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                                           ABSTRACT 

FexNi100-x and FexCo100-x (x = 20, 40 and 80) alloy nanoparticles (NPs) were synthesized by 

sonofragmentation process, a facile one-step technique to produce NPs directly from bulk 

powders. The structural properties were studied by using X-ray Diffraction (XRD). The 

XRD shows the crystalline structure of the alloy samples and the size of the crystallites 

were calculated 35 nm and 19.3 nm for Fe-Ni and Fe-Co respectively with significant 

amount of phase purity. The compositions of Ni, Fe and Co in the alloy are confirmed from 

energy dispersive spectroscopy (EDS).  It  also  reveals  that  there  is  no  unwanted element  

in  the  alloys. Scanning electron microscopy (SEM) reveals the aggregation or cluster of 

spherical NPs with wide size distribution from 20 to 50 nm for all compositions of 

nanoalloys. The vibrating sample magnetometer (VSM) illustrates the superparamagnetic 

behavior of the alloys. The saturation magnetization (Ms) is found to be 57, 66 and 105 

emu/g for Fe20Ni80, Fe40Ni60 and Fe80Ni20 NPs alloys respectively. The values of Ms were 

found to be 107, 131, and 153 emu/g for Fe20Co80, Fe40Co60 and Fe80Co20 NPs alloys 

respectively. However, the coercivity (Hc) is observed 73, 64 and 57 Oe for Fe20Ni80, 

Fe40Ni60 and Fe80Ni20 respectively. The value of Hc is also observed 128, 113 and 72 Oe 

for Fe20Co80, Fe40Co60 and Fe80Co20 respectively. It can be noticed that with increasing Fe 

content magnetization increases whereas corercivity decreases. The increasing 

magnetization may be ascribed to the incorporation of higher magnetic moments into the 

compositions. Such compositional dependent nature shows an important approach to attain 

tunable magnetic properties of Fe-Ni and Fe-Co NPs for their many practical applications. 

Moreover, the synthesized high magnetization Fe-Ni and Fe-Co nanoalloy can be used for 
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various potential applications, and also this simple and environment friendly technique can 

be extended to synthesize other nanostructures. 
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                                    CHAPTER 1 

                               GENERAL INTRODUCTION 

1.1 Introduction 

Magnetic nanoparticles (NPs) are a topic of increasing research interest due to their versatile 

applications in magnetic recording devices, drug delivery, magnetic separation, MRI contrast 

enhancement, magnetic fluids, hyperthermia, magnetic sensors, catalysis, microwave absorbers, 

inductor cores [1-7]. Monodisperse magnetic nanoparticles are of potential elements for using in 

ultrahigh magnetic recording while superparamagnetic nanoparticles are mostly deployed in 

biomedical applications such as MRI contrast enhancement and cancer hyperthermia treatment 

[8]. To enhance the efficiency of such applications, magnetic properties of the nanoparticles have 

been tuned by various strategies including changing the composition of various elements or doping 

by other magnetic or non-magnetic elements [8-9].  

The development of bimetallic NPs (alloy) based on Fe, Co, and Ni has received much recent 

attention because of their novel catalytic, magnetic, and optical properties, which could be 

considerably different from those of their constituent single metallic materials [3, 6]. Among 

various ferromagnetic nanoparticles, iron-based nanocrystalline alloys have shown significant 

potential in diversified applications such as electric or magnetic measurements, information 

storage, and magnetic refrigeration because of their high magnetization and low coercivity [10]. 

Addition of Ni and Co may further improve the high-temperature magnetic properties of these Fe-

based amorphous alloys [11]. Especially, Fe-Co alloy has attracted significant research interest 

due to their unique magnetic properties such as high saturation magnetization, high Curie 
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temperature and large permeability and low hysteresis loss [1, 4-5]. For the application of the 

miniaturized high density recording device, higher saturation magnetization and appropriate 

coercive force are required to easily flip the direction of magnetization in the miniaturized high 

density recording device [12]. Cobalt in iron has been shown to have a unique effect in 

simultaneous increasing of the saturation magnetization and Curie temperature [13]. Moreover, 

inclusion of Ni to Fe–Co alloys increases permeability and electrical resistivity properties which 

have great importance for write head core materials [13]. This Fe-Ni-Co ternary alloy is recognized 

as magnetically soft and prospective magnetic material with excellent thermal stability [14-15]. 

Also Fe-Ni-Co alloy has magnetostrictive properties so it can be used for making the magneto-

resistance element such as a magneto-resistance sensor, a magneto-resistance head, etc. [16]. 

Therefore, alloys containing transition elements like Fe, Ni, and Co should get significant attention 

and their microstructure must be studied meticulously because of their fascinating magnetic 

properties and potential applicability [11, 17]. 

Recently, various attempts to synthesize magnetic NPs have been reported including ball milling, 

chemical reduction, hydrothermal, thermal decomposition, microemulsion, solution phase 

reduction, wet chemistry and chemical vapor deposition. Although, all of the above reported 

methods in some way significantly participate to synthesize magnetic NPs with different shapes 

and size with controlled composition, however, the usage of toxic chemicals and complex 

synthesis process limits their use in practical applications. In addition, the involvement of high 

cost and time consuming steps (see Table 1.1) also remain as a challenge for synthesis of 

ferromangnetic NPs. Thus, there is a need for the development of facile synthesis approach for 

magnetic NPs with environment friendly and cost-effective. On the other hand, recently the 
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sonofragmentation method, which is a one-step, facile, low cost and environment friendly 

technique, has been used for the preparation of NPs directly from bulk materials [1]. 

  Table 1.1: Drawbacks of various nanoparticle synthesis techniques.         

 

Hence, magnetic nanoalloys can be synthesized by using facile sonofragmentation approach with 

inexpensive way. In this thesis, we report a simple cost-effective and ecofriendly 

sonofragmentation technique to synthesize bimetallic FexNi100-x and FexCo100-x (x = 20, 40 and 80) 

nanoalloy particles with controlled saturation magnetization and coercivity by changing the 

precursor materials. By increasing the Fe content in the vicinity of both Fe-Ni and Fe-Co 

nanoalloy, the values of saturation magnetization (Ms) are found to be increasing whereas 

coercivity decreasing. Various characterization techniques are used for the analysis of the 

synthesized nanoalloy. The morphological and crystalline structures were observed by field 

emission scanning electron microscopy (FE-SEM) and X-ray diffraction (XRD) pattern, 

respectively. The elemental composition was analyzed by energy-dispersive spectroscopy (EDS) 
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coupled with FE-SEM. The magnetic properties of the synthesized samples at room temperature 

were investigated using a vibrating sample magnetometer (VSM) respectively. 

1.2 Objectives of this Research 

The main Objectives of this research are as follows: 

(a) Preparation of compositions of FexNi100-x and FexCo100-x (x = 20, 40 and 80) compositions 

of bulk polycrystalline powders by using manual grinding. 

(b) Production of nanoparticles from those bulk powder materials using sonofragmentation 

technique. 

(c) Analysis of the crystal structure of the sonicated nanoparticles using X-ray diffraction 

(XRD) techniques. 

(d) Investigation of the surface morphology of the as prepared sample using Field Emission 

Scanning Electron Microscopy (FESEM). 

(e) To confirm the elemental analysis and study the percentages of impurities using Energy 

Dispersive Spectroscopy (EDS). 

(f) Measurements of the magnetic properties such as saturation magnetization (Ms), 

and coercivity (Hc) of FexNi100-x, FexCo100-x (x = 20, 40 and 80) and  nanoparticles from 

hysteresis loops by using Vibrating Sample Magnetometer (VSM).  

1.3 Outline of the Thesis 

The thesis is organized as follows: 

 Chapter 1 of this thesis deals with the background of the research, importance of Magnetic 

materials, importance of the sonofragmentation synthesis method, significance and 

objectives of the present work. 
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 Chapter 2 gives a brief overview of the theoretical background. 

 Chapter 3 provides the details of the sample preparation. 

 Chapter 4 provides the description of different measurement techniques that have been 

used in this research work. 

 Chapter 5 is dedicated to the results of various investigations of the study and explanation 

of results in the light of existing theories. 

 The conclusions drawn from the overall experimental results and discussions are presented 

in Chapter 6. 
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CHAPETER 2 

LITERATURE REVIEW 

2.1 Introduction 

The history of magnetism is coeval with the history of science. The magnet’s ability to attract 

ferrous objects by remote control, acting at a distance, has captivated countless curious spirits over 

two millennia [1]. Also what deviations occurs to these properties when the magnet is 

nanostructured or how the nanostructured magnets are synthesized. These fundamental issues are 

the subject of this chapter. 

2.2 Magnetism 

The origin of magnetism lies in the orbital and spin motions of electrons and how the electrons 

interact with one another. The best way to introduce the different types of magnetism is to describe 

how materials respond to magnetic fields. This may be surprising to some, but all matter is 

magnetic. It's just that some materials are much more magnetic than others. The main distinction 

is that in some materials there is no collective interaction of atomic magnetic moments, whereas 

in other materials there is a very strong interaction between atomic moments. The magnetic 

behavior of materials can be classified into the following five major groups: 

 Diamagnetism 

 Paramagnetism 

 Ferromagnetism 

 Ferrimagnetism 

 Antiferromagnetism 

http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html#diamagnetism
http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html#paramagnetism
http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html#ferromagnetism
http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html#ferrimagnetism
http://www.irm.umn.edu/hg2m/hg2m_b/hg2m_b.html#antiferromagnetism
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Materials in the first two groups are those that exhibit no collective magnetic interactions and are 

not magnetically ordered. Materials in the last three groups exhibit long-range magnetic order 

below a certain critical temperature. Ferromagnetic and ferrimagnetic materials are usually what 

we consider as being magnetic (i.e., behaving like iron). The remaining three are so weakly 

magnetic that they are usually thought of as "nonmagnetic". 

2.2.1 Diamagnetism 

Diamagnetism is a fundamental property of all matter, although it is usually very weak. It is due 

to the non-cooperative behavior of orbiting electrons when exposed to an applied magnetic field. 

Diamagnetic substances are composed of atoms which have no net magnetic moments (i.e., all the 

orbital shells are filled and there are no unpaired electrons).  

