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ABSTRACT 

 

The effect of varying iron content on the crystallization behavior, electrical conductivity 

mechanism, and mechanical properties of glass nanocomposite based on the system 

xFe·(1-x)·(0.3V2O5·0.2MoO3·0.4CdO·0.1ZnO) (x = 0.0, 0.05, 0.1, 0.2, 0.3, and 0.4) was 

investigated by differential scanning calorimetry (DSC), Fourier transform infrared 

(FTIR), X-ray diffraction (XRD), and field emission-scanning electron microscopy 

(FESEM). Different crystal phases and average sizes of the developed nanocrystallites in 

the as-prepared samples have been obtained from the XRD diffraction data. FESEM 

micrographs confirm the formation of plate-like and dendrite nano crystallites throughout 

the glass matrix. Energy-dispersive X-ray spectroscopy (EDX) mapping analysis shows 

the weight percentage of each constituent element. The density and molar volume data of 

as prepared samples show the inverse relation due to the formation of non-bridging 

oxygens. The DC activation energy (E)as well as activation energy (EH) for the hopping 

frequency of as-prepared samples gradually decreased with increasing Fe content whereas 

AC and DC conductivity gradually increased. AC conductivity scaling data has explored 

that the common electrical relaxation mechanism is temperature-independent as well as 

composition-dependent. Vickers Microhardness measurement of all samples has been 

performed by using an indentation load (0.049 N to 0.980 N) at room temperature as well 

as different heat treatment conditions. The experimental microhardness results have been 

analyzed using Meyer’s law, the elastic/plastic deformation model, the proportional 

specimen resistance model, the Hays–Kendall approach, and the indentation-induced 

cracking (IIC) model. 
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Chapter-1 

1.1 Background 

Recently, nanoglass semiconductor materials have intrigued researchers' attention 

owing to their outstanding electrical, structural, and optical properties [1-4].  A particular 

interest has been shown in oxide-based glassy systems, coupled with transition metal ions such 

as V, Fe, Mo, and W, doped on them due to their different oxidation states [5-6]. 

Many applications of these transition metal oxides (TMO) glass nanocomposites have 

drawn increased attention, like electro-optical devices, and optical and resistive switching 

devices [7-11]. In addition, due to its high mechanical properties, transparent glass-ceramics 

are greatly accepted materials for the protective cover of the new generation mobile phones 

[12, 13]. Various researchers have taken different compositions of chemical reagents to make 

glass nanocomposite and their properties. Various transition metal oxide (TMO) doped glass 

nanocomposites like CuO [14,15], V2O5 [7, 16], and Fe2O3 [17] are widely studied for the 

electrical conduction mechanism and also polaron hopping frequency. Parmar et al. [18] 

observed that the morphology and the physical properties of the glassy system consist of 

bismuth-silicate with the effects of Fe2O3. The effects of Fe2O3 make a substantial decline in 

density and molar volume. Differential thermal calorimetric (DCS) analysis revealed that the 

glass transitions in an extensive domain of the glass formation zone decrease with an increase 

in Fe2O3. Aquino-Meneses et al. [19] observed that by introducing varying concentrations of 

CdO and V2O5 in the CdO·V2O5 binary system, the conversion of crystalline to amorphous 

phase can be detected. XRD analysis results confirm the presence of the different kinds of 

crystal phases [19]. Desoky [20] studied the physico-mechanical behavior of the V2O5–BaO–

B2O3 glass system and they observed that this glass system is amorphous. Ghosh and Chaudhuri 

[21] reported that the heat-treated V2O5-Bi2O3 glass samples showed an amorphous nature up 

to 200oC. At 255oC heat treatment conditions, a crystalline phase was formed and changed the 

conductivity. Different nanoparticles (ZnO, Ag2Mo2O7, Ag2MoO4, and Ag6Mo10O33) dispersed 

in ZnO·AgNO3·MoO3glass nanocomposites system [22]. The Mo–O octahedral units were 

symmetric stretching, which is confirmed by FTIR spectra. The bond strength of Mo-O became 

feebler due to the enhancement of ZnO content in the composition [22]. The structure of the 

nano glass series of V2O5·SrO·B2O3 elaborated through FTIR spectroscopy [23]. Laila et al. 

[24] studied the density of aV2O5·PbO·ZnOglassy system and its structural compactness. 

Density can be improved in some ways like increasing in total molecular mass and decreasing 
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the molar volume. It has been also observed that the molecular mass gets decreased when V2O5 

is interchanged by ZnO, this in turn decreases the density of the glassy system [24]. Researchers 

[25] studied the bismuth borate glassy system by adding Fe2O3 to it. They found that the 

thermal stability is enhanced but the density and molar volume is reduced. Due to the network-

modifying behavior of V2O5, all glass sample densities were reduced in a linear manner with 

rising V2O5 content. With the inclusion of, V2O5 molar volume of the samples also increased 

in the system, introduced by Sindhu et al. [23]. 

Different researchers have explored the electrical conductivity (both AC and DC) of 

glassy nanocomposites due to their semiconducting behavior as well as technological uses in 

modern civilization [26-30]. AC conductivity measurement has been widely used in [31–35] 

semiconducting nano-glassy composite systems to know the mechanism of conduction 

(electrical). The existence of defect states is also known in their study. The charge transfer 

mechanism of TMO doped glass is a vital part of the temperature dependence of conductivity. 

[2, 36]. The iron phosphate glasses show the semiconductor nature of electronic conductivity 

due to the two different oxidation states of iron [37-38]. Polaron hopping between Fe2+ and 

Fe3+ is primarily accountable for the conductivity in iron-containing glass nanocomposite and 

also conductivity depends on the iron oxide content [39]. The transition metal ions, vanadium, 

and molybdenum have more than one oxidation state respectively V4+, V5+ and Mo+6, Mo+7 in 

vanadate and molybdate glassy system, the electron conduction arises through small-polaron 

hopping (SPH) which is thermally activated between lower to higher oxidation state at higher 

temperature [3, 40-41]. Desoky [20] reported the effect of DC electrical conduction on high 

temperature in the glassy system in terms of SPH theory by Mott’s model. Activation energies 

for DC conductivity are also calculated. Ghosh and Chaudhuri [21] explained the direct current 

conductivity of V2O5-Bi2O3 semiconducting glasses taking 80, 90, and 95 mol% V2O5 in the 

ranges of 80-480 K temperatures. The DC electrical conduction glass nanocomposites in the 

system V2O5⸱B2O3⸱SrO had been explained through the theory of SPH by Mott [6]. A wide 

range of semiconducting nano-glassy composite [31-32] systems have been measured for AC 

conductivity to understand the mechanism of electrical conduction as well as defects. Several 

models are introduced to illuminate the mechanism process of AC conduction, including the 

QMT model [42-43], the NSPT model [43], the OLPT [44], the AH model [43-44], and the 

CBH model [23, 45]. 

Besides physical, structural, and electrical properties, the micromechanical hardness of 

a nano-glassy material has been the subject of scientific investigation in the past several years 
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by several research communities [46-49]. Microhardness properties of a nano glassy material 

can be improved through proper characterization of the micro-structure of nanocomposites [47-

48]. Several researchers have explained the microhardness of nanocomposites to be a crucial 

role in determining the indentation size effect of nanocomposites (ISE) [48-50]. Ozturk et al, 

have shown in their study the Hv increases with ascending applied load. In their system, the 

yield strength, young's modulus, along with fracture toughness have been enhanced by 

increasing the microhardness with Ru doping [51]. Paykani et al. have experimented on the 

micro Vickers indentation effect of heat-treated (Fe0.9·Ni0.1)77Mo5P9·C7.5B1.5, and 

Fe40·Co8·Cr15·Mo13·Y2·C16·B6 bulk metallic glasses system [52]. Tian et al. reported the 

crystallization behavior, structural characteristics, and mechanical properties of 

CaO·Ta2O5·Al2O3 glass-ceramics [53].  

Among several mechanical experiment techniques, indentation hardness tests have 

supplied more reliable information on the material’s mechanical properties for practical 

applications and also for academic research over standard mechanical testing [48-49, 54-55]. 

Microhardness studies in nanocomposite materials have seen limited research in the last few 

years, and are less commonly described in the literature. Nowadays, the mechanical properties 

of nanocomposites are crucial due to their exceptional chemical and physical attributes, making 

them highly useful in real-world scenarios [56]. The reverse indentation size effect (RISE) 

describes how microhardness grows with rising functional load in contrast to the indentation 

size effect (ISE), which still needs to be studied [48-49]. 

Several areas of glass nanocomposites have remained unexplored in the last few years and are 

less commonly described in the literature. 

 What is the combined effect of TMO-based glass nanocomposites on the 

microstructural point of view? 

 Several investigations have been made on the structural and conductivity of the glasses 

containing various kinds of transition metal ions, but few studies are surface out on the 

effect of iron in the transitional metal oxide-based glassy nanocomposite system. 

 How the transition metal ion (Fe) concentration is associated with electrical 

conductivity (AC as well as DC) and how does it change with the change in temperature 

along with composition? 

 What is the role of Fe concentration on the mechanical properties of transitional metal 

oxide-based glass systems and how does it vary with heat treatment temperature? 
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The prime aim of the current investigation is to examine the effect of iron (TMI) in the 

present glass system of V2O5·MoO3·CdO·ZnO. In this glass system, cadmium oxide and 

vanadium oxide played a crucial role as network modifiers and also network formers. In order 

to make a sample appropriate for a broad domain of applications of this glass system, ZnO is 

used as a supplementary network forming/network modification material. It has been studied 

in various compositions and is characterized by various methods like Fourier transform infrared 

spectroscopy (FT-IR), Differential scanning calorimeter (DSC), X-ray diffraction (XRD), Field 

emission-scanning electron microscopy (FE-SEM), and Vicker’s hardness (Hv) measurement. 

1.2 Objectives 

Based on the existing literature survey on the present research topic, and after a 

thorough analysis of the gaps present in this domain of research, the following objectives have 

been identified as the topics of investigation for the present dissertation: 

1. To develop a novel glassy nanocomposite system based on transition metal oxides (V2O5, 

MoO3, CdO, and ZnO) with Fe ion doping by applying the melt quenching method.  

2. To investigate the density and molar volume measurement of the present glass 

nanocomposite system. 

3. To characterize by various techniques i.e. X-ray diffraction (XRD), Fourier transform 

infrared spectroscopy (FT-IR), Differential scanning calorimeter (DSC), and field 

emission-scanning electron microscopy (FE-SEM).  

4. To investigate electrical properties of prepared glass nanocomposite by examining the 

AC and DC electrical conduction measured by LCR meter and also calculate various 

activation energies of the prepared samples to reveal the electrical conduction 

mechanism. 

5. To explore the consequences of iron imposed on microhardness nature of this new glassy 

system at as-prepared conditions along with different heat treatment durations.  

6. The experimental Vickers micro-hardness values are to be enumerated and analysed by 

utilising several models to describe the usual indentation size effect (ISE) and unusual 

reverse indentation size effect (RISE) in crystalline solids at as-prepared conditions along 

with different heat treatment durations.  
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1.3 Thesis Layout 

This thesis incorporates nine chapters and references. Chapter 1 involves a general 

scenario and inspirations to choose this area to pursue the present work. The objectives and 

layout of the present thesis are also discussed. Chapter 2 presents an introduction to the glass, 

glass nanocomposites. This chapter also concentrates on the explanation of various routes for 

the synthesis of glass and glass-nanocomposite. Different existing literature related to the field 

of glass-nanocomposites, V2O5⋅MoO3⋅CdO⋅ZnO based glass-nanocomposites composites, 

iron-doped glass nanocomposites with a discussion of the synthesis process, structural analysis, 

electrical as well as mechanical behavior has been discussed. Chapter 3 focuses on the 

experimental procedure of the present study in detail, including the raw materials, method of 

sample preparation, and characterization techniques. Microstructural, physical, electrical, and 

mechanical properties are discussed in detail in characterization techniques. Results and 

discussion of the present thesis are presented in Chapter 4. Chapter 4 is divided into three 

sections such as 4.1 microstructural evaluation, 4.2 electrical properties 4.3, and mechanical 

properties of Fe·V2O5·MoO3·CdO·ZnO Glass Nanocomposite System. Section 4.1 

incorporates the effects of density and molar volume on the Fe-doped V2O5·MoO3·CdO·ZnO 

based glassy system. Structural characterization techniques like FTIR, XRD, and FESEM have 

been discussed in detail.  Differential scanning calorimetry (DSC) analysis of the developed 

Fe·V2O5·MoO3·CdO·ZnO glass system is also mentioned in this section. Section 4.2 has 

elaborated on the electrical conduction mechanism (Both AC and DC conductivity) of the 

existing system.  Almond West formalism and AC conductivity scaling studies have been also 

reported in section 4.2 for analyzing the AC conductivity. In section 4.3 of chapter 4, the 

mechanical properties of the present glass system have been discussed. Microhardness analysis 

of the system at as prepared as well as various heat treatment conditions also discussed in this 

section. The influences of Fe concentration on mechanical properties like young’s modulus, 

shear modulus, and yield strength are also presented in this section. We have studied the ISE 

and RISE behavior of the present glass system by applying a variety of theoretical models of 

microhardness prepared as well as handled under different heat treatment conditions. Chapter 

5 furnishes the major conclusions collected from the present investigation. Scope for the future 

studies of the developed glass nano-composites has been also discussed at the end of this 

chapter. 
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Chapter-2 

2.1 Introduction 

This chapter illustrates various aspects such as the theoretical background of glass, 

glass-nanocomposites, and applications of the glass-nanocomposites materials. Different nano-

glassy systems with various compositions will be elaborated. The chapter also concentrates on 

the effect of various chemical reagents (V2O5, MoO3, CdO, and ZnO) on the glassy 

nanocomposite system. Past research of transition metal ions doped or based glassy systems 

will be added.  Past research based on microstructural analysis, and electrical and mechanical 

properties of glass-nanocomposite will be discussed. An overview of Fe-based glass 

nanocomposites related to existing research will also be presented. 

2.2 Glass 

“GLASS” forms as a vertebra along with many other materials in the path of the 

advancement of human civilization. It has numerous uses from the mirror proceeding towards 

window glass and then finding its use in advanced solid electrolytes. 

GLASS resembles a cooled liquid and has similar mechanical properties as that of a 

solid [57-58]. Generally, the glass is prepared through quenching method and this melting is 

done of its components elements [59-63]. The term glassy refers to amorphous solids that show 

Tg (glass transition temperature). In the method of melt quenching, the cooling process should 

be fast enough so that the disordered liquid atoms get frozen, and thus not allowing them to be 

crystallized at the glass transition temperature. Glass forming ability is defined as the addition 

of a material to be in glass form on quenching. 

Glass also shows low tensile strength, less hardness, etc which restricts its usage. The 

drawbacks of glass are overcome by the amalgamation process where metal nanoparticles are 

used in its matrix giving rise to nanocomposite materials [64-65]. The formed nanocomposite 

materials account for unique properties like electrical, optical, thermal, and mechanical, and 

find their application in nanotechnology [66-71]. For a specific application, the desired specific 

properties of the nanocomposites rely on the shape, amount, and the size of the nanoparticles 

which is incorporated [72-73]. 

2.3 Glass-Nanocomposites 

In a hybrid material, there are usually two or more phases, each of which has a certain 

proportion. Two types of phases can be distinguished based on their structure: matrix and 
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reinforcement. The phase covering more extent and is continuous is termed a “Matrix” and that 

covering a small extent and is discrete or dispersed is termed “Reinforcement”. The 

components of the phases are segregated by a proper interface. The stresses are transferred to 

the other phases by the matrix. It also protects the environment. The dispersed phase helps in 

the enhancement of the matrix properties. In addition to having unique physical and chemical 

behavior, the phases work together to produce results that differ from the component phases. 

Further, the composites can be categorized into two types that are type A and type B. Type A 

is differentiated on the type of matrix, and type B is differentiated by the type of reinforcement 

geometry [74]. 

A nanocomposite material has at least one dispersed phase in the range of 1 to 100 nm. 

By unifying or generating NC (nanocomposite) in situ, companies can transform composite 

materials into NC ranging in size from 1 to 100 nm. That’s why NC may be divided into PMNC, 

CMNC, MMNC, PNC, FNC, and LNC. There is no change in the crystalline or amorphous 

state of the dispersed nanophase. The nanophase interacts heavily at the interface, whereas 

conventional composites do not exhibit this phenomenon [74].  

GNC is the special quality of nanocomposite. GNC is defined as a hybrid one as two or 

more phases where the material is composed of glass. It resembles PMNC, CMNC, or MMNC. 

There is a greater reliance on the glass matrix characteristic of GNC in terms of its properties 

[74]. For the ease of perception of the mechanical, and electrical properties and the 

microstructural analysis the following aspects need to be identified. 

(a) Generally, XRD, FTIR, and FESEM tests are used for microstructural analysis of glass 

nanocomposites.  

(b) Micro-hardness measurement is very important for mechanical properties.  

(c) Electrical properties such as electrical conduction mechanism, AC and DC conductivity, 

etc.  

2.4 Different Routes for Synthesis of glass and glass-nanocomposite 

Traditional glasses are generally in the inorganic and non-metallic category but in 

recent days organic glasses play the front role and these types of glasses require various 

techniques of preparation. Metallic glasses have also played roles in recent days and evolved 

as days passed. In contrast to the amorphous phase, the crystal form is more stable 

thermodynamically, which indicates the amorphous phase has more free energy. As such, the 

production of amorphous materials can be viewed as an addition to the crystalline polymorph 
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with surplus free energy. Additionally, there are other methods of preparing glass, such as 

physical vapor deposition, thermal evaporation, sputtering, glow discharges, chemical vapor 

deposition, sol-gel methods, etc [75-79]. 

2.4.1 Melt quenching Route 

The molten mass is cooled to discontinue the growth of the crystal. Various methods 

are present for the making of glassy materials utilizing this technique. Five methods out of all 

are generally used for the preparation of non-crystalline materials on commercial or academic 

grounds. For the preparation of glassy solids, quenching rates play an important role [75]. 

Mainly oxide glasses are produced with the help of this process. Most of the materials 

require rapid quenching so that it converts into glass. For glassy phase formation, the rate of 

cooling is not the same it varies from material to material. Chemical reagents in a certain ratio 

are properly mixed, melted and then it is quenched at ambient temperature quickly. To prevent 

crystallization, the melting rate must be maintained fast enough to avoid crystallization [76]. 

2.4.2 Gel Desiccation 

In this technique, amorphous materials are produced by a sol-gel process. This 

technique is utilized for those systems that face difficulty in transforming into glass by the melt 

quenching method [77]. It is also very useful to those systems that produce melts in the form 

of viscosity that is near the melting point or has a high melting point. The first component used 

in the formation of amorphous material is aqueous solution or organic materials. In both 

methods, the volatile components from the multi-component “gel” (being noncrystalline and 

homogeneous) are eliminated through heating. In this process, fundamental densification takes 

place, culminating in the formation of an amorphous solid by sintering or fusing. 

2.4.3 Thermal Evaporation 

For generating thin films, the thermal evaporation method is widely used [78]. 

Materials in grains or powder form are vaporized in a high vacuum environment. At a lesser 

temperature, a substrate is kept at an appropriate distance. In this method electron beam is used 

to heat the evaporating material or it is heated resistively. The motility of the atom attending 

the surface is congealed because of the lesser temperature of the substrate which leads to the 

creation of thin film. Thermal evaporation produces thin films of amorphous semiconductors. 
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With the help of this technique, thin uniform glass layers are formed and the desired thickness 

of the layers can be achieved. There are some disadvantages of this method is also present and 

among them, the important one is the individual constituent shows differential evaporation. 

Components having a lesser melting point or higher vapor pressure evaporate and create 

compositional homogeneity in the film by evacuating the source. The application of this kind 

of glass is to make smart windows, display devices, etc [79]. 

2.4.4 Sputtering 

In this process, energetic ions are bombarded from a less-pressure plasma. This results 

in material erosion. The erosion takes place either atom by atom or by forming a cluster which 

is subsequently deposited as a film on the glass. This approach is typically regarded as 

preferable to evaporation for preparing multi-component systems. In various components, the 

sputtering rates do not vary to a great extent. Thus, the stoichiometry of the initial material of 

the sputtered films is retained. Other gases than argon can be used in sputtering, causing 

chemical reactions with the target, and originate in "reactive sputtering". This results in an 

increased rate of sputtering and selected additives are incorporated into the film [80-81]. 

2.4.5 Other Techniques 

Various methods are available for the preparation of amorphous materials such as 

"Chemical Route", “Glow-discharge decomposition”, “chemical vapor deposition”, 

electrolytic deposition, irradiation, shockwave transformation, etc. In "Chemical Route" 

appropriate precursor chemicals are used and it is heat treatment is performed under various 

ambient conditions [82]. Huber et al. [82] utilized a pressure injection technique for the 

production of arrays of nanowires of metals such as ln, Sn, and Al as well as semiconductors 

such as Se, Te, Ga, Sb, and Bi2Te3 in the anodic alumina membranes that is in the 

channel.“Glow-discharge decomposition” technique just as sputtering depends on the 

preparation of plasma in an atmosphere of low pressure.  

Chemical vapor deposition is a superior technique for making an amorphous system. 

The substrate is heated by an applied radio frequency field in this method, which relies on 

thermal energy for the decomposition process. Generally, a temperature of about 1000K is 

mostly utilized. 
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2.5 Glass-Nanocomposites: Overview 

The appropriate composition of chemical reagent-grade ingredients of a glass 

nanocomposite is the crucial part, which directly affects its thermal, optical, mechanical, and 

electrical properties. Various researchers have taken different compositions of chemical 

reagents to make glass nanocomposite and their properties.  

Ojha et al [83] studied the electrical (AC and DC conductivity) properties of Cu·S·Te 

glass nanocomposite system. Where Cu content varied from 0 to 0.3 in the composition of the 

ternary system. DC conductivity analysis was illustrated in both low temperature and high 

temperature applying Mott’s, and Greaves's models respectively. Frequency, as well as 

temperature-dependent AC conductivity data, were also explained through CBH and NSPT 

models.  

Hassanien and Akl [84] prepared the Cd·S·Se based non-crystalline bulk glasses 

through mechanical milling technique, where Se content was varied. On increasing the Se 

content, properties like volumetric mass density, molar mass, molar volume, field strength, 

excess volume, field strength, atomic density, and compactness values were also increased. 

Bo et al. [85] investigated the low softening point-based Li2O‐Al2O3‐SiO2 glass-

ceramic system, that could be sintered below 9000C. Results showed that the incorporation of 

CaO enhances the densification, microstructure, and properties of the system [85].  Arvind et 

al. [86] showed the properties including thermal as well as mechanical of Li2O‐SiO2‐Al2O3‐

K2O‐B2O3‐P2O5 glass-composites, which were developed by melt quenching methods. It was 

found that 3 h dwell time at 8000C, the sample achieved good crystallinity. The properties such 

as optical, thermal, structural properties as well as mechanical properties of 

Li2O⸱Na2O⸱K2O⸱ZnO⸱B2O3 and its effect on the system has been shown by Subhashini et al. 

[87]. An increase in Fe³⁺ content was observed to produce a small molar volume expansion, 

resulting in a rise in the number of ions available per unit volume, finally leading to the 

expansion of molar volume [87]. A slight increase in oxygen packing density (OPD) was 

observed with increasing Fe₂O₃ content, showing more compact packing of the oxide network. 

