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Abstract

This work aims to study the effect of adding 5 wt. % iron on the structural and

microstructural evolution of niobium pentoxide Nb2O5 prepared by high-energy

mechanical milling. Nb2O5 and Fe powders were mixed in precise proportions and

milled for different durations: 0, 1, 3, 6, 12, and 24 hours. The obtained powders

were characterized mainly by X-ray diffraction in order to identify the formed

phases and follow the evolution of the crystallographic parameters.

The XRD results show that mechanical milling induces significant structural

changes in the Nb2O5–5%Fe system. The disappearance of the iron peaks after

milling indicates the progressive incorporation of Fe ions into the Nb2O5 matrix. A

systematic shift of the diffraction peaks toward higher angles was observed,

confirming the contraction of the crystal lattice. The unit-cell volume decreased by

about 4.3%, from 710.11 Å³ to 680.47 Å³ after 24 hours of milling. This

contraction is attributed to the forced insertion of Fe³⁺ ions into the niobium oxide

lattice and to the internal stresses generated by high-energy impacts.

The microstructural analysis revealed a progressive decrease in crystallite size

from 75.163 nm for the unmilled sample to 42.151 nm after 24 hours of milling. At

the same time, microstrain and dislocation density increased, indicating the

formation of a highly strained nanocrystalline structure. Traces of a secondary

FeNb2O6 phase were detected after 3 hours of milling. These results demonstrate

that mechanical milling is an effective method for modifying the structural and

microstructural properties of Fe-doped Nb2O5, with potential interest for

photocatalytic applications under visible light.

Keywords: Nb2O5, Fe doping, mechanical milling, X-ray diffraction,

microstructure, crystallite size, microstrain, dislocation density.



Résumé

Ce travail a pour objectif d’étudier l’effet de l’addition de 5 % en masse de fer sur

l’évolution structurale et microstructurale du pentoxyde de niobium Nb₂O₅ élaboré

par broyage mécanique à haute énergie. Les poudres de Nb2O5 et de Fe ont été

mélangées selon des proportions précises, puis broyées pendant différentes durées :

0, 1, 3, 6, 12 et 24 heures. Les poudres obtenues ont été principalement

caractérisées par diffraction des rayons X afin d’identifier les phases formées et de

suivre l’évolution des paramètres cristallographiques.

Les résultats de DRX montrent que le broyage mécanique induit des modifications

structurales importantes dans le système Nb2O5–5%Fe. La disparition des pics du

fer après broyage indique l’incorporation progressive des ions Fe dans la matrice

de Nb2O5. Un déplacement systématique des pics de diffraction vers les grands

angles a été observé, confirmant la contraction de la maille cristalline. Le volume

de la maille diminue d’environ 4,3 %, passant de 710,11 Å³ à 680,47 Å³ après 24

heures de broyage. Cette contraction est attribuée à l’insertion forcée des ions Fe³⁺

dans le réseau de l’oxyde de niobium ainsi qu’aux contraintes internes générées par

les chocs mécaniques de haute énergie.

L’analyse microstructurale révèle une diminution progressive de la taille des

cristallites, passant de 75,163 nm pour l’échantillon non broyé à 42,151 nm après

24 heures de broyage. En parallèle, les microdéformations et la densité de

dislocations augmentent, indiquant la formation d’une structure nanocristalline

fortement contrainte. Des traces d’une phase secondaire FeNb2O6 ont été détectées

après 3 heures de broyage. Ces résultats montrent que le broyage mécanique est

une méthode efficace pour modifier les propriétés structurales et microstructurales

du Nb2O5 dopé au fer, avec un intérêt potentiel pour des applications

photocatalytiques sous lumière visible.

Mots-clés : Nb2O5 , dopage au fer, broyage mécanique, diffraction des rayons X,

microstructure, taille des cristallites, microdéformation, densité de dislocations.



الملخص

والمجھریةالبنیویةالخصائصتطورعلىالحدیدمنوزناً%5إضافةتأثیردراسةإلىالعملھذایھدف

 Nb₂O₅مساحیقخلطتم.الطاقةعاليالمیكانیكيالطحنبواسطةالمحضرNb2O5النیوبیومأكسیدلخماسي

تمت.ساعة 24و 0،1،3،6،12:مختلفةزمنیةلفتراتالطحنلعملیةخضعتثم،دقیقةبنسب Feو

المتشكلةالأطوارتحدیدأجلمنالسینیةالأشعةحیودتقنیةباستعمالأساساًالمحضرةالمساحیقدراسة

.ومتابعة تطور المعلمات البلوریة

النظامفيمھمةبنیویةتغیراتإلىیؤديالمیكانیكيالطحنأنالسینیةالأشعةحیودنتائجأظھرت

Nb2O5–5%Fe. داخلالحدیدلأیوناتالتدریجيالإدماجعلىیدلالطحنبعدالحدیدقمماختفاءأنكما

الشبكةفيانكماشحدوثیؤكدمما،الكبیرةالزوایانحوالحیودلقمممنتظمانتقاللوحظوقد .Nb2O5شبكة

ساعة 24بعد Å³ 680.47إلى Å³ 710.11من،%4.3بحواليالبلوریةالخلیةحجمانخفضكما.البلوریة

إلىإضافة،النیوبیومأكسیدشبكةداخل ⁺Fe³لأیوناتالقسريالإدخالإلىالانكماشھذاویرجع.الطحنمن

.الإجھادات الداخلیة الناتجة عن الصدمات المیكانیكیة عالیة الطاقة

المطحونةغیرالعینةفي nm 75.163منالبلوراتحجمفيتدریجیاًانخفاضاًالمجھریةالدراسةأظھرت

وكثافةالمجھریةالتشوھاتمنكلازدادت،المقابلوفي.الطحنمنساعة 24بعد nm 42.151إلى

طورآثارعنالكشفتمكما.عالیةداخلیةإجھاداتذاتبلوریةنانویةبنیةتشكلعلىیدلمما،الانخلاعات

لتعدیلفعالةطریقةیمثلالمیكانیكيالطحنأنالنتائجھذهتؤكد.الطحنمنساعات 3بعد FeNb₂O₆ثانوي

التحفیزتطبیقاتفياستعمالھإمكانیةمع،بالحدیدالمطعم Nb2O5لمركبوالمجھریةالبنیویةالخصائص

.الضوئي تحت الضوء المرئي

،المجھریةالبنیة،السینیةالأشعةحیود،المیكانیكيالطحن،بالحدیدالتطعیم،Nb2O5 :المفتاحیةالكلمات

.الانخلاعات كثافة ،التشوھات المجھریة ،حجم البلورات
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General Introduction

As one of the transition metal oxides, niobium pentoxide (Nb2O5) offers a broad

variety of properties that make it a potentially useful and highly applicable

material in many different areas. In comparison to many other transition metal

oxides, Nb2O5 has received relatively little attention, which presents a

significant opportunity for future investigations aimed at fundamentally

understanding this material and finding new and interesting application for it [1].

For example, it is a priority to develop highly efficient visible light

photocatalysts to realize the practical applications of photocatalysis in industry.

Niobium pentoxide (Nb2O 5) is considered a potentially interesting candidate for

the photodegradation of organic pollutants induced by visible light.

Among a variety of semiconductor photocatalysts, niobium pentoxide (Nb2O 5),

as an n-type photocatalyst, has many unique physicochemical properties,

including excellent chemical and thermal stability and relatively high

photocatalytic activity, making it a suitable photocatalyst for photodegradation

[2,3]. However, Nb2O5 can only be activated under irradiation with UV light due

to its wide band gap of approximately 3.1 eV, which makes its use of solar

energy less efficient [4,5].

In this regard, many promising methods, including metallic and non-metallic

doping, noble metal deposition or compositing with other semiconductors, have

been developed to improve the efficiency of Nb2O 5 as a photocatalytic material

[6,7].

Metal element doping has been proven to be one of the most effective

approaches to extend the wide band gap semiconductor spectral response to the

visible light region [8].

A literature survey shows that Nb2O5 nanofibers are frequently studied for their

gas sensing or electrochemical properties, but little attention has been paid to

their photocatalytic properties, in particular, there are no reports on the

electrospinning fabrication and photocatalysis performance of Fe-doped Nb2O5

nanofibers.

In this study we are interested in the synthesis of the compound Nb2O5-5%Fe

by high energy mechanical milling  from Fe and Nb2O5 powders. These samples

were characterized by X-ray diffraction.
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The manuscript consists of a general introduction, a general conclusion and

three chapters. 

In the first chapter, we present a summary of the bibliographic study on the

development of powder metallurgy, and high-energy mechanical milling

mechanisms followed by general information on niobium pentoxide Nb2O5

covering its different properties and areas of use.

The second chapter describes the method for producing the Nb2O5-5%Fe

compound and the experimental characterization techniques used in this study

(XRD,).

