnetic properties, 

the detailed magnetic structure, chemical bonding, and chemical composition of the milled 

powders were analyzed using 57Fe Mössbauer spectroscopy, XPS, and EDS, respectively. 

However, the presence of any impurity phases corresponding to the iron could not be 

detected at least to the detection limits of these techniques. Additionally, the survey scan of 

XPS spectra reveals that the milled NiO powders were free from iron impurities. Figure 4.18 

displays the Ni 2p and O 1s XPS spectra for pure un-milled NiO and 30 hrs milled NiO 

powders. 

 

Figure 4.18: Ni 2p XPS spectra for pure un-milled NiO (a) and 30 hrs milled NiO (b); O 1s 

XPS spectra for pure un-milled NiO (c) and 30 hrs milled NiO (d). 

 

The Ni 2p XPS spectra reveal the existence of mixed valency state 2+ and 3+ in the milled 

NiO powders due to the non-stoichiometry caused by the breaking of Ni2+-O2--Ni2+ super-

exchange symmetry due to size reduction with the irregular shapes and induced defects. 

This is in good agreement with the earlier reports [GROS2006] and backed by the color 

change of the milled NiO powders, as shown in Figure 4.03. Furthermore, the detailed 
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annealing studies of the as-milled NiO powders carried out in the air [KISA2014, 

KISA20152] reduced the magnetic moment of the milled powders largely and the rate of 

decrease of magnetic moment strongly dependent on the milling conditions. This was 

attributed to the release of strain (defects), reduction of Ni3+ to Ni2+ [HONG2006], and an 

increase in the average crystallite size with annealing. The above results, along with the 

present milling conditions, apparently rule out the possible contribution from the iron 

impurity phases on the magnetic properties, and therefore, the observed moment in the 

milled powders is originated mainly from the intrinsic properties. 

 

Figure 4.19: The variations of percentage reduction of NiO and percentage of Ni as a 

function of tm for NiO-Al (x at.%) powders. 

 

In the case of NiO-Al milled powders, the variation of MS strongly depends on the 

amount of NiO reduction. Considering the AFM nature of NiO and ascribing the increase 

of the magnetization in the nanocomposite is mainly due to the formation of FM Ni from 

NiO reduction, the percentage of Ni was estimated by relating the values of MS with respect 

to saturation magnetization of bulk Ni (~55 emu/g) [WUSH2003, HEX2013]. To evaluate 
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the percentage of NiO reduction with tm, we have utilized the change in the integrated 

intensity of NiO(200) peak using eqn. (4.03). Figure 4.19 depicts the variations of NiO 

reduction determined from XRPD analysis and the percentage of Ni obtained from magnetic 

measurements as a function of tm for x = 20 and 40 powders. It can be observed that the 

percentage of Ni in the nanocomposite increases progressively up to a maximum of 7.5 at.% 

with increasing tm to 30 hrs. This is in good correlation with respect to the gradual reduction 

of NiO by Al for x = 20 powders. As a result, HE increases up to 30 hrs supporting the 

gradual formation of Ni in the NiO matrix, which induces the exchange interaction between 

FM Ni and AFM NiO. On the other hand, for x = 40 powders, the intensity of NiO and Al 

XRPD peaks is reduced up to tm = 1 hr due to the dissolution of Al in NiO without any 

ignition of NiO reduction. As a result, the formation of Ni is not observed. With increasing 

tm  3 hrs, the self-propagating combustion reaction is ignited suddenly, which reduces 90% 

of NiO into Ni/Al2O3 nanocomposite and provides about 52% of Ni after 5 hrs of milling. 

On further increasing tm > 5 hrs, a considerable refinement of Ni nanocrystals occurs. This 

increases HC progressively and decreases MS. Since a larger fraction of NiO is reduced into 

Ni, HE turns out to be low value. 

 

Figure 4.20: The variation of Keff as a function of tm for NiO-Al (x at.%) powders. Keff of 

bulk Ni is also shown for comparison. 
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It may be noted that the milled NiO-Al powders exhibit RTFM despite having the 

average size of DNi in the range below 25 nm, which is significantly below the critical size 

(~ 34 nm) of spherical Ni particles for single domain behavior at room temperature 

[BALA2004]. Hence, Ni nanoparticles will be of single-domain but prone to thermal 

fluctuations [SKOM2003, ZHAN2009]. Note that the critical contribution to the Keff in 

nanoscale magnetic particles can be defined as 

𝐾𝑒𝑓𝑓 = 𝐾𝑚𝑐 + 𝐾𝑠ℎ + 𝐾𝑠𝑢𝑟 + 𝐾𝑠𝑡 + 𝐾𝑒𝑥 (4.04) 

Where Kmc is the magnetocrystalline anisotropy, Ksh is the shape anisotropy, Ksur is the 

surface anisotropy, Kst is the strain anisotropy, and Kex is the exchange anisotropy. 

Therefore, the obtained RTFM in the presently investigated samples can be correlated to 

one or more of the following several origins: (i) The milled powder exhibits quite irregular 

morphology (see Figure 4.15) and hence the shape anisotropy could play a key role 

[PARK2000, ROCA2006]. (ii) Since the milled powders are subjected to severe fracture 

and cold welding during the milling process, the strain anisotropy could contribute to the 

total anisotropy of the nanoparticles. (iii) Surface anisotropy of the nanoparticles may also 

play an important role [SKOM2003, YANE2007, YANE2010]. (iv) When the FM 

nanoparticles are embedded in an AFM matrix, an additional uniaxial type anisotropy is also 

introduced to the nanoparticles [ROCA2006, ZHAN2009, KRIS2016]. To analyze the 

effective magnetic anisotropy in the milled NiO-Al powders, we have fitted IM curves using 

the law of approach of the magnetization to saturation (LAS) as defined in eqn. (4.05) 

𝑀(𝐻) = 𝑀𝑆 (1 −
𝑎

𝐻
−

𝑏

𝐻2
+ ⋯ ) + 𝜒𝐻 (4.05) 

Where M(H) is the magnetization in an applied magnetic field H, MS is the saturation 

magnetization,  is high-field susceptibility, and, a and b are constant coefficients 

[KRON2003]. The constant-coefficient b is related to the effective magnetic anisotropy of 

the cubic crystalline materials as given in eqn. (4.06), 

𝐾𝑒𝑓𝑓 = √
105

8
𝑏𝜇0

2𝑀𝑆
2 (4.06) 

The determined values of Keff as a function of tm for NiO-Al milled powders are shown in 

Figure 4.20. For the sake of comparison, the Keff of bulk Ni is also shown in the figure. The 

obtained values of Keff for the milled powders are found to be larger as compared to Keff of 

the bulk Ni. This could be attributed to the contribution from various anisotropies such as 

magnetocrystalline anisotropy, shape anisotropy, strain anisotropy, and exchange 

TH-2283_146121018



Chapter 4: Milling of NiO-Al powders … 

 

106 

anisotropy for these fine nanosized Ni in nanocomposites prepared by the ball milling 

process.  

 

Figure 4.21: High-temperature normalized M-T curves measured under the applied magnetic 

field of 2 kOe for pure NiO and milled NiO-Al (x at.%) powders at different tm. The inset 

shows the same data, but the normalized magnetization is plotted in the logarithmic scale. 

 

Zhang et al. [ZHAN2009] also reported size-dependent enhanced Keff of the Ni 

nanoparticles in the range between 1.2104 J/m3 and 6104 J/m3. High values of Keff have 
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also been reported in other nanocrystalline systems [SHYN20152] prepared by the 

mechanical alloying process. However, in practice, it is impossible to separate these effects 

individually. Thus, the larger Keff plausibly shifts the blocking temperature of such fine 

nanoparticles above room temperature and provides thermal stability at room temperature. 

To study the nature of high-temperature FM in the milled NiO-Al powders, high-

temperature M-T measurements were performed under the applied field of 2 kOe. Figure 

4.21 illustrates the normalized M-T curves for un-milled and milled powders with x = 0, 20, 

and 40 at different tm. The inset in the M-T curve is presented for the same data in the 

logarithmic scale for magnetization to demonstrate the relative variation of magnetization 

close to zero at higher temperatures. As mentioned previously, the TN of NiO is found to be 

525 K obtained from the peak maximum of the M-T curve of the pure un-milled NiO powder 

[THOT2013, RINA2016]. On the other hand, the NiO powders milled for more than 1 hr 

show a continuous decrease in magnetization with increasing temperature, and the 

temperature at which the magnetization becomes zero shifts to higher temperature with 

increasing tm up to 30 hrs. Although the high-temperature magnetic phase transition (TC) 

should be associated with Ni due to the formation of uncompensated surface spin, TC is 

considerably large as compared to its bulk counterpart (~ 630 K). This can be attributed to 

the stress being induced during the ball milling process or strains due to the Ni and NiO 

lattice-constant mismatch arising at the interface and the competing exchange interaction 

between the induced FM and AFM core [LEGE1972, GORR2009]. The existence of stress 

is evident from the non-smooth decrease of magnetization in M-T curves, which acts more 

like hydrostatic one and hence increases TC [LEGE1972]. Such high TC has also been 

reported in Ni/NiO system [FEYG2010]. In contrast, the magnetization of the milled NiO-

Al powders decreases with increasing temperature but exhibits two different magnetic phase 

transitions: (i) a large magnetization drop at about 640 K and (ii) a gradual decrease of 

magnetization up to 900 K. While the first one is due to Ni having magnetic phase transition 

of 630 K, the latter one is due to the magnetic phase transition of induced FM in NiO 

[FEYG2010, KISA20152]. The increased amount of drop-in magnetization at around 640 

K suggests the existence of higher Ni content with increasing tm, as evidenced from the 

structural studies. On the other hand, the nature of the magnetic phase transition of Ni in x 

= 40 powders is quite sharp due to the existence of a large fraction of Ni as compared to x 

= 20 powders. These results show good correlations between the structural, thermal, 

magnetic, and thermomagnetic properties of milled NiO-Al powders. Furthermore, the 
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process of mechanical activation on the aluminothermic reduction allows for a controlled 

partial reduction of NiO and hence optimized amount of Ni produced.  

 

4.4. Summary: 

We have carried out systematic studies on the effects of Al content and milling time on the 

structural and magnetic properties of NiO-Al nanocomposite prepared by using the high-

energy ball milling route under dry milling conditions. The salient features of the current 

investigations are as follows: 

 In-situ NiO-Ni-Al2O3 nanocomposites by the effective mechanical activation of 

aluminothermic reduction of NiO could be prepared by, (i) NiO-Al (x at.%) powders 

with varying x = 0-40 for a constant milling period of 30 hrs, (ii) NiO-Al (x at.%) 

powders with x = 0, 20, 40 for varying milling period of 0-30 hrs. 

 Structural studies confirmed the aluminothermic reduction process of NiO with 

increasing x, which changed from the gradual type for x < 25 to a self-propagating 

combustion type for x = 40 powder.  

 The milling process in bulk NiO reduced the crystallite size down to 13.5 nm without 

changing the structure of the face-centered cubic. Hence, the antiferromagnetic 

nature of bulk NiO transformed into ferromagnetic with a maximum magnetization 

of about 1.17 emu/g and was attributed to the induced ferromagnetism in 30 hrs 

milled NiO due to non-stoichiometry caused by the defects, size reduction and 

oxidization of Ni. 

 The existence of non-stoichiometry in the milled powders was confirmed from XPS 

analysis. 

 For Al content up to 7.5 at.%, the formation of the non-equilibrium solid-solution of 

NiO-Al, along with the atomic disorder, was observed. This increased the lattice 

parameter for Al up to 10 at.% and remained constant for higher values. The 

crystallite size decreased initially for Al up to 5 at.% and then increased gradually 

up to 25 at.% of Al.  

 The ferromagnetic nature of milled NiO-Al (x at.%) powders enhanced slightly for 

a small addition of Al (2.5 at.%) due to size effect and decreased with increasing Al 

up to 7.5 at.% due to atomic disorder. Ferromagnetic properties were enhanced for 

Al addition above 7.5 at.% due to the reduction reaction of NiO by Al into Ni and 
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Al2O3. A maximum of 91% of NiO reduction with the high magnetization of 24 

emu/g was observed for NiO-Al (40 at.%) powders.  

 The variations of the magnetic parameters exhibited a strong dependence on the 

relative changes in Ni and NiO phases.  

 In the case of NiO-Al (x at.%, x = 0, 20, 40) powders milled at different milling 

periods, the reduction of NiO occurred progressively up to a maximum of 40% for 

NiO-Al (20 at.%) powders with increasing milling time. This increased the 

magnetization gradually from 0.12 emu/g to 4 emu/g due to the increase in Ni 

content to 7.5%. Contrariwise, the NiO-Al (40 at.%) powder changed the reduction 

process to self-propagated combustion reaction type, needing a critical time of 3 hrs 

to ignite the reaction process. Therefore, the magnetization changed drastically to 28 

emu/g with a maximum of 90% NiO reduction with a yield of nearly 52% Ni. 

 The microstructural studies revealed that the formation of FM Ni in the AFM NiO 

matrix led to the exchange bias effect. However, the magnitude of exchange bias 

depends on the relative fractions of Ni and NiO phases. 

 High-temperature thermo-magnetization measurements with varying milling time 

confirmed the presence of mixed magnetic phases in the milled NiO-Al powders, 

and the nature of the magnetic phase transition strongly depends on the amount of 

NiO reduction.  

 The dynamics of mechanically activated aluminothermic reduction of NiO [NiO-Al 

(x at.%)] involving two different types of reaction kinetics and the resulting 

structural and magnetic properties are reported for the first time. 

 The observed results showed a good correlation between the structural and magnetic 

properties of milled NiO-Al powders. The controlled reduction of NiO in NiO-Al 

powder mixtures under present milling conditions may find suitable applications in 

the fields of catalysis and ore reduction. 
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5.1. Introduction: 

In Chapter 4, the detailed mechanical activation of the aluminothermic reduction of NiO 

was reported. We observed that the reduction kinetics changed from gradual type reaction 

for NiO-Al (20 at.%) powders to self-propagating combustion reaction for NiO-Al (40 at.%) 

powders. This succumbed to a maximum NiO reduction of 40% and 90% for x = 20 and 40 

at.%, respectively, and the overall change in the magnetic properties could be precisely 

monitored by the change in the magnetization. A careful review of the literature summarizes 

that the study on the mechanochemical (MC) reduction of NiO by Al has been relatively 

more explored as compared to other metallothermic reduction processes in NiO 

[MATT1992, OLES2004, UDHA2010]. In particular, the reduction of NiO by other 

transition metals (TM) has been only to a few selected compositions [SETO2015, 

SETO2016] and the detailed analyses of the resulting magnetic properties due to the 

reduction reaction are still missing. Therefore, in this chapter, we present a systematic 

investigation on the dynamics of solid-solid MC reduction of NiO by Ti using the high-

energy planetary ball milling technique under dry milling conditions and the correlative 

study between the structural, vibrational and magnetic properties of the nanocomposites as 

a function of Ti content and milling time (tm). 