However, when exposed to a field (H), a negative magnetization (M) is produced and thus the 

susceptibility (ᵡ) is negative. If we plot M vs. H, we see:                                               

                                                   

 

 

Figure 2.1: Diamagnetism explained with M-H curve, Susceptibility (left) and domain alignment 

(right). 
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To be noticed from Figure 2.1 that when the field is zero the magnetization is zero. The other 

characteristic behavior of diamagnetic materials is that the susceptibility (ᵡ) is temperature (T) 

independent. Some well-known diamagnetic substances, include: 

 Quartz (SiO2)    

 Calcite (CaCO3)   

 Water     

2.2.2 Paramagnetism 

This class of materials, some of the atoms or ions in the material has a net magnetic moment due 

to unpaired electrons in partially filled orbitals. One of the most important atoms with unpaired 

electrons is iron. However, the individual magnetic moments do not interact magnetically, and like 

diamagnetism, the magnetization is zero when the field is removed. In the presence of a field, there 

is now a partial alignment of the atomic magnetic moments in the direction of the field, resulting 

in a net positive magnetization and positive susceptibility (Figure 2.2).   

                                                                  

Figure 2.2: Paramagnetism explained with M-H curve, Susceptibility (left) and domain alignment 

(right). 
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In addition, the efficiency of the field in aligning the moments is opposed by the randomizing 

effects of temperature. This results in a temperature dependent susceptibility, known as the Curie 

Law. 

At normal temperatures and in moderate fields, the paramagnetic susceptibility is small (but larger 

than the diamagnetic contribution). Unless the temperature is very low (<<100 K) or the field is 

very high paramagnetic susceptibility is independent of the applied field. Under these conditions, 

paramagnetic susceptibility is proportional to the total iron content. Many iron bearing minerals 

are paramagnetic at room temperature. Some examples, include: 

 Montmorillonite (clay)    

 Nontronite (Fe-rich clay)    

 Biotite (silicate)     

 Siderite (carbonate)      

 Pyrite (sulfide)     

The paramagnetism of the matrix minerals in natural samples can be significant if the concentration 

of magnetite is very small. In this case, a paramagnetic correction may be needed. 

2.2.3 Ferromagnetism 

Unlike paramagnetic materials, the atomic moments in these materials exhibit very strong 

interactions. These interactions are produced by electronic exchange forces and result in a parallel 

or anti-parallel alignment of atomic moments. Exchange forces are very large, equivalent to a field 

on the order of 1000 Tesla, or approximately a 100 million times the strength of the earth's field. 

The exchange force is a quantum mechanical phenomenon due to the relative orientation of the 
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spins of two electrons. Ferromagnetic materials exhibit parallel alignment of moments resulting in 

large net magnetization even in the absence of a magnetic field (Figure 2.3).                                               

                                             

                              Figure 2.3: Domain alignment in ferromagnetism. 

The elements Fe, Ni, and Co and many of their alloys are typical ferromagnetic materials. Two 

distinct characteristics of ferromagnetic materials are their  

 Spontaneous magnetization. 

 Magnetic ordering temperature. 

              

Figure 2.4: Spontaneous magnetization: (a) organization of magnetic domains for ferromagnetic 

materials and (b) arrangement of Weiss domains as a function of applied magnetic field (H) with 

different intensities. 
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2.2.3.1 Spontaneous Magnetization 

The spontaneous magnetization (see Figure 2.4) is the net magnetization that exists inside a 

uniformly magnetized microscopic volume in the absence of a field. The magnitude of this 

magnetization, at 0 K, is dependent on the spin magnetic moments of electrons. A related term is 

the saturation magnetization which we can measure in the laboratory. The saturation magnetization 

is the maximum induced magnetic moment that can be obtained in a magnetic field (Hsat); beyond 

this field no further increase in magnetization occurs. 

The difference between spontaneous magnetization and the saturation magnetization has to do with 

magnetic domains (more about domains later). Saturation magnetization is an intrinsic property, 

independent of particle size but dependent on temperature. There is a big difference between 

paramagnetic and ferromagnetic susceptibility. As compared to paramagnetic materials, the 

magnetization in ferromagnetic materials is saturated in moderate magnetic fields and at high 

(room-temperature) temperatures:                            

                           Table 2.1: Paramagnetic and ferromagnetic susceptibility. 
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2.2.3.2 Curie Temperature 

Even though electronic exchange forces in ferromagnets are very large, thermal energy eventually 

overcomes the exchange and produces a randomizing effect. This occurs at a particular 

temperature called the Curie temperature (TC). Below the Curie temperature, the ferromagnet is 

ordered and above it, disordered. The saturation magnetization goes to zero at the Curie 

temperature. The Curie temperature is also an intrinsic property and is a diagnostic parameter that 

can be used for mineral identification. However, it is not foolproof because different magnetic 

minerals, in principle, can have the same Curie temperature. 

2.2.3.3 Hysteresis 

In addition to the Curie temperature and saturation magnetization (Ms), ferromagnets can retain a 

memory of an applied field once it is removed. This behavior is called hysteresis and a plot of the 

variation of magnetization (M) with magnetic field (H) is called a hysteresis loop. 

Another hysteresis property is the coercivity of remanence (Hr). This is the reverse field which, 

when applied and then removed, reduces the saturation remanence to zero. It is always larger than 

the coercive field (Hc). The initial susceptibility (χ0) is the magnetization observed in low fields, 

on the order of the earth's field (0.5-1.0 Oe). The various hysteresis parameters are not solely 

intrinsic properties but are dependent on grain size, domain state, stresses, and temperature. 

Because hysteresis parameters are dependent on grain size, they are useful for magnetic grain 

sizing of natural samples. 
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                                            Figure 2.5: Hysteresis Loop. 

2.2.4 Ferrimagnetism 

In ionic compounds, such as oxides, more complex forms of magnetic ordering can occur as a 

result of the crystal structure. One type of magnetic ordering is call ferrimagnetism. A simple 

representation of the magnetic spins in a ferrimagnetic oxide is shown in Figure 2.6. 

The magnetic structure is composed of two magnetic sublattices separated by oxygens. The 

exchange interactions are mediated by the oxygen anions. When this happens, the interactions are 

called indirect or superexchange interactions. The strongest superexchange interactions result in 

an antiparallel alignment of spins between the sublattices. 
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                              Figure 2.6: Domain alignment in ferromagnetic materials. 

In ferrimagnets, the magnetic moments of the sublattices are not equal and result in a net magnetic 

moment. Ferrimagnetism is therefore similar to ferromagnetism. It exhibits all the hallmarks of 

ferromagnetic behavior- spontaneous magnetization, Curie temperatures, hysteresis, and 

remanence. However, ferro- and ferrimagnets have very different magnetic ordering.  

Magnetite is a well-known ferrimagnetic material. Indeed, magnetite was considered a 

ferromagnet until Néel in the 1940's, provided the theoretical framework for understanding 

ferrimagnetism.  

2.2.5 Antiferromagnetism 

If the sublattice moments are exactly equal but opposite, the net moment is zero. This type of 

magnetic ordering is called antiferromagnetism. 
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Figure 2.7: Domain alignment (left) and susceptibility as function of temperature (right) of 

antiferromagnetism. 

The clue to antiferromagnetism (AF) is the behavior of susceptibility (ᵡ) above a critical 

temperature, called the Néel temperature (TN). Above TN, the susceptibility obeys the Curie-Weiss 

law for paramagnets (P) but with a negative intercept indicating negative exchange interactions. 

2.3 Nanomagnetism 

Magnetic nanoparticles are being studied by a number of researchers owing to their potential 

applications in a variety of areas including magnetic devices, magnetic fluids, magnetic recording 

media, medical diagnosis, and hyperthermia [2-5] .One of the unique characteristics of magnetic 

nanoparticles is that the coercive force becomes zero at the superparamagnetic regime below a 

certain critical size because the random flipping of magnetization direction becomes dominant 

even at room temperature [6,7]. Based on the theory of magnetism, taking an ellipsoid for example, 

the total energy is contributed by three types of energies, exchange, anisotropy, and magnetostatic 

energy. With the increase in the size of a magnet, the number of domains will also increase. As a 
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result, there will be a decrease in the magnetostatic energy, while the more numerous domain walls 

will also raise the exchange and the anisotropy energies. Therefore, the size of the magnet has a 

great influence on its magnetic behavior, as can be illustrated by considering the coercivity of the 

magnet [8]. The size-dependent coercivity of magnets is shown schematically in Fig. 2.8.  

     

                                 Figure 2.8: Size dependent coercivity of magnets. 

First, for very small particles whose diameters are smaller than the critical diameter of 

superparamagnetism (Dspm), the magnetic moment is not stable. Secondly, in the range between 

Dspm and the critical diameter of a single domain (Dsd), the moment is stable, and the coercivity 

enlarges as Dsd increases. Finally, for larger diameters, the multi-domain region appears, and the 

coercivity declines with increasing particle diameter. Therefore, the magnet has the maximal 

coercivity when its diameter is equal to Dsd, and it will become superparamagnetic when its 

diameter becomes smaller than Dspm. In particular, for the single domain magnet, all the magnetic 
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moments are along the anisotropy axis, and the free energy contribution from exchange and 

anisotropy is zero. 

2.3.1 Superparamagnetism 

Superparamagnetism (SPM) is a type of magnetism that occurs in small ferromagnetic or 

ferrimagnetic nanoparticles. This implies sizes around a few nanometers to a couple of tenth of 

nanometers, depending on the material. Additionally, these nanoparticles are single-domain 

particles. In a simple approximation, the total magnetic moment of the nanoparticles can be 

regarded as one giant magnetic moment, composed of all the individual magnetic moments of the 

atoms which form the nanoparticle. 

    

Figure 2.9: Schematic behavior of (a) Diamagnetic, (b) Paramagnetic, (c) Ferromagnetic, (d) 

Superparamagnetic materials in an external magnetic field.   
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2.4 Synthesis of Magnetic Nanostructures 

Various approaches such as wet chemical [9-11], template-directed [12, 33], microemlusion [14-

16], thermal decomposition [16, 17], solvo-thermal method [18, 19], solid state [20, 21], deposition 

method [22], spray pyrolysis [23, 24], self-assembly [25, 26], physical and lithographic [27, 28] 

techniques have been extensively used for the synthesis of a wide variety of magnetic 

nanostructures including iron oxide, metal, metal alloys and core–shell and composites structures. 

However a comprehensive review of various synthetic techniques is beyond the scope of this 

chapter, so here we will give a short description of only those methods that offer excellent size and 

shape control. 

2.4.1 Chemical Synthesis 

Several chemical methods that are being used for the synthesis of magnetic nanostructures 

comprise of co-precipitation, thermal decomposition, microemlusion and hydrothermal methods. 