[87]. Mhareb et al developed Li2O·B2O3·MgO·Nd2O3 based glass systems by the melt 

quenching method. The glass system was showed an amorphous nature and confirmed by XRD 

analysis. Density, molar volume, refractive index, and ion concentration were reported to 

strongly depend on the concentration of Nd3+ [88].  
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2.6 Influence of V2O5, MoO3, CdO, and ZnO on Glass Properties 

Various researchers discussed the different compositions of V2O5, MoO3, CdO, and 

ZnO chemical reagents to make glass nanocomposite system and their properties. Here, in this 

section effect of these chemical reagents on glass nanocomposites is also reported. V2O5 is a 

material that acts as a semiconductor. The compound having it as a base shows certain 

characteristics such as high electrical conductivity, thermal stability, etc. As compared to other 

transition-metal oxide glasses, it has a high glass formation range. There are several uses for 

this type of device, including optical switching devices, memory switching, and electrical 

thresholds [32]. There are many studies in which the colloquial structure of V2O5 glass was 

used. In this study, as colloquial structural units, the complicated structure of VO4, VO5, and 

VO6 polyhedral were previously recommended [89-91]. 

The transition metal ions, vanadium, and molybdenum have more than one oxidation 

state respectively V4+, V5+ and Mo+6, Mo+7 in vanadate and molybdate glassy system, the 

electron conduction arises through thermally activated small-polaron hopping (SPH) between 

lower to higher oxidation state at higher temperature [40-41]. The incorporation of ZnO leads 

to improved chemical durability and also decreases the glass transition temperature [92]. The 

Cd2+ presence in the glassy system indicates the alteration of the physical and structural 

properties, resulting in the development of magnificent optical materials for various 

technological gadgets [93]. Report [94] exhibits that the activation energy as well as 

conductivity of the glasses that contain oxide that forms glass, MoO3 is highly affected by 

modifier oxide. 

The characteristics of network formers and network modifiers were reported to 

influence the structure of the vandate glassy system [95]. ZnO is the most important well-

known semiconductor material and also acts as a piezoelectric material. ZnO semiconductor 

materials may be synthesized by doping other elements to increase the band gap or defect 

structure [97]. 

CdO is one of the useful semiconductor metal oxides. Various applications of CdOis 

are found in numerous scientific as well as industrial fields. The most recognizable properties 

after its kind are catalytic, electrical, and optical [98]. The nanocrystal of CdO is produced with 

the help of a single source precursor method. This is done at mild reaction conditions. Further, 

it is performed by a solvothermal route between CdO and element iodine. The nanocrystal of 
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CdO was characterized with the aid of XRD, FTIR, UV-vis, and cyclic voltammogram (CV) 

[98]. 

2.7 Review of V2O5⋅MoO3⋅CdO⋅ZnO based Glass-Nanocomposites 

Here, in this section past research of V2O5⋅MoO3⋅CdO⋅ZnO-based glass-

nanocomposites have been discussed. In his study [20], Desoky studied glass nanocomposites 

in the system 60 V2O5⸱(40 - x)B2O3⸱xBaO with values of x are 15, 20, 25, 30, and 40 mol%. 

This study leads to conclusions about their physical properties and the role of transport (density, 

hopping distance of hopping, radius of polaron, and DC activation energy). Sindhu et al. [23] 

prepared the glass nanocomposite systems V2O5·SrO·B2O3 and V2O5·B2O3·SrO by melt 

quenching method where x ranging from 0 to 20 mol%. They discussed the said glassy system's 

physical, morphology, optical, and electrical properties. Das et al. [99] reported the 

morphology, optical, and electrical properties of some V2O5·Nd2O3 semiconducting glass 

nanocomposites. Crystallite sizes and nano phases in the glassy system were verified by XRD 

and TEM analysis. Structural changes in part, relaxation in conductivity, and level of ionic 

conductivity of ZnO·AgNO3· MoO3 glass nanocomposites system were investigated by Kundu 

et al [22]. Bhattacharya et al. [100] investigated the temperature and frequency-dependent 

conductivity of a TMO-based V2O5-MoO3–0.95ZnO semiconducting nano-glassy system. 

They interpreted the results of DC conductivity, as well as the AC conductivity of the samples. 

Applying the slow cooling method, Biswas et al [101] synthesized the MoO3·SeO2·ZnO-based 

bulk nano glassy composite materials. Physical as well as microstructural properties of as-

prepared nano-glassy samples were measured with varying MoO3 content (0.05 -0.3) in the 

system. Using XRD, FTIR, and UV–Vis spectra exploration, the structural part of these 

samples was characterized. Electrical conduction mechanisms (Both DC and AC conductivity) 

of the system were also investigated.   

2.8 Iron-Doped Glass Systems: Insights and Challenges 

Transition metal ions (TMI) like iron, vanadium, and tungsten-doped glass 

nanocomposites have shown especially interest due to electrical conduction [20, 28-29, 94, 

102-103]. TMI-doped glass nanocomposites have shown semiconducting behaviour because 

they contain more than one valence state [104-105]. According to the report of various 

researchers [9-21], from low to high valence the hopping of electrons occurs due to the 

transition of Fe2+and Fe3+conduction. The phenomena of this transfer of charge in such glasses 

are traditionally called ‘‘small polaron hopping’’ (SPH) [106, 21]. The electrical conductivity 
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of nano glasses was reported to strongly depend on the distance between the iron ions [104-

105, 107]. Various researchers have reported the effect of the iron doped in the nano glassy 

composites. R. Mohammadigharehbagh et al. [108] deposited the nano-crystal thin films of Fe-

doped ZnO which on the Si and glass surfaces, using a thermionic vacuum arc (TVA). They 

examined the structural, optical, and electrical behaviours of this nano-crystal thin film. 

Different nanocrystallites were found in the film surface, which was reflected in the FESEM 

and analysis and they also reported the band gap was 3.15 eV. 

Neupane et al [109] prepared the Fe-doped ZnO nanocrystal layers, where Fe varied 

from 0 to 20% applying a microwave technique. The layers were coated on Si solar cells using 

the spin coater. The results also showed that the Si solar cells have been improved for 

commercial applications in terms of their performance and quantum efficiency [5]. In Fe-doped 

ZnO coatings with a 15% Fe content, the crystallite size decreased and the coating became 

amorphous [109].  

Sahai et al. [110] investigated the morphology, optical, and also vibrational properties 

of nanostructures of iron-doped ZnO. Due to the concentration dopant, prepared iron-doped 

nanostructures exhibited various morphologies such as nano particles, nanorods, nanocones, 

and nanoflakes. Somacescu et al. [111] reported the iron-doped ZnO·TiO2 thin films, which 

were applied in the field of the gas sensor. The iron-doped ZnO·TiO2 material was prepared by 

hydrothermal route.ZnO·TiO2 revealed a wurtzite-like structure. 25 nm average pore diameter 

was found in the nanomaterials. Xu et al [112] reported the switching phenomena of iron-doped 

ZnO thin films were enhanced. Fe-doped ZnO (Fe-ZnO) absorption was found to enhance the 

photocatalytic activity [113]. Fe3+ has been applied as a dopant material, to enhance the optical 

properties of ZnO as a semiconductor material, which was shown by Karmakar et al [114]. 

Inamdar et al. doped Fe in ZnO semiconductor. It is seen in their investigation that in the crystal 

networks, Fe3+ alters the Zn2+ state. These intern effects involve optical along with electrical 

characteristics of thin film which is deposited [115].  

Studies have also shown that variation seen in the properties especially electrical of 

Bi2O3·Fe2O3·P2O5 glasses is independent of the presence of Bi2O3. The chief conduction is due 

to minute polaron that is hopping within the sites of Fe2+ and Fe3+. Henceforth, the 

concentration of polaron dedicatedly keeps a check on the electrical conductivity in the glass 

of this type which in turn relies on the content of Fe2O3 and the ratio of Fe(II)/Fetot [116]. 
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2.9 Recent Studies Techniques to Analyse Microstructure of glass-nanocomposite 

Researchers reported the microstructural effect of nanoglass composite materials. The 

microstructure of glass-nanocomposite has been investigated through XRD, FTIR, and also 

FESEM analysis. Parmar et al. [18] observed that the microstructure as well as the physical 

properties of the glass system consists of bismuth-silicate with the effects of Fe2O3. The role 

of Fe2O3 make a significant decline in density and molar volume. DCS analysis unfolded the 

fact that with the Fe2O3 content, the glass transition decreases in a broad domain of the glass 

formation zone. This is required essentially for the alteration of the microstructure as well as 

the other physical properties. 

Aquino-Meneses et al. [19] observed that by introducing varying concentrations of CdO 

and V2O5 in the CdO·V2O5 binary system, the conversion of crystalline to amorphous phase 

can be detected. Experimental studies make a view that the phases change with the varying 

concentrations of V2O5 and CdO. It is observed that the amorphous phase is due to the higher 

amount of molar concentration of CdO whereas higher gratitude molar concentration of V2O5 

led to crystalline phase formation. XRD and Raman methods of spectroscopy reveal this kind 

of various phases in such glassy composites [19]. 

Desoky [20] reported and confirmed that the V2O5·BaO·B2O3 glass system showed 

amorphous in nature and was checked by XRD patterns. Ghosh and Chaudhuri [21] reported 

that the annealed V2O5·Bi2O3 glass samples showed an amorphous nature up to 200oC. 

Different nanoparticles (ZnO, Ag2Mo2O7, Ag2MoO4, and Ag6Mo10O33) dispersed in 

ZnO·AgNO3·MoO3glass nanocomposites system [22]. The Mo–O octahedral units were 

symmetric stretching, which is confirmed by FTIR spectra. The bond strength of Mo-O became 

feebler due to the increment of ZnO content in the composition [22]. The structure of the nano 

glass series of V2O5·SrO·B2O3 elaborated through FTIR spectroscopy. Here, three groups of 

combinations are analysed. 1200–1600 cm−1, 800-1200 cm−1, and 700 cm−1 peaks were 

observed on account of the existence of the B-O-B band [23]. 

The result of FTIR analysis revealed that the wide peak close to 440–460 cm−1 peak 

found due to a distinct Zn-O stretching bond. At 865 cm−1 peak, bridging bonds Mo–O–Mo 

vibration were noticed. The stretching-type vibrations of MoO6 octahedral groups were also 

observed at close to 912–917 cm−1 absorption peaks [101]. 
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Machida and Eckert [117] explained the system AgI·Ag2O·MoO3, where the local 

structure of species of molybdenum was demonstrated. It was detected that in the glass 

containing an equal proportion of Ag2O and MoO3, molybdenum was found to form tetrahedral 

monomeric ortho-molybdate ions, MoO4
2-. As a result of the NMR and vibrational 

spectroscopy tests, the MoO4 tetrahedra and MoO6 octahedra in this unit had the same structure 

as the chain ions found in crystalline Na2Mo2O7. 

2.10 Recent Studies on Electrical Properties of glass-nanocomposite 

Various TMO-doped glass nanocomposites like CuO [14-15], V2O5 [7, 16], and Fe2O3 

[13] are widely studied for the electrical conduction mechanism and also polaron hopping 

frequency. 

A. Ghosh [17] investigated electrical conduction in bismuth-containing glasses. 

Electrical conduction in such nanocomposite glasses was reported to be due to the small 

polarons hopping between the TM ions. 

Kuwata et al. [118] investigated the molybdate glasses with doped AgI where the 

progressive activation energy change is noticed and this would be ascribed to the transition 

between order and disorder in the crystal of α-AgI. The occurrence of ionic conductivity is 

because of the mobile ions and the motion can be described as cooperative liquid-like. The 

non-Arrhenius behavior is due to the network-like structure of glass in AgI·Ag2O·MoO3 

glasses which is rapidly quenched.  

Polaron hopping between two different oxidation states of iron i. e. Fe2+ and Fe3+ are 

primarily accountable for the conductivity in iron-containing glass nanocomposite and also 

conductivity depends on the iron oxide content [39].  In the polaron model, a conduction 

electron confined at one state in the system leads to the lattice alteration and it also stabilizes 

the localized electron [2, 36, 39]. The electron transitions from one state to another state 

through a hoping mechanism due to the thermal motion. A small polaron formed which 

indicates the presence of strong electron-phonon interaction [39]. 

Phosphate glasses with binary iron show a polaronic conduction mechanism and they 

are electronically conducting glasses [1, 2, 102]. The two valence states of iron were seen in 

this type of glass. Here the conduction (electrical) takes place with the aid of polaron hopping 

in the order of Fe (II) and then Fe (III). Small polarons are defects of the network of glass 

structurally because of the electron that messes with its surroundings and causes the movement 
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of its neighboring atoms that are in equilibrium states in the process of hopping. Therefore, 

charge carriers are small polarons.  These are entrapped due to self-induced lattice distortions 

which transit is mainly of hopping that is phonon-aided [1, 2, 102].  

In Bi2O3· Fe2O3· P2O5 glasses where Bi2O3 proportion tends to increase from 0 to 18.9 

mol%, it is seen the dc conductivity increases at first and then shows a decreased order and the 

activation energy also decreases. The above whole phenomenon has a relation with a deduction 

of Fe2O3 concentration that is from 39.4 to 23.5 mol%. The nature or performance of this kind 

of conductivity strongly implies that it is determined by the concentration of Fe2O3 [116]. 

Desoky [20] reported the effect of DC electrical conduction on high temperature in the 

V2O5⸱B2O3⸱BaO glassy system in terms of SPH theory by Mott’s model. Activation energies 

for DC conductivity are also calculated. The hopping distance has been evaluated, which is 

estimated as 3.479–3.831 Å. With the increasing BaO content, decreasing hopping distance in 

the glass system. 

Ghosh et al. [21] explained the dc conductivity of V2O5·Bi2O3semiconducting glasses 

taking 80, 90, and 95 mol% V2O5 in the temperature ranges from 80 to 480 K.  Results showed 

dc conductivity of V2O5-Bi2O3 glass samples is maximum from V2O5·TeO2 and V2O5 · P2O5 

glass nanocomposites. The nature of hopping is also estimated through polaronic conduction.  

In the V2O5·SrO·B2O3 glass system, DC conductivity showed in increasing order, and 

activation energy showed in decreasing order with the incorporation of V2O5. The nature of the 

electrical conduction process of all series of V2O5·SrO·B2O3glass systems changed from ionic 

to polaronic. This is due to changes in materials' conductivity as well as activation energy [23].  

A wide range of semiconducting nano-glassy composite [31-35] systems have been 

measured for AC conductivity to understand the mechanism of electrical conduction as well as 

defects. Several models were proposed to illuminate the AC conduction mechanism, including 

the QMT [42, 43], NSPT [43], OLPT [22], AH [43, 44], and the CBH model [45]. 

In the V2O5·MoO3·0.95ZnO glass nanocomposites system, the free energy of polaron 

transition and AC activation energy were estimated [100]. The activation energy for the 

hopping frequency of the glassy system was also reckoned. DC conductivity of the glass 

samples showed a non-linear thermally activated nature, which was verified by the Vogel-

Tammann-Fulcher model [100]. In the said system, the result of conductivity data showed that 

the NSPT model was best suited, when V2O5 content varied from 0.3 to 0.7. In contrast, to 

https://www.google.co.in/search?sca_esv=52b6d338ebf5aab8&cs=0&sxsrf=ADLYWIKNhiMs47AEdWWMoINEIMBI31RMtQ:1729683511870&q=in+contrast&stick=H4sIAAAAAAAAAOMwVGI0_sUo7F-SkVqkkJGYl6JQXJmXn1eZW_yLiSPe1S_EMyQyfgML4ysWfiFex5yS1KK8xJLMstScylcsgkL8_nkKQJ0Kyfl5JUWJRUAxTiF2j_zy1LLUolcsvELcnnlQueKSVyw8QlzO-XlAqWKwdj4hHj-QQqABOanFxa9YOITYghJBDnnFwi7E6piemJkHtsSxRCExLx_swpLM3NRXLNxCnGAHl2cWA3msQsyRqSVg8xxTUjJLMvPzEnNAFgDtc8zJz0tXKM8syXjFIiQkAHVuWk5mgUJxZkrqIlbuTIQLb7FJMnQ_7TFu2dlVvtMhsGpR59XJIZFH59dN1zw3iQNbGAEAmLa_9z8BAAA&sa=X&ved=2ahUKEwiQ67CataSJAxXzzjgGHZnnOAAQ7fAIegQIABBQ
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define the AC conduction mechanism, the linked with CBH model was found most appropriate 

model for 0.9 and 0.93 V2O5 content glass samples [100].  

2.11 Recent Studies on Mechanical Properties of glass-nanocomposite 

Nowadays, the mechanical behavior of nanocomposites is crucial due to their 

exceptional chemical and physical attributes, making them highly useful in realistic scenarios 

[56]. Glasses and glass nanocomposite materials have shown more attention in research owing 

to their exceptional application in the field of solid-state ionic devices like electrochemical 

capacitors, gas sensors, fuel cells, analog devices, electrochromic displays, etc [119- 121]. In 

addition, due to its high mechanical properties, transparent glass-ceramics are greatly accepted 

materials for the protective cover of the new generation mobile phones [12-13]. A considerable 

number of studies have shown that mechanical properties are significantly influenced by 

factors such as composition, crystallinity, additives, residual stress, nucleating agents, crystal 

size, morphologies, and also durations of heat treatment [122–132].  

2.11.1 Density and Molar Volume 

Laila et al. [24] studied the density of a glassy system and its structural compactness. 

Density can be improved in some ways like increasing in total molecular mass and decreasing 

the molar volume. It has been also observed that the molecular mass gets decreased when V2O5 

is interchanged by ZnO, this in turn decreases the density of the glassy system [24]. In the zinc 

vandate glassy system, the tunnelling was studied and there it was found that these compounds 

as such are lacking the conventional servitude of temperature and frequency [24]. Researchers 

[25] studied the bismuth borate glassy system by adding Fe2O3 to it. They found that the 

thermal stability is enhanced but the density and molar volume is reduced. Due to the network-

modifying behavior of V2O5, the density of all the glass reduced linearly with increasing V2O5 

content. With the inclusion of, V2O5 molar volume of the samples also increased in the systems 

V2O5·SrO·B2O3 and V2O5·B2O3·SrO introduced by Sindhu et al [23]. 

2.11.2 Hardness Measurement 

Hardness is a parameter that identifies the mechanical properties of a surface region of 

a solid [133]. The term "hardness" refers to a material's capacity to tolerate both permanent and 

plastic deformation during an indentation test. Hardness (Hv) is formulated in the term of a 

F/A ratio where F is represented as the applied load on the glass surface and A area of the 

surface expressed in micrometers square. A is the true area that is in the connection between 
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the pyramid and the material calculated at the height indentation load [134-137]. The surface 

area (A) can be determined by the subsequent formula: 

𝐴 =
𝑑2

2sin⁡(
136°

2
)
 (2.1) 

𝐴 ≈
𝑑2

1854.4
                                                        (2.2) 

During the past years, several research communities have been involved in scientific research 

on the micro-mechanical hardness of a nano-glassy material [46-47]. The parameters of 

microhardness measurement give valuable information about the composition of the materials. 

Apart from this, microhardness study also helps to measure the material’s yield strength, 

young's modulus, and fracture toughness. There are various techniques like Brinell, Rockwell, 

Knoop, and Vickers microhardness to carry out the microhardness measurements. Several 

researchers claim that the Vickers microhardness method is the most practical way to assess 

microhardness [134, 138-141]. 

2.11.3 Vickers Micro-hardness 

The Vickers microhardness of a nanoglassy material can be enhanced by accurately 

characterizing the microstructure of nanocomposites [47-48]. In Vicker’s hardness (Hv) test, 

an indenter which is made up of diamond and generally resembles a pyramid having a square 

base is used for penetration against the specimen by using a specified force P. The apex angle 

(θ) of the indenter pyramid is 136º.   

The value of 𝐻𝑉 ⁡Can be calculated by the following formula: 

𝐻𝑉 =
𝐹

𝐴
≈ 1854.4

𝐹

𝑑2
     (2.3) 

Where 

 Hv = Vicker’s hardness number 

 F = applied load 

d = diagonal length (mm) of the indent 

 A = true contact area. 
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According to various researchers, the ability of microhardness properties of 

nanocomposites can be perfectly used for the characterization of the indentation size effect 

(ISE) of said materials [48-50]. Ozturk et al, have shown in their study the Hv increases with 

raise in the load applied. In their system, the yield strength, young's modulus, and fracture 

toughness of the materials have been enhanced by increasing the microhardness with Ru doping 

[51]. Tian et al. reported the crystallization behavior, structural characteristics, and mechanical 

behaviour of CaO·Ta2O5·Al2O3 glass-ceramics [53].   

2.11.4 Indentation Size Effect (ISE) 

Among several mechanical experiment techniques, indentation hardness tests have 

supplied more reliable information on the materials' mechanical properties for practical 

applications and also for academic research over standard mechanical testing [48-49, 54-55]. 

The microhardness of materials is significantly affected by the applied force during 

indentation testing, a phenomenon referred to as the ISE. The ISE behaviour of a material is 

perceivable when the microhardness value diminishes with a raise in the applied test load [135, 

142]. Various researchers reported that the ISE behaviour of a material depends on several 

factors during indentation, including dislocation loops [143], strain gradient [144], plastic 

deformation [145], elastic recovery [146], load hardening [146], etc. Numerous models, such 

as Meyer's law, proportional sample resistance (PSR), elastic/plastic deformation (EPD) 

models, and the Hays–Kendall(HK) approach, which links the applied indentation test load (P) 

to the diagonal length of the indentation (d), are documented in the literature to demonstrate 

the ISE behavior of materials [147–149]. The phenomenon of reverse ISE differs from ISE in 

that the value of microhardness rises as the functional test load increases [48-49]. 

2.11.4.1 Meyer’s law  

The first recognized model to explain how applied stress affects the microhardness 

behavior of nano-glassy samples (ISE/RISE) is Meyer's law [48, 146, 150]. It is expressed as  

 

P = Adn    (2.4) 

Where, 

P = applied load 

A = microhardness constant 

d = diagonal length of the measured sample 

 n = Meyer number (or index). 
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A key factor in determining the ISE and reverse ISE behavior of glassy materials is the 

Meyer index value (n) [46, 48, 146, 150]. Three varied scales of n have been considered for 

the position of decision-making authority. The value of n is less than 2 indicating the usual ISE 

attitude [46, 48, 146, 150]. In this case, the value of microhardness is reduced when the applied 

load is increased. Again when the value of n is greater than 2 just the reverse of ISE (RISE) 

takes place. Now the value of microhardness is increased with the further rise of functional 

load. The last case i.e. when n=2 (Kick’s law) depicts the value of microhardness as 

independent of the applied load. That is given by Kick’s law [48, 146, 150].  

 P = A0 d
2   (2.5) 

Where A0 is the indenter’s geometric conversion factor. 

2.11.4.2 Elastic/plastic deformation (EPD) approach 

The EPD model is the majorly utilised method for comprehending the ISE and reversing 

the ISE behavior of glassy materials [124, 151]. The model mainly gives attention to the 

recovery generally elastic in nature that is formed in the surrounding locality of the indentation 

impression along with the formation of new bands which is plastically deformed. The size for 

the indentation which is dependent on load is as follows: 

P = A1 (dp+de)
2    (2.6) 

In this equation, A1 is represented as a load-independent constant, dp is the correctional term 

for plastic deformation and de is the correctional term for elastic deformation [124]. The 

constant values are determined from the straight lines which are best fitted in the P1/2versus dp 

plot. It is regarded as general RISE nature when the elastic deformation value was less than 5 

μm or negative. In addition, it may be positive in the case of regular ISE behavior. [48, 124]. 

The microhardness from the EPD model can be found using the formula (Eq. No. 2.7) in the 

manner described below. 

HEPD = 1854.4A2   (2.7) 

2.11.4.3 Proportional Specimen Resistance (PSR) Model: 

Several researchers have used the PSR model to calculate load-dependent and load-

independent microhardness at the saturation zone [150, 152-154]. This model [46, 133] states 

that the size of the indentation and the applied load have the following relationship. 
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P = Ad + Bd2    (2.8) 

 

Here A and B are the load dependence and load independent of the microhardness. The energy 

dispersion linked to sample crack regions is implied by parameter A. The values of A and B 

are extracted from the best linearly fitting in Eq. 2.8 and the indenter orientation and inherent 

structural elements are what determine the aforementioned values. The sample's surface 

energy, or A, might be either positive or negative. However, B's values are always positive. 