 

Figure 5.01: Schematic representation of the formation of NiO-Ti based solid-solution and 

nanocomposites. 

 

5.2. Experimental details: 

Commercially available NiO and Ti powders were obtained from Sigma-Aldrich, India, and 

used as the raw materials. NiO and Ti powder mixtures were taken to tune the composition 
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of the powders up to the stoichiometric ratio as NiO-Ti (x = 0-35 at.%) and to satisfy the 

reaction, 

2𝑁𝑖𝑂 + 𝑇𝑖 = 2𝑁𝑖 + 𝑇𝑖𝑂2 (5.01) 

These powder mixers were then subjected to dry milling in a high-energy planetary ball mill 

(Insmart Make, India) using hardened steel vials and balls (8 mm in diameter). The powders 

were milled under an ambient temperature and controlled argon (Ar) atmosphere with a 

constant processing speed of 500 rpm and milling period (tm) of 30 hrs. Similarly, for the 

milling time (tm) dependent study, high purity NiO-Ti (x at.%) powders with x = 20 and 35 

were subjected to dry milling under the Ar environment at a milling speed of 500 rpm and 

tm of 0-30 hrs. To maintain a constant ball-to-powder weight ratio of 10:1 throughout the 

milling process, milling was processed by taking fresh samples for each tm. The milling was 

programmed to pause for 15 minutes after every 15 minutes of operation to avoid excessive 

temperature rise in the vials. The milling parameters were optimized carefully by monitoring 

the structural and magnetic variations of the resulting NiO-Ti based nanocomposites. 

Crystal structure and the structural parameters of the milled powders were 

investigated by employing X-ray powder diffraction (XRPD) obtained by using a high-

power X-ray diffractometer (Rigaku TTRAX III 18 kW) with Cu-Kα radiation (λ=1.5406 

Å) and having pyrolytic graphite monochromator and Silicon scintillation counter. The 

generator was set at 50 kV/180 mA condition. Divergence and receiving slits were kept at 

2/3° and 0.3 mm, respectively. XRPD data were collected at a slow scan rate of 0.005 /s 

and 100 steps per degree. The instrumental broadening was corrected using eqn. (4.02) as 

described in Chapter 4. The surface morphology of the powders was analyzed using the 

field-emission scanning electron microscope (FESEM, ZEISS SIGMA). All-inclusive 

elemental compositions of the powders were analyzed by energy-dispersive X-ray 

spectroscopy (EDS) unit attached to the FESEM. Transmission electron microscope (TEM) 

images and the selected area electron diffraction patterns (SAED) were collected with a 

JEOL 2100F and JEOL2100 TEM instrument operated at 200 kV. The sample was prepared 

by placing a drop of ethanol solution containing the as-milled powders onto a carbon-coated 

copper grid. After drying, the sample was examined by TEM. Vibrational properties at room 

temperature were obtained by using micro-Raman spectroscopy (LabRam HR800, Jobin 

Yvon), having equipped with an Olympus confocal microscope with 50× magnification for 

the scattered light. For the measurements, a Laser power of 17 mW and an excitation 

wavelength of 633 nm were used. The field and temperature-dependent magnetic properties 
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of the milled powders were characterized by the physical property measurement system 

(PPMS, Dynacool, USA) and vibrating sample magnetometer (VSM, Lakeshore 7410 

USA). Thermomagnetization (M-T) measurements at high temperatures were recorded in 

an inert gas (argon) atmosphere (after pumping down to 10-3 Pa) during the warming cycle 

from 300 K to 1100 K at a constant heating rate of 4 C/min under the constant applied 

magnetic field of 2 kOe. 

 

Figure 5.02: Room temperature XRPD patterns of (a) un-milled and milled NiO-Ti (x at.%) 

powders with x = 0 - 35, (b) expanded XRPD patterns in the range of 2θ = 40°- 48° and the 

multiple profile fittings of NiO(200) peak for x = 5 (c), 20 (d), 30 (e) and 35 (f) powders.  
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5.3. Results and discussion: 

5.3.1. Effect of Ti content on the properties of NiO-Ti powders: 

5.3.1.1. Structural properties: 

Figure 5.02 depicts the XRPD patterns of pure as-mixed and milled NiO-Ti (x at.%) powders 

with x = 0-35 and multiple profiles fitting of selected XRPD peaks. As-mixed NiO-Ti 

powders exhibit sharp characteristic Bragg reflections, and all the peaks in as-mixed NiO-

Ti powders can be indexed to face-centered cubic (fcc) NiO (JCPDS card No. 78-0423, 

space group 𝐹𝑚3̅𝑚) and hexagonal-close-packed (hcp) Ti (JCPDS card No. 44-1294, space 

group P63/mmc) without the presence of any impurity phases. On the other hand, the 

addition of 5 at.% of Ti in NiO powder shows Bragg peaks of fcc NiO and a very low intense 

peak of Ti(101) reflection. This could be described in terms of a possible dissolution of Ti 

into the NiO matrix, which enhances the NiO peak broadening and peak shift due to the 

increased atomic disorder and induced defects. With increasing x above 10 at.%, NiO(200) 

peak becomes asymmetric in nature and then splits into multiple peaks for x up to 35. The 

evolution of peaks corresponding to new phases is clearly displayed in Figures 5.02d-5.02f, 

which reveals the presence of additional peaks at 2θ = 41.23° and 44.5° corresponding to 

TiO2(111) and Ni(111), respectively. In addition, the Ni(200) peak at 2θ = 52° becomes 

more protruding with increasing x due to the gradual increase of Ni, resulting from NiO 

reduction. This forms in-situ NiO-Ni-TiO2 nanocomposites. However, for x = 35 powder, 

highly intense peaks of Ni(111), Ni(200) and Ni(220) at 2θ = 44.5°, 51.8° and 76.4° (JCPDS 

card No. 04-0850, space group 𝐹𝑚3̅𝑚) and the extraneous peaks at 2θ = 27.4°, 35.95°, 

54.27°, 64.1°, 68.94° and 76.42° corresponding to the TiO2 rutile (110), (101), (211), (310), 

(301) and (202) (JCPDS card No. 87-0710) peak positions are observed due to maximum 

reduction of NiO. In addition, the signs of weak Nickel Titanate (NiTiO3) phases are 

observed for x = 25 and 30 powders due to in-situ chemical reactions during milling. 

In-situ MC reactions, as described in detail in Chapter 4, are in general processed 

through two completely different reaction paths depending on the differences in 

compositions of the raw powder mixture and milling conditions: (a) If the reaction enthalpy 

associated with the product phase is low, then the heat generated during the reaction 

becomes inadequate for the sudden occurrence of the chemical reactions. Hence, the 

reaction takes place slowly and progresses through a very small volume during each 

collision of the milling balls, known as the gradual reaction process. (b) On the other hand, 

a self-sustaining reaction can take place when the reaction enthalpy is amply high for the 
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reaction to proceed itself. In particular, for the NiO-Ti powders, Gibb’s free energy of 

formation of TiO2 (ΔG = - 883.3 kJ/mol) is much larger than that of NiO (ΔG = - 211.7 

kJ/mol) and hence the solid-state reduction of 2𝑁𝑖𝑂 + 𝑇𝑖 = 2𝑁𝑖 + 𝑇𝑖𝑂2 is 

thermodynamically favored for the stoichiometric composition. Besides, the reaction 

enthalpy, ΔH, is highly negative and therefore a mechanically induced self-sustaining type 

reaction can be triggered for NiO-Ti powders during the mechanochemical processing, if 

(−∆𝐻298𝐾
0 )/(∑ 𝐶𝑃298𝐾

) > 2000 𝐾, where ∆𝐻298𝐾
0  is the enthalpy of the reaction and 

∑ 𝐶𝑃298𝐾
 is the total heat capacity of the products at 298 K [TAKA2002]. From the 

thermodynamic calculation for the stoichiometric composition of NiO-Ti powder mixtures 

(eqn. 5.01), ∆𝐻298𝐾
0  is found to be negative at room temperature with the value of -462 

kJ/mole. Accordingly, the ratio of (−∆𝐻298𝐾
0 )/(∑ 𝐶𝑃298𝐾

) turns out to be about 4000 K for 

the as-mixed stoichiometric powder [HTTP0010]. Therefore, the NiO-Ti reduction process 

is highly exothermic in nature, and self-sustaining kinetics during ball milling is likely to 

happen thermodynamically if an abundant amount of reactant (Ti) is present in the raw 

powder mixture. Thus, a mechanically induced self-sustaining reaction can be anticipated 

thermodynamically during the ball milling if the abundant amount of Ti is availed as a 

reactant in the as-mixed NiO-Ti powder. Hence, the reduction reaction initially follows a 

gradual type of reaction for x ≤ 20 powders due to an insufficient amount of Ti in the as-

mixed powders. This is supported by the structural transformations and the occurrence of 

partial reduction process in milled NiO-Ti powders. Upon attaining the mixtures close to 

the stoichiometric compositions (x = 35 at.%), the gradual reaction changes into a self-

sustaining type and thus reveals self-sustaining reaction kinetics due to the MC activation 

of NiO-Ti powders during the ball-milling process.  

The fraction of NiO reacted with Ti by the MC reduction is calculated using the 

integrated intensity equation, as described in the eqn. (4.03) [UDHA2010], by comparing 

the integrated intensity of NiO(200) peak in milled NiO-Ti powders to that of the as-mixed 

powders. Figure 5.03 shows the variation of NiO reduction plotted as a function of Ti 

content. The NiO-Ti reduction reaction initiates at x = 20 with a 9% NiO reduction followed 

by a maximum reduction of 73% for x = 35 powder. This is attributable to the mechanically 

induced self-sustaining reduction reaction due to the presence of higher Ti content in the 

initial NiO-Ti mixture. As a result, the dark green color of the non-stoichiometric milled 

NiO powder transforms into black one as a function of Ti content. Nonetheless, the 

conversion rate of NiO to Ni increases with increasing Ti content, which aids in achieving 
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a maximum reduction of 73% at an ambient temperature for x = 35 powder milled up to 30 

hrs. 

 

Figure 5.03: Percentage reduction of NiO as a function of Ti content in milled NiO-Ti (x 

at.%) powders. 

 

Figure 5.04: The variations of lattice constants (aNiO, aNi) and crystallite size (DNiO, DNi) as 

a function of Ti content for un-milled and milled NiO-Ti (x at.%) powders. The lattice 

constants of bulk Ni and NiO are also shown for comparison. 

TH-2283_146121018



Chapter 5: Milling of NiO-Ti powders … 

 

118 

To study the effect of in-situ reduction of NiO on the structural properties, the 

respective lattice parameters (aNiO and aNi), and average crystallite size (DNiO and DNi) of 

NiO and Ni were calculated after substrating instrumental broadening, as described in the 

eqn. (4.02) in Chapter 4. Figure 5.04 shows the variations of aNiO, aNi, DNiO, and DNi of as-

mixed and milled NiO-Ti powders. The values of aNiO and aNi for pure un-milled NiO and 

Ni powders, taken as 4.17 Å and 3.521 Å, respectively, are also shown in the figure for the 

comparison with the experimental results. The as-milled NiO powder shows a slight 

increase in aNiO due to the presence of strain during the ball milling process [KISA2014, 

PADH2017]. The addition of Ti up to 5 at.% in the NiO-Ti powders shows aNiO to be 4.178 

Å. This is attributed to the introduction of defects during the dissolution of larger atomic-

sized Ti in the NiO matrix to form the NiO-Ti solid-solution. However, with further 

increasing x beyond the solid solubility limit, aNiO decreases down to 4.132 Å for x = 35 

powder due to the reduction of NiO by Ti to form NiO-Ni-TiO2 nanocomposite at higher x.  

 

Figure 5.05: FE-SEM micrographs of as-mixed (a) and milled NiO-Ti (x at.%) powders with 

x = 5 (b), 10 (c), and 35 (d). 

 

Additionally, with increasing x, aNi approaches towards the lattice parameter of bulk Ni, 

suggesting to the growth of stable Ni phases in NiO-Ni-TiO2 nanocomposites. On the other 

hand, the value of DNiO decreases from about 50 nm for un-milled NiO to 14.5 nm for the 
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30 hrs milled NiO powder [PADH2017]. In addition, DNiO for the milled NiO-Ti powders 

decreases largely with increasing x and reaches to about 5 nm for x = 35 powder. Meanwhile, 

DNi increases from 8.7 nm to 20.2 nm with increasing x from 20 at.% to 35 at.%, 

respectively. This can be attributed to the increased crystallinity of Ni in the resulting in-

situ NiO-Ni-TiO2 nanocomposite with a maximum NiO reduction. These variations in the 

structural parameters clearly indicate a decrease in DNiO with the simultaneous increase in 

DNi due to the increased NiO reduction as a function of Ti content in the resulting NiO-Ni-

TiO2 nanocomposite. 

 

Figure 5.06: BF-TEM images and SAED patterns of milled NiO-Ti powders with x = 10 

(a), 20 (b), 30 (c), 35 (d). 

 

To elucidate the changes in the surface morphology of the milled powders with 

decreasing crystal size and the reduction process, FE-SEM micrographs of as-mixed and 
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milled NiO-Ti powders as a function of x have been obtained and displayed in Figure 5.05. 

The simultaneous compositional analysis by EDS reveals the presence of Ni, Ti, and O as 

the only materials in the un-milled and the 30 hrs milled NiO-Ti powders. The FE-SEM 

micrograph of as-mixed NiO powder shows clear particle morphology with an approximate 

particle size ranging between 0.5 to 1 m. In contrast, milled NiO-Ti powders show 

marginally refined particles with size ranging between 100 and 150 nm due to repeated 

plastic deformation and cold-welding during the milling process. However, with increasing 

x, the nature of surface morphology changes from fine particles to strongly agglomerated 

one. This could be correlated to increased NiO reduction and the formation of NiO-Ni-TiO2 

matrix with large Ni content.  

To study the evolution of nanocomposite microstructure in further detail and validate 

the results of XRPD, the milled NiO-Ti powders have been analyzed by the TEM technique. 

Figure 5.06 shows the recorded bright-field TEM (BF-TEM) image and selected area 

electron diffraction (SAED) patterns for milled NiO-Ti powders. The BF-TEM images of 

milled powders show fine nanocrystalline microstructure with irregular particle 

morphology, and the concentric rings in the associated SAED patterns (shown in the insets 

of Figure 5.06) confirm the polycrystalline nature of the samples. This is in close agreement 

with the XRPD results. For the milled NiO-Ti powders with x ≤ 20 (Figures 5.06a & 5.06b), 

the SAED patterns show only the presence of NiO phases with fine nanosized crystals 

ranging between 12-15 nm without the presence of any other phases and without any 

evidence of NiO reduction. The variations of TEM crystallite size show a similar trend as 

the XRPD results, but a broader particle size distribution and irregular morphology are 

observed. With further increasing x from 20 to 35, the similar nanocrystalline behavior with 

irregular morphology is observed. Here, the average crystallite size decreases considerably 

to 7-9 nm, and the SAED patterns display continuous and diffusive rings corresponding to 

Ni(111) and NiO(200) phases along with the diffraction rings corresponding to TiO2 phases. 