The third chapter will summarize the results obtained during this study followed

by a discussion which is in fact a necessary prerequisite for a good

understanding of the phenomena occurring during the synthesis of these same

materials.

Finally a general conclusion and the prospects for improvement of this material
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Chapter I :Mechanical Milling: Fundamentals and Applications

I- Mechanical Milling

1. Introduction

Powder processing is an important field in materials science because it allows

the preparation of materials with controlled composition, fine particle size, and

improved homogeneity. Compared with conventional methods, powder-based

techniques are widely used for the synthesis of advanced materials such as

ceramics, oxides, and composite systems.[1]

Among powder-processing methods, mechanical milling is considered an

effective technique for modifying the structural properties of materials. During

milling, the powder particles undergo repeated deformation, fracturing, and

welding under mechanical energy, which leads to crystallite size reduction,

lattice distortion, and defect formation.[2]

Mechanical milling is especially suitable for oxide materials and doping

processes because it promotes a better distribution of dopant elements and

improves solid-state interactions between powders. In the case of Nb2O5 doped

with Fe, this technique can influence the structural and microstructural evolution

of the material, which makes it highly relevant for the present study.[3]

2. Powder Metallurgy and Solid-State Processing

2.1 Definition of Powder Metallurgy

Powder metallurgy is a way to make things by using powders made of metal or

ceramic to make parts or materials. There are a few steps in this process, such as

getting the powders ready, mixing them, compacting them, and heating them. A

lot of people use this method because it lets them have a lot of control over the

composition and microstructure and avoids some of the problems that come up

with traditional melting processes.[4]

2.2 Advantages of Powder Processing Techniques

There are many benefits to using powder processing methods in materials

science. They let you make materials that are all the same and have a controlled

chemical makeup, small particle size, and less material loss. These techniques

can also be used to make materials that melt at high temperatures and to get

refined or nanostructured microstructures after mechanical treatment[1]. People
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also think that powder metallurgy is a cheap and flexible way to make advanced

materials with certain properties.[4]

2.3 Applications in Advanced Materials

Advanced materials such as ceramics, oxide compounds, magnetic materials,

structural alloys, and nanostructured systems are often made using powder

metallurgy and solid-state processing. These techniques are particularly crucial

for producing functional materials, as the ultimate characteristics are

significantly influenced by composition, particle size, and structural

uniformity[2]. Powder processing is especially useful for oxide materials

because it makes it easier to mix, dope, and change the structure, which are all

things that need to be done to make them work better.

3. Mechanical Milling

3.1 Definition and Historical Background

Mechanical milling is a powder processing technique based on the repeated

fracturing, cold welding, and re-welding of powder particles under the action of

mechanical energy. This method is widely used to produce fine, homogeneous,

and structurally modified powders. It is considered an effective route for

reducing particle size, increasing defect density, and improving the mixing of

different powder components.

The development of mechanical milling is closely related to the work of J. S.

Benjamin in the 1960s. His studies introduced the concept of mechanical

alloying as a solid-state powder processing method capable of producing new

materials through intensive milling. This contribution opened the way for the

preparation of dispersion-strengthened materials and later for nanostructured and

advanced engineering materials.

With the progress of milling equipment, high-energy ball milling was

developed as an advanced technique capable of producing significant structural

changes in powders within relatively short processing times. Compared with

conventional milling, high-energy ball milling provides stronger impacts

between balls and powder particles, leading to faster refinement, enhanced

homogeneity, and possible phase transformations. For this reason, it has become

an important method in the preparation and modification of metallic, ceramic,

and oxide materials.
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Figure 1 illustrates the mechanical milling process, where powder particles are

subjected to repeated impact between milling balls, leading to deformation,

fragmentation, and the formation of aggregates.

Figure 1 Schematic illustration of the mechanical milling process[5]

3.2 Types of Ball Mills

3.2.1 Planetary Ball Mill

The planetary ball mill is one of the most widely used devices in high-energy

milling. Its operation is based on the rotation of the milling jar around its own

axis while simultaneously revolving around a central axis. This combined

motion generates strong impact and friction forces, which make the planetary

mill highly effective for particle size reduction, structural refinement, and

powder homogenization.[6]

Figure 2 Schematic representation of a planetary ball mill[7]
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This figure 2 illustrates the operating principle of a planetary ball mill, where

the grinding jars rotate around their own axes while revolving around a central

axis, generating high-impact forces and effective powder refinement.

3.2.2 Vibratory Mill

The vibratory mill works by transmitting rapid oscillatory motion to the milling

chamber, causing repeated collisions between the balls and the powder particles.

Because of its high vibration frequency, this type of mill is considered suitable

for fast milling and mechanical activation. It is often used when rapid

refinement and repeated impacts are required.[8]

3.2.3 Attritor Mill

The attritor mill, also called a stirred ball mill, consists of a vertical or horizontal

chamber containing grinding balls that are agitated by a rotating shaft with arms.

This design allows efficient energy transfer and good powder mixing, making

the attritor mill suitable for fine grinding and large-scale powder processing. It is

widely used in mechanical alloying and advanced powder preparation.[9]

Figure 3 Schematic representation of an attritor mill.[10]

3.2.4 Conventional Ball Mill

The conventional ball mill is a rotating cylindrical device in which the powder is

milled by the falling and rolling motion of the balls. Compared with high-energy

mills, it provides lower milling energy and usually requires longer processing

times. However, it remains widely used because of its simple design, low cost,

and ease of operation.[1]
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This figure 4 shows the internal configuration of a conventional ball mill, where

the rotation of the cylindrical chamber causes the grinding balls to crush and

grind the powder material.

Figure 4 Schematic representation of a conventional ball mill[10]

3.3 Principle of Mechanical Milling

The principle of mechanical milling is based on the transfer of mechanical

energy from the milling balls to the powder particles through repeated collisions

during milling. These collisions generate high local pressures and temperatures

for very short times, which cause important structural changes in the powder. As

a result, mechanical milling is considered an effective top-down technique for

particle refinement and microstructural modification (Suryanarayana, 2001;

Yadav et al., 2012).

One of the main mechanisms involved in mechanical milling is the action of

impact forces. During the rotation or vibration of the mill, the balls collide with

the powder particles and with each other, producing compressive and shear

forces. These forces are responsible for particle size reduction, defect formation,

and increased internal strain in the material (Koch, 1993; Chaira & Karak,

2015).
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Another important phenomenon is the competition between fracturing and cold

welding. Brittle particles tend to fracture into smaller fragments under repeated

impacts, whereas ductile particles may undergo plastic deformation and stick

together, leading to cold welding. The balance between these two mechanisms

controls the final particle size, morphology, and homogeneity of the milled

powders.[11]

Mechanical milling also involves a repeated deformation process in which

powder particles are continuously deformed, fractured, and rewelded. This

cyclic process refines the structure, increases the density of defects, and may

promote solid-state diffusion and phase transformation. Therefore, the structural

evolution of the powder during milling strongly depends on the repetition of

these deformation events.[12]

In the present study, this principle is particularly important because the repeated

impacts during milling are expected to improve the distribution of Fe within the

Nb2O5 matrix and to modify the structural and microstructural properties of the

final powder.

Figure 5 Schematic representation of the main stages occurring during mechanical milling, including

fracturing, cold welding, and repeated deformation.[13]

This figure 5 illustrates the main mechanisms involved in mechanical milling,

including brittle fracture, ductile flattening, cold welding, and repeated

deformation under the action of impact forces.
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4. Mechanisms Occurring During Milling

4.1 Particle Size Reduction

Particle size reduction is one of the main mechanisms occurring during

mechanical milling. It results from the repeated impact, compression, and shear

forces generated by collisions between the milling balls and the powder

particles. Under these conditions, the particles progressively break into smaller

fragments, leading to a significant decrease in their average size.[14]

During the early stages of milling, large particles are subjected to intense

mechanical stresses that cause fracture and fragmentation. As milling continues,

the repeated collisions promote further refinement, although the rate of size

reduction may decrease with time due to particle agglomeration or the balance

between fracturing and cold welding.[8]

The reduction of particle size plays an important role in improving the surface

area, homogeneity, and reactivity of the powder. In oxide systems, this

mechanism may also contribute to structural refinement and enhanced diffusion

between the constituent elements. Therefore, particle size reduction is

considered a key factor in the evolution of the structural and microstructural

properties of milled materials.[2]

In the present study, particle size reduction is expected to facilitate the

dispersion of Fe in the Nb2O5 matrix and to promote better structural

modification during milling.
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Figure 6 Evolution of particle size distribution parameters as a function of size reduction[15]

4.2 Structural Refinement

Structural refinement is one of the most important effects of mechanical milling.

