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Preface

Ceramic materials have attracted the attention of scientists, researchers, and engineers 
due to their potential to manipulate the length scale in nanometers. These materials 
possess excellent properties, which give them a variety of industrial uses, including in 
the automotive, aerospace, and biomedical industries.

The book Smart and Advanced Ceramic Materials and Applications provides a com-
prehensive overview of smart and advanced ceramic materials and their applications. 
The first part of the book focuses on both ceramics-based nanomaterials and ceramic 
sensors. The second part of the book provides an overview of smart ceramic materi-
als, which are ceramic materials prepared from ultrafine particles. These materials 
play a crucial role in challenging applications such as biomedical and dental applica-
tions. The final section of the book discusses refractory ceramics.

The book will benefit students, scientists, researchers, engineers, and academics 
interested in traditional, smart, and advanced ceramic materials.

I wish to express my gratitude to the contributing authors for their excellent chapters. 
This book could not have been successfully published without the hard work of the 
authors as well as the staff at IntechOpen.

Mohsen Mhadhbi
National Institute of Research and Physicochemical Analysis,

Ariana, Tunisia
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Chapter 1

Introductory Chapter: Smart 
and Advanced Ceramics and 
Applications
Mohsen Mhadhbi and Ali Sohani

1. Introduction

Ceramic materials are inorganic compounds consisting of metallic and non-
metallic elements, which are held together with ionic, and/or covalent bonds [1]. It 
combines the principles of physics, chemistry, and engineering [2]. However, smart 
and advanced ceramic materials are usually fabricated in small quantities and at high 
costs. Furthermore, these new class of materials play a major role in the high-tech 
industry, energy, biomedical, military industry, solar cells, and fuel cells due to their 
specific high-temperature mechanical and optical properties, their biocompatibility, 
and their unique composite effects of light, sound, electricity, magnetism, heat, or 
function. In this context, many excellent researches have been reported on smart and 
advanced ceramic materials [3–8].

Various types of smart and advanced ceramic materials each have particular 
properties, providing high performance and economical replacement to traditional 
materials, such as glass, plastics, metals, and others. Indeed, advanced ceramics 
applications attempt to improve operation at low cost and to address the requirements 
of the particular applications.

However, the widely used smart and advanced ceramic materials are shown in 
Figure 1 and developed below:

• Alumina: Alumina (Al2O3) is one of the most widely used advanced ceramic 
materials. It has excellent properties, such as high hardness, high melting point, 
high mechanical strength, excellent wear resistance, high corrosion resistance, 
low density, etc. This material is a kind of ceramic with a wide range of uses.

• Zirconia: Zirconia (ZrO2) possesses desirable properties, such as low thermal 
conductivity, high mechanical strength, excellent wear resistance, high corro-
sion resistance, and good biocompatibility, making it one of the most popularly 
utilized advanced ceramic materials.

• Cubic boron nitride: Cubic boron nitride (CBN) is a most important advanced 
ceramic material, which is prepared through compressing hexagonal boron 
nitride at high temperature and high pressure. It possesses excellent properties 
including high hardness, high chemical resistance, high thermal stability, high 
electrical resistivity, high thermal conductivity, etc.
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• Silicon nitride: Silicon nitride (Si3N4) is one of the few advanced ceramic materi-
als that is able to survive the severe thermal gradients and thermal chock stresses. 
This material is widely used in structural applications due to its specific proper-
ties, such as low density, good wear resistance, excellent oxidation resistance, etc.

• Silicon carbide: Silicon carbide (SiC) is a particular advanced ceramic material, 
which is largely used as abrasive and cutting tools because of its unique charac-
teristics, such as low density, great hardness, and strength, high thermal stabil-
ity, and excellent corrosion resistance, etc.

• Resin matrix ceramics: Resin matrix ceramics (RMCs) is a novel class of advanced 
ceramic materials which combines the properties of polymer and ceramic 
matrices. There are two types: resin-based ceramics and hybrid ceramics, which 
are principally applied in dentistry.

Smart and advanced ceramic materials are referred to as special and engineering 
ceramics. Table 1 shows the various applications of advanced ceramics which include 
two types.

Smart and advanced ceramic materials provide products and services to an 
increasing and important range of advanced manufacturing industries, involving 
automotive, aerospace, energy, defense, telecommunications, etc. More exten-
sive research on the processes of ceramic materials is necessary and extensive 

Figure 1. 
Different types of smart and advanced ceramic materials.
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Structural ceramics Functional ceramics

Bioceramics Piezoceramics

Automotive ceramics Magnetoceramics

Nuclear ceramics Package ceramics

Ceramics used in cutting tools Optical ceramics

Tribiological ceramics Conductive ceramics

Table 1. 
Applications of smart and advanced ceramic materials.
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Chapter 2

Synthesis and Characterization of 
NanoBismuth Ferrites Ceramics
Sheela Devi, Venus Dillu and Mekonnen Tefera Kebede

Abstract

Multiferroic nanomaterials bear draw attention plenty consideration on account 
of the mixture of two or more determinants, in the way that ferroelectricity, ferro-
magnetism, and ferroelasticity, giving an expansive range of professional, depressed 
capacity, environmentally intimate request. Nano-bismuth ferrite (BiFeO3, BFO) 
exhibits two together (anti) ferromagnetic and ferroelectric real estate at room tem-
perature. Therefore, it bears risk a very influential part fashionable the multiferroic 
foundation. This review focuses ahead of the progress of nano-BFO objects, contain-
ing unification, facial characteristics, structures, and potential uses of multiferroic 
order accompanying novel functions. Hopes and danger happen all investigated and 
made clear. We hope that this review will be a part of a review and encourage more 
research workers to win accompanying nano-BFO results.

Keywords: Nano bismuth ferrites ceramics, properties, characterization, 
multifunctional device

1. Introduction

Nanomaterials are materials with length scales ranging from 1 to 100 nm. The 
properties of materials change dramatically on the nanoscale when compared to their 
bulk counterparts. The physiochemical properties of these materials are very sensitive 
to size and shape, resulting in properties that are completely different when studied 
in bulk materials. Because of their high surface-to-volume ratio, nanomaterials have 
a distinct set of properties. At both normal and high temperatures, nano-ceramic 
materials exhibit excellent refractory properties, chemical resistance, mechanical 
resistance, and hardness [1] BiFeO3, BFO is an exciting one-phase application that 
has focused on multidisciplinary device applications due to its unique properties, 
including Currie high temperature of ferroelectricity (TC = 1103 k), high Neel 
temperature for antiferromagnetism (TN = 643 k), lead-free piezoelectricity, and 
impressive photoelectric performance in the visible area [1, 2]. These features make 
BiFeO3 a promising candidate, especially in ferroelectrics, magnetic, piezoelectrics, 
Photovoltaic devices, and photocatalytic function. In addition, the combination of 
these structures has the potential to provide the next generation of electrical appli-
ances with a wide range of functions. The BiFeO3 investigation began in the 1950s. 
In the Ramesh group (24) in 2003, the discovery of a large polarization of fossils, 
15 times larger than previously obtained by large samples (6.1 μC/cm2), combined 
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with the strong ferromagnetism seen in small BiFeO3 films, and increased studies. In 
this field and several other investigations in bulk, a thin film and forms with a BiFeO3 
structure have been made since then. Although BFO has a spiral spin formation 
with a periodicity of 62 nm as a single type of G-type antiferromagnetic material, 
this combination of the soft magnetoelectric liner makes it difficult to use for many 
functional devices [3]. These days, it has been found that BFO nanoparticles exhibit 
strong ferromagnetism due to their magnitude of less than 62 nm [4]. As a result, the 
successful development of magnetoelectric integration in nanosized BFO has played 
a significant role in microelectronic devices [5–7]. The importance of the semicon-
ductor circuit combined science and technology have resulted in the feature size of 
microelectronic devices being reduced to nanoscale magnitude. BFO material features 
nanoscale novels different from most of their counterparts and films. Knowing the 
impact of BFO on the nanoscale is essential in promoting the development of new 
electronic devices. The controlled integration of nano-BFO nanostructures such as 
nanowires, nanotubes, nano-powders, and arrays has made great effort due to size-
dependent effects in structure and limited size. Some gains have been made in clas-
sifying buildings. In addition, BFO nanostructures are gaining considerable attention 
in heterostructures and domain classification [8, 9]. This paper provides an overview 
of recent developments in the integration, segregation of actors, visual structures, 
and the potential use of the nanosized BFO. Other issues that need to be addressed in 
future research are also highlighted.

2. Nanoparticles

Nanoparticles are particles with dimensions ranging from 1 to 100 nm that have 
features not discovered in the bulk material of the likely structure [10].

2.1 Synthesis methods

BFO nanoparticles Synthesis is one of the fascinating areas of study because of its 
technological relevance [11]. Due to the extensive development of nano-BFOs, further 
research is needed to determine the best ways to make high-quality BFO nanopar-
ticles in purity, shape, size, size distribution, stability, and particle morphology [12]. 
Currently, the synthesis of BFO nanoparticles has been reported using several meth-
ods such as solid-state [13], ferrite precursor [14], hydrothermal [15], sol-gel [16], 
and co-precipitation [17]. To date, however, there is no established method for nano 
BFO synthesis, and all of these synthetic methods have their advantages and disad-
vantages. To date, two different methods have been developed to integrate nano-BFO; 
another way of going down, which means to combine nanoparticles from atoms or 
molecules by assembling smaller ones into larger ones; another way of going up and 
down, which means splitting, recording, or filming a thin film or bulk material into 
nano sizes like significant cuts into smaller ones. The “bottom-up “method has several 
integration techniques: co-precipitation, thermal decomposition, hydrothermal, 
sol-gel, solvothermal, flame spray pyrolysis, sonochemical, vapor deposition, and 
microwave-assisted microemulsion, and polyol routes, the first four of which are very 
crowded. Although mechanical grinding and pulsed laser ablation are the most widely 
accepted “top-down” methods combined. Among these synthetic methods, modified 
polyol, sonochemical, and microwave irradiation are the most widely used methods 
in the modern era in synthesizing a variety of nano BFO. These integration methods 
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have several advantages: short reaction time, soft reaction conditions, high yield, and 
improved selected and clean reaction compared to the other combination methods 
mentioned above [18]. Wu et al. so far have reported a few of these integration lines 
[19]. Many of these artificial lines are easily found in books; therefore, in this section, 
we introduce the most widely used nano BFO integration lines, address their advan-
tages, barrier differences, and summarize current developments.

2.1.1 Sol: gel

The Sol-Gel method is an easy, popular, and kind of way to go up and down to pre-
pare the nanoparticle. In some cases, modification of precursors usually requires metal 
salts or metal alkoxide solutions in nanostructures that undergo hydrolysis and con-
densation polymerization processes to form gels. After being released, the cells turn the 
jelly cells into something intended to be suppressed. Important processing features of 
the sol-gel process are the amount of water in the solution, the pH value of the solution, 
and its temperature. Blending of BFO nanoparticles by sol-gel process, Bi (NO3)3.5H2O 
and Fe (NO3)3.9H2O are widely used as raw materials [3, 20, 21]. As mentioned below, 
there are three main sol-gel processes for synthesizing BFO nanoparticle materials.

2.1.1.1 Traditional technique

The most straightforward process begins by combining iron nitrate with natural 
solvent (2-MOE or EG) to produce a precisely reddish-black solution and stir at 
70-80°C in a hot plate for several hours to obtain a soft gel. Then dry the soft gel 
obtained by heating to a high temperature (120-160°C) [22–25].

2.1.1.2 Acid assisted sol: Gel technique

Utilizing this process, acid is added to the solution structure. Tartaric acid 
(C4H6O6) is a commonly used acid synthesizing BFO nanoparticles [26–29]. By 
combining iron nitrate with natural solvents (2-MOE or EG), followed by tartaric 
acid (1: 1 molar ratio iron nitrate), raw material is synthesized using a tartaric acid-
assisted sol-gel method. With constant stirring at 60-80°C, until the transparent sol 
transforms into a brown gel, other recruited acetic acids [23, 30] could also be used to 
make BFO nanoparticles. The preliminary preparation is similar to the tartaric acid 
sol-gel method in that the first precursor is made by combining iron nitrate with an 
organic solvent, but this time the solvent is NH3.H2O before adding acetic acid to the 
precursor, it is added to adjust the pH of the solution to. The solution is then shaken 
and stirred at 70°C in a hot magnetic plate to form a sol. The brown gel should then be 
dried at around 120°C for xerogel powder. In the precursor process, acetic acid acts as 
an unidenttate-binding agent, and organic solvent (ethylene glycol) acts as a polar-
soluble solvent. During heating, Fe ions are octahedrally mixed with condensate 
acetic ions after adding acetic acid and ethylene glycol. At temperatures of 70°C, this 
is accompanied by acetate ligands and ethylene glycol. At 120°C, +the resulting esters 
initiate the formation of Fe-O-Bi bonds [30].

2.1.1.3 The aqueous-based sol: Gel technique

The latter method is a water-based route where no natural solvent is involved in 
the precursor mixing. The metal nitrate precursor system dissolves in dilute nitric 
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acid, followed by tartaric or acetic acid [31–34]. Using this line, the metal complex 
was created by adding acid to the aqueous metal nitrate precursor, and BFO nanopar-
ticles began to form in the calculation after decomposition. Then after any of the 
routes as mentioned above, the dried gel powder is ground and heated over 400°C for 
pyrolysis to remove organic impurities and additional calcining around 500-600°C 
to obtain final nanoparticles [24, 35, 36]. In one study, after final immersion, the 
samples were repeatedly washed with distilled water, filtered, and dried at 80°C 
[36]. The sintering temperature is considered an appropriate strategy to monitor the 
size of BFO nanoparticles. Nanoparticle sizes can vary from less than 15 nm to more 
than 100 nm by incorporating sintering as low as 350–650°C [31, 34, 37]. In terms of 
lines (ii and iii), it proves that chelating acids (tartaric acid and citric acid) play an 
essential role in synthesizing nanoparticles, phases, and morphology. Using a precur-
sor in water, it has been shown that the precipitation temperature of citric acid is less 
than 100oC than that of the preceding tartaric acid, taking temperatures into BFO 
nanoparticles that use as much citric acid as possible 350°C [34].

On the other hand, when citric acid was used as an irrigation agent and the 
calculation temperature was set at 600°C, it was also found that impurities such as 
Bi2O3 and Bi2Fe4O9 form BFO nanoparticles. On the other hand, the chelating agent 
of ethylene diamine tetraacetic acid (EDTA) in an aqueous precursor contributes 
to creating pure-phase BFO nanoparticles called the generation of heterometal-
lic polynuclear complexes in solution [38, 39]. The addition of acrylamide and 
bisacrylamide monomers has also been beneficial in controlling the specific BFO 
size by providing a framework for the growth of nanoparticles and adjusting the 
size of the gel pores, respectively. However, the overgrowth of bisacrylamide may 
result from particles with no homogeneities and irregular shapes and contaminants 
[39]. The contaminants were obtained from BFO nanoparticles found in natural 
solvents (method (i) above) using citric acid as a chelating agent. This is due to 
a diametric of the citric complex and additional carbonaceous substances, which 
are pollutants usually created at high temperatures during the automatic combus-
tion process [35, 40]. In comparison, tartaric acid creates bonds and iron ions 
with two groups of carboxyl and hydroxyl that contribute to a stable polynuclear 
complex. Esterification gel between metal complex and ethylene glycol [40]. The 
addition of acid chelating agents often influences the size of the nanoparticles. It is 
reported that the particle sizes of BFO nanoparticles found in citric acid at 350°C 
and tartaric acid at 450°C are as small as 4 nm and 12 nm, respectively [34]. The 
advantages of sol-gel synthesis techniques are easily accessible, energy saving, cost, 
and performance at low temperatures. The soluble temperature range in the sol-gel 
range is between 25°C and 200°C, and it is possible to combine a nano BFO with 
smaller size distribution and a controlled environment. These benefits and their 
flexibility in nano BFO synthesis make the sol-gel method very attractive. Other 
advantages of the sol-gel process include the necessary reagents that are simple 
compounds, producing nanoparticles, no special equipment required, dopants can 
be easily incorporated into the final product, there is little chance of assembling the 
particles, and the same grain structure. In addition, it is one of the most popular 
composite methods for controlling the formation of nanoparticles, microstructure, 
purity, and stability by adjusting various parameters such as sol concentration, 
vibration rate, and annealing temperature [41]. In addition, the combination of 
nanoparticles, films, and coating is the first commercial element of the sol-gel 
process [16]. The sol-gel synthesis method can synthesize various nanoparticles at a 
specified temperature range.
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2.1.2 Hydrothermal

Hydrothermal is the most common chemical route to nanostructures and particu-
larly nanoparticles metal oxide synthesis. Related to the sol-gel method, it begins with 
the preparation of a precursor. However, the crystallization phase occurs throughout 
a hydrothermal process instead of a high-temperature annealing treatment. Final 
nanoparticles are formed after washing, filtering, and final drying processes.

2.1.2.1 Precursor preparation

The most popular hydrothermal synthesis process used for the preparation of BFO 
nanoparticles is the mineralizer-assisted route, in which mineralizers such as KOH 
(NaOH) [7, 19, 42, 43] or KNO3 [19, 44] are used for the preparation of precursors. 
This process allows the precursor to be conveniently prepared before hydrothermal 
synthesis by resolving the metal nitrates in purified water and KOH solution [45]. The 
aqueous precursor is produced by metal nitrates immersed in dilute nitric acid more 
generally than others. The method is then applied to the KOH solution for precipita-
tion of Fe3+ and Bi3+. Precipitates are purified and cleaned to extract NO3− and K+ 
ions by pure water. The washed precipitates are then combined with KOH or NaOH 
solutions and additional KNO3 under continuous agitation [19, 44, 46]. In addition 
to these processes, the precursor scheme for the alteration of nanoparticles can often 
involve other additives, such as triethanolamine (TEA) [43] or sodium lauryl sulfate 
(SDS). In specific, the addition of TEA is observed to create a Fe-TEA complex that 
inhibits Fe hydroxide precipitation and may minimize synthesis to a maximum of 
130oC [43]. Without the presence of the mineralizer, hydrothermal approaches 
may also be modified [45]. In hydrothermal synthesis of BiFeO3, the precursor of 
BiFeO3 is frequently synthesized by dissolving the metal sources, Bi and Fe nitrates 
(Bi(NO3)3.5H2O and Fe(NO3)3.9H2O, in deionized (DI) water or citric acid. The 
metal and citric acid molar ratio is equal to 1:1 ratio. Then, NH3 solution is added to 
neutralize the unreacted citric acid and change the pH to~9 [45]. Using this updated 
mineralizer-free method, the dried powder is eventually calcined at 350°C for 6 hr. to 
extract the final nanoparticles, which is an extremely phase-pure BFO with an average 
particle size of 55 nm.

2.1.2.2 Hydrothermal reaction

The solution would be placed in a hydrothermal Teflon linear autoclave at 
150°C-220°C for 5–20 hours [19, 47] until the precursor was collected. The auto-
clave would then be naturally cooled to room temperature, the precipitate collected 
filtered, and cleaned with deionized water (and 10% acetic acid) to eliminate any 
soluble salts. Finally, the nanoparticles are obtained by drying the wet samples at 
70-160°C for a few hours [19, 44]. A dissolution-crystallization process is assumed to 
be a synthesis of the BFO Phase by the hydrothermal method. First, Bi3+ and Fe3+ ions 
are converted into Fe (OH)3 and Bi (OH)3 hydroxides and later, under hydrothermal 
conditions, dissolved in a precursor of alkaline mineralizer (KOH, NaOH, LiOH). 
When the concentration of ions in the alkaline solution reaches the saturation stage, 
the BFO phase begins to nucleate, followed by crystal formation, and precipitates 
the supersaturated hydrothermal fluid [19, 48, 49]. BFO particle size and morphol-
ogy rely on nucleation and crystal growth rates, which are in turn influenced by the 
degree of supersaturation. The subsequent strong nucleation but low growth rate and 
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smaller particle size would be a high supersaturated precursor with high KOH con-
tent and high pH value [42, 49]. The substance’s phase and morphologies are greatly 
influenced by the addition of water during the hydrothermal reaction Han et al. [49] 
and Chen et al. [19]. Analysis of the BFO hydrothermal synthesis method for the 
KOH concentration mineralizer, the reaction temperature, and the reaction time was 
performed. The precursors are held at175-225°C and 200-220°C respectively, for six 
hours, and produce phase-pure BFO powders using 8 M and 4 M KOH, respectively. 
Different raw materials and different hydrothermal equipment and conditions can 
contribute to the observed deviation from nominally optimal conditions (i.e., KOH 
concentrations). Han noticed that minor α-Bi2O3 could be generated while using a 4 M 
KOH solution. Scientists have noticed that metal nitrates, under some circumstances, 
combine with hydroxide ions to form the iron hydroxide phase.