Thermal decomposition and hydrothermal approaches provide better results (both in terms of size 

and morphology) in comparison with other synthetic routes [21]. Chemical syhthesis involved the 

precipitation of nano particles from the solution. To achieve the monodisperse particles, the 

precipitation should comply with the LaMer and Dinegar model of homogeneous precipitation. 

According to this model, during precipitation from the solution at certain stage of super saturation, 

there occur a burst of nucleation that gradually grows in size by diffusion of solutes from the 

solution towards the nuclei until the monodisperse final size particle are obtained. The mechanism 

LaMer and Dinegar model is shown in Figure 2.10. 
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                                            Figure 2.10:  LaMer and Dinegar model. 

2.4.1.1 Thermal Decomposition 

This method of synthesis involves the chemical decomposition of the substance at elevated 

temperature. During this method the breaking of the chemical bond takes place. This method of 

synthesis for magnetic nanostructures mostly use organometallic compounds such as 

acetylacetonates in organic solvents (benzyl ether, Ethylenediamine and carbonyls) with 

surfactants such as oleic acid, oleylamine, polyvinyl pyrrolidone (PVP), cetyltrimethyl ammonium 

bromide (CTAB) and hexadecylamine.  In this method the composition of various precursors that 

are involved in the reaction determine the final size and morphology of the magnetic 

nanostructures. Peng et al and co-workers used the thermal decomposition approach for controlled 

synthesis (in term of size and shape) of magnetic oxide [29]. 
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2.4.1.2 Hydrothermal Synthesis 

Another important chemical synthesis technique that involves the use of liquid–solid–solution 

(LSS) reaction and gives excellent control over the size and shape of the magnetic nano particles 

is the hydrothermal synthesis. This method (figure 2.11) involves the synthesis of magnetic nano 

particles from high boiling point aqueous solution at high vapor pressure. It is a unique approach 

for the fabrication of metal, metal oxide [30, 31], rare earth transition metal magnetic nanocrystals 

[32], semi-conducting [33], dielectric, rare-earth fluorescent and polymeric [34]. This synthetic 

technique involved the fabrication of magnetic metallic nanocrystals at different reactions 

conditions. The reaction strategy is based upon the phase separation which occurs at the interface 

of solid–liquid–solution phases present in the reaction. For example the fabrication of 

monodisperse (6, 10 and 12 nm) Fe3O4 and MFe2O4 nanocrystals have been demonstrated by Sun 

et al and coworker [35]. 

                           

                                Figure 2.11: General steps of hydrothermal synthesis. 

2.4.1.3 Sol-gel Synthesis 

Sol–gel method is one of the well-established synthetic approaches to prepare novel NPs as well 

as nano-composites. This method has potential control over the textural and surface properties of 

the materials. Sol–gel method mainly undergoes in few steps to deliver the final metal oxide 

protocols and those are hydrolysis, condensation, and drying process. The formation of metal oxide 

involves different consecutive steps, initially the corresponding metal precursor undergoes rapid 

hydrolysis to produce the metal hydroxide solution, followed by immediate condensation which 

leads to the formation of three-dimensional gels. Afterward, obtained gel is subjected to drying 
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process, and the resulting product is readily converted to Xerogel or Aerogel based on the mode 

of drying. Sol–gel method can be classified into two routes, such as aqueous sol–gel and 

nonaqueous sol–gel method depending on the nature of the solvent utilized [36]. 

                             

Figure 2.12: The reaction pathway for the production of nanostructures in the Sol–gel method. 

2.4.2 Solid State Synthesis 

Conventional mixed oxide method may also be named as solid state method. In solid state reaction 

method, individual oxides are mixed in stoichiometric quantities and are ground well to obtain 

homogeneous mixture. The grinding is made by different methods such as ball milling, mortar and 

pestle (ceramic) etc. The ground powder is subjected to annealing usually at elevated temperatures 

for longer time. This results in large particle size with wide particle size distribution. It also 

improves the compaction and thermal reactivity of powder by reducing particle size and creating 

defects inside the powder crystallites. The wet milling i.e. grinding in some alcoholic or aqueous 

medium is preferable than dry milling which adversely affects the particle size. Although this 

conventional process has become very old but it is still in practice to meet the massive demand of 

soft ferrite industry. 



Chapter 2  Literature Review 

25 
 

2.4.2.1 Ball Milling 

                         

                            Figure 2.13: Schematic motion of the ball milling powder mixture. 

A powder mixture placed in the ball mill is subjected to high-energy collision from the balls. This 

process was developed by Benjamin and his coworkers at the International Nickel Company in the 

late of 1960. A turn disc rotates in one direction while the bowls rotate in the opposite direction. 

The centrifugal forces, created by the rotation of the bowl around its own axis together with the 

rotation of the turn disc, are applied to the powder mixture and milling balls in the bowl. The 

powder mixture is fractured and cold welded under high energy impact. Magnetic nanoplates 

and nanoparticles are prepared by ball milling in the presence of surfactants in organic solvents 

[37]. 

2.4.2.2 Sonofragmentation 

The utilization of ultrasonic energy in a process called sonofragmentation offers a facile, versatile 

synthetic tool for nanostructured materials that are often unavailable by conventional methods. 

Ultrasonic dispersion is extensively use to disperse sub-micron agglomerated powders in liquid 

suspensions. It is possible to break down the aggregates of nanocrystalline particles by using the 

multiple effects of ultrasound which generates many localized hot spots with the particles within 

the solution and during the process [38]. This topic has been further discussed in chapter 3. 
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CHAPTER 3 

SAMPLE PREPARATION 

 

3.1 Introduction  

In this chapter, experimental methods of sample preparation techniques are discussed. A brief 

description of the apparatus used are also given. Basic techniques of sample preparation and 

experimental techniques are illustrated in this chapter. 

3.2 Materials and method 

The precursor materials of Fe, Ni and Co powder were purchased from Merck KGaA, Germany. 

2-isopropanol of analytical grade was also purchased from Merck KGaA, Germany and used 

without further purification. Deionized water was used in all the experiments. In a typical 

synthesis, weighing Fe and Ni/Co powder in stoichiometric proportion and then mixed together 

for homogeneous mixture. After that, the mixture was thoroughly grounded by performing manual 

grinding for approximately three hours. The obtained mixture powder was further mixed with 2-

isopropanol with a ratio of 40 mg powder and 10 ml isopropanol with a mass percentage of ~ 

0.25%. Then the mixtures of isopropanol and powder were put into ultrasonication bath for 30 

minutes. After this, the precipitant was collected and used for the investigation of structural and 

magnetic properties. 

After six hours, the precipitant was used for the investigation of structural and magnetic properties. 
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                                            Figure 3.1: Sample preparation method. 

 

3.2.1 Ultrasonication Technique 

In ultrasonication technique, the ultrasonic wave energy is used to synthesis nanoparticles that 

disperse the agglomerated materials into single particle. Details mechanism of the ultrasonication 

technique are given below.  

This brief overview highlights the basic aspects of ultrasonic generation and propagation relevant 

to particle dispersion [1]. During the process of ultrasonic disruption, sound waves propagate 

through the liquid medium in alternating high and low pressure cycles at frequencies typically in 

the 20-40 kHz range. During the low-pressure cycle (rarefaction), microscopic vapor bubbles are 

formed in a process known as cavitation (figure 3.2). The bubbles then collapse during the high 
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pressure cycle (compression) producing a localized shock wave that releases tremendous 

mechanical and thermal energy. 

 

Figure 3.2: Schematic illustration of ultrasonic wave-induced cavitation and agglomerate fracture. 

Ultrasonic waves can be generated in a liquid suspension either by immersing an ultrasound probe 

(transducer horn) into the suspension (direct sonication), or by introducing the sample container 

into a liquid that is propagating ultrasonic waves (indirect sonication). This is shown schematically 

in figure 3.3. 

In a sonication bath or a so-called cup horn sonicator (indirect sonication), the sound waves must 

travel through both the bath or cup liquid (typically water) and the wall of the sample container 

before reaching the suspension. In direct sonication, the probe is in contact with the suspension, 

reducing the physical barriers to wave propagation and therefore delivering a higher effective 
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energy output into the suspension. Bath sonicators typically operate at much lower energy levels 

than are attainable using a probe or cup horn. In the case of bath sonicators, the transducer element 

is directly attached to the outside surface of the metal tank, and the ultrasonic waves are transmitted 

directly to the tank surface and then into the bath liquid. In a cup horn, the radiating surface of the 

horn is inverted and sealed into the bottom of a (typically) transparent plastic cup into which the 

sample container is immersed. 

 

 

Figure 3.3: Schematic illustration of direct (left) and indirect (middle and right) sonication con- 

gurations as described in the text. 

At ultrasound frequencies, the alternating formation, growth and subsequent shock waves 

produced by the collapse of bubbles result in extremely large (localized temperatures up to 10000 

K, rapid temperature changes (> 105 Ks-1), pressure bursts on the order of several MPa, and liquid 

jet streams with speeds reaching 400 kmh-1). Such massive, local energy output is the basis of the 

disruptive effect of sonication. It must be noted that these considerable pressure and temperature 

differentials are a result of the cavitation process and occur at the local interface of the exploding 
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bubbles; consequently, these effects are inherent to the sonication process and will occur whether 

the sonicated container is cooled or not, or the treatment performed using a bath, cup horn, or a 

probe sonicator.  

In all cases, the ultrasonic device transforms electrical power into vibrational energy by means of 

a piezoelectric transducer that changes its dimensions in response to an applied AC electric field. 

A sonicators stated maximum power (e.g., 600 W) refers to the maximum theoretical power it 

would be able to consume, should it require so; it does not reflect the actual amount of ultrasonic 

energy delivered to the suspension. That is, for the same frequency and amplitude (and thus the 

same sonicator setting), the sonicator would need to consume more power to treat a high viscosity 

suspension than it would for a low viscosity suspension, and if so, it could consume up to a 

maximum of 600 W. It is therefore erroneous to assume that selecting the highest setting value 

will result in the delivery of the instruments nominal maximum power to the sonicated suspension. 