[152, 155]. The A value relies on the sample dislocation movement [152, 155].  

 

According to this model, the Vicker’s microhardness value can be evaluated by Eq. 2.9.  

 

(HV)PSR = 1854.4B   (2.9) 

 

2.11.4.4 Hays Kendall (HK) approach 

The HK point of view can be taken as a more acceptable approach to see the common 

features of mechanical behavior and load-independent microhardness parameters of a sample 

[145]. In this model when the materials are subjected to a minimum test load, both the 

phenomenon namely plastic and elastic are observed [145]. The load dependence hardness in 

this model can be written as [145]: 

 

P – W = A3 d
2     (2.10) 

 

Here W is the lowest load to start the deformation especially plastic in nature into the materials. 

A3 is termed a load-independent constant. W and A3 are determined from the best-fitted straight 

line of plots of the applied loads (P) against the square of the diagonal length (d2). The indenter 

penetration is stationary up to a particular limit of the applied test load and above that the size 

of the indentation starts to rise abruptly [145]. This increase implies a more significant 

influence of elastic deformation over plastic deformation of the material. The effective load 

applied can be calculated by the following formula [145]: 

Peff = P-W   (2.11) 

 The analogous values of (HV)HK can be calculated by the relation as follows [145]: 

 

(HV)HK = 1854.4 A3  (2.12) 
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2.11.4.5 Indentation-induced cracking (IIC) model 

The IIC model, which came inti existence by Li and Bradt, provides a comprehensive 

framework for the analysis of the mechanical properties of materials, particularly those 

showing reverse ISE behavior [155-159]. Understanding load-dependent and load-independent 

microhardness of the nano-glassy samples under investigation is made much easier with the 

help of this model. In the IIC model, the Vickers microhardness (HVIIC) is given by [155, 159]: 

 

 

HIIC = λ1K1 (P/d2) + K2 (P
5/3/d3) (2.13) 

 

Where d is the diagonal length of the indentation, and λ1, K1, and K2 are constants. K2 is 

dependent on the applied test load P, while K1 is a geometrical conversion factor dependent on 

the indenter's geometry [160-161]. 

For materials in a perfect plastic condition (λ1=1 and K2(P
5/3/d3) =0), the microhardness 

expression simplifies to HIIC=K1(P/d2). For perfect brittle materials (λ=0), it simplifies to 

HIIC=K2(P
5/3/d3). 

To generalize, the IIC model can be rewritten as [48, 159]: 

 

HIIC=K(P5/3/d3)m    (2.14) 

 

Where K and m are load-independent constants. The parameter m is crucial in determining the 

material's behavior: m > 0.6 indicates normal ISE behavior, while m<0.6 indicates RISE 

behavior [48, 50]. 

2.12 Conclusion 

This chapter explored the various perspectives, including the theoretical background of 

glass, glass-nanocomposites, and their applications. Particularly the importance of transition 

metal oxide-based nanocomposites is discussed in the view of existing research works. 

Moreover, a thorough literature survey has identified the research gap in the development of 

nano-glassy composites and their structural effects.  
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Chapter-3 

3.1 Introduction 

This chapter is mainly concentrated on various chemical reagents which are used in the 

preparation of present nano-glassy composite samples. Synthesis of glass nanocomposite has 

been discussed in detail in this chapter.  

For structural and physical characterization of a present nano glassy system, various 

methods like XRD, FT-IR, FESEM, and also density and molar volume measurements have 

been applied. In this chapter, these measurement techniques have been properly explained in 

detail. In all glassy systems, density is a crucial property employed to verify its internal 

structure. Generally, the high density of a glassy system indicates that the particles are closed-

packed in the structure of glass nanocomposites. Due to variations in the composition of the 

glassy system, changes in the molar volume of that system and results show that alter the glass’s 

structures [23-25, 162]. 

XRD study assists in determining the various crystallite phases carried out in a glass 

nanocomposite system. Values of the crystallite size, the average crystallite size, micro strain, 

and average dislocation density have been calculated [18-21]. Another significant structural 

characterization method is FT-IR analysis [23, 101, 117], which is generally used to get some 

practical information about a glassy system related to material quality, unidentified material 

identification, amount of various chemical components in a mixture, etc. FE-SEM is used to 

analyze the morphology of glasses and glassy nanocomposites. 

 

To measure the electrical properties of a glassy system, AC and DC electrical 

conductivity data analysis is most important. Generally, AC conductivity data have been 

investigated through various models or techniques such as Power law [163], Almond West 

formalism [164], etc.  

Vickers microhardness analysis is considered a prime technique for determining the 

mechanical properties of a glassy system. 

3.2 Materials Used 

In this present investigation, analytical grade reagent chemicals of Fe, V2O5, MoO3, 

CdO, and ZnO (99% purity) were employed for the preparation of glassy samples. These 
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reagents were chosen to produce generic glass compositions with different ratios of network 

modifiers as well as network formers. Specifically, CdO plays a great role as a network 

modifier. V2O5 controlled the network former of these glassy systems.  Additionally, ZnO 

played an important secondary role as a network former/ network modifier. The influences of 

these chemical reagents on glass nanocomposites have been discussed in the literature review 

chapter (Section 2.6) in detail.  

3.3 Sample Preparation: Synthesis of glass nanocomposite 

The glass nanocomposite forming compositions studied are presented by a general 

compositional formula: 

xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) 

Where, x varies among 0.0, 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5. The glass nanocomposites were 

synthesized by the melt quenching technique. Using analytical-grade reagents, batches of glass 

were prepared based on their molecular weights. Various reagent-grade ingredients (in grams), 

including Fe (Sigma Aldrich), V2O5 (Loba Chemie), MoO3 (Sigma Aldrich), CdO (Sigma 

Aldrich), and ZnO (Loba Chemie) (99% purity), were weighed on a precision electrical 

balance, the DHONA 200D (Fig. 3.1a) and homogeneously mixed in an agate mortar. We 

mixed mixtures (approximately 8.0 grams) in a crucible and melted them in an electric-heated 

furnace between 800-850oC (Fig. 3.1b). Following an equilibration period of 30 minutes, the 

molten mass was quenched between two alumina plates at room temperature. In the present 

study, glassy flakes of 1mm thickness were obtained that were partially transparent. 

 

Fig 1: (a) Electrical balance, DHONA 200D (b) Electric-heated furnace 
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Table 3.1: Compositional ratio of glass nanocomposite xFe – (1-x) (0.3V2O5 – 0.2MoO3 –

0.4CdO – 0.1ZnO) on an 8 gm sample. 

 

Values of 

x 

Fe 

(gm) 

V2O5 

(gm) 

MoO3 

(gm) 

CdO 

(gm) 

ZnO 

(gm) 

Melting 

Temperature 

(0C) 

0 0 3.0557 1.6121 2.8765 0.4557 800 

0.05 0.1612 2.994 1.5797 2.8185 0.4466 810 

0.1 0.3330 2.9284 1.5450 2.7568 0.4368 820 

0.2 0.7123 2.7836 1.4686 2.6203 0.4152 825 

0.3 1.1481 2.6171 1.3808 2.4637 0.3903 835 

0.4 1.6542 2.4238 1.2788 2.2817 0.3615 850 

0.5 2.2486 2.1968 1.1591 2.0679 0.3276 890 

 

3.4 Sample Characterization Techniques 

In the present study, all nano-glassy composite samples have been characterized and 

investigated in different ways:  

 Prepared glass samples have been characterized through microstructural and physical 

analysis.  

 Prepared glass samples have been investigated through temperature-dependent 

electrical properties.  

 Prepared glass samples have been characterized by their mechanical properties. 

3.4.1 Microstructural Properties: Measurement Techniques 

 The importance of microstructural analysis of glass nanocomposite systems is already 

discussed in the literature review chapter in section 2.9. The microstructures of glass 

nanocomposites were investigated through different techniques like DSC, XRD, FTIR, and 

also FESEM analysis. Density, and the molar volume of the glass nanocomposites, are the most 

important properties that characterize the structures of the glass nanocomposites and are 

associated with electrical and mechanical behaviours.  
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3.4.1.1 Density and Molar Volume Measurements 

 Density (ρ) is a crucial physical variable for the determination of the changes in 

structure within a glass matrix. Throughout the glass matrix, it has become clear that density 

variation is important. Using Archimedes' method of applying non-solvent immersion liquid 

acetone (density of 0.78 g/cm3 and 99% purity) at room temperature, the density of all prepared 

samples (x=0.0, 0.5, 0.1, 0.2, 0.3, and 0.4) was determined. In this study, for each sample, a 

measurement was repeated five times, and then the average value of density was taken. 

The density of different glassy systems has been calculated using the Archimedes principle 

[84]. 

𝜌 = 𝜌acetone (
𝑊𝑎𝑖𝑟

W𝑎𝑖𝑟−W𝑎𝑐𝑒𝑡𝑜𝑛𝑒
)    (3.1) 

Acetone was used as a solvent in this study. The weight of glass material in the presence of 

acetone and air is known as Wair and Wacetone. The density of acetone is ρacetone.  

The following expression is used to reckon the molar volume (MV) of the glass system from 

the molecular weight and determined value of density [101]. 

The following expression for the molar volume  

𝑉𝑚⁡ = ∑
𝑥𝑖𝑀𝑖

𝜌
    (3.2) 

Here, xi and Mi are the molar fractions and the molecular weight for ith glass composition. 

3.4.1.2 Fourier transform infrared (FTIR) 

FTIR spectroscopic experiment of different glass nanocomposite samples (x=0.0, 0.05, 

0.1, 0.2, 0.3, and 0.4) was recorded with a Bruker-Optics Alpha-T spectrophotometer (Fig. 3.2) 

over the range of 500 cm-1 to 4000 cm-1. We have obtained pellets of thickness around~ 1mm 

using 1 part of the sample and 60 parts of KBr with the help pressing technique.   



27 

 

 

Fig. 3.2:  Experimental set-up for FT-IR spectrophotometer 

3.4.1.3 Differential scanning calorimetry (DSC) Analysis 

DSC scans of individual glass nanocomposite samples were carried out in a DSC4000 

(Perkin Elmer). Non-isothermal experiments were conducted at a heating rate of 20 °C/min 

within the temperature window from ambient to 850oC using indium as a reference material.   

3.4.1.4 X-ray powder diffraction (XRD) 

Six different compositions of glass nanocomposite samples (x=0.0, 0.05, 0.1, 0.2, 0.3, 

and 0.4) were investigated by XRD. All glass samples were crushed and girded by Parkinson 

and agate mortar suitable for XRD analysis. XRD investigations were carried out in a 

(EMPYREAN) using Cukα X-rays and Ni filter (Fig. 3.3), and scanned in the range from 5o to 

80o with a scanning speed of 2o (2θ) per minute. The JCPDS numbers (ICDD–PDF2 database) 

were used to identify the developed crystal phases.  

The crystallite sizes (d) of developed different nanocrystallites are calculated by the Debye–

Scherrer equation [165].  

 

𝑑 =
0.89⁡𝛾

𝛽 cos𝜃
    (3.3) 

There are four characteristics of crystalline size: a) average crystalline size, b) Bragg diffraction 

angle, and c) width at half maximum (FWHM). 
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Fig. 3.3: X-ray powder diffraction (XRD) set-up 

 

3.4.1.5 Field Emission-Scanning Electron Microscopy (FE-SEM)  

A FE-SEM was used to explore the surface morphology and microstructure of the 

glassy system. In the present study, FESEM micrographs of polished surfaces of the glass 

nanocomposites of all six different batches (x= 0.0, 0.05, 0.1, 0.2, 0.3, and 0.4) were taken to 

investigate the microstructural development by Field Emission-Scanning Electron Microscope 

(FE-SEM, JEOL Model: JSM-7600F) (Fig-3.4).  
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Fig. 3.4: FESEM and EDS set-up 

3.4.2 Electrical Measurement of as-prepared samples 

To characterize the electrical measurement, glass nanocomposites were resized and 

tested for area and thickness (~1 mm). Then, to get the electrodes, on either side of the glassy 

flakes were coated with silver. The Metravi digital meter (model no. 450 DMM) was then used 

to test the resistance of the glassy samples coated with silver paste at various temperatures. The 

experimental Setup for electrical measurement is shown in Fig. 3.5. A Hioki-made automatic 

high-precision LCR meter (Model No. 3532-50) was used to measure the AC electrical 

conductivity at various temperatures within the frequency range of 42 Hz to 5 MHz. AC 

conductivity of all the glassy samples (x=0.0, 0.05, 0.1, 0.2, 0.3, and 0.4) was analyzed by the 

Power Law and Almond-West formalism method. 

Two probes of the DC electrical resistance of all-glass nanocomposite samples were 

measured using a Keithley Electrometer (Model No. 6514/E).  
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Fig. 3.5: Experimental set-up for electrical measurements 

3.4.3 Mechanical Properties: Measurement Techniques 

The importance of mechanical properties, mainly microhardness properties of glass 

nanocomposite systems already discussed in the literature review chapter in section 2.11. The 

microhardness of glass nanocomposites was measured through Vickers microhardness testing.  

The accurate microhardness measurement values are determined by placing the cleaned 

and polished specimen’s surface right perpendicular to the indentation direction of the 

respective testing machine.  

For this test, samples were mounted in a suitable small cylindrical pipe with the help of 

cold mounting liquid and cold mounting powder. Using a different grade of emery paper, the 

top surfaces of the mounting samples were polished by the mechanical polishing machine (Fig. 

3.7a). Finally, the sample’s surfaces were smoothened by using the cloth-fitted mechanical disc 

polishing machine (Fig. 3.7b).   
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Fig. 3.6: Some polished glassy samples for microhardness measurement 

 

Vickers Microhardness measurement of all glass nanocomposite samples was performed by 

using indentation with a digital Vickers microhardness tester (MATSUZAWA, MMT-X) at 

room temperature. (Fig. 3.8).   The indentation load was applied for 10 s dwell time using five 

loads ranging from 0.049 N to 0.980 N. The indenter was applied at five regions of each sample 

surface for each load. 

 The load-dependent Young's modulus (E), Yield strength (Y), and modulus of rigidity 

or shear modulus (G) have been calculated following equations [134-137]: 

 

E = 81.9635 Hv                                       (3.4) 

Y = (Hv/2.9)*[1-(n-2)]*[{12.5(n-2})/{1-(n-2)}]n-2 , for n > 2  (3.5) 

Y = Hv/3 , for n < 2                          (3.5.1) 

G=Hv/0.151                 (3.6) 

where, n = Meyer’s index 

Meyer’s index (n) has been elaborated in Eq. (2.4) in Section 2.11.4.1 of chapter 2. 
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Fig. 3.7: (a) Mechanical polishing machine (b) Mechanical disc polishing machine 

 

Fig. 3.8: Experimental Set-up for Microhardness tester (MATSUZAWA, MMT-X) 
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3.5 Conclusion  

V2O5, MoO3, CdO, and ZnO were used as chemical reagents for developing the glass 

nanocomposites system. Here, transition metal Fe is used as doping material in the glass 

system. The structural analysis of developed glass nanocomposites was investigated through 

FT-IR, DSC, XRD, and FESEM. The electrical properties of as prepared glass composites 

system were tested through AC and DC conductivity and mechanical properties were examined 

by Vickers microhardness testing.   
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Chapter-4 

4.1 Microstructural Evaluation of Fe·V2O5·MoO3·CdO·ZnO Glass Nanocomposite 

System 

4.1.1 Introduction 

Glass-nanocomposites exhibit atomic arrangements that resemble those found in 

crystalline materials, although their structure is irregular, reflecting local order [166]. These 

materials are classified as non-crystalline solids. But, there is an area that needs to undergo well 

enough on the effect of nano-sized inclusions on mechanical properties [167-168]. Research 

indicates that reducing the size of inclusions significantly influences mechanical properties, 

underscoring the need for further investigation [169-171]. 

The interest in glassy systems has surged in recent years due to their extensive uses [1, 

2]. Oxide glass systems containing transition metal ions are particularly noteworthy because of 

their semiconducting behavior. These materials have found applications in gas sensors, solar 

cells, laser di  odes, and photocatalysis [7-9]. Additionally, they exhibit properties such as 

electrical threshold behavior, switching phenomena, and electrochromic effects [7-9]. 

The mechanical properties of these materials are closely linked to their microstructure. 

Key factors such as the morphology of the reinforcing phase—its size, shape, and 

distribution—play a critical role. The processing techniques and the chemical composition of 

the material influence these characteristics. 

This chapter focuses on the prepared samples' mechanical and electrical 

characterization and structural analysis. Techniques such as XRD and FESEM were employed 

to analyze the microstructure's qualitative and quantitative aspects.  

The primary goal of this investigation is to obtain an inclusive understanding of the 

behaviour and properties of glassy systems, particularly their potential to contribute to 

technological advancements. The insights obtained from this research can pave the way for the 

evolution of novel materials tailored for special uses in critical technological domains. 

4.1.2 Density and Molar Volume Analysis   

The density (ρ) is a fundamental physical parameter critical for studying structural 

changes within a glass matrix. Variations in density provide insight into the structural 
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compactness and atomic arrangement within the glass system. In this study, the density of 

various glassy systems was calculated using Archimedes' principle, as expressed by the 

following equation [84]. 

𝝆 = 𝝆acetone (
𝑾𝒂𝒊𝒓

W𝒂𝒊𝒓−W𝒂𝒄𝒆𝒕𝒐𝒏𝒆
)                  (4.1.1) 

Here, acetone has been used as a solvent. Wair and Wacetone are the weight of glass material in 

the presence of air and acetone. ρacetone is the density of acetone.  

The following expression is utilised to reckon the molar volume (MV) of the glass system from 

the molecular weight and measured value of density [101]. 

𝑽𝒎⁡ = ∑
𝒙𝒊𝑴𝒊

𝝆
  (4.1.2) 

Here, xi and Mi are the molar fractions and the molecular weight for ith glass composition. 

 

 

Fig. 4.1.1: Density and Molar volume of xFe – (1-x)  (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) 

glass nanocomposite where x = 0.0, 0.05, 0.1, 0.2, 0.3, and 0.4. 
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A variation in the density and molar volume of Fe-containing samples has been shown 

in Fig. 4.1.1. As can be noticed in Fig. 4.1.1 density and molar volume change in the opposite 

direction. In general, density has increased with the increase in higher molecular weight. The 

density and molar volume of the Fe undoped (x=0.0) along with the other Fe doped glass 

samples (x= 0.5, 0.1, 0.2, 0.3, and 0.4) are shown in Table 4.1.1 Despite this, the density in the 

present study increases as Fe concentration increases, while V2O5 modifies the glass network 

and increases its compactness. An increase in non-bridging oxygen may cause a fall in density 

with increasing V2O5 levels [101, 171-175]. Increased non-bridging oxygen along with 

different nanophases of V2O5 [176-178] in the glass matrix is responsible for the increase in 

molar volume caused by adding V2O5. Changes in density and molecular weight determine 

molar volume changes. With an increase in Fe (x) content, molar volume increases along with 

molecular weight and density. 

Table 4.1.1: Density and molar volume of the glass nano composite xFe – (1-x) (0.3V2O5 – 

0.2MoO3 – 0.4CdO – 0.1ZnO) glass nanocomposite systems where, x = 0.0, 0.05, 0.1, 0.2, 0.3, 

and 0.4. 

 

sample 
Density 

(gm/cm3) 

Molar 

vol. (cm3) 

x=0.0 3.64 39.28 

x=0.05 4.13 33.55 

x=0.1 4.86 27.62 

x=0.2 5.22 24.15 

x=0.3 5.52 21.14 

x=0.4 5.63 19.19 

 

4.1.3 Fourier transforms infrared (FT-IR) Spectra Analysis   

Figure 4.1.2 illustrates the FT-IR spectra for the glass system with varying 

compositions of x = 0.0, 0.05, 0.1, 0.2, 0.3, and 0.4 of the glass system. The band appears at 
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1617 and 3450 cm-1, which indicates the existence of asymmetric stretching vibrations of O-H 

bonds [83]. The band appears at 810-780 cm-1, which is mainly accountable for the creation of 

the vibration of Cd-O [98]. The crystal structure of zinc vanadium oxide [ZnV2O6] is built up 

from VO5 groups bonded in a chain by common edges (V2O2 units) [179].  The bands at 810 

and 950 cm-1 may be associated with the stretching vibration Vs and Vas of VO2 units in ZnV2O6 

[178, 180]. The primary units V2O7 of Zn2V2O7 in which 2VO4tetrahedra groups are linked 

with corners (V-O-V bridges) and 3 terminal V-O bonds form VO3 units [181]. The band at 

950 cm-1 is associated with the stretching vibration Vs while Vas of 810 cm-1 [182]. The main 

structural groups of Zn3V2O8 are separated VO4 tetrahedra and observed bands may be 

designated to νs and νas of separated VO4 [183]. The band appears at 950 cm-1 due to the 

stretching vibrations of Mo-O [184-185]. The stretching vibration of mixed bridging V–O–Fe 

and V–O–Fe might be in the range of 500-530 cm−1 [186]. In all samples, the band appears at 

2850 and 2930 cm-1 due to the water and hydrogen bonding [187-188]. Due to the presence of 

asymmetric stretching vibrations, the band is visible at 1390 cm-1 [187]. Due to the existence 

of vanadium content, each batch exhibits some minor differences, including the appearance of 

a shoulder at approximately 1617 cm-1[187-188]. Higher Fe concentrations should result in 

lower energy requirements to vibrate the Zn-O and V-O bands. Acoustic phonon vibrations are 

aided by ZnO nanophases [184]. This finding leads us to believe that the current glass 

nanocomposites containing greater Fe are unstable due to acoustic phonon vibrations. This 

conclusion is supported by XRD analysis results that show an increase in the average 

dislocation density and a decrease in structure stability with increasing Fe content. 
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Fig. 4.1.2: FTIR plot of xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) glass 

nanocomposite systems with different x values. 

4.1.4 Differential scanning calorimetry (DSC) Analysis 

Glass transition temperature (Tg) of all prepared samples (x=0.0, 0.05, 0.1, 0.2, 0.3, and 

0.4) are presented in Fig. 4.1.3, which are characteristic from the endothermic baseline shift of 

the DSC plots. Figure 4.1.3 shows one crystallization peak (TP
1) formed in x=0.0 and x=0.05 

samples. Other hand when Fe concentration has been increased gradually, another 

crystallization peak (TP
2) has been initiated. The results show a consistent increase in Tg values 

with the rising Fe (x) content in the glass system. The continuous increase in Tg can be primarily 

linked to the enhanced crosslink density and alterations in the bonding nature within the 

quaternary glass system [189]. In a glass matrix, Tg is heavily influenced by the degree of 

network connectivity, which depends on the type and number of bridging oxygens formed 

between glass-forming constituents. The incorporation of Fe ions contributes to the emergence 

of stronger Fe-O and Fe-V bonds, thereby raising the network rigidity and, consequently, the 

glass transition temperature. The findings align with previous studies that have highlighted the 
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critical influence of crosslink density and bond strength on the thermal properties of glass 

systems [189-191]. The gradual increase in Tg with Fe content reflects the interplay between 

compositional changes, structural rearrangements, and the presence of crystalline phases, 

offering valuable insights into the thermal behaviour of the glass nanocomposites [189-191]. 

100 200 300 400 500 600 700 800

D
S

C
 S

ig
n

a
l 

(m
W

/m
g

)

Temperature (oC)

x=0.0

x=0.05

x=0.1

x=0.2

x=0.3

x=0.4
Tg Tp

1 Tp
2

372oC

382oC

398oC

408oC

417oC

428oC

739oC

727oC

732oC
808oC

737oC 808oC

808oC

808oC

740oC

740oC

 

Fig. 4.1.3: DSC analysis plot of xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) glass 

nanocomposite where, x= 0.0, 0.05, 0.1, 0.2, 0.3 and 0.4. 