This supports the plausible formation of NiO-Ni-TiO2 nanocomposites. These 

microstructural analyses are in close agreement with the XRPD results and show no 

evidence of any other impurity phases in the as-milled powders. 

 

5.3.1.2. Vibrational properties:  

To study the structural defects in the milled powders, Raman spectra were obtained for un-

milled pure NiO, milled NiO, and milled NiO-Ti powders and presented in Figure 5.07. 
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Raman spectra were carefully deconvoluted by Lorentzian curve-fitting with various 

combinations of bands to find peak position, peak width, and area under the curves. The 

curve fitting of un-milled NiO reveals the observation of Raman bands in the spectral range 

above 350 cm-1. While the bands below 1200 cm-1 denote the five prominent first-order and 

second-order Raman scattering by phonons in NiO, the bands above 1200 cm-1 come from 

the strong two-magnon (2M) scattering [MIRO2007, GAND2011, DUAN2012, 

GAND2013, RAVI2015]. 

 

Figure 5.07: Room temperature Raman spectra of pure un-milled NiO (a) and milled NiO-

Ti (x at.%) powders with x = 0 (b), 5 (c), 10 (d), 20 (e) and 35 (f). 

 

Accordingly, the AFM ordered NiO not only has the phonon bands as, one-phonon (1P) 

transverse optical (TO) at 380-410 cm-1, 1P longitudinal optical (LO) at 520-550 cm-1, two-

phonon (2P) TO at 730-780 cm-1, 2P LO+TO at 900-950 cm-1, 2P LO at 1050-1110 cm-1, 

but also shows a broad and less intense peak at 1450-1500 cm-1 due to 2M scattering of bulk 

NiO. The 2M peak being the foremost feature of the Raman spectrum of NiO originates 

from the two-Brillouin zone-edge magnons in the AFM NiO structure, which is associated 

with Ni2+-O2--Ni2+ super-exchange interaction [CAZZ2003, AYTA2017, LIUD2017]. 
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However, for the 30 hrs milled NiO powder, the Raman spectra show the following features: 

(i) The 2M band disappears due to the breaking of Ni2+-O2--Ni2+ super-exchange interaction 

between the neighboring Ni2+ ions, leading to a weaker AFM [RAVI2015]. This induces 

non-stoichiometry in milled NiO, which can be supported by the change in the color of the 

powder from pale-green to dark green [AHMA2006]. (ii) 1P LO mode becomes well 

pronounced and broadened, suggesting enhanced defects, surface effects, and imperfective 

nanostructures. (iii) 2P TO+LO mode disappears after milling. (iv) The 2P TO and 2P LO 

modes get broadened, and the peak positions shift towards lower wavenumber, which 

signifies a size induced phonon confinement effect. (v) The integrated intensity ratio 

between 1P LO and 2P LO modes (I1PLO/I2PLO) increases from 0.31 to 0.34, which indicates 

the existence of induced defects, surface effects, and imperfections in particle shape and 

size caused by the milling process. On the other hand, the inclusion of Ti up to 10 at.% alters 

the vibrational bands in NiO significantly. For instance, the addition of 5 at.% Ti increases 

the spectral intensity ratio, i.e., I1PLO/I2PLO from 0.34 to 7.35 due to the dissolution process 

of NiO-Ti powders. The 2P TO mode becomes more pronounced, and a relative decrease in 

intensity of 2P LO spectral band is observed with increasing Ti content. This could be 

described by means of lowering of local symmetry at Ni2+sites caused by chemical 

substitution and off-center displacement of Nickel ions [CAZZ2003]. With increasing x to 

20, concerning the NiO-Ni-TiO2 nanocomposite formed due to the reduction process, 

Raman bands observed at around 172 cm-1, 226 cm-1, 277 cm-1, 330 cm-1, and 477 cm-1 

correspond to the oxygen-deficient TiO2 (TiO2-δ) phases [WUY2012]. Besides, the Raman 

spectra of anatase TiO2 at 143 cm-1 and 205 cm-1 corresponding to Eg [denoted in figure as 

Eg(A)] phases and rutile TiO2 at around 448 cm-1 corresponding to Eg [denoted in figure as 

Eg(R)] phase are observed [FRAN2012]. These findings not only show good agreement with 

the results of XRPD analysis but also confirm the formation of no other impurity phases in 

the as-milled powders. 

 

5.3.1.3. Magnetic properties: 

The field and temperature-dependent magnetic measurements were carried out to determine 

the correlation between the nanostructural evolution and the magnetic properties of the 

resultant nanocomposites. Figure 5.08 presents the room temperature initial magnetization 

(IM) curves and M-H loops of un-milled NiO, as-mixed, and milled NiO-Ti powders 
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measured up to a maximum applied field of ±50 kOe. To analyze the actual variation of 

magnetization close to origin evidently, the IM curves are plotted in the logarithmic scale. 

 

Figure 5.08: Room-temperature initial-magnetization (IM) curves (a) and magnetic 

hysteresis (M-H) loops (b) for NiO-Ti (x at.%) as a function of Ti content. M-H loop of pure 

NiO without milling is also shown for the comparison. 

 

The extracted parameters, such as magnetization at 50 kOe (MS) and coercivity (HC) from 

the M-H loops, are plotted as a function of Ti content in Figure 5.09. It is observed that (i) 

As-mixed NiO-Ti powders exhibit a weak and almost linear magnetic response to the 

applied field with zero HC due to the AFM nature of NiO. Hence, the loop passes through 

the origin. (ii) 30 hrs milled NiO powder exhibits an unlike response to the applied field, 

i.e., the magnetic moment increases rapidly at the lower applied field, followed by a 

progressive variation at the higher field regime. The loop does not pass through the origin 

and therefore prompts a clear hysteresis loop with a considerable MS of about 1.96 emu/g 

and HC of 155 Oe. This confirms the presence of room temperature ferromagnetism (RTFM) 

in milled NiO powder. (iii) For x = 5 powder, the M-H curve shows a cognate feature as that 

of milled NiO, but a significant decrease in MS from 1.96 emu/g to 1.07 emu/g is abided. 

(iv) For x ˃ 5 powders, MS increases progressively and reaches a maximum of 13.7 emu/g 

for x = 35 powder. The rate of increase in magnetization increases for x ˃ 20. (v) On the 
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other hand, HC decreases initially from 155 Oe to 71 Oe with increasing x from 0 to 15 and 

then increases suddenly to 147 Oe for x = 35 powder. 

 

Figure 5.09: Variations of magnetization (MS) (a) and coercivity (HC) (b) as a function of Ti 

(x at.%) content in NiO-Ti powders. 

 

To correlate the effect of Ti substitution and the NiO reduction on the magnetic 

behavior of milled NiO-Ti powders, the structural and magnetic behavior of the NiO-Ni-

TiO2 nanocomposites are compared in details. Un-milled NiO, due to the dominating 180° 

super-exchange interaction between the next-nearest-neighbor Ni atoms giving a typical 

type-II AFM arrangement, showed with no M-H loop and zero HC [KISA2014, 

SHAH2017]. Contrariwise, the 30 hrs milled NiO exhibit RTFM due to the breaking of 

Ni2+-O2--Ni2+ super-exchange interaction caused by large crystallite size reduction, the 

formation of defects, lattice distortion, broken bonds and oxidization of Ni2+ to Ni3+ ions, 

etc. [AHMA2006, MIRO2007, GAND2011]. As a consequence, the alignment of net 

magnetic moments occurs at a lower magnetic field region with an unsaturated moment of 
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1.96 emu/g, and a large HC of 155 Oe for the applied field of 50 kOe [SHAH2017]. With 

adding x up to 5 at.%, MS and HC decrease to 1.07 emu/g and 92 Oe, respectively, due to the 

dissolution of non-magnetic Ti, which dilutes the induced FM properties of milled NiO-Ti 

powder. On further increasing x > 20, MS and HC increase largely to 13.7 emu/g and 147 

Oe, respectively, due to the significant increase in Ni nanocrystals with increasing x in the 

NiO-Ni-TiO2 nanocomposite. This ferromagnetic behavior could only be accredited to a 

stronger magnetic interaction between nanocrystalline FM Ni and AFM NiO matrix in the 

NiO-Ni-TiO2 nanocomposites [MAKH2008, KRIS2016]. 

 

Figure 5.10: Relation between the percentage of Ni and the percentage of NiO reduction for 

30 hrs milled NiO-Ti powders. 

 

The correlation between the structural and magnetic properties in the milled powders can 

also be established by (i) quantifying the percentage of Ni in the milled powders obtained 

by comparing the magnetization of milled powders with respect to the saturation 

magnetization of bulk Ni (~55 emu/g) and (ii) calculating the percentage of NiO reduction 

from the XRPD pattern [WUSH2003]. Figure 5.10 depicts the relation between the 

percentage of NiO reduction obtained from the XRPD analysis and the attained Ni fraction 

from the correlative saturation magnetization in the NiO-Ni-TiO2 nanocomposites. It is 

observed that milled NiO powder has about 3.56 wt.% Ni enriched spatial regions due to 

the presence of considerable uncompensated surface spins as compared to the AFM particle 

core. The comparison between the percentage of Ni and NiO reduction shows that all the 
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data fall into almost a linear correlation. The straight-line fit to the data reveals that the Ni% 

in milled NiO-Ti powders increases at a rate of 0.09% per NiO% reduction in the currently 

investigated samples.  

It may be noted that milled NiO-Ti powders show Ni crystallites in the size regime 

of 8-20 nm, which is within the superparamagnetic critical size limit of single-domain 

spherical Ni particles [BALA2004]. Hence, the observed FM behavior at room temperature 

is expected, if the overall anisotropy of milled NiO-Ti powders is higher than bulk Ni 

anisotropy, which can shift the blocking temperature towards high-temperature regions and 

provide thermal stability to the nanoparticles.  

 

Fig 5.11: Variations of Keff as a function of Ti content (top) and saturation magnetization 

(bottom), MS for milled NiO-Ti (x at.%) powders. 

 

Therefore, the obtained FM behavior in milled powders can be explained in terms of various 

contribution of anisotropies such as (1) surface anisotropy due to increased surface 

contribution through the large crystallite size refinement [WINK2005, MENE2010], (2) 
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shape anisotropy due to the uneven morphology of the milled powders [SKOM2003] as 

confirmed from Figure 5.05 and 5.06, (3) strain anisotropy as the milled powders are 

subjected to large deformation and cold welding of the powders inside the milling vials and 

(4) exchange anisotropy due to coexisting coupling between the FM Ni and AFM NiO 

[SKUM2003, SORT2004, LIS2006, DETO2015]. The values of Keff, deduced from the law 

of approach to saturation magnetization [KRON2003, MAJ2017] as stated in eqns. (4.05) 

and (4.06), are depicted in Figure 5.11. The obtained values of Keff are found to be varying 

in the range of 0.65-4.3×104 J/m3, which is much higher than that of bulk Ni (0.5× 104 J/m3) 

[ZHAN2009] and is comparative to the Keff of milled NiO-Al powders. The linear variation 

of Keff with magnetization confirms the single-domain type ferromagnetic Ni with enhanced 

magnetic anisotropy. 

 

Fig 5.12: High-temperature normalized M-T curves measured under the applied field of 2 

kOe for NiO and milled NiO–Ti (x at.%) powders. The inset shows the same data, but the 

normalized magnetization is plotted in the logarithmic scale. 

 

To study the effect of particle size variation and the impact of reduction on the FM 

stability of the milled NiO-Ti powders, temperature-dependent magnetic (M-T) 
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measurements were carried out under an applied field of 2kOe over a temperature range of 

300 K - 1050 K. To summarize all the M-T curves and to have a direct comparison, 

normalized magnetization [M(T)/M300K] of the M-T curves are plotted in y-axis in Figure 

5.12. To demonstrate the thermal evolution of magnetization at the high-temperature regime 

close to zero, the same curves have been plotted in the logarithmic scale in the inset. The 

magnetization of un-milled NiO increases progressively with an increase in temperature up 

to 525 K and then decreases above 525 K. This forms a peak at 525 K in the M-T curve, 

which is attributed to the Néel temperature (TN) of NiO. This is in good agreement with the 

earlier reported results [THOT2013, RINA2016]. On the contrary, the 30 hrs milled NiO 

powder shows a gradual decrease in magnetization with increasing temperature and 

approaches to zero at around 900 K. The thermal derivative of magnetization curves (dM/dT 

~ T) exhibits two magnetic transitions: (i) one close to TN due to the AFM NiO core and (ii) 

another one at 780 K, due to the induced FM phase transition (TC) of the uncompensated 

surface spins. The value of TC (~ 780 K) is quite high (˃150 K) than that of the bulk Ni 

(~630 K). This is attributed to the presence of large internal stress accumulated due to 

mechanical milling or the strain generated due to the interfacial Ni-NiO lattice mismatch 

and the exchange interaction between FM Ni, and AFM NiO induced FM phase-AFM core 

interaction. The non-smooth decrease of magnetization in the M-T curve evidences the 

release of stresses with increasing temperature. However, the milled NiO-Ti powders show 

different behaviors as compared to the bulk NiO and milled pure NiO powder. It is observed 

that (i) The magnetization decreases gradually with increasing temperature up to 700 K. (ii) 

With further increasing temperature, the magnetization increases suddenly, forming a peak 

in the curve, and then decreases gradually to nearly zero magnetization. The strength of the 

magnetization peak reduces, and the peak width broadens with increasing x from 5 to 20. 

These results suggest that the decrease of magnetization in the M-T curves around the TN of 

bulk NiO is related to the origin of enhanced TB of the Ni particles due to the enhanced 

exchange coupling between AFM NiO and FM Ni inducing large Keff. Besides, as the 

temperature increases, the NiO matrix becomes paramagnetic, and hence the stabilization 

of FM Ni by AFM NiO through the exchange coupling is lost, leading to a decrease in 

magnetization [SORT2004, DETO2015]. To understand the origin of the tm dependent peak 

in M-T curves, the as-milled powders are heated up to three different temperatures [below 

the peak position (Tbelow), at the peak maximum (Tmax) and at 950 K (T950K)] by following 

the same heat treatment procedures of M-T measurement described in the experimental 
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section. The structural variations of as-milled and heat-treated powders were analyzed by 

obtaining XRPD patterns at room temperature. The observed results reveal that the 

temperature-induced NiO reduction process with the available unreacted Ti takes place, and 

the development of Ni initiates at Tbelow followed by the growth at Tmax and the nearly 

complete reduction of NiO along with the formation of TiO2 and Ni at T950K. This 

temperature-induced irreversible structural change provides a maximum in the M-T curve. 