For low viscosity media, even at the highest setting value, the delivered power will be a 

significantly lower fraction of the instruments maximum power rating. Similarly, the power value 

(measured in W) usually shown on the instrument display reflects the power that the instrument is 

consuming from the electrical source to produce the desired oscillation amplitude (from the 

selected setting value) in the sonicated medium. The consumed (i.e., displayed) power, however, 

does not necessarily reflect the power that is actually delivered to the sonicated suspension. Herein 

lies the deficiency with reporting either the manufacturers stated maximum power, the adjustable 

output power reading provided by the instrument, or the chosen setting level. The net 

fragmentation effect from applying ultrasonic energy to a suspension is dependent on the total 

amount of energy delivered to the sonicated medium. However, not all of the produced cavitational 

energy is effectively utilized in disrupting particle clusters. The delivered energy is consumed or 
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dissipated by several mechanisms, including thermal losses, ultrasonic degassing, and chemical 

reactions, such as the formation of radical species. Only a portion of the delivered energy is 

actually used in breaking particle-particle bonds to produce smaller particle aggregates, 

agglomerates, and primary particles. Moreover, an excessive energy input can potentially result in 

agglomerate formation or re-agglomeration of previously fragmented clusters, as well as induce a 

variety of physicochemical alterations on the materials surface or to the constituents of the 

suspending medium. Such sonication-specific side-effects are addressed in the following sections, 

but first we examine the particle disruption process as it is the primary objective of ultrasonic 

treatment. 

3.2.2 Sonication Effects on Particle Disruption and Aggregation 

The properties of synthesized nanoparticles are strongly dependent on the particle size of the 

processed material. For instance, the size of the particles in suspension dictates along with the 

particles surface chemistry and their photocatalytic activity and arsenic removal from water. 

Additionally, the agglomeration state determines whether the particles will settle out or remain in 

suspension, which directly impacts in magnetization, polarization and leakage current [2]. 

Numerous other examples of size-dependent behavior can be found in the recent literature. 

Dry powders consist of particles that are bound together into macroscopic structures by both weak 

physical Vander Waals forces and stronger chemical bonds including particle fusion. Commonly, 

these powders contain micro meter and submicrometer scale aggregates, which are in turn held 

together by physical forces to constitute larger agglomerates. This is depicted schematically in 

figure 3.4. For powders consisting of nanoscale particles and aggregates, and therefore having 

substantial interfacial contact areas per unit volume, the nominally Vander Waals forces can be 
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extremely large, requiring the use of techniques such as sonication to effectively break down or 

disrupt powder agglomerates. In contrast, micro meter size primary particles can often be dispersed 

with moderate mixing or stirring. 

 

Figure 3.4: Schematic depiction of particle structures referred to in the text, and illustration of the 

typical effects of sonication on particle size as a function of delivered sonication energy. 
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 CHAPTER 4  

EXPERIMENTAL TECHNIQUES  

4.1 Introduction 

This chapter presents characterization and experimental techniques used in this thesis. X-ray 

Diffraction was used to determine the crystal structure and lattice parameters. Surface morphology 

and microstructure measurements were carried out by Scanning Electron Microscopy. Elemental 

analysis was done by Energy Dispersive spectroscopy (EDS). DC magnetization measurements 

were carried out using Vibrating Sample Magnetometer. 

4.2 X-ray Diffraction 

One  of  the  most  fundamental  studies  used  to  characterize  the  structure  of materials is X-ray 

diffraction. This technique uses the principle that waves interacting with atomic planes in a 

material will exhibit the phenomenon of diffraction. X-rays incident  on  a  sample  are  scattered  

off  at  an  equal  angle.  At  certain  angles  of incidence,  X-rays  scattering  off  from  neighboring  

parallel  planes  of  atoms  will interfere  destructively. At other angles, these waves will interfere 

constructively and result in a large output signal at those angles. The XRD technique is based on 

Bragg’s principle. Bragg reflection is a coherent elastic scattering in which the energy of the X-

ray is not changed on reflection. If a beam of monochromatic radiation of wavelength λ is incident 

on a periodic crystal plane at an angle 𝜃 and is diffracted at the same angle as shown in Figure 4. 

1, the Bragg diffraction condition for X –rays is given by 
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2d Sin𝜃 =nλ                                                                                                                              (4.1) 

where  d  is  the  distance  between  crystal  planes  and  n  is  the  positive  integer  which represents  

the  order  of  reflection. Equation (4.1) is known as Bragg law. This Bragg law suggests that the 

diffraction is only possible when λ ≤ 2 d   [1].  For this reason we cannot use the visible light to 

determine the crystal structure of a material.  

The lattice parameter for each peak of each sample was calculated by using the formula. (for cubic 

spinel structure) 

a = d√(ℎ2 + 𝑘2 + 𝑙2)                                                                                                                (4.2) 

Where h, k and l are the Miller indices [1] of the crystal planes.  Various properties of any crystal 

structure like inter-planner distance, lattice parameters etc. can be measured by X-ray diffraction 

(XRD). 

                                

                         

                               Figure 4.1: Bragg’s law of X-ray diffraction. 
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To determine exact lattice parameter for each sample, Nelson-Riley [2] method was used. The 

Nelson-Riley function F (θ) is given as  

F (θ) = 
1

2
 [

𝑐𝑜𝑠2

sin 𝜃
 + 

𝑐𝑜𝑠2

𝜃
]                                                                                                            (4.3) 

The  values  of  lattice  parameter  'a'  of  all  the  peaks  for  a  sample  are  plotted  against F(θ). 

Then using a least square fit method, exact lattice parameter ‘ao’ is determined. The point where 

the least square fit straight line cut the y-axis (i.e. at F (θ) = 0) is the exact lattice parameter of the 

sample. 

4.2.1 Crystallite Size Measurement 

Particle size determination is important in the ferromagnetic nanoparticles.  In case of fine 

particles, with reduction in the size of the particles, the XRD lines get broadened, which indicates 

clearly that particle size has been reduced. Information of the particle size  is  obtained  from  the  

full  width  at  half  maximum  (FWHM)  of  the  diffraction peaks.  A crystal is usually considered 

perfect when atoms occupy all lattice sites and no imperfection exists in the crystal.  The 

broadening of diffraction peaks arises mainly due to three factors.  The peaks become broader due 

to the effect of small crystallite sizes and thus an analysis of peaks broadening can be used to 

determine the crystallite sizes introduce additional broadening into the diffraction peaks. 

The condition for constructive interference, reinforcement of X-ray scattering from a crystalline 

powder is given  by Bragg’s  law which  is given  by 2d Sin𝜃 =nλ. This  equates  the  path  

difference  of  X-ray  scattered  from  parallel  crystalline  planes spaced d = dhkl apart to an integral 

(n) number of X-ray wavelength, λ. Here 𝜃 is the diffraction angle measured with respect  to  the  

crystalline  planes.  For  an  infinite crystal  Bragg  scattering  occurs  at  discrete  values  of 2𝜃 
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satisfying  the  Bragg condition,  i.e.  Bragg peaks are 𝛿-function.  For finite sized crystals the 

peaks are broadened over a range of angle. 

To  understand  the  phenomenon  of  fine  particle  broadening,  we  consider  a finite  crystal  of  

thickness,  D  =  md,  where  m  is  an  integer  and  d  is  the  distance between crystal planes, i.e. 

there are m planes in D. 

       

                   Figure 4.2: Effect of fine particle size on diffraction curves (Schematic):  

                                      (a) small particle size and (b) large particle size. 

Considering Figure 4.2, if the broadened Bragg peak begins at an angle 2θ2 and ends at 2θ1, the 

breadth of the peaks or full width at half maximum (FWHM) is given as 

 

                                               β = 
1

2
 (2θ1 − 2θ2) = θ1 − θ2 
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Now if we consider the path differences for each of the two angles θ1 and θ2 for Xray traveling the  

full thickness of  the crystal. The width 𝛽 is usually measured in radians. We now write path 

difference equations for these two angles, related to the entire thickness of the crystal rather to the 

distance between adjacent planes 

                                               2𝐷 sin 𝜃1 = (𝑚 + 1)λ 

                                                 2𝐷 sin 𝜃2 = (𝑚 − 1)λ 

By subtracting we find          D (sin 𝜃1 − sin 𝜃2) = λ 

                              

                                     2𝐷 cos (
𝜃1+𝜃2 

2
) sin (

𝜃1−𝜃2 

2
) = λ 

As 𝜃1 and 𝜃2 are nearly equal to 𝜃, so 𝜃1 + 𝜃2 ≈ 2θ and sin (
𝜃1−𝜃2 

2
) ≈ (

𝜃1−𝜃2 

2
). Thus the 

above equation can be written as, 

                                          2𝐷 cos (
2𝜃 

2
) (

𝜃1−𝜃2 

2
) = λ 

From above we get,                  

                                                      𝐷 = 
λ

β cos 𝜃
  

A more exact empirical treatment yields: 

                                                    Dxrd = 
0.9 λ

β cos 𝜃
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This is known as the Scherrer’s formula. It is used to estimate the particle size of very small crystal 

from the measured width of their diffraction curves.   

4.3 Surface Morphology and Microstructure  

The microstructural study was performed in order to have an insight of the grain structures. The 

samples of different compositions and sintered at different temperatures were chosen for this 

purpose. The samples were visualized under a high-resolution Scanning Electron Microscope 

(SEM) and then photographed. Average grain sizes (grain diameter) of the samples were 

determined from SEM micrographs by linear intercept technique [3]. To do this, several random 

horizontal and vertical lines were drawn on the micrographs. Therefore, we counted the number 

of grains intersected and measured the length of the grains along the line traversed. Finally the 

average grain size was calculated. 

4.3.1 Scanning Electron Microscope (SEM) 

The SEM is the most routinely utilized instruments for the characterization of 

micro/nanomaterials. Using SEM it is possible to obtain secondary electron images of metallic 

particles with nanoscale resolution, allowing topographical and morphological studies can be 

carried out. In sensor technology, this is predominantly used to study surfaces of thin films and 

sensing layers [4]. A schematic diagram of an SEM is shown in fig.4.3. The electron beam is 

emitted from a heated filament, which is commonly made from lanthanum hexaboride (LaB6) or 

tungsten. The filament is heated by applying a voltage, which causes electrons to be emitted. 

Alternatively, electrons can be emitted via field emission (FE). The electrons are accelerated 

towards the sample by applying an electric potential. This resulting electron beam is focused by a 

condenser lens, which projects the image of the source onto the condenser aperture. It is then 
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focused by an objective lens and raster-scanned over the sample by scanning coils. This is achieved 

by varying the voltage produced by the scan generator on the scan coils that are energized, creating 

a magnetic field, which deflects the beam back and forth in a controlled pattern. 