 + 3-
3 3 2 3 22Bi (NO )  + 6KOH  Bi O  + 6 K  + 6NO  + 3H O→  (1)

 +
3 3 3 3Fe (NO )  + 3KOH  Fe (OH)  + 3 K  + 3NO→  (2)

At a lower concentration of potassium hydroxide, the alpha-Bi2O3 phase can stay 
in the precursor, although it can be reduced into Bi3+ at a higher concentration of 
potassium hydroxide:

 3 3 3 2BiO  + 2Fe (OH)   2BiFeO  + 3H O→  (3)

Reaction temperature has a significant effect on the reaction. At lower tempera-
tures, alpha-Bi2O3 is produced as the key product. By raising the temperature of the 
solution from 150–175°C, the dissolution of alpha-Bi2O3 is significantly improved. 
The BFO process stays the same at the temperature of 225°C [49]. A related result 
was stated by Chen et al. [19]. Although increasing the pH, reaction time, and 
temperature will improve the solubility of alpha-Bi2O3, leading to pure BFO phases. 
Secondary phases such as the secondary precipitate of excess potassium hydroxide 
precipitation at a shift in acidic pH may occur when excessive reaction time is at 
high pH. As OH- ion concentration is becoming higher, particle agglomeration can 
be expected [19, 49]. Yang et al. figure out the second phase of Bi2Fe4O9 forms at a 
shallow concentration of KOH. Since Bi3+ has a greater affinity with OH than Fe3+, 
a low OH-concentration in the hydrothermal reaction solution would lead to more 
Fe3+ ions being dehydrated Bi2Fe4O9 instead of bismuth ferrite. As a consequence of 
an increase of potassium hydroxide concentration, the percentage of Bi3+ and Fe3+ 
becomes balanced, and then the BFO phase is formed [50]. When utilizing heavy 
alkaline NaOH instead of weak KOH for hydrothermal synthesis, both the recipes 
produce stoichiometric materials. At a pH = 14, a limited quantity of H2O2 can assist 
the reduction reaction [42], whereas a milder acidic solution will afford a crude 
substance with recorded nonstoichiometric Bi12Fe0.63O18.945 [42]. Thus, it relies on the 
techniques used to achieve synthesize the latest phases. Researchers have managed 
to obtain pure BFO nanoparticles at 200oC by using 7 mol/L KOH and 12 mol/L 
KOH; however, incorporating NaOH and LiNO3 would either interrupt Bi2Fe4O9 and 
Bi12(Bi0.5Fe0.5)O19.5phase development or slow it down in the final product no matter 
the concentration of these reagents [19]. By utilizing potassium nitrate nanopar-
ticles, much smaller nanoparticles of the potassium nitrate content are made. This 
study suggests that alkali ions (K+, Na+, and Li+) from mineralizer play a significant 
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role in the development of rhombohedral, orthorhombic, and cubic pure bismuth 
ferrite BFO precipitates, respectively, [51] since the NO3 will raise the supersatura-
tion of the heat transfer solution and intensify the nucleation of the BFO, thus 
decreasing particle size [52]. Cationic radii for mineralizers also influence the size 
and morphology of nanoparticles. Hojamberdiev et al. concluded that mineralizers 
steadily decrease the total particle size before they hit the critical stage. The particle 
size decreased to exceedingly small amounts [19, 42, 48, 53, 54]; on top of these 
problems, particle size frequently reaches the limit of 100 nm [19, 53, 54], which 
compromises the efficiency of the substance. In comparison, the hydrothermal 
process is expensive and difficult relative to the sol-gel process.

2.1.3 Microwave-hydrothermal synthesis

Microwave-hydrothermal (MH) synthesis is a modified synthesis method based on 
the hydrolysis technique. The starting materialis very equivalent to the hydrothermal 
synthesis starting material, but Na2CO3 is frequently utlized as the mineralizer in 
conjunction with KOH [2, 3] to gained perovskite BiFeO3 crystals. After transferring the 
starting material into a Teflon autoclave, it is placed in a microwave oven for the hydro-
thermal reaction, which is heated at 160-230°C for 30–60 minutes [2, 3, 51, 52]. The 
particle size produced by MH techniques could be as minimal as 10-50 nm [2] that is 
smaller than the average particle size produced by hydrothermal process. Furthermore, 
MH has been utilized to create bismuth ferrite nanotubes with an average size of 
50–200 nm and a low bandgap of 2.1 eV [3].

2.1.4 Auto-combustion synthesis

In this process, Bi(NO3)3.5H2O and Fe(NO3)3.9H2O are frequentlyutilized as the 
oxidizer, whereas glycine (C2H5NO2), sucrose (C12H22O11), ethylene glycol (C2H6O2), 
ethanolamine (C2H7NO), citric acid (C6H8O7.6H2O), urea (CON2H4), stearic acid 
(C18H36O2), etc. may be utlized as fuels. To begin, the metal nitrates are dissolved in 
dilute HNO3 [55] or distilled water [56] to form an aqueous solution, and then the 
fuels are added to the solution while constantly stirring. Then, the resulting starting 
material is moved to a container that can be heated to between 80 and 200 degrees 
Celsius [55, 56] to form a densify gel-like product. Then, the gels are heated in a 
furnace to above 300°C to initiate the auto combustion reaction, which produces the 
final bismuth ferrite nanomaterials [55]. The combustion reactions with glycine and 
sucrose as fuels are demonstrated below, where bismuth ferrite as the only solid metal 
oxide product and carbon dioxide, water and dinitrogen simply illuminated during or 
after the reaction.

 3 3 3 3 2 5 2 3 2 2 4.66 2Bi (NO )  + Fe (NO )  + 3.33C H NO   BiFeO  + 6.66CO  + 8.33H O N→  (4)

 3 3 3 3 12 22 11 2 3 2 2 2Bi (NO )  + Fe (NO )  + C H O  + 4.5O   BiFeO  + 12CO  + 3 N  + 11H O→  (5)

Nevertheless, because secondary phases are frequently constructed with bismuth 
ferrite, the procedure would be much more complicated. Despite this, Farhadi et al. 
[57]. Later conducted a study by Yang et al. [55] utilized sucrose (C12H22O11) to 
acquire phase-pure nanoscale BFO powders. The influence of fuel composition on the 
resulting bismuth ferrite phases discovered that glycine (C2H5NO2) or ethanolamine 
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(C2H7NO) performs better. Throughout overall, the perovskite bismuth ferrite phase 
is acquired with some secondary phases, making control over the combustion process 
for phase pure bismuth ferrite difficult.

3. Characterization of BFO nanoparticle

To understand and evaluate the potential impacts and harmful effects of 
nanoparticles (NPS), proper knowledge of their physic-chemical properties is 
required. This can only be achieved using appropriate techniques to provide all the 
necessary information about the interested nanoparticles (NPS). Several nanopar-
ticles (NPS) measurement techniques vary in sensitivity and quality information 
about the sample. The most commonly utilizedmethods including x-ray diffraction 
(XRD), atomic force microscopy (AFM), transmission electron microscopy (TEM), 
scanning electron microscopy (SEM), vibrating sample magnetometer (VSM), 
superconducting quantum interference device (SQUID), Fourier transforms infrared 
(FT-IR) spectroscopy, energy-dispersive x-ray spectroscopy (EDS), x-ray photoelec-
tron spectroscopy (XPS), Mossbauer spectroscopy (MS), and thermogravimetric 
analysis (TGA)Several papers have reviewed some of the techniques for the mani-
festation of ferrite nanoparticles [58–61], as well as the size-dependent functional 
properties and possible use of BFO nanoparticles are discussed in this section.

3.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is one of the most widely used techniques to differenti-
ate NPs. Typically; XRD provides crystal structure, time-related nature, lattice 
parameters, and crystal letter size. The following parameter is expected to benefit 
from Scherrer statistics to extend the most robust XRD size for specific tests. The 
advantage of XRD techniques, routinely performed on powder-type samples, 
is usually followed by drying its corresponding colloidal solutions, resulting in 
common mathematical values with a measure of volume. The consistency of these 
particles can be determined by comparing the position and strength concerning 
the peaks and conduct of the guidelines provided by the International Center 
for Diffraction Data (ICDD, formerly known as the Joint Diversity Guidelines 
Committee, JCPDS) database. However, it is probably not suitable for non-man-
ufactured materials, and XRD peaks expanded with particles with a size less than 
3 nm. Upadhyay et al. found the standard crystallite size of the magnetite NPs using 
the X-ray line extension and noticed staying at a selection of the number 9–53 nm 
[62]. The pensiveness of the XRD peaks is caused by particle size/crystallite and lat-
tice types {other than metal extensions [42]. XRD-based size is usually significant 
compared to so-called magnetic size because of the sub domain names that exist 
in particles where they always coincide if you look at the same direction and if the 
particle is a single domain. In contrast, the limited TEM size was more prominent 
than computer-generated XRD models with larger particles; assuming the particle 
size is greater than 50 nm, more than one or more crystal boundaries are in their 
region. XRD cannot distinguish between two parameters; hence, some models’ 
actual (TEM) size can be very noticeable compared to the 50–55 nm determined 
by the Scherrer formula. Dai and his colleagues set up a very small Au NP that was 
expected to improve significantly by following 〈111〉 (instead compared to 〈220〉 
one) while the top-to-front analogy was the largest XRD size [43]. Similarly, Li and 
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peers found that when preparing copper telluride nanostructures of different types 
(i.e., cubes, vessels, and rods), the total stiffness between the associated XRD peaks 
differed in the number of growing particles [44, 63].

3.2 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a commonly used technique for a high-
resolution image of the surface that may separate nanoscale objects. SEM uses electrons 
in thinking; a bright microscope uses clear light. Mazzaglia et al. blended field-emission 
SEM (FE-SEM) and XPS standards for analyzing supramolecular colloidal systems in 
Au NPs/amphiphilic cyclodextrin. Both methods provide essential information about 
the morphology and nature of the interaction of (Ethylhexyl carbon string) SC6NH2 and 
(thiohexadecyl carbon chain) SC16NH2 with Au NPs in the silicon region [19]. Sinclair and 
colleagues even suggested that SEM and NanoSIMS could help find Au NPs in cells. SEM 
testing has highlighted its superiority overNanoSIMS when reviewing inanimate NPs in 
complex biological systems. NanoSIMS delivers low localization of approximately 50 nm, 
as long as SEM can receive resolutions up to 1 nm. The particles tested have been Raman-
active Au-core NPs, and NanoSIMS results in slightly unreadable images in a few cases due 
to its limited efficiency. Despite this, NanoSIMS introduces new isolation power between 
isotopes and may or may not be appropriate for Au NPs status [45]. High-resolution SEM 
(HRSEM) when it comes to rendering Au NPs to cells and cells. The easy appearance of 
metal NPs is guaranteed by this strategy and by preparing the test quickly and easily. 
Then again, in biological examples, the requirement to reduce the recycling of materials 
may form the appropriate metal layer; for this reason, it increases the risk of radiation 
damage when it comes to specimens. The advantage of HRSEM, when compared to 
other photographic methods, is the ability to lower precision and analyze the views of 
nanometric elements with their broader perspective. It makes it possible to review the 
specific spatial plan of the NPS and assess the functional relationship between them. 
The study results praised HRSEM’s potential as a moderately advanced tool to effectively 
highlight points that enhance Au NPs transmission through the epidermis buffer. It can 
be observed on a powerful and versatile device to capture better the interactions between 
biological systems and metallic nanostructures [46]. SEM size and AFM are compared to 
the same set of NPs, i.e., SiO2 and Au NPs in mica or silicon substrates. For example, AFM 
information has enabled the magnitude of the nano object to sub-nanometric accuracy, 
yet the dimensions of the sides (corresponding to the X and Y axes) have significant errors 
due to tip/sample flexibility. Compared to AFM, SEM cannot provide any metrological 
information about the length of this NPS; but even then, modern SEM can provide the 
correct measurements for their back weight. The size of the circular SiO2 NPs using both 
techniques yielded very similar results, showing consistent consistency and resistance of 
both metals [64]. SEM can be managed by looking at the transmission mode, that is, by 
using a method that is perceived as transfer to an electron scanning microscope (T-SEM) 
(see Figure 1). The most advanced NP tests can be taken by finding the full facts and 
studying NP practices if you look at the transmission mode. By Rades et al., A combina-
tion of different techniques such as SEM, T-SEM, EDX, and Auger microscopy (SAM) 
scanning is an excellent way to assess the depth of morphological and chemical properties 
specific. Silica and titania NPS. While acknowledging that, methods such as SAXS, DLS, 
XPS, XRD, and BET may be appropriate to define NPs ensembles, except for particles 
alone. T-SEM enables rapid analysis of NP form, although its lateral quality is limited to 
NP magnitude up to 5–10 nm. TEM offers excellent high-quality images, but T-SEM can 
be easily integrated with EDX to assess NP size and much-needed structure [47] quickly.
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3.3 Transmission electron microscopy (TEM)

Transmission Electron Microscopy is a straightforward notification process for 
monitoring atomic and molecular alignment. TEM is an effective investigation into 
the size and shape of nanoparticles. Jewelry and particle measurements can be found 
in the TEM test. TEM is a microscopy method that uses a link between a continuous 
electron beam current (i.e., power is usually within the range of 60 to 159 keV) as well 
as a small test. As soon as the electron beam reaches the test, the electron element is 
sent, although sleep is transmitted flexibly or in elastically. The size of the connection 
depends on various problems, such as size, test density, and initial structure. The final 
image was made using information obtained by transmitting electrons. TEM is the 
most common method for measuring nanoparticle size and composition as it provides 
precise images for testing and more accurate testing of nanoparticle homogeneity. 
However, a few limitations should be considered fixed whenever production of this 
method is produced, such as the problem of measuring a few particles or unreliable 
images due to the impact of the stand. Whenever examples are surprisingly similar, 
alternatives that determine the sheer number of nanoparticles can provide more 
reliable results, such as the SAXS of the most potent formula and the Scherrer [48], 
or the XRD presentations and the Scherrer formula. Nanoparticle structures almost 
certainly depend not only on their size and shape but also on something else, such as 
particle lengths. For example, whenever two metal nanoparticles are helped to bring 
it closer, their few plasmons change their plasmonic arrangement and change their 

Figure 1. 
Picture of an SEM/EDS technique running when you look at the transmission setting using the Zeiss single-unit 
transmission install(PE: Primary electrons; SE1: Secondary electrons emitted during the point of the effect 
regarding the PEregarding the sample; TE: Transmitted electrons; BF: Bright field; DF: Dark field; E-T; Everhart-
Thornley detector). Reprinted with authorization from Ref. [47]. Copyright Royal Society of Chemistry 2014.
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color. Later, TEM features have been is used to describe the nanoparticle collection 
of various biomedical systems, including hearing and diagnosis, when based on the 
presence of a biomarker or analyst [49, 50]; treatment, in which the collection results 
in the therapeutic development of the nanoparticle effects [51]; and (iii) photographs, 
in which the collection shows the development of a response mark [52]. In order to 
obtain reliable results, additional procedures should be taken to suspend testing if 
it is considered that an inadequate code of conduct may result in test modification 
or artifact production [55]. The primary control of nanoparticle-setting settings has 
been achieved for many years now, and it has been successful} NP installs can lead 
to NP dinner directors. Subsequent construction of various nanocrystals results in 
new multidisciplinary structures that include features of specific emerging barriers 
and an increase in recent and attractive structures [56]. TEM-elements are among 
the mechanisms used to introduce assorted superlattice nanocomposites, which are 
usually isostructural in a wide range of atomic crystal systems [57]. These brand 
new triangular compounds are created by various NPs (e.g., quantum dots, metals, 
and magnetic NPS), and their final field} and structure can be handled by creating a 
colloid circuit [57] or a direct link to DNA [55].

3.4 Superconducting quantum interference device magnetometry

Superconducting quantum interference device magnetometry (SQUID) is a tool 
for calculating the magnetic fields of nanoscale objects. Nanomaterials, in some cases, 
exhibit properties that are different from those in the plural form due to their small 
size and awareness of local conditions. As the material decreases in size, it progresses 
from multiple domains to a single domain and eventually to a superparamagnetic 
state. Standard SQUID measurements produce features such as magnetization 
filtration (MS), magnetization remanence (Mr.), and inhibitory temperature (Tb). 
On the side of NPs, the magnetic response of particular molecules can be tested by 
SQUID. A magnetic scanner that incorporates nanoSQUID features that have already 
been created recently made about a sharp quartz apex. NanoSQUID is considered the 
most inspiring investigation into nanoscale magnetic imaging and spectroscopy. The 
nanoSQUID sensor requires a Josephson subcutaneous micron coating, provided by 
two Dayem nano bridges (nano-constriction of the superconducting film), made of 
electron beam lithography {focused ion beam (FIB) with the same length and width 
and compliance length. The main SQUID requirement developed to obtain a mag-
netic NPS is a small SQUID area. Loop sizes should prefer the NPS integrated [58] to 
achieve the most fantastic merging feature. About magnetic resonance | microscopy 
or magneto-optic spin recognition, nanoSQUID provides the advantage of the exact 
magnitude of the magnetic field in small spin paths. In addition to its inefficient 
construction with the step of nanopatterning alone, Dayem nanoSQUID bridges can 
withstand the magnetic field used inside the SQUID loop plane [59]. The test set of 
the nanoSQUID is shown in Figure 2.

3.5 Vibrating sample magnetometry (VSM)

Vibrating test magnetometry (VSM) has become an additional feature that can 
be used to report that MH will hinder magnetic nanomaterials and get parameters 
like Ms. the magnetic field, temperature, and duration. Fabris and his colleagues 
made NP magnets controlled by the rainfall system in the presence of tetramethyl-
ammonium hydroxide. All tested samples were superparamagnetic, evidenced by 
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zero compulsions and zero residues regarding the magnetization loop. Saturation 
magnetization retains the purpose of the NP size line [60]. Kumari et al. define 
the concept of reversible curves in the first order, which is the setting of hysteresis 
barriers from the main loop. Curve reversal order (FORC) works well in determin-
ing domain size, composition, and interaction on a magnetic field. It is an effective 
technique to obtain a semi-quantitative measure of the sufficient size of a magnetic 
particle. Under certain circumstances, the FOC may facilitate the disclosure of the 
existence of secondary magnetic experiments, thus assisting in the formation of 
more accurate characters for magnetic structures. VSM magnetometry was eventually 
used} to obtain such FOC measurements [61]. For further work, FeCo NPs used a 
framework of long anisotropic chains that had been prepared with a sputter-based gas 
cooling process, and VSM tested its magnetic properties. Deep interactions involving 
exchanges between NPs were confirmed in a chain-like sample, while well-dispersed 
samples revealed a completely different magnetic effect. ZFC/FC curves and time-
dependent magnetic field measurements were assisted to obtain data regarding the 
thermal stability of the tested NPs [65]. In addition to the entire structures of the 
hysteresis loop of magnetic media, there has been a growing desire for the balance of 
remanence curves. Remanence measurement determines only the irreversible part of 

Figure 2. 
Scheme of the experimental setup for the NP magnetization dimensions. The difference of the crucial current is 
acquired by averaging the changing current activities assessed simply by using a time-of-flight method. The quality 
of the essentialcurrentmeasurementsis mostly about 1 component in 104. The feedback circuit permits the rise of 
the robust linear variety of the sensor. The image shows the owner, the sample, andthe multiturn feedback coil. 
Reprinted with authorization from Ref. [59]. Copyright 2013 springer.
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magnetization and, for that reason, makes it possible for the transformation events to 
be removed from the hysteresis scale, which includes the retractable object. Two pri-
mary reversal curves create isothermal remanence and a DC demagnetization curve. 
The previous one is being evaluated following the use and completion of a field with 
all magnetic resonance samples. The DC demagnetization curve is calculated based 
on the state of focus using the increasing fields of magnetic removal. VSM scales can 
detect these remanence curves and provide an accurate distribution of the neglected 
field of building materials [66].

3.6 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is one of the most widely investigated 
research methods for further chemical reactions, it is also used to classify nanoscale 
objects. What is clear from physical thought is the effect of electrical images [67]. XPS 
is an effective quantitative process for determining elements’ electronic structure, pri-
mary structure, and oxidation conditions in a matter. It can also test the ligand exchange 
interactions with local NP operations and key structures/shells and operate under very 
high vacuum conditions. Nag and colleagues have published a review paper outlining 
the role of XPS as a fun way to study the internal heterostructures of NPs. For example, 
it was used to investigate the structure of a crystal structure dependent on the environ-
ment of the metal chalcogen NPs of various sizes [67]. It can also distinguish between 
core/shell and homogeneous alloy structures and identify ligand binding modes such as 
trioctylphosphine oxide (TOPO) on the surface of metal chalcogenide NPs. For exam-
ple, if a TOPO bond is preferable to the surface of the metal, then a portion of the excess 
chalcogenide may be easily oxygenated in the air. In contrast to microscopy techniques, 
such as TEM, which uses side-by-side alignment to determine elements in a straight line 
to the test electron column, XPS investigates the formation of an object aligned with an 
electron line. Concerning the core-shell NPs, shard has published a text that reports the 
precise way to translate XPS data for those types of particles. It involves a straightfor-
ward approach to turning XPS firmness into an overlay layer, ideal for round NPs. As 
an additional benefit of XPS, the author mentions that it provides in-depth informa-
tion, such as the size of NPs (at a depth of 10 nm from the top), and does not seriously 
damage the samples. Two barriers to XPS analysis are sample preparation (i.e., solid dry 
form is required without contamination) in addition to the information definition.