4.1.5 X-ray Diffraction (XRD) Analysis 

Figure 4.1.4 displays the XRD patterns of all prepared (x= 0.0, 0.05, 0.1, 0.2, 0.3, and 

0.4) glass nanocomposite samples. The various crystal phases were grown in each of the as-

prepared samples and were recognized using the JCPDS reference files. The crystal phase of 

zinc vanadium oxide (ZnV2O6) [Zn1V], Zn2V2O7 [Zn2V], and Zn3V2O8 [Zn3V] are observed as 

a major phase in all samples of prepared samples [192]. Characteristic peaks of cadmium 

vanadium oxide (Cd2V2O7) [CdV] and vanadium molybdenum oxide (V2MoO8) [VMo] appear 
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in all prepared samples. Apart from that Fe added sample has two new peaks of iron vanadium 

oxide (FeVO4) [FeV] appear along with other major and minor peaks.  

Crystallite size (d) of different nanocrystallites was estimated using Debye–Scherrer equation 

[165].  

 

𝑑 =
0.89⁡𝛾

𝛽 cos𝜃
                                        (4.1.3) 

Where, 

 d = is the average crystalline size 

 λ = wavelength of the Cu-Kα X-ray (1.54 Å) radiation 

2θ = Bragg diffraction 

β = full width at half maximum 

The average nanocrystalline size decreases with increasing the Fe (x) content (Table 

4.1.2). The average dislocation density values for different Fe contents in the glass samples as 

shown in Table 4.1.2. Further, the dislocation density increases with raising Fe content in the 

developed samples. The enhancement of dislocation density may reduce structural stability 

[193]. Therefore, a rise in the addition of Fe content may result in a reduction in crystallite size 

and a consequent rise in system fragility. In general, density and molar volume results agree 

well with the average nanocrystalline size. The average nanocrystalline size decreases as the 

Fe (x) content increases, which may be conducive to healthier electrical transport phenomena. 

Figure 4.1.5 shows the decomposition of the initial crystal phases along with all other 

phases and it seems as an amorphous phase containing samples.   

Figure 4.1.6 displays the XRD patterns of the heat-treated samples (x=0.4) subjected to 

different heat treatment conditions (1h, 3h, and 5h). The various crystal phases developed in 

each of the heat-treated samples were recognized using the JCPDS reference files. In Fig. 4.1.6, 

the major crystal phases observed for x=0.4 include zinc vanadium oxide (ZnV₂O₆), Zn₃V₂O₈, 

cadmium vanadium oxide (Cd₂V₂O₇), and iron vanadium oxide (FeVO₄) [192,194-198]. From 

Fig. 4.1.4 and Fig. 4.1.6, it can be observed that different heat treatment conditions (1 h, 3 h, 

and 5 h) lead to notable changes in the intensity of various peaks in the sample of x=0.4. The 

peaks corresponding to iron vanadium oxide (FeVO₄) show an increase in intensity [199-201]. 

Additionally, the crystal phases of zinc vanadium oxide (Zn₃V₂O₈) [Zn₃V] are also observed, 

with their intensity increasing compared to the sample (x=0.4) without heat treatment. 

  



41 

 

 

Fig. 4.1.4: XRD plot of xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) glass 

nanocomposite with different x values.  
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Fig. 4.1.5: XRD plot of xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) glass 

nanocomposite where, x= 0.5. 
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Fig. 4.1.6: XRD patterns of the developed system, xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 0.4CdO 

– 0.1ZnO) where x= 0.4 at different heat treatment conditions (1h, 3h and 5h). 

[Zn1V- Zinc Vanadium Oxide {ZnV2O6} (JCPDS Ref. file- 75-1392); Zn2V-Zinc Vanadium 

Oxide {Zn2V2O7} (JCPDS Ref. file- 70-1532); Zn3V-Zinc Vanadium Oxide {Zn3V2O8} 

(JCPDS Ref. file- 34-0378); VMo- Vanadium Molybdenum Oxide {V2MoO8} (JCPDS Ref. 

file- 74-1510); CdV-Cadmium Vanadium Oxide {Cd2V2O7} (JCPDS Ref. file-78-1182); FeV- 

Iron Vanadium Oxide {FeVO4} (JCPDS Ref. file- 71-1592)]  
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Table 4.1.2: Different parameters, i.e., FWHM, average crystallite size, average microstrain, 

and average dislocation density obtained from XRD study of the system, with various x values.  

x 
2θ 

(degree) 
FWHM 

Crystallite 

Size (nm) 

Avg. 

Crystallite 

Size (nm) 

Micro 

strain 

(∈) 

Avg. 

Micro 

strain (∈) 

Avg. 

Dislocation 

density (nm-2) 

0 

16.11 0.41261 20.3 

29.11 

0.01272 

0.00539889 0.001179461 

26.74 0.50035 17.03 0.00919 

27.12 0.29277 29.14 0.0053 

27.85 0.22236 38.42 0.00391 

29.21 0.19269 44.48 0.00323 

32.62 0.23763 36.36 0.00354 

45.09 0.26403 34.01 0.00277 

52.76 0.34504 26.83 0.00304 

57.09 0.60945 15.49 0.00489 

0.05 

16.16 0.20275 41.31 

30.24 

0.00623 

0.00503429 0.00109308 

18.42 0.20275 41.44 0.00546 

26.89 0.23631 36.08 0.00431 

27.27 0.63392 13.46 0.0114 

27.86 0.2029 42.11 0.00357 

29.25 0.2006 42.73 0.00335 

32.68 0.32162 26.87 0.00479 

35.29 0.20856 41.73 0.00286 

40.15 0.86624 10.19 0.01034 

45.15 0.23014 39.03 0.00242 

49.84 0.26378 34.67 0.00248 

52.98 0.49241 18.82 0.00431 

55.32 0.46131 20.3 0.00384 

57.39 0.64248 14.71 0.00512 

0.1 

16.2 0.1998 41.92 

28.06 

0.00613 

0.00642688 0.001269722 
18.46 0.2029 41.41 0.00545 

25.91 0.2538 33.53 0.00481 

26.91 0.2728 31.26 0.00498 
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x 
2θ 

(degree) 
FWHM 

Crystallite 

Size (nm) 

Avg. 

Crystallite 

Size (nm) 

Micro 

strain 

(∈) 

Avg. 

Micro 

strain (∈) 

Avg. 

Dislocation 

density (nm-2) 

27.29 0.592 14.41 0.01064 

27.93 1.3775 6.2 0.02417 

28.37 0.2428 35.23 0.00419 

29.27 0.21983 38.99 0.00367 

35.43 0.21027 41.4 0.00287 

40.17 1.25703 7.02 0.015 

45.22 0.22711 39.56 0.00238 

47.96 0.226 40.16 0.00222 

52.98 0.49241 18.82 0.00431 

55.32 0.46131 20.3 0.00384 

57.39 0.64248 14.71 0.00512 

59.05 0.39551 24.1 0.00305 

x=0.2 

16.2 0.20788 40.29 

26.44 

0.00637 

0.005128 0.001431 

18.4 0.22687 37.03 0.00611 

27.3 0.35889 23.78 0.00645 

27.8 0.44861 19.04 0.00789 

29.7 0.4106 20.89 0.00676 

32.7 0.65138 13.27 0.00969 

35.5 0.37504 23.22 0.00511 

40.2 0.37023 23.85 0.00441 

45.2 0.21303 42.17 0.00223 

47.9 0.22726 39.93 0.00223 

49.9 0.38606 23.69 0.00362 

53.1 0.49619 18.68 0.00433 

54.1 0.56904 16.36 0.00486 

57.3 0.23825 39.67 0.00191 

59.4 0.64716 14.75 0.00495 

x=0.3 

16.29 0.19005 44.08 

25.22 

0.00579 

0.006435 0.001572 18.4 0.20641 40.71 0.00556 

27.39 1.22075 6.99 0.02186 
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x 
2θ 

(degree) 
FWHM 

Crystallite 

Size (nm) 

Avg. 

Crystallite 

Size (nm) 

Micro 

strain 

(∈) 

Avg. 

Micro 

strain (∈) 

Avg. 

Dislocation 

density (nm-2) 

27.8 0.1753 48.74 0.00308 

29.7 0.2728 31.45 0.00449 

33.2 0.62754 13.79 0.00918 

35.9 0.32411 26.89 0.00437 

40.6 1.05245 8.4 0.01241 

45.5 0.23135 38.87 0.00241 

48.3 0.2791 32.58 0.00271 

50.4 0.44882 20.42 0.00416 

53.4 0.7267 12.77 0.0063 

54.4 0.66651 13.99 0.00566 

57.7 0.7157 13.23 0.00567 

59.5 0.37606 25.4 0.00287 

x=0.4 

16.4 0.25165 32.71 

22.76 

0.00776 

0.008742 0.001921 

18.8 0.21881 38.42 0.00577 

27.5 1.44038 20.92 0.02568 

29.7 0.52896 26.22 0.0087 

33.2 0.82646 20.47 0.0121 

35.9 1.10467 17.89 0.01488 

40.5 1.18605 17.45 0.01403 

45.5 0.2265 39.69 0.00236 

48.2 0.41901 21.68 0.00409 

50.2 0.02694 40.36 0.00211 

53.4 0.53527 7.34 0.00464 

54.4 0.44534 20.14 0.00378 

57.7 0.68632 8.79 0.00544 

59.4 1.44432 6.61 0.01105 
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4.1.6 Field emission-scanning electron microscopy (FE-SEM) analysis 

FE-SEM was used to examine the morphologies of the present glassy samples (x=0.0, 

0.05, 0.1, 0.2, 0.3, and 0.4). The plate-like crystals have been observed in the microstructure 

with an average crystal size of 10-15 nm in the Fe undoped sample (x=0.0) shown in Fig. 

4.1.7a. The plate-like crystals disperse throughout the glass matrix. In sample x=0.05, uniform 

and dense microstructures have been found where the dendrite structure (average size of 15-20 

nm) crystal develops (Fig. 4.1.7b). The dendrite crystal structures FeVO4 along with other 

cadmium and molybdenum-rich crystal phases [202-203]. The interlocking dendrite crystal 

structure appeared (average size 1-5 nm) in the x=0.1 sample (Fig. 4.1.7c). As Fe doping 

concentration increases from x=0.05 to x=0.4, a noticeable growth in the size of the dendritic 

crystals is observed. The present samples x= 0.05, 0.1, 0.2, 0.3, and 0.4 (Figures 4.1.7 b–f) 

display progressively larger dendrites, suggesting enhanced nucleation and growth of 

crystalline phases due to the presence of Fe. The glass matrices in all samples with Fe are 

covered with needle-like crystals. The undoped sample (x=0.0) primarily consists of smaller 

dendritic crystals. In contrast, Fe-doped samples show increased crystal sizes, indicating that 

Fe incorporation promotes crystallite growth. The dendrite crystal structures have appeared as 

definite high-order assemblies. The different crystal phases of Cd₂V₂O₇, V₂MoO₈, and FeVO₄ 

were identified by XRD analysis (Details in section 4.1.5 of chapter 4), which corroborates the 

FE-SEM observations [198-201, 204]. During crystallization, Fe facilitates the formation of 

these phases due to its chemical composition in glass. The presence of FeVO4 nano crystallites 

in Fe-doped samples further underscores the influence of Fe indicating the crystalline phase 

composition. These iron vanadium oxide crystallites coexist with cadmium and molybdenum-

rich phases, suggesting a multi-phase microstructure that evolves with Fe doping. Despite the 

variation in dendritic crystal sizes, the overall distribution of crystals remains relatively 

uniform across the samples [192, 204]. This uniformity indicates that the melt-quenching 

process employed in synthesizing the glass nanocomposites is effective in achieving consistent 

microstructural characteristics across different Fe concentrations.  
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Fig. 4.1.7: FE-SEM micro graphs along with the EDAS mapping images of xFe – (1-x)  

(0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO)  glass nanocomposite system with x= (a) 0.0, (b) 

0.05, (c) 0.1, (d) 0.2, (e) 0.3 and (f) 0.4.  

 

Fig. 4.1.8: EDS elemental mapping of xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) 

glass nanocomposite system for x=0.4 sample.  
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The EDS mapping images used to verify the elements' presence in the glass 

nanocomposite samples are shown in Fig. 4.1.7: (a-f). The growth of the glass nanocomposite 

Fe undoped sample (x=0.0) is confirmed by the elemental mapping of the various elements 

such as Mo, V, Cd, Zn, and O. For other samples (x = 0.05, 0.1, 0.2, 0.3, and 0.4), the presence 

of the different elements includes Fe, Mo, V, Cd, Zn, and O confirm the growth of quaternary 

glass nanocomposite. Fig. 4.1.8 shows the EDS elemental mapping of x= 0.4 sample of the 

present glass nanocomposite system. Fig. 4.1.6 reveals the bulk distribution of Fe, Mo, V, Cd, 

Zn, and O.  

 

Figure 4.1.9 shows the FE-SEM micro graph for x=0.5 sample of the present glass 

nanocomposites system. The FESEM image of x=0.5 appears to be high porosity in nature 

(~75.4% porous). This directly correlates with the decrease in density and decomposition of 

the initial crystal phases along with all the other phases, as indicated by the XRD results. In 

view of this, the x=0.5 sample was not considered for further characterization and electrical 

and mechanical properties analysis.  

 

 

 

 

 

 

 

 

 

Fig. 4.1.9: FE-SEM micrograph of xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) glass 

nanocomposites system where x= 0.5.  

The effect of heat treatment subjected to different durations (1h, 3h, and 5h) on the 

developed glass nanocomposites has been investigated. Figures 4.1.8, 4.1.9, and 4.1.10 

depicted the correlation between the microstructures of different Fe concentered (x = 0.0, 0.05, 

75.4% 
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0.1, 0.2, 0.3, and 0.4) glass nanocomposites subjected to under varying heat treatment durations 

(1h, 3h, and 5h).  

Fig. 4.1.10 shows the FE-SEM micrographs of x= 0.0 glass nanocomposite sample at 

different heat treatment conditions (1h, 3h, and 5h). The irregular pebbles-like nanoparticles 

were found to be present in the microstructure of the Fe undoped sample (x=0.0) at different 

heat treatment conditions (1h, 3h, and 5h) shown in Fig. 4.1.10 (a-c). Some of the particles are 

observed as elongated, regular, and irregular round shapes throughout the glass matrix (fig. 

4.1.10(a-c)). The average size of the particles in microstructures has been reduced followed by 

an increase of heat treatment time (1h to 5h). In 1h heat treatment condition, the microstructure 

of the glass composite (x=0.0) showed a predominantly crystalline morphology in the glassy 

matrix. The absence of distinct crystalline phases in the micrographs at 3h and 5h. FE-SEM 

micrographs also validated the lack of phase segregation at this stage of heat treatment in the 

x=0.0 sample.   

 

Fig. 4.1.10: FE-SEM micrographs of xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) 

glass nanocomposite with values of x is 0.0 at (a) 1h (b) 3h and (c) 5h heat treatment conditions.  
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Figure 4.1.11 exhibited the correlation between the comparison of FE-SEM 

micrographs of the present glassy system where, x=0.0, 0.05, 0.1, 0.2, 0.3, and 0.4 at 5h heat 

treatment conditions. Physical observation of the micrographs reveals that particle size has 

decreased with the Fe concentration at the same duration of heat treatment (5 h). The size, 

shape, and variation of particles throughout out microstructure of the samples also decreased 

from the x=0.0 sample to the x=0.4 sample at the same duration of heat treatment (5 h). The 

irregular pebbles-like nanoparticles were found to be present in the microstructure of the Fe 

undoped sample (x=0.0) at 5h heat treatment conditions. Due to increasing the duration of heat 

treatment in the glassy matrix, the size, shape, and distribution of particles have been changed. 

Due to the addition of Fe, the irregular pebbles-like particles converted into regular, and 

irregular round-shaped particles throughout the glass matrix. The addition of Fe disrupted the 

glass network by dropping the connectivity of the other elements, promoting crystallization 

[192, 204].  As Fe doping concentration increases from x=0.05 to x=0.4, a noticeable 

arrangement in the size of the crystals is observed.  

Fig. 4.1.12 displays the FE-SEM micrographs of x= 0.4 glass nanocomposite at 

different heat treatment conditions (1h, 3h, 5h). The regular, and irregular round shapes crystals 

disperse throughout the all-glass matrix. In sample x=0.4 (1h HT), uniform and dense 

microstructures have been found. The crystal structures may be developed by the FeVO4 and 

along with other cadmium and molybdenum-rich crystal phases [42-43]. As the duration of 

heat treatment increases from 1h to 5h, a noticeable arrangement in the size of the particles is 

observed. The samples 1h, 3h, and 5h (Figures 4.1.12a–c) display progressively smaller 

crystals, suggesting enhanced nucleation and growth of crystalline phases due to the presence 

of Fe. The different crystal phases of ZnV2O6, Zn3V2O8, Cd2V2O7, and FeVO₄ were identified 

by XRD analysis (Details in section 4.1.5 of chapter 4), which corroborates the FE-SEM 

observations [192,194-198]. The presence of FeVO₄ particles in Fe-doped samples further 

underscores the influence of Fe indicating the crystalline phase composition [199-201]. These 

iron vanadium oxide crystallites coexist with cadmium and molybdenum-rich phases, 

suggesting a multi-phase microstructure that evolves with Fe doping. Despite the variation in 

crystal sizes, the overall distribution of crystals remains relatively uniform across the samples 

(x=0.4) at different durations of heat treatment (1h, 3h, and 5h).  
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Fig. 4.1.11: FE-SEM micrographs of xFe – (1-x)  (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO)  

glass nanocomposite with x= (a) 0.0, (b) 0.05, (c) 0.1, (d) 0.2, (e) 0.3 and (f) 0.4 at 5h heat 

treatment condition. 

The EDS mapping images used to confirm the presence of elements in the glass 

nanocomposite sample (x=0.0) after a 5-hour heat treatment are shown in Fig. 4.1.13. The color 

mapping clearly verifies the presence of Mo, V, Cd, Zn, and O, confirming the formation of 

the Fe-undoped glass nanocomposite (x=0.0). The EDS point analysis graph in 
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Fig. 4.1.12: FE-SEM micrographs of xFe – (1-x)  (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO)  

where, x= 0.4 glass nanocomposite at different heat treatment condition (a) 1h (b) 3h, and (c) 

5h. 

Fig. 4.1.13 distinctly shows peaks corresponding to V, Cd, O, Mo, and Zn. Figure 4.1.14 

presents the EDS elemental mapping for the glass nanocomposite sample with x=0.4 after a 5h 

heat treatment. The mapping illustrates the uniform distribution of Fe, Mo, V, Cd, Zn, and O, 

confirming the presence of Fe in the x=0.4 glass nanocomposite [204]. Additionally, the EDS 

point analysis graph in Fig. 4.1.14 clearly displays peaks for V, Cd, O, Mo, and Zn, along with 

Fe peaks. 
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Fig. 4.1.13: EDS elemental mapping of xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) 

glass nanocomposite system for x=0.0 sample at 5h heat treatment condition. 
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Fig. 4.1.14: EDS elemental mapping of xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) 

glass nanocomposite system for x=0.4 sample at 5h heat treatment condition. 

4.1.7 Conclusion    

This section explores various physical and structural properties using techniques such 

as density and molar volume measurement, FTIR, DSC, XRD, FESEM, and EDS analysis.  

The density in the present study increases as Fe concentration increases, while V
2
O

5
 modifies 

the glass network and increases its compactness. Changes in density and molecular weight 

determine molar volume changes. The molar volume also increases with an increase in Fe (x), 

along with molecular weight and density. FTIR analysis reveals that the higher Fe 

concentrations should result in lower energy requirements to vibrate the Zn-O and V-O bands. 

This result leads us to infer that the present glass system with a higher Fe content is unstable 

due to acoustic phonon vibrations. This conclusion is supported by XRD analysis results that 

show an increase in the average dislocation density and a decrease in structure stability with 

increasing Fe content. In DSC analysis, glass transition temperature (Tg) has been evaluated 

and correlated with the different Fe concentrations. Different crystal phases have been 

developed, which were identified through XRD analysis. The crystal phases of zinc vanadium 

oxide (ZnV2O6), Zn2V2O7, and Zn3V2O8 are observed as major phases in all prepared samples 

as well as heat-treated samples (x=0.4). The peak intensity of Zn3V2O8 is higher in the x=0.4 
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sample than in other samples. Characteristic peaks of cadmium vanadium oxide (Cd2V2O7) and 

vanadium molybdenum oxide (V2MoO8) appear in all prepared samples. The Debye–Scherrer 

equation has been used to estimate the average crystallite sizes, microstrain, and also 

dislocation density has been estimated. The heat-treated sample withx=0.4 shows an increase 

in the intensity of peaks corresponding to iron vanadium oxide (FeVO4) under various heat 

treatment durations (1 h, 3 h, and 5 h). Additionally, crystal phases of zinc vanadium oxide 

(Zn3V2O8) are observed in the same sample (x=0.4) after 5 h of heat treatment, with their 

intensity being higher compared to the untreated sample (x=0.4). FE-SEM has been used to 

examine the morphologies of the glass samples (x=0.0, 0.05, 0.1, 0.2, 0.3, and 0.4) along with 

various heat treatment conditions (1h, 3h, and 5h). The plate-like crystals have been observed 

in the microstructure in the Fe undoped sample (x=0.0). The plate-like crystals disperse 

throughout the glass matrix. In sample x=0.05, uniform and dense microstructures have been 

found where the dendrite structure crystal develops. Micrographs reveal that particle size has 

decreased with the Fe concentration. The size, shape, and variation of particles within the 

microstructure of the samples decreased as the composition changed from x=0.0 to x=0.4 under 

the same heat treatment duration (5 h). For the x=0.4 sample, the variation in crystal sizes and 

the overall distribution of crystals remains relatively uniform across different heat treatment 

durations (1 h, 3 h, and 5 h). The mapping reveals a uniform distribution of Fe, Mo, V, Cd, Zn, 

and O, confirming the presence of Fe in both the as-prepared samples and those subjected to 5 

h of heat treatment. Furthermore, the EDS point analysis graphs clearly display peaks 

corresponding to V, Cd, O, Mo, and Zn, along with Fe peaks, in both the heat-treated and 

untreated samples. 
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4.2 Electrical Properties of Fe-V2O5-MoO3-CdO-ZnO Glass Nanocomposite System 

4.2.1 Introduction 

In recent years, researchers have given much concentration to nanoglass semiconductor 

materials due to their excellent electrical, structural, and optical properties. Researchers had 

previously reported that nanoglassy transition metal oxide (TMO) composites exhibit 

semiconducting properties [1–4]. Many applications of these TMO glass nanocomposites have 

drawn increased attention, like switching, electro-optical devices, and optical and memory 

switching devices [7-11].  

On the contrary transition metal ions are the appropriate cause of electrical conduction 

in the semiconducting nanocomposite glasses [106]. The process of conduction takes place 

because of the hopping phenomenon of an electron. It happens between ions that belong to the 

same transition metal but in various valence states dedicated to electronic conductivity [205-

206]. There are several factors on which the oxide’s glass electronic conductivity depends such 

as glass melting temperature, distance among the ions of transition metal, etc [206].  

Different researchers have explored the electrical conductivity (both AC and DC) of 

glassy nanocomposites due to their semiconducting behavior as well as technological uses in 

modern civilization [26-30]. 

In this study, the AC as well as DC analysis of the present nano glassy system have 

been attempted to attain the knowledge relating to the electrical properties of these systems. 