When the primary electrons hit the sample, they give part of their energy to electrons in the sample, 

resulting in the emission of secondary electrons. These secondary electrons have lower energies 

(around 20 eV). These secondary electrons are collected by an Everhart-Thornley detector, 

converted to a voltage, amplified and build the image. Their intensity is displayed versus the 

position of the primary beam on the sample. 

 

Figure 4.3: Schematic diagram of SEM setup [5]. 

 

The samples placed in the SEM must be either conducting or covered with a thin metal layer in 

order to avoid electric charging. Scanning takes place at low pressures, so that the electrons are 

not scattered by gas molecules inside the chamber [6]. Furthermore, with an SEM it is possible to 
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obtain images from comparatively large area of the sample. In addition to secondary electrons 

there are also high-energy electrons, originating in the electron beam (producing X-rays), that are 

backscattered from the specimen interaction volume. These electrons may be used to detect 

contrast between areas with different chemical compositions. 

 

Also, SEM can monitor the formation and growth of thin films and nanostructures. In 

nanotechnology enabled sensing applications, the SEM plays a vital role in helping researchers 

understand the interaction between the sensing layer/media and the analyte. This is because 

sensitivity is strongly dependent on surface morphology and topography. Nowadays SEMs are 

designed for specific purposes ranging from routine morphological studies, cryogenic studies, to 

high-speed compositional analyses or for the study of environment-sensitive materials. 

                          

                                      Figure 4.4: Scanning Electron Microscopy. (SEM). 
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4.3.2 Scanning Process and Image Formation  

In a typical SEM, an electron beam is thermionically emitted from an electron gun fitted with a 

tungsten filament cathode. Tungsten is normally used in thermo ionic electron guns because it has 

the highest melting point and lowest vapor pressure of all metals, thereby allowing it to be heated 

for electron emission, and because of its low cost. The electron beam, which typically has an 

energy ranging from a few 100 eV to 40,000 eV, is focused by one or two condenser lenses to a 

spot about 0.4 nm to 5 nm in diameter. The beam passes through pairs of scanning coils or pairs 

of deflector plates in the electron column, typically in the final lens, which deflect the beam in the 

x and y axes so that it scans in a raster fashion over a rectangular area of the sample surface.  

When the primary electron beam interacts with the sample, the electrons lose energy by repeated 

random scattering and absorption within a teardrop-shaped volume of the specimen known as the 

interaction volume, which extends from less than 100 nm to around 5 μm into the surface. The size 

of the interaction volume depends on the electron's landing energy, the atomic number of the 

specimen and the specimen's density. The energy exchange between the electron beam and the 

sample results in the reflection of high-energy electrons by elastic scattering, emission of 

secondary electrons by inelastic scattering and the emission of electromagnetic radiation, each of 

which can be detected by specialized detectors. The beam current absorbed by the specimen can 

also be detected and used to create images of the distribution of specimen current. Electronic 

amplifiers of various types are used to amplify the signals which are displayed as variations in 

brightness on a cathode ray tube. The raster scanning of the CRT display is synchronized with that 

of the beam on the specimen in the microscope, and the resulting image is therefore a distribution 

map of the intensity of the signal being emitted from the scanned area of the specimen. The image 
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may be captured by photography from a high resolution cathode ray tube, but in modern machines 

is digitally captured and displayed on a computer monitor. 

4.4 Energy Dispersive Analysis by X-rays 

We have used the energy dispersive analysis for determining the composition of magnetic labels. 

The EDAX measurement is a plot between intensity and X-ray energy of different elements. As 

the X-rays are characteristics of a material, by looking at the intensity for a particular energy the 

concentration of an element in a given material can be determined. In the following, the principle 

and operation of EDAX are discussed. The foundation for EDX analysis to determine composition 

was laid by Mosley who observed that the frequency of X-rays from different elemental targets 

varied in a linear way with atomic number. When any material is struck by electron beam or other 

charged particles such as proton or alpha particles or by photons such as X-rays or γ-rays, then 

atoms of the material get excited. The interaction of the beams with the materials depends on the 

energy of the beams [7-8]. 

 

                                    Figure 4.5: Schematic representation of EDS Instrument. 
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 4.5 Magnetization Measurement 

The vibrating sample magnetometer (VSM) measuring the magnetic properties of materials was 

first developed by S. Foner in 1956 and has been accepted as a standard approach worldwide as it 

has been the most successful for low temperature and high magnetic field studies of correlated 

electron system due to its simplicity, ruggedness, ease of measurement, and relatively high 

sensitivity. The working principle of VSM is based on Faraday’s law of electromagnetic induction. 

In a VSM, a sample is attached to a vibrating rod and allowed to vibrate in a magnetic field 

produced by electromagnets. As the magnetization of the samples increases due to the increasing 

magnitude of the field, the change in flux induces a resulting in a voltage signal measured by 

induction coils located near the samples. The signal is usually small, and is measured by a lock-in 

amplifier at a frequency specified by the signal from the sample vibrator. 

                           

Figure 4.6: Block diagram of VSM. 



Chapter 4  Experimental Techniques 

50 
 

The signal measured by the induction coil is directly proportional to the magnetization of the 

sample, and independent of the external field intensity. Plotting the induction vs. magnetic field 

intensity (H) results in a hysteresis curve representative of the stabilize magnetic moment although 

it can lack adequate sensitivity on ultra-thin films or samples with only small amounts of the 

magnetic moment. The measurements of this report were done using Lakeshore 7400 series VSM. 

The schematic block diagram of the VSM is shown in Figure 4.6 along with a VSM machine in 

Figure 4.7. 

                                   

                                  Figure 4.7: Vibrating Sample Magnetometer (VSM) 
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                                     CHAPTER 5 

                                RESULTS AND DISCUSSION 

This chapter discusses crystallographic, microstructural, compositional, magnetic, properties of 

FexNi100-x, FexCo100-x (x = 20, 40 and 80) and Fe20Ni80-xCox (x = 20, 40 and 60). 

5.1 Crystallography Study 

Crystallographic studies were carried out after drying the samples and putting them into a sample 

holder via X-ray diffraction technique (XRD) at room temperature (Rigaku Ultimate VII) with 

CuKα (1.5418 Å) for all samples. Results are also discussed in this section. 

5.1.1 X-ray diffraction Analysis of FexNi100-x 

The crystallinity of the nanoalloy structures was determined using XRD from 2θ angle values of 

20°–80°. Figure 5.1 shows the XRD patterns of the three compositions of Fe-Ni nanoalloys. It can 

be seen from the XRD patterns that the peaks at 44.42°, 51.8°, and 76.2° correspond to the crystal 

planes of (111), (200), and (220) of face-centered cubic (fcc) FexNi100−x alloy, respectively, which 

are in good agreement with already reported literature [1-4]. However, the XRD spectrum of 

Fe80Ni20 (x = 80 in Fig. 5.1) shows another additional peak at 35.7° (marked with an asterisk) 

indicating that the obtained alloy cannot be indexed to fcc FeNi alloy. This diffraction peak 

corresponds to a spinel oxide ((FeNi)3O4), which indicates that the formation of an oxide phase 

resulted in a high concentration of Fe precursor [1]. Generally, Fe-rich nanoparticles get more 

easily oxidized, and thus the formation of oxide phase could be obvious [1]. No diffraction patterns 

of pure metallic Fe or Ni are detected, indicating the absence of segregated metal NPs in the alloy 
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samples. The absence of pure Fe or Ni peak in XRD also indicates no phase separation in the 

bimetallic alloy [3]. Using the Scherrer equation from the full width at half maximum of the most 

intense XRD peak (111), the size of the Fe-Ni nanocrystallite was calculated to be 35 nm for all 

compositions. The size of the Fe-Ni nanocrystallite was found to be independent of composition, 

which indicates uniform fragmentation for a fixed sonication time and power. 

              

Figure 5.1 XRD pattern (from bottom to up) of Fe20Ni80, Fe40Ni60 and Fe80Ni20 binary nanoalloy. 

5.1.2 X-ray diffraction Analysis of FexCo100-x 

Fig. 5.2 shows the XRD patterns of the FexCo100-x (x = 20, 40 and 80) nanoalloys with varying 

compositions. It reveals from XRD patterns that, the peaks at 44.3°, 51.8°, and 76.2°correspond to 

the crystal planes of (111), (200), and (220), respectively which are in quite good agreement with 

the reported articles [5-7]. However, few representative Fe-Co peaks are missing which may be 

due to the exposure of the sample to air after synthesis may form oxide layer. In addition, the 
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diffraction peaks at 41.5°and 47.5° may represents FeO and Fe3O4, respectively [7]. Generally, 

Fe-rich NPs get easily oxidized, and thus the formation of oxide phase could be obvious [8]. No 

diffraction patterns of pure metallic Fe or Co are detected, which indicates the absence of any 

isolated metal in the alloy samples, and also confirms the absence of any phase separation in 

bimetallic alloy. Scherrer equation was used for the calculation of the size of the Fe-Co 

nanocrystallite, and found to be 19.3 nm for all composition. This demonstrates that the size of the 

Fe-Co nanocrystalline is independent of nanoalloy compositions, indicating uniform 

fragmentation due to fixed sonication time and power.   

         

Figure 5.2 XRD pattern (from bottom to up) of Fe20Co80, Fe40Co60 and Fe80Co20 binary nanoalloy. 
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5.2 Microstructure Analysis 

Microstructural studies for all samples were carried out by field emission scanning electron 

microscopy (FE-SEM) technique (S-4800, Hitachi) at an operating voltage of 3 kV. Samples 

diluted in 2-isopropanol were picked up by a dropper and placed into the sample holder. Results 

found are also discussed in this section for all Fe-Ni and Fe-Co samples.  

5.2.1 FE-SEM Analysis of FexNi100-x 

The SEM images of the synthesized Fe-Ni nanoalloy are presented in Fig. 5.3. From SEM images 

[see Fig. 5.3 (a)–(c)], it is clear that all Fe-Ni nanoalloy compositions under scrutiny exhibit a wide 

range of size distribution from 20 to 50 nm with rough surface and spherical shape morphology 

[see Fig. 5.3 (d)], and aggregated themselves to a cluster of particles. 