3.7 Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) measures the absorption of 
electromagnetic radiation in the infrared medium (4000–400 cm−1). When a mol-
ecule absorbs infrared radiation, the moment of the dipole is somehow altered, and 
the molecule becomes an active IR. The recorded spectrum contains energy-related 
bands, bonds, and specific functional groups that provide molecular structures and 
interactions. Feliu and colleagues used the combined in situ ATR-FTIR and default-
ing electrochemical mass spectroscopy to investigate the effect of Pt nanostructures 
during ethanol oxidation (DEMS). These methods assisted in the electrochemical 
analysis of adsorbates and the detection of flexible reaction products. Their findings 
support previous findings, showing that the decomposition products selected were 
related to the above structures, the formation of Coads in the (100) domains, and the 
formation of acetaldehyde/acetic acid in 111 domains. One study used carbon-backed 
NPs (3–8 nm in size) to obtain CO oxidation and a catalytic process was performed 
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with DRIFTS and quadrupole mass spectrometry (QMS). According to the QMS 
results, FTIR ratings of adsorbed CO verified Coad and Oad variations in different 
test phases. While changes in the distribution of CO over different types of Pt sites 
were also observed. Overall, DRIFTS was considered an essential tool for assessing 
the local structure of Pt NPs in situ. Shukla et al. published a paper on FTIR oleyl-
amine research. The anterior ligand is bound to FePt NPs in both monodentate and 
bidentate forms, while oleylamine is bound to FePt and the NH2 group is substantial. 
In addition, Au/Ag bimetallic NPs are dodecanetiol-soluble and dissolved insoluble 
solvents incorporated into water/toluene via a two-phase synthetic route [43]. The 
most important finding from the XPS and FTIR ratings was that Ag atoms were 
enriched on the outer edge of the hybrid clusters compared to Au atoms. ATR-FTIR 
was used in another study to assess the effect of Ag NP content on photocatalytic deg-
radation of oxalic acid advertised in TiO2 NPs. Various Ag NP values   were tested, and 
it was found that inserting only a tiny amount (2 percent) significantly improved the 
photocatalytic performance of TiO2 NPs. NP composite films’ location and chemical 
structure/composition were observed using AFM and XPS. Tzitzios et al. created hex-
agonal Ni NPs with a diameter of 13–25 nm by reducing nickel stearate in the presence 
of PEG, oleic acid, and oleylamine. The presence of different groups on the surface 
of NPs, such as HCvCH- setting in OAC and OAm, was indicted by the FTIR spectra, 
and the mechanisms for ligand binding in the NP area were also investigated. Haram 
and its allies have used the hot-shot method to make copper zinc tin sulpho-selenide 
(CZTSxSe1-x) nanocrystals. For incorporation, the precursors were dispersed in OAm 
and heated to T > 200°C. OAm advertising on particle surfaces is reflected in FTIR 
ratings. Feature belts are derived from components present in the OAm molecule and 
effectively interact with NPs. The number of NP organic ligands is determined [67].

4. Properties in BFO nanoparticles

4.1 Ferroelectric

Ferroelectricity electricity is usually expected to disappear in smaller sizes due 
to a decrease in the relative length of the dipoles [66, 67]. Exact measurement of 
ferroelectricity in 0-D nanostructures and identification of proper ferroelectric 
size - the result is a difficult task. To begin with, making electronic contact with a 
single nanoparticle can only be done using scanning test methods, and no report has 
ever published the ferroelectric hysteresis characteristics of a single nanoparticle 
according to our knowledge. The problem is exacerbated by the small size and leaky 
nature of BFO nanoparticles due to the reduced bandgap and switching voltages 
that are likely to be very close to the dielectric cracking [46]. Vasudevan et al. [57] 
investigated the ferroelectric characterization of BFO nanoparticle clusters prepared 
for automatic firing methods using band excitation piezoresponse spectroscopy 
(BEPS) and piezoresponse force microscopy (PFM) (larger than 50 nm). They 
confirmed the ferroelectricity of nanoparticles by obtaining a symmetric piezore-
sponse loop with a compliant 8 V voltage of a single batch distributed in the LSMO/
STO substrate (Figure 3 (a)). In addition, they found the properties of the fer-
roelectric domain (Figure 3 (b) and (c) within groups of particles, similar to those 
found in small BFO   films [61]. There is often a direct link between ferroelectricity 
and lattice strain (using a known strain-polarization coupling). This means that a 
detailed structural investigation into each area’s lattice parameter or removal can 
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provide important information. Selbach et al. [31] A systematic study of the rela-
tionship between nanoparticle size and BFO lattice parameter illustrates this point. 
As shown in Figure 3, these researchers found that nanoparticles more prominent 
than 30 nm have lattice limits than a BFO mass. In contrast, at less than 30 nm, the 
lattice parameter of BFO nanoparticles extends from the mass and approaches the 
cubic (i.e., paraelectric) perovskite structure. There is a decrease in the rhombohe-
dral deviation of the cell unit (i.e., a decrease in c/a). When the rhombohedral angle 
reaches 60o, it equals the unit, indicating a fine cubic perovskite [31]. A significant 
dc size of 9 1 nm of ferroelectricity was obtained using the empirical model to match 
tetragonality based on BFO size [31]. Automatic polarization determined by remov-
ing Bi3+ and Fe3+ cations at 13 nm nanoparticles was 75% of the total volume. This 
makes BFO nanoparticles an exciting class for many materials because they can have 
both a strong magnetic field (discussed below) and sufficient ferroelectric polariza-
tion for novel applications [31].

4.2 Photocatalytic

Compared to BFO thin films, which typically have a bandgap of 2.7 eV [22], BFO 
nanoparticles prepared chemically have a bandgap as low as 1.8–2.3 eV. As a result, 
they are appealing for use in photocatalysis. Nanosized BFO particles have demon-
strated improved photocatalytic performance, which can be applied to the degrada-
tion of organic pollutants such as dye compounds of Methyl orange (MO), Methylene 
Blue (MB), Congo Red (CR), or Rhodamine B. (RhB). Geo et al. [22], for example, 

Figure 3. 
(a) Piezoresponseand phase hysteresis loops of a solitary BiFeO3 nanoparticle. Out-of-plane PFM amplitude (b) 
and phase (c) pictures of a nanoparticle cluster, pre, and post-putting on +10 V, 5 s pulse towards the center of this 
cluster. Insets in (b) and (c) demonstrate the PFM amplitude and phase pre applying the bias; correspondingly, 
the above assessment had been performed.
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confirmed that BFO nanoparticles, in addition to responding to UV light, have excel-
lent MO degradation ability when exposed to visible light (Figure 4(a)).As shown in 
Figure 4(b), Geo et al. discovered that Gd-doped BFO nanoparticles could improve 
their photocatalytic properties by increasing RhB degradation rates from 79 percent 
for BFO to 94 percent Bi0.9Gd0.1FeO3 [26]. Using BFO as a photocatalytic agent is its 
photostability, affecting photocatalytic efficiency under visible light. It is investigated 
the nonphotostability of BFO nanoparticles by studying RhB dye decolorization at 
pH 2, 4, and 6, 7, as shown in Figure 4(c). They discovered that photo corrosion 
occurs in the RhB dye solution due to the dissolution of Fe from the Fe-O bond, 
resulting in nonphoto stability. This photo corrosion can be explained as an offshoot 
of the BFO band offset concerning the RhB dye, in which holes can be injected from 
the RhB dye into the BFO valence band. As shown in Figure 4, replacing the BFO 
nanoparticles in the RhB solution at regular intervals can achieve a much higher 
decolorization rate, which can even exceed TiO2 (d). As a result, BFO nanoparticles 
are extremely promising for visible-light-driven photochemistry. Compared to small 
BFO   films, typically with a 2.7 eV bandgap [22], BFO nanoparticles are chemically 
modified with a band as low as 1.8–2.3 eV [22, 54]. As a result, they requested use in 
photocatalysis. Nanosized BFO particles have shown improved photocatalytic activity, 
which can be used in the decomposition of organic pollutants such as compounds of 
Methyl orange (MO), Methylene Blue (MB), Congo Red (CR), or Rhodamine B (RhB).  

Figure 4. 
(a) Photocatalytic removal activities of methyl orange under UV-vis light irradiation and visible light 
irradiationutilizingBiFeO3 nanoparticles as well as bulk, [51] recreated with authorization from ref 104, 
copyright2007 WILEY-VCH Verlag GmbH & Co. kraal, Weinheim; (b) photocatalytic removal effectiveness of 
RhButilizingGd substituted BFO nanoparticle samples, [26] recreated with authorization from ref 26, copyright 
2010 American Chemical Society (c) and (d) photo removal information of RhB utilizingBiFeO3 as photo 
reagent at different pH values under AM1.5 lighting; [65] (d)tests had been carried outwith the substitution of 
theBFO nanopowders at frequentperiods, into the dye answer, decolorization at pH = 2 reveals higher than 95% 
decolorization after 10 min, the inset demonstratesthe removal activities of RhB utilizingnanostructured (Degussa 
P25) TiO2, [65] recreated with authorization from ref 103, copyright 2012 Royal Society of Chemistry.
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Geo et al. [22], for example, confirmed that BFO nanoparticles, in addition to UV 
radiation, have excellent potential for MO degradation when exposed to visible light 
(Figure 4 (a)). As shown in Figure 4 (b), Geo et al. found that Gd-doped BFO 
nanoparticles can enhance their photocatalytic properties by increasing the rate of 
RhB degradation from 79 percent in BFO to 94 percent in Bi0.9Gd0.1FeO3 [26]. As a 
result, there is strong pressure to develop alternatives. Due to the p-n junction built 
into the p-type BFO interface and the n-TiO2 type, the presence of BFO nanoparticles 
improves the image degradation performance under visible light while preventing 
the reunification of electron-generated electrons. As shown in Figure 4 (a), the 
efficiency of the depletion of TiO2 nanofibers in MB is only 3% after 150 minutes, 
but this performance can be achieved to nearly 100% when 5 mol% and 10 mol% 
BiFeO3 nanoparticles are incorporated in TiO2 nanofibers [64]. Moreover, boosting 
the density of BFO nanoparticles has a negative impact on photocatalytic activity 
because they can obscure active sites of TiO2 and inhibit electron transfer to the BFO / 
TiO optical connector. Correspondingly, under visible light, the performance of 
BFO / TiO2 nanotubes image conversion can be increased from 0.7 percent for pure 
TiO2 nanotubes to 3.2 percent for BFO/TiO2 composite nanotubes [50], which can be 
seen in Figure 4 (b). Other abnormalities which have been encountered to improve 
photocatalytic function include BFO-graphene and nanohybrid [52]. The improved 
magnetic performance and optical illumination of the BFO nanoparticles described 
above make them excellent candidates for advanced development and application.

4.3 Magnetoelectric coupling

Magnetoelectric bonding (ME), which can detect coexistence with the same 
combination of ferroelectric and magnetic properties, maybe the most notable 
feature of nano-BFO-based materials. As a result, many researchers are focusing 
on the promise of merging the boundaries of magnetic and electrical order. Zhao 
et al. [3] were the first to demonstrate the electrical control of the antiferromagnetic 
domain structure in a single-phase BFO film, showing a solid interaction between 
the two types of structure at room temperature. They found that before and after 
electric cooling, the antiferromagnetic base structure was firmly attached to the 
ferroelectric base structure. Automatic polarization occurs near the axis. The angles 
71o, 109o, and 180o show three distinct divisions as the rhombohedral axis changes. 
It was found that the interaction between the antiferromagnetic domain and the 
ferroelectric domains occurs only with a polarization of 71o and 109o, but not with 
a change of 180o ferroelectric polarization. This work is an essential first step for 
researchers interested in investigating ME nano-BFO compound materials. However, 
due to the slight spin canting, it is not easy to achieve the significant coefficient of 
magnetoelectric coupling magnetization. The acquisition of magnetic anisotropy in 
the optical connector of ferromagnetic-antiferromagnetic heterostructures allows for 
a more extraordinary animation of device applications. Thin-film heterostructures 
also benefit from the way magnetic anisotropy of the system can be constructed with 
epitaxy. As a result, researchers are keenly interested in combining ferromagnet-mul-
tiferroic exchange heterostructures for BFO sub-film, particularly oxide ferromagnet/
BFO heterostructures and transition metal ferromagnet/BFO heterostructures. For 
oxide ferromagnet/BFO heterostructures, La0.7Sr0.3MnO3 (LSMO) is popular. It is 
found that different magnetic exchange effects were produced at different LSMO/ 
BFO sites because Fe3+ and Mn3+ or Mn4+ are ferromagnetic, competing with a wide 
range of antiferromagnetic order. Later, Wu et al. [19] used the LSMO/BFO system 
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to demonstrate the electronic control of exchange bias. They found a reversible shift 
between the two biased regions by changing the ferroelectric polarization of the BFO. 
This is a significant step forward in controlling pornography by power control, and it 
is an essential step towards spintronic electronic control devices. However, due to the 
relative temperature dependence of the ferromagnet/BFO heterostructure exchange, 
achieving renewable electrical control of the magnetoelectric junction at room 
temperature remains difficult. The ferromagnet transition metal (Co0.9Fe0.1) fer-
romagnetic layer to form a heterojunction with the BFO to control the local magnetic 
field room temperature. Magnetic anisotropy was modified using an electric field in 
the aircraft. After an electrical switch was investigated, they found that the linear 
domains moved from left to right. The domains then recede after the use of a differ-
ent electric field. At room temperature, the electric field can control the flexible wall 
of the electric field, as shown in this series of pictures. Most importantly, this work 
demonstrated the magnetoelectric in front of the electric field at room temperature.

5. Conclusions

In conclusion, the nano-BFO is a suitable multiferroic nanomaterial with a few 
unique features, including high polarization of residue, magnetoelectric composite at 
room temperature, and small bandgap. It also serves as a flexible platform for explor-
ing new novel works. This review of the topic focuses on significant improvements 
made in the study of integrating nano-BFO-based materials, features, structures, 
and applications. Several operational strategies have been proposed. Proper substrate 
selection and morphotropic phase boundary formation have been widely used in the 
modification to improve ferroelectric efficiency and magnetic field. The impact of 
size on behavior on nano-BFOs is also a significant problem.

Efforts to achieve outstanding results have been made on fixed memory, piezo-
electric sensors, and photodetectors. However, many challenges remain until those 
modern facilities are completed. First and foremost, it is essential to improve the 
efficiency of ferroelectric and magnetoelectric energy. The nano-BFO is highly 
fragmented. Is it possible to achieve high polarization of ferroelectric power? Will 
nano-BFO devices show a broad magnetoelectric response at room temperature? 
Second, should sufficient switching speed be required for systems based on fer-
roelectric or ferromagnetic switching? Most of the recorded speed of change and the 
durability of the switch does not meet the memories of the universe. As a result, there 
has been a long way to go to increase memory on nano-BFO-based devices. Third, the 
physiological processes under the influence of photovoltaic and photocatalytic activ-
ity in nano-BFO remain a mystery. BFO photocatalyst and photovoltaic devices are 
expanded only by exposing the visible structures. Several ideas have been suggested; 
however, there is much disagreement, and further research is needed. Fourth, only 
a few nano-material structures have been observed to reflect composite structures. 
Many nanomaterial systems should be built to investigate the potential for new 
applications. With this review, we hope to provide a current summary of the problems 
and opportunities that arise, which may inspire more researchers to pursue future 
nano-BFO production.
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Chapter 3

Ballistic Composites, the Present 
and the Future
Stevan Stupar

Abstract

In recent decades, the expansion of arms development has initiated the need to 
increase the protection of people and vehicles from pistol and rifle ammunition. 
Modern ceramic and ceramic-based materials are lightweight and durable and 
provide a sufficient level of protection against the penetration and impact of ammu-
nition, which can protect the vital organs of the person. Modern tendencies require 
the addition of armor to vehicles, which reduces the necessity of excessive bulk 
steel usage and eliminates large and heavy mass weight amounts. By replacing the 
armored steel with new ballistic materials, a higher level of ballistic protection could 
be achieved, as well as reduction of weight, which both allows better mobility and 
increases the ability of installment of additional battle fighting equipment. Modern 
ceramic materials used in the production of armor are made by sintering the ceramic 
powder under certain conditions in a suitable molding tool. The chapter will cover the 
short material requirements, and material responses to ballistic impact, production 
methods, and applications. Also, the chapter will include the usage of ceramic fibers, 
alumina, silicon and boron carbide, titanium diboride, and ballistic materials that 
consist of a ceramic face bonded to a reinforced plastic laminate or metallic backplate.

Keywords: ballistic protection, lightweight composites, oxide ceramics,  
non-oxide ceramics, alumina, silicon carbide

1. Introduction

In many situations through history, it has been proven that saving every life 
is priceless and that no machine can replace its existence in active conflict and 
peace-keeping times. In modern warfare, it is important that the soldiers and high 
mobility vehicles are equipped with sufficient and effective ballistic protection so 
that used materials do not negatively affect the performance of tactical actions of an 
individual or a vehicle. For that purpose, depending on the mission, flexible body 
armor, molded breastplates and helmets could be used for the body protection of 
the individuals. Adequate ballistic plates are needed to be designed in a way to able 
to prevent projectiles of various calibers to penetrate, damage, and destroy armored 
vehicles such as transporters, tanks, helicopters .

This chapter contains the definition and classification of armor materials with a 
focus on ceramics and ceramic composites, the usage of ceramic fibers, processing of 
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ceramics-based ballistic materials, and the design and manufacture of ceramic-based 
composite ballistic materials. The primary goal of this chapter is to explain to some-
body outside this field of research and development the significance of the develop-
ment and application of ceramics and composites based on ceramics in ballistic 
protection, production methods and secondary explain a problem that has always 
existed is how to describe to somebody term “Bulletproof”.

2. Definition and classification of ballistic protection materials

The development of armaments throughout history had to be accompanied by the 
development of shields. From ancient times until today, there has been a constant race 
in the development of weapons and ballistic protection of personnel and vehicles. 
Since the metal age, the shields have been made of metal, which provided sufficient 
protection. In the middle of the twentieth century, research has begun on the possible 
usage of composite materials in protection against projectile penetration. The sud-
den turn in armor-making technology of that era looked like science fiction. Serial 
production of composite helmets began in the 1970s in the USA and Great Britain, 
followed by the production of composite-based armored panels for combat vehicles. 
Today, modern materials for ballistic protection of humans and vehicles must meet 
certain strict requirements. Such materials can be defined as materials that must be 
generally light, cost-effective, low density, high compressive strength, high hardness, 
durability, and capable of retaining or breaking a projectile penetrator of a certain 
caliber. Nowadays, ballistic materials can be divided into four basic categories:

• Metal (e.g., aluminum, armor steel),

• Polymers (e.g., polyethylene, aramid),

• Ceramics (e.g., alumina, silicon carbide, boron carbide, and titanium diboride),

• Composite of the above materials (e.g., tandem armor system).

As mentioned earlier, metals are the oldest materials used for defensive purposes 
to cover the body of combat operations. Modern aluminum-based ballistic materials 
are usually made of 7xxx series aluminum alloy. According to studies, the perfor-
mance of these alloys can be cured by heat treatment of aging, and sintering can be 
controlled by particle size. In particular, 7039 aluminum alloys, due to their high 
strength and ability to absorb energy, are of exceptional importance. These materials 
are used in combat vehicles as armor material [1–5]. Armor plate of hardened steel 
has been used for many years to provide protection of objects against impact damage. 
Commercial representatives of steel used in ballistic vehicle protection are Mars ® 
300, high-strength steels, namely AISI 4340 and DIN 100Cr6 [6, 7].

The polymeric-based materials used for reinforcement of matrix intended for 
ballistic protection of personnel and vehicle can be divided at the para-aramid 
group (e.g., Kevlar ® and Twaron®), ultrahigh-molecular-weight polyethylene 
(UHMWPE) (e.g., Spectra®, Dyneema®, and Technora®) and liquid-crystal 
polymer fibers (e.g., Zylon® and Vectran®) [8]. Polymeric materials are primarily 
lightweight, but the primary disadvantage of ballistic composites made of polymeric 
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materials are sensitive to high temperature, humidity, radiation, ultraviolet (UV) 
light, etc., it is very important to study the durability and reliability of body armor.

There is a wide range of ceramics and ceramic-matrix composites that can be 
used in protection against projectile penetration. These ceramic materials can be 
divided into oxide ceramics (mostly, alumina ceramics with different contents 
of Al2O3) and non-oxide ceramics (mostly carbides, nitrides, borides, and their 
combinations) [9]. Alumina due to its high density (3.95 g cm−3), relatively high 
physical properties, low cost, and easy production is the most widely used oxide 
ceramics used to make ballistic materials [10]. Other types of non-oxide ceramic 
materials are carbides (e.g., silicon carbide-SiC and boron carbide-B4C) nitrides 
(e.g., silicon nitride-SiN) and borides (e.g., titanium diboride-TiB2). Enumerated 
non-oxide ceramics are more expensive than aluminum and a combination of  
different non-oxide ceramics is also possible [11–13].