 

4.2.2 DC Conductivity      

In the current study, the density of defect states inside the mobility gap may be taken 

into account when predicting the DC conductivity of amorphous semiconductors [22, 99]. The 

DC conductivity of the present system is temperature- sensitive, as shown in Fig. 4.2.1. Further, 

it also states the thermally activated nature [22, 99-100, 192, 207]. It can be seen that DC 

electrical conductivity is proportional to the reciprocal of temperature. A uniform conductivity 

is seen in all the samples held as the reciprocal of temperature.  
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The activation energies (Eσ) of DC conductivity (σdc) were calculated by approximating the 

temperature dependence of conductivity with the Arrhenius equation:  

σdc = σ0exp (−
Eσ

kBT
)    (4.2.1) 

Where, 𝜎0 = pre-exponential factor, 𝑘𝐵 = Boltzmann constant, T = absolute temperature 

The DC activation energy (Eσ) was estimated from the slopes of the straight-line fits using the 

relation. 

Activation energy (Eσ) = slop of log σdcvs. 1000/T curve × 0.198 

This conveys the information that the temperature is dependent on activation energy and is 

symptomatic of the hopping conduction shown by the little polaron. DC conductivity also 

shows increasing characteristics with the enhanced temperature, which represents the 

semiconducting nature. 

Table 4.2.1: The values of activation energy against the concentration of Fe (x) 

Concentration of Fe (x) slope Activation Energy (Eσ) 

0.0 5.327 1.054 

0.05 3.249 0.643 

0.1 2.846 0.563 

0.2 2.687 0.532 

0.3 2.445 0.484 

0.4 2.263 0.448 

 

A V2O5nanostructured glass sample [192] has DC conductivity values that agree well with 

those in Fig. 4.2.1. This semiconducting behaviour is seen in Fig. 4.2.1, which shows an 

increasing DC conductivity as temperature increases. 
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Fig. 4.2.1: Temperature dependence of DC conductivity of xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 

0.4CdO – 0.1ZnO) glass nanocomposite with various values of x.  

Figure 4.2.1 shows the DC conductivity data, which is best fitted with straight lines. 

The slope of straight-line fits is used to calculate the DC activation energy. The activation 

energies are found to be 1.05, 0.64, 0.56, 0.53, 0.48, and 0.44 eV, when x =0.0,0.05, 0.1, 0.2, 

0.3, and 0.4, respectively. Such a kind of demeanor of the conductivity of DC and the activation 

energy should have a relationship with the structural modifications and is found with the 

incorporation of Fe, and this is depicted in Fig. 4.2.2 [192]. Further, the reports indicate that to 

make a vibration in the Mo-O and Zn-O bands, minimal energy is required so that an acoustic 

phonon contribution is induced when the Fe content increases. When the concentration of Fe 

doping increases, the DC conductivity also rises. So the total information derived is that to 

synthesize a steady occurrence of little polarons so that the DC conductivity will improve, the 

dedication of photons to produce some regional states within the optical band gap is desired. 

This says that both photons and phonons helped in the conduction process, which took place 

with the contribution of small polarons [192]. 
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.  

Fig. 4.2.2: Variation of DC conductivity, σdc at 513 K, and activation energy Eσ(ev) 

corresponding to Composition (x). 

 

The components of all samples, such as capacitance, conductance, and dielectric loss 

tangent, were predicted using an automatic high-accuracy LCR meter. This is done at different 

temperatures and frequencies, ranging from 42 Hz to 5 MHz.It is possible to connect an 

external voltage to the current flowing through a sample using an AC response. The parallel 

RC circuit, which stands for a resistance-capacitance circuit, is a comparable circuit that 

combines two components, ideal resistive and reactive. The equation can be made as follows 

[208]: 

1

Z
 =

1

ZR
 + 

1

ZC
    (4.2.2.) 

 

= (
1

R
+ j⁡ω⁡C)

−1

 

 

=
R

1+jω⁡RC
 

 

= 
𝑅

1+(ωRC)2
 – j 

ω𝑅2⁡𝐶

1+⁡(ωRC)2
  (4.2.3) 
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Where, ZR = Resistive component, ZC = Reactive component 

At high frequencies, the RC circuit acts as a capacitor, and in other ways, at low frequencies, 

it takes part as a resistor [209]. 

 

(Zre −
R

2
)
2

+ Zim
2 =⁡(

R

2
)
2

    (4.2.4) 

 

The real impedance (Zre) along with imaginary impedance (Zim) can be to a greater extent by 

the above Eq. (4.2.4) [208]. It is shown by the graphs of complex impedance that equation 

(4.2.4) is a semi-circle in the plane of the complex.  

From the Cole-Cole plot of resistivity (Fig. 4.2.3(a-f)), the DC resistance R was determined at 

different temperatures, and then DC conductivity was computed for the samples using the 

relationship:  

𝜎 =
1

𝑅
×

𝑡

𝐴
      (4.2.5) 

Where, t = Thickness of the sample, A= cross-sectional area of the sample, R = Resistance of 

the glassy sample 

Figure 4.2.3 (a-f) displays semi-circular arcs at different pinpoint temperatures and 

graphs for complex impedance at different temperatures when for all samples (x=0.0 to 0.4). 

Due to the wide impedance between the Fe undoped sample (x=0.0) and Fe high concentrated 

sample (x=0.4), it is not possible to compare between these samples (x=0.0 to 0.4) in a single 

graph. It has been divided into two plots (Fig. 4.2.4 a and b). Cole-Cole plot of resistivity of 

the system at different temperatures for x = 0.0, 0.05, and 0.1 at 533 K depicted in Figure 4.2.4 

(a). The Fig. 4.2.4 (b) displays the Cole-Cole plot of resistivity for x = 0.2, 0.3, and 0.4 at same 

temperature. From Fig. 4.2.4 (a) and (b), it is clear that for a particular temperature at 533K 

where the semi-circular arc’s radius is maximum for x=0.0 sample and semi-circular arc is 

minimum for the x=0.4 sample. Materials consisting of a single or many more relaxation 

processes but with the same magnitude find the Cole-Cole plot to be a very useful tool. The 

storage component of the dielectric is related to dielectric loss. At the same time, a semicircle 

is formed therefore pointing to the existence of relaxation time of a single nature [83, 193].  

The glassy system’s relaxation process is estimated using the essential condition of ωmax 

× τ = 1, where τ is the relaxation time of Debye-type relaxation [83,210]. The values of ωmax 

are computed from the frequency dependence of Z´´plot. Fig. 4.2.5 shows the frequency 
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dependence of Z´´ plot at various temperatures of a system, where x = 0.0 to 0.4. Figure 4.2.6 

(a) illustrates the temperature dependence of the relaxation time (τ) for all glassy samples, 

which demonstrates the thermally activated behaviour of τ. In Fig. 4.2.6 (a), the values of τ are 

found to decrease with increasing temperature, which specifies the semiconducting nature. 

Figure 4.2.6 (a) is also clear that the relaxation time (τ) decreases with raising the concentration 

Fe. Which is validated by conductivity data [83, 210].  

The theoretical relaxation time is determined with the help of the following Eq. 4.2.6. 

                                τ = τ0exp (−
𝐸𝜏

𝑘𝐵𝑇
)(4.2.6) 

in which, 

τ0 = pre-exponential factor 

KB = Boltzmann constant 

 T = absolute temperature. 

The activation energy (Eτ) linking the relaxation process is determined from the slopes. 

This slope is for the straight lines which are best-fitted as depicted in Fig. 4.2.6 (a) and 

estimated values of activation energy (Eτ) have been presented in table 4.2.2. In Fig. 4.2.6 (b), 

relaxation time (τ) when the fixed temperature is 533 K and related to composition, x has been 

incorporated. It has been seen that the relaxation time (τ) and activation energy (Eτ) have been 

minimized with increasing the concentration of Fe. That is validated by the conductivity data 

[210-211]. 

The low region of low frequency bearing value of conductivity which is much less than 

is at the ultimate end indicates phase angles as zero. Further, in the less frequency region, the 

gathering of charge carriers known as electrode polarization takes place as a result of the steady 

but periodic retroversion of the electric field, and this is reduced as the frequency is larger. For 

all prepared samples, shifting in the high-frequency area is found in 
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Figure 4.2.3: (a-f) Cole-Cole plot of resistivity of the glass nanocomposites xFe – (1-x)  

(0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO)  with x= (a) 0.0, (b) 0.05, (c) 0.1, (d) 0.2, (e) 0.3 and 

(f) 0.4. 
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Figure 4.2.4: (a) Cole-Cole plot of resistivity of the present system for sample x = 0.0, 0.05, 

and 0.1 at 533 K. (b) Cole-Cole plot of resistivity of the present system for sample x = 0.2, 0.3, 

and 0.4 at 533 K. 

 two zones of moderate and larger frequency. The hope process of the polaron takes place in 

the lower frequency region and it is shown in the above-said discussion. Frequency reliable 

character can be confirmed from the spectra of frequency response conductivity.   
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Fig. 4.2.5: Frequency dependence of Z// at various temperatures of xFe – (1-x)  (0.3V2O5 – 

0.2MoO3 – 0.4CdO – 0.1ZnO)  glass nanocomposites system with x= (a) 0.0, (b) 0.05, (c) 0.1, 

(d) 0.2, (e) 0.3 and (f) 0.4. 
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Fig. 4.2.6: (a) Relaxation time (τ) with 1000/T of the glass nanocomposites xFe – (1-x)  

(0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) for different x values (b) Variation of relaxation 

time (τ) at 533 K and activation energy (Eτ) corresponding to composition, x. 

Table 4.2.2: The values of activation energy (Eτ) associated with the relaxation process against 

the concentration of Fe (x). 

Sl No. Concentration of Fe (x) Activation Energy (Eτ) 

1 0.0 0.844 

2 0.05 0.828 

3 0.1 0.776 

4 0.2 0.705 

5 0.3 0.626 

6 0.4 0.532 

 

4.2.3 AC conductivity    

4.2.3.1. Power law      

The conductivity spectra under the region of more frequency for different temperatures 

for all samples are seen in Figs.7(a-f). There is an obvious increase in AC conductivity as the 

temperature rises, which indicates a thermally activated system. 

Conductance was measured using a Hioki-made automatic high-precision LCR meter (Model 

No. 3532- 50) in the frequency window 42 Hz to 5 MHz at various temperatures. 
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The AC conductivity was carried out using the following Eq. 4.2.7. 

σac =
t

A
× G     (4.2.7) 

Where, t = Thickness of the sample, A = sample’s Cross-sectional, G= Conductance 

Jonscher's universal power law [29] can be used to determine the AC conductivity of 

semiconductors that are amorphous in nature. 

                      σ(ω) = σ/
0 + AωS                          (4.2.8) 

Where, σ/
0= low-frequency conductivity, A = coefficient, S = frequency exponent. 

The value of S is found by best linearly fitting the data in Figs. 4.2.7 (a-f). The slope of the line 

which is best fitted gives the number in terms of value for S.  

With the help of suitable conduction models, the data on AC conductivity can be 

explained. Conduction models like QMT, CBH HOB, NSPT, etc. are deployed by a whole- 

number of researchers in this field [83, 209]. S vs T plot [Figs. 4.2.8 (a-f)] when the value of x 

is 0.0, 0.05, 0.1, 0.2, 0.3, and 0.4. Several research works have been conducted to enlighten the 

conduction process. Figures Figs. 4.2.8 (a-f) shows that when temperature rises, the value of S 

decreases, and this holds for all x values. Electrical conduction can be predicted by the variation 

of S corresponding to temperature. The modified CBH model is used to state the nature of S as 

it relates to temperature in the system and the predominant conduction technique in the current 

system [212]. Fig. 4.2.8 (a) displays a concave downward nature, while Figs. 4.2.8 (b-f) are 

noticed to be showing concave behavior in an upward direction. Lattice disfigurement could 

extend to many lattices of space and as a result, polaron hopping of a larger nature may occur 

with zero Fe concentration for the system, depicted in Fig. 4.2.8 (a) [192]. When Fe is doped 

simultaneously, there will be some restriction in the lattice distortion to the side by ions which 

leads to a hopping phenomenon consisting of small polaron in the current system [192]. XRD 

result shows that on the evolvement of different nano phases, structural modification should 

emerge. This limited lattice distortion results from the structural arrangement in the current 

system when Fe concentration is adjoined. When the current system is steadily increased with 

Fe, this type of environment charges a conversion of conduction technique from large to small 

hoping polaron [6, 212]. Electrical conductivity is increased side by side with compositions. 

Little polaron transit needs polarons hopping within the neighboring region [6, 212]. The S-T 
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curve depicts the behaviour of concave in the upward direction and is shown in Figure Figs. 

4.2.8 (b-f). 

The frequency exponent (S), can be written out using the CBH model as [212]: 

 

S = 1 −⁡
6⁡KB⁡T⁡

Wm+⁡KBT⁡⁡∗⁡⁡l⁡n⁡(ω⁡τ⁡0⁡)
   (4.2.9) 

 

Where, KB= Boltzmann constant, T= absolute temperature,WM=maximum barrier height and 

𝜏0 = relaxation⁡time 

The equation CBH is slightly modified to obtain clear and accurate fitted graphs and is given 

by: 

S = 1 −⁡
6⁡KB⁡(T−T0⁡)

Wm+⁡KB(T−T0)∗l⁡n⁡(ω⁡τ⁡0⁡)
   (4.2.10) 

Where, T0 = dimension of temperature. 

The modified nature of the CBH model recognizes the meaning of T0 in the physical 

sense [6, 83, 212]. It may be said that the transition temperature of glass is the ideal basis in 

the field of thermodynamics. This is because the conductivity pre-factor and the different 

hopping time behaviour must find an association with the free activation energy in the entropy 

part [6, 83, 212]. In the CBH modification model, the ideal transition temperature (T0) is 

derived from the temperature T. This can write the AC conductivity related to the CBH model 

as 

σac= n/π3[N (EF)]2ԑԑ0ωR6
Hω/24   (4.2.11) 

Where, N (EF)= concentration or intentness of pair conditions, RHω= hopping distance at ω, 

and n/= polarons number take part in the process of hopping 

Table 4.2.3 shows the amount of Wm, τo, and T0. This is evaluated from S and temperature 

graphs which are shown in Fig. 4.2.8 (a-f) with the new CBH model utilizing equation (4.2.10).  

Further, it conveys the fact that Wm shows a reduction with the rise of x in the system. 

The XRD analysis represents the variation of dislocation densities, lattice strain and it shows 

to increase with the addition of the concentration of iron in the glass system along with the 

decrease of  stability of structural on account of the formation of localized defects [212, 213]. 

It is also found from the analysis of conductivity (electrical) that the energy of activation 

corresponding to the conductivity of DC is reduced with the enhancement of the addition of 

iron content, which is presented in Fig. 4.2.2 [6, 213]. The behaviour of activation energy 

indicates the imbalance in the current system caused by doping the iron concentration. FTIR 
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study shows that the vibration of Zn-O and Mo-O bands take lower energy in the higher 

concentration of Fe containing batches, which is significantly affect the acoustic phonon 

vibrations. Therefore, the system in use containing more Fe amount shows the more unstable 

with higher acoustic vibration [192]. 

 

 

Fig. 4.2.7: High-frequency AC conductivity spectra for xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 

0.4CdO – 0.1ZnO) glass system with x= (a) 0.0, (b) 0.05, (c) 0.1, (d) 0.2, (e) 0.3 and (f) 0.4. 
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Fig. 4.2.8: Variation of S versus T plots for xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 0.4CdO – 

0.1ZnO) prepared system with x= (a) 0.0, (b) 0.05, (c) 0.1, (d) 0.2, (e) 0.3 and (f) 0.4. Solid 

lines in the plots are the nonlinear best-fit data of the Modified CBH Model. 
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Table 4.2.3: Parameters of CBH (Modified) model of the glass nanocomposites, xFe – (1-x)  

(0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO)  with different values of x. Estimated errors are also 

covered. 

 

4.2.3.2 Almond–West formalism  

Figure 4.2.9 shows the AC conductivity spectra of a specific sample for all samples of 

a produced glassy system at different temperatures. It is manifested from Fig. 4.2.9 that the 

spectra of conductivity exhibit thermally excited behaviour. The frequency-independent zone 

appears when the frequency is lower, as seen in Fig. 4.2.9. It has a relationship with DC 

conductivity. At the crossover or hopping frequency, the dispersion begins to change from 

almost constant DC conductivity to AC conductivity. For all samples (x=0.0, 0.05, 0.1, 0.2, 

0.3, and 0.4) AC conductivity plots were examined for different x values.  The Almond-West 

Formalism [212] technique has been extensively utilized to explore frequency-dependent 

conductivity, which may be written as [212]: 

𝜎⁡(𝜔) = 𝜎𝑑𝑐[(1 + (
𝜔

𝜔𝐻
)𝑛           (4.2.12) 

Where, ωH =hopping crossover frequency, n =fractional power law exponent, and σdc = low-

frequency conductivity 

 

In Figs. 4.2.9 and 4.2.10, AC conductivity data from a glassy system corresponded with the 

Almond-West Formalism to provide sufficient data regarding the conduction process. Using 

Eq. (4.2.12), values of parameters ωH, n, and σdc have been obtained. AC conductivity data is 

x 

CBH (modified) model 

P1=Wm (eV) 

(0.10) 

P2=τ0  (s) 

(0.001) 

P3=T0 (s) 

(0.50) 

0.0 1.19759 0.00401 307.24892 

0.05 1.17194 0.00519 312.69933 

0.1 1.12114 0.00708 314.19986 

0.2 1.12994 0.00799 294.32869 

0.3 1.10677 0.00808 291.11936 

0.4 1.12114 0.0046 293.4948 
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well by the frequency, which has already been shown in Fig. 4.2.9. At a fixed temperature of 

513K, the conductivity spectra of all compositions (x =0.0, 0.05, 0.1, 0.2, 0.3, and 0.4) have 

been presented in Fig. 4.2.10. The behaviour of AC conductivity plots is unchanging as 

variations of doping Fe content. It is also marked in Fig. 4.2.10 that the order of the AC 

conductivity increases with raising Fe content in the matrices. 

In Fig. 4.2.11 (a), the estimated values of ωH were plotted against the temperature for 

all x values, indicating thermally triggered behaviour. Activation energy corresponding to ωH 

of the glassy system attained from the best-fitted straight lines’s slopes, which has been 

exhibited in Fig. 4.2.11. The estimated activation energies (EH) for ωH and n have been shown 

in Table 4.2.4. As prepared present glassy system illustrated that the hopping mechanism is the 

only component influencing the conductivity [214]. The values of n are shown in Table 4.2.4. 

Here, this present glassy system provides the higher values of n, which normally suggests the 

percolation-type motion [22, 83, 192, 212, 214-216]. Figure 4.2.11 (b)shows the spectra of AC 

conductivity of all compositions (x = 0.0, 0.05, 0.1, 0.2, 0.3, and 0.4) at temperature 513 K. 

From this figure, it can easily be understood that when Fe content is increased in the glass 

system, then AC conductivity is also found in increasing order. These results confirmed the 

results which are established from the DC conductivity analysis. 

 

Table 4.2.4: Activation Energy for Hopping Frequency of glass nanocomposites, xFe – (1-x)  

(0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO)  with different values of x. Calculated errors are 

covered. 

X Activation Energy n 

(0.10) 

0.0 1.00 1.00 

0.05 0.65 1.07 

0.1 0.57 1.09 

0.2 0.45 1.11 

0.3 0.40 1.13 

0.4 0.31 1.16 
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Fig. 4.2.9: Conductivity spectra at different temperatures for xFe – (1-x) (0.3V2O5 – 0.2MoO3 

– 0.4CdO – 0.1ZnO) glass nanocomposite where x= 0.0, 0.05, 0.1, 0.2, 0.3 and 0.4. Solid lines 

that are seen in the plots indicate the fitting with Almond West Formalism.   
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Fig. 4.2.10: Conductivity spectra for all prepared samples (x=0.0, 0.05, 0.1, 0.2, 0.3, and 0.4) 

at temperature 513 K. 

 

  

 

Fig. 4.2.11: (a) Differences of ωH with 1000/T of xFe – (1-x)  (0.3V2O5 – 0.2MoO3 – 0.4CdO 

– 0.1ZnO) glass nanocomposite with different values of x, solid lines indicate best-fitted 

straight lines. (b) Variation of ωH and EH corresponding to composition (x). 

4.2.3.3 AC conductivity scaling 

According to various literature, the "time-temperature superposition" (TTS) principle 

is a recognized technique for analyzing and predicting the temperature-dependent behavior of 

glassy materials [217-218]. TTS has scaled and adjusted the AC conductivity data such that it 
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can be overlaid onto a single master curve in terms of temperature and composition dependency 

[192, 217-218]. The conductivity axis and frequency axis have been sealed by σdc and ωH, 

respectively, in this temperature scaling of conductivity spectra, which is followed by the 

expression: 

σ(ω)/σdc = F (ω/ωH)     (4.2.13) 

 

Where, F= Scaling function, which is independent of temperature and composition. Figure 

4.2.12 (a) shows the temperature scaling curve at various temperatures for a, x = 0.3 sample. It 

has been clearly stated in Fig. 4.2.12 (a) that conductivity spectra scaling obeys the TTS 

principle and all temperatures have an almost good overlap in a single master curve. At a certain 

temperature (513K), the temperature scaling of all prepared samples is shown in Fig. 4.2.12 

(b), indicating that conductivity spectra for all glass compositions are not properly overlapped. 

As a result of the scaling phenomena of the currently glassy system, it has been demonstrated 

that the common relaxation mechanism of charge carriers/polarons is temperature-independent, 

but heavily reliant on composition or structure. [23]. 

 

  

Fig. 4.2.12: (a)Temperature scaling of the AC conductivity spectra at different temperatures of 

the system for x=0.3 and (b) Temperature scaling of conductivity spectra for all compositions 

at a fixed temperature (513 K). 

4.2.4 Conclusion 

 Fe undoped (x=0.0), as well as Fe, doped (x= 0.05, 0.1, 0.2, 0.3 and 0.4) nano glassy 

system has been investigated the electrical properties which were prepared through melt 

quenched method. FTIR reports indicate that to make a vibration in the Mo-O and Zn-O bands, 
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minimal energy is required so that an acoustic phonon contribution is induced when the Fe 

content increases. The larger the acoustic vibration, the more unstable the current system, 

which contains more Fe. It has been revealed that the DC conductivity of the present glassy 

system increases with temperature. XRD result shows that on the evolvement of different nano 

phases, structural modification should emerge. This limited lattice distortion results from the 

structural arrangement in the present system when Fe concentration is adjoined. When the 

current system is steadily increased with Fe, this type of environment charges a conversion of 

conduction technique from large to small hoping polaron. Both DC and AC conductivity have 

been increased as Fe is doped, which also shows a similar nature. The modified CBH model 

has been deployed to state the nature of S corresponds to temperature in the system and the 

prevalent conduction method is anticipated in the current system. It has also been found that 

the activation energy for DC conductivity (σdc), as well as hopping frequency (ωH), are almost 

the same for all prepared samples (x=0.0, 0.05, 0.1, 0.2, 0.3, and 0.4) of the current glassy 

system. AC conductivity scaling phenomena have indicated that the common relaxation 

mechanism of charge carriers/ polarons is temperature-independent, but strongly dependent on 

the composition or structure of the presently glassy system. 
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4.3 Mechanical Properties of Fe-V2O5-MoO3-CdO-ZnO Glass Nanocomposite System 

4.3.1 Introduction 

Microhardness studies in nanocomposite materials have seen limited research in the last 

few years, and are less commonly described in the literature. Nowadays, the mechanical 

properties of nanocomposites are crucial due to their exceptional chemical and physical 

attributes, making them highly useful in practical-world scenarios [56]. Glass nanocomposite 

materials have great interest in research because of their exceptional application in the field of 

solid-state ionic devices such as electrochemical capacitors, gas sensors, fuel cells, analog 

devices, and electrochromic displays, etc [119-121]. In addition, due to its high mechanical 

properties, transparent glass-ceramics are greatly accepted materials for the protective cover of 

the new generation mobile phones [12-13]. The parameters of microhardness measurement 

give valuable information about the composition of the materials. Apart from this, 

microhardness study also helps to measure the materials' yield strength, elastic modulus, and 

shear modulus. Vickers microhardness method is the convenient method for measuring the 

microhardness of composite systems [138-141]. 