                    

Figure 5.3. FE-SEM images of (a) Fe20Ni80, (b) Fe40Ni60, (c) Fe80Ni20, and (d) particle size 

distribution. 
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5.2.2 FE-SEM Analysis of FexCo100-x 

Fig. 5.4 shows the FE-SEM images of the synthesized Fe-Co nanoalloy. All compositions of Fe-

Co nanoalloy shows a wide range of size distribution from 5 to 100 nm with rough surface and 

spherical shape morphology [5.4 (a)–(c)]. In addition, the nanoparticles are aggregated themselves 

to a cluster of particles. A typical size distribution of the nanoparticles is shown in Figure 5.4 (d) 

which shows the average size of the particles were approximately 37 nm.  

              

 

Figure 5.4: FE-SEM images of (a) Fe20Co80, (b) Fe40Co60, (c) Fe80Co20 and (d) particle size 

distribution. 
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5.3 Elemental Analysis 

The elemental or compositional analysis for all samples were done by the Energy 

Dispersivepectroscopy (EDS) coupled with the FE-SEM. The operating voltage and probe current 

for the measurement of EDS system were 15 kV and 1.5 mA. Results are discussed in this section. 

5.3.1 EDS Analysis of FexNi100-x 

               

                                        Figure 5.5: EDS spectra for Fe20Ni80. 

The EDS analyses were conducted to obtain corresponding elemental composition of the 

nanoalloys. Fig. 5.5 shows a typical EDS spectrum for Fe20Ni80. Both Fe and Ni peaks are apparent 

in the spectrum. This result also confirmed the formation of Fe-Ni nanoalloy. As shown in Figure 

5.5, the presence of silicon peak in the EDS spectrum may be due to the SiO2 substrate used with 

the samples for EDS analysis. The occurrence of the O peak may be due to the oxidation of the 

nanoalloy. However, the XRD data do not show any oxidation peaks for the composition of 

Fe20Ni80 and Fe40Ni60 alloy, which indicates that there may be very thin or no crystalline oxidation 

layer on the surface or may be the SiO2 substrate. 
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5.3.2 EDS Analysis of FexCo100-x 

               

                                            Figure 5.6: EDS spectra for Fe80Co20. 

The EDS spectrum for Fe80Co20 is shown in Fig. 5.6 which indicates the presence of both Fe and 

Co elements in the vicinity of nanoalloy and confirmed the formation of Fe-Co bimetallic structure. 

There is a presence of a peak corresponds to silicon element in the EDS spectrum, which may be 

comes from the SiO2 substrate, used for the sampling of NPs for EDS analysis. The presence of 

the O peak in the EDS spectrum is due to the thin oxidation layer of the nanoalloy. Fig. 5.7 shows 

the EDS mapping images of Fe80Co20 nanoalloy, which confirming the elements Fe and Co spatial 

distribution. Fig. 5.7 (a) shows the SEM image of Fe80Co20 nanoalloy, which is to be analyzed for 

EDS mapping. Fig. 5.7 (b)-(c) reveals the elemental maps of Fe and Co concentration, whereas 

Fig. 5.7 (d) shows the EDS mapping analysis of Fe80Co20nanoalloy. The elemental mapping result 

indicates the well distribution of all elements in the nanoalloy structures.            
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Figure 5.7: EDS mapping analysis of Fe80Co20; (a) SEM image of Fe80Co20 nanoalloy (b) map of 

Fe concentration (c) map of Co concentration (d) EDS mapping image of Fe80Co20 nanoalloy. 

5.4 Magnetic Properties 

The magnetic properties were measured for all samples using a VSM at room temperature (VSM, 

Lakeshore7400series) with a sensitivity of 10−6 emu at an applied field range of 10−10 kOe. The 

VSM measurement of the samples was done after complete drying of the samples. Found results 

are discussed in this section. 

5.4.1 VSM Analysis of FexNi100-x 

The magnetic properties of Fe-Ni nanoalloy were measured using VSM at room temperature to 

determine their saturation magnetization (Ms) and coercivity (Hc). Fig. 5.8 shows the M–H curves  
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                  Figure 5.8: Magnetization versus magnetic field curves of FexNi100-x nanoalloy. 

of FexNi100-x (x = 20, 60, and 80) measured in external magnetic fields ranging from −10 to 10 

kOe. This is also observed that, the saturation magnetization increases with the increase of the Fe 

content in the Fe-Ni alloys (see Fig. 5.9). However, the coercivity decreases with the increase of 

the Fe content in the Fe-Ni alloy composition. The increased saturation magnetization is due to the 

incorporation of higher magnetic moment Fe atoms [1]. Moreover, there is a possibility of easy 

oxidation for more Fe content in the alloy, which was revealed in the XRD patterns. The maximum 

saturation magnetization and minimum coercivity were found to be 105 emu/g and 57 Oe for the 

composition Fe80Ni20, respectively, as shown in Fig. 5.9. Moreover the Mr/Ms values were found 

in the range of 0.07 to 0.08 indicating an appreciable fraction of superparamagnetic particles [9]. 

The decrease of the Fe content in an iron-based binary or ternary alloy decreases the coercivity 

[3], which is not indicated in Fig 5.8. Furthermore, in the framework of the Stoner–Wohlfarth 
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model [19], in the ideal case of well-separated fine particles, the Mr/Ms ratio is 0.5. Thus, the fact 

that the values of the Mr/Ms ratio of synthesized different Fe-Ni nanoalloy composition are found 

to be lower than 0.5 indicate relatively low interparticle distances between Fe-Ni nanoalloy in all 

compositions. In addition, it is interesting to note that the presently obtained results show a clear 

advance with those already reported in the literature, where they used different methods for 

synthesizing Fe-Ni, as shown in Table 5.1. Thus, such compositional dependent tunable magnetic 

properties of the Fe-Ni alloy can be used for various applications. The potential applications of the 

presently prepared nanoalloy are currently under investigation in various relative fields of 

nanomaterials and nanotechnology. 

             

Figure 5.9: Variation of saturation magnetization and coercivity with Fe in FexNi100-x nanoalloy. 
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Table 5.1: Comparative study of reported magnetic properties of Fe-Ni nanoalloys prepared by using 

different synthesis methods.                 

 

5.4.2 VSM Analysis of FexCo100-x 

The VSM measurements at room temperature for Fe-Co nanoalloy were performed to determine 

the saturation magnetization (Ms) and coercivity (Hc). The measured M–H curves of FexCo100-x 

(x= 20, 60, and 80) in the external magnetic field ranging from -10 to 10 kOe are shown Fig. 5.10. 

From the M-H curve (Mr/Ms values shown in the Table 5.2), it can be understood that, the 

nanoalloy may shows superparamagnetic behavior [9]. By increasing the Fe content in Fe-Co 

alloy, the saturation magnetization increases. However, the coercivity decreases with the increase 

of the Fe content in the Fe-Co alloy composition. The increase in saturation magnetization and 

decrease in coercivity is may be due to the incorporation of higher magnetic moment Fe atoms in 

nanoalloy [19]. The maximum saturation magnetization and the minimum coercivity estimated 

from the M-H curve to be 153 emu/g and 80 Oe, respectively, for the composition of Fe80Co20, as 

shown in Fig. 5.11. Furthermore, according to the Stoner–Wohlfarth model [19], the Mr/Ms ratio 

is 0.5 for the ideal case of well-separated fine particles. 
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         Figure 5.10: Magnetization versus magnetic field curves of FexCo100-x nanoalloy. 

          

Figure 5.11: Variation of saturation magnetization and coercivity with Fe in FexCo100-x 

nanoalloy.        
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    Table 5.2: Different parameters of magnetic properties for FexCo100-x nanoalloy. 

      

Table 5.3: Comparative study of reported magnetic properties of Fe-Co nanoalloys at room 

 temperature prepared by using different synthesis methods.               

         

However, the values of the Mr/Ms ratio for different Fe-Co nanoalloy composition in the present 

are found to be lower than 0.5 which indicate that in all compositions the inter-particle distances 

between Fe-Co nanoalloy relatively low, as shown in Table 5.2. The present obtained results show 

a clear advance than those already reported in the literature, as shown in Table 5.3. Thus, such 

compositional dependent tunable magnetic properties of the Fe-Co alloy can be used for various 

practical applications. 
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5.5 Fe20Ni80-xCox Nanoalloy 

Besides these Fe-Ni and Fe-Co discussed above, Fe-Ni-Co samples were also synthesized using 

the same sonofragmentation technique. Crystallographic, morphological, elemental and magnetic 

studies were completed using the same XRD, SEM, EDS and VSM respectively. 

5.5.1 X-ray Diffraction Analysis of Fe20Ni80-xCox 

The crystallographic structure of the synthesized nanoalloy was determined from powder XRD 

diffraction. Figure 5.12 shows the XRD patterns of Fe20Ni80-xCox, x = 20, 40 and 60. The intensity 

peaks were observed at 44.52°, 51.8°, and 76.2° in the XRD patterns which correspond to the 

crystal planes of (111), (200), and (220) of face-centered cubic (fcc) Fe20Ni80-xCox alloy 

respectively. This result is consistent with the ones reported in previous investigations where 

structural characterizations of Fe-Ni-Co ternary alloys synthesized by different methods i.e. 

hydrogen plasma metal reaction, mechanical alloying were performed [10-14]. However, the XRD 

spectrum of  Co rich Fe20Ni20Co60 shows two additional low intensity peaks (< 5%) at 41.7° and 

47.5° (marked with star) indicating that the obtained alloy cannot be indexed to fcc Fe-Ni-Co alloy. 

These diffraction peaks correspond to hexagonal close-packed (hcp) Co [15-17], as Co is much 

brittle and thus more prone to fragmentation and dispersion than Ni during the alloying process 

[15]. No diffraction patterns of pure metallic Fe, Co, Ni are detected in other (x= 20 and 40) 

samples, indicating the absence of segregated metal nanoparticles in the alloy samples. In addition 

the absence of oxide peaks denoted the purity of the synthesized samples. Using the Scherrer 

equation from the full width at half maximum (FWHM) of the most intense XRD peak (111), the 

size of the Fe20Ni80-xCox nanocrystallite was calculated to be 34 nm, 31nm, 24 nm for x= 20, 40 

and 60 respectively. The lattice constants for Fe–Ni–Co ternary alloys are found to be in the range 
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3.5202–3.5247 Å. It may be interpreted that in synthesized ternary alloy, Fe atoms are embedded 

in the fcc Co–Ni alloy matrix [11]. The lattice constants of the nanoalloys with Co and Ni content 

variation is shown in Table 5.4. 

                               

      Figure 5.12: XRD pattern of Fe20Ni80-xCox (from bottom x= 20, 40, 60) ternary nanoalloy. 