Armor systems made of ceramics and composite materials are widely used in bal-
listic applications to repel armored missiles using materials with substrate properties 
and materials that minimize breakage. In order to make a quality ballistic composite, 
it is necessary to find the optimal composition and conditions to make them.

3.  Ceramics and ceramic-composite as a lightweight material for ballistic 
protection

Armor systems made of ceramics and composite materials are widely used in 
ballistic applications to repel armored missiles using materials with substrate prop-
erties and materials that minimize breakage. In order to make a quality ballistic 
composite that can meet the requirements of modern warfare, it is necessary to 
find the optimal composition and conditions for making the composite. The main 
objective of ballistic material is to develop protection systems that are both effec-
tive and lighter in weight. Ceramic and ceramic-composite are lightweight materi-
als that can provide the level of armor protection as 5083 Al and high-hard steel, 
but their application reduces the mass of soldiers` equipment or the entire combat 
vehicle, which increases their mobility, unlike metal applications. Also, usage of 
these materials for body armor needs to purchase the trauma reduction caused via 
projectile impact.

3.1 Ceramic fibers for ballistics

The ceramic fibers possess excellent physical and mechanical properties (e.g., 
high-strength and high-modulus properties). Due to their high resistance to very high 
temperatures, these fibers had found usage in the aerospace and rocket industry in 
manufacturing objects able to sustain the high level of physical and mechanical load 
[14]. Because these fibers have a large diameter, they can be used as uni-directional 
tapes in the prepreg manufacturing process of clay-fibers composites. Characteristics 
of composites intended for ballistic protection largely depend on fiber type and layer 
orientation. The ceramic fibers layer tends to be strongest when the load acts along the 
direction in which the fibers are laid. The impact of the projectile causes the develop-
ment of longitudinal and transverse waves, which help define the mode of failure [15]. 
Also, many kinds of research prove that the direction and structure of fibers have an 
effect on ballistic resistance properties. The development of ballistic resistance plates 
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with different fibers and fabrics have been explored for performance. Woven fabrics 
were found to provide better mechanical properties than unidirectional fabrics [16].

The ceramic fibers are usually made from large-diameter monofilaments 
tungsten-core wire and vapors of ceramic materials (e.g., boron and silicon car-
bide) in the vapor deposition process, and spinning method to obtain alumina 
ceramic fibers [17]. The physical and mechanical properties of different ceramic 
fibers are shown in Table 1.

Unlike other fibers used in the manufacture of composites to increase the bal-
listic protection of soldiers and vehicles (poly aramids, glass, aromatic polyesters, 
and UHMWPE), ceramic fibers can withstand temperatures up to 12,000°C. The 
materials for ballistic protection do not need to withstand such high temperatures, 
and the primary need is to prevent penetration of projectile. Fabrics made of 
ceramic fibers for the purpose of making composite materials in order to increase 
ballistic protection can be two-dimensional (2D) and three-dimensional (3D) 
fabrics. Two-dimensional woven fabrics are mainly used in the production of 
composites for ballistic applications. In laminated ballistic composites, different 
types of yarns that are intertwined can be combined, i.e. different yarns that extend 
along the length of the fabric (warp) and yarns that go from edge to edge (weft) 
based on a predefined pattern. The combination of layers that can be seen in one or 
more directions improves ballistic resistance and puncture resistance, resulting in 
multiple 2D woven fabrics. Multiple 2D woven fabrics can be layered to provide bal-
listic and puncture resistance, in particular by enhancing the ballistic and stabbing 
resistance, especially by decreasing the back-face deformation. The disadvantage of 
2D woven fabric is that there is a high possibility of sequential delamination due to 
projectile impact and weakening of the adhesion caused by the deterioration of the 
matrix [18, 19]. The presence of Z-oriented fibers in 3D enhances in-plane proper-
ties due to the bias yarn layers so that could be the solution for the delamination 
problem. Figure 1 is shown the various weave constructions of 2D and 3D fabrics 
used in ballistic composite production.

Table 2 shows the density and Hugoniot elastic limits (HEL) of different ceramic 
fibers which can be used in the production process of ballistic protection products.

From the aspect of economic profitability, the use of alumina ceramic fibers is the 
most favorable among advanced ceramics fibers with high physical and mechanical 
properties. However, by the analysis shown in Table 2, using alumina (Nextel 3 M) 
has the lowest projectile penetration protection efficiency of all the materials shown 
but composites made on the basis of these fibers have the lowest efficiency of all 
the listed materials. Carbides are the hardest ceramics but do not withstand high 
impact pressures due to an amortization process that weakens the ceramic [20]. The 
Beryllium-oxide and Magnesia.

Type Density 
(g cm−3)

Elastic modulus 
(GPa)

Tensile strength 
(MPa)

Strain to  
Failure (%)

Alumina (Nextel 3 M) 2.50 152 1720 2.1

Silicon Carbide 
(Nippon)

2.80 418 4000 0.7

Table 1. 
The physical and mechanical properties of alumina and SiC fibers.
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3.2 Aluminum-oxide: alumina (Al2O3)

It was mentioned earlier that due to their good physical and mechanical proper-
ties, they are the most often used in the ballistic protection of soldiers and vehicles. 
Alumina provides excellent impact resistance, chemical resistance, abrasion resis-
tance, and high-temperature properties and this material is cheaper than other 
ceramic materials for this purpose. Alumina can be found in several different phases: 
alpha (α), beta (β), gamma (γ), eta (η), qi (χ), delta (δ) and cap (κ) alumina [21–25]. 
The α-alumina particles look like white powder, have a small active surface, are 
more resistant to high temperatures, and have very good physical and mechanical 
properties. They are most often used as ceramic materials. β-alumina has a hexagonal 
structure with a lamellar structure. The γ-alumina particles are also nano-aluminum 
oxides of high purity, and also have a large active surface area. Lattices of this type 
of material are porous and stable at high temperatures. By modifying the struc-
ture of γ-alumina, they can be used as an adsorbent and/or catalyst [26]. η-Al2O3 
particles have a similar crystal structure as γ-Al2O3 and a large specific surface area 
(2200 m2 g−1), which is why they can be used without modification as adsorbents or 
as catalysts if certain modifications are made [27]. Alumina in the χ-Al2O3 phase is 
a metastable material of hexagonal crystal structure that has high thermal stability 

Figure 1. 
Weave constructions of 2D and 3D fabrics.

Type Density (g cm−3) HEL

Alumina (Al2O3) 2.50 11.2

Boron Carbide (B4C) 2.82 15.0

Beryllium-oxide (BeO) 2.84 8.5

Magnesia (MgO) 3.57 8.9

Table 2. 
The density and Hugoniot elastic limits (HEL) of different ceramic fibers.
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and the ability to bind metal cations, which is why it can be used as a catalyst [28]. 
The structure of δ-Al2O3 has been studied for over fifty years, and recent research has 
shown that at this stage there is a complex structure created by the internal develop-
ment of various polytypes from tetrahedral to octahedral structure [29]. Particles 
κ-Al2O3 represent one of the transition phases of aluminum oxide, which has a 
polyhedral crystal structure in which oxygen and aluminum usually form octahedra 
and tetrahedra [30]. The chemical routes of alumina powder synthesis for sintering of 
ballistic protective equipment can be obtained by sol–gel [31], control precipitation 
[32], and hydrothermal processing [33] methods.

The mass fraction of alumina in ballistic plates is generally from 96 to 99%. The 
following Figure 2 shows the morphology of alumina ballistic plates. Table 3  
shows the physical and mechanical properties of alumina-based ballistic plates 
manufactured by CeramTec12000 (https://www.ceramtec-industrial.com/en/
ballistic-protective-ceramics).

According to the properties shown in Table 3, it can be concluded that with an 
increase in the mass fraction of Al2O3, the improvement of physical and mechanical 
properties is accompanied by an increase in density and mass. Impurities will mostly 
come from magnesium-oxide added to be avoided uncontrolled grain growth and 
enable the increased ballistic efficiency of corundum.

3.3 Silicon carbide (SiC)

Aside from alumina materials which are widely in use today, silicon carbide will 
be used where significant weight reduction or increased mechanical properties are 

Figure 2. 
SEM photographs of alumina alumina-based ballistic plates with 96 (a) and 99 (b) mass % and characteristic 
EDS spectra.
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required. This ceramic material has very high hardness and a high strength- 
to-weight ratio, which makes Silicon Carbide very convenient for armor appli-
cations. Besides mentioned properties, the significant parameter for ballistic 
protection usage is the high impact resistance of the material. The physical and 
mechanical properties depend on the method of production. It can be produced by 
Sintering, hot-pressing, hot-isostatic pressing, reaction bonding, and spark plasma 
sintering. The processing temperature of Silicon Carbide is approximately 1600°C. 
Nowadays, studies of silicon carbide properties have shown that it was found  
that one-dimensional nanostructures such as wires, rods, and tubes have received 
continued interest as a result of their excellent physical and mechanical proper-
ties, in comparison to their bulk counterparts. Figure 3 shows the morphology 
and EDS spectra of Silicon Carbide ballistic plate and at Table 4 the physical and 
mechanical properties of Silicon Carbide-based ballistic plates manufactured by 
CeramTec.

The study in which they have examined the ceramic composite plate based on 
Silicon Carbide and Dyneema fibers provide ballistic protection. This type of com-
posite which combines Silicon Carbide and Dyneema fibers provides physical and 
mechanical properties ballistic protection to the US National Institute of Justice level 
four (NIJ IV) standards indicating that the plate can resist .30 cal steel core armor-
piercing rifle ammunition [34].

96% Al2O3 98% Al2O3 99% Al2O3

Density g cm−3 3.75 3.80 3.87

Residual porosity % <2 <2 <2

Medium Grain Size μm 5 6 10

Vickers Hardness GPa 12.5 13.5 15

Young’s Modulus GPa 310 335 365

Bending Strength MPa 250 260 280

Fracture Toughness MPam 0.5 3.5 3.5 3.6

Table 3. 
Physical and mechanical properties of alumina-based ballistic plates manufactured by CeramTec.

Figure 3. 
SSEM photograph (a) and characteristic EDS spectra (b) of silicon carbide ballistic plate.
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3.4 Boron carbide (B4C)

Boron Carbide is a ceramic material with outstanding physical and mechanical prop-
erties such as high hardness Hugoniot elastic limit and low specific weight which makes 
this material good for lightweight ballistic protection. The testing of this ceramic material 
pointed out a very interesting parameter, which is the high value of HEL (15–20 GPa). 
The material exhibits an abrupt drop in strength at very high pressures and impact rates. 
The production of light materials for ballistic protection based on boron carbide 95–99% 
of the theoretical density and grain size in the range between 1.5 and 60 mm is usually 
done by hot pressing and sintering without pressure [35]. Table 5 shows the physical and 
mechanical properties of Boron Carbide lightweight ballistic material.

The physical and mechanical properties of B4C ballistic materials largely depend 
on the method of processing and raw material. The ballistic characteristic of ceramic 
material based on boron carbide can be reinforced by the addition of silicone or tita-
nium to obtain better ballistic performance. Also, raw B4C matrix can be reinforced with 
the addition of titanium-diboride powder to produce a composite with better ballistic 
performance [40]. From the point of fabrication, the composite based on Boron Carbide 
modified by the addition of Silicon Carbide is easier to form into the complex shapes 
needed for torso body armor and is nearly as effective ballistically as boron carbide itself.

3.5 Titanium-diboride (TiB2)

Titanium-diboride with a melting point of 3225°C is classified as ultra-high-
temperature ceramics. The monolithic TiB2 and TiB2-based ceramic composites are 

B4C

Density g cm−3 2.52 [36]

Compressive strength GPa 3–5 [37]

Flexural strength MPa 350–500 [36]

High hardness GPa 25–30 [38]

Young’s Modulus GPa 450–550 [39]

Fracture Toughness MPam 0.5 2.7–3.6 [35]

Table 5. 
Physical and mechanical properties of B4C ballistic materials.

SiC

Density g cm−3 3.1

Residual porosity % <2.5

Medium Grain Size Μm <5

Vickers Hardness GPa 26

Young’s Modulus GPa 410

Bending Strength MPa 400

Fracture Toughness MPam 0.5 3.2

Table 4. 
Physical and mechanical properties of SiC ballistic materials manufactured by CeramTec.
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materials that, due to their physical and mechanical properties (e.g., HEL, density, 
strength, toughness, and hardness, etc.), have wide application, but can most often be 
used in cutting tools and materials for ballistic protection [41–43]. Since this mate-
rial is fireproof, it can also be used at high temperatures, but it has been determined 
that at temperatures higher than 1400°C, the mechanism of plastic deformation 
is activated, which leads to grain-boundary sliding and creep boundary [43]. In 
order to increase the quality of ceramic products based on TiB2, a series of tests of 
microstructural design control procedures have been initiated. Thus, research in 
recent years has led to improvements in the sintering process compared to traditional 
non-pressure techniques that are more efficient in terms of economic viability and 
physical-mechanical properties of the product. Advanced methods such as external 
pressure contribute to the consolidation of the ceramic structure and obtaining a 
dense mass. Hot pressing or hot isostatic by pressing have enabled the improvement 
of the microstructure of fireproof materials with reduced processing temperatures. 
In recent years, the Spark Plasma Sintering process has played a significant role in the 
production of ceramic materials, in which the density of the final product is increased 
by pulsed electrical flow electricity for a shorter period of treatment. Table 6 shows 
the physical, mechanical, and oxidation properties of Titanium-diboride [44].

By comparison of physical and mechanical properties in Table 5 and previous 
one showed properties of Alumina, Silicon Carbide and Boron Carbide it can be 
concluded that is all parameters higher in the case of Titanium-diboride than previ-
ously explained ceramics materials. In the case of the production and application 
of composites based on titanium-diboride, due to the increased density, the final 
product would have a higher mass compared to previous ceramics. Therefore, optimal 
parameters should be found in the production of composites.

3.6 Ceramics-based ballistic protection composites

The constant race in armaments and the development of new types of weapons 
with different calibers, requires a response in protection from the same. Therefore, 
it is necessary to constantly develop ballistic materials that would protect people and 
vehicles on duty. Today, modern armies’ function on the basis of three postulates: do 
not notice, do not shoot, and do not break through armor. The last, perhaps the most 
important requirement depends on the material. The efficiency of existing materials 
can be improved with ceramic-based composites.

The ceramic material can be reinforced by metal/metal oxide powder addi-
tion before sintering. This method of ceramic reinforcement was described by A. 

TiB2

Density g cm−3 4.5

Elastic modulus GPa 560

Flexural strength MPa 700–1000

High hardness GPa 25–35

Fracture Toughness MPam 0.5 4–5

Oxidation resistance °C <1200

Table 6. 
Physical, mechanical, and oxidation properties of TiB2.
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Pettersson et al. in the study of titanium-diboride reinforced by titanium powder 
addition before the sintering process [13]. The precursor powders were mixed in a 
high-speed planetary mil and after drying the matrix was treated by spark plasma sin-
tering. The results of mechanical tests show that the composite with titanium contains 
between 5 and 6 wt. % have the best physical and mechanical properties. In the case 
of fracture toughness tests, this parameter is less sensitive to titanium content, except 
when 10% by weight is used, where toughness begins to increase rapidly. At the same 
procedure, ceramic composite can be reinforced by the addition of aluminum and 
magnesium [45], zirconia [46], and silicon [47].

Different reinforcement method of ceramics is the addition of ultra-high molecular 
weight polyethylene or low-density polyethylene (LDPE) before sintering by the hot-
pressing process to fill possible cavities (pores) formed during sintering. Oliveira et al. 
[48] had examined the ballistic properties of alumina-based composites reinforced by 
the different mass fractions of low-density polyethylene. In the stated examination, 
alumina-based composites were modified by 10–30 wt. % of low-density polyethylene. 
Results obtained by these tests lead to the following conclusions: LPDE has the func-
tion of keeping the alumina grains cohesive, LDPE among the alumina particles helps 
to increase the toughness of the composite and optimal addition of 20 wt. % of LDPE.

Ballistic ceramic-based composites can also be reinforced by a metal plate. The 
bonding of different materials by adhesion allows the composite to withstand the 
acoustic waves generated by the projectile impact. Due to the existence of acoustic 
impedance, in such composites, the effect of matching impedances produced by 
acoustic waves during projectile impact is reduced. Reducing this effect improves 
the physical and mechanical properties and prevents cracking of the ceramic armor, 
which allows one armor plate to protect itself from multiple impacts, provides 
structural integrity, and, to a lesser extent, the efficiency of the ballistic mass of 
the composite ceramic armor. Due to their increased mass, such composites are 
not used to increase the ballistic protection of people, but mainly vehicles. Due to 
the specific mass of metal and the load of the object, which requires an increase 
in ballistic protection, aluminum is most often used to strengthen ceramics-based 
composites. The main challenge in producing these composites is choosing the 
right adhesive. The adhesive must provide a ceramic-metal bond, not to allow easy 
separation of the composite during the impact of the projectile and to withstand 
the force of acoustic waves. The main criteria for choosing an adhesive is the ability 
to keep composites bonded after an impact of the projectile. The service life of the 
composite also depends on the quality of the adhesive. For this purpose, polymeric 
and high-temperature adhesives are used for ceramic-based composites production. 
One approach to improving the ballistic performance of ceramic armor with metal 
backings is to create a strong metallurgical bond and functionally graded composites 
in which metal layers transition to the ceramic layers without damaging interfaces. In 
ceramic-based composites, aluminum as backing material can be changed by other 
ceramics, Kevlar®, Twaron®, fiberglass, UHMWPE, and polyamide which can 
undergo thermal treatment of the glued ceramic product with backing material in an 
autoclave where temperature, pressure, and vacuum are applied.

4. Ceramic-based ballistic materials-processing and equipment

The physical and mechanical properties of ceramic-based ballistic materials largely 
depend on the processing methods and tooling. The density, high-strength, and 
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high-modulus properties are influenced by the processing method, and the processing 
method is influenced by a number of factors. The factors that determine the quality 
of the material are the size and shape of raw materials, availability of tooling for that 
particular size and shape, compatibility of different raw materials and adhesives, resin 
content, economical parameters (cost of raw materials and labor cost). The secondary 
factor on making the selection in the manufacturing process depends on the main 
target which protects as well. This factor depends on the ballistic threat, the maximum 
acceptable weight for personnel and/or vehicles, structural and impact requirements, 
exposure to chemicals, fuels and lubricants, moisture, and other threats.

The most widespread processes for the production of ballistic materials based on 
ceramics are a hand-layup method, vacuum bagging, vacuum and oven processing, 
compression molding, and autoclave method.

4.1 Hand-layup method

Hand-layup method is also known as the wet-layup method. This process is the 
simplest process for the production of ballistic protection composites and is based on 
the application of materials in layers. The production of composites by this method 
is a combination of a polymer matrix reinforced mainly with fibers. The shape of the 
product depends on the mold used in which the layers of reinforcing fibers are placed, 
which are then saturated with wet (resin) by pouring over the fabric and pulling into 
the fabric. The resin is generally applied to reinforcing fibers or fabric with a roller. 
After applying the reinforcement to the resin matrix, the tool is left to harden the 
resin at room temperature or elevated depending on the type of matrix. The hand-
layup method is suitable for the production of smaller quantities and in the conditions 
of manufacture and acceptable for prototype production in which complex molding 
or other costs might be an issue. The hand-layup method is not suitable for high-
volume applications and has high labor costs.

4.2 Vacuum bagging

Vacuum bagging is an extension of the previously explained process by applying 
pressure to the laminate when it is laid to improve its consolidation. In this process, 
sealing of reinforcing fibers or fabrics is achieved. The air under the bag is extracted 
by means of a vacuum pump and in this way up to 1 atm of pressure can be applied 
to the laminate to solidify it. The main advantages of this process are higher fiber 
content laminates can usually be achieved than with standard hand-layup method, 
lower void content is achieved and better fiber wet-out due to pressure and resin flow 
throughout structural fibers, with excess into bagging materials, and the vacuum 
reduces the amount of volatiles emitted during cure. The disadvantages of the 
explained process are extra process costs, higher level of skilled operators needed, 
especially in mixing and control of resin content.

4.3 Vacuum and oven processing

Processing in a vacuum and in the oven is the processing of pre-impregnated 
fabrics and fabrics soaked in resin film is performed at atmospheric pressure and at 
elevated temperature. The vacuum bag surrounds the composite which binds the her-
metic membrane and uses the ambient atmospheric pressure to compress the product 
in the vacuum bag, and, at the same time, heat is applied to the composite structure 
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so that it takes the shape of a mold during the curing process. For all resin content 
used for the matrix is accurately set by the manufacturer. Using this method, higher 
fiber contents can be achieved. The disadvantage is higher material cost than previ-
ously described methods. The processing cost can be high, because of the autoclave 
required to cure the composite using high temperature and pressure.