Many models were established to illustrate ISE behavior in materials, including Meyer's 

law, elastic/plastic deformation models (EPD), proportional sample resistance (PSR), and the 

Hays–Kendall (HK) approach, which relates applied indentation test load (P) to the diagonal 

length of the indentation (d).[147-149].  

The present study investigates the Vicker’s microhardness behaviour of a new glassy 

nanocomposite system xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) with x=0.0, 0.05, 

0.1, 0.2, 0.3, and 0.4 along with different heat treatment condition. In the next step, we will 

investigate the effect of iron on this new glassy system's microhardness behavior. The 

experimental Vickers micro-hardness values have been calculated and analysed using various 

models to describe the usual ISE and the unusual reverse ISE in crystalline solids during as 

prepared as well as different heat treatment conditions. 

4.3.2 Microhardness Analysis 

The Vickers microhardness values (Hv) of the glass nanocomposite system, for various 

values of x were measured at various test loads ranging from 0.049 N to 0.980 N. The 
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microhardness values for each sample at different loads are presented in Table 4.3.1, and the 

changing of Hv with the load is illustrated in Fig. 4.3.1. For all samples, the microhardness 

values increased with increasing applied load. This trend is consistent in all Fe concentration 

batches, indicating a load-dependent hardness behaviour. The indentation size also increased 

with the applied load, showing two distinct regions in the load-hardness curve: the low load 

zone (AB) and the high load zone (BC). In the low load zone (AB), the behaviour is load-

dependent and non-linear, while in the high load zone (BC), the behaviour is nearly linear and 

reaches a saturation point, referred to as the plateau region [134-137]. 

The microhardness values at a specific load increase with the Fe content in the samples. 

For instance, at a load of 0.049 N, the Hvvalue for x=0.0 is 1.0032 GPa, while for x=0.04, it 

increases to 1.7336 GPa. This represents a significant enhancement of approximately 72.8% in 

microhardness with the addition of Fe up to 0.4 concentration. Similarly, at a higher load of 

0.980 N, the Hv value for x=0.0 is 3.0763 GPa, whereas, for x=0.4, it reaches 5.2321 GPa, 

marking a substantial increase of about 70.1%. The increase in hardness with Fe concentration 

suggests that Fe plays a crucial role in doing better with the mechanical properties of glass 

nanocomposites. Increasing Fe concentration indicates the presence of more Fe-containing 

crystal phases, and enhances the hardness. These results are in good concurring with the XRD 

and SEM investigations.  

The load-dependent microhardness values show that as the load increases, the 

indentation size also increases. This is evident from the indents' larger diagonal lengths (d) at 

higher loads. The Vickers microhardness curves for all samples display two regions. In the low 

load zone (AB), there is a significant increase in microhardness values, suggesting that fresh 

dislocations are being nucleated at the indented zone. This behaviour is indicating the reverse 

indentation size effect, where hardness is increased with an increase in load applied. In the high 

load zone (BC), the microhardness values approach a plateau, indicating that the material has 

reached its maximum resistance to deformation under the applied loads [134-137]. For 

example, the plateau region for x=0.0 occurs at approximately 2.4952-3.0763 GPa, while for 

x=0.4, it is between 4.9230-5.2321 GPa. This behaviour suggests that the material exhibits 

stable and consistent hardness properties at higher loads, which is crucial for applications 

requiring high load-bearing capacity. 
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The elastic modulus (E) values for each sample at different loads are presented in Table 

4.3.1. The elastic modulus (E) values (Discussed in section 3.4.3 of chapter 3) for the glass 

nanocomposites were calculated using the Vickers hardness values [161]. The data shows that 

the elastic modulus increases with both the applied load and the Fe concentration in the 

samples. For x=0.0 at a load of 0.049 N, the elastic modulus is 82.22699 GPa, whereas, for 

x=0.4 at the same load, it is 142.09520 GPa, indicating an increase of about 72.8%. At a higher 

load of 0.980 N, the elastic modulus for x=0.0 is 252.14791 GPa, while for x=0.4, it is 

428.84122 GPa, showing an enhancement of approximately 70.1%. The data shows that the 

elastic modulus increases with both the applied load and the Fe concentration in the samples. 

This trend indicates that the materials become stiffer and more resistant to elastic deformation 

with increasing Fe content and applied load, making them more suitable for applications 

requiring high elastic modulus. 

The yield strength (Y) values for each sample at different loads are presented in Table 

4.3.1. The yield strength (Y) values (Discussed in section 3.4.3 of chapter 3) were derived from 

the Vickers hardness values, and the results indicate a similar trend to that observed for the 

elastic modulus [161]. The yield strength increases with higher Fe content and applied load, 

reflecting the enhanced ability of the material to withstand permanent deformation. At a load 

of 0.049 N, the yield strength for x=0.0 is 0.33440 GPa, whereas, for x=0.4, it is 0.57788 GPa, 

showing an increase of about 72.8%. At a load of 0.980 N, the yield strength for x=0.0 is 

1.02544 GPa, and for x=0.4, it is 1.74403 GPa, reflecting an enhancement of approximately 

70.1%. The increase in yield strength with Fe concentration suggests that Fe doping 

significantly improves the material's resistance to yielding and permanent deformation, which 

is crucial for structural applications. 

The shear modulus (G) values for all samples at different loads are presented in Table 

4.3.1. The values of shear modulus(Discussed in section 3.4.3 of chapter 3) were derived from 

the Vickers hardness values, and the results indicate a similar trend to that observed for the 

elastic modulus [161]. The shear modulus increases with higher Fe content and applied load, 

reflecting the enhanced ability of the material to withstand permanent deformation. At a load 

of 0.049 N, the shear modulus for x=0.0 is 6.643807 GPa, whereas for x=0.4, it is 11.48106 

GPa, showing an increase of about 72.8%. At a load of 0.980 N, the shear modulus for x=0.0 
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is 20.37314 GPa, and for x=0.4, it is 34.64967 GPa, reflecting an enhancement of approximately 

70.1%.  

The observed microhardness results demonstrate a reverse ISE, where hardness is 

increased with an increase in load applied. This behaviour can be attributed to the nucleation 

of fresh dislocations at the indented zone, which improves the material's resistance to 

deformation at higher loads. The reverse indentation size effect is evident from the significant 

increase in microhardness values with increasing loads, particularly in the low load zone (AB) 

[48, 50-51, 134-137]. The presence of RISE in the glass nanocomposites indicates that the 

materials exhibit superior mechanical performance under varying loads. This behaviour is 

beneficial for applications where materials are subjected to different loading conditions, as it 

ensures consistent and reliable mechanical properties. The improvement in mechanical 

properties with Fe doping can be attributed to changes in the microstructure and phase 

composition of the glass nanocomposites. XRD analysis (Details in section 4.1.5 of chapter 4) 

reveals the presence of crystalline phases such as FeVO₄, Cd₂V₂O₇, and V₂MoO₈ in the 

samples. These phases contribute to the enhanced hardness, elastic modulus, and yield strength 

of the materials.   
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Table 4.3.1: Calculated HV, E, Y & G values pertaining to the prepared glass nanocomposites 

xFe – (1-x)  (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO)with different values of x. 

Samples P (N) 
d (μm) 

Hv (GPa) 

Plateau region 

(GPa) E (GPa) Y (GPa) G (GPa) 

x=0 

0.049 9.521 1.0032 2.4952-3.0763 82.22699 0.33440 6.643807 

0.098 11.80 1.3063 107.07000 0.43543 8.651081 

0.245 15.402 1.9167 157.10130 0.63890 12.69353 

0.490 19.09 2.4952 204.51736 0.83174 16.52467 

0.980 24.314 3.0763 252.14791 1.02544 20.37314 

x=0.05 

0.049 8.95 1.1353 2.7836-3.3666 93.055359 0.37844 7.518721 

0.098 10.072 1.7927 146.94393 0.59759 11.87283 

0.245 14.041 2.3061 189.02384 0.76873 15.27282 

0.490 18.074 2.7836 228.15372 0.92786 18.43445 

0.980 23.242 3.3666 275.94360 1.12222 22.29579 

 

x=0.1 

0.049 8.22 1.3459 3.2679-3.7591 110.31542 0.44863 8.913306 

0.098 9.843 1.8771 153.85837 0.62571 12.4315 

0.245 13.038 2.6746 219.22324 0.89154 17.71288 

0.490 16.681 3.2679 267.85102 1.08931 21.64192 

0.980 21.9951 3.7591 308.11334 1.25305 24.89505 

 

x=0.2 

0.049 7.774 1.5046 3.5167-4.0357 123.32916 0.50156 9.964794 

0.098 9.189 2.15397 176.54698 0.71799 14.26471 

0.245 12.665 2.8345 232.32657 0.94483 18.77161 

0.490 16.08 3.5167 288.24476 1.17224 23.2897 

0.980 21.228 4.0357 330.78395 1.34524 26.7268 

 

x=0.3 

0.049 7.377 1.6710 4.0357-4.8676 136.96127 0.55700 11.06625 

0.098 8.458 2.5422 208.37304 0.84742 16.8362 

0.245 11.286 3.5694 292.56515 1.18981 23.63879 

0.490 14.259 4.0357 366.56713 1.49077 29.61802 

0.980 19.329 4.8676 398.97308 1.62256 32.23637 

 

x=0.4 

0.049 7.245 1.7336 4.9230-5.2321 142.09520 0.57788 11.48106 

0.098 7.933 2.8919 237.03434 0.96398 19.15199 

0.245 10.801 3.8980 319.49864 1.29935 25.81497 

0.490 13.593 4.9230 403.51040 1.64101 32.60298 

0.980 18.644 5.2321 428.84122 1.74403 34.64967 
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Fig. 4.3.1: The changes of microhardness along with various loads of the xFe – (1-x) (0.3V2O5 

– 0.2MoO3 – 0.4CdO – 0.1ZnO) glass system for various values of x. 

4.3.3 Analysis of Theoretical Models of Microhardness 

The applied load on the indenter is a critical factor influencing the microhardness of a 

specimen. This relationship is captured by the phenomenon known as the ISE, where the 

microhardness of a material either increases or decreases with the applied load [48-50, 219]. 

Understanding this effect is essential for interpreting the mechanical behaviour of materials 

under different loading conditions [48]. There are two primary categorizations observed in 

indentation: the ISE and the reverse RISE [48]. 

In normal ISE, an increase in the applied test load leads to a decrease in microhardness. 

This behaviour is commonly observed in many materials and is attributed to the greater 

penetration depth of the indenter under higher loads, which tends to sample a larger volume of 

the material, including more defects and softer regions [48, 51, 135]. The larger contact area at 

higher loads distributes the applied force over a broader region, leading to a lower measured 

hardness. This phenomenon can be explained by factors such as the distribution of dislocations, 

strain hardening, and the heterogeneity of the material at different scales. Contrary to the 

normal ISE, RISE is characterized by an increase in microhardness with an increase in the 

applied test load [48-51]. This behaviour, observed in the present study, indicates that the 
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material exhibits greater resistance to deformation as the load increases. The RISE behaviour 

is often associated with the nucleation and interaction of dislocations, as well as the activation 

of additional deformation mechanisms at higher loads [48, 51, 135]. This effect suggests that 

the material becomes tougher and more resistant to plastic deformation as the load increases, 

which is a desirable for many engineering applications [48-51, 135, 145]. 

Several theoretical models established to investigate the ISE and reverse ISE 

behaviours of materials. Such models are crucial for explaining the structural and mechanical 

behavior of glass nanocomposites under different loading conditions. In this present study, 

various models like Meyer’s law, EPD model, PSR model,  HK approach, and IIC model were 

used to investigate Vickers microhardness values of as prepared glassy samples (x=0.0, 0.05, 

0.1, 0.2, 0.3 and 0.4).  

4.3.3.1 Meyer’s law 

 Meyer’s Law is fundamental in understanding the hardness behaviour of materials 

under varying loads [48, 146, 150] (Details in section 2.11.4.1 of chapter 2). The law 

establishes an interrelation between the applied load (P) and the resulting indentation diagonal 

length (d), expressed by the formula: 

 P = Adn    (4.3.1)  

Here, A is a material constant and n indicates Meyer’s index, which indicates the nature of the 

indentation size effect (ISE). This law is instrumental in distinguishing between normal ISE 

and reverse indentation size effect (RISE) [46, 48, 146, 150]. For normal ISE, n is less than 2, 

signifying that hardness decreases with increasing load. In contrast, for RISE, n is greater than 

2, mentioning an increase in hardness with increasing applied load. The special case where n=2 

is described by Kick’s Law, which states that microhardness is independent of the applied load.  

Figure 4.3.2, is best fitted using Meyer’s Law equation [48, 146, 150]. The fitting parameter 

values (A and n) for all samples are presented in Table 4.3.2.  

 The importance of Meyer’s Law lies in its ability to characterise the hardness behavior 

of materials under varying loads, providing insights into the material's deformation 

mechanisms. It can quantitatively determine whether the samples exhibit normal ISE or RISE 

by calculating Meyer's index for different Fe-doped glass nanocomposite samples. For 

example, Meyer’s index values for all the nano glass composite is n > 2, indicating a RISE 

behaviour. Higher Meyer’s index values indicate enhanced hardness with increasing load, 

reflecting the material's improved resistance to deformation. This information is crucial for 

applications where high mechanical strength is required [50, 155]. Meyer’s index also provides 
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insights into the dominant deformation mechanisms at different loads. In the case of RISE, the 

increase in hardness with load suggests that additional mechanisms, such as dislocation 

interactions and phase transformations, become active at higher loads. Figure 4.3.2 and Table 

4.3.2 shows that the value of n exceeds 2 for all glass nanocomposites. Due to these values of 

n, all glassy nanocomposite-prepared samples have been considered to follow RISE behavior. 

Table 4.3.2: Experimental fitting parameters data according to Meyer’s law for the prepared 

system. 

Samples Mayer index (n) lnA (GPa) HV (GPa) 

x=0 3.22695 -10.27002 2.4952-3.0763 

x=0.05 3.013 -9.43966 2.7836-3.3666 

x=0.1 3.03288 -9.29945 3.2679-3.7591 

x=0.2 2.94467 -8.93952 3.5167-4.0357 

x=0.3 3.06476 -8.95841 4.0357-4.8676 

x=0.4 3.08173 -8.81079 4.9230-5.2321 

 

Fig. 4.3.2: Graph of ln P versus ln d for the prepared samples with various x values using 

Meyer’s law. 
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4.3.3.2 Elastic/plastic deformation approach 

The EPD approach (Details in section 2.11.4.2 of chapter 2) is a pivotal model for 

elucidating the ISE and RISE behaviors in glass nanocomposite samples [142, 151]. This model 

emphasises the elastic recovery surrounding the indentation impression and the formation of 

plastically deformed bands, capturing the complexity of deformation mechanisms. The EPD 

model is represented by the equation.  

P = A1 (dp+de)
2   (4.3.2) 

Here A1 is a constant of load-independent, dp, and de are the plastic deformation correction 

term, and the elastic deformation correction term. This equation underscores the interplay 

between plastic and elastic deformations under applied loads [142]. 

In the current study, the relationship between P1/2 and dp was analyzed (Figure 4.3.3), 

and the constants were derived from the best-fit straight lines in the P1/2 versus dp plot, as 

summarised in Table 4.3.3. The values of elastic deformation (de) were found to range from “-

0.217 to -0.297” μm, indicating a negative nature and thereby confirming the RISE behaviour 

of the nano glassy composites [48, 142]. This negative elastic deformation suggests significant 

local structural disorders and grain size enlargement due to continuous Fe doping, which 

facilitates crack propagation in the samples. The negative values of de are critical because they 

highlight the material's tendency to exhibit increased hardness with increasing load, contrary 

to the typical ISE behaviour where hardness decreases with increased load. 

The local structural disorder, as inferred from the negative de values, is indicative of Fe 

doping-induced defects and dislocations, which contribute to enhanced hardness at higher loads 

[48, 161]. The plastic deformation term (dp) reflects the material's capacity to undergo 

permanent deformation, which determines the overall indentation response in conjunction with 

the elastic recovery. By combining these factors, simpler deformation models cannot capture 

the full complexity of deformation behaviour. 

Vickers microhardness values for the EPD model (HEPD) have been estimated from the 

Eq. 2.7 of Chapter 2. The microhardness values derived from this model (Table 4.3.3) show 

significant deviations from the experimentally observed Vickers microhardness values. For 

instance, the EPD model predicts a microhardness of 5.115 GPa for the x=0.0 sample, whereas 

the Vickers microhardness ranges from 2.4952 to 3.0763 GPa. Similarly, for the x=0.4 sample, 
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the EPD-derived hardness is 8.156 GPa, while the Vickers hardness ranges from 4.9230 to 

5.2321 GPa. 

These discrepancies underscore the limitations of the EPD model in fully capturing the 

real load-dependent microhardness behaviour of glass nanocomposite samples. The EPD 

model's theoretical framework emphasises the elastic and plastic contributions to hardness, yet 

it may overlook other critical factors such as microstructural heterogeneity, phase distribution, 

and the presence of secondary phases, which significantly influence the material's hardness 

[48, 142]. 

Furthermore, the EPD model's ability to explain the RISE behaviour is linked to the 

negative elastic deformation values. This behaviour contrasts with typical ISE behaviour 

observed in other materials, where positive elastic deformation values indicate a decrease in 

hardness with increasing load [48, 142, 151]. The negative values suggest that the prepared 

glassy nanocomposite samples exhibit unique deformation mechanisms, possibly due to the 

specific nature of Fe doping and its effect on the glass matrix. 

 

Fig. 4.3.3: Graphs of P1/2 over d for the prepared samples with various x values using EPD 

Model. 
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Table 4.3.3: Experimental fitting parameters data according to EPD model for the prepared 

samples. 

Samples     A2
1/2x103(N/μm2) de (μm) HEPD (GPa) HV (GPa) 

x=0 52.52 -0.297 5.1150 2.4952-3.0763 

x=0.05 52.84 -0.236 5.1776 2.7836-3.3666 

x=0.1 55.89 -0.235 5.7925 3.2679-3.7591 

x=0.2 56.89 -0.217 6.0017 3.5167-4.0357 

x=0.3 64.07 -0.233 7.6122 4.0357-4.8676 

x=0.4 66.32 -0.228 8.1562 4.9230-5.2321 

 

4.3.3.3 Proportional sample resistance model 

The PSR model (Details in section 2.11.4.3 of chapter 2) is an essential tool for 

understanding the load-dependent as well as the load-independent microhardness of materials, 

particularly in the context of nanocomposite glass systems [150, 152-154].  

The experimental fitting parameters (A and B, which can be derived from Eq. 2.8 of 

Chapter 2) from the PSR model, presented in Table 4.3.4, highlight significant observations. 

The negative values of A for all samples confirm the RISE behaviour, indicating that 

microhardness increases with increasing load [152, 155]. This negative value of A implies that 

the samples undergo predominantly plastic deformation, with no significant elastic recovery 

contributing to the indentation process. The B values, which are always positive, represent the 

load-independent constant associated with the intrinsic material hardness [152, 155]. 

In Fig. 4.3.4, the plot of the Fe-doped glass nanocomposites demonstrates the linear fit 

used to extract the values of A and B. The plot and corresponding linear fit confirm the model's 

applicability and validate the derived parameters [152, 155]. The gradual increase in B values 

with higher Fe content indicates that Fe doping improves the material's intrinsic resistance to 

indentation [153-154]. This trend correlates with the observed increase in Vickers 

microhardness (Hv) with higher Fe concentrations, as shown in Fig. 4.3.1. 

The calculated load-independent Vickers microhardness values for the PSR model 

(HvPSR) using Eq. 2.9 of Chapter 2 are summarised in Table 4.3.4, which are significantly higher 

than the actual measured Vickers microhardness values (Hv) at the saturation zone. For 

instance, the x=0.0 sample has a (Hv)PSR of 4.469 GPa compared to an actual Hv range of 2.4952 

to 3.0763 GPa. Similarly, the x=0.4 sample exhibits a (Hv)PSR of 7.361 GPa, whereas the actual 
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Hv ranges from 4.9230 to 5.2321 GPa. This substantial difference suggests that while the PSR 

model provides a theoretical framework for understanding hardness, it may not fully capture 

the complex load-dependent behavior observed experimentally [153-154]. 

The PSR model's reliance on intrinsic structural factors and indenter orientation also 

plays a significant role in considering the hardness values. The negative A values, indicating 

RISE behavior, suggest that the prepared glass nanocomposites primarily undergo plastic 

deformation with minimal elastic recovery [51, 135]. This behaviour is consistent with the 

observed microstructural changes, such as increased grain size and structural disorder, due to 

Fe doping. 

Furthermore, the gradual increase in B values with higher Fe content reflects the 

continuous improvement in the material's hardness properties [51, 135]. The incorporation of 

Fe into the glass matrix enhances the overall structural integrity, leading to increased resistance 

to deformation. This enhancement is attributed to the Fe atoms disrupting the glass network, 

creating localised stress fields that contribute to the material's hardness. 

 

 

Fig. 4.3.4: Plots of P/d versus d for prepared samples using PSR model with different x values. 
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Table 4.3.4: Experimental fitting parameters data according to PSR model for the prepared 

samples.  

Samples Ax10-3 (N/μm) Bx10-4 (N/μm2) HPSR (GPa) HV (Gpa) 

x=0 -19.58 24.1 4.4691 2.4952-3.0763 

x=0.05 -16.59 24.9 4.6174 2.7836-3.3666 

x=0.1 -17.62 28.2 5.2294 3.2679-3.7591 

x=0.2 -16.99 29.6 5.4890 3.5167-4.0357 

x=0.3 -19.89 37 6.8612 4.0357-4.8676 

x=0.4 -20.11 39.7 7.3619 4.9230-5.2321 

 

4.3.3.4 Hays Kendall approach 

The HK model (Details in section 2.11.4.4 of chapter 2) provides a comprehensive 

approach to understanding the mechanical behavior and load-independent microhardness 

parameters of materials [145]. This model accounts for both plastic and elastic deformation 

when materials are subjected to a minimum test load.  

The plot in Fig. 4.3.5, which shows the applied loads (P) versus the square of the 

diagonal length (d2), helps in determining the values of A3 and W from the best-fitted straight 

line. The parameters of A3 and W have been already discussed in Eq. 2.10 of chapter 2. The 

negative values of W indicate that the effective load applied is slightly more than the actual 

applied load, suggesting that plastic deformation starts at a lower load than initially expected 

[145]. 

From Table 4.3.5, it is seen that W is negative. This conveys that the effective load is 

slightly more than the true functional load.  The load-independent Vickers microhardness 

values (HvHK) using Eq. 2.12 of Chapter 2 are summarised in Table 4.3.5, and exhibit a 

significant increase with higher Fe content in the glass nanocomposites. For example, the x=0.0 

sample has a (Hv)HK of 3.504 GPa, while the x=0.4 sample shows a (Hv)HK of 5.841 GPa. This 

increasing trend is attributed to the enhanced plastic deformation resistance due to Fe doping, 

which improves the overall hardness of the material. 

However, the negative W values indicate that the HK model might not fully capture the 

elastic deformation component, as the effective load is consistently higher than the functional 

load. This observation suggests that the model primarily accounts for plastic deformation, 
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which is predominant in the material [48, 156]. The discrepancy between the calculated (Hv)HK 

values and the actual measured Vickers microhardness (Hv) at the saturation zone further 

supports this notion. For instance, the actual Hv values for the x=0.4 sample range from 4.9230 

to 5.2321 GPa, which is lower than the calculated (Hv)HK of 5.841 GPa. 