During the milling process, repeated impacts and severe plastic deformation

progressively reduce the crystallite size and modify the internal structure of the

material. This refinement is usually accompanied by an increase in lattice strain,

defect density, and structural disorder.[2]

As milling time increases, the crystalline domains become smaller due to

continuous deformation and fracture. At the same time, a large number of

dislocations, vacancies, and grain boundaries are introduced into the structure.

These defects contribute to the broadening of X-ray diffraction peaks and

indicate the development of a refined and strained microstructure.[16]

Structural refinement is particularly important because it strongly affects the

physical and chemical properties of the material. The reduction in crystallite size

and the increase in structural defects may enhance diffusion, reactivity, and

phase transformation during milling. In oxide materials, this mechanism can also

modify the crystallinity and lattice organization of the host matrix.[17]
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In the present study, structural refinement is expected to play a key role in the

evolution of Nb2O5 after Fe addition and milling, especially through changes in

crystallite size, lattice strain, and structural order.

Figure 7 Evolution of crystallite size and lattice strain as a function of milling time[18]

Figure 7 shows that the crystallite size decreases with increasing milling time,

whereas the lattice strain increases. This behavior indicates progressive

structural refinement during mechanical milling. The reduction in crystallite size

is mainly due to repeated fracturing and severe plastic deformation, while the

increase in lattice strain is related to the accumulation of defects and distortions

in the crystal lattice.

4.3 Formation of Solid Solutions

The formation of solid solutions is another important mechanism that may occur

during mechanical milling. Under the repeated action of impact, fracturing, and

cold welding, the powder particles are brought into very intimate contact, which

enhances atomic diffusion at the interfaces. As a result, atoms of one element

can gradually dissolve into the crystal lattice of another element, leading to the

formation of a solid solution in the solid state.[19]

Mechanical milling is particularly effective for promoting solid-solution

formation because it introduces a high density of defects such as dislocations,

vacancies, and grain boundaries. These defects act as fast diffusion paths and

accelerate atomic mixing even at relatively low temperatures. In many systems,

this process may lead to the formation of metastable or supersaturated solid

solutions that are difficult to obtain under equilibrium conditions.[16]
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The formation of solid solutions during milling depends on several factors,

including the nature of the constituent elements, milling intensity, milling time,

and diffusivity of the species involved. In some cases, prolonged milling may

produce a homogeneous distribution of the added element within the host

matrix, which strongly influences the structural and functional properties of the

final material.[8]

In the present study, the addition of Fe to Nb2O5 and the application of

mechanical milling may enhance the dispersion of iron species in the oxide

matrix and promote solid-state interactions that contribute to structural

modification.

4.4 Phase Transformation

Phase transformation is another important phenomenon that may occur during

mechanical milling. The repeated impacts generated during milling supply

enough energy to disturb the initial crystal structure and, in some systems, to

induce the formation of new phases. These transformations may involve the

conversion of one crystalline phase into another, the formation of metastable

phases, or even partial amorphization depending on the nature of the material

and the milling conditions.[16]

The occurrence of phase transformation during milling is closely related to the

continuous accumulation of defects, the reduction of crystallite size, and the

increase in internal strain. These factors increase the stored energy of the

material and may destabilize the original phase, making structural

transformation more favorable. Therefore, prolonged milling can significantly

modify the phase composition of the powders.[20]

In oxide materials, phase transformation may also be associated with the

incorporation of dopant species and the progressive structural modification of

the host lattice. For this reason, monitoring phase evolution is essential for

understanding the effect of milling on the final properties of the material.

4.5 Defect Formation and Strain Accumulation

Mechanical milling is also characterized by the continuous formation of

structural defects and the accumulation of internal strain. During repeated

collisions, the powder particles undergo severe deformation, which introduces

dislocations, vacancies, stacking faults, grain boundaries, and other

imperfections into the crystal structure. These defects progressively accumulate

as milling proceeds and strongly influence the structural state of the material.[2]
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The accumulation of defects is generally accompanied by an increase in lattice

strain. This strain results from distortions in the crystal lattice caused by the

repeated mechanical stresses applied during milling. As the strain increases, the

material becomes structurally less ordered, and X-ray diffraction peaks usually

broaden, reflecting both defect formation and crystallite refinement.[16]

Defect formation and strain accumulation are important because they affect

diffusion, phase stability, and microstructural evolution. In many cases, they

also facilitate phase transformation and solid-solution formation by increasing

the stored energy of the milled material. In the present study, these mechanisms

are expected to contribute to the structural modification of Fe-added Nb2O5

during the milling process.

5. Parameters Affecting the Milling Process

The efficiency of the mechanical milling process strongly depends on several

operating parameters. These parameters control the amount of energy transferred

from the milling media to the powder particles and therefore influence particle

size reduction, crystallite refinement, lattice strain, phase transformation, and

powder homogeneity. Among the most important parameters are milling time,

ball-to-powder weight ratio, milling speed, milling atmosphere, and the type and

size of the milling balls.[21]

5.1 Milling Time

Milling time is one of the most influential parameters in mechanical milling. As

milling time increases, powder particles are subjected to repeated collisions,

which promote particle size reduction, crystallite refinement, and defect

formation. In many cases, longer milling leads to a decrease in crystallite size

and an increase in lattice strain due to the accumulation of structural

disorder.[22]

However, excessive milling time may also produce undesirable effects such as

powder agglomeration, contamination from the milling media, or excessive cold

welding. Therefore, an optimum milling duration must be selected to obtain the

desired structural modification without degrading the powder quality.

5.2 Ball-to-Powder Weight Ratio (BPR)

The ball-to-powder weight ratio (BPR) is defined as the ratio between the total

mass of the milling balls and the mass of the powder charge. This parameter

determines the frequency and intensity of impacts during milling. A higher BPR
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generally increases the milling energy and improves particle refinement,

homogenization, and reaction kinetics.[23]

On the other hand, an excessively high BPR may increase the temperature inside

the vial and may also favor contamination or excessive cold welding. For this

reason, the choice of BPR must be balanced according to the type of material,

the mill used, and the desired final properties.

5.3 Milling Speed

Milling speed directly affects the kinetic energy of the balls and, consequently,

the energy transferred to the powder particles. Increasing the milling speed

usually increases the impact energy, which enhances particle breakage,

structural refinement, and mixing efficiency. In high-energy mills, this

parameter is particularly important because even small changes in speed may

significantly modify the milling intensity.[24]

Nevertheless, very high milling speeds may produce excessive heating,

increased wear of the vial and balls, and higher contamination levels. Therefore,

milling speed should be optimized in order to achieve efficient grinding while

maintaining good control over powder quality.[25]

5.4 Atmosphere (Air, Argon, Vacuum)

The milling atmosphere plays an important role in controlling chemical

reactions during the milling process. Milling under air may promote oxidation,

especially for reactive metallic powders, while inert atmospheres such as argon

help minimize oxidation and contamination. Vacuum milling may also be used

to limit undesired reactions with oxygen or moisture.[21]

The choice of atmosphere depends on the nature of the powder system. For

oxide materials, air atmosphere may sometimes be acceptable, whereas metallic

or highly reactive systems are often milled under argon or vacuum. Thus,

atmosphere selection is essential for preserving the desired composition and

ensuring the reproducibility of the process.[8]

5.5 Type and Size of Milling Balls

The type and size of milling balls strongly affect the energy transfer process.

The material of the balls, such as steel, tungsten carbide, zirconia, or alumina,

determines their hardness and density, which in turn influence impact energy

and contamination risk. Harder and denser balls usually provide stronger
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impacts, but they may also introduce impurities into the powder if wear

occurs.[23]

Ball size is also a key factor. Larger balls generate stronger impact forces and

are more effective for breaking coarse particles, whereas smaller balls provide a

larger contact area and are better suited for fine grinding and homogenization. In

practice, a combination of different ball sizes is often used to obtain both

efficient fracture and good mixing of the powder.