4.4 Compression molding

Compression molding is the production of ballistic composites the heating of com-
posite placed in mold cavity (female) or form (male) using a two-part mold system. 
The composite raw materials suffer applied force and pressure during contact with 
all mold areas, while heat and pressure are maintained until the molding material has 
been cured or sintered. This process can be used for ceramic-plastic or ceramic-metal 
composite production and heating of thermosetting resins for adhesives for the cur-
ing process. With compression on one side only, the result is an increase in pressure on 
the other side equal to the amount of vacuum being generated. Compression molding 
produces high-strength composite structures and complex parts in a wide variety of 
sizes. Compression-molded fiberglass or composite parts are characterized by net size 
and shape, two excellent finished surfaces, and outstanding part-to-part repeatability. 
This type of method enables the production of large-size parts beyond the capacity 
of extrusion techniques, and it can apply to composite thermoplastics with ceramic 
materials, UD tapes, woven fabrics, randomly oriented fiber mats, or chopped 
strands, also ceramics can be sintered by this method. Compression molding is one 
of the lowest cost options for the molding of complex composite parts. However, 
the slow production and limited largely too flat or moderately curved parts with no 
undercuts are disadvantages of this method.

4.5 Autoclave processing

Autoclave processing is an advanced pressure-bag and the vacuum-bag molding 
process, and represents the production of composite materials uses denser molds 
without cavities because higher heat and pressure are used for curing. Autoclaves are 
essentially heated pressure vessels usually equipped with vacuum systems in which 
the packed layer on the mold is taken for the curing cycle. This method has wide 
usage, in the aerospace industry to fabricate high strength-to-weight ratio parts from 
impregnated high-strength fibers for aircraft, spacecraft, and missiles. The heating 
mechanism in the autoclave can be direct or indirect. Indirect heating systems have the 
heat source outside the autoclave and transfer heat into the working envelope by means 
of a heat exchanger. Direct heating systems have their heat source within the autoclave 
and aim to maximize the heat transfer from the elements to the pressure medium.

4.6 Sintering processes for ceramic production

The production of ballistic ceramic production requires far higher temperatures 
than for crosslinking polymeric materials used in the manufacture of ballistic com-
posites. At high sintering temperatures of ceramic materials, none of the polymeric 
materials such as Kevlar®, Twaron®, and others can resist. Therefore, ceramic 
materials must be specially made of a backing made of plastic. According to new 
research, ceramic and/or glass fibers that can withstand high sintering temperatures 
can be added to ceramic materials before sintering.
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In accordance with the pressure amount applied, sintering can be divided into 
pressureless and pressurized sintering. Further, pressureless sintering can be divided 
into reaction sintering, thermal plasma sintering, microwave sintering, and atmo-
spheric sintering. The second group is pressurized sintering which can be divided into 
solid (hot pressing, spark plasma sintering, and ultra-high-pressure sintering) and gas 
compaction (hot isostatic pressing and high-pressure gas reaction sintering).

The methods that represent pressureless sintering are usually economically accept-
able methods for fabrication of ballistic ceramics than pressurized sintering, but these 
methods require the use of a high sintering temperature (≥1200°C) and the process 
least longer than 120 min for densification and solute homogenization. Nowadays, 
ballistic ceramics are mostly produced by spark plasma sintering [20, 43, 49] and 
hot-pressing sintering [37, 45].

Spark plasma sintering is a pressurized sintering method assisted by the pulsed-
direct current process. The powder of raw material is loaded in an electrically 
conducting matrix and sintered under uniaxial pressure. Bypassing direct current 
through a matrix and sintered powder, if they are conductive, they act as a heating 
source, so in addition to external heating, internal heating is provided, which leads 
to improved heat transfer and rapid consolidation during sintering, which speeds 
up the production of ceramic materials for ballistic composites. This method can 
be used to produce large plates that can be machined later. Hot pressing is the most 
commonly used technique for fabricating dense, non-oxide monolithic ceramics and 
their composites. The ceramic materials can be produced in a mixture matrix (coil and 
graphite) and metal or metal-oxide powder under a uniaxial pressure hot-pressing but 
in the absence of direct current. At maximum pressure, the contact points between 
raw materials develop very high stress, increasing the local diffusion rates.

The time of processing, heating, densification, particle size, temperature, pres-
sure, heating rate, and holding time all influence the physical and mechanical proper-
ties of the hot-pressed ceramics whilst a controlled atmosphere is required for the 
non-oxides. Carbides and borides are often hot-pressed under a vacuum or an inert 
gas such as argon whilst the nitrides are generally densified under a nitrogen atmo-
sphere. Often, the pressure is applied when the maximum sintering temperature is 
reached, though it can be increased at intervals as the temperature increases.

5. Conclusion

The chapter Ballistic Composites, The Present and The future have attempted to 
present usage of ceramic materials and ceramic-based composites intended for needed 
for personnel and combat vehicles ballistic protection from penetration and impact of 
the projectile. Ballistic materials during the history of war follow the armament develop-
ment to protect the soldier in the first place. Nowadays, metals and steels are increas-
ingly being replaced by lightweight materials such as ceramics and composites, and in 
the future with the development of technology, metals and steels are likely to be com-
pletely phased out for ballistic protection. Ceramic materials such as alumina, SiC, B4C, 
and TiB2, have acceptable physical and mechanical properties to absorb and minimize 
breakage and stop the projectile penetration before reaching the vital organs and pur-
chase the trauma reduction of the soldier or essential parts of the vehicle mechanism.

Ceramics and ceramic-based bulletproof materials can be divided into oxide and 
non-oxide ceramics materials and they are generally light, cost-effective, low density, 
high compressive strength, high hardness, durability, and capable of retaining or 
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breaking a projectile penetrator of a certain caliber and fully can change the armor 
plate of aluminum or hardened steel. The main objective of ballistic material is to 
develop protection systems that are both effective and lighter in weight. The physical 
and mechanical properties of ceramic and ceramic-based composites depend on pro-
cessing. The ballistic composite production methods which can be used are a hand-
layup method, vacuum bagging, vacuum and oven processing, compression molding, 
and autoclave processing. Also, ceramic materials require higher temperatures and 
pressures than ceramic-plastic composite, and these materials can be produced by 
sintering processes. In this chapter, special attention was paid to processes of spark 
plasma sintering and hot-pressing methods.

According to the current tendency of weapons development and the require-
ments of modern battlefields, the tactics are primarily based on greater mobility of 
units while maintaining protection against the penetration of projectiles. Therefore, 
research and future production have turned to lightweight materials such as ceramic 
materials and their composites.
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Structural, Magnetic,  
and Magnetodielectric Properties 
of Bi-Based Modified Ceramic 
Composites
Rasmita Jena, Kouru Chandrakanta and Anil Kumar Singh

Abstract

In this chapter, we introduce a promising composite material, which can be used 
as a potential candidate in the field of charge storage, sensors, and spintronic devices. 
The structural, magnetic, and magnetodielectric properties of the pure cum compos-
ite samples are investigated. The Rietveld refinement of the X-ray data confirmed the 
presence of a single (A21am) and mixed phases (A21am + R-3c + Pbam) in the pure 
and composite sample, correspondingly. The SEM microstructure suggests the con-
trasting nature of the homogeneous and heterogeneous distribution of grains in the 
corresponding pure and composite sample. The magnetic properties of the composite 
sample increase due to the enhanced exchange interaction between the different mag-
netic ions. The frequency-dependent dielectric subjected to a constant magnetic field 
indicates the signature of magnetodielectric (MD) coupling for both the samples. The 
field variation of the MD loop shows the symmetric hysteresis loop in the composite 
due to the addition of magnetostrictive La0.67Sr0.33MnO3 and the non-collinear antifer-
romagnetic Bi2Fe4O9 phase. The maximum value of MD% (~0.12%) is enhanced by 
~13 times in the composite than in the pure sample. Therefore, the improved MD 
coupling and symmetric switching of the MD loop of the composite make it a suitable 
candidate for low power consumption storage devices.

Keywords: composite, sol–gel modified method, magnetodielectric, Magnetoloss

1. Introduction

Ceramic materials are in demand due to their growing use in energy harvesting 
technologies, including batteries, capacitors, and storage devices [1]. There are two 
types of ceramic materials, i.e., traditional and advanced. The advanced ceramic 
material plays a significant role in the sensor and storage devices due to its high piezo-
electric and resistive properties. These materials include oxides, nitrates, and carbides 
[2]. In these ceramics, the unique ferroelectric, electrochemical, pyroelectric, and 
piezoelectric properties are often useful for multiferroic research. The multiferroic 
materials with the simultaneous occurrence of various ferroic orders such as ferro 
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(electric/magnetic), antiferromagnetic (AFM), ferrotoridic, and ferroelastic play a 
significant role in developing new technological and device applications [3]. In the 
recent past, researchers are focused on device miniaturization, which satisfies the vast 
need to integrate the electric and magnetic properties in a material. There are a vari-
ety of coupling mechanisms between the electric and magnetic orders, but magneto-
electric (ME) coupling is crucial for future micro/nanoscale electronics, low-power 
memory devices, and spintronic devices [4]. The ME effect was initially studied in the 
Cr2O3 single-phase compound. After that, many materials such as DyMn2O5, TbMnO3, 
and BiFeO3 showed the ME coupling in its single-phase [5]. However, these materials 
restrict their practical suitability applications due to the weak coupling among the 
electric and magnetic order parameters and the transition temperature below the 
room temperature (RT). To avoid the above difficulties in the single-phase materials, 
many researchers have focused their study on designing the composite materials [6]. 
Usually, in composite, the electric and magnetic properties are intentionally improved 
by adding the required electric and magnetic phases. The induced ME coupling in 
the composite is the product property relation between the constituent phases. The 
relation between the magnetic and electric phases is written as [7]:

 = × = ×E H
magneticelectric mechanical mechanicaland

mechanical magnetic mechanical electric
ME ME            (1)

The origin of ME coupling in the composite may be strain, charge, and exchange 
bias mediated. It depends upon the coupling interaction at the magnetic and electric 
phase interface.

The alternative approach to study the coupling among the magnetic and electric 
ordering is the magnetodielectric (MD) effect. The existence of ME coupling can 
indirectly address through the MD effect. This phenomenon is defined as the magnetic 
field-controlled dielectric properties and reversely electric field-induced magnetic 
permeability [8]. Materials having MD characteristics are rich in physical content to 
take further research and its practical utilization. Usually, the signature of the MD 
effect can be realized by observing the anomaly of magnetic/dielectric transition in the 
dielectric/magnetic properties. The MD effect can be experienced experimentally by 
measuring the capacitance at the different external magnetic fields. The microscopic 
source of the MD effect can be originated from the extrinsic and intrinsic mechanisms. 
It solely depends on the origin of the dielectric properties of the material. According 
to G. Catalan, the MD effect can arise without having the dielectric and magnetic cou-
pling in the sample [9]. The extrinsic mechanism responsible for the origin of the MD 
effect is the magnetoresistance and Maxwell-Wagner effect of the sample. Similarly, 
the intrinsic source of the MD effect originated from the magnetic field-induced 
dipolar switching mechanism. Hence, the existence of an intrinsic MD effect in a 
material indicates the possible signal of ME coupling. The realization of ME coupling 
is restricted by the symmetry requirements. The MD materials are fascinating due to 
their multiple microscopic origins and simplicity for device application. Recently, the 
MD coupling has been used to characterize the magnetic multipole orders and quan-
tum criticality [10]. Therefore, it is necessary to investigate the MD coupling and the 
improvement of dielectric properties with the applied magnetic field.

The Aurivillius compound is composed of the perovskite layer (An−1BnO3n + 1)2− 
sandwich periodically between the (Bi2O2)2+ fluorite layer. Here, n represents 
the number of perovskite layers present in the compound. For n = 4, Aurivillius 
compound Bi5Ti3FeO15 (BTFO) is explored theoretically using the first principle 
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calculation and experimentally [11]. The BTFO compound exhibits the orthorhom-
bic crystallographic structure with the A21am space group at RT. BTFO undergoes 
the structural transition at high temperature from ferroelectric A21am transform 
to paraelectric I4/mmm at 730°C [12]. The BTFO has dragged the wide attention of 
researchers due to its high ferroelectric and piezoelectric properties above the RT. 
The single-phase BTFO shows the weak MD coupling at RT due to the unavailability 
of strong magnetic ordering. So, the artificially mixing magnetic phases in the form 
of the composite may provide a potential path to improve both magnetic and MD 
coupling in the sample. The first chosen material is La0.67Sr0.33MnO3 (LSMO) to 
make the composite with the BTFO compound. Due to its exciting properties, i.e., 
high ferromagnetic ordering temperature ~370 K, colossal magnetoresistance, and 
high carrier spin polarization [13]. The second compound of interest is the Bi2Fe4O9 
(BFO), which has a unique spin frustration due to the interaction among the Fe ions. 
BFO ceramic shows nearly RT multiferroic behavior due to the high AFM ordering 
temperatures of ~260 K [14]. Therefore, the above properties of both LSMO and 
BFO compounds may play a pivotal role in improving the magnetic as well as MD 
behavior of the composite.

In this work, we have examined the physical properties of the 0.5Bi5Ti3FeO15-
0.2La0.67Sr0.33MnO3-0.3Bi2Fe4O9 composite and compared it with the pure BTFO 
sample. The composite sample is synthesized by the sol–gel-modified technique 
and their dielectric, magnetic, and the source of MD effect are discussed. MD 
coupling in composite might be used as a potential candidate for MD device 
design.

2. Experimental

2.1 Synthesis of the composite samples

The ceramic composites (0.5Bi5Ti3FeO15-0.2La0.67Sr0.33MnO3-0.3Bi2Fe4O9) 
were prepared by the sol–gel modified method. At first, BTFO, LSMO, and BFO 
samples were synthesized separately via a sol–gel auto combustion process. The 
chemical reagent used for the preparation of the BTFO sample were bismuth 
nitrate (Bi(NO3)3.5H2O), iron nitrate (Fe(NO3)3.9H2O), and titanium isopropoxide 
(TiC12H28O4). The above chemicals were taken from Sigma-Aldrich with greater 
than 99.9% purity form. The deionized water was used to mix the nitrates. Bismuth 
nitrate and titanium isopropoxide were immiscible with the deionized water. The 
required drop of nitric acid was used to dissolve the chemicals and get the transparent 
white-colored solution. After that, add the iron nitrate to the above solution and heat 
it on the hot plate at 100°C. Then the desired ratio of ethylene glycol and citric acid 
(1:1.5) was added to the mixture. All the reagents are mixed completely and lead to 
the formation of the gel. The xerogel was dried on the hot plate overnight and crushed 
to form the homogenous powder. The resultant powder was pre-sintered in a tubular 
furnace at 600°C for 2 h. A similar method was used for the preparation of LSMO and 
BFO samples. Only the difference in the precursor materials and pre-sintered temper-
atures. The starting materials such as lanthanum nitrate (La(NO3)3.6H2O), manganese 
nitrate (Mn(NO3)2.4H2O), strontium nitrate (Sr(NO3)2) and bismuth nitrate, iron 
nitrate were used for the preparation of LSMO and BFO sample, respectively. The 
obtained xerogel powder was pre-sintered at 800°C for 4 h and 800°C for 2 h for the 
LSMO and BFO samples, respectively.
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Finally, the composite (0.5Bi5Ti3FeO15-0.2La0.67Sr0.33MnO3-0.3Bi2Fe4O9) was pre-
pared by taking the desired ratio of as-synthesized BTFO, LSMO, and BFO powder. 
The proper weight percentage of 50% BTFO:20% LSMO:30% BFO (abbreviated as 
BLB523) was taken and mixed thoroughly with the help of agate mortar and pestle 
to get the homogeneous powder. The obtained powder was pressed to form the pellet 
and finally sintered at 900°C for 4 h.

2.2 Characterization

The phase identification of the pure cum composite samples was analyzed by 
using the X-ray diffraction (XRD) system with an ULTIMA-IV diffractometer of 
Cu source of radiation. The diffraction data were taken in the range of 20–60° with 
a slow scan rate of 3 degrees per minute. The surface morphology and elemental 
analysis were characterized through the scanning electron microscope (SEM) coupled 
with the energy dispersive X-ray spectrometer (EDAX). The size of the grains was 
estimated from the Image J Software. The samples magnetic properties were studied 
at room temperature (RT) using the vibrating sample magnetometer (VSM) with a 
maximum magnetic field of 15 kOe. For the electrical measurement samples were 
painted with high-quality silver paste to form an electrode. The RT frequency varia-
tion of dielectric permittivity at a constant magnetic field (0 to 1.3 T with a difference 
of 0.2 T) was studied through the impedance analyzer (Waynee Kerr 6500B model). 
The magnetic field variation of MD and magnetoloss was recorded by an imped-
ance analyzer, which is assembled with the closed cycle refrigerator (CCR) system, 
KEPECO power supply, and the electromagnet (GMW 5034).

3. Results and discussion

3.1 Structural characterization by XRD

Figure 1(a) and (b) illustrate the XRD patterns of the pure BTFO and compos-
ite (BLB523) samples. The measured XRD data is examined through the Rietveld 
refinement procedure using the Fullprof software. The refinement result provides 

Figure 1. 
Rietveld refinement of the XRD patterns of (a) pure (BTFO) and (b) composite (BLB523) sample.
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information related to the samples pure phase formation and structural parameters. 
For the pure BTFO sample, the single-phase refinement method is performed by 
considering the orthorhombic crystal structure (A21am space group). In contrast, 
the tri-phase method is incorporated in order to refine the whole XRD pattern of 
the composite. The orthorhombic (A21am) BTFO, rhombohedral (R-3c) LSMO, and 
orthorhombic (Pbam) BFO symmetry is provided as input sources during the com-
posite refinement. Initially, the instrumental zero correction factor is refined in the 
refinement process, followed by the scale factor, cell parameters (a, b, and c), FWHM 
parameters (u, v, and w), background points, and atomic positions. The peak shape 
parameters and background points are fitted by providing the Pseudo-Voigt function 
and linear interpolation between the background points. After several refinement 
cycles, the theoretically simulated pattern is well matched with the experimental 
data points. Additionally, the lower value of χ2, Rp, and Rwp also confirm the good 
fitting of the theoretical model with the observed data points. The extracted struc-
tural parameters and phase fractions are presented in Table 1. It is observed that the 
lattice parameters of the composite phase show a slight deviation from that of the 
pure phase. It signifies the generation of lattice strain at the BTFO, LSMO, and BFO 
domain interfaces. The other composites also report a similar kind of variation [15]. 
The proposed phase fraction of the composite is well consistent with the refinement 
data. Hence, the existence of BTFO, LSMO, and BFO phases in the composite assure 
the formation of the BLB523 composite.

The mean lattice strain and crystallite size of the pure cum composite samples 
have been extracted from the Williamson-Hall (W-H) plot method. The mathematical 
expression of the W-H method is

         λ
β θ = + ε θcos sin4K

D
                                                    (2)

BTFO (pure) BLB523 (composite)

Parameters BTFO phase LSMO phase BFO phase

Crystal system Orthorhombic Orthorhombic Rhombohedral Orthorhombic

Space group A21am A21am R-3c Pbam

Lattice parameters 
(Å)

a = 5.4555(11) a = 5.4537(9) a = 5.5618(8) a = 7.6813(9)

b = 5.4467(11) b = 5.4491(5) b = 5.5618(8) b = 8.5883(6)

c = 41.2130(7) c = 41.0190(4) c = 13.600(6) c = 5.8567(11)

Cell volume (Å3) 1224.63(10) 1218.995(6) 364.33(7) 386.36(9)

Phase fraction 100 50.79 20.63 28.58

Rp (%) 2.20 10.4

Rwp (%) 2.25 9.65

χ2 1.84 3.07

Crystallite size 
(nm)

41.76 51.35

Strain 10.2 × 10−4 18.2 × 10−4

Table 1. 
Summary of the refined lattice parameters, crystallite size and strain of the BTFO and BLB523 composite.
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here θ  denotes the Brrag’s angle, ε is the lattice strain, λ  is the incident wavelength 
of X-ray, K  is the shape parameter (0.89 for spherical shape), D is the crystallite size 
in average, β  denotes the full-width half maxima of the diffraction peak [16]. The 
estimated crystallite size and strain values are listed in Table 1. It is observed that 
the composite exhibits more strain than the pure sample.

3.2 SEM study

The surface micrograph of sintered pure cum composite samples are shown in 
Figure 2(a) and (b). These images reveal the existence of grains with different sizes 
and orientations in the samples. The pure sample consists of well-structured plate-like 
grains of various sizes distributed uniformly on the sample surface. At the same time, 
the composite consists of a mixture of three phases (BTFO, LSMO, and BFO). As LSMO 
grains exist in the nanometer range, it is difficult to identify from the SEM image. The 
average grain size of the pure and composite sample (mixed grains) is found to be 1.44 
and 0.54 μm, respectively, which is estimated from the Image J software. The EDAX 
analysis is incorporated to analyze the sample’s elemental composition, as shown in 
Figure 2(c) and (d). The EDAX spectrum indicates the constituent elemental peaks of 
the Bi, Ti, Fe, O and Bi, Ti, Fe, La, Sr., Mn, and O for pure and composite samples. This 
analysis confirms the presence of the required element in the samples.