With increasing x > 20, due to the formation of nanocrystalline Ni as confirmed from the 

structural studies, a sharp magnetic transition is obtained at 645 K. This matches with TC of 

bulk Ni. Interestingly, with increasing x, the magnitude of magnetization dropping at 645 K 

increases largely at the expense of magnetization, decreasing gradually at higher 

temperatures. This is majorly due to the enhanced NiO reduction at higher Ti content to 

yield large Ni fraction in the NiO-Ni-TiO2 nanocomposites.  

 

Figure 5.13: Room temperature X-ray powder diffraction patterns of as-mixed and milled 

NiO-Ti (x = 20 at.%) powders as a function of tm and profile fitting of selected diffraction 

peaks.  

 

5.3.2. Dynamics of milling on the properties of NiO-Ti powders: 

In the following section, we present the study of structural, vibrational, and magnetic 

properties of NiO-Ti (x at.%) powders as a function of milling time for the selected Ti 

contents to discuss the dynamics of NiO reduction by Ti.  
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Figure 5.14: Room temperature X-ray powder diffraction patterns of as-mixed and milled 

NiO-Ti (x = 35 at.%) powders as a function of tm and profile fitting of selected diffraction 

peaks.  

 

5.3.2.1. Structural properties: 

Figure 5.13 depicts the characteristic XRPD patterns of as-mixed and milled NiO-Ti (x = 

20 at.%) powders as a function of tm along with profile fitting of selected diffraction peaks 

of NiO-Ti powders. As the structural evolutions rely on x and tm, milling is carried out 

separately for x = 20 and 35 powders. All the reflections in the XRPD patterns of the as-

mixed powders can be indexed to fcc NiO (JCPDS card No. 78-0423, space group 𝐹𝑚3̅𝑚) 

and hcp structure Ti (JCPDS card No. 44-1294, space group P63/mmc). For x = 20 powders, 

it is observed that (i) the intensities of NiO and Ti-peaks decrease gradually with increasing 

tm. (ii) Up to tm = 15 hrs, the diffraction peaks of fcc NiO dominate the pattern, which reveals 

the possible dissolution of Ti in the NiO matrix. The peaks are also considerably broadened 

due to a significant size refinement. (iii) For tm > 15 hrs, the intensities of NiO peaks 

decrease further along with the observation of minor peaks at 2 = 44.5 and 51.8 

corresponding to fcc Ni(111) and Ni(200), respectively (JCPDS card No. 04-0850, space 

group 𝐹𝑚3̅𝑚) [UDHA2010]. This confirms to the initiation of Ti activated NiO MC 

reduction beyond 15 hrs, which results in the formation of nanocrystalline Ni. (iv) 

Moreover, for tm > 15 hrs, the intensity of Ni peaks increases gradually with increasing tm 

revealing a gradual NiO-Ti reduction process. No evidence of additional phases was found 
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from the powder-diffraction data or by the compositional analysis via EDAX spectra. As 

shown from the profile fits (Figures 5.13b-5.13e), the clear evolution of Ni(111) as a 

shoulder peak of NiO(200) peak is observed. The color change of the powders from pale-

green to black color after tm = 15 hrs provides further proof for the non-stoichiometric NiO 

formed by the presence of defects, size refinement, broken Ni-O-Ni bonds and the gradual 

reduction of NiO into Ni [PADH2017]. 

Figure 5.14 displays the XRPD patterns of the NiO-Ti (35 at.%) powders prepared 

at different tm along with profile fitting of selected diffraction peaks of NiO-Ti powders. It 

is seen that (i) up to tm = 5 hrs, the NiO and Ti peak intensities decrease considerably, 

suggesting a refinement process. (ii) Interestingly at tm = 10 hrs, NiO reduction occurs in a 

remarkable manner, resulting in pronounced Ni and TiO2 phases and hence forms an in-situ 

nanocomposite (Figure 5.14c) (iii) For tm > 10 hrs, a gradual diminishment of NiO(200) and 

NiO(311) peaks is observed along with a successive growth of Ni(111) and Ni(220) peaks, 

respectively. (iv) However, the Ni peaks show a considerable peak broadening and 

decreased peak intensity with increasing tm from 10 to 30 hrs. These results evidence that 

the NiO MC reduction in x = 35 powders is comparatively instantaneous and rapid with a 

shorter tm required for the reduction to proceed as compared to x = 20 powder.  

 

Figure 5.15: Percentage of NiO reduction of as-mixed and milled NiO-Ti (x at.%) powders 

as a function of milling time (tm). 
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The fraction of NiO reacted with Ti by the MC reduction is calculated using the 

integrated intensity equation [UDHA2010] and shown in Figure 5.15. It is observed that for 

x = 20 powders, the fraction of NiO reacted increases gradually with increasing tm, 

suggesting to a gradual reaction kinetics and reaches to a NiO reduction of about 10% for 

tm = 30 hrs. The smaller fraction of NiO reduction in x = 20 powders implies the presence 

of a lesser amount of Ti in the as-mixed powders, which results in the retention of a 

comparatively higher quantity of NiO in the resulting nanocomposites. Contrariwise, for x 

= 35 powders, the maximum NiO reduction of 94% is observed at tm = 10 hrs due to the 

ignition of the self-sustaining reduction process in the presence of a sufficient amount of Ti 

being availed for the almost complete NiO reduction. However, this value decreases with 

further increasing tm, and a NiO reduction of 73% is observed for tm = 30 hrs. Henceforth, it 

can be concluded that the kinetics of the MC reduction under the current milling conditions 

strongly depends on the variations of tm and Ti content in the NiO-Ti powders. These results 

can also be confirmed from the thermodynamic calculations adopted for the Ti content 

variation study where the ratio of (−∆𝐻298𝐾
0 )/(∑ 𝐶𝑃298𝐾

) in as-mixed stoichiometric NiO-

Ti powder is calculated to be around 4000 K suggesting to the highly exothermic nature of 

NiO-Ti reduction process. Hence, a gradual type reduction takes place for NiO-Ti (20 at.%) 

powders due to the insufficient amount of Ti being present in the as-mixed powders, which 

is mostly incorporated into the NiO matrix and is inadequate enough to start a chemical 

reaction instantaneously. On the other hand, NiO-Ti (35 at.%) powder having a 

stoichiometric mixture shows a self-sustaining type of reaction due to the MC activation 

process and a critical tm of 10 hrs is needed for the ignition of the self-propagating reaction. 

This thermodynamic assessment is clearly supported by the structural transformations 

occurring in milled NiO-Ti (x = 20, 35) powders and also agrees well with the previously 

reported Ti-Ni-O phase diagram [SEKI2009]. 

To analyze the structural refinement, the crystallite size of NiO (DNiO) was estimated 

from the experimental XRPD pattern after subtracting the instrumental broadening 

contribution. Figure 5.16 shows the variations of DNiO of the milled NiO-Ti powders as a 

function of tm and Ti content. For x = 20 powders, the value of DNiO is found to decrease 

largely from around 50 nm of as-mixed NiO-Ti powder to about 19.7 nm at tm = 5 hrs 

followed by a gradual decrease to about 12 nm for tm = 30 hrs. Meanwhile, for x = 35 

powders, DNiO follows an almost similar trend as x = 20 powders, but with a significant 

reduction in DNiO to about 10 nm after 30 hrs of milling. Moreover, the crystallite size of Ni 
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(DNi) for x = 20 powder is calculated to be 12.8 nm after 30 hrs of milling due to the gradual 

reduction of NiO to form nanocrystalline Ni. DNi reaches up to 27.5 nm for x = 35 powder 

after 10 hrs of milling and then gradually decreases to around 20 nm for tm = 30 hrs. 

 

Figure 5.16: Variations of crystallite size of NiO (DNiO) of NiO-Ti (x at.%) powders as a 

function of milling time (tm). 

 

The observation of milling time dependence of DNi is rather interesting. Doppiu et 

al. [DOPP2004] reported that the value of DNi in ball-milled NiO powders under hydrogen 

atmosphere at a ball-to-powder weight ratio of 12:1 increases initially from 7 nm to about 

13 nm with increasing tm up to 4 hrs and then remains nearly constant for further increase 

in tm to 12 hrs despite observing considerable NiO reduction. Such variation was attributed 

to two competitive effects, which take place simultaneously: (a) the continuous milling 

process tends to reduce the crystallite size and (b) the progressive development of Ni 

nanocrystals during the milling due to the reduction of NiO. The competition between these 

two effects determines the properties of the final nanocomposites [DOPP2004, 

KREM2012].  

In the present investigation, close observation of Figure 5.14a reveals that with 

increasing tm > 15 hrs, the Bragg reflections of Ni not only exhibit a considerable broadening 

but also show a significant reduction in intensity. This confirms that the formation of Ni 

with the size of 27.5 nm from the maximum reduction of NiO (~94%) at tm = 10 hrs is 
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progressively reduced at longer tm due to the dominating effect of the milling to reduce the 

crystallite size over the nearly completed nature of reduction process of NiO.  

 

Figure 5.17: FESEM micrographs of NiO-Ti (x at.%) powders milled at different tm [(a) 

x=20, tm= 0; (b) x=20, tm=10; (c) x=20, tm=20; (d) x=20, tm=30 and (e) x=35, tm= 0; (f) x=35, 

tm=10; (g) x=35, tm=20 and (h) x=35, tm=30]. 
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This is also justifying the possible decrease of degree of reduction of NiO at longer tm as 

displayed in Figure 5.15. The determined lattice parameter of NiO (aNiO) decreases with 

increasing tm for both x = 20 and 35 milled powders and reaches down to 4.163 Å and 4.133 

Å after 30 hrs of milling for x = 20 and 35, respectively. This can be attributed to the 

introduction of structural defects, oxygen vacancies, dissolution of Ti in the NiO matrix, 

and reduction of NiO during the MC reduction process and is in close agreement with earlier 

reports on similar systems [PECK2012, DOPP2014]. On the other hand, Kremenovic et al. 

[KREM2012] and Gandhi et al. [GAND2013, GAND2016] reported grain surface 

relaxation effect due to lattice expansion with decreasing the size of the NiO. The observed 

changes in the structural parameters could be well accredited to tm dependent MC reduction 

of NiO, which drastically changes the dynamics of formation of the in-situ nanocomposites 

with different fractions of elemental phases and effectively reduces the crystallite size of 

NiO in comparison with the 30 hrs milled NiO as reported previously [PADH2017]. 

Figure 5.17 displays the FESEM micrographs of as-mixed and milled NiO-Ti 

powders as a function of tm and Ti contents. The micrographs clearly illustrate the 

morphological changes of the milled powders as compared to its massive counterpart due 

to the large crystallite size refinement mediated by milling as well as the NiO reduction 

process. As-mixed NiO-Ti powders (Figures 5.17a & 5.17e). exhibit a clear particle 

morphology. Meanwhile, FESEM images of the milled NiO-Ti (20 at.%) powders show 

irregular morphology with the size varying between 100-200 nm. There is also a small 

degree of agglomeration of the milled powders that occurs due to the repeated fragmentation 

and cold-welding of the powders inside the vial during the dry milling process. With further 

increasing x to 35, it is seen that the nature of surface morphology shows strongly 

agglomerated particles at 10 hrs of milling (Figure 5.17f). A major contributing factor to the 

agglomeration of x = 35 powders can be due to the heat build-up within the vial during the 

self-sustaining reactions at the early stages of milling and thereby can be correlated to the 

increased NiO reduction and the formation of an in-situ nanocomposite with high Ni 

content. The particle size, however, decreases with increasing tm, and nearly spherical 

shaped particles can be seen at the end of 30 hrs milling (Figure 5.17h). This clearly 

indicates the potential role of ball milling on the size refinement with the nanostructure 

formation, and the MC reduction process is a key factor in the modification of surface 

morphology of the resulting nanocomposite.  
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Figure 5.18: BF-TEM micrographs and SAED patterns of un-milled NiO (a), and milled 

NiO-Ti (x at.%) powders at different tm [(b) x=20, tm=20; (c) x=20, tm=30 and (d) x=35, 

tm=05; (e) x=35, tm=10 and (f) x=35, tm=30]. 
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Furthermore, to understand the evolution of the nanocomposites with increasing tm 

and to confirm the XRPD results, the bulk NiO and milled NiO-Ti powders were 

characterized by means of TEM technique. The bright-field TEM (BF-TEM) images and 

the SAED patterns were recorded to analyze the nanoparticle size and crystal structure, 

respectively, and shown in Figure 5.18. The BF-TEM images show fine nanocrystalline 

microstructure and the SAED patterns (inset of Figure 5.18), have concentric rings that 

suggest to the characteristic polycrystalline behavior. The un-milled NiO depicts the 

existence of clear particle microstructure with estimated large-scaled crystals ranging 

between 40~70 nm and the SAED pattern could be indexed to the fcc type NiO (Figure 

5.18a). Conversely, following the addition of Ti and the subsequent NiO reduction, the 

milled NiO-Ti (20 at.%) powders show aggregated nanocrystalline particles with an 

irregular morphology (Figures 5.18b & 5.18c). However, the SAED patterns could only be 

indexed with reference to NiO fcc phases and suggest an inadequate NiO reduction. The 

TEM crystallite size variation follows a similar trend as the XRPD patterns but exhibits a 

rather broad particle size distribution with irregular shapes. On the other hand, x = 35 

powders milled above 5 hrs evidence the presence of both NiO and Ni phases where the 

diffusive diffraction rings of Ni(111) phase superimposes with the spotty ring of NiO(200) 

plane (Figures 5.18e & 5.18f). Additionally, at tm ≥ 10 hrs, clear diffraction rings 

corresponding to the Ni and TiO2 phases are observed, which implies the presence of Ni 

enriched spatial regions due to the increased NiO reduction and agrees well with the reported 

XRPD results. 

 

5.3.2.2. Vibrational properties: 

To have a further insight into the influence of Ti inclusion with increasing tm in the lattice 

dynamics and the subsequent lattice defects, Raman spectra were obtained at room 

temperature and shown in Figure 5.19. The different vibration modes with their peak 

positions, width, and integral area have been analyzed by the Lorentzian peak profile 

method. As described earlier for the Ti content variation study, the AFM ordered NiO is 

known to have five prominent first order and second-order Raman phonon modes (Figure 

5.19a), i.e., 1P TO (~380-410 cm-1), 1P LO (~520-550 cm-1), 2P TO (~ 730-780 cm-1), 2P 

LO+TO (~ 900-950 cm-1), 2P LO (~1050-1110 cm-1) modes due to vibrational origin and 

[RAVI2015] and 2M peak at (~1450-1500 cm-1) due to magnetic origin. Peck et al. 