Table 1 Main milling parameters and their effects

Parameter Definition Main effect on milling process

Milling time Duration of the milling 

operation

Increases refinement, defect density, and 

structural changes

Ball-to-powder 

ratio (BPR)

Ratio of ball mass to 

powder mass

Controls impact frequency and milling 

energy

Milling speed Rotation or vibration 

speed of the mill

Influences collision intensity and energy 

transfer

Atmosphere Gas medium inside the 

vial

Controls oxidation, contamination, and 

chemical stability

Ball type and size Material and diameter of 

the milling balls

Affects impact force, wear, 

contamination, and powder refinement

Table 2 General influence of milling parameters on powder characteristics

Parameter 

increase

Expected positive effect Possible negative effect

Longer milling 

time

Smaller crystallite size, better 

homogeneity

Agglomeration, contamination, 

excessive cold welding

Higher BPR Higher milling energy, faster 

refinement

Overheating, contamination, 

excessive deformation

Higher speed Stronger impacts, faster particle 

breakage

Excessive heating, wear of balls and 

vial

Inert 

atmosphere

Reduced oxidation and better 

chemical control

More complex experimental setup

Larger balls Stronger impact, faster fracture of 

coarse particles

Lower fine grinding efficiency

Smaller balls Better homogenization and fine 

grinding

Lower impact energy for coarse 

particles
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6. Advantages and Limitations of Mechanical Milling

Mechanical milling is widely used in materials science because it offers several

important advantages for powder processing and structural modification. At the

same time, this technique also presents some limitations that must be considered

when selecting the experimental conditions. The balance between these

advantages and limitations determines the effectiveness of the milling process

and the quality of the final product.[2]

6.1 Advantages

One of the main advantages of mechanical milling is its ability to promote

nanostructure formation. Under repeated impact and severe plastic

deformation, the crystallite size can be reduced to the nanometer range, leading

to refined microstructures and improved material properties. This ability makes

mechanical milling an effective top-down route for producing nanocrystalline

and nanostructured powders.[9]

Another important advantage is homogeneous mixing. During milling, repeated

fracturing and rewelding ensure intimate contact between the different powder

components, which improves chemical homogeneity and promotes a more

uniform distribution of the added elements. This is especially useful in

composite and doped systems where good dispersion of the second phase is

required.

Mechanical milling also leads to enhanced reactivity. The reduction in particle

size, increase in surface area, and introduction of defects raise the stored energy

of the powder and facilitate solid-state reactions. As a result, milled powders

often show improved diffusion behavior and higher chemical activity compared

with unmilled materials.[20]

6.2 Limitations

Despite its advantages, mechanical milling has some important limitations. One

of the major drawbacks is contamination. During prolonged milling, wear of

the balls and vial may introduce foreign elements into the powder, especially

when steel media are used. In addition, the milling atmosphere may also

contribute to contamination if oxygen or moisture enters the vial.[2]
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Another limitation is agglomeration. Fine powders produced by high-energy

milling tend to stick together due to their high surface energy, which may reduce

the efficiency of particle size reduction and affect powder homogeneity.

Agglomeration is particularly common after long milling times and may

complicate subsequent processing steps.[16]

Mechanical milling may also cause excessive heating. Repeated collisions

generate heat inside the vial, and if this heat is not controlled, it may lead to

undesirable effects such as phase instability, oxidation, or excessive cold

welding. For this reason, milling is often performed in cycles with pauses in

order to reduce temperature rise during processing.

7. Mechanical Milling of Oxide Materials

Mechanical milling is widely applied to oxide materials because it can induce

important structural and microstructural modifications without requiring high

processing temperatures. In oxide systems, repeated impacts during milling may

reduce particle and crystallite size, increase defect density, modify phase

composition, and improve the dispersion of added elements. These changes are

particularly important because the properties of oxide materials strongly depend

on their crystal structure, degree of order, and surface state.[26]

One of the main effects of milling on oxides is structural modification. The

mechanical energy transferred during milling can distort the crystal lattice,

generate disordered regions, and in some cases promote phase evolution or

partial amorphization. In niobium pentoxide, this aspect is especially important

because Nb2O5 is a polymorphic oxide whose properties are highly dependent

on its structural form and crystallinity.[27]

A second important aspect is grain refinement in Nb2O5. During milling,

repeated fracture and deformation progressively reduce the size of the crystalline

domains, which leads to finer powders and a larger surface area. This grain

refinement can strongly influence the reactivity and functional behavior of

Nb2O5, especially when the oxide is combined with another element such as Fe.

In oxide-based systems, smaller grains also facilitate a more homogeneous

distribution of the added species in the host matrix.[28]

Mechanical milling also affects the crystallinity of oxide materials. In many

cases, longer milling times lead to peak broadening in X-ray diffraction patterns,

which indicates a reduction in crystallite size and an increase in structural

disorder. For Nb2O5, changes in crystallinity are particularly significant because
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they may alter the balance between ordered and disordered regions, thereby

modifying the structural stability of the material. [29]However, the magnitude

of this effect depends on the milling conditions, since some studies reported

only limited crystallographic changes for Nb2O5 under specific processing

conditions.

Another important consequence of milling is its influence on optical

properties. In oxide materials, optical behavior is closely related to crystallite

size, defect concentration, structural order, and electronic transitions. Since

mechanical milling modifies these parameters, it may also affect the optical

absorption behavior and the band gap of the material. In Nb2O5-based systems,

optical properties are known to be sensitive to crystallinity and defect structure,

which means that milling can play an important role in tuning the final optical

response.[27]Therefore, studying the optical evolution of milled Nb2O5 is

essential for understanding the effect of Fe addition in the present work.

In the present study, the mechanical milling of Nb2O5 with Fe is expected to

promote structural refinement, modify the degree of crystallinity, and influence

the optical behavior of the material through defect generation and better

distribution of the added iron species.

Table 3 Main effects of mechanical milling on oxide materials

Effect Description Consequence

Structural 

modification

Lattice distortion and structural 

disorder

Changes in phase stability and 

crystal order

Grain refinement Reduction in crystallite size Higher surface area and improved 

dispersion

Change in 

crystallinity

Broadening of XRD peaks and 

reduced order

Modified structural and functional 

behavior

Optical 

modification

Defect and size-induced changes 

in absorption

Possible variation in band gap and 

optical response

Table 4 Relevance of milling effects for Nb₂O₅

Parameter Effect of milling on Nb₂O₅ Importance for the present 

study

Crystal structure May modify polymorphic stability and 

order

Important for XRD 

interpretation
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Grain size Decreases with continued milling Affects microstructural 

evolution

Crystallinity May decrease due to disorder and 

defects

Influences structural analysis

Optical 

properties

Sensitive to defects and structural 

changes

Important for UV–Visible study

II- Fundamental Properties

In the following section, an overview of the basic properties of Nb2O5 including

crystal structure, electronic band diagram and electrical properties are presented.

The fundamentals of the optical, mechanical and thermal properties of Nb2O5

are also discussed.

1. Crystal Structure

Niobium pentoxide ((Nb2O5) exhibits complex polymorphism. Depending on

temperature and heat treatment, it exists in at least seven different crystal phases,

all based on distorted arrangements of (NbO6) octahedrons and some (NbO7) or

(NbO4) polyhedra [30].

The three main structural phases of (Nb2O5) are:

 TT phase (Low temperature / amorphous to pseudo-hexagonal):

Obtained by gentle heating (300 to 500 °C), this phase is characterized by

a very disordered pseudo-hexagonal or monoclinic structure, with open

tunnels facilitating ionic diffusion.

 Phase T (Orthorhombic): Forms at intermediate temperatures (600 to

900 °C). It has a more ordered structure based on octahedra linked by

their vertices and edges.

 Phase H or M (Monoclinic / High temperature): Obtained above 900

°C until fusion. The H phase is the most thermodynamically stable and

has a very complex structure containing blocks of NbO6 octahedra.

Generally speaking, the Nb2O5 crystal lattice is characterized by Nb-O bonds

forming complex layers, often interspersed with channels or tunnels along

certain axes (notably the b axis) which give the material interesting properties

for energy storage and catalysis [31].
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Properties
Chemical formula Nb2O5

Molar mass 265.81 g/mol
Appearance White orthogonal solid
Density 4.06 g/cm3 

Melting point 1512 °C

Solubility in water Insoluble
Solubility Soluble in HF
Magnetic susceptibility
(X)

-10.10-6 cm3/mol

2. Band Energy Diagram And Electrical Properties[30]

In electronic device development based on metal oxides, several properties of

the incorporated materials are of utmost importance. These include the band

energy diagram, electrical conductivity and dielectric permittivity. Nb2O5 is a

wide band gap n-type semiconductor with a conduction band comprised of

empty Nb5+  4d orbitals and has a conduction band value that is 0.2–0.4 eV

higher than titanium dioxide (TiO2) [32]. Its band gap energy (Eg) values have

been reported to be in the order of 3.1 (semiconducting) to 5.3 eV (insulating

with conductivity of  s = 3 x 10-6 S cm-1) [33–34]. The ability to tune the band

 Crystal structure Nb2O5 [2]

(Niobium in gray, oxygen in red)



Chapter I : Mechanical Milling: Fundamentals and Applications

23

gap of Nb2O5 is possible and factors such as stoichiometry, crystallinity, heat

treatment and incorporated foreign ions can dramatically influence the band gap

energy. Previous studies have also shown that decreasing the dimensions of

Nb2O5 into the nanoscale results in a blue shift of the energy gap, which can be

attributed to the quantum-size effect [35]. Significantly, nanostructured Nb2O5

possesses grain dimensions that can critically influence the electronic structure

of the material [36].