The positive A3 values indicate a proportional increase in hardness with increasing 

indentation size, reflecting the material's resistance to deformation. This resistance is enhanced 

by Fe doping, which disrupts the glass network and introduces localized stress fields that 

contribute to the material's hardness. The increase in A3 values with higher Fe content 

demonstrates the improved structural integrity and load-bearing capacity of the 

nanocomposites. The HK model highlights the significant role of Fe doping in enhancing the 

material's hardness and structural integrity, contributing to its improved load-bearing capacity 

[48]. 

 

Fig. 4.3.5: Plots of P versus the d2 for prepared samples using HK model. 
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Table 4.3.5: Experimental fitting parameters data according to HK model for a prepared 

system with various x values.  

Samples A3 ×10-3(N/μm2) WHK (N) HHK (GPa) HV (GPa) 

x=0 1.89 -0.164 3.5048 2.4952-3.0763 

x=0.05 2.00 -0.126 3.7088 2.7836-3.3666 

x=0.1 2.25 -0.121 4.1724 3.2679-3.7591 

x=0.2 2.40 -0.113 4.4505 3.5167-4.0357 

x=0.3 2.93 -0.114 5.4333 4.0357-4.8676 

x=0.4 3.15 -0.108 5.8413 4.9230-5.2321 

 

4.3.3.5 Indentation-induced cracking model 

The IIC model (Details in section 2.11.4.5 of chapter 2), developed by Li and Bradt, 

provides a comprehensive framework to analyze the mechanical properties of materials, 

particularly those exhibiting RISE behaviour [155, 156-159]. The values of K and m are load-

independent constants, already explained in Eq. 2.14 of Chapter 2. The parameter m is crucial 

in determining the material's behavior: m > 0.6 indicates normal ISE behaviour, while m <0.6 

indicates RISE behaviour [48, 50]. The values of m determined from the linear fit curve in 

Figure 4.3.6 for all nano-glassy samples range from 0.498 to 0.516. Since m < 0.6 for all 

samples, it is confirmed that the glass nanocomposite samples exhibit RISE behaviour. This 

behaviour indicates that as the applied load decreases, the hardness increases, a characteristic 

typically associated with significant plastic deformation before fracture [156-158]. 

The parameter K represents a load-independent constant related to the hardness of the 

material. The values of K increase with higher Fe content, from 6.036 for x=0.0 to 6.242 for 

x=0.4. This suggests that Fe-doping enhances the resistance of the glass nanocomposites to 

indentation-induced cracking, leading to higher overall hardness. Vickers microhardness 

values for the IIC model (HvIIC) using Eq. 2.14 of Chapter 2 are tabulated in Table 4.3.6. The 

increase in K correlates well with the observed microhardness values (Hv), indicating that the 

IIC model effectively describes the hardness behavior of these materials. 

To validate the IIC model, a comparison of microhardness values from different models 

(EPD, PSR, HK, and IIC) and the experimental Vickers microhardness (Hv) at the plateau 

region is necessary. The IIC model values (HvIIC) closely match the experimental Vickers 
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microhardness (Hv), indicating its robustness in capturing the mechanical properties of Fe-

doped glass nanocomposites. The slight variations between the experimental and theoretical 

values suggest that while the IIC model is effective, it might still require some adjustments for 

perfect alignment with experimental data [161]. As the Fe content increases, both the 

experimental and theoretical hardness values show an upward trend. This indicates that Fe 

incorporation strengthens the glass matrix, enhancing its resistance to deformation. The trend 

is consistent across all models, affirming the positive impact of Fe doping on the mechanical 

properties. The negative values of m in the IIC model confirm the RISE behaviour of the 

samples. This is further validated by the comparison with other models, where similar trends 

are observed, though the exact values differ. The RISE behaviour indicates predominant plastic 

deformation, which is critical for applications requiring high toughness and durability. 

 

Fig. 4.3.6: Plots of Variation of lnHv with ln(P5/3/d3) for prepared system with x values using 

IIC model. 
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Table 4.3.6: Experimental fitting parameters data according to IIC model for prepared samples.  

Samples M lnK (N(3-5m)/3/μm(2-3m) (HV)IIC (GPa) HV (Gpa) 

x=0 0.498 6.036 2.8247 2.4952-3.0763 

x=0.05 0.506 6.098 3.0136 2.7836-3.3666 

x=0.1 0.507 6.101 3.3813 3.2679-3.7591 

x=0.2 0.509 6.147 3.6731 3.5167-4.0357 

x=0.3 0.512 6.184 4.4552 4.0357-4.8676 

x=0.4 0.516 6.242 4.9012 4.9230-5.2321 

 

Table 4.3.7: The experimental Vickers microhardness results at the plateau region and the 

theoretical microhardness values calculated using EPD, PSR, HK, and IIC models. 

 

Samples 

 

(Hv)EPD (GPa) (Hv)PSR (GPa) (Hv)HK 

(GPa) 

(Hv)IIC 

GPa) 

Hv (GPa) 

x=0 5.1150 4.4691 3.5048 2.8247 2.4952-3.0763 

x=0.05 5.1776 4.6174 3.7088 3.0136 2.7836-3.3666 

x=0.1 5.7925 5.2294 4.1724 3.3813 3.2679-3.7591 

x=0.2 6.0017 5.4890 4.4505 3.6731 3.5167-4.0357 

x=0.3 7.6122 6.8612 5.4333 4.4552 4.0357-4.8676 

x=0.4 8.1562 7.3619 5.8413 4.9012 4.9230-5.2321 

 

4.3.4 Microhardness Analysis (Different Heat Treatment Conditions) 

The Vickers microhardness values (Hv) of the heat-treated glass nanocomposite at 6000 

C for 1h, 3h, and 5h were measured at various test loads ranging from 0.049 N to 0.980 N. The 

microhardness values for each heat-treated (1h, 3h, and 5h) samples at different loads are 

presented in Table 4.3.8 and the variation of Hv with the applied load is illustrated in Figure 

4.3.7a-c. Figure 4.3.7a-c displays the microhardness values increased with increasing applied 

load for all the heat-treated samples (x=0.0 to 0.4). This trend is consistent across all Fe 

concentrations, indicating a load-dependent hardness behavior. The indentation size also 

increased with the applied load, showing two distinct regions in the load-hardness curve: the 

low and the high load zones [161]. In the low load zone, the behaviour is load-dependent and 
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non-linear, while in the high load zone, the behavior is nearly linear and reaches a saturation 

point, referred to as the plateau region [145, 52-55]. 

The microhardness values of heat-treated glass samples increase with Fe content under 

a specific load. After 1 hour of heat treatment at a low load of 0.049 N, the Hv value rises from 

1.3328 GPa for x = 0.0 to 2.2694 GPa for x = 0.4, as shown in Table 4.3.8. This represents a 

significant enhancement of approximately 70.27% in microhardness with the addition of Fe up 

to 0.4 concentration. Similarly, at a higher load of 0.980 N, the Hv value for x=0.0 is 3.7746 

GPa, whereas, for x=0.4, it reaches 5.8082 GPa, marking an increase of about 53.87%.   

At a low load of 0.049 N, the Hv values for x = 0.0 are 2.3204 GPa and 2.3541 GPa 

after 3 h and 5 h of heat treatment, respectively. For x = 0.4, these values increase significantly 

to 5.6128 GPa and 5.6548 GPa for the same heat-treatment hours. Similarly, at a higher load 

of 0.980 N, the Hv values for x = 0.0 are 4.5693 GPa and 4.5831 GPa after 3 h and 5 h of heat 

treatment, respectively, while for x = 0.4, the values rise to 10.4453 GPa and 10.5329 GPa for 

the corresponding heat-treatment hours. The increase in hardness with Fe concentration 

suggests that Fe plays a crucial role in enhancing the mechanical properties of the glass 

nanocomposites.  

For 1h heat treatment, the glass matrix of Fe undoped system was indicated to the nature 

which was identified as crystalline in nature but in the irregular shape of crystals and shows 

poor reinforcement from the crystalline phases [194]. Non-appearance of Fe may hinder the 

process of nucleation of crystals. So, the structure is commanded by a low mechanically strong 

amorphous phase. After 3h heat treatment, a significant rise in hardness was observed which 

reported the birth of first crystalline phases like Cd2V2O7 and Zn3V2O8 [194-198]. This phase 

offers limited reinforcement by making better the distribution of load under indentation. In a 

5h time duration, the microstructure shows improved crystallinity and its resistance towards 

deformation is improved. 

Low Fe Concentrations (x = 0.05, 0.1, and 0.2) improved hardness, as shown in Table 

4.3.8, after 1h heat treatment. This was because of the development of nanophases like FeVO4 

[199-201]. This phase which is scattered within the matrix, enhances mechanical properties 

due to the distribution of stress effectively. Following 3 h of heat treatment, extended heat 

treatment facilitates the growth of Fe-based nanocrystals, significantly improving in hardness. 

After five hours of heat treatment, the microstructure exhibited a homogeneous distribution of 

nanocrystalline phases such as FeVO4, Zn3V2O8, and Cd2V2O7 [194-201]. It was seen that in 
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the matrix, crystalline content was integrated well, reducing structural defects as well as 

enhancing mechanical integrity as a whole [48, 161].  

At high Fe concentrations (x = 0.3 and 0.4) in heat-treated glass composites, Figure 

4.3.7 and Table 4.3.8 reveal minimal differences in hardness values between these samples 

under both low and high-loading conditions. The results indicate that maximum hardness is 

achieved after 3h and 5h heat treatment, with only slight variations observed between the 

samples. 

The higher Fe concentration promoted rapid nucleation of FeVO4, Zn3V2O8, and 

Cd2V2O7 phases [194-201]. This increase was attributed to the formation of interlocking 

crystalline networks and the development of fine Fe-based nanocrystals. The microstructure 

became more rigid and resistant to deformation due to the synergistic effects of multiple 

crystalline phases.  Prolonged heat treatment led to further crystallite growth and the 

development of a predominantly polycrystalline structure [161]. While the overall hardness 

remained high, minor phase segregation and coarsening in the high Fe concentration samples 

limited any further significant improvement [48].   

The load-dependent microhardness values show that as the load increases, the 

indentation size also increases. This is evident from the larger diagonal lengths (d) of the 

indents at higher loads. The Vickers microhardness curves for all heat treatment samples (1h, 

3h, and 5h) display two regions. In the low load zone (AB), there is a significant increase in 

microhardness values, suggesting that fresh dislocations are being nucleated at the indented 

zone in the samples. This behaviour is indicative of the RISE, where hardness increases with 

increasing load [48, 161]. In the high load zone (BC), the microhardness values approach a 

plateau, indicating that the material has reached its maximum resistance to deformation under 

the applied loads [53, 134, 136-137]. For example, during 3h heat treatment condition, the 

plateau region for x=0.0 occurs at approximately 4.2109-4.5693 GPa, while for x=0.4, it is 

between 9.9597-10.4453 GPa. This behaviour suggests that the material exhibits stable and 

consistent hardness properties at higher loads, which is crucial for applications requiring high 

load-bearing capacity [48]. 
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Table: 4.3.8 The calculated Vickers microhardness (HV) values pertaining for the prepared 

glass nanocomposites xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) with different 

values of x at various heat treatment (HT) hours (1h, 3h and 5h) along with as prepared 

condition. 

Samples P (N) Hv (GPa) Hv for 1hHT 

(GPa) 

Plateau Region 

For 

1h HT 

Hv for 

3h HT  

(GPa) 

Plateau 

Region 

For 

3h HT 

Hv for 5h  HT(GPa) Plateau 

Region 

For 

5h HT 

x= 0 0.049 1.0032 1.3328 3.2624- 

3.7746 

2.3204 4.2109- 

4.5693 

2.3541 4.1994-

4.5831 

 

0.098 1.3063 1.8782 2.9587 3.0046 

0.245 1.9167 2.6738 3.7303 3.7849 

0.49 2.4952 3.2624 4.2109 4.1994 

0.98 3.0763 3.7746 4.5693 4.5831 

x= 0.05 0.049 1.1353 1.5277 3.5189- 

4.054 

 

2.0166 4.59- 

4.9436 

 

2.5258 4.6228- 

5.0139 

 

0.098 1.7927 2.1817 3.1239 3.6178 

0.245 2.3061 2.8322 3.9935 3.9897 

0.49 2.7836 3.5189 4.59 4.6228 

0.98 3.3666 4.054 4.9436 5.0139 

x= 0.1 0.049 1.3459 1.6832 4.4874- 

4.8446 

 

2.2551 5.477- 

5.6918 

 

3.1241 6.1344- 

6.3188 

 

0.098 1.8771 2.55 3.7705 4.8874 

0.245 2.6746 3.5732 4.7534 5.3367 

0.49 3.2679 4.4874 5.477 6.1344 

0.98 3.7591 4.8446 5.6918 6.3188 

x= 0.2 0.049 1.5046 1.8425 4.7131- 

5.2879 

3.6011 6.432- 

6.6436 

3.6665 6.5416- 

6.7823 0.098 2.15397 2.9214 5.2421 5.3141 

0.245 2.8345 3.9015 5.8777 5.9999 

0.49 3.5167 4.7131 6.432 6.5416 

0.98 4.0357 5.2879 6.6436 6.7823 

x= 0.3 0.049 1.671 2.3241 5.7917- 

5.6791 

5.4225 10.2147- 

10.2965 

5.1794 10.0016- 

10.2579 

 

0.098 2.5422 4.3044 8.4107 7.9097 

0.245 3.5694 4.8421 8.7703 8.881 

0.49 4.0357 5.7917 10.2147 10.0016 

0.98 4.8676 5.6791 10.2965 10.2579 

x= 0.4 0.049 1.7336 2.2694 5.7687- 

5.8082 

5.6128 9.9597- 

10.4453 

 

 

5.6548 10.0226- 

10.5329 

 

0.098 2.8919 4.0033 8.0944 8.3032 

0.245 3.898 4.8571 8.9559 9.0829 

0.49 4.923 5.7687 9.9597 10.0226 

0.98 5.2321 5.8082 10.4453 10.5329 
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Fig. 4.3.7: The variations of Hv with various loads for the prepared system xFe – (1-x) (0.3V2O5 

– 0.2MoO3 – 0.4CdO – 0.1ZnO) with different values of x for (a) 1h, (b) 3h and (c) 5h heat 

treatment condition. 

The elastic modulus (E) values for each heat treatment sample (1h, 3h, and 5h) at 

different loads are presented in Table 4.3.9. The glass nanocomposites' elastic modulus (E) 

values were calculated using the Vickers hardness values [134-137]. The data shows that the 

elastic modulus increases with both the applied load and the Fe concentration in the samples. 

Forx=0.0 at a load of 0.049 N, the elastic modulus is 109.24095 GPa, whereas, for x=0.4 at the 

same load, it is 186.01 GPa after 1 h heat treatment, indicating an increase of about 72.27%. 

At a higher load of 0.980 N, the elastic modulus for x=0.0 is 375.65 GPa, while for x=0.4, it is 

863.31 GPa after 5 h heat treatment condition, showing an enhancement of approximately 

129.82 %. The data shows that the elastic modulus increases with both the applied load and the 

Fe concentration in the heat treatment samples [161].  

Table 4.3.10 presents the yield strength (Y) values for each heat-treated sample (1h, 3h, 

and 5h HT) at various loads. These yield strength values were calculated from the Vickers 

hardness values [134-137]. The results show a trend similar to that of the elastic modulus. The 

yield strength increases with higher Fe content and applied load, reflecting the enhanced ability 

of the material to withstand permanent deformation. At a load of 0.049 N, the yield strength 

for x=0.0 is 0.44 GPa, whereas, for x=0.4, it is 0.77 GPa, after 1 h heat treatment condition 

showing an increase of about 70.27 %. At a load of 0.980 N, the yield strength for x=0.0 is 

1.53 GPa, and for x=0.4, it is 3.51 GPa, after a 5 h heat treatment condition reflecting an 

enhancement of approximately 129.82 %. The rise in yield strength with increasing Fe 
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concentration indicates that Fe doping notably enhances the material's resistance to yielding 

and permanent deformation, making it crucial for structural applications [48, 161]. 

The shear modulus (G) values for each heat treatment sample (1h, 3h, and 5h) at 

different loads are presented in Table 4.3.11. The shear modulus values were derived from the 

Vickers hardness values, and the results indicate a similar trend to that observed for the elastic 

modulus [134-137]. The shear modulus increases with higher Fe content and applied load, 

reflecting the enhanced ability of the material to withstand permanent deformation. At a load 

of 0.049 N, the shear modulus for x=0.0 is 8.82649 GPa, whereas for x=0.4, it is 15.02914 

GPa, after 1 h heat treatment condition showing an increase of about 70.27 %. At a load of 

0.980 N, the shear modulus for x=0.0 is 30.35166 GPa, and for x=0.4, it is 69.75430 GPa, after 

a 5 h heat treatment condition reflecting an enhancement of approximately 129.82 %.  

XRD analysis (Details in section 4.1.5 of chapter 4) reveals the presence of crystalline 

phases such as FeVO₄, and Cd₂V₂O₇ in the samples. These phases contribute to the enhanced 

hardness, elastic modulus, yield strength, and shear modulus of the materials. The formation 

of FeVO₄ and Cd₂V₂O₇ phases contribute to the enhanced hardness, elastic modulus, yield 

strength, and shear modulus of the materials. XRD analysis reveals the presence of crystalline 

phases, and observed improvements in hardness and other mechanical properties. 
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Table: 4.3.9 The calculated elastic modulus (E) values for xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 

0.4CdO – 0.1ZnO) system at different heat treatment (HT) condition along with as prepared 

condition. 

Samples P (N) ElasticModulus (E) in GPa 

As Prepared 1hr HT 3hr HT 5hr HT 

x= 0 0.049 82.22699 109.24095 190.18811 192.95028 

0.098 107.07000 153.94385 242.50541 246.26753 

0.245 157.10130 219.15401 305.74844 310.22365 

0.49 204.51736 267.39772 345.14010 344.19752 

0.98 252.14791 309.37943 374.51582 375.64692 

x= 0.05 0.049 93.055359 125.21564 165.28759 207.02341 

0.098 146.94393 178.81977 256.04578 296.52755 

0.245 189.02384 232.13702 327.32124 327.00978 

0.49 228.15372 288.42136 376.21247 378.90087 

0.98 275.94360 332.28003 405.19476 410.95679 

x= 0.1 0.049 110.31542 137.96096 184.83589 256.06217 

0.098 153.85837 209.00693 309.04338 400.58841 

0.245 219.22324 292.87198 389.60530 437.41461 

0.49 267.85102 367.80301 448.91409 502.79689 

0.98 308.11334 397.08037 466.51985 517.91096 

x= 0.2 0.049 123.32916 151.01775 295.15876 300.51917 

0.098 176.54698 239.44817 429.66086 435.56224 

0.245 232.32657 319.78060 481.75686 491.77280 

0.49 288.24476 386.30217 527.18923 536.17243 

0.98 330.78395 433.41479 544.53271 555.90105 

x= 0.3 0.049 136.96127 190.49137 444.44708 424.52175 

0.098 208.37304 352.80369 689.37041 648.30670 

0.245 292.56515 396.87546 718.84448 727.91784 

0.49 366.56713 474.70800 837.23256 819.76614 

0.98 398.97308 465.47891 843.93718 840.77339 

x= 0.4 0.049 142.09520 186.00797 460.04473 463.48720 

0.098 237.03434 328.12448 663.44535 680.55933 

0.245 319.49864 398.10492 734.05691 744.46627 

0.49 403.51040 472.82284 816.33187 821.48738 

0.98 428.84122 476.06040 856.13335 863.31335 

 



99 

 

Table: 4.3.10 The calculated yield strength (Y) values for xFe – (1-x)  (0.3V2O5 – 0.2MoO3 – 

0.4CdO – 0.1ZnO) system at different heat treatment (HT) conditions along with as prepared 

condition. 

Samples P (N) Yield Strength (Y) in GPa 

As Prepared 1hr HT 3hr HT 5hr HT 

x= 0 0.049 0.33440 0.44427 0.77347 0.78470 

0.098 0.43543 0.62607 0.98623 1.00153 

0.245 0.63890 0.89127 1.24343 1.26163 

0.49 0.83174 1.08747 1.40363 1.39980 

0.98 1.02544 1.25820 1.52310 1.52770 

x= 0.05 0.049 0.37844 0.50923 0.67220 0.84193 

0.098 0.59759 0.72723 1.04130 1.20593 

0.245 0.76873 0.94407 1.33117 1.32990 

0.49 0.92786 1.17297 1.53000 1.54093 

0.98 1.12222 1.35133 1.64787 1.67130 

x= 0.1 0.049 0.44863 0.56107 0.75170 1.04137 

0.098 0.62571 0.85000 1.25683 1.62913 

0.245 0.89154 1.19107 1.58447 1.77890 

0.49 1.08931 1.49580 1.82567 2.04480 

0.98 1.25305 1.61487 1.89727 2.10627 

x= 0.2 0.049 0.50156 0.61417 1.20037 1.22217 

0.098 0.71799 0.97380 1.74737 1.77137 

0.245 0.94483 1.30050 1.95923 1.99997 

0.49 1.17224 1.57103 2.14400 2.18053 

0.98 1.34524 1.76263 2.21453 2.26077 

x= 0.3 0.049 0.55700 0.77470 1.80750 1.72647 

0.098 0.84742 1.43480 2.80357 2.63657 

0.245 1.18981 1.61403 2.92343 2.96033 

0.49 1.49077 1.93057 3.40490 3.33387 

0.98 1.62256 1.89303 3.43217 3.41930 

x= 0.4 0.049 0.57788 0.75647 1.87093 1.88493 

0.098 0.96398 1.33443 2.69813 2.76773 

0.245 1.29935 1.61903 2.98530 3.02763 

0.49 1.64101 1.92290 3.31990 3.34087 

0.98 1.74403 1.93607 3.48177 3.51097 
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Table: 4.3.11 The calculated shear modulus (G) values for xFe – (1-x)  (0.3V2O5 – 0.2MoO3 

– 0.4CdO – 0.1ZnO)systems at different heat treatment (HT) condition along with as prepared 

condition. 

Samples P (N) Shear Modulus (G) in GPa 

As Prepared 1hr HT 3hr HT 5hr HT 

x= 0 0.049 6.643807 8.82649 15.36689 15.59007 

0.098 8.651081 12.43841 19.59404 19.89801 

0.245 12.69353 17.70728 24.70397 25.06556 

0.49 16.52467 21.60530 27.88675 27.81060 

0.98 20.37314 24.99735 30.26026 30.35166 

x= 0.05 0.049 7.518721 10.11722 13.35497 16.72715 

0.098 11.87283 14.44834 20.68808 23.95894 

0.245 15.27282 18.75629 26.44702 26.42185 

0.49 18.43445 23.30397 30.39735 30.61457 

0.98 22.29579 26.84768 32.73907 33.20464 

x= 0.1 0.049 8.913306 11.14702 14.93444 20.68940 

0.098 12.4315 16.88742 24.97020 32.36689 

0.245 17.71288 23.66358 31.47947 35.34238 

0.49 21.64192 29.71788 36.27152 40.62517 

0.98 24.89505 32.08344 37.69404 41.84636 

x= 0.2 0.049 9.964794 12.20199 23.84834 24.28146 

0.098 14.26471 19.34702 34.71589 35.19272 

0.245 18.77161 25.83775 38.92517 39.73444 

0.49 23.2897 31.21258 42.59603 43.32185 

0.98 26.7268 35.01921 43.99735 44.91589 

x= 0.3 0.049 11.06625 15.39139 35.91060 34.30066 

0.098 16.8362 28.50596 55.70000 52.38212 

0.245 23.63879 32.06689 58.08146 58.81457 

0.49 29.61802 38.35563 67.64702 66.23576 

0.98 32.23637 37.60993 68.18874 67.93311 

x= 0.4 0.049 11.48106 15.02914 37.17086 37.44901 

0.098 19.15199 26.51192 53.60530 54.98808 

0.245 25.81497 32.16623 59.31060 60.15166 

0.49 32.60298 38.20331 65.95828 66.37483 

0.98 34.64967 38.46490 69.17417 69.75430 
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4.3.5 Analysis of Theoretical Models of Microhardness at different heat treatment 

condition  

Theoretical models were established to investigate the ISE and the reverse ISE (RISE) 

behaviours of materials [48-50]. These models are also crucial for explaining the structural and 

mechanical behavior of glass nanocomposites under different loading conditions.   