Figure 2. 
(a) and (b) Backscattered SEM images of sintered BTFO and BLB523 samples, respectively. (c) and (d) The 
EDAX spectra of the corresponding pure and composite sample.
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3.3 Magnetic study

The magnetization (M) versus magnetic field (H) loop for pure BTFO and com-
posite BLB523 samples are recorded at RT. Figure 3(a) and (b) display the linear and 
slightly non-linear M-H loop of pure cum composite samples. This linear behavior 
of the M-H loop indicates the paramagnetic (PM) behavior of the pure sample. With 
the addition of magnetic LSMO and BFO phase, the M-H loop slightly changes to the 
non-linear behavior with a small opening in the field range of ±1 kOe, as shown lower 
inset of Figure 3(b). This behavior signifies the weak ferromagnetic (FM) nature 
of composite. In composite BLB523, saturation magnetization is not achieved even 
in a high magnetic field of 15 kOe. It indicates the presence of canted spins in the 
composite. Since the composite sample consists of the three magnetic phases, i.e., PM 
BTFO, FM LSMO, and AFM BFO phases [17, 18]. The overall magnetic behavior of 
the composite shows the FM behavior. As the pure sample exhibit the paramagnetic 
behavior, with the addition of magnetic Mn ion (LSMO) and Fe ion (BFO) to the 
BTFO phase. The magnetic moment of the composite sample is enhanced. The dif-
ferent magnetic parameters such as maximum magnetization (Mmax), coercive field 
(Hc), and remanent magnetization (Mr) are extracted from the fitting of M-H loop 
[19] and listed in Table 2. It is observed that the magnetic parameters (Mmax, Hc, and 
Mr) increase by adding an extra magnetic phase to the pure sample. Since the maxi-
mum magnetization is an intrinsic property of the sample, which depends upon the 
spin configuration and spin–spin interaction between the magnetic ions. Whereas, 
the coercive field and remanent magnetization is affected by extrinsic factors such as 
particle morphology, domain structure, disorder, defects, etc. [20].

In the present discussion, the coercivity value of the BLB523 composite is 
increased to 145 Oe (nearly three times) than the pure sample. It could be due to the 
addition of manganite (LSMO) and ferrite (BFO) phase leading to the hindrance of 
domain interaction and resulting in the pinning effect in the composite. A similar 
trend of coercivity is also observed in many composites [21]. The enhanced magne-
tization in the composite sample is addressed due to adding extra magnetic ions, i.e., 
Mn and Fe ions of LSMO and BFO phase, respectively. Additionally, the enhanced 

Figure 3. 
Magnetic hysteresis loops (M-H) of (a) BTFO and (b) BLB523 at RT.
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magnetization is supplemented by inherent magnetization arising due to d-d, f-d, 
and f-f exchange interaction between the Fe-Fe, Fe-Mn, and Mn-Mn ions [22]. The 
squareness ratio is estimated from the ratio of remanent and saturation magnetization 
of the samples and is given in Table 2. Usually, the ratio of (Mr/Ms) ≥ 0.5 indicates the 
single-domain structure, whereas (Mr/Ms) < 0.5 signifies the multi-domain nature of 
the sample [20]. In the present composite, the squareness ratio lower than 0.5 exhibits 
the multi-domain nature of the sample.

3.4 Dielectric study

The frequency variation of dielectric permittivity (ε′) at different external mag-
netic fields displays indirect access to define the magnetoelectric coupling of the mate-
rial. There are the various techniques to observe the magnetodielectric effect of the 
sample, such as (i) the relative change of capacitance/impedance with the application 
of an external magnetic field and (ii) the appearance of magnetic/dielectric transition 
temperature in the temperature variation of dielectric/magnetic studies. In the present 
pure cum composite system, we have preferred the first technique to analyze the MD 
effect. The RT frequency dependence dielectric permittivity at a fixed magnetic field 
(0 T to 1.3 T with a difference of 0.2 T) is illustrated in Figure 4(a) and (b). Both the 
sample shows the appreciable change in capacitance/dielectric under the application 
of field up to 1.3 T. A close view of the change in dielectric permittivity is plotted in the 
upper inset of the pure (BTFO) and composite (BLB523) samples. The reduction of ε′ 
with the change in a magnetic field signifies the presence of negative MD coupling in 

Figure 4. 
The frequency dependence of dielectric permittivity at the different magnetic fields of 0 T to 1.3 T (a) pure BTFO 
and (b) composite BLB523.

Sample Mmax (emu/g) Mr (emu/g) Hc (Oe) Mr/Ms

BTFO 0.07 ± 0.02 3.44 × 10−4

±6.12 × 10−6
50 ± 8 0.005

BLB523 0.23 ± 0.06 35.74 × 10−4

±8.37 × 10−6
145 ± 21 0.016

Table 2. 
Magnetic parameters are estimated from the M-H hysteresis loop.
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the sample. The appearance of the positive or negative sign of the MD effect depends 
on the neighboring spin pair correlation and the coupling constant [23]. The dielectric 
constant of both the samples decreases with the increase of frequency, suggesting the 
usual dielectric characteristics of the sample. The moderate change of dielectric con-
stant under the different magnetic fields in the low-frequency regime is attributed to 
interfacial polarization i.e., Maxwell-Wagner polarization, space charge polarization, 
magnetoresistance, etc. [24]. Whereas, in the high-frequency region, the dielectric 
value decreases due to the intrinsic dipolar contribution and suppression of extrinsic 
effects. The maximum strength of the ε′ is found to be ~105 and 375 at 100 kHz for 
BTFO and BLB523 samples, respectively. It is observed that the strength of the ε′ 
increases nearly three times in the composite sample. The strength of ε′ is reduced 
towards the high-frequency side by the suppression of extrinsic effects. Hence, the 
frequency plays a vital role in observing the sample’s dielectric properties even in  
the presence of the magnetic field. To suppress the extrinsic contribution towards the 
dielectric and magnetodielectric properties of the sample. It is pivotal to study in the 
high-frequency region of ≥50 kHz. The aforementioned discussion gives a signature of 
the existence of MD coupling in the sample. The upcoming section has demonstrated a 
clear view of the field variation MD effect and its possible source of origin.

3.5 Magnetic field-dependent MD analysis

To realize the influence of magnetic field on dielectric properties of the pure and 
composite samples, field variation of MD measurement is recorded at RT. The MD 
effect can be extracted experimentally by recording the field variation dielectric data. 
While for the magnetoloss (ML) effect, dielectric loss data is taken as a function of 
a magnetic field. Both the MD and ML percentage is estimated using the following 
mathematical expression [19]:

   ( ) ( )
( )

 ε
= − × 

′ε

′ ,
%

,
MD 1 100

0
H T
T

             (3)

   ( ) ( )
( )

 δ
= − × δ 
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%

tan ,
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0
H T
T

            (4)

here ( )′ε ,H T , ( )′ε ,0 T , ( )δtan ,H T , and ( )δtan ,0 T  are dielectric permittivity 
and loss with magnetic field and zero magnetic field, respectively. Figure 5(a)–(d) 
illustrates the magnetic field variation of MD% and ML% of pure cum composite 
samples at a constant frequency of 50 kHz. The chosen high frequency plays a vital 
role in exploring the extrinsic and intrinsic origin of the MD effect. The extrinsic 
origin arises due to the Maxwell-Wagner polarization and magnetoresistance of the 
sample. At the same time, the intrinsic contribution arises due to the dipolar polariza-
tion. To exclude the unwanted extrinsic contribution from the observed MD effect, 
the observed MD data is taken at a high-frequency region (50 kHz). The pure and 
composite samples show a completely different MD loop with the maximum field 
sweep of ±13 kOe. The BTFO pure sample shows the linear nature of the MD effect 
with field variation. It is because of the dominating contribution attributed by the 
space charge polarization. Interestingly, with the addition of the LSMO and BFO 
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magnetic phase, the behavior of the MD hysteresis loop is improved. The composite 
sample exhibits the symmetric hysteresis loop in both positive and negative magnetic 
field sweeps. This MD loop is termed the inverted butterfly loop. The maximum 
strength of the MD% for the pure sample is ~0.01% at 13 kOe of field. With the 
addition of LSMO and BFO samples, the MD% of the composite sample increases to 
~0.12%, which is nearly 12 times more than the pure sample. In composite, the change 
of MD% slope is significant around the ±8 kOe field. After that, the change of MD% 
tends to saturate towards the higher field of ±13 kOe. This may be due to the addition 
of magnetostrictive LSMO phase arising from the Mn ions spin reorientation, which 
makes a good mechanical coupling with the different phases. As a result, MD cou-
pling increases up to a certain magnetic field after that, the value of magnetostriction 
becomes saturated with a further increase of the magnetic field. A similar kind of 
observation is also reported in another magnetostrictive compound [25]. According 
to the G. Catalan formalism, it is crucial to consider the ML effect for demonstrating 
the origin of the MD effect [9]. The composite sample shows the contrasting nature of 
ML% to that of MD%. The maximum strength of ML% (~1.08%) at 13 kOe for the 
pure sample is decreased to ~0.08% in the composite sample. It indicates a slight 
decrease in loss is observed in the composite sample. The microscopic source of the 
MD effect can be explained in this way: (i) the magnetostrictive LSMO phase gener-
ates the strain at the interface of the ferroelectric phase. This strain is transferred to 

Figure 5. 
(a) and (b) Magnetic field variation of magnetodielectric (MD%) at a frequency of 50 kHz. (c) and (d) 
Magnetoloss (ML%) vs. H at 300 K for pure and composite samples.
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the ferroelectric phase, which results in the capacitance of the sample [26]. (ii) the 
addition of the AFM BFO phase can enhance the magnetic moment due to the pres-
ence of canted spins. The non-collinear alignment of magnetic spin results in modify-
ing the electric polarization or capacitance of the sample via inverse 
Dzyaloshinskii-Moriya interaction (IDM) [27]. This IDM interaction is the funda-
mental source behind the MD effect in the non-collinear spin structure. However, the 
exact source of MD coupling in the composite is still to be observed via different 
experimental and theoretical investigations. Hence, the symmetric switching MD 
hysteresis loop with good coupling strength (~0.12%) in the composite sample might 
be used in the charge storage devices.

4. Conclusion

In summary, the pure cum composite (0.5Bi5Ti3FeO15-0.2La0.67Sr0.33MnO3-
0.3Bi2Fe4O9) is successfully prepared by using the sol–gel and its modified technique. 
The XRD analysis confirmed the existence of single (A21am) and composite (A21am, 
R-3c, and Pbam) phases in the pure and composite samples, respectively. The SEM 
analysis has confirmed the presence of homogeneous and heterogeneous micro-
structure of pure and composite samples. The presence of constituent elements of 
different phases has been detected from the EDAX spectrum. The average grain 
size of the pure and mixed grains of the composite sample is found to be 1.44 and 
0.54 μm, respectively. The addition of magnetic LSMO and BFO phases enhances the 
overall magnetic properties of the composite sample. The magnetic parameters Ms 
and Hc in the composite are enhanced by nearly three times than the parent BTFO. 
This is attributed to the inherent d-d, f-d, and f-f exchange interaction between the 
Fe-Fe, Fe-Mn, and Mn-Mn ions. The frequency dependence of the dielectric constant 
at a fixed magnetic field demonstrates a signature of the MD effect in the pure and 
composite samples. This observation encourages studying the MD effect in the pure 
cum composite sample. The field-induced maximum strength of the MD effect is 
about ~0.12% at 50 kHz observed in the composite sample. This MD effect can be the 
combined effect of strain magnetostrictive LSMO and the inverse Dzyaloshinskii-
Moriya interaction generated by the non-collinear Fe ions in the AFM BFO phase. 
Hence, the present composite establishes a relation between the electric and magnetic 
order of the constituent phases and further study can explore possibilities in MD 
device applications.
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Zirconia-Alumina Bioceramics 
Obtained at Low Temperature 
through Eco-Friendly Technology
Rut Benavente, Maria Dolores Salvador and Amparo Borrell

Abstract

Ceramics are increasingly used as structural materials with biomedical applications 
due to their mechanical properties, biocompatibility, esthetic characteristics and 
durability. Specifically, zirconia-based compounds are commonly used to develop 
metal-free restorations and dental implants. The consolidation of ceramics is usu-
ally carried out through powders by means of processes that require a lot of energy, 
as long as processing times and high temperatures (over 1400°C) are required. In 
the recent years, new research is being developed in this field to reduce both energy 
consumption and processing time of ceramic powders. One of the most promis-
ing techniques for sintering ceramics is microwave heating technology. The main 
objective of this chapter is to obtain highly densified zirconia-alumina compounds 
by microwave technology. After sintering, the materials are characterized to deter-
mine whether the final properties meet the mechanical requirements for their final 
applications as dental material. Finally, the characterization of specimens treated by 
low-temperature degradation (LTD) is carried out after each 20 h of LTD exposure 
up to 200 h. In addition, the quantification of monoclinic phase by micro-Raman 
spectroscopy, analysis by AFM and Nomarski optical microscopy and assessment of 
the roughness and mechanical properties (hardness and Young’s modulus) by  
nanoindentation technique have been studied.

Keywords: zirconia-alumina, microwave sintering, bioceramics, mechanical properties, 
hydrothermal degradation

1. Introduction

In recently years, zirconia and alumina have been recognized as the most relevant 
ceramic materials due to their outstanding properties, such as hardness, fracture 
toughness, Young’s modulus, chemical stability, wear and mechanical strength. Due 
to these excellent properties, ZrO2 and Al2O3 are appropriate materials for a wide 
range of applications, such as the manufacture of sensors, fuel cells, thermal barriers, 
implants and structural engineering applications [1–3]. Recent studies claim that the 
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incorporation of alumina into the zirconia matrix, alumina-reinforced zirconia (ATZ) 
materials, improves the mechanical properties (i.e., hardness, toughness and wear 
resistance) [4, 5], as these composites combine the unique properties of alumina and 
zirconia. These characteristics make ZrO2 and Al2O3 promising composites for pros-
thetic and dental implant applications. There are a number of reports on the sintering 
of ATZ composites in the literature. Li et al. [4] have sintered a ZrO2 (3YTZP) + 20% 
wt% Al2O3 composite by spark plasma sintering (SPS) a non-conventional sintering 
technique. The hardness and fracture toughness values achieved for these samples sin-
tered by SPS at 1400°C were 12.5 GPa and 5.3 MPa-m1/2, respectively. The ATZ (ZrO2 
(3YTZP) + 10% vol. Al2O3) composite was also studied by Meena and Karunakar [5]; 
in this case, the maximum hardness values for samples sintered by SPS at 1300°C 
were 19.8 GPa. In summary, the final properties and microstructure of the materi-
als depend on the densification process of the material, sintering mechanisms and 
methods [6–9].

Substantial improvements in dental prostheses and implants have been achieved 
through the employment of ceramic-based materials, mainly thanks to the advent 
of yttria-stabilized zirconia polycrystalline (Y-TZP) as biomaterials [10–13]. The 
replacement of metal parts in orthopedic and dental applications with ceramics is 
currently on the rise. Ceramic materials provide several advantages over metals, such 
as biocompatibility, outstanding mechanical properties and esthetics.

However, an important characteristic of these materials is completely stabilized 
zirconia tetragonal (t) phase with the addition of an oxide (Y2O3, CeO2,…), for 
example, with ~3.0 mol% of yttria for dental applications. This is important because 
when Y-TZP materials are subjected to humidity at 25–280°C [14–16], a sharp decline 
in their mechanical properties occurs over time. This phenomenon is referred to as 
low-temperature degradation (LTD) [17, 18]. The t-m transformation produces vol-
ume changes and defects in the material, and the mechanical and esthetic properties 
are affected. Thus, it is highly relevant to research the susceptibility of Y-TZP-based 
materials to LTD. LTD process is influenced by different factors, such as the tetragonal 
stabilizing dopant, the grain size or the porosity. Several of these elements are related 
to the process of sintering and its heating mechanisms.

In the late 1990s, the Y-TZP femoral heads used for the hip replacement failed 
catastrophically within the human body and these failures were attributed to the 
hydrothermal aging process [19, 20]. The conditions that promote LTD are found in 
the dental cavity; therefore, it is critically necessary to investigate the effects of LTD 
on Y-TZP-based materials for these uses.

Often, ceramics are full consolidated using a thermal treatment at high tempera-
tures (>1200°C), where the temperature and dwell time are the most significant 
parameters since they establish the mechanical properties and microstructure of 
the densified material. Conventional sintering requires long-processing times and 
high temperatures and consequently high-energy expenditure. For this reason, 
non-conventional and fast sintering methods, such as microwave heating technology, 
are being implemented in the last decade. Microwave sintering is founded on the 
absorption of electromagnetic radiation, resulting in an increase in the temperature 
of the material [21–23]. The mechanism of microwave heating differs from the one 
used in conventional sintering, since the temperature gradient is, conversely, from 
the inside to the outside. It is referred to as volumetric heating [24]. Other investiga-
tions have also explored the influences of the processing requirements, the addition 
of second phases such as Al2O3 or Nb2O5, and the incorporation of Y2O3 stabilizers on 
the behavior of LTD for dental materials sintered by the traditional method [25, 26]. 
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Nevertheless, no comprehensive research has been conducted on the effect of micro-
wave sintering on 3Y-TZP/Al2O3 composites when exposed to LTD conditions.

The aim of this research was to assess the impact of microwave sintering on the 
LTD resistance of dental materials based on zirconia-alumina nanocomposites by 
comparing them with materials sintered by the traditional technique. This includes 
the evaluation of surface roughening, monoclinic phase transformation progression, 
as well as the mechanical properties as a function of the degradation time in simulated 
laboratory settings.

2. Materials and methods

A commercial zirconia-alumina powders (ATZ) from the company Tosoh 
(TZ-3Y20A, Tosoh, Tokyo, Japan) have been studied in this work. Specifically, it is 
composed of 80 wt% of 3Y-TZP and 20 wt% of Al2O3.

The specimens have been pressed uniaxially (50 MPa of pressure load) with a 
universal testing machine (Shimadzu AG-X Plus) to obtain circular shapes of 10 mm 
(diameter) and 3 mm of height. All green samples had a geometric density of ∼55% in 
relation to the theoretical density.

The sintering of the samples was carried out using two different techniques:  
microwave technology (a non-conventional fast technique) and conventional  
oven. Microwave sintering (MW) has been performed in a single-mode circular cavity 
microwave oven operating in the TE111 mode with a resonant frequency of 2.45 GHz 
(Figure 1, [27]). The microwave sintering conditions have been 1300°C of maximum 
temperature during 10 min of dwell time and 50°C/min of a heating rate. It is worthy 
of being mentioned that the zirconia-alumina composites are poorly microwave-absor-
bent materials at low temperatures, since its dielectric loss factor at room temperature 
is less than 0.01 [28]. This fact makes hybrid heating necessary, using silicon carbide 
as a susceptor [29, 30]. The sample temperature is controlled by an infrared radiation 
pyrometer (Optris CT-Laser GH5, 5 μm), which focuses on the sample surface through 
the tiny circular opening in the cavity wall. The emissivity and transmissivity of the 
final temperature material are determined prior to sintering test.

Figure 1. 
Details of the experimental microwave system of 1 kW at 2.45 GHz connected to a mono-mode circular cavity.



Smart and Advanced Ceramic Materials and Applications

74

Conventional sintering (CS) has been performed in an electric oven (Carbolite 
Gero, HTF 1800) for 120 min in atmospheric conditions at 1500°C and a heating rate 
of 10°C/min. Both the MW and CS sintering conditions have been extracted from a 
previous study, where their main mechanical and microstructural properties were 
analyzed [31]. These chosen settings are based on previous research by our group, in 
which the sintering conditions of zirconia-based materials were optimized [32, 33].

The study of low-temperature degradation (LTD) of ZrO2-Al2O3 materials has been 
developed using procedures that simulate and intensify the process of hydrothermal 
aging. The samples are then autoclaved (MARK) with steam at 125°C and 1.6 bar [19].

The aging samples are characterized after each 20 h of exposition to LTD until 
they reach 200 h. This characterization consists of the following:

a. quantification of phase content by Raman spectroscopy (Horiba-MTB Xplora). 
The linear model suggested by Lim et al. is utilized to calculate the content of the 
monoclinic phases (m) in the samples [34]:
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where Vm is the volume fraction of monoclinic phase and I is the integrated peak 
intensity (low peak area). The intensities of the t-phase are 147 and 265 cm−1, 
while those of the m-phase are 181 and 190 cm−1 [35].

b. assessment of the topography and roughness (Ra) of the surface characterized by 
atomic force microscopy (AFM Multimode, Veeco) for which samples were mirror 
polished with diamond paste before sintering, so that the changes in topography 
caused by the transformation of degradation can be effectively assessed. Two 
topographic photos have been obtained for every specimen: an image with a scan 
area of 1 μm × 1 μm for a close-up view of the grains and a second image with a 
scan area of 5 μm × 5 μm to provide a representative roughness value.

c. microscopic analysis of damaged surfaces by Nomarski optical microscopy. 
Nomarski microscopy is another method to visualize the specimen’s topography 
in three dimensions.

d. evaluation of their mechanical characteristics (hardness and Young’s modulus) 
according to the nanoindentation technique. The method used is a nanoindenter 
(G-200; Agilent Technologies). Tests were carried out with a Berkovich tip  
calibrated with silica standard and operated at a maximum depth of 2000 nm. 
The continuous stiffness measurement was used to determine the contact stiff-
ness and calculate the hardness profiles and elastic modulus [36]. A matrix with 
25 indentations was made for every material.