3. Optical Properties

As mentioned in Section II.2 the band gap of Nb2O5 ranges between 3.1 and 5.3

eV. As a result, Nb2O5, depending on its crystallinity and grain morphology can

efficiently absorb light in the near UV and UV regions of the spectrum or it can

be used as a transparent material to UV light. Nb2O5 has been identified as being

capable of reversible and rapid coloration in the presence of intercalating ions

such H+ and Li+ ions. It has been reported that this phenomenon can modulate

the Nb2O5 optical transmission from a quasi-transparent state (T  ~85%)  to less

than T ~ 10% in the ultraviolet (UV), visible or near infrared (IR) range, and can

exhibit  either a blue or brown colour depending on the crystallinity of the film

[37,38].

The optical properties of Nb2O5 have been experimentally studied via various

techniques such as spectrophotometry and spectroscopic ellipsometry [39-

42].The refractive index value of Nb2O5 films has been reported to be in the

order of 2 to 2.3 [40,42].Also the crystallinity of the film plays a significant

contribution to the refractive index of the material as it decreases from 2.30 to

2.20 after being annealed from room temperature to 700 °C [39].

4. Mechanical Properties

Besides electronic and optical properties, an investigation of the mechanical

properties of Nb2O5 is also of major importance for the fabrication of electronic

devices especially for the development of flexible mechanical devices and
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actuators such as micro electro-mechanical system (MEMS) devices. Stress or

strain commonly occurs in thin films depending on the deposition process and

constraints imposed by the substrate. The average hardness (H) and Young's

modulus (Er) values of as-sputtered Nb2O5films have been reported to be in the

order of 5.6 to 6.8 GPa and 117 to 268 GPa respectively, which is again

influenced by the crystal phase [39,42].

In flexible device applications, the bending test is essential to perform in order

to monitor the effects of stretching on the device output and to make sure that all

the component layers are stable even after several thousand flexes. Some of the

appropriate flexibility tests and other related mechanical tests for electronic

devices have been described in detail elsewhere [43-46]. Hota et al. have

demonstrated that sputtered Nb2O5 thin films (~50 nm thickness) on flexible

polyethylene terephthalate (PET) substrates show high mechanical flexibility in

a repetitive bending test [47].

5. Thermal properties

In an electronic system, heat dissipation is an acute problem due to

miniaturization and the increasing power of microelectronic circuits. Thus,

thermal conductor materials with high thermal conductivity and a low

coefficient of thermal expansion (CTE) are essential for the purpose of heating

and cooling. For Nb2O5, a limited number of studies have been carried out on its

thermal properties. An investigation of the high-temperature thermal expansion

of monoclinic Nb2O5 was conducted using X-ray and dilatometric techniques by

Manning et al [48]. The results revealed that the lattice thermal expansion of

Nb2O5 is anisotropic where the mean coefficients in the a, b, and c directions

were 5.3 x10-6, 0 and 5.9 x 10-6 per °C, respectively. Previous works also

demonstrated the low thermal expansion behaviourof Nb2O5 over the

temperature range of 20 to 1000 °C [49, 50].
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III. Applications

Applications of Nb2O5 normally involve the utilization of some unique

properties of Nb2O5 such as its electronic and optical properties or

biocompatibility which may be enhanced by the modification of Nb2O5films

such that they significantly enhance the performance of a device. In the

following sections, some of the most common applications of Nb2O5 that have

been reported in the literature are presented.

1. Solar Cells and Light Emitting Diodes:

Nb2O5films are promising candidates for developing different types of optical

devices, including solar cells based on dye-sensitized and heterojunction

architectures as well as light emitting diodes (LEDs).

Since their discovery by Gratzel in 1991, dye sensitized solar cells (DSSCs)

have been extensively studied as they offer the potential for clean, reliable, cost

effective and on-site energy generation [51]. Increasing the efficiency of DSSCs

depends on improving every single element in their structure, including:

photoanode, dye, electrolyte and counter-electrode. However, the development

of the most suitable photoanode will still have the most significant impact on the

DSSCs's performance.

Nb2O5 has recently drawn considerable attention as a promising photoanode in

view of its wider band gap (due to its higher conduction band edge) as well as

comparable electron injection efficiency and better chemical stability in

comparison to titanium oxide (TiO2) [53,53]. These properties of Nb2O5 can

potentially enhance the DSSCs' efficiency by increasing the open circuit voltage

(Voc) and photoconversion efficiency (h) [54].

2. Sensing Devices:

Like other metal oxides such as TiO2 and zinc oxide (ZnO), Nb2O5 has shown

great potential to be used as a sensing material. Sensor devices based on Nb2O5

for gas, humidity, biological and chemical sensing as well as photodetection

have been successfully demonstrated. Generally, the main parameters for good

sensing device performance are the size, morphology, aspect ratio, intergranular
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connectivity, porosity, surface energy, stoichiometry and surface area to volume

ratio of the incorporated sensing material [55,56].

3. Batteries and Supercapacitors :

The development of energy storage devices based on lithium ion batteries

(LIBs) and supercapacitors have created great interest among researchers and

Nb2O5 is certainly a favorable material for creating such storage devices

[57–60]. Developing devices that can store sustainable energy with long term

stability, very prolonged cycle life and meeting environmental constraints as

well as safe operating potential windows (in the range of 1.0 £ V £ 3.0 V vs.

Li+/Li) are the main goals of this field.

The study of Nb2O5 as an electrode material for lithium ion cells started in the

early 1980s [61, 62]. The observations by Reichman et al. demonstrated that

Nb2O5 can undergo intercalation with Li+, leading to the possibility of repeated

charging and discharging [61]. Subsequently, a LIB based on a Nb2O5 cathode

was studied extensively by the Kumagai group [63, 64, 65].

The structural changes of the Nb2O5 cathodes which are caused by discharging

and recharging were investigated using X-ray photoelectron spectroscopy

(XPS), X-ray diffraction (XRD) and

X-ray absorption fine structure (XAFS) analysis methods [62,63]. They

suggested that tetragonal-Nb2O5 exhibited the best cycling performance with a

large discharge capacity of 190 mA h g-1 for up to 30 cycles. XRD analysis

suggested that the orthorhombic and tetragonal-Nb2O5 maintain their original

crystal lattices, accompanying a small change in the cell volume even after Li+

intercalation.

4. Catalysts:

Nb2O5 in its pure form has been used as a high temperature catalyst for the

oxidative dehydrogenation (ODH) of organic materials in their gaseous form



Chapter I : Mechanical Milling: Fundamentals and Applications

27

such as methane to formaldehyde and propane to propene [65, 66]. In addition,

other reports have demonstrated that Nb2O5 could serve as an efficient catalyst

for the transesterification of b-keto esters with several kinds of alcohols, leading

to good conversion at acceptable yields [67]. It has been suggested that the

catalytic performance of each polymorphic form of Nb2O5 differs significantly

from one another. However, Nb2O5 has commonly been used with other metal

oxides/metals due to the following properties that it offers to the composite

catalyst [68-70]: (i) promotion and support

properties: Nb2O5 enhances catalytic activity, selectivity and prolongs catalyst

life when a small amount of this oxide is added to known catalysts, (ii) acidic

property: the surface acid strength of hydrated Nb2O5 exhibits high catalytic

activity, selectivity and stability for acid catalysed reactions in which water

molecules participate, and (iii) redox properties and photosensitivity: Nb2O5 in

mixed oxides is an oxidant and demonstrates photosensitivity.

5. Other Applications:

Nb2O5 has also been reported for applications other than those presented in

Sections III.1 to III.5. As highlights, Nb2O5 has been incorporated in electronic

devices such as memristors, capacitors, and field-effect transistors (FETs).

Highly crystalline orthorhombic Nb2O5 nanofibers obtained by electrospinning

have been used in the development of memristors [71].
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Chapter II: Experimental Procedures

1. Introduction

This chapter presents the experimental methodology adopted for the preparation of

Fe-doped niobium pentoxide (Nb₂O₅–5%Fe) powders using the mechanical milling

technique. It also describes the characterization methods employed to investigate

the structural and microstructural changes induced by iron addition and milling

time.

The purpose of this study is to evaluate the effect of 5% Fe incorporation on the

evolution of the structural and microstructural properties of Nb₂O₅, with particular

attention to phase composition, crystallite size, and optical behavior. The

characterization of the synthesized powders was carried out using X-ray

Diffraction (XRD) and UV-Visible spectroscopy.

2. Preparation of Samples

2.1. Characteristics of Starting Materials

High-purity niobium pentoxide (Nb2O5) and iron (Fe) powders were used as

starting materials for the preparation of Nb2O5–5%Fe composite powders. The

powders were used without further purification.

The main characteristics of the starting powders are summarized in Table II.1.

Table 5 Characteristics of the starting powders

Element Particle Size Purity (%) Form Supplier / Characteristics

Nb2O5 < 45 µm 99.9 Powder Commercial grade

Fe < 45 µm 99.8 Powder Commercial grade

2.2. Weighing of Powders

For the preparation of Nb2O5–5%Fe composite powders, a total mass of 5 g was

selected for each sample. The required amounts of niobium pentoxide (Nb2O5) and

iron (Fe) powders were calculated according to the nominal composition of 5 wt.%

Fe added to Nb2O5.