Table 5.4 Composition, FWHM, crystallite size and lattice constant of Fe20Ni80-xCox, x = 20, 40 
and 60.                           
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5.5.2 FE-SEM Analysis of Fe20Ni80-xCox 

The FE-SEM images of the synthesized Fe-Ni-Co nanoalloy are presented in Figure 5.13.  The 

SEM images [see Figure 5.13 (a)–(c)], indicate that all Fe-Ni-Co nanoalloy compositions under 

scrutiny exhibit a wide range of size distribution with spherical shape morphology, and aggregated 

themselves to a cluster of particles. The agglomeration of particles is due to high cold welding rate 

of the Fe-Ni-Co nanoparticles [18]. Figure 5.13 (d) shows the particle size distribution of Figure 

5.13 (a) calculated with Image J. This Figure 5.13 (d) also indicates that most of the particles are 

between 30 nm to 50 nm. 

 

Figure 5.13: FE-SEM images of Fe20Ni80-xCox, (a) x=20, (b) x=40, (c) x=60, (d) Particle size 

distribution in Figure (a). 
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5.5.3 EDS Analysis of Fe20Ni80-xCox 

The EDS analyses were conducted to obtain corresponding elemental composition of the 

nanoalloys. Fig. 5.14 shows a typical EDS spectrum for Fe20Co20Ni60. All Fe, Co and Ni peaks are 

apparent in the spectrum. This result also confirmed the formation of Fe-Ni-Co nanoalloy. The 

occurrence of the O peak may be due to the oxidation of the nanoalloy. However, the XRD data 

do not show any oxidation peaks for the composition of Fe20Co20Ni60 alloy, which indicates that 

there may be very thin or no crystalline oxidation layer on the surface. The EDS mapping analysis 

of the same sample is also shown in Fig. 5.15. It was observed that Fe, Co and Ni alloy particles 

had almost homogenous compositional distribution throughout the mixture.       

 

                                     Figure 5.14: EDS spectra for Fe20Co20Ni60. 
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                                Figure 5.15: The EDS map of the Fe20Co20Ni60 particles. 

5.5.4 VSM Analysis of Fe20Ni80-xCox 

The magnetic properties of the synthesized Fe-Ni-Co ternary nanoalloy were measured using VSM 

to determine their coercivity and saturation magnetization. Figure 5.16 shows the M–H hysteresis 

loops of Fe20Ni80-xCox (x = 20, 40 and 60) carried out at room temperature with an applied magnetic 

field of up to ±10 kOe. The coercive field (Hc) is quantified by Hc = (Hc1-Hc2)/2 where Hc1 and 

Hc2 are the left and right coercive fields, respectively [24, 25]. The values of coercivity (Hc), 

saturation magnetization (Ms) and reduced remanence (Mr/Ms) extracted from figure 5.16 are 

shown in Table 5.5.  
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Figure 5.16: Magnetization versus magnetic field curves of Fe20Ni80-xCox (x = 20, 40 and 60) 

nanoalloy.           

The coercive field changed in the range of 79–115 Oe and saturation magnetizations of samples 

varied in the range of 60–83 emu/g. Both the saturation magnetization and coercivity increase with 

the increase of the Co content, reversely decrease with Ni in the Fe-Ni-Co alloys [shown in Table 

5.5], which is also in agreement with Ref. [20]. The increased saturation magnetization may be 

due to the incorporation of the higher magnetic moment of Co atoms as compared to Ni (atomic 

magnetic moments of Co and Ni are 2.48 μB and 1.26 μB respectively, μB= Bohr Magneton) [19, 

21]. The values of reduced remanence (also called squareness ratio) indicate the 

superparamagnetic behavior of synthesized Fe-Ni-Co ternary alloys [22]. Notably, in the ideal case 

of well-separated fine particles, the Mr/Ms ratio is 0.5 [19]. Thus, the fact that the values of the 

Mr/Ms ratio of synthesized different Fe-Ni-Co nanoalloy composition are found to be lower than 
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0.5 indicates relatively low interparticle distances between Fe-Ni-Co nanoalloy in all 

compositions. The reduced remanence of synthesized Fe-Ni-Co alloys decreases almost linearly 

with increasing Co content [shown in Table 5.5] implying that the addition of Co has a direct 

relation to the softness of the synthesized particles. 

Table 5.5: Composition, coercivity, saturation magnetization and reduced remanence of Fe20Ni80-xCox, x = 

20, 40 and 60.                            

              

A comparative study of previously reported magnetic properties of Fe-Ni-Co nanoalloys prepared 

via different synthesis methods is presented in Table 5.6 which shows that our present work has 

made a clear improvement in different properties of the synthesized materials. For instance, in Ref 

[11] the authors synthesized Fe20Ni60Co20 nanoparticles with a composition similar to the current 

study by sodium borohydride reduction method using many toxic and costly precursors and 

reported the coercivity and saturation magnetization to be 148 Oe and 54.3 emu/g respectively. On 

the contrary, in the present investigation, coercivity and saturation magnetization of the same 

nanocomposite synthesized by sonofragmentation method are reported to be 79 Oe and 60 emu/g. 

Table 5.6 also shows variations in the crystal size and magnetic properties of the nanoalloys with 

changing compositional contents which have been discussed earlier. Such composition dependent 

tunable magnetic properties of the Fe-Ni-Co alloy can be used extensively for various applications. 
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Also, the potential applications of the presently prepared nanoalloys are under investigation in 

different fields of nanomaterials and nanotechnology in recent times. 

Table 5.6: Comparative study of reported magnetic properties of Fe-Ni-Co nanoalloys prepared via 
different synthesis   methods. 
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                                            CHAPTER 6 

                                           CONCLUSION 

6.1 Overview 

Finally, a facile and cost-effective sonofragmentation approach for the synthesis of FeNi and FeCo 

nanoalloys with various compositions of Fe, Ni and Co have been demonstrated successfully. We 

used only the ultrasonic energy for the fragmentation of bigger particles, and no additional 

reducing or reacting agents are used for the synthesis of alloy nanoparticles. The XRD results 

exhibited negligible impurity phases for Fe-Ni and Fe-Ni-Co sample though in Fe-Co iron got 

oxidized a little more than other samples. This limitation can be easily avoided via inclusion of 

better sintering in synthesis method. SEM results showed that the nanoalloy particles are 

aggregated in nature with wide size distribution. Although, further work is required to control 

particle size and shape since it is an initiation of the use of sonofragmentation technique for the 

synthesis of nanoalloy which is cost effective, toxicants free, and environmental friendly. 

Significant modifications in the magnetic properties are obtained by changing the composition of 

both Fe-Ni and Fe-Co nanoalloys. In particular, the saturation magnetization increases with the 

increased Fe content in both Fe-Ni and Fe-Co alloy. Furthermore, a half-time reduced coercivity 

of the reported value is found for Fe80Ni20 composition than other composition of the Fe-Ni alloy. 

The crystal size has been found to be decreasing with increasing Co content along with increasing 

softness in the magnetic nature in cases of Fe-Ni-Co ternary nanoalloys. The synthesized high 

magnetization Fe-Ni and Fe-Co nanoalloy can be used for various potential applications, and also 

this simple technique can be extended to synthesize other nanoalloys. 
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6.2 Limitations 

With several advantages like environment friendliness or inexpensive and short synthesis route, 

sonofragmentation still have some limitations. In this method sizes and shapes of the synthesized 

particles could not be controlled. Moreover the particles were found agglomerated from the SEM 

image and monodispersed particles were not noticed. However furthers modifications are needed 

to this method like changing the grinding or sonication time or inclusion of better calcination or 

sintering technique.   

6.3 Future Work 

 More works can be done to control the shape and size of the synthesized particles, 

particularly by extending and reducing the sonication time. 

 Complex nanostructures of different organic or inorganic compound can be attempted to 

synthesize applying this sonofragmentation technique. 

 In some cases particles especially Fe got oxidized by surrounding. Therefore, more works 

are needed to be done to control this oxidation of the synthesized particles like inclusion 

of higher vacuum or better sintering. 

 Further works can be conducted to achieve mono-dispersed particles. 

 Changes in crystal size, coercivity and saturation magnetization could be further 

investigated with more different compositions of Fe, Ni and Co. 
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Abstract—Ni1−xFex (x = 0.20, 0.40, and 0.80) alloy nanoparticles (NPs) with tunable magnetization were synthesized by
a simple sonofragmentation process, a facile one-step technique to produce NPs directly from bulk powders. The X-ray
diffraction (XRD) patterns show the crystalline structure of the alloy samples, and the sizes of the particles are 35 nm
from the Scherrer equation. Scanning electron microscopy reveals the aggregation or cluster of spherical NPs with wide
size distribution from 20 to 30 nm for all compositions of Ni-Fe nanoalloys. Magnetization versus field curves exhibit
superparamagnetic behavior. The saturation magnetization for the Ni0.80Fe0.20, Ni0.60Fe0.40, and Ni0.20Fe0.80 alloy NPs are
57, 66, and 105 emu g−1, respectively, increasing with Fe content. Such tunability has potential technological applications.

Index Terms—Nanomagnetics, Ni–Fe, nanoparticles, nanoalloy, soft magnetic materials, sonofragmentation, saturation magnetization.

I. INTRODUCTION

The development of innovative devices needs novel, small size,
low cost, and high characteristic functional materials. Hence, finding
new materials of multifunctional properties is always a hot issue to
the materials scientist community. In this context, nanoparticles (NPs)
have great significance toward practical applications. For this, over the
last few decades, the preparation of nanostructures has been attracting
considerable interest [Zhou 2015]. Particularly, magnetic NPs are a
topic of growing attention because of their versatile applications in
magnetic devices, drug delivery, magnetic separation, MRI contrast
enhancement, magnetic fluids, hyperthermia, magnetic sensors, catal-
ysis, microwave absorbers, inductor cores, etc. [Schooneveld 2012,
Moghimi 2013, Shokuhfar 2014, Kandapallil 2015, Sharma 2015,
Zhou 2015, Ishizaki 2016]. In addition, the development of bimetal-
lic NPs (alloy) based on Fe, Co, and Ni has received much recent
attention because of their novel catalytic, magnetic, and optical prop-
erties, which could be considerably different from those of their con-
stituent single metallic materials [Moghimi 2013, Sharma 2015]. Var-
ious properties of alloy can be displayed by changing the composition
of the alloy [Basith 2014, Moghimi 2014, Kozhitov 2015]. Moreover,
Ni-Fe alloy NPs have attracted significant research interest because of
their high magnetic permeability and low hysteresis loss [Ban 2006].
A small variation in the composition of Ni–Fe alloy can cause consid-
erable changes in the magnetic moment and coercivity of the alloy [Wu
2005]. Thus, the controlled composition is a key factor for tuning the
magnetic properties of the alloy particles toward desired applications.