3. Results and discussion

3.1 Microstructure and phase transformation

The relative densities of sintered composite obtained by microwave technology at 
1300°C with 10 min of dwell time (MW1300_10) and conventional oven at 1500°C 
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with 120 min of dwell time (CS1500_120) were around 99.8 and 99.2%, respectively, 
and its grain sizes below 500 nm (Figure 2).

The relative density is calculated from the theoretical density of the ATZ 
sample, 4.89 g/cm3. The results indicated that all specimens reached a high degree 
of densification. It should be noted that the samples sintered by MW at 2.45 GHz 
exhibited a relative higher density than samples sintered by CS, achieving 99.8% 
for MW1300_10. It is important to note that the sintering temperatures and holding 
times employed in microwave sintering are considerably lower than in a conventional 
process. In conclusion, while the sintering time needed to achieve relative densities 
above 99% with conventional sintering is 350 min, microwave technology produces 
denser samples in only 35 min. It should be noted that the final economic cost is 
considerably reduced due to the decrease in processing time and energy consump-
tion and, consequently, the environmental impact also decreases. Therefore, micro-
wave technology is considered to be a more environmentally friendly technique than 
conventional sintering.

The FE-SEM micrographs of the MW and CS densified ATZ composite are shown 
in Figure 2. The samples are very dense and have a high homogeneity, since the alu-
mina grains (the darker ones) are uniformly dispersed in the zirconia matrix. These 
results are consistent with the relative density values. The darker grains correspond to 
alumina, while the lighter grains are zirconia. The average grain sizes of zirconia and 
alumina have been measured from their micrographs. The grain size increases with 
residence time and sintering temperature.

As for the sample densified by (MW1300_10), the average grain size of ZrO2 and 
Al2O3 reached approximately 280 and 400 nm, respectively. In the case of the sample 
sintered by conventional furnace, the evolution of the average grain sizes was similar 
to that of MW; the higher the sintering temperature, the larger the grain size. In 
sample HC1500_120, the grain sizes of ZrO2 and Al2O3 were 330 and 450 nm, respec-
tively [31]. Wu et al. [37] researched the effects of Al2O3 addition in 3Y-TZP on the 
mechanical properties and microstructure of the composite. The increase in alumina 
content favored slightly the grain growth during the densification. Thus, the average 
grain size of ZrO2 is slightly higher than that reported in the literature [38].

Raman spectra for conventional and microwave-sintered ATZ composites are 
shown in Figure 3. It is possible to check the phase transformation by Raman spec-
troscopy, thanks to the characteristic doublet of the m-phase at 181–190 cm−1.

Figure 2. 
FE-SEM micrograph of ATZ composites under different sintering conditions: (a) MW1300_10 and 
(b) CS1500_120.
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As can be seen, no monoclinic phase peaks are present in any of the samples after 
sintering (0 h of exposure to LTD) and also after 20 h of LTD exposure. As ATZ 
samples are exposed to LTD for longer, the intensity of the monoclinic phase peaks 
increases. After 40 h, such peaks can be recognized for sample CS1500_120, while for 
MW1300_10, they appear after 80 h. As the degradation time increases, the transfor-
mation becomes rather important with a distinct presence at 181–190 cm−1.

If both sintering methods are compared, differences in the intensities of the dou-
blet characteristic of the monoclinic phase can be observed between the spectra. The 
monoclinic peaks are higher in the sample CS1500_120. This fact suggests a greater 
vulnerability to transformation induced by LTD in conventionally sintered samples 
than by microwave technique [39].

The phase transformation can be quantified from the volume fraction of the 
m-phase, Vm, measured by Raman spectra (Eq. 1). The results of the quantification 
of Vm are shown in Figure 4.

Figure 4. 
Volume fraction of the m-phase, Vm, a result of the LTD exposure time for ATZ material in either sintering 
conditions (MW1300_10 and CS1500_120).

Figure 3. 
Raman spectrums of different LTD times of exposure for sintered ATZ material by (a) MW1300_10 and 
(b) CS1500_120.
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The lines show differences in the kinetics of the phase change. The MW1300_10 
sample sintered by MW degrades more slowly compared with the conventionally den-
sified CS1500_120 sample. After 200 h of degradation, Vm is 24% for MW1300_10 
and 37% for CS1500_120. Therefore, the sample obtained by microwave is less 
susceptible to LTD.

After these results, it is verified that adding alumina to zirconia, forming an ATZ 
composite causes the zirconia to degrade more slowly compared with monolithic 
zirconia. Presenda et al. concluded that Y-TZP transforms approximately 90% after 
100 h of testing under the same conditions as this work [17]. Ultimately, the resis-
tance to aging is increased with the addition of alumina in the material composition.

3.2 Topography and surface roughness

A volume increases of about 3–4% accompany the t- to m-phase transformation 
of ZrO2-based composites. Figure 5 shows the AFM images of the ATZ composite 
sintered by CS and MW, where it is possible to analyze the surface changes induced by 
LTD exposure. The average surface roughness, Ra, has also been identified as a way to 
measure this variation.

As the exposure time increases, the topography becomes more irregular, increasing 
the surface roughness. After 200 hours of exposure to LTD, the surfaces of the samples 
tested are found to have increased in roughness, with the appearance of bulging.

In purpose of comparing the roughness of the samples sintered by different sinter-
ing methods, the Ra values at different exposure times have been determined. These 
values are presented in Figure 6.

Sample MW1300_10 has given lower Ra values than CS1500_120, showing 
greater variability in rugosity, particularly beyond the first 20 h. A strong increase 

Figure 5. 
AFM topographic images of ATZ composite at various exposure times of LTD for MW1300_10: (a) 0 h, (b) 200 h; 
and CS1500_120: (c) 0 h and (d) 200 h.
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is observed after the first 20 h for CS1500_120, reaching about 5.1 nm after 200 h 
of LTD. However, it was not until after 80 h that a sharp change in Ra was observed 
in sample MW1300_10. This performance suggests that the more meaningful topo-
graphical changes vary depending on the sintering method.

These results are consistent with the transformation of the t-phase to m-phase accord-
ing to the Raman spectra obtained (Figure 3); because after 80 h, the monoclinic peak 
begins to be observed in the Raman spectra for the sample MW1300_10, which is when 
the sudden jump in the Ra values appears. The same happens for the sample CS1500_120.

Although in the Raman spectra of both samples there are no monoclinic peaks 
until after 20 h of LTD exposure, by observing the surface changes at the submicro-
metric scale with AFM, it can be seen these microstructure changes are occurring 
before the peaks appear. As the exposure time of the samples to LTD increases, the 
irregularities in the surface of the samples also increase because of the push of the 
grains to the surface to explain the expansion in volume.

3.3 Nomarski optical microscopy

Nomarski optical microscopy is another technique used to study degraded sur-
faces. Figure 7 shows the micrographs of the surfaces of the samples just after sinter-
ing (at 0 h) and after 80 h of LTD time of exposure.

The effects of degradation appear as surface roughness by volume due to phase 
transformation. After 80 h, changes are already observed on the surface, where an 
increase in roughness is observed. It is true that the irregularities, as well as the phase 
transformation, are lower than those observed in monolithic zirconia samples, such as, 
for example, Y-TZP [17]. Being the yttria in both materials the dopant of zirconia, the 
addition of alumina in the composition is what makes the aging of zirconia difficult.

3.4 Effect on mechanical properties

After exposure to LTD, the structural quality of the material is evaluated, analyzing the 
hardness and Young’s modulus, depending on the aging time. The tests were performed on 
the polished surfaces that were exposed to LTD. The values are shown in Figure 8.

Figure 6. 
Average surface roughening at various LTD times for each specimen.
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As can be seen, the hardness is affected differently by the sintering method used, 
with the sintered sample offering more resistance to wear by MW, which corrobo-
rates the results obtained in the other techniques. After sintering, before exposure 
to LTD, the samples show a hardness value of 20.3 and 19.5 GPa for MW1300_10 
and CS1500_120, respectively. At 40 h, the hardness for CS1500_120 drops sharply 
to 15.7 GPa. However, the sample MW1300_10 decreases its hardness more slowly, 

Figure 7. 
Nomarski microscopy images of ATZ composite in various exposure times LTD for MW1300_10: (a) 0 h, (b) 80 h; 
and CS1500_120: (c) 0 h and (d) 80 h.

Figure 8. 
Hardness values for samples as a function of the LTD time of exposure.
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following a less pronounced trend. After 200 h, the hardness values obtained are 13.8 
and 11.9 GPa for MW1300_10 and CS1500_120, respectively. These results show that 
MW1300_10 resists better the exposure to hydrothermal degradation.

Figure 9 shows Young’s modulus values for the composite densified by both sinter-
ing methods.

Like hardness, Young’s modulus (E) is affected after exposure to LTD. The E 
values are modified in both samples, although for MW1300_10 to a lesser extent 
than CS1500_120. The first significant change in the E-value appears at 40 h for 
CS1500_120, while in sample MW1300_10 such change is not observed until after 
80 h, corroborating the results obtained previously. After 200 h, the average values of 
Young’s modulus are 237 and 170 GPa for MW1300_10 and CS1500_120, respectively.

So far, a number of studies have concentrated on the understanding of the LTD 
process and its effect on 3Y-TZP dental materials sintered via conventional methods 
[40]. The investigation has also explored the influence of processing conditions, the 
incorporation of other components such as Al2O3 and the addition of the stabilizer 
Y2O3 in the LTD [41, 42].

Nevertheless, no comprehensive study has been conducted on the influence of 
microwave sintering on ATZ materials exposed to LTD environments. Since the 
sintering process and its associated conditions are a critical factor to determine the 
LTD behavior of 3Y-TZP-based materials, it is very relevant to research the effect of 
microwave sintering techniques on this behavior.

Presenda et al. [17] corroborate the high resistance to LTD of the microwave-
sintered dense zirconia materials (3Y-TZP) as E and H remain almost unaltered; even 
after 140 h, E is still around 250 GPa and H is approximately 15 GPa. The starting 
material also has an important role in the microstructure evolution during sinter-
ing and, thus, in the LTD resistance. Microwave-sintered 3Y-TZP does not show any 
significant evidence of degradation after 200 h of exposure to LTD.

4. Conclusions

Microwave sintering has a very noticeable effect on the properties of ATZ mate-
rial and therefore on their susceptibility to degradation at low temperatures. The 
ATZ composite has been obtained with densities close to theoretical densities by 

Figure 9. 
Young’s module values for various LTD exposure of times for sintered ATZ composite by (a) MW1300_10 and 
(b) CS1500_120.
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microwave heating, considerably reducing sintering times compared with the conven-
tional sintering method. Microwave heating is accompanied by modification of the 
densification mechanisms, giving the ATZ material excellent mechanical properties.

In sample MW1300_10, the amount of the monoclinic phase is lower than for 
CS1500_120 after the same hours of exposure to LTD conditions. Therefore, the 
non-conventional fast technique of microwave sintering is a great alternative since 
it requires lower temperatures and times for densification, giving materials more 
resistant to low-temperature degradation.

The addition of alumina to the composition makes the phase change more diffi-
cult, the ATZ composite being more resistant to degradation than monolithic zirconia 
material.

In summary, there are many variables that can influence the resistance to LTD, 
including the composition of the material, quantity and distribution of the stabilizer 
or the sintering mechanisms among others. In this work, the results obtained indicate 
that both the addition of alumina in the composition and the use of microwaves as a 
sintering method favor the resistance to aging, occurring at a lower speed. There is no 
earlier publication on the effect of microwave sintering on the behavior of the LTD on 
ATZ materials, so this work is an approximation to understand this phenomenon.
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Chapter 6

Synthesis and Investigation of
Ceramic Materials for
Medium-Temperature Solid Oxide
Fuel Cells
Marina V. Kalinina, Daria A. Dyuskina, Irina G. Polyakova,
Sergey V. Mjakin, Maxim Yu. Arsent’ev and Olga A. Shilova

Abstract

Finely dispersed (СeO2)1-x(Sm2O3)x (x = 0.02; 0.05; 0.10); La1-xSrxNiO3,
La1-xSrxCoO3 and La1-xSrxFe0.7Ni0.3O3 (x = 0.30; 0.40) mesoporous xerogel powders
are synthesized by co-crystallization of the corresponding nitrates with ultrasonic
processing and used to obtain nanoscale ceramic materials with cubic fluorite-like,
orthorhombic, and perovskite-like tetragonal crystal structure, respectively, with
CSR � 64–81 nm (1300°C). Physicochemical characterization of the obtained
ceramics revealed that (СeO2)1-x(Sm2O3)x features with open porosity 2–6%, while
for La1-xSrxNiO3, La1-xSrxCoO3, and La1-xSrxFe0.7Ni0.3O3, this value is about 21–29%.
Ceria-based materials possess a predominantly ionic conductivity (ion transport
numbers ti = 0.82–0.71 in the temperature range 300–700°C, σ700°С = 1.3�10�2 S/cm)
determined by the formation of mobile oxygen vacancies upon heterovalent substitu-
tion of Sm3+ for Се4+. For solid solutions based on lanthanum nickelate and cobaltite, a
mixed electronic-ionic conductivity (σ700°С = 0.80�10�1 S/cm) with ion transport
numbers (te = 0.98–0.90, ti = 0.02–0.10) was obtained. The obtained ceramic
materials are shown to be promising as solid oxide electrolytes and electrodes for
medium-temperature fuel cells.

Keywords: co-crystallization of salts, oxides, finely dispersed powders, fuel cells,
nanoceramics, electrolytes, electrode materials

1. Introduction

In view of the currently increasing demand for energy resources, gradual depletion
of fossil fuels, and growing environmental problems, the development of alternative
hydrogen energy is an essential and highly promising R&D direction. For further
progress in this area, the development of advanced materials for electrochemical
power systems is required. Particularly, promising solid oxide fuel cells (SOFCs)
provide the efficiency of up to 85% in couple with almost double cost savings and a
100 times reduction of harmful emissions compared with conventional power sources
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due to the absence of direct chemical contact between the fuel and the oxidizer [1].
The application of SOFC-based power sources a significant power and fuel savings.
The operation temperatures as high as 700–950°C afford increased rates of electrode
reactions without using expensive catalysts. Another advantage of SOFCs is the
absence of strict requirements for fuel purity. Besides hydrogen, any hydrocarbons
converted into synthesis gas (H2-CO) can be used. High thermodynamic efficiency,
continuous operation, and environment-friendly performances make solid oxide fuel
cells more promising compared with such conventional systems as internal combus-
tion engines, solar panels, and wind turbines. As a promising power storage system,
reversible SOFCs can provide an economically effective approach to the power
management using discontinuous energy sources [2, 3].

Thus, the development and implementation of SOFC-based fuel cells for commer-
cial production are becoming a priority to address the problems of distributed power
supply, energy saving, cogeneration, and saving fuel resources.

The decrease of working temperature and development of medium-temperature
SOFCs is an important goal in materials science since high-operating temperatures
cause problems with the compatibility of electrode materials and electrolytes. The
implementation of medium-temperature SOFCs can provide an extension of the range
of applied materials, reduce degradation of the devices, and increase their operational
lifetime. The main components of SOFC include cathode, anode, and electrolyte. The
applied electrolytes differ in their anionic, protonic, or ion-mixed ion-transport
mechanism. The basic principle of fuel cell operation is that the transport of oxygen
ions (O2�) from the cathode to the anode can only proceed in the presence of oxygen
vacancies. In this regard, the optimal electrolyte materials must contain anion vacan-
cies in the crystal lattice. Currently, cerium dioxide (CeO2)-based nanomaterials with
oxygen-ionic conductivity are considered promising as medium-temperature electro-
lytes affording the reduction of the fuel cell operating temperature by 300–400°C. In
respect of electric performances, these electrolytes are not inferior to conventional
zirconia-based YSZ materials (particularly, (ZrO2)0.92(Y2O3)0.08 ceramics) [4, 5].
Furthermore, they are thermodynamically stable at relatively low-operating tempera-
tures of 600–800°C that provide a long lifetime. Moreover, relatively low-operating
temperatures prevent from the interlayer diffusion and interfacial layers between
SOFC components exclude solid-phase interaction. All the existing SOFC cathodes
have certain disadvantages that determine the growing interest in R&D in the devel-
opment of new cathode materials, particularly for medium-temperature (500–700°C)
SOFCs.

During SOFC operation in the middle-temperature range, the power characteris-
tics of the cell are limited by the cathode operation [6]. Since the SOFC cathode
reduction of molecular oxygen and transport of oxygen ions to the electrolyte surface
take place, the developed medium-temperature cathode materials should meet several
requirements. Particularly, they should be ultrafine and have high electronic or mixed
electron-ion conductivity. To reduce the diffusion drag at the cathode, a well-
developed porous structure is required, since the rate of molecular oxygen reduction
depends on the specific surface area. Furthermore, the mechanical compatibility of
the cathode and electrolyte is important. These requirements are fulfilled by complex
metal oxides and their nanocomposites, particularly complex oxides based on rare
earth elements (REE) and 3D transition metals combining high electric and catalytic
properties. Currently, single-phase complex perovskite materials such as LnMO3-δ
(M-Cr, Mn, Fe, Ni, and Co) are proposed as new materials for medium-temperature
SOFC cathodes, featuring stability in an oxidizing atmosphere in a wide temperature
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range and sufficiently high p-type electrical conductivity [6, 7]. Among them, the
highest conductivity is observed for manganese-, cobalt-, and nickel-containing
oxides. The conductivity of such perovskites can be further enhanced by increasing
the concentration of charge carriers (holes) due to the heterovalent substitution of La3+

for cations of alkaline earth elements M2+ = Ca, Sr, or Ba [8]. Oxides with a perovskite
structure constitute a large class of complex oxides with ABO3-type unit cells
(Figure 1). A distinctive feature of perovskites is the possibility of cationic substitution
in both A and B positions in a wide range of concentrations [9]. In practice, most
crystals with a cubic perovskite structure crystallize in a lower symmetry with the
distortion of the cubic structure to orthorhombic, hexagonal, or tetragonal one.

The variation of the substituting cations percentage within a fairly wide range and
changing their oxidation degrees allow the simulation of functional properties of
perovskite-like oxide systems.

Strontium lanthanum manganites such as La1-xSrxMnO3 (LSM) with perovskite
structure are extensively used as cathodes of solid oxide fuel cells, providing the best
performances in the high-temperature range (800–1000°C) [10]. For medium-
temperature fuel cells, lanthanum cobaltites and nickelates seem to be most promis-
ing, since their electrical conductivity exceeds that of lanthanum manganites due to a
higher specific surface reactivity determined by a lower strength of metal-oxygen
(Me–O) bond [11]. The development of processes for obtaining efficient electrolyte
and cathode materials for SOFCs is an important R&D goal.

The most economically efficient approach to this problem is the use of liquid-phase
synthetic methods, including co-crystallization of salts, co-precipitation of hydrox-
ides, sol-gel, and hydrothermal. These approaches afford fine powders and
nanoceramic materials-based thereon, also providing a reduced energy consumption
due to the reduced temperature of powder synthesis and ceramics sintering [12].

The preparation of solid oxide electrolyte and cathode materials and their charac-
terization to find the relationships such as “composition – synthesis technology –

structure – properties” afford the determination of their optimal characteristics and
synthesis conditions.

Figure 1.
Perovskite structure.
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2. Synthesis and investigation of ceramic materials

2.1 Synthesis of ceramic materials

The synthesis of xerogels and nanodispersed powders with different oxide con-
centration ratios in the CeO2–Sm2O3, La2O3–SrO–Ni2O3(Со2O3), and La2O3–SrO–

Ni2O3–Fe2O3 systems was carried out by co-crystallization of the corresponding
nitrates followed by the ultrasonic treatment [13]. Nitrates of cerium Се(NO3)3�6H2O
(analytical grade), samarium Sm(NO3)3�6H2O (chemically pure), lanthanum La
(NO3)3�6H2O (chemically pure), strontium Sr.(NO3)2 (analytical grade), nickel Ni
(NO3)2�6H2O (pure), cobalt Co(NO3)2�6H2O (pure), and iron Fe(NO3)3�9H2O (pure)
as �0.5 M solutions were used for the synthesis. The resulting solutions were mixed in
the proportions corresponding to the stoichiometric ratio of oxides, followed by
evaporation on a water bath for 3 h to obtain a supersaturated solution. Then, the
supersaturated solution was cooled at a temperature of 3–5°C to facilitate the adsorp-
tion of the crystallizing substance on the surface of the crystals formed during the
evaporation of mixtures of the nitrate solutions. To improve the dispersity of crystal-
line particles and to make their size distribution more narrow, the crystalline hydrate
was subjected to ultrasonic treatment for 30 min in distilled water, resulting in an
almost monodispersed powder.

The subsequent drying (110°C, 0.5 h) yielded X-ray amorphous xerogels that were
subjected to heat treatment (600°C, 1 h) to form nanopowders with a stable crystal
structure. The synthesized powders of a given composition were ground in a mortar,
followed by uniaxial cold pressing into tablets of 1.0 and 1.5 cm in diameter using a
PGR400 at the pressure of 100–150 MPa and then sintering installation for 2 hours
and temperature 1300°C.