The masses were determined using the following relation:

Nb2O5 (95 wt. %) + Fe (5 wt. %) → Nb2O5–5%Fe
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The powders were weighed with an accuracy of 10⁻⁴ g using a high-precision

electronic balance (OHAUS Traveler). Accurate weighing ensures proper

composition control and reproducibility of the experimental results.

Figure 8balance

2.3. Mixing and Mechanical Milling

The weighed powders were mixed and homogenized using a high-energy vibratory

ball mill. The milling process promotes intimate mixing between Nb2O5 and Fe

particles and enhances solid-state diffusion during prolonged milling.

The principle of the vibratory mill consists of subjecting the powder mixture and

milling balls to high-frequency oscillatory motion in three perpendicular

directions. This movement generates repeated impacts and shear forces that reduce

particle size and improve homogeneity.

The milling process was carried out at different durations: 1 h, 3 h, 6 h, 12 h, and

24 h.

To avoid excessive heating, milling was performed in cycles of 30 minutes with

intermediate pauses when necessary. This procedure ensures uniform mixing and

controlled microstructural evolution.

2.4. Pellet Formation

The powder compaction process ensures good particle-to-particle contact, reduces

porosity, and improves the mechanical stability of the samples prior to

characterization. This step plays an important role in obtaining dense and

homogeneous pellets suitable for structural and optical measurements.

In the present study, 5 g of Nb2O5–5 wt. % Fe powder mixture was compacted at

room temperature using a uniaxial pressing technique. The compaction was carried
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out using a Specac laboratory pellet press (Model GS25011) with a maximum

capacity of 25 tons.

The powder was first placed into a cylindrical stainless-steel die (Figure II.2). A

uniaxial load of 10 tons was then applied for 5 minutes using the upper punch to

ensure proper densification.

The obtained samples were cylindrical pellets with a diameter of 20 mm and an

approximate thickness of 2 mm.

Figure 9Hydraulic press used for pellet preparation

Figure 10Cylindrical pellets obtained after uniaxial pressing
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2.6. Surface Preparation

Polishing is a surface preparation process intended to obtain a smooth and scratch-

free surface prior to microscopic examination. The procedure involves grinding the

sample surface using silicon carbide abrasive papers of progressively finer grit

sizes.

During polishing, the sample is rotated by 90° every minute to ensure uniform

material removal. The abrasive papers are mounted on a rotating polishing disc and

continuously cooled with water to minimize overheating and reduce paper wear.

The polishing operation was carried out using a MECAPOL P 230 manual

polishing machine with a rotating disc diameter of 200–250 mm and adjustable

speed ranging from 20 to 600 rpm.

Figure 11Manual polishing machine used for sample preparation

3. Characterization Techniques

For a better understanding of the structural properties of the synthesized

Nb2O5–5 wt. % Fe powders, the following characterization techniques were

employed: X-ray diffraction (XRD).

3.1. Structural Study by X-ray Diffraction (XRD)

X-rays are electromagnetic radiations with wavelengths on the order of angstroms

(Å), which are comparable to the interatomic distances in crystalline materials.

This makes X-ray diffraction a powerful tool for investigating crystal structure,

phase composition, and microstructural evolution.
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The XRD analysis of the milled Nb2O5–5 wt. % Fe samples was performed using a

Bruker D8 Advance diffractometer (Figure 14). The measurements were carried

out using Cu Kα radiation with a wavelength  λ = 1.5406 Å.

The diffraction patterns were recorded over an appropriate 2θ range in order to

identify the crystalline phases present and to study the effect of Fe addition and

milling time on the structural properties of Nb2O5.

Figure 12 : Bruker D8 Advance X-ray diffractometer used for structural analysis

3.1.1. Principle of X-ray Diffraction

X-ray diffraction is a simple, non-destructive technique widely used for

microstructural characterization of crystalline materials in powder form.

When a monochromatic X-ray beam strikes a crystalline material at an incident

angle θ, the X-rays are scattered by the electrons of the atoms. Constructive

interference occurs only when the scattered waves satisfy Bragg’s condition,

producing detectable diffraction peaks.

The condition for diffraction is given by Bragg’s law:

2 d sinθ = n λ
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where:
θ is the Bragg angle,
n is the diffraction order,
λ is the wavelength of the incident X-rays,
d is the interplanar spacing,
(hkl) are the Miller indices of the crystallographic planes.

This relationship allows determination of the lattice parameters, crystallite size,

and structural modifications induced by Fe incorporation and mechanical milling.

Figure 13 : Schematic representation of X-ray diffraction by a crystalline lattice
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Chapter III: Results and Discussion

1. Introduction
This chapter is mainly devoted to the study of the structural and microstructural

evolution of Nb2O5–5% Fe compounds prepared by high-energy mechanical

milling as a function of milling time, t, from 01 to 24 h. The different phases

formed were analyzed by X-ray diffraction (XRD).

Data processing, phase identification, and Rietveld refinement, used to

accurately fit the diffraction peak profiles of Nb2O5–5% Fe powders produced by

high-energy mechanical milling as a function of milling time, t, from 01 to 24 h,

were carried out using X’PertHighScore software. This software contains a

database corresponding to the JCPDS cards of various existing materials. Post-

processing, detailed peak analysis and the creation of high-quality graphs were

performed using Origin Pro software.

The calculation of microstrains and dislocation density was performed using the

Williamson–Hall (W–H) method [1].

Microstrain is deduced from the slope of the Williamson–Hall plot, where β

cosθ is plotted as a function of 4 sinθ.

ᵳ�hkl . ᵆ�ᵉ�ᵉ�ᵳ� =  
ᵇ�

ᵆ�
+  4 . ᵳ� . ᵇ�ᵈ�ᵈ�ᵳ�

l= x-ray wavelength

D = average crystallite size

K = shape factor  ( typically equal to  = 0,9)

Dislocation density formula     ᵳ� =
1

ᵆ�2

The dislocation density, denoted δ, represents the length of dislocations per unit 

volume (m/m³ or m⁻²). Based on the sizes of the crystallites (nanomaterials):

ᵳ� =  
1

ᵆ�2

D = average crystallite size in (nm)

 δ = dislocation density  (ᵈ�-2)
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2. X-ray Diffraction Analysis

The main objective of this study is to follow the structural and microstructural

evolution of the Nb2O5 system doped with 5% iron, prepared by high-energy

mechanosynthesis. This process produces profound transformations within the

crystal lattice during 24 hours of treatment.

The diffractogram in Figure 14 presents the results of the X-ray diffraction

analysis performed on the reference sample Nb2O5–5% Fe without milling (00 h of

milling).

The spectrum shows the coexistence of two phases: Nb2O5 and Fe. The

diffraction peaks located at 16.9°, 22.6°, 28.4°, 28.9°, 36.6°, 46.1°, 50.0°, 50.9°,

55.4°, 56.4°, and 58.8° can be indexed, respectively, to the (130), (001), (180),

(200), (181), (002), (1160), (380), (182), (381), and (2161) planes of an

orthorhombic Nb2O5 structure (JCPDS card No. 00-027-1313), with lattice

parameters a = 6.1680 Å, b = 29.3120 Å, c = 3.9380 Å, and α = β = γ = 90.00°.

The peak located at 46.6° belongs to the (011) plane of iron (Fe), which has a

cubic structure with lattice parameters a = b = c = 2.8670 Å and α = β = γ = 90.00°

(JCPDS card No. 96-411-3937).
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Figure 14 : Diffraction pattern of an unmilled Nb2O5–5% Fe sample
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The diffraction patterns of the samples milled from 01 h to 24 h are shown in

Figure 14.

According to the results shown in the figure, milling induces significant and

progressive changes in the crystalline structure of the samples as a function of

milling time.

At 0 h, that is, before the beginning of the milling process, the diffraction

patterns reveal the presence of all characteristic peaks of niobium pentoxide Nb2O5

and iron Fe, as shown above. These initial results indicate that, before milling, the

two elements exist in distinct and well-defined crystalline forms.

Peak indexing, a crucial step for the correct interpretation of diffraction

patterns, was carried out using X’PertHighScore software. This software includes a

comprehensive database containing JCPDS cards for various existing materials.

JCPDS cards (Joint Committee on Powder Diffraction Standards) are

internationally recognized references for the identification of crystalline phases

from X-ray diffraction data. Using this database, the diffraction peaks were

accurately identified and assigned to the corresponding positions of the niobium

oxide and iron phases present in the samples.