Various synthesis methods including hydrothermal, thermal de-
composition, microemulsion, solution phase reduction of precursor
materials, and wet chemistry have been reported for the synthesis of

Corresponding authors: Brajalal Sinha and Sri Ramulu Torati (e-mail: brajalal@
sh.mist.ac.bd; toratisriramulu@scbt.sastra.edu).
Digital Object Identifier 10.1109/LMAG.2017.2740385

Ni-Fe NPs [Cushing 2004, Wu 2005, Liao 2006, Wei 2006, Chen
2009]. Although all the above-mentioned methods somehow signif-
icantly contribute to synthesize Ni-Fe NPs with various structures,
shape, and properties, the use of either complex solution process or
involvement of toxic surfactants and high cost still remains a chal-
lenge. On the other hand, the sonofragmentation technique is a one-
step synthesis technique to produce NPs directly from bulk powder,
which is simple, low cost, rapid, and environmental friendly [Basith
2014, Basith 2017]. Hence, sonofragmentation technique could be an
alternative cost-effective way to synthesize Ni-Fe nanoalloys.

In this investigation, we have demonstrated a simple cost-effective
and nontoxic sonofragmentation technique to synthesize superpara-
magnetic Ni-Fe alloy NPs. The compositions of the Ni-Fe alloy are
varied by changing the precursor concentration to obtain controlled
magnetic properties. The morphology, structure, elemental compo-
sition, and magnetic properties of the synthesized nanoalloys are
investigated by field emission scanning electron microscopy
(FE-SEM), X-ray diffraction (XRD), energy-dispersive spectroscopy
(EDS), and a vibrating sample magnetometer (VSM), respectively.

II. EXPERIMENTAL DETAILS

A. Materials and Synthesis

The precursor materials of Fe and Ni powder were purchased from
Merck KGaA, Germany. 2-isopropanol of analytical grade was also
purchased from Merck KGaA, Germany, and used without further
purification. Deionized water was used in all the experiments. In a
typical synthesis, Fe and Ni powder in stoichiometric proportion were
weighed and then mixed together to obtain a homogeneous mixture.
After that, the mixture was thoroughly ground by performing manual
grinding for approximately 4 h. The obtained mixture powder was
further mixed with 2-isopropanol with a ratio of 50 mg powder and

1949-307X C© 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 1. XRD spectra of Ni1−xFexnanoalloy.

10 ml isopropanol with a mass percentage of ∼0.5%. Then, the mixture
of isopropanol and powder was put into ultrasonication bath for 30 min.
After 6 h, the precipitant was collected and used for the investigation
of structural and magnetic properties.

B. CHARACTERIZATION TECHNIQUES

The crystal structure of the magnetic nanoalloys was character-
ized using XRD at room temperature (Rigaku Ultimate VII) with
CuKα (1.5418 A

◦
), and the morphological microstructure of the sam-

ples was observed by FE-SEM (S-4800, Hitachi) at an operating
voltage of 3 kV. The EDS coupled with the FE-SEM was used for
the analysis of elemental composition. The operating voltage and
probe current for the measurement EDS system was 15 kV and 1.5 nA.
The magnetic properties were measured using a VSM at room tem-
perature (VSM, Lakeshore7400series) with a sensitivity of 10−6 emu
at an applied field range of 10−10 kOe. The VSM measurement of
the samples was done after complete drying of the samples.

III. RESULTS AND DISCUSSIONS

The crystallinity of the nanoalloy structures was determined using
XRD from 2θ angle values of 20°–80°. Fig. 1 shows the XRD patterns
of the three compositions of Ni-Fe nanoalloys. It can be seen from the
XRD patterns that the peaks at 44.42°, 51.8°, and 76.2° correspond
to the crystal planes of (111), (200), and (220) of face-centered cubic
(fcc)Ni1−x Fex alloy, respectively, which are in good agreement with
already reported literature [Chen 2009, Moghimi 2013, Sharma 2015,
Zhou 2015]. However, the XRD spectrum of Ni0.20Fe0.80 (x = 0.80 in
Fig. 1) shows another additional peak at 35.7° (marked with an aster-
isk) indicating that the obtained alloy cannot be indexed to fcc Ni-Fe
alloy. This diffraction peak corresponds to a spinel oxide ((FeNi)3O4),
which indicates that the formation of an oxide phase resulted in a high
concentration of Fe precursor [Chen 2009]. Generally, Fe-rich NPs
are more easily oxidized, and thus the formation of oxide phase could
be obvious [Chen 2009]. No diffraction patterns of pure metallic Fe
or Ni are detected, indicating the absence of segregated metal NPs in
the alloy samples. The absence of pure Fe or Ni peak in XRD also
indicates no phase separation in the bimetallic alloy [Sharma 2015].
Using the Scherrer equation [Patterson 1939, Hall 2000] from the
full width at half maximum of the most intense XRD peak (111), the

Fig. 2. FE-SEM images of (a) Ni0.80Fe0.20, (b) Ni0.60Fe0.40,
(c) Ni0.20Fe0.80.

Fig. 3. EDS spectra for Ni0.80Fe0.20.

size of the Ni-Fe nanocrystallite was calculated to be 35 nm for all
composition. The size of the Ni-Fe nanocrystallite was found to be
independent of composition, which indicates uniform fragmentation
for a fixed sonication time and power.

The SEM images of the synthesized Ni-Fe nanoalloy are presented
in Fig. 2. From SEM images [see Fig. 2(a)–(c)], it is clear that all
Ni-Fe nanoalloy compositions under scrutiny exhibit a wide range of
size distribution from 20 to 30 nm with rough surface and spherical
shape morphology, and aggregated themselves to a cluster of particles.

The EDS analyses were conducted to obtain corresponding ele-
mental composition of the nanoalloys. Fig. 3 shows a typical EDS
spectrum for Ni0.80Fe0.20. Both Fe and Ni peaks are apparent in the
spectrum. This result also confirmed the formation of Ni-Fe nanoalloy.
As shown in Fig. 3, the presence of silicon peak in the EDS spectrum
may be due to the SiO2 substrate used for the sampling of NPs for EDS
analysis. The occurrence of the O peak may be due to the oxidation
of the nanoalloy. However, the XRD data do not show any oxidation
peaks for the composition of Ni0.80Fe0.20 and Ni0.60Fe0.40 alloy, which
indicates that there may be very thin or no crystalline oxidation layer
on the surface or may be the SiO2 substrate.

The magnetic properties of Ni-Fe nanoalloy were measured using
VSM at room temperature to determine their saturation magnetization
(Ms) and coercivity (Hc). Fig. 4 shows the M–H curves of Ni1−xFex

(x = 0.2, 0.6, and 0.8) measured in external magnetic fields ranging
from −10 to 10 kOe. From the figure, it can be seen that the Ni-Fe
nanoalloys exhibit superparamagnetic behavior. The saturation mag-
netization increases with the increase of the Fe content in the Ni-Fe
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Fig. 4. Magnetization versus magnetic field curves of Ni1−xFex
nanoalloy.

Fig. 5. Variation of saturation magnetization and coercivity with Fe in
Ni1−xFex nanoalloy.

alloys (see Fig. 5). However, the coercivity decreases with the increase
of the Fe content in the Ni-Fe alloy composition. The increased sat-
uration magnetization is due to the incorporation of higher magnetic
moment Fe atoms [Chen 2009]. Moreover, there is a possibility of
easy oxidation for more Fe content in the alloy, which was revealed in
the XRD patterns. The maximum saturation magnetization and coer-
civity were estimated to be 105 emu/g and 57 Oe for the composition
Ni0.20Fe0.80, respectively, as shown in Fig. 3. The decrease of the Fe
content in an iron-based binary or ternary alloy decreases the coerciv-
ity [Sharma 2015], which is not indicated in Fig 5. Furthermore, in the
framework of the Stoner–Wohlfarth model [Stoner 1948], in the ideal
case of well-separated fine particles, the Mr/Ms ratio is 0.5. Thus,
the fact that the values of the Mr/Ms ratio of synthesized different
Ni-Fe nanoalloy composition are found to be lower than 0.5 indicate
relatively low interparticle distances between Ni-Fe nanoalloy in all
compositions. In addition, it is interesting to note that the presently
obtained results show a clear advance with those already reported in
the literature, where they used different methods for synthesizing Ni-
Fe, as shown in Table 1. Thus, such compositional dependent tunable
magnetic properties of the Ni-Fe alloy can be used for various applica-
tions. The potential applications of the presently prepared nanoalloy
are currently under investigation in various relative fields of nanoma-
terials and nanotechnology.

TABLE 1. Comparative study of reported magnetic properties of Ni-Fe
nanoalloys prepared by using different synthesis methods.

Composition Ms (emug) Hc(Oe) Synthesis Method Refs.

Ni-Fe 97 250 Template based
self-assembly

Zhou
2015

69–90 150–100 Non-aqueous
organometallic

route

Chen
2009

85, 40 100, 188 Coelectrodiposition Moghimi
2014

110 100 Hydrazine
reduction

Lu 2007

57–105 73–57 Sonofragmentation Present
work

IV. CONCLUSION

In summary, a facile and cost-effective sonofragmentated approach
for the synthesis of Ni-Fe nanoalloys with various compositions of
Fe and Ni is demonstrated successfully. We used only the ultrasonic
energy for the fragmentation of bigger particles, and no additional
reducing or reacting agents are used for the synthesis of alloy NPs.
SEM results showed that the nanoalloy particles are aggregated in na-
ture with wide size distribution. Although, further work is required to
control particle size and shape, it is an initiation of the use of sonofrag-
mentation technique for the synthesis of nanoalloy which is cost ef-
fective, toxic surfactant free, and environmental friendly. Significant
modifications in the magnetic properties are obtained by changing the
composition of the Ni-Fe nanoalloy. In particular, the saturation mag-
netization increases with the increased Fe content in the Ni–Fe alloy.
Furthermore, a half-time reduced coercivity of the reported value is
found for Fe80Ni20 composition than other composition of the Ni-Fe
alloy. The synthesized high magnetization Ni-Fe nanoalloy can be
used for various potential applications, and also this simple technique
can be extended to synthesize other nanoalloys.
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