[PECK2012] reported that the prolonged exposure of the bulk NiO to the ambient 
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environment leads to hydroxylation of NiO, which changes the chemical environment and 

hence the importance of sample condition.  

 

Figure 5.19: Room temperature Raman spectra of un-milled NiO (a); milled NiO (b) and 

NiO-Ti (x at.%) powders at different tm [(c) x=20, tm=5; (d) x=20, tm=10; (e) x=20, tm=30 

and (f); x=35, tm=10; (g); x=35, tm=20 and (h); x=35, tm=30]. The green diamond symbol 

indicates the presence of an unidentified phase. 
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On the other hand, 30 hrs milled pure NiO powder (Figure 5.19b) reveals the disappearance 

of the 2M peak due to the breaking of Ni2+-O2--Ni2+ super-exchange interaction between the 

neighboring Ni2+ ions [RAVI2015]. For milled NiO-Ti powders, it can be seen that (i) The 

2M band disappears due to the decrease of AFM spin correlations, (ii) 1P TO mode enhances 

due to the presence of parity-breaking effects and Nickel vacancies, (iii) 1P LO mode 

becomes prominent due to enhanced defects, surface effects and imperfective nanostructure, 

(iv) 2P TO+LO mode disappears, (v) 2P TO and 2P LO modes broaden and (vi) Raman 

bands are seen at around 172 cm-1, 226 cm-1, 277 cm-1, 330 cm-1 and 477 cm-1 related to the 

oxygen-deficient TiO2-δ phases [WUY2012]. Simultaneously, the Raman spectrum at 143 

cm-1 and 205 cm-1 corresponding to Eg anatase [Eg(A)] TiO2 phases and Raman spectrum at 

around 448 cm-1 corresponding to Eg rutile [Eg(R)] TiO2 phase are also observed 

[FRAN2012] suggesting to the clear formation of TiO2 as confirmed by the XRPD results. 

Furthermore, we observed an additional Raman peak at around 745-760 cm-1 in milled NiO-

Ti powders, which is not attributable to the known phases and therefore necessitates a 

further careful investigation of vibrational studies to understand the presence of unidentified 

phase. 

 

5.3.2.3. Magnetic properties: 

Figure 5.20 shows the initial magnetization (IM) and M-H curves of NiO-Ti powders 

recorded at room temperature as a function of tm and Ti content. The IM curves are presented 

in the logarithmic scale to find the low field magnetic behaviors and the influence of Ti 

content on the overall field-dependent magnetic properties of the powders. The parameters 

obtained from the M-H curves, i.e., MS and HC, are shown in Figure 5.21. The as-mixed 

NiO-Ti (x at.%, x = 20, 35) powder has almost zero magnetic moments at no applied field 

with the loop passing through the origin and has zero HC. This is due to the almost complete 

spin compensation in the type-II AFM order inhibiting between the two neighboring (111) 

planes of bulk NiO in the un-milled state [RINA2016]. For x = 20 powders at different tm, 

the characteristic features of the M-H loops are: (i) At tm = 1 hr, the M-H loop displays a 

considerable increase in the moment at lower fields with a gradual variation at higher fields 

region. This leads to the FM hysteresis with an MS of 0.4 emu/g and HC of 144 Oe. This is 

related to the deviation of surface spins from the AFM alignment, which induces 

uncompensated moments at the surface and the breaking of a large number of exchange 

bonds of the as-mixed NiO-Ti powder [RAVI2015]. (ii) With further increasing tm up to 30 
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hrs, the magnetization increases notably and attains a maximum MS of 2 emu/g. However, 

HC decreases gradually as a function of tm and reaches to about 75 Oe after 30 hrs of milling. 

(iii) All the loops show the non-saturation of the magnetization up to 50 kOe. This could be 

well ascribed to the combined contribution of NiO MC gradual reduction leading to the 

simultaneous formation of Ni in the NiO matrix and the increased uncompensated surface 

moments in the milled powders due to size reduction. 

 

Figure 5.20: Room temperature initial magnetization (IM) and magnetic hysteresis (M-H) 

curves of as-mixed and milled NiO-Ti (x at.%) powders as a function of milling time (tm). 

 

Similar behavior of non-saturation of magnetization in nanostructured NiO/Ni with 

grain-surface relaxation due to increasing in lattice parameter with decreasing crystallite 

size is reported by Kremenovic et al. [KREM2012] in nanostructured NiO/Ni prepared by 

thermal decomposition of nickel acetate tetrahydrate followed by ball milling in air 

atmosphere. These results suggest that although the method of preparation of NiO/Ni 
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nanocomposites is quite different, interestingly, both lattice expansions and contractions 

exhibit similar M-H behaviors in NiO/Ni systems.  

 

Figure 5.21: Variations of (a) saturation magnetization (MS); and (b) coercivity (HC) for the 

milled NiO-Ti (x at.%) powders as a function of milling time (tm). 

 

Nevertheless, as nanoparticle properties can be influenced by many variables such as 

preparation techniques, composition, an annealing process, and surface capping, it may be 

difficult to compare the results directly at this stage without further systematic analysis. On 

the other hand, for x = 35 powders, (i) At tm = 1 hr, the observed feature of the M-H loop is 

in accordance with x = 20 powder and hence shows a weak FM with a MS of 0.6 emu/g and 

a large HC of 171 Oe due to the presence of defects, broken bonds, local periodicity breaking 

and the effective Ti dissolution in NiO matrix without the initiation of NiO reduction. (ii) 

Contrariwise, for tm = 10 hrs, rapid enhancement in magnetization is observed with a 

maximum MS of 24 emu/g. This high moment at 10 hrs milling is due to the ignition of NiO 

MC self-sustaining reduction, as shown in the XRPD results (Figure 5.15), which provided 

around 94% of NiO reduction. (iii) With further increasing tm to 30 hrs, MS decreases to 13.7 

emu/g.  

This could be attributed to the two competitive effects between the milling to reduce 

the crystallite size and the reduction of NiO taking place simultaneously at larger tm. This 

structural and magnetic correlation can also be confirmed by quantifying the percentage of 

Ni by comparing the MS of milled powders with respect to the MS of bulk Ni (~55 emu/g) 
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and having a relative comparison with the percentage of NiO reduction obtained from the 

XRPD pattern.  

 

Figure 5.22: Variations of percentage of NiO reduction and Ni percentage for NiO-Ti (x 

at.%) with (a) x = 20 and (b) x = 35 powders as a function of milling time (tm). 

 

Figure 5.22 illustrates the correlation between the percentage of Ni obtained and the 

concurrent NiO reduction in the NiO-Ti powders. It is observed that the percentage of Ni 

increases almost similar to the percentage of NiO reduction. It is well-known that bulk NiO 

is AFM in nature, and therefore the magnetization increase in the in-situ FM nanocomposite 

can solely be accredited to the NiO MC reduction and hence gives confirmation for the 

inevitable dependence of structural and magnetic behavior of the milled powders with 

varying tm and Ti content. Here, it can be noted that the milled NiO-Ti powders show Ni 

crystallites varying in the size regime of 12-28 nm, which is within the superparamagnetic 

critical size limit of single domain spherical Ni particles (~34 nm) [BALA2004]. Hence, the 

observed RTFM in milled powders is expected, if the effective magnetic anisotropy (Keff) is 

higher than bulk Ni anisotropy, which in-turn can shift TB towards high-temperature regions 

and provides thermal stability to the fine nanocomposites. The overall contribution of 

various anisotropies in milled NiO-Ti powders has been stated earlier in the Ti content 

variation study of NiO-Ti (x at.%) powders milled at a constant milling period of 30 hrs. 

The values of Keff, deduced from the law of approach to saturation magnetization using eqns. 

(4.05) and (4.06) [KRON2003, MAJ2017], are found to be 0.5 - 0.65 × 104 J/m3 and 1.15 - 

4.65 × 104 J/m3 for x = 20 and 35, respectively. This is much higher than that of bulk Ni 
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(0.5×104 J/m3) [ZHAN2009], and such larger Keff in the resulting nanocomposites helps to 

retain the FM behavior in milled NiO-Ti powders [ZHAN2009, SHYN20152]. 

 

Figure 5.23: High-temperature M-T curves for pure NiO and milled NiO-Ti (x at.%) 

powders at different tm.  

 

To study the FM stability of the nanocomposites with increasing tm and Ti contents, 

high-temperature M-T measurements were carried out, and the normalized M-T curves are 

plotted in Figure 5.23. The insets of Figure 5.23, plotted for the same data in the logarithmic 

scale, show the relative magnetic variation close to zero range. As-mixed NiO-Ti powders 

show a magnetization increase up to 525 K followed by a gradual decrease for T > 525 K 

and thus forms a peak in the M-T curve. This is the typical characteristic of AFM material, 
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and hence the Néel temperature (TN) of NiO is defined to be 525 K [RINA2016]. However, 

the milled NiO-Ti (20 at.%) powders show different behaviors as compared to the bulk NiO 

powder. It is observed that (i) the magnetization decreases gradually with increasing 

temperature up to 700 K. Also, the temperature up to which the magnetization decreases 

shifts towards lower temperatures with increasing tm. (ii) With further increasing 

temperature, the magnetization increases suddenly, forming a peak in the curve and then 

decreases gradually to nearly zero magnetization. The strength of the magnetization peak 

reduces, and the peak width broadens with increasing tm. These results suggest that the 

decrease of magnetization in the M-T curves around the TN of bulk NiO is related to the 

origin of enhanced TB of the Ni particles due to the enhanced exchange coupling between 

AFM NiO and FM Ni inducing large Keff. Besides, as the temperature increases, the NiO 

matrix becomes paramagnetic, and hence the stabilization of FM Ni by AFM NiO through 

the exchange coupling is lost, leading to a decrease in magnetization [SORT2004, 

DETO2015]. In order to understand the origin of the tm dependent peak in M-T curves, the 

as-milled x = 20 powders (tm = 10 and 30 hrs) are heated up to three different temperatures 

[below the peak position (Tbelow), at the peak maximum (Tmax) and at 950 K (T950K)] by 

following the same heat treatment procedures of M-T measurement described in the 

experimental section. The structural variations of as-milled and heat-treated x = 20 powders 

were analyzed by obtaining XRPD patterns at room temperature. The observed results for 

the 10 hrs milled and heat-treated x = 20 powders reveal the temperature-induced NiO 

reduction process with the available unreacted Ti as evidenced from Figure 5.13, i.e., the 

development of Ni initiates at Tbelow followed by the growth at Tmax and the nearly complete 

reduction of NiO along with the formation of TiO2 and Ni at T950K. This temperature-induced 

irreversible structural change provides a maximum in the M-T curve. On the other hand, for 

the 30 hrs milled and heat-treated x = 20 powders, (i) the XRPD patterns at Tbelow and Tmax 

exhibit a cognate pattern as that of the as-milled powder due to the maximum incorporation 

of Ti in the NiO matrix and hence, the M-T curve does not show a sharp peak at Tmax. (ii) 

Nonetheless, the XRPD pattern of the powder heat-treated at T950K shows an almost 

complete reduction of NiO to form TiO2 and Ni as similar to the 10 hrs milled and heat-

treated powder. These results suggest that the peak in the M-T curve is caused by the 

temperature-induced structural change in the as-milled x = 20 powders. For x = 35 powders, 

we observed different nature of M-T curves depending on the tm: (i) For tm < 10 hrs, M-T 

curves show almost the similar behavior as that of x = 20 powder. This is due to the non-

TH-2283_146121018



Chapter 5: Milling of NiO-Ti powders … 

 

145 

ignition of the self-sustaining reaction. (ii) On the other hand, the nature of the magnetic 

phase transition changes drastically beyond tm ≥ 10 hrs and shows a dominant ferromagnetic 

to paramagnetic phase transition at 640 K. This is attributed to the presence of a large 

fraction of Ni in the resulting nanocomposite due to self-sustaining reaction.  

 

5.4. Summary: 

We have investigated the effect of mechanical activation on the structural, vibrational and 

magnetic properties of NiO-Ti powders prepared by the high energy ball milling process as 

a function of Ti content and milling time in detail. The salient features of the milled NiO-Ti 

powders from the current investigations are summarized as follows: 

 NiO-Ni-TiO2 nanocomposites with varying Ti (x at.%) content and milling time (tm 

= 0-30 hrs) have been successfully prepared by the high-energy ball milling process 

in dry milling conditions under a controlled argon environment. 

 The structural and microstructural analysis carried out for the 30 hrs milled NiO-Ti 

powders revealed the formation of NiO-Ti solid-solution for Ti up to 5 at.%, 

followed by a gradual decrease of NiO into NiO-Ni-TiO2 nanocomposite due to the 

mechanical activation of Ti reduction process with the NiO matrix. A maximum NiO 

reduction of 73% is observed for NiO-Ti (35 at.%) powder. 

 The milling process effectively reduced the average crystal size of NiO largely down 

to 5 nm as Ti content was increased to 35 at.%. 

 The NiO-Ti solid-solution showed a decrease in magnetization effectively from 1.96 

emu/g to 1.07 emu/g, whereas the mechanochemical reduction of NiO with 

increased Ti content experienced an increase in magnetization up to 13.7 emu/g for 

NiO-Ti (35 at.%) powder. 

 The detailed milling time-dependent study of NiO-Ti (x at.%, x = 20, 35) powders 

revealed two different reaction dynamics for varying Ti contents. The 

mechanochemical reduction of NiO in NiO-Ti (20 at.%) powders occurred gradually 

with a maximum reduction of 10% at 30 hrs of milling. On the other hand, NiO-Ti 

(35 at.%) powders showed a self-sustained process with a maximum of 94% NiO 

reduction at 10 hrs of milling time. 

 The gradual reduction process of NiO in NiO-Ti (20 at.%) powders produced a 

maximum magnetization of 2 emu/g, while the NiO-Ti (35 at.%) powders through 

the self-sustained process exhibited a maximum magnetization of 24 emu/g. 
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 The structural, vibrational, and magnetic behavior of the in-situ nanocomposites 

illustrated a strong dependence on the correlative fractions of the Ni, and NiO phases 

and so played a crucial role in defining the overall magnetic anisotropy based 

ferromagnetic behavior in the milled powders. 

 Thermomagnetization studies at high-temperatures revealed that the presence of 

mixed magnetic phases, temperature-induced structural phase changes, and gradual 

diminishment of the induced FM phase greatly relied on the relative Ni fractions 

attained from the partial NiO-Ti reduction process. 