From the microhardness result, maximum hardness values were estimated from the 

present glass nanocomposite samples for higher Fe concentrations (x=0.3 and 0.4). For higher 

concentrations of Fe (x=0.3 and 0.4), the graphs (Fig. 4.3.7 a-c) of microhardness variation 

under different loads (1h, 3h, and 5h) clearly indicate that there is no significant difference in 

microhardness values between the 3h and 5 heat treatment duration. Samples x=0.3, as well as 

x=0.4 sample, can be selected for further studies of the ISE behaviours of the samples.   

In the present study, the following models were used to investigate the ISE phenomenon 

in Vickers microhardness values of the present glassy samples (x= 0.4) subjected to different 

heat treatment conditions (1h, 3h, and 5h).  

4.3.5.1 Meyer’s law 

Mayer’s law is already discussed in section 2.11.4.1 of chapter 2 and section 4.3.3.1 of 

chapter 4. The ln P vs ln d plot has been prepared to investigate the indentation size effect of 

the present glassy system (x=0.4) shown in Fig. 4.3.2.  Table 4.3.2 shows that the value of n 

exceeds during as prepared condition as well as different heat treatment condition (1h, 3h, and 

5h HT). Due to these values of n, for all conditions, glassy nanocomposite-prepared samples 

(x=0.4) have been considered to follow RISE behavior [46, 48, 146, 150].  
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Fig. 4.3.8: The changes of ln P with ln d for the prepared system xFe – (1-x) (0.3V2O5 – 

0.2MoO3 – 0.4CdO – 0.1ZnO) where x= 0.4, along with different heat treatment (HT) condition 

using Meyer’s law. 

Table 4.3.12: Experimental fitting parameters data according to Meyer’s law for the prepared 

system xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) where x= 0.4 along with various 

heat treatment (HT).  

Samples (x=0.4) Mayer index (n) lnA (GPa) 

As Prepared 3.08173 -8.81079 

1h HT 2.68499 -7.60446 

3h HT 2.44903 -6.27024 

5h HT 2.43881 -6.23526 
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4.3.5.2 Elastic/plastic deformation approach 

In this present study, the EPD approach has been used for clarifying the ISE and RISE 

behaviors in glass nanocomposite sample (x=0.4) during as prepared condition as well as 

different heat treatment conditions (1h, 3h, and 5h HT) [142, 151]. The relationship between 

P1/2 and dp was analyzed (Figure 4.3.9), and the constants were derived from the best-fit straight 

lines in the P1/2 versus dp plot, as summarised in Table 4.3.13. The values of elastic deformation 

(de) were found to range from -0.228 to -0.090 μm, indicating a negative nature and thereby 

confirming the RISE behavior of the nano glassy composite (x=0.4) [142, 151]. The negative 

values of de are critical because they highlight the material's tendency to exhibit increased 

hardness with increasing load, contrary to the typical ISE behavior where hardness decreases 

with increased load [142]. 

The microhardness values derived from this model (Table 4.3.13) show significant 

deviations from the experimentally observed Vickers microhardness values. For instance, the 

EPD model predicts a microhardness of 8.1562 GPa for as prepared condition, whereas after 

the different heat treatment conditions of 1h, 3h, and 5h, Vickers microhardness ranges from 

8.7725, 12.6215, and 12.6582 respectively.   

Furthermore, the EPD model's ability to explain the RISE behavior is linked to the 

negative elastic deformation values. This behavior contrasts with typical ISE behavior 

observed in other materials, where positive elastic deformation values indicate a decrease in 

hardness with increasing load [48, 142, 151]. The negative values suggest that the present glass 

nanocomposites sample for higher Fe concentration (x=0.4) exhibit unique deformation 

mechanisms, possibly due to the specific nature of Fe doping and its effect on the glass matrix 

[161]. 
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Fig. 4.3.9: Graphs of P1/2 over d for the prepared system xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 

0.4CdO – 0.1ZnO) where x= 0.4, along with various heat treatment (HT) condition using EPD 

Model. 

 

Table 4.3.13: Experimental fitting parameters data according to the EPD model for the 

prepared system xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) for x= 0.4 along with 

various heat treatment (HT) condition.  

Samples (x=0.4) A2
1/2x103(N/μm2) de (μm) HEPD (GPa) 

As Prepared 66.32 -0.228 8.1562 

1h HT 68.78 -0.138 8.7725 

3h HT 82.5 -0.093 12.6215 

5h HT 82.62 -0.090 12.6582 
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4.3.5.3 Proportional sample resistance model 

The PSR model is a key tool for analyzing both load-dependent and load-independent 

microhardness in materials, especially within nanocomposite glass systems [150, 152-154].  

The experimental fitting parameters (A and B, derived from Eq. 2.8 of Chapter 2) from 

the PSR model, tabulated in Table 4.3.14, highlight significant observations. The negative 

values of A for x=0.4 sample during as prepared condition as well as after different heat 

treatment conditions (1h, 3h, and 5h HT) confirm the RISE behaviour, indicating that 

microhardness increases with increasing load [152, 155].  

The calculated load-independent Vickers microhardness values for the PSR model 

(HvPSR) using Eq. 2.9 of Chapter 2 has been summarised in Table 4.3.14, which are significantly 

higher than the actual measured Vickers microhardness values (Hv) at the saturation zone. For 

instance, the x=0.4 sample after 1h heat treatment condition has a (Hv)PSR of 7.3619 GPa 

compared to an actual Hv range of 4.923-5.2321 GPa. Similarly, the 5h heat treatment sample 

exhibits a (Hv)PSR of 12.3317 GPa, whereas the actual Hv ranges from 10.0226-10.5329 GPa. 

This significant disparity indicates that although the PSR model offers a theoretical basis for 

understanding hardness, it may not adequately reflect the intricate load-dependent behavior 

observed in experimental studies [153-154]. 

The PSR model's dependence on intrinsic structural factors and indenter orientation 

significantly influences the measured hardness values. The negative A values, indicative of 

RISE behavior, imply that the prepared glass nanocomposites predominantly experience plastic 

deformation with limited elastic recovery [51, 135]. This behavior aligns with the observed 

microstructural changes resulting from different heat treatment conditions. 
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Fig. 4.3.10: Graph of P/d versus d for the prepared system xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 

0.4CdO – 0.1ZnO) where x= 0.4, along with various heat treatment (HT) condition using PSR 

model. 

 

Table 4.3.14: Experimental fitting parameters data according to PSR model for the prepared 

system xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) where x= 0.4 along with various 

heat treatment (HT) condition.  

Samples (x=0.4) Ax10-3 (N/μm) Bx10-4 (N/μm2) HPSR (GPa) 

As Prepared -20.11 39.7 7.3619 

1h HT -13.45 39.8 7.3805 

3h HT -12.6 66.2 12.2761 

5h HT -12.3 66.5 12.3317 

 

4.3.5.4 Hays Kendall approach 

The HK model is the most important approach to understanding the mechanical 

behavior and load-independent microhardness parameters of materials [145]. This model 
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accounts for both plastic and elastic deformation when materials are subjected to a minimum 

test load. Fig. 4.3.11 showed the plots of the applied loads (P) versus the square of the diagonal 

length (d2) for the prepared sample x= 0.4, along with various heat treatment (HT) conditions 

using the HK model. The plot helps in determining the values of A3 and W from the best-fitted 

straight line. A3 and W have already been discussed in Eq. 2.10 of Chapter 2. The negative 

values of W observed in Table 4.3.15 indicate that the effective load applied is slightly more 

than the actual applied load, suggesting that plastic deformation starts at a lower load than 

initially expected [145]. 

The load-independent Vickers microhardness values (Hv)HK are determined using Eq. 

2.12 in the section of Chapter 2. These values are summarised in Table 4.3.15. exhibit a 

significant increase after higher heat treatment duration. The HK model highlights the 

significant role of heat treatment in enhancing the material's hardness and structural integrity, 

contributing to its improved load-bearing capacity [48].  

 

 

Fig. 4.3.11: Plots of P versus d2 for the prepared system xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 

0.4CdO – 0.1ZnO) where x= 0.4, along with various heat treatment (HT) condition using HK 

model. 
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Table 4.3.15: Experimental fitting parameters data according to HK model for the prepared 

system xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) where x= 0.4 along with various 

heat treatment (HT) condition.  

Samples (x=0.4) A3 ×10-3(N/μm2) WHK (N) HHK (GPa) 

As Prepared 3.15 -0.108 5.8413 

1h HT 3.35 -0.060 6.2122 

3h HT 5.87 -0.044 10.8853 

5h HT 5.91 -0.042 10.9595 

 

4.3.5.5 Indentation-induced cracking model 

The IIC model developed by Li and Bradt, provides a comprehensive framework to 

analyse the mechanical properties of materials, particularly those exhibiting RISE behaviour 

[155, 156-159]. 

K and m are constants that are independent of load, as explained in Eq. 2.14 of Chapter 

2. The values of the constants evaluated from Fig. 4.3.12 of plots of Variation of lnHvwith 

ln(P5/3/d3).  Since m < 0.6 for x= 0.4 along with various heat treatment (HT) conditions. It is 

confirmed that the glass nanocomposite sample (x=0.4) exhibits RISE behavior. This 

behaviour indicates that as the applied load decreases, the hardness increases, a characteristic 

typically associated with significant plastic deformation before fracture [156-158]. The 

increase in K correlates well with the observed microhardness values (Hv), indicating that the 

IIC model effectively describes the hardness behaviour of these materials. 

To validate the IIC model, it is essential to compare the microhardness values from 

various models (EPD, PSR, HK, and IIC) with the experimental Vickers microhardness (Hv) 

in the plateau region. The experimental Vickers microhardness results at the plateau region of 

the prepared system for x= 0.4 and the theoretical microhardness valuescalculated using EPD, 

PSR, HK, and IIC models along with various heat treatment (HT) conditions have been 

estimated in Table 4.3.17. 

The IIC model values (HVIIC) closely match the experimental Vickers microhardness 

(HV), indicating its robustness in capturing the mechanical properties of the Fe-doped glass 

nanocomposite sample of x=0.4. The slight variations between the experimental and theoretical 

values suggest that while the IIC model is effective, it might still require some adjustments for 

perfect alignment with experimental data. As the heat treatment hour increases, both the 

experimental and theoretical hardness values show an upward trend. This indicates that higher 
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heat treatment strengthens the glass matrix, enhancing its resistance to deformation. The trend 

is compatible across all models, affirming the positive impact of heat treatment on the 

mechanical properties. 

  

Fig. 4.3.12: Plots of Variation of lnHv with ln(P5/3/d3), for xFe – (1-x)  (0.3V2O5 – 0.2MoO3 – 

0.4CdO – 0.1ZnO) prepared system where x= 0.4, along with various heat treatment (HT) 

condition using IIC model. 

 

Table 4.3.16: Experimental fitting parameters data according to the IIC model for  xFe – (1-x)  

(0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO)prepared system where x= 0.4, along with various 

heat treatment (HT) condition.  

Samples (x=0.4) m lnK (N(3-5m)/3/μm(2-3m) (Hv)IIC (GPa) 

As Prepared 0.516 6.242 4.9012 

1h HT 0.518 6.294 5.7368 

3h HT 0.521 6.441 9.9180 

5h HT 0.523 6.449 9.9779 
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Table 4.3.17: The experimental Vickers microhardness results at the plateau region of the 

prepared system xFe – (1-x)  (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) where x= 0.4 and the 

theoretical microhardness values calculated using EPD, PSR, HK, and IIC models along with 

various heat treatment (HT) condition. 

Samples 

(x=0.4) 

(Hv)EPD 

GPa) 

(Hv)PSR 

(GPa) 

(Hv)HK 

(GPa) 

(Hv)IIC 

GPa) 

Hv(GPa) 

As Prepared 8.1562 7.3619 5.8413 4.9012 4.923-5.2321 

1h HT 8.7725 7.3805 6.2122 5.7368 5.7687-5.8082 

3h HT 12.6215 12.2761 10.8853 9.9180 9.9597-10.4453 

5h HT 12.6582 12.3317 10.9595 9.9779 10.0226-10.5329 

 

4.3.6 Conclusion   

Microhardness and other mechanical properties of xFe – (1-x)  (0.3V2O5 – 0.2MoO3 – 

0.4CdO – 0.1ZnO) where x= 0.0, 0.05, 0.1, 0.2, 0.3 and 0.4 along with various heat treatment 

(HT) condition were estimated applying the Vickers indenters. These results can be 

summarised as follows: 

 Microhardness values are increased with increasing applied load for all prepared glassy 

samples at room temperature and during heat treatment at 600oC for 1h, 3h, and 5h. At low 

load conditions, the microhardness values are increased rapidly, and at high load, they 

increase gradually. Variation of microhardness of all samples also increased with 

increasing Fe content in the samples. The Vickers hardness values show a substantial 

increase from 4.1994-4.5831GPa for x=0.0 to 10.0226-10.5329 GPa for x=0.4, at 5h heat 

treatment condition, indicating higher mechanical strength and resistance to deformation. 

The higher Fe concentration promoted rapid nucleation of FeVO4, Zn3V2O8, and Cd2V2O7 

phases. This increase was attributed to interlocking crystalline network formation. The 

microstructure became more rigid and resistant to deformation due to the synergistic effects 

of multiple crystalline phases.  Prolonged heat treatment led to further crystallite growth 

and the development of a predominantly polycrystalline structure. While the overall 

hardness remained high, minor phase segregation and coarsening in the high Fe 

concentration samples limited any further significant improvement.   

 The elastic modulus (E), yield strength (Y), and shear modulus (G) were measured and 

observed to increase with increasing Fe content in the glassy samples reaching their 
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maximum values for x=0.4 sample. Additionally, these properties (E, Y, and G) were found 

highest after 3h and 5h heat treatments, both low and high loading conditions. 

 Investigated values of Vickers micro-hardness were analyzed using different theoretical 

approaches including Meyer’s law, EPD model, EPD model, HK approach, and IIC model. 

All samples exhibited RISE behavior, which is also supported by these models. Among 

these, the IIC model was found to be the only successful model for describing the applied 

load with indentation data across all prepared samples. Additionally, the Vickers micro-

hardness values of the sample with higher Fe concentration (x=0.4) after a 5h heat treatment 

were analyzed using the same theoretical models. Once again, all samples showed RISE 

behavior, which was supported by these models. The IIC model is the only effective model 

to describe the applied load and indentation data for the x=0.4 sample at the 5h heat 

treatment condition. 
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Chapter-5 

5.1 Conclusions 

In the present investigation, a glass nanocomposite system with composition xFe – (1-

x) (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) where x= 0.0, 0.05, 0.1, 0.2, 0.3 and 0.4 have 

been successfully developed through melt quenching method and the influence of Fe 

concentration. The structural behaviour of the present glassy system has been characterized by 

different techniques like FT-IR, DSC, XRD, FE-SEM. The electrical and mechanical properties 

of the system have been studied. Some major conclusions of the present investigation are 

summarized below.  

 Physical and microstructural Characterization 

 The density in the present study increases as Fe concentration increases, while V2O5 

modifies the glass network and increases its compactness. Changes in density and 

molecular weight determine molar volume changes. In addition to an increase in 

molecular weight and density, the molar volume increases with an increase in Fe (x) 

content. 

 FTIR analysis reveals that the higher Fe concentrations should result in lower energy 

requirements to vibrate the Zn-O and V-O bands. This result leads us to infer that the 

present glass system with a higher Fe content is unstable due to acoustic phonon 

vibrations. This conclusion is supported by XRD analysis results that show an increase 

in the average dislocation density and a decrease in structure stability with increasing 

Fe content.  

 In DSC analysis, glass transition temperature (Tg) has been evaluated and correlated 

with the different Fe concentrations. The gradual increase in Tg with Fe content reflects 

the interplay between compositional changes and the structural rearrangements offering 

valuable insights into the thermal behavior of the glass nanocomposites. 

 Different crystal phases have been developed, which were identified through XRD 

analysis. The crystal phases of zinc vanadium oxide (ZnV2O6), Zn2V2O7, and Zn3V2O8 

are observed as major phases in all prepared samples as well as heat-treated samples 

(x=0.4). The peak intensity of Zn3V2O8 is higher in the x=0.4 sample than in other 

samples. Characteristic peaks of cadmium vanadium oxide (Cd2V2O7) and vanadium 
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molybdenum oxide (V2MoO8) appear in all prepared samples. The Debye–Scherrer 

equation has been used to estimate the average crystallite sizes, microstrain, and also 

dislocation density has been estimated. The heat-treated sample with x=0.4 shows an 

increase in the intensity of peaks corresponding to iron vanadium oxide (FeVO4) under 

various heat treatment durations (1 h, 3 h, and 5 h). Additionally, crystal phases of zinc 

vanadium oxide (Zn3V2O8) are observed in the same sample (x=0.4) after 5 h of heat 

treatment, with their intensity being higher compared to the untreated sample (x=0.4). 

 FE-SEM has been used to examine the morphologies of the glass samples (x=0.0, 0.05, 

0.1, 0.2, 0.3, and 0.4) along with various heat treatment conditions (1h, 3h, and 5h). 

The plate-like crystals have been observed in the microstructure in the Fe undoped 

sample (x=0.0). The plate-like crystals disperse throughout the glass matrix. The 

micrographs show a reduction in particle size as the composition changes from x=0.0 

to x=0.4 under the same heat treatment duration of 5 h. Furthermore, the size, shape, 

and variation of particles within the microstructure decrease consistently from the x=0.0 

sample to the x=0.4 sample under identical heat treatment conditions. For the x=0.4 

sample, the variation in crystal sizes and the overall distribution of crystals remains 

relatively uniform across different heat treatment durations (1 h, 3 h, and 5 h). 

 Electrical Properties 

 Fe undoped (x=0.0) as well as Fe doped (x= 0.05, 0.1, 0.2, 0.3 and 0.4) nano glassy 

system xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 0.4CdO – 0.1ZnO) have been investigated 

the electrical properties which were prepared through melt quenched method. FTIR 

reports indicate that to make a vibration in the Mo-O and Zn-O bands, minimal energy 

is required so that an acoustic phonon contribution is induced when the Fe content 

increases. The larger the acoustic vibration, the more unstable the current system, which 

contains more Fe. It has been revealed that the DC conductivity of the present glassy 

system increases with temperature. XRD result shows that on the evolvement of 

different nano phases, structural modification should emerge. This limited lattice 

distortion results from the structural arrangement in the current system when Fe 

concentration is adjoined. When the present system is steadily increased with Fe, this 

type of environment charges a conversion of conduction technique from large to small 

hoping polaron. 
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 Both DC and AC conductivity have been increased as Fe is doped, which also shows a 

similar nature. The modified CBH model has been deployed to state the nature of 

frequency exponent (S) corresponds to temperature (T) in the system and the prevalent 

conduction method is anticipated in the present system. 

 It has also been found that the activation energy for DC conductivity (σdc), as well as 

hopping frequency (ωH), are almost the same for all prepared samples (x=0.0, 0.05, 0.1, 

0.2, 0.3, and 0.4) of the present glassy system.  

 AC conductivity scaling phenomena have indicated that the common relaxation 

mechanism of charge carriers/ polarons is temperature-independent but strongly 

dependent on the composition or structure of the presently glassy system. 

 Mechanical Properties 

Microhardness and other mechanical properties of xFe – (1-x) (0.3V2O5 – 0.2MoO3 – 0.4CdO 

– 0.1ZnO) where x= 0.0, 0.05, 0.1, 0.2, 0.3 and 0.4 along with various heat treatment (HT) 

condition were measured applying the Vickers indenters. These results can be outlined as 

follows: 

 Microhardness values are increased with increasing applied load for all prepared glassy 

samples at room temperature and during heat treatment at 600oC for 1h, 3h, and 5h. At 

low load conditions, the values of microhardness are increased rapidly, and at high load, 

increase gradually. Variation of microhardness of all samples also increased with 

increasing Fe content in the samples. The Vickers hardness values show a substantial 

increase from 4.1994-4.5831GPa for x = 0.0 to 10.0226-10.5329 GPa for x = 0.4, at 5h 

heat treatment condition, indicating higher mechanical strength and resistance to 

deformation. The higher Fe concentration promoted rapid nucleation of FeVO4, 

Zn3V2O8, and Cd2V2O7 phases. This increase was attributed to the formation of 

interlocking crystalline networks and the development of fine Fe-based nanocrystals. 

The microstructure became more rigid and resistant to deformation due to the 

synergistic effects of multiple crystalline phases.  Prolonged heat treatment led to 

further crystallite growth and the development of a predominantly polycrystalline 

structure. While the overall hardness remained high, minor phase segregation and 

coarsening in the high Fe concentration samples limited any further significant 

improvement.   
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 The elastic modulus (E), yield strength (Y), and shear modulus (G) were measured and 

observed to increase with increasing Fe content in the glassy samples reaching their 

maximum values for x=0.4 sample. Additionally, these properties (E, Y, and G) were 

found to be highest after 3h and 5h heat treatments, both low and high loading 

conditions. 

 Investigated values of Vickers micro-hardness were analysed using different theoretical 

approaches including Meyer’s law, EPD model, EPD model, HK approach, and IIC 

model. All samples exhibited RISE behaviour, which is also supported by these models. 

Among these, the IIC model was found to be the only successful model for describing 

the applied load with indentation data across all prepared samples. Additionally, the 

Vickers micro-hardness values of the sample with higher Fe concentration (x=0.4) after 

a 5h heat treatment were analysed using the same theoretical models. Once again, all 

samples showed RISE behaviour, which was supported by these models. The IIC model 

proved to be the only effective model to describe the applied load and indentation data 

for the x=0.4 sample at the 5h heat treatment condition. 

5.2 Possible Applications 

Glassy nanocomposite materials differ significantly from conventional composites or 

standard glass. Owing to their unique properties, these materials have garnered considerable 

attention across various fields. Adding modifiers such as ZnO, CdO, etc. to a glass matrix aims 

to improve properties like micro-hardness, crystallite size, electrical conductivity, and 

permeability. The primary goal of these glassy nanocomposites is to achieve a beneficial 

combination of properties. Some potential applications of glass nanocomposite materials are 

outlined. The prepared glassy composites are suitable for a broad range of electronic 

applications, including photovoltaic solar cells, gas sensors, light-emitting diodes, 

photodetectors, temperature sensors, transparent diodes, photoresistors, laser diodes, 

electrochromic windows, high strength fibers, and sensors. The exceptionally high micro-

hardness of these materials enables the measurement of shear modulus and yield stress while 

also facilitating the study of their structural behavior. These properties make them valuable for 

applications requiring materials with high strength and hardness. 
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5.3 Future Scopes 

The theoretical and experimental understanding of ionic and semiconducting glassy 

nanocomposites remains at a preliminary stage, indicating that the development of these 

materials and the discovery of new applications are still limited. The present study includes the 

development of Fe-doped V2O5·MoO3·CdO·ZnO based glass nanocomposites through melt 

quenching method and their structural, electrical, and mechanical properties through 

experimental and numerical analysis. Several research aspects related to this topic emerge 

naturally from the conclusions of the present work. Suggestions for future research in this area 

are outlined below: 

 The optical properties of the synthesized glass nanocomposites will be extensively 

studied to explore their potential applications in optoelectronic and photovoltaic 

devices. 

 A systematic study of the dielectric behavior of glass nanocomposites needs to be 

conducted, as it may open up opportunities for their use in a wide range of applications. 

 The magnetic properties of the synthesized glass nanocomposites will be investigated 

to explore their potential applications in the magnetic field. 

 The potential applications of these semiconducting glass nanocomposites in both 

industrial and academic settings will be explored. 
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