After 1, 3, 6, 12, and 24 hours of milling, it was observed that the X-ray

diffraction patterns of all samples have similar shapes. However, they differ in

peak intensity and angular position. Moreover, after 3 h of milling, the complete

disappearance of the iron peaks was observed for all studied samples, together with

the formation of a new phase attributed to FeNb2O6 (iron niobium oxide), which

has a tetragonal structure with lattice parameters a = b = 4.7270 Å, c = 9.2160 Å,

and α = β = γ = 90.00° (JCPDS card No. 01-077-1290).

Figure 15 shows the X-ray diffraction (XRD) patterns of Nb2O5-5wt.%Fe 

powders milled from 01h to 24h . the figure illustrates the evolution of the 

diffraction peaks with increasing milling time.
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Figure 15 : Diffraction patterns of Nb2O5–5% Fe samples milled from 0 to 24 h

The orthorhombic structure of Nb2O5 remains stable. No diffraction peak

corresponding to separated iron oxides, such as Fe2O3, is generally detected at this

5% doping level.

The complete disappearance of the iron peaks was accompanied by a shift

toward higher angles, as shown in Figures 18, 19. This angular shift is clearly

visible in the X-ray diffraction patterns and provides strong evidence that iron

atoms have dissolved into the Nb2O5 crystal lattice. In particular, at a concentration

of 5%, iron generally enters the crystal lattice by substituting Nb5+ ions because of

the similarity in ionic size.

This shift toward higher angles, meaning an increase in 2θ, indicates a

contraction of the crystal lattice. Since Fe3+ is slightly smaller or may create

oxygen vacancies (VO) that tighten the structure, the atomic planes move closer

together.
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The incorporation of iron into the niobium oxide structure causes significant

changes in the crystal lattice. When iron atoms enter the Nb2O5 lattice, they modify

the interplanar distances, that is, the distances between successive atomic planes in

the crystal, as shown in Table 6. This incorporation modifies the lattice parameters

and appears as a shift of the diffraction peaks toward higher angles. Although the

ionic radius of Fe3+ (0.64 Å) is close to that of Nb5+ (approximately 0.64 Å), the

difference in valence (+3 compared with +5) creates local stresses that often lead

to contraction or expansion of the lattice parameters (a, b, c), resulting in lattice

distortion.

The results shown in Table 6 clearly indicate changes in the interplanar

distances of the most intense peaks, with a contraction trend mainly caused by

milling at different times.

Thus, unlike conventional thermal substitutional doping, which often expands

the lattice, mechanical milling with 5% Fe appears to cause lattice compression.

This can be explained by the forced insertion of iron into interstitial sites or by a

reduction in interatomic distances due to the high local pressures generated during

ball impacts.

Table 6 Variation of the interplanar distances dhkl of the most intense peaks as a function
of milling time

Plane (h 
k l)

d (Å) at 

00 h
d (Å) at 

01 h
d (Å) at 

03 h
d (Å) at 

06 h
d (Å) at 

24 h
Trend

(0 0 1) 3.93174 3.91782 3.92869 3.90339 3.86478 Strong 
contraction

(1 8 0) 3.14897 3.14068 3.14383 3.12851 3.10844 Contraction
(2 0 0) 3.08225 3.07222 3.07734 3.0614 3.04392 Contraction

The angular shift of the diffraction peaks observed in the spectra may also be

attributed to first-order internal stresses, or microdistortions, induced by the

milling process. These internal stresses result from the mechanical forces applied

to the material during milling. They appear at the macroscopic level as changes in

interplanar distances, as shown in Table 6, and therefore affect the lattice

parameters. Consequently, the diffraction peaks shift, as observed in the X-ray

diffraction spectra shown in Figures 18, 19.
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Figure 16: Evolution of the most intense peaks as a function of milling time
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Figure 17: Evolution of the most intence diffraction peaks as a function of milling time

According to A. Esteves et al. [2], first-order internal stresses have a significant

effect on the crystal structure of milled materials. They not only modify interplanar

distances but may also induce defects and distortions in the crystal lattice. These

effects appear as a shift in diffraction peaks, which is an important indicator of

structural changes in the material.

The analysis of diffraction peak profiles makes it possible to characterize

structural and microstructural imperfections induced by the milling process. There

are two categories of structural imperfections or effects that can significantly

modify the diffraction peak profile: the size effect and the distortion effect.

The size effect is related to the reduced dimension of the crystallites. When

crystallite size decreases, diffraction peaks broaden. This peak broadening is due to

the finite size of the crystallites, which limits diffraction coherence.

The distortion effect is associated with deformations of the crystal lattice. These

deformations may be caused by internal stresses or dislocations, which disturb the

crystalline order and lead to variations in interplanar distances. These results in

peak broadening and peak shifting.

The results presented in Tables 7 and 8 for microstrain and dislocation density,

which are key structural parameters in crystal lattices generally determined from
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the broadening of X-ray diffraction peaks and calculated using the

Williamson–Hall method, confirm the effects mentioned above.

The phenomena of peak shift and peak broadening are explained by Tables 7

and 8, which show the effect of milling on the increase in microstrain values,

measuring local variations in the crystal lattice, while dislocation density quantifies

the length of defect lines per unit volume.

Table 7 Variation of microstrain as a function of milling time

Milling time (h) Microstrain ε × 10−3

0 1.92854
1 2.37531
3 2.20526
6 2.66419
24 3.36074

Table 8 Dislocation density as a function of milling time

Milling time (h) Dislocation density δ × 10−4

0 134.62
1 165.557
3 155.39
6 186.432
24 249.697

By combining the analysis of these effects, detailed information can be obtained

on the structural and microstructural characteristics of the samples, such as

crystallite size and the level of internal stresses. This information is essential for

understanding the impact of the milling process on the studied materials.

2.1. Structural Properties

Pure Nb2O5 exists in several polymorphic forms (T, M, H, etc.). The introduction

of 5% iron induces significant changes in the crystal lattice.

Substitution and ionic radius: The Fe3+ ion, with an ionic radius of approximately

0.645 Å, generally substitutes for Nb5+ ions, whose radius is approximately 0.64

Å, because of the similarity in size.

Lattice distortion: Although the radii are close, the valence difference (+3

compared with +5) creates local stresses. A slight contraction of the lattice

parameters (a, b, c), detectable by X-ray diffraction, is often observed. Doping

with a lower-valence cation (Fe3+ for Nb5+) requires charge compensation.
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Crystalline impact: The creation of oxygen vacancies (VO) causes local relaxation

of the structure. These vacancies allow neighboring ions to move slightly from

their ideal positions, thus modifying the lattice parameters in a nonlinear way.

Solubility limits: At 5%, iron is generally well incorporated into the Nb2O5

structure. However, if the synthesis is not optimal, traces of secondary phases

such as FeNb2O6 may appear.

Point defects: To maintain electroneutrality, the incorporation of Fe3+ often

generates oxygen vacancies (VO), modifying the stoichiometric balance of the

crystal.

These structural defects, such as vacancies and interstitial atoms, can form defect

energy levels within the band gap that trigger low-energy electronic transitions.

This proves that VO vacancies are abundant in the material and leads to a

decrease in the optical band gap [3].

2.2. Microstructural Properties

According to several studies [4, 5, 6], microstructure concerns the arrangement

of grains and the surface morphology, generally observed by scanning electron

microscopy (SEM). As reported by several authors [3, 7, 8] in their work on iron-

doped niobium pentoxide, the following observations were made:

Crystallite size: Iron doping often tends to inhibit grain growth. Fe ions are

located at grain boundaries and act as barriers to atomic diffusion, leading to a

finer nanometric structure.

Morphology: The addition of 5% Fe can transform rod-like or spherical structures

into more irregular or porous forms, thereby increasing the specific surface

area.

Homogeneity: Energy-dispersive X-ray analysis (EDX) can confirm the uniform

distribution of iron within the niobium matrix.

3. Evolution of Lattice Parameters and Volume

The evolution of the crystal parameters a, b, and c of the Nb2O5 phases in the

Nb2O5–5% Fe compound during milling from 01 h to 24 h is illustrated in Figure

18. The c parameter, calculated from the (001) plane, decreases from 3.932 Å at 0

h to 3.865 Å at 24 h, indicating a notable reduction along the c axis. The a

parameter, calculated from the (200) plane, decreases from 6.1645 Å to 6.088 Å,

while the b parameter follows a similar reduction, decreasing from 29.304 Å at 00

h to 28.919 Å at 24 h. Finally, the overall unit-cell volume progressively decreases.
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Figure 18 :  Variations in the lattice parameters of the T-Nb2O5 phase as a function of
milling time

The analysis of these results shows that mechanical milling induces a reduction

in atomic distances, that is, a contraction. A volumetric contraction of 4.3% after

24 h is also observed. This strong decrease in volume indicates that milling energy

forces the atoms to move closer together and that Fe ions enter the structure,

producing compressive distortion of the Nb2O5 lattice, as shown in Table 9.