 The obtained results confirmed a systematic correlation between the structural, 

vibrational, and magnetic properties under optimized milling criteria. The 

ferromagnetic nanocomposites and the controlled reduction process may find 

suitable applications in the areas of metallurgy and ore reduction. 
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6.1. Introduction: 

In the last two chapters, we have reported the nature of NiO reduction by Al and Ti and 

investigated the changes in the magnetic properties as a function of Al and Ti compositions 

and milling time. In this chapter, we demonstrate the mechanical activation of the NiO-Mg 

reduction process as a function of Mg content by using high-energy ball milling technique 

under dry milling conditions and the correlative study between the structural, vibrational 

and magnetic properties of the nanocomposites as a function of Mg content. It is well-known 

that the crystalline structures of NiO and MgO are almost similar, and their lattice constants 

are very close. Therefore, the addition of low content of Mg (with the ionic radius of 0.086 

nm for Mg2+) in NiO is expected to form a solid-solution with stabilized cubic structure and 

produce a class of the diluted face-centered-cubic (fcc) antiferromagnets (AFM), i.e., the 

magnetic properties vary with the composition from antiferromagnetic like behavior, for 

pure NiO, to diamagnetic ionic insulator for pure MgO. Setoudeh et al. [SETO2017] 

reported the mechanical synthesis of nanostructured MgxNi1-xO compounds by Mg-NiO 

stoichiometric mixture and showed the mechanically induced self-sustaining reaction by 

using powder X-ray diffraction (XRPD) studies. However, systematic investigation of the 

continuous addition of Mg in NiO, the associated reduction process, and the detailed 

analyses of the resulting magnetic properties have not been explored and are still missing. 

 

Figure 6.01: Schematic representation of the formation of NiO-Mg based solid-solution and 

nanocomposites. 

 

6.2. Experimental details: 

Commercial NiO and Mg powders were procured from Sigma-Aldrich, India, and used as 

the starting materials. The mixtures of NiO-Mg powder were taken to tune the composition 
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of the powders, as NiO-Mg (x = 0-50 at.%) up to the stoichiometric composition to satisfy 

the reaction equations 

𝑁𝑖𝑂 + 𝑀𝑔 = 𝑁𝑖 + 𝑀𝑔𝑂 (6.01) 

The in-situ NiO-Mg (x = 0-50 at.%) based nanocomposites, as schematically represented in 

Figure 6.01, were prepared by using high-energy ball mill under controlled argon gas 

environment. The Mg contents were chosen carefully depending on the possible reaction 

kinetics and tunable magnetic properties of the powders. Dry milling was carried out in a 

high-energy planetary ball-mill (Insmart, India) using hardened steel vial and 8 mm 

diameter hardened steel balls at a constant speed of 500 rpm with a milling period of 30 hrs. 

Throughout the milling process, the ball-to-powder weight ratio was maintained constantly 

at 10:1. Milling was carried out in cycles of 15 minutes, followed by 15 minutes of idling 

to avoid excessive heat in the vials. The optimization of the milling parameters was done 

mainly by analyzing the variations in the structure, type of reduction reaction, and magnetic 

properties of the milled powders with different Mg contents. 

The structural evolution of the milled powders was analyzed from XRPD patterns 

obtained using a high-power X-ray diffractometer (Rigaku TTRAX III 18 kW) with Cu-Kα 

radiation (λ = 1.541 Å) and well equipped with pyrolytic graphite monochromator and 

Silicon scintillation counter. The generator power was set at 50 kV/180 mA. Divergence 

and receiving slits for the diffraction measurements were kept at 2/3° and 0.3 mm, 

respectively. The XRPD patterns were collected at a slow scan rate of 0.005 /s with 100 

steps per degree. To subtract the instrumental broadening contribution, the diffraction 

pattern of standard Silicon reference sample was recorded at the similar diffraction 

conditions as that of the NiO-Mg (x at.%) powders, and the instrumental broadening 

corrected line profile breadth (2), in radians, of each reflection was calculated by using 

the parabolic approximation correction as explained in eqn. (4.02). Surface morphologies 

were characterized using a field-emission scanning electron microscope (FESEM, Zeiss 

Sigma) with the compositional study done by energy dispersive X-ray analysis (EDS) unit 

attached to FESEM. Detailed microstructural analysis was characterized by using 

transmission electron microscopy (TEM, JEOL2100) technique. The sample for TEM 

analysis was prepared by placing a drop of ethanol solution containing the as-milled 

powders onto a carbon-coated copper grid followed by drying. After drying, the sample was 

examined by TEM. Room temperature Raman spectra were obtained using a micro-Raman 

spectrometer (LabRam HR800, Jobin Yvon) equipped with an Olympus confocal 
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microscope with 50× magnification for the backscattering illumination and collection of 

scattering light. For the measurements, a laser power of 17 mW and an excitation 

wavelength of 633 nm were used. The isothermal magnetic measurements at room 

temperature were carried out by using physical property measurement system (PPMS, 

Dynacool) at a maximum applied field of ±50 kOe, and the thermomagnetic (M-T) 

properties at high temperature (from 300 K to 1200 K) were measured by vibrating sample 

magnetometer (VSM, Lakeshore 7410, USA) at a heating rate of 4 °C/min under the applied 

magnetic field of 2 kOe. 

 

6.3. Results and discussion: 

6.3.1. Structural properties: 

Figure 6.02 shows the typical room temperature XRPD patterns of pure as-mixed and 30 

hrs milled NiO-Mg (x = 0 - 50 at.%) powders and multiple profile fitting of selected 

diffraction peaks. As-mixed NiO-Mg powder exhibits sharp diffraction peaks of face-

centered cubic (fcc) NiO [JCPDS card No. 78-0423, space group 𝐹𝑚3̅𝑚] and hexagonal-

close-packed (hcp) Mg [JCPDS card No. 04-0770, space group 𝑃63/𝑚𝑚𝑐]. Contrariwise, 

the 30 hrs milled pure NiO [NiO-Mg (x = 0 at.%)] displays broad peaks and a peak shift to 

lower angles. The first one is generally ascribed to crystallite size refinement and increased 

strain, whereas the latter one happens due to change in lattice parameters [KISA2018]. With 

increasing x up to 10 at.%, the milled powders display Bragg peaks of fcc NiO without any 

peaks of Mg. This is accredited to the dissolution of Mg into the NiO matrix, which increases 

the peak broadening and shifts the position of the peaks due to atomic disorder. As depicted 

in Figure 6.02(b), NiO(200) peak becomes asymmetric initially and then splits into multiple 

peaks with increasing x from 15 to 40. The careful analysis using multiple peak fitting 

procedures, as displayed in Figures 6.02(c)-6.02(f), reveals the development of additional 

peaks at 2θ = 44.5° and 43.02°, representing Ni(111) (JCPDS card No. 04-0850, space group 

𝐹𝑚3̅𝑚) and MgO(200) (JCPDS No-78-0430, space group 𝐹𝑚3̅𝑚) peaks, respectively. 

Furthermore, the Ni(200) peak at 2θ = 52° becomes more prominent with increasing x from 

30 to 45. This indicates a progressive increase of Ni in the milled NiO-Mg powders due to 

gradual reduction of NiO by Mg and the formation of NiO-Ni-MgO nanocomposites. 

Remarkably, for x = 50 powder, the Mg activated reduction of NiO at its higher proximity 

shows highly intense peaks of Ni(111), Ni(200) and Ni(220) at 2θ = 44.5°, 51.8° and 76.4°, 

respectively and the development of additional peaks at 2θ = 37.05°, 43.07°, 62.46°, 74.76° 
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and 78.75° due to the formation of fcc MgO at the expense of nearly complete NiO 

reduction. 

 

Figure 6.02: Room temperature XRPD patterns of (a) pure as-mixed and 30 hrs milled NiO-

Mg (x at.%) powders with x = 0 - 50, (b) expanded XRPD patterns in the range of 2θ = 40° 

- 48° and the multiple profile fittings of NiO(200) peak for x = 0 (c), 30 (d), 40 (e) and 50 

(f) powders. 
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Here it may be noted that MC displacement reactions in NiO-Mg powders can follow 

two different reaction paths depending upon the milling conditions and the nature of the as-

mixed NiO-Mg powders: (i) gradual reaction, which progresses in a steady-state through a 

very small volume during each collision of the milling balls, and (ii) a self-sustaining 

reaction, if the reaction enthalpy, ΔH, is very high for the NiO-Mg reaction to proceed itself. 

Though ΔH in both the reaction modes are found to be substantially negative, a 

mechanically induced self-sustaining type reaction can only be initiated, if (−∆𝐻298𝐾
0 )/

(∑ 𝐶𝑃298𝐾
) > 2000 𝐾, where ∆𝐻298𝐾

0  being the reaction enthalpy and ∑ 𝐶𝑃298𝐾
 being the 

total heat capacity of the products at 298 K [TAKA2002]. The thermodynamic calculation 

for the stoichiometric composition of NiO-Mg powder mixtures show that ∆𝐻298𝐾
0  is 

negative at room temperature with the value of -361 kJ/mole for the reaction given in eqn. 

(6.01). Accordingly, the ratio of (−∆𝐻298𝐾
0 )/(∑ 𝐶𝑃298𝐾

) turns out to be around 5500 K for 

NiO-Mg (50 at.%) as-mixed powder [HTTP0010].  

 

Figure 6.03: Percentage reduction of 30 hrs milled NiO-Mg powders as a function of x. 

 

Thus, the NiO-Mg reaction is highly exothermic by nature, and hence a mechanically 

induced self-sustaining reaction can be anticipated thermodynamically if an abundant 

amount of Mg is availed in the as-mixed NiO-Mg powder. Therefore, the reduction reaction 

initially follows a progressive/gradual reaction type due to the presence of an insufficient 

amount of reactants. Upon attaining the initial powder mixtures close to stoichiometric 
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compositions, the gradual reaction transforms into a self-sustaining reaction revealing the 

well-described reaction kinetics due to MC activation of NiO-Mg powders. Similar 

reduction dynamics were observed in Chapters 4 and 5, where the stoichiometric 

composition of Al (40 at.%) and Ti (35 at.%) showed the self-propagating reduction reaction 

during the ball milling process. 

To quantify the fraction of NiO reacted with increasing Mg content, we have 

calculated the change in integrated intensity of NiO(200) peak [UDHA2010] using 

eqn.(4.03), and by taking into account the relative integrated intensity of NiO(200) in un-

milled and milled NiO-Mg powders. Figure 6.03 depicts the variation of NiO reduction as 

a function of x. In NiO-Mg powders, though the MC reduction gets initiated for x = 15 

powders, the percentage of reduction could not be calculated precisely due to a lesser 

fraction of NiO being reduced and the difficulties in the accurate deconvolution of the peaks. 

Hence, the reduction of NiO can indeed be accounted for x = 20 powders, and a maximum 

of 95% reduction is observed for x = 50 powder. However, two different reaction rates are 

observed: (i) NiO reduction happens to be of 9 to 15% with a gradual reaction rate of 0.31% 

per x for increasing x from 20 to 40. (ii) On further increasing x above 40, the mechanically 

induced self-sustaining reaction enhances the reduction process at a rate of 8% per x and 

eventually proximate to 95% due to the maximum reduction of NiO. Interestingly for 30 hrs 

milled NiO-Mg powders, the color of pure unmilled NiO (pale-green colored) and that of 

the non-stoichiometric milled NiO (dark green colored) transforms into black color 

reinforcing the formation of Ni nanoparticles in the milled samples. 

To study the effect of NiO reduction on the structural properties, the lattice 

parameters (aNiO, aNi, and aMgO) and average crystallite size (DNiO, DNi, and DMgO) of NiO 

and Ni, and MgO were calculated for NiO-Mg powders and depicted as a function of Mg 

content in Figure 6.04. The bulk values of aNiO, aNi, and aMgO (4.17 Å, 3.521 Å, and 4.2 Å, 

respectively) are shown in the figure for the comparison. The as-milled pure NiO exhibits a 

slight increase in aNiO due to negative interface pressure activated by the strain during the 

milling process [KISA2014]. For NiO-Mg powders, the value of aNiO is obtained to be 4.169 

Å for x = 5 at.%, which increases to 4.178 Å at x = 10 at.% and then tends to saturate up to 

30 at.% of Mg content. The value of aNiO shows a continuous decrease as x is increased by 

up to 45 at.%. This could be reasoned to the reduction of NiO into NiO-Ni-MgO 

nanocomposites at higher Mg content. Moreover, the value of aNi approaches towards the 

lattice parameter of bulk Ni with increasing x in the milled powders. This confirms to the 
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growth of stable Ni phases in the NiO-Ni-MgO nanocomposites. The NiO crystal size (DNiO) 

decreases largely from about 50 nm for pure un-milled NiO to 14.5 nm for the 30 hrs milled 

NiO powder. 

 

Figure 6.04: Variations in the lattice parameters [aNiO, aNi and aMgO] and the crystallite size 

[DNiO, DNi, and DMgO] as a function of x for 30 hrs milled NiO-Mg (x at.%) powders. 

 

With increasing x, DNiO increases slightly for x = 5 powder and then decreases progressively 

down to 11.8 nm for x = 25 powder. On further increasing x, DNiO increases considerably up 
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to 17 nm for x = 45. It may be noted that the error in obtaining DNiO increases with increasing 

Mg due to difficulties in the exact deconvolution of the NiO peak. In contrast, DNi is found 

to be increased significantly to around 27 nm for x = 50 powders. The large increase in DNi 

can be attributed to the increased crystallinity of Ni in the resulting in-situ nanocomposites. 

Moreover, the growth of Ni in the nanocomposites leads to aNi towards bulk value. Similar 

behavior is observed for the growth of the MgO in the NiO-Ni-MgO nanocomposite. These 

variations in the structural parameters indicate a decrease in DNiO with the simultaneous 

increase in DNi due to the increased NiO reduction as a function of Mg contents in the 

nanocomposites. 

 

Figure 6.05: FESEM micrographs of pure un-milled NiO (a), and 30 hrs milled NiO-Mg 

powders with x = 5 (b), 10 (c) and 40 (d). 

 

Figure 6.05 illustrates the morphological changes in the milled NiO-Mg powders 

obtained through FESEM as a function of x. Un-milled pure NiO in the present investigation 

has clear particle morphology with an approximate particle size ranging between 1 to 4 m. 

The dissolution of Mg in the NiO matrix refines the particle sizes down to 100-150 nm with 

large agglomeration. Note that these aggregates are typical characteristics of ball-milled 

powders resulting from repetitive cold-welding and fracture of powders during the milling 

process. However, with increasing x, the nature of surface morphology depicts strongly 
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agglomerated particles. This can be correlated to the increased NiO reduction and the 

formation of in-situ nanocomposites with high Ni content. We have observed a particle size 

refinement down to 50-60 nm for x = 40 powders. This indicates the substantial role of ball 

milling on the particle size refinement with the nanostructure formation, and the MC 

reduction process is a crucial factor in the modification of the structural morphology of the 

milled NiO-Mg powders. The composition analysis using the EDS technique confirms the 

presence of only Ni, Mg, and O elements in the milled powders. 