2.2 Characterization techniques

XRD characterization was performed using a Bruker D8-Advanced diffractometer.
The ICDD-2006 international database was used to interpret the diffraction patterns,
and the analysis results were processed using the WINFIT 1.2.1 software involving the
Fourier transform of the reflection profile. The sizes of coherent scattering regions
(CSR) were estimated according to the Selyakov-Scherer equation:

DCSR ¼ 0:9� λ
β� cos θ

(1)

where λ = 15,418 Ǻ is the СuKα wavelength, and β is the XRD peak full width at
half maximum (FWHM) [14].

The thermolysis processes occurring in coprecipitated xerogels and powders upon
heating in the temperature range of 20–1000°C were studied using the Q-1000
derivatograph (MOM). The specific surface area of the synthesized nanopowders was
measured by low-temperature nitrogen adsorption using a QuantaChrome Nova
4200B analyzer. Based on the obtained data, the specific surface area SBET of the
samples was calculated using the Brunauer-Emmett-Teller (BET) model. The calcula-
tion of the pore size distribution was carried out based on nitrogen desorption iso-
therms according to the Barret-Joyner-Halenda (BJH) method; the thermal treatment
of the powders was carried out in a Naberterm furnace with program control in the
temperature range of 25–1300°C for 3 hours, followed by slow cooling of the furnace.
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The open porosity of the samples was determined by hydrostatic weighing in distilled
water in accordance with the Russian standard GOST 473.4–81 [15]. The electrical
resistance of the obtained ceramic materials was measured by the two-contact method
at a direct current in the temperature range of 250–1000°C using the “Hardware-
software complex for studying the electrical properties of nanoceramics in various
gaseous media” [16].

The transfer numbers of ions and electrons in bulk solid electrolytes [17] were
determined using the West-Tallan method. A mixture of CO2 + CO was used as an
inert gas (corresponding to a partial pressure of oxygen 103 Pa). The measurements
were carried out at a direct current in weak (U = 0.5 V) fields after a long (up to
30 min) current drop. The contributions of ionic and electronic conductivities were
estimated according to the formulas:

te ¼ Rair

Re
(2)

ti ¼ 1� te (3)

where te and ti are electron and ion transport numbers, respectively; Rair and Re are
electric resistance values measured in air and inert gas, respectively.

2.3 Results and discussion

For all the obtained compositions, thermolysis processes were studied. As an
example, DTA thermograms of La0.6Sr0.4CoO3 xerogel synthesized with (a) and
without ultrasonic treatment (b) are shown in Figure 2.

As shown in Figure 2, ultrasonic treatment during the synthesis results in the
reduction of the crystalline hydrate dehydration temperature from 115–110°C, as
well as the temperatures of all thermal transformations. This effect is determined
by weakening the bonds between the molecules of nitrate salts and crystallization
water molecules upon the impact of ultrasonic waves, facilitating the dehydration
and decomposition of salts. Ultrasonic treatment also affects the powder
crystallization reducing the temperature of its transition into the crystalline phase
(320 ! 290°C).

Compared with the considered data, the differences in the temperatures of
exo- and endo-effects for other compositions were no more than 10–15°C.

The microstructural parameters of the synthesized powders were determined
using low-temperature nitrogen adsorption.

Microstructural performances of the synthesized powders are summarized in
Table 1.

XRD characterization revealed that at 600°C a cubic solid solution of the fluorite
type is formed in the studied CeO2–Sm2O3 powders with an average CSR size of
�10 nm. Subsequent annealing at higher temperatures (1300°C) does not disrupt
the single-phase structure of the nanopowders and ceramics-based thereon. As an
example, consecutive steps of fluorite-type cubic solid solution formation for the
(CeO2)0.95(Sm2O3)0.05 sample are shown in Figure 3. Crystal structures and
specific electrical conductivity of synthesized powders and ceramics in the system
CeO2–Sm2O3 are shown in Table 2.

The phase compositions of powders and corresponding ceramics of all the compo-
sitions in the systems La2O3–SrO–Ni2O3(Со2O3) and La2O3–SrO–Ni2O3–Fe2O3 are
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Figure 2.
Differential thermal analysis results for La0.6Sr0.4CoO3 xerogel prepared with (a) and without (b) xerogel
freezing at �25°C (24 h).

Composition Specific surface
area Ss, m2/g

Average pore size
Dpor, nm

Specific pore
volume Vpor, cm3/g

Electrolyte materials

(CeO2)0.98(Sm2O3)0.02 40 11 0.075

(CeO2)0.95(Sm2O3)0.05 63 8 0.082

(CeO2)0.90(Sm2O3)0.10 74 2 0.087

Cathode materials

La0.7Sr0.3NiO3 30 2.3 0.029

La0.6Sr0.4NiO3 28 2.4 0.026
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summarized in Table 3. As an example, Figure 4 shows the phase composition of
La0.6Sr0.4NiO3 xerogel powder and ceramics, indicating the formation of a solid
solution with a tetragonal perovskite structure at 1300°C.

The data in Table 3 show that the synthesized powders and ceramic materials in
the temperature range of 600–1300°C have an orthorhombic and tetragonal
perovskite-type structure.

Physicochemical properties of all the ceramic samples obtained on the basis of
nanopowders in the СeO2-Sm2O3 La2O3–SrO–Ni2O3(Со2O3) and La2O3–SrO–Ni2O3–

Fe2O3 systems are summarized in Table 4. These data show that an increase in the
content of samarium oxide in the obtained samples in the СeO2-Sm2O3 system leads to

Composition Specific surface
area Ss, m2/g

Average pore size
Dpor, nm

Specific pore
volume Vpor, cm

3/g

La0.7Sr0.3CoO3 15 2.1 0.018

La0.6Sr0.4CoO3 15 2.2 0.020

La0.7Sr0.3Fe0.7Ni0.3O3 31 2.2 0.035

La0.6Sr0.4Fe0.7Ni0.3O3 30 2.0 0.033

Table 1.
Microstructural performances of the synthesized powders [18].

Figure 3.
XRD patterns of (CeO2)0.90(Sm2O3)0.10 (a = 5.41396 Å) based xerogel (a—150°C), nanopowder (b—600°C),
and ceramics (c—1300°C) samples [18].

Composition Fluorite-like
structure

Lattice
parameter, a (Ǻ)

CSR, nm σ�10�2, S�cm�1

(700°C)
Ea, eV

600°C 1300°C

(CeO2)0.98(Sm2O3)0.02 cubic a = 5.43204 11 81 0.4 1.15

(CeO2)0.95(Sm2O3)0.05 cubic a = 5.41848 9 70 0.7 1.13

(CeO2)0.90(Sm2O3)0.10 cubic a = 5.41396 8 68 1.3 1.00

Table 2.
Crystal structures and specific electrical conductivity of powders and ceramics in the system CeO2–Sm2O3 [18].
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a decrease in their density, which is probably due to the distortion of the cerium
dioxide lattice upon Sm2O3 dissolving.

To create a porous structure in ceramics based on the La2O3–SrO–Ni2O3(Со2O3) and
La2O3–SrO–Ni2O3–Fe2O3 systems, a pore-forming additive (10% aqueous solution of

Composition
(preparation conditions)

Perovskite-like
structure

Parameters CSR, nm σ�10�1, S�cm�1

(700°C)
Ea, eV

La1-xSrxCoO3

La0.7Sr0.3CoO3

(600°C, holding 1 h)
Orthorhombic
(crystallization

start)

a = 4.1132
b = 5.429
c = 9.804
V = 218.93

34 Non-sintered
powder

—

La0.7Sr0.3CoO3

(1300°C, heating 3 h + holding 5 h)
Orthorhombic a = 4.1027

b = 5.420
c = 9.792
V = 217.75

70 Ceramics
0.20

1.82

La0.6Sr0.4CoO3

(1300°C, heating 3 h + holding 5 h)
Tetragonal a = 3.9052

c = 12.8412
V = 195.84

67 Ceramics
0.35

1.67

La1-xSrxNiO3

La0.7Sr0.3NiO3

(900°C, holding 3 h)
Tetragonal a = 3.8168

c = 12.7498
V = 185.74

40 Non-sintered
powder

—

La0.7Sr0.3NiO3

(1300°C, heating 3 h + holding 2 h)
Tetragonal a = 3.8140

c = 12.7421
V = 185.35

68 Ceramics
0.25

1.78

La0.6Sr0.4NiO3

(600°C, holding 1 h)
Orthorhombic a = 14.6033

b = 9.7345
c = 6.9057
V = 981.69

32 Non-sintered
powder

—

La0.6Sr0.4NiO3

(900°C, holding 3 h)
Tetragonal a = 3.8187

c = 12.7496
V = 185.92

44 Non-sintered
powder

—

La0.6Sr0.4NiO3

(1300°C, heating 3 h + holding 2 h)
Tetragonal a = 3.8152

c = 12.7436
V = 185.49

65 Ceramics
0.80

1.63

La1-xSrxFe1-yNiyO3

La0.6Sr0.4Fe0.7Ni0.3O3 (600°C,
holding 1 h)

Orthorhombic a = 15.10
b = 9.687
c = 6.9297
V = 1013.63

25 Non-sintered
powder

—

La0.6Sr0.4Fe0.7Ni0.3O3 (1300°C,
heating 3 h + holding 2 h)

Tetragonal a = 3.9102
c = 12.7903
V = 195.33

65 Ceramics
0.75

1.59

La0.7Sr0.3Fe0.7Ni0.3O3 (1300°C,
heating 3 h + holding 2 h)

Tetragonal a = 3.8965
c = 12.7752
V = 193.96

63 Ceramics
0.30

1.84

Table 3.
Crystal structures and specific electrical conductivity of powders and ceramics in the systems La2O3–SrO–
Ni2O3(Со2O3) and La2O3–SrO–Ni2O3–Fe2O3.
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polyvinyl alcohol) in an amount of 10% over the bulk of the charge was added [19].
The values of open porosity are in the range of 21–29%, which is one of the main
conditions for the optimal operation of cathode solid oxide materials as shown in
Table 4.

One of the main conditions for SOFC operation is the compatibility of its compo-
nents in terms of the thermal expansion coefficient (TEC). TEC of electrolytes based
on cerium oxide doped with samarium oxide is α = 12.5 � 10�6 K�1 [20]. Cathode
materials based on systems La2O3–SrO–Ni2O3 (TEC—14.2 � 10�6 K�1) and La2O3–

SrO–Ni2O3–Fe2O3 (TEC—12.8–13.1 � 10�6 K�1) have comparable TEC values with
ones of electrolytes based on cerium oxide. As can be seen in Table 4, strontium

Figure 4.
XRD patterns of La0.6Sr0.4NiO3 xerogel powder and ceramics; heat treatment at a) 600°C, b) 900°C, c) 1000°C,
and d) 1300°C.
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lanthanum cobaltites have a TEC much higher than the TEC of samples of the
composition (CeO2)1-x(Sm2O3)x.

The electrical conductivity of (СeO2)1-x(Sm2O3)x samples (x = 0.02; 0.05; 0.10)
was measured using the two-contact method at direct current (Figure 5). The
appearance of high oxygen ionic conductivity in CeO2-Sm2O3-based solid
electrolytes is determined by the formation of oxygen vacancies in the СеО2 matrix
when Се4+ is replaced by Sm3+ during the dissolution of Sm2O3 in CeO2, which can
be described by the following quasi-chemical equation in the Kroeger-Winke
notation [23]:

Sm2O3 ��!CeO2 2Sm0
Ce þ 3Ox

O þ V••
O (4)

Composition ΔL/L, % ρteor, g/cm3 Apparent density ρexp, g/cm3 P, % TEC α, �10�6 K�1

Electrolyte materials

(CeO2)0.98(Sm2O3)0.02 15.8 7.15 6.35 4.7 12.5 [20]

(CeO2)0.95(Sm2O3)0.05 15.0 6.92 6.21 2.3 12.5 [20]

(CeO2)0.90(Sm2O3)0.10 14.5 6.83 6.01 6.0 12.5 [20]

Cathode materials

La0.6Sr0.4NiO3 15.1 5.67 5.41 25.2 14.2 [21]

La0.6Sr0.4CoO3 14.2 5.87 5.61 26.0 18.9 [22]

La0.7Sr0.3NiO3 15.1 5.56 5.24 21.0 14.2 [21]

La0.7Sr0.3CoO3 14.3 5.89 5.61 23.5 17.7 [22]

La0.6Sr0.4Fe0.7Ni0.3O3 14.7 5.69 5.49 28.3 12.8–13.1 [20]

La0.7Sr0.3Fe0.7Ni0.3O3 14.6 5.73 5.52 27.9 12.8–13.1 [20]

Table 4.
Physicochemical properties of ceramics samples synthesized by co-precipitation of salts [18].

Figure 5.
Temperature dependence for specific electrical conductivity of 1—(CeO2)0.95(Sm2O3)0.02,
2—(CeO2)0.90(Sm2O3)0.05, 3—(CeO2)0.80(Sm2O3)0.10 [18].
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where Sm0
Ce is a samarium ion replacing Ce4+ and yielding a negative charge, V••

O is
a positively charged oxygen vacancy compensating the dopant charge, and O�

O is
oxygen atom in a regular site with a neutral charge.

As can be seen in Figure 5, the temperature growth in the range from 500 to
1000°C leads to the increase in electrical conductivity of all the samples. In addition,
with an increase in the concentration of samarium oxide, the specific electrical
conductivity of the ceramics increases in the entire temperature range in the study.
The highest specific electrical conductivity in the temperature range of 500–1000°C
(σ700°C = 1.3 � 10�2 S/cm) is observed for the sample containing 10 mol. % Sm2O3.

The temperature dependence of the specific electrical conductivity of solid
solutions in the systems La2О3–SrO–Co2O3 and La2О3–SrO–Ni2O3 (La0.6Sr0.4CoO3,
La0.7Sr0.3CoO3, La0.6Sr0.4NiO3, La0.7Sr0.3NiO3) is shown in Figure 6. The conductivity
grows with temperature in the range from 300 to 700°C up to the saturation plateau at
600–800°C. Particularly, for La0.6Sr0.4NiO3 and La0.6Sr0.4CoO3, the plateau is reached
at 600 and 700°C, respectively, while at higher temperatures, no conductivity
increase is observed due to a change in the conductivity mechanism from semi-
conductor to metallic. The electrical conductivity in the considered solid solutions
can proceed via several possible mechanisms, mainly by itinerant electrons along the
Ni3+–O–Ni3+ chain and electron or hole jump directly between Ni3+ and Ni2+ ions. The
authors of ref. [6] believe that the appearance of metallic conductivity in the
synthesized solid solutions is due to the delocalization of Ni d-electrons during the
interaction of nickel and oxygen atoms in the Ni-O-Ni chains.

Figure 6 also indicates that the conductivity of the studied samples grows with an
increase in strontium oxide content in the solid solutions.

The highest conductivity in the temperature range 500–1000°С
(σ700°С = 0.80�10�1 S/cm) is observed for the composition La0.6Sr0.4NiO3. The con-
ductivity values σ700°C for La0.7Sr0.3NiO3, La0.6Sr0.4CoO3, and La0.7Sr0.3CoO3 samples
are 0.25�10�1, 0.35�10�1, and 0.20�10�1 S/cm, respectively. Figure 7 shows the tem-
perature dependence plots for samples of the compositions La0.6Sr0.4Fe0.7Ni0.3O3 and
La0.7Sr0.3Fe0.7Ni0.3O3, indicating that the former one features with higher

Figure 6.
Temperature dependence for specific electrical conductivity of 1—La0.6Sr0.4NiO3, 2—La0.6Sr0.4CoO3,
3—La0.7Sr0.3NiO3, and 4—La0.7Sr0.3CoO3.
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conductivity compared with the latter one. The observed plot shapes and level of
conductivity are similar to those for lanthanum nickelate and cobaltite with only small
differences. However, the addition of iron results in a prominent increase in the
transition temperature from semiconductor to metallic conductivity.

Using the West-Tallan method, the ratio of the electronic and ionic conductivity in
the studied ceramic samples was determined. As an example, Table 5 presents the
data on the ratio of the transfer numbers of ions and electrons for the studied samples
of the composition (CeO2)0.90(Sm2O3)0.10. These data indicate that these solid elec-
trolytes have mixed conductivity with the ion transport number—ti = 0.82 at 300°C
and 0.71 at 700°C. The temperature growth leads to a sharp increase in the contribu-
tion of the electronic component to the total value of electrical conductivity that
relates to a partial transition Ce4+ ! Ce3+.

The ratio between the electronic and ionic conductivity determined according to
the West-Tallan method is exemplarily illustrated in Table 6, indicating the ratios of
ion and electron transfer numbers for La0.6Sr0.4CoO3, La0.7Sr0.3CoO3, La0.6Sr0.4NiO3,
and La0.7Sr0.3NiO3. The presented data show that these materials have mixed conduc-
tivity with a predominance of electronic components with the transfer numbers
te = 0.92–0.98 and ti = 0.08–0.02 at 800°C. The electronic component contribution to
the total electrical conductivity sharply grows with temperature due to the appearance
of metallic conductivity.

Figure 7.
Temperature dependence for specific electrical conductivity of a) La0.6Sr0.4Fe0.7Ni0.3O3 and b)
La0.7Sr0.3Fe0.7Ni0.3O3.

Т, °С ti tе

300 0.82 0.18

400 0.78 0.22

500 0.76 0.24

600 0.72 0.28

700 0.71 0.29

Table 5.
Performances of electronic and ionic conductivity of (CeO2)0.90(Sm2O3)0.10 [18].
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3. Conclusions

Finely dispersed xerogel nanopowders of the compositions (СeO2)1-x(Sm2O3)x
(x = 0.02, 0.05, 0.10), La1-xSrxCo(Ni)O3, and La1-xSrxFe0.7Ni0.3O3 (x = 0.3, 0.4) with an
average crystallite size of �8–10 nm are obtained by co-crystallization of salts with
ultrasonic treatment. Their consolidation by cold uniaxial pressing at the pressure of 150
or 100 MPa followed by sintering at 900–1300°C provided ceramic electrolyte and
cathode materials. At 600–1300°C, the obtained ceramic materials are single-phase solid
solutions with a fluorite type cubic structure for the СeO2–Sm2O3 system, perovskite-
type tetragonal, and orthorhombic structure for La2О3–SrO–Co(Ni)2О3 and La2О3–SrO–
Fe2O3-Ni2О3 systems. The obtained ceramic materials are characterized by CSR 64–
81 nm (1300°C), open porosity in the range of 2–30%, and relative density of 97–94%.
Materials based on cerium oxide have the conductivity σ700°С = 1.3�10�2 S/cm of pre-
dominantly ionic type ion transfer numbers ti = 0.82–0.71 in the temperature range of
300–700°С, due to the formation of mobile oxygen vacancies during the heterovalent
substitution of Ce4+ for Sm3+. Solid solutions based on nickelate and lanthanum cobaltite
have mixed electron-ionic conductivity σ700°С = 0.80�10�1 S/cm with transfer numbers
te = 0.98–0.90, ti = 0.02–0.10. Lanthanum nickelate features a higher electrical conduc-
tivity compared to lanthanum cobaltite; both solid solutions are characterized by an
increase in electrical conductivity with the content of strontium oxide. In addition,
ceramics with a perovskite-type tetragonal crystal structure show higher electrical con-
ductivity compared to materials with an orthorhombic perovskite-type crystal structure.

The commensurability of TEC values of the resulting electrolyte material based on
cerium dioxide (12.2–12.5�10�6 K�1) and cathode materials based on lanthanum
nickelate (12.8–14.2�10�6 K�1) has been established, which makes it possible to
consider this pair of ceramic materials as SOFC component.

The obtained ceramics materials according to their mechanical (open porosity,
density and thermal expansion coefficient) and electrophysical properties are
promising as solid oxide electrolytes and cathodes of medium-temperature fuel cells.

Composition La0.6Sr0.4CoO3 La0.7Sr0.3CoO3 La0.6Sr0.4NiO3 La0.7Sr0.3NiO3

T, °C ti te ti te ti te ti te

500 0.14 0.86 0.16 0.84 0.13 0.87 0.10 0.90

600 0.11 0.89 0.13 0.87 0.10 0.90 0.07 0.93

700 0.08 0.92 0.09 0.91 0.07 0.93 0.03 0.97

800 0.04 0.96 0.05 0.95 0.02 0.98 0.02 0.98

Composition La0.6Sr0.4Fe0.7Ni0.3O3 La0.7Sr0.3Fe0.7Ni0.3O3

Т, °С ti te ti te

500 0.22 0.78 0.25 0.75

600 0.18 0.82 0.20 0.80

700 0.13 0.87 0.15 0.85

800 0.06 0.94 0.08 0.92

Table 6.
Performances of electronic and ionic conductivity of La0.6Sr0.4CoO3, La0.7Sr0.3CoO3, La0.6Sr0.4NiO3,
La0.7Sr0.3NiO3, La0.6Sr0.4Fe0.7Ni0.3O3, and La0.7Sr0.3Fe0.7Ni0.3O3 ceramics.
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