Table 9 : Evolution of lattice parameters and volume

Milling time 
(h)

a (Å) b (Å) c (Å) Volume (Å3)

0 6.1645 29.304 3.931 710.113
1 6.144 29.24 3.918 703.87
3 6.155 29.259 3.929 707.57
6 6.123 29.107 3.903 695.601
24 6.088 28.919 3.865 680.476
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The structural and microstructural study of the Nb2O5 system doped with 5%

iron by mechanosynthesis reveals profound transformations within the crystal

lattice during 24 hours of treatment. The results in Table 9 show that increasing the

milling time from 01 h to 24 h induces a systematic contraction of the lattice

parameters (a, b, c). The unit-cell volume decreases by about 4.3%, from 710.11

Å3 to 680.47 Å3. This phenomenon reflects the forced insertion of Fe3+ ions into

the niobium matrix and local densification under the effect of high-energy

mechanical impacts.

It can be concluded that, unlike conventional thermal substitutional doping,

which often expands the lattice, mechanical milling with 5% Fe appears to cause

compression of the lattice. This can be explained by the forced insertion of iron

into interstitial sites or by a reduction in interatomic distances caused by the high

local pressures generated during ball impacts.

After 24 h, the material is in a highly strained nanocrystalline state. The lattice

is compressed along the three axes, indicating a high density of defects, such as

dislocations and vacancies.

4. Microstructural Analysis                                                                     
Figure 19 shows the variations in average grain size (D) with milling time. As 

shown in the figure, the grain size of the Nb2O5 phase decreases progressively with

increasing milling time, from 75.1632 nm at 00 h to 42.1514 nm after 24 h of 

milling.
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Figure 19: Evolution of  average crystallite size as a function of milling time
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This reduction in grain size is a direct consequence of mechanical milling

mechanisms, in which repeated impacts and shear forces break the grains into

smaller particles. As milling time increases, the mechanical energy supplied

promotes fragmentation and grain refinement, leading to a reduced grain size.

Figure 20 (a, b) presents the evolution of microstrain (<σ2>1/2) and dislocation

density determined by the Williamson–Hall method. This analysis includes the

crystallographic T-Nb2O5 phases.

Figure 20: Evolutions (a) microstrain ( ε ou <σ2>1/2 (%)) , et (b)  dislocations density         

δ (m-2) in Nb2O5-5%Fe phases as a fonction of milling time 

When grain size decreases during the milling process, an increase in the

microstrain rate in the T-Nb2O5 phases and in dislocation density is simultaneously

observed. The mechanical stresses induced by milling introduce crystalline defects

and dislocations, contributing to lattice deformation. These imperfections increase

the distortion of the crystal lattice, which is also reflected in the variations in

diffraction parameters observed in the X-ray spectra.

On the other hand, this decrease in grain size is associated with an increase in

microstresses and dislocation density, as shown in Figure 20 (a) and (b).

Thus, the structural and microstructural study of Nb2O5 doped with 5% Fe is

based on understanding how iron ions enter the niobium oxide lattice. Fe3+ (radius

= 0.64 Å) has a size close to that of Nb5+ (radius = 0.64 Å in octahedral

coordination). At 5%, iron replaces niobium in the NbO6 octahedral sites. Despite

the similarity in size, the difference in charge (3+ versus 5+) creates local stresses
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and a contraction of the lattice parameters (a, b, c), leading to lattice distortion. To

maintain crystal electroneutrality after replacing Nb5+ with Fe3+, the lattice

generates oxygen vacancies (VO). These vacancies increase structural disorder,

which is visible through the broadening of X-ray diffraction peaks.

To clearly illustrate the relationship between the different parameters, Table 10

presents the variations of D, ε, and δ as a function of milling time.

Table 10 D, ε, and δ as a function of milling time

Milling time (h) Crystallite size D 
(nm)

Microstrain ε × 

10−3
Dislocation 
density δ × 10−4

0 75.16329516 1.92854 134.62
1 62.56175851 2.37531 165.557
3 69.03717873 2.20526 155.39
6 58.11148725 2.66419 186.432
24 42.15148435 3.36074 249.697

The phenomenon of iron insertion into the niobium pentoxide matrix can be

summarized as follows:

Property Effect of doping (5% Fe) Main cause
Structure Slight lattice distortion Fe3+ / Nb5+ substitution
Phase Possible appearance of VO Charge compensation
Grain size Decrease Growth inhibition at grain

boundaries

5. Chapter Conclusion

Nanostructured powders of niobium pentoxide Nb2O5 doped with 5% iron Fe

were successfully prepared using a P4 planetary mill for different milling times

ranging from 1 h to 24 h. The obtained powders were characterized by X-ray

diffraction (XRD).

The study of structural properties was carried out using X-ray diffraction. From

the XRD spectra, it was found that the structural and microstructural study of

Nb2O5 doped with 5% Fe depends on understanding how iron ions enter the

niobium oxide lattice.

According to the XRD results, the crystallographic evolution shows a

systematic contraction of the lattice parameters (a, b, c). The unit-cell volume

decreases by 4.3%. This phenomenon reflects the forced insertion of Fe3+ ions
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into the niobium matrix and local densification under the effect of high-energy

mechanical impacts.



General Conclusions



General Conclusions

55

General Conclusions

 Nanostructured Nb2O5–5% Fe samples were prepared by the milling technique

using a PM 400 Retsch vibratory planetary ball mill.

 The Nb2O5 and Fe powders were prepared and weighed in precise proportions

inside a glove box and introduced into jars under nitrogen. The selection of the

balls and jars was made to reduce contamination caused by ball–powder and

powder–jar wall impacts. Mechanosynthesis was carried out in the planetary

mill at a rotation speed of 350 rpm. To avoid excessive heating during milling,

each 60 min of milling was followed by a 30 min stop. The selected milling

times were  1, 3, 6, 12, and 24 hours.

 The structural and microstructural characterization of the samples was

performed by X-ray diffraction using X’PertHighScore and Origin Pro

programs.

 X-ray structural analysis of the Nb2O5–5% Fe samples shows that, after 03 h of

milling, the X-ray diffraction patterns of all samples have similar shapes.

However, they differ in peak intensity and angular position.

 It was also observed after 03 h of milling that the iron peaks completely

disappear and that iron is inserted into the Nb2O5 matrix.

 The complete disappearance of the iron peaks is accompanied by a shift of the

peaks toward higher angles. This angular shift is clearly visible in the X-ray

diffraction spectra and is strong evidence that iron atoms have dissolved into

the Nb2O5 crystal lattice.

 The angular shift of the diffraction peaks observed in the spectra may also be

attributed to first-order internal stresses, or microdistortions, induced by the

milling process.

 The broadening of the diffraction peaks (FWHM) confirms a drastic reduction

in the size of coherent diffraction domains. The material evolves toward a

nanocrystalline state characterized by a high density of internal microstrains.

 The evolution of the lattice parameters a, b, and c of the Nb2O5 phases in the

Nb2O5–5% Fe mixture during milling shows low and decreasing values,

reaching the nanometric range, which is characteristic of parameter contraction

and unit-cell volume reduction. This phenomenon reflects the forced insertion

of Fe3+ ions into the niobium matrix and local densification under the effect of

high-energy mechanical impacts.
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 After 24 h, the material is in a highly strained nanocrystalline state. The lattice

is compressed along the three axes, indicating a high density of defects,

including dislocations and vacancies.

 The microstructural study showed that the grain size of the Nb2O5-5%Fe phase

progressively decreases with increasing milling time, from 75.163 nm at 0 h to

42.151 nm after 24 h of milling. This reduction in grain size is a direct

consequence of mechanical milling mechanisms, which lead to nanostructuring.

 The analysis of peak positions (2θ) shows a systematic shift toward higher

angles as milling time increases.

 The analysis of the spectra of milled powders for phase identification and

Rietveld refinement using X’PertHighScore shows that, from 03 h of milling,

traces of secondary phases appear and are identified as the FeNb2O6 phase,

characteristic of non-optimal synthesis. However, these peaks are weak and

symmetric.

 By comparison with other studies, it appears that lattice contraction and iron

insertion modify the periodic potential of the crystal. The optical gap (Eg)

should decrease significantly, making the compound active under visible light.

 The synergy between structural distortion and the introduction of iron energy

levels suggests a significant reduction in band-gap energy. The final compound

presents optimal characteristics for photocatalytic applications under visible

light, benefiting from both broader absorption and a large specific surface area.

 A milling time of 24 h makes it possible to obtain the most intimate mixture

between iron and niobium, but at the cost of strong degradation of crystallinity.

If the objective is photocatalysis, the 06 h compound may offer a better

compromise between a stable crystalline structure and good dopant

incorporation.

 Mechanical milling for 24 h makes it possible to synthesize a metastable solid

solution of Nb2O5 that would be difficult to obtain by a conventional thermal

route. For applications requiring a compromise between crystallinity and

doping, an intermediate milling time of around 6 h appears to provide the most

balanced structure.