 

Figure 6.06: Bright-field TEM images and selected area electron diffractions for pure un-

milled NiO (a) and milled NiO-Mg (x at.%) powders with x = 10 (b), 20 (c), 25 (d), 30 (e), 

40 (f), 45 (g) and 50 (h). 

 

Figure 6.06 displays the bright-field TEM (BF-TEM) image and selected area 

electron diffraction (SAED) patterns for as-mixed and milled NiO-Mg powders. U-milled 

NiO powder exhibits large size crystals with size ranging between 50 and 90 nm, and SAED 

pattern confirms the fcc structure with polycrystalline nature. On the other hand, milling 

powders show fine nanocrystalline microstructures with irregular particle morphology, and 

the associated SAED patterns shown in the insets of figure having concentric rings confirm 

the polycrystalline nature of the samples. This is in close agreement with the XRPD results. 

With increasing x (< 20), the SAED pattern evidences only the presence of fcc NiO phase 

with finer and roughly nanometer-sized crystals of 10-13 nm without any evidence of NiO 

reduction. The variations of TEM crystallite size show almost similar trend as XRPD results, 

but with broader size distribution and irregular particle morphology. With increasing x from 
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20 to 40 at.%, a similar nanocrystalline behavior with irregular morphology is observed. 

However, the SAED patterns show a quite continuous and diffusive rings corresponding to 

Ni(111) and NiO(200) phases, respectively. Nevertheless, the presence of MgO(200) phase 

could not be resolved clearly due to mere overlap of MgO(200) rings with NiO(200) ring. 

On further increasing x to 50, diffraction rings corresponding to Ni and MgO could 

markedly be observed confirming the formation of NiO-Ni-MgO nanocomposites. The 

results of microstructural analyses are in close agreement with the XRPD results and show 

no evidence of any other impurity phases in the as-milled powders. 

 

Figure 6.07: Raman spectra of pure un-milled NiO (a) and milled NiO-Mg (x at.%) powders 

with x = 0 (b), 5 (c), 10 (d), 20 (e) and 40 (f) obtained at room temperature. 
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6.3.2. Vibrational properties: 

Figure 6.07 presents the Raman spectra of un-milled pure NiO, milled NiO, and milled NiO-

Mg powders. Raman spectra were prudently probed by Lorentzian curve-fitting with various 

combinations of bands to find peak position, peak width, and area under the curves as well 

as to study the defect structure in milled NiO-Mg powders. The AFM ordered bulk NiO 

shows five phonon modes, i.e., one-phonon (1P) transverse optical (TO) at 380-410 cm-1, 

1P longitudinal optical (LO) at 520-550 cm-1, two-phonon (2P) TO at 730-780 cm-1, 2P 

LO+TO at 900-950 cm-1, 2P LO at 1050-1110 cm-1 associated with vibrational origin and a 

two-magnon (2M) peak at 1450-1500 cm-1 associated with magnetic origin attributed to the 

existence of Ni2+-O2--Ni2+ super-exchange symmetry [CAZZ2003, LIUD2017]. However 

for 30 hrs milled NiO, the bands in the Raman spectra show varying features as (i) the 2M 

band disappears due to the breaking of Ni2+-O2--Ni2+ super-exchange symmetry, (ii) 1P LO 

mode becomes well pronounced and broadened, (iii) 2P TO+LO mode disappears after 

milling, (iv) the 2P TO and 2P LO modes broaden with the peak positions shifting towards 

lower wavenumber, and (v) the integrated intensity ratio between 1P LO and 2P LO modes 

(I1PLO/I2PLO) increases from 0.31 to 0.34, indicating the induced defects, surface effects and 

imperfections in particle shape and size caused by the ball milling process. The inclusion of 

Mg in NiO changes the Raman spectra drastically as compared to the milled NiO powder, 

i.e., I1PLO/I2PLO increases largely from 0.34 to 2.9, and the weakening of 2P TO mode largely 

as Mg content is increased to 5 at.%. This could be attributed to the dissolution of Mg into 

NiO. With increasing x > 5, I1PLO/I2PLO decreases progressively to 1.06, 2P TO peak 

disappears, and only 1P LO and 2P LO modes appear in the Raman spectra with reduced 

intensity. This could be accredited to the gradual reduction process of NiO into NiO-Ni-

MgO nanocomposite with an increased fraction of Ni. These findings not only show good 

agreement with the results of XRPD analysis but also confirm the formation of no other 

impurity phases in the as-milled powders. 

 

6.3.3. Magnetic properties: 

To understand the effects of NiO reduction and structural refinement due to the inclusion of 

Mg in NiO matrix on the magnetic properties, room temperature initial magnetization (IM) 

curves, M-H loops, and temperature-dependent magnetization data were measured. Figure 

6.08 illustrates the IM curves and M-H loops for as-mixed and milled NiO-Mg powders. In 

order to see the actual variation close to zero, the IM curves are plotted in the logarithmic 
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scale. The extracted parameters from the M-H loops, such as magnetization at 50 kOe (MS) 

and coercivity (HC), are plotted as a function of Mg content in Figure 6.09. It is seen that (i) 

un-milled NiO and as-mixed NiO-Mg powders show a weak and linear response to the 

applied field due to its AFM nature, as supported by the Raman study, and therefore the 

loop passes through the origin. (ii) 30 hrs milled NiO powder, on the other hand, shows a 

significant change in the magnetization curve, where the moment experiences eloquent 

increase at lower applied field and then progressively varies at the higher field region.  

 

Figure 6.08: Room-temperature initial-magnetization (IM) curves (a) and magnetic 

hysteresis (M-H) loops (b) for NiO-Mg (x at.%) as a function of Mg content. M-H loop of 

pure NiO without milling is also shown for the comparison. 

 

This leads to a clear M-H loop confirming the presence of room temperature ferromagnetism 

(RTFM) with MS of 1.96 emu/g and HC of 155 Oe. (iii) With increasing x up to 10 at.%, 

though the M-H curves show a similar feature as that of milled NiO, a significant decrease 

in MS from 1.96 emu/g to 0.73 emu/g is observed. (iv) On further increasing x ˃ 10, MS 

increases gradually to 4.48 emu/g for x up to 40 at.%. (v) However, a rapid change in MS to 

10.9 and 20.7 emu/g is observed with increasing x to 45 and 50, respectively. HC decreases 

from 155 Oe to 13.5 Oe with increasing x from 0 to 25, respectively, and then rises again as 

x is increased from 30 to 50 at.%.  
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To correlate the effect of Mg substitution and the NiO reduction on the magnetic 

behavior, the structural and magnetic properties of the in-situ nanocomposites are compared 

in detail. Un-milled NiO, having AFM nature due to the existence of Ni2+-O2--Ni2+ super-

exchange symmetry, exhibits no M-H loop, and the curve passes through origin with zero 

HC [SHAH2017]. On the contrary, the 30 hrs milled NiO undergoes drastic size reduction 

from 50 nm to 14.5 nm along with the formation of defects, lattice distortion, broken Ni-O 

bonds, and oxidization of Ni2+ to Ni3+ ions.  

 

Figure 6.09: Variations of magnetization (MS) (a) and coercivity (HC) (b) as a function of 

Mg (x at.%) content in NiO-Mg powders. 

 

This leads to a larger surface-area-to-volume-ratio, and a higher number of misaligned 

surface spins due to breaking of the Ni2+-O2--Ni2+ super-exchange symmetry [CAZZ2003, 

AHMA2006, MIRO2007, MAKH2008, GAND2011, RAVI2015]. As a result, the 

alignment of the particle’s net moment at lower field region and non-saturated RTFM with 
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moderate MS of 1.96 emu/g and HC of 155 Oe are observed. With increasing x up to 10, MS 

and HC decrease to 0.73 emu/g and 98 Oe, respectively, due to the dissolution process, which 

reduces induced FM behavior in NiO-Mg powder.  

On further increasing x up to 25 at.%, the Mg stimulated MC reduction process of 

NiO gets initiated and confirms the formation of Ni with a size smaller than 10 nm. Hence, 

HC decreases largely from 98 Oe to 13.5 Oe upon increasing x from 10 to 25 at.%. As 

displayed in Figure 6.04, the average crystal size of Ni (DNi) increases due to enhanced 

reduction of NiO when x is increased above 25, and therefore MS and HC increase largely to 

20.7 emu/g and 103 Oe, respectively for x = 50 powder. This increased magnetization with 

the Mg substitution in NiO and the subsequent milling process could only be ascribed to a 

stronger magnetic interaction between nanocrystalline FM Ni particles and AFM NiO 

matrix in the NiO-Ni-MgO nanocomposites [MAKH2008, KRIS2016]. Nonetheless, by 

taking into account the AFM nature of NiO, it is apparent that the all-inclusive hysteresis 

behavior in the milled powders and the variation of MS can be accredited to the formation 

of FM Ni from the NiO reduction. Hence, the percentage of Ni fraction is quantified 

explicitly by correlating MS of milled powders with respect to the MS of bulk Ni (~55 emu/g) 

[WUSH2003].  

 

Figure 6.10: Relation between the percentage of Ni and the percentage of NiO reduction for 

30 hrs milled NiO-Mg powders. 
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Figure 6.10 illustrates the correlation between the attained Ni fraction and the 

percentage of NiO reduction. It can be observed that milled NiO powder has about 3.56 

wt.% Ni enriched regions due to the residual magnetic moments of uncompensated surface 

spins as compared to the AFM particle core and is in accordance with the previous reports 

[DELB2008]. The percentage of Ni increases with increasing the percentage of NiO 

reduction, and all the data initially fall into almost linear variation. The straight-line fit to 

the data reveals that Ni% for NiO-Mg powders increases at a rate of 0.4% per NiO% 

reduction. Furthermore, the correlation between the structural and magnetic properties 

reveals that the in-situ NiO-Ni-MgO nanocomposites exhibit RTFM even though the 

crystallite size of fine Ni crystals varies between 11-27 nm for NiO-Mg powders. It may be 

noted that the size of the Ni crystals is well below the critical size (~34 nm) of spherical Ni 

particles for exhibiting single-domain behavior at room temperature. Hence, the persistence 

of RTFM ordering in milled NiO-Mg powders below the critical size is possible only if the 

total magnetic anisotropy, Keff, is larger than the bulk Ni equivalent [BALA2004]. Note that 

the major contribution to the Keff in nanoscale magnetic particles can be defined using 

eqn.(4.04).  

The microstructural studies reveal that the milled NiO-Ni-MgO nanocomposites 

display quite irregular morphology (see Figure 6.06), and therefore, Ksh is contemplated to 

play a dominant role as illustrated by earlier reports on smaller nanoparticles with highly 

anisotropic shapes [PARK2000, ROCA2006]. It is also known that for smaller particles of 

nanometer range, the surface anisotropy becomes more prominent with size refinement and 

thereby plays a crucial role in increasing Keff [YANE2007, YANE2010]. As the milled 

powders endure severe fracture and cold welding during milling, the strain anisotropty is 

expected to be an inevitable part of Keff. Also, due to the evolution of FM Ni from the AFM 

NiO matrix owing to the NiO-Mg reduction reaction, the presence of FM-AFM interfaces 

enhances Kex in the in-situ nanocomposites [ROCA2006, ZHAN2009, KRIS2016]. Keff is 

determined by fitting the IM curves at the high-field region using the law of approach of the 

magnetization to saturation (LAS) for cubic materials [KRON2003] using eqns.(4.05) and 

(4.06) as described in Chapter 4 and depicted in Figure 6.11 as a function of Mg content. 

The Keff of bulk Ni has also been shown in the figure for the comparison with the milled 

powders. It has been observed that the values of Keff vary between 0.68-5.54×104 J/m3 for 

NiO-Mg powders. This high Keff in milled NiO-Mg powders as compared to bulk Ni 

(0.5×104 J/m3) is in accordance with the earlier mentions by Zhang et al. [ZHAN2009]. 
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Such a high value of Keff in the ball-milled powders comprises the combined effects of 

various factors such as shape, surface, strain, exchange, and magnetocrystalline anisotropy 

of the fine Ni nanoparticles.  

 

Figure 6.11: Variations of Keff as a function of x and MS for 30 hrs milled NiO-Mg powders. 

 

To see probable correlation between Keff and MS due to the formation of Ni nanocrystallites 

from the NiO reduction process, the variation of Keff is also plotted as a function of MS. All 

the data almost fall into linear behavior, and the straight line fitting between Keff and MS 

reveals that Keff increases at a rate of 2.54 kJ/m3 per emu/g for the NiO-Mg powders. This 

anomalous enhancement of Keff originates to the FM thermal stability of milled powders 

below the single-domain and thereby shifts the blocking temperature above room 

temperature regime. 

In order to study the FM stability in NiO-Ni-MgO nanocomposites, high temperature 

thermomagnetic (M-T) measurements were carried out under an external field of 2 kOe over 
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the temperature range between 300 K and 1050 K. Figure 6.12 illustrates the normalized 

M-T curves of the un-milled pure NiO, milled NiO-Mg powders. In order to show the 

transition temperature clearly, M-T data of each milled powder has been normalized with 

respect to their individual room-temperature magnetization values. 

 

Figure 6.12: High-temperature normalized M-T curves measured under the applied field of 

2 kOe for NiO and milled NiO–Mg (x at.%) powders. The inset shows the same data, but 

the normalized magnetization is plotted in the logarithmic scale. 

 

In order to demonstrate the correlative high-temperature magnetic variation close to zero, 

the M-T curves are plotted in logarithmic scales in the inset. As discussed earlier, un-milled 

NiO exhibits AFM nature with a Néel temperature of 525 K, derived from the maximum 

magnetization in the M-T curve [THOT2013, RINA2016]. On the contrary, 30 hrs milled 

NiO shows two magnetic transitions: one near to TN due to the presence of AFM NiO core 

and the other at 780 K as a consequence of plausible magnetic phase transition (TC) of 
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induced FM phase due to the uncompensated surface spins of the magnetically disordered 

shell. The value of TC in milled NiO is quite high than that of the bulk Ni (~ 630 K) and is 

correlated to the stress-induced due to the mechanical treatment of the powders, or the strain 

generated due to the interfacial Ni-NiO lattice mismatch and the induced FM Ni phase-AFM 

NiO core contending exchange interaction [GORR2009]. The non-smooth decrease of 

magnetization in the M-T curve evidences the presence of stress which acts more like a 

hydrostatic one and thereby increases TC [LEGE1972]. On the other hand, the milled NiO-

Mg powders exhibit different behaviors: (1) a substantial drop in magnetization at 640 K 

with a broad magnetic transition having peak temperature (TP) at 690 K and (2) a gradual 

decline in magnetization up to 900 K. While the first magnetization drop could be accredited 

to the magnetic phase transition of Ni due to the increased Ni content, the later one is 

ascribed to the induced FM phase transition [KISA2014]. With increasing x > 20, due to the 

formation of enriched Ni as seen evidently from the structural studies, M-T curves exhibit a 

sharp magnetic transition at around 645 K, corresponding to TC of Ni. With increasing x, 

the magnitude of magnetization dropping at 645 K increases largely at the expense of 

magnetization decreasing at higher temperatures. This is majorly due to the enhanced NiO 

reduction with increased Ni fraction at higher Mg contents. The observed results 

demonstrate a systematic correlation amongst the structural, vibrational, magnetic, and 

thermomagnetic properties of NiO-Mg based powders. 

 

6.4. Summary: 

We have carried out systematic investigations on the structural, vibrational, and magnetic 

properties of NiO-Mg (x at.%, x = 0-50) powders with nanocrystalline microstructures 

prepared by the reactive milling process in a high-energy planetary ball mill as a function 

of Mg content. The salient features of the milled NiO-Mg powders obtained from the current 

investigations are as follows: 

 Structural studies revealed an in-situ magnesiothermic reduction of NiO with 

increasing x, which changes from gradual one for x < 45 to self-sustaining type for 

x = 50 to form NiO-Ni-MgO nanocomposites with a maximum NiO reduction of 

95%.  

 The process of mechanochemical reduction in NiO was confirmed from both the 

structural and vibrational properties of the NiO-Ni-MgO nanocomposites. 
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 The magnesiothermic reduction process of NiO transformed the antiferromagnetic 

behavior of un-milled NiO into ferromagnetic one with increasing x. The milled 

NiO-Mg powders formed a solid-solution for x up to 10 at.%. The NiO-Mg solid 

solution decreased magnetization effectively.  

 A gradual reduction of NiO into NiO-Ni-MgO nanocomposites was observed due to 

the mechanical activation of the Mg reduction process with the NiO matrix. The 

increase of x beyond 10 at.% increased the NiO reduction up to 95% for x = 50 

powder to yield the magnetization to 20.7 emu/g.  

 The progress of NiO reduction was confirmed from the change in magnetization at 

room temperature and temperature-dependent magnetic behavior at high 

temperatures.  

 The structural, vibrational, and magnetic properties exhibited a strong dependence 

on the relative changes in the NiO and Ni phases in the in-situ nanocomposites. 

Interestingly, the milled NiO-Mg powders showed strong room-temperature 

ferromagnetism due to large effective magnetic anisotropy despite having fine Ni 

crystals below the critical size regime.  

 The controlled reduction of NiO by Mg into NiO-Ni-MgO nanocomposite is 

anticipated to be promising for the possible applications in the fields of ore reduction 

and catalysis. 
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The overall summary of the notable results obtained on the structural, microstructural, 

vibrational, and magnetic properties of the NiO-(Al/Ti/Mg) based nanocomposites are listed 

in this chapter. The major highlights of the current investigations and the possibilities for 

future work are also summarized below: 

 

7.1. Summary of the results: 

NiO-(Al/Ti/Mg) powder mixtures were milled by using the high-energy ball milling 

technique under dry milling conditions and argon gas atmosphere to produce NiO-

(Al/Ti/Mg) based nanocomposites. The milling was carried out (i) by varying the 

composition of the powder mixtures for a particular milling period (tm), and (ii) by changing 

the milling periods for the selected compositions. Systematic studies of the evolution of the 

structure, microstructure, vibrational, and magnetic properties of NiO-(Al/Ti/Mg) based 

nanocomposites were carried out to understand the effect of NiO reduction dynamics.  

At first, we have carried out systematic studies on the effects of Al (x at.%) content 

and tm on the structural and magnetic properties of NiO-Al based nanocomposites. In-situ 

NiO-Ni-Al2O3 nanocomposites were prepared by using the high-energy reactive milling 

route under dry milling conditions and controlled argon gas environment. The 

nanocomposites were prepared by the effective mechanical activation of aluminothermic 

reduction (i) using the compositions of the raw powder mixtures as NiO-Al (x at.%) with x 

= 0 - 40 for a constant tm of 30 hrs and (ii) varying tm from 0 to 30 hrs and by fixing the 

compositions as NiO-Al (x at.%) with x = 0, 20, 40. The milling process in bulk NiO without 

Al reduced the average crystallite size down to 13.5 nm without changing the bulk structure 

of face-centered-cubic (fcc). As a result, the antiferromagnetic nature of bulk NiO 

transformed into ferromagnetic one with a maximum magnetization of 1.17 emu/g. This 

was attributed to induced ferromagnetism in 30 hrs milled NiO due to non-stoichiometry 

caused by the defects, size reduction, and oxidization of Ni. Non-stoichiometry in milled 

powders was confirmed from the XPS analysis and well supported by the color change of 

the powder from pale green to dark green. In contrast, the structural studies of NiO-Al milled 

powders confirmed (i) the formation of the non-equilibrium solid-solution of NiO-Al with 

a high atomic disorder for x up to 7.5 at.%; and (ii) the aluminothermic reduction process of 

NiO, which changed from the gradual type for x < 25 to a self-propagating combustion type 

for x = 40 powder. This increased the lattice parameter for Al content up to 10 at.% and 

remained constant for higher values. The crystallite size decreased initially for Al up to 5 
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at.% and then increased gradually up to 25 at.% Al. The induced ferromagnetic nature of 

milled NiO-Al (x at.%) powders enhanced slightly for a small addition of Al (2.5 at.%) due 

to size effect and decreased with increasing Al up to 7.5 at.% owing to atomic disorder. On 

further increasing Al content above 7.5 at.%, the ferromagnetic nature was enhanced due to 

the initiation of reduction reaction of NiO by Al. This formed an in-situ NiO-Ni-Al2O3 

nanocomposite. A maximum of 91% of NiO reduction with a high magnetization of 24 

emu/g was observed for the stoichiometric NiO-Al (40 at.%) powder. The variations of the 

magnetic parameters exhibited a strong dependence on the relative changes in Ni and NiO 

phases. 

For NiO-Al (x at.%, x = 0, 20, 40) powders milled at different tm, the aluminothermic 

reduction of NiO occurred gradually up to a maximum of 40% for NiO-Al (20 at.%) 

powders with increasing tm. This increased the magnetization progressively from 0.12 emu/g 

to 4 emu/g due to the increase in Ni content to 7.5%. On the other hand, the NiO-Al (40 

at.%) powder changed the reduction dynamics to a self-propagated combustion reaction 

type, with a critical milling time of 3 hrs to ignite the reduction reaction. Therefore, the 

magnetization drastically increased to 28 emu/g with a maximum of 90% NiO reduction 

and yielded nearly 52% of Ni. The microstructural studies revealed the formation of 

ferromagnetic Ni in the antiferromagnetic NiO matrix, leading to the exchange bias effect. 

However, the magnitude of exchange bias relied mainly on the relative fractions of Ni and 

NiO phases. High-temperature thermo-magnetization measurements confirmed the 

presence of mixed magnetic phases in the milled NiO-Al powders, and the nature of the 

magnetic phase transition was reflective of the amount of NiO reduction. The mechanically 

activated aluminothermic reduction dynamics of NiO [NiO-Al (x at.%)] involving two 

different types of reaction kinetics and the resulting structural and magnetic properties were 

reported for the first time. The observed results exhibited a good correlation between the 

structural and magnetic properties of the milled NiO-Al powders. 

Secondly, the systematic investigations of the effect of the mechanochemical 

reduction on the structural, vibrational, and magnetic properties of NiO-Ti powders were 

reported. The initial powder mixtures were milled by using a high-energy ball milling 

technique under the dry milling condition. The nanocomposites were prepared not only by 

varying the compositions of the raw powder mixtures as NiO-Ti (x at.%) with x = 0 - 35 for 

a constant tm of 30 hrs, but also by changing tm from 0 to 30 hrs and by fixing the 

compositions as NiO-Ti (x at.%) with x = 20, 35. The structural and microstructural analyses 
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carried out for the 30 hrs milled NiO-Ti powders revealed the formation of NiO-Ti solid-

solution for Ti up to 5 at.%, followed by a reduction of NiO into NiO-Ni-TiO2 

nanocomposite for higher Ti contents. A maximum NiO reduction of 73% was observed for 

the stoichiometric NiO-Ti (35 at.%) powder. The milling process effectively reduced the 

average crystal size of NiO largely down to 5 nm as Ti content was increased to 35 at.%. 

The NiO-Ti solid-solution showed a decrease in magnetization effectively from 1.96 emu/g 

to 1.07 emu/g, whereas the mechanochemical reduction of NiO with increased Ti content 

experienced an increase in magnetization up to 13.7 emu/g for the stoichiometric NiO-Ti 

(35 at.%) powder. The presence of Ni content in the milled NiO-Ti powders increased at a 

rate of 0.09% per NiO% reduction. 

The detailed milling time-dependent study of NiO-Ti (x at.%, x = 20, 35) powders 

revealed two different reaction dynamics for varying Ti contents. The mechanochemical 

reduction of NiO in NiO-Ti (20 at.%) powders occurred gradually with a maximum 

reduction of 10% at 30 hrs of milling. On the other hand, NiO-Ti (35 at.%) powders 

exhibited a self-sustained process with a maximum of 94% NiO reduction at 10 hrs of 

milling time. The gradual reduction process of NiO in NiO-Ti (20 at.%) powder produced 

a maximum magnetization of 2 emu/g, while the NiO-Ti (35 at.%) powder through the self-

sustained process exhibits a maximum magnetization of 24 emu/g. The structural, 

vibrational, and magnetic behaviors of the in-situ nanocomposites were found to have a 

strong dependence on the correlative fractions of the Ni and NiO phases. This played a 

crucial role in defining the overall effective magnetic anisotropy based ferromagnetic 

behavior in the milled powders. Thermomagnetization studies at high-temperatures revealed 

that the presence of mixed magnetic phases, temperature-induced structural phase changes, 

and gradual diminishment of the induced FM phase greatly relied on the relative Ni fractions 

attained from the partial NiO-Ti reduction process. The obtained results confirmed a 

systematic correlation between the structural, vibrational, and magnetic properties under 

optimized milling criteria. 

Finally, the systematic investigations were carried out on the structural, vibrational, 

and magnetic properties of NiO-Mg based nanocomposites prepared by using the reactive 

milling process in a high-energy planetary ball mill and by varying the composition of the 

powders as NiO-Mg (x at.%) with x = 0 - 50. Structural studies revealed an in-situ 

magnesiothermic reduction of NiO with increasing x, which changed from gradual one for 

x < 45 to self-sustaining type for x = 50 to form NiO-Ni-MgO nanocomposites with a 
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maximum NiO reduction of 95%. The process of magnesiothermic reduction from both the 

structural and vibrational properties of the NiO-Ni-MgO nanocomposites was confirmed. 

The milled NiO-Mg powders formed a solid-solution for x up to 10 at.%, which decreases 

the induced magnetization effectively. On the other hand, a gradual reduction of NiO into 

NiO-Ni-MgO nanocomposites was observed due to the NiO reduction by Mg. This 

transformed the antiferromagnetic behavior of un-milled NiO into ferromagnetic one with 

increasing x. The increase of x beyond 10 at.% enhanced the NiO reduction up to 95% for 

the stoichiometric (i.e., x = 50) powder to yield maximum magnetization of 20.7 emu/g. 

This revealed that Ni% in milled NiO-Mg powders increased at a rate of 0.4% per NiO% 

reduction. The progress of NiO reduction was also confirmed from the change in the 

magnetization at room temperature and temperature-dependent magnetic behavior at high 

temperatures. Interestingly, the milled NiO-Mg powders showed strong ferromagnetism 

with enhanced blocking temperature above room temperature due to large effective 

magnetic anisotropy despite having fine Ni crystals below the critical size regime. The 

structural, vibrational, and magnetic properties exhibited a strong dependence on the relative 

fractions of NiO and Ni phases in the in-situ nanocomposites. 

The systematic investigations in the present thesis have brought out several 

interesting outcomes, which contributed to the understanding of (i) the reduction dynamics 

and the resulting physical properties of NiO-(Al/Ti/Mg) powders under different 

compositions and milling periods, (ii) the magnetic phase transitions, temperature-induced 

structural phase transistions, and the associated magnetic behaviors, and (iii) the exchange 

bias effect and its magnitude depending on the relative fractions of NiO and Ni phases. 

Furthermore, the present studies have also revealed the strong correlation between structure, 

vibrational, and magnetic properties of NiO-(Al/Ti/Mg) based nanocomposites prepared 

under optimum milling conditions. We reported the mechanochemical reduction dynamics 

and the correlative magnetic behavior over a wide range of compositions for the first time. 

The controlled reduction of NiO by Al/Mg/Ti into the in-situ nanocomposites is anticipated 

to be promising for the possible applications in the fields of ore reduction, and catalysis.  

 

7.2. Scope for future work: 

The present studies on the NiO-(Al/Ti/Mg) based nanocomposite systems prepared by using 

high-energy reactive ball milling revealed that how the structural, vibrational, and magnetic 

properties could be tailored by the atomic substitution and the mechanochemical reduction 
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process by varying reactant composition and milling periods. The obtained results not only 

exposed the potential of mechanochemical reduction processes in NiO but also established 

the quantification of dynamics of reduction by correlating the structural and magnetic 

behavior of the milled powders. This work is suitably extending for future studies, and some 

of those possibilities are briefly discussed below to serve as an appropriate conclusion to 

the present thesis work. 

As the current study is focused on the varying reactant compositions and milling 

periods, this leads to an ample opportunity to conduct further research on other essential 

processing parameters, for example, ball-to-powder weight ratio and milling speed, etc. In 

such a case, it is anticipated that entirely different reduction mechanism and tunable physical 

properties of the in-situ nanocomposites. The current dissertation consists of the study of 

the magnetic behavior of the nanocomposites at room temperatures and high-temperature 

regimes. As the nanocomposites have ferromagnetic Ni nanoparticles embedded in the 

antiferromagnetic NiO matrix, they may possess a significant degree of exchange bias, loop 

shift, and coercivity enhancements. This can be studied in details via the low-temperature 

magnetic measurements. The field-cooled and zero-field-cooled low-temperature 

investigations of these powders would help in the understanding of the nature of the 

magnetically ordered and disordered phases at low temperatures. In the present work, the 

room-temperature vibrational properties of the milled powders were studied, and a 

systematic correlation was provided between the structural and magnetic behaviors. 

However, we observed a peak at around 750 cm-1 in the Raman spectrum of NiO-Ti based 

nanocomposites, which is possibly related to the splitting of phonon modes. Hence, further 

study is required to find the cause and nature of the Raman mode. The systematic 

investigation of annealed nanocomposites will be of exciting work. This study will provide 

the change in the nanocomposite microstructure, high-temperature magnetic behaviors, and 

the difference in the ratio of NiO/Ni fractions on the overall physical properties of the as-

prepared nanocomposites. 
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