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Preface

Porous ceramics are now expected to be adopted for a wide range of industrial applications
such as lightweight structures, membranes, heat insulators, scaffolds and support structures
of catalyst applications. During the last decade, tremendous efforts have been devoted for
the researches on innovative processing technologies of porous ceramics, resulting in better
control over porous structures and significant improvements of the properties. Generally,
porous ceramics have good properties such as high mechanical strength, low density, chem‐
ical and thermal stability, abrasion resistance, and high thermal shock resistance. Further‐
more, permeability is one of the most important properties of porous ceramics for filters
because this property directly relates to the pressure drop during filtration. Thus, the devel‐
opment of porous ceramics requires sufficient mechanical and chemical stability as well as
permeability. This book, however, focuses on preparation, structures, properties, and testing
of porous ceramic materials.

This book is proposed to share recent research and knowledge related to porous ceramics
and it consists of 11 chapters. Chapter 1 is an introduction of this book; it briefly explains the
introduction to porous ceramics. Chapter 2 introduces novel biomaterials utilizing porous
bone-like apatite coating formation by using apatite nuclei, and Chapter 3 presents the ce‐
ramic foams process by using foaming technology. Chapter 4 discusses the production of
porous ceramic sensors for hydrocarbon leak detection under diverse environmental condi‐
tions. Chapter 5 shows the research results of synthesized Zn2SnO4 ceramics on their struc‐
ture, morphology, and properties with large open porosity, as well as the results obtained
during their solid-state processing optimization. 

Chapter 6 explains tailoring of magnetic and structural properties of some spinel ferrites
through different fabrication methods. Chapter 7 presents the sintering of porous ceramic by
using microwave plasma technique. Chapter 8 deals with the preparation and numerical
modeling of ceramic foam insulation for energy-saving applications. Chapters 9, 10, and 11 are
related to the physical and mechanical properties of porous ceramic with different objectives
such as physical properties of porous barium titanate after doping with zinc and tin oxides, as
well as the mechanical properties and shock compression of porous ceramic, respectively.

We hope that the knowledge and objectives of recent research achievements on porous ce‐
ramic that we shared in this book will be useful for researchers, students, engineers, and
others that work in this kind of ceramics.
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1. Introduction

Porous ceramics have grown in importance in the industry recently because of their many appli-
cations like filters, absorbers, dust collectors, thermal insulation, hot gas collectors, dielectric
resonators, bioreactors, bone replacement and automobile engine components [1–4]. Generally,
porous ceramics have good properties such as mechanical strength, abrasion resistance, chemi-
cal and thermal stability. These porous network ceramic structures also have relatively low
density, low mass and low thermal conductivity [5]. Furthermore, permeability is one of the
most important properties of porous ceramics for different applications such as membranes
because this property directly relates to the pressure drop during filtration. Pore size control is
the one key factor in fabrication of porous ceramics [6]. As well as the size of particles and their
distribution of the raw materials, manufacturing techniques, types of binder used, distribution
of binder and sintering affect the final porosity and pore connectivity important factors that
must be considered during the manufacturing of the porous ceramic body. Therefore, the devel-
opment of porous ceramics research requires sufficient mechanical and chemical stability as
well as permeability. This book covers a wide range of topics such as porous ceramic structure
and properties, preparation, simulation and fabrication, 3D printer fabrication, porous ceramic
composites, honeycombs, membranes, bioceramic, automotive and aerospace porous ceramic.

2. What are porous ceramics?

Porous ceramics are categorized as those ceramics having high percentage porosity between 
20 and 95%. These materials composed of at least two phases like solid ceramic phase, and 
the gas-filled porous phase [7]. The gas content of these pores usually regulates itself to the 
environment, as an exchange of gas with the environment is possible through pore channels. 

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Closed pores can contain a composition of gases that is independent of the environment [8]. 
When porosity is determined for any ceramic body, porosity can be distinguished for sev-
eral types such as open (accessible from the outside) porosity (Figure 1) and closed porosity. 
Where open porosity can be further categorized into open dead-end pores and open pore 
channels. The presence of porosity depends on the specific application, so a more open poros-
ity may be needed to be permeable such as a closed porosity or filters/membrane such as 
thermal insulator may be wanted. The sum of the open and closed porosity is mentioned to as 
the total porosity [9]. If the fractional porosity of a material is relatively low, then the closed 
porosity will dominate; at the fractional porosity increases, the open porosity level increases.

The porous ceramics have been classified on the basis of nature of porosity, volume frac-
tion and size of these pores [10]. The nature of porosity in natural ceramics depend on their 
genesis while in synthetic ceramics, it depends on their manufacturing and generally, it can 
be controlled. The pore size of these materials can be classified into three grades depend-
ing on the pore diameter: microporous (less than 2 nm), mesoporous (between 2 and 50 nm) 
and macroporous (more than 50 nm). The pore size distributions are usually measured by 
mercury intrusion porosimetry technique. The pore size distribution of the closed porosity is 
not determinable using this technique, but may occur, for example, by optical and electronic 
examination of a polished cross section. The pore size distribution represents the pore volume 
in function of pore size and commonly is given as percentage or a derivative [11].

3. Methods and techniques for fabrication of porous ceramics

In recent years, with the development of new needs and technologies, there was an increas-
ing request for porous ceramic. Hence their fabrication methods are being widely studied 
and the subject of inclusive research. Partial sintering of ceramic powder compacts is one 
of the methods used to fabricate porous ceramic bodies, but this method mostly yields low 
porosities (less than 50%) and few options to significantly alter the pore size distribution [12]. 

Figure 1. Magnification of a single open pore in the alumina ceramic body.

Recent Advances in Porous Ceramics2

Honeycombs also with well-defined unidirectional channels can be paste extruded from a 
variety of ceramic powders and more complex three-dimensional porous ceramics can be 
made by rapid prototyping techniques, such as 3D printing. Apart from these methods, it is 
possible to distinguish many different types of fabrication routes (Figure 2) for producing 

Figure 2. Schematic of porous ceramic processing methods: (a) partial sintering, (b) sacrificial fugitives, (c) replica 
templates, and (d) direct foaming [1].
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porous ceramics such as the replica method, the sacrificial phase technique, direct foaming 
methods, paste extrusion and most recently developed rapid prototyping technique [13].

The fields of application and specific forms of porous ceramics are wide and varied according 
to their manufacturing processes [14]. Some of its useful applications are in the manufacture 
of filter. As these porous structures are used to filter high-pressure gas at high temperature 
and are used as an aid to remove the contaminants. In the field of petroleum treatment, porous 
ceramics are used as a substrate for catalysts in the process of filtration. They are also used 
in recovering hydrogen from the crude oil. Other applications are thermal insulators in filter 
membrane to separate metal impurities from molten metals such as steel, iron and aluminum. 
Today, porous ceramic structures prepared from different materials based on their applica-
tion are used widely in biomedical field. For example, porous calcium phosphate materials 
can be used to replicate bone architecture and allow the growth of osseous tissue on an artifi-
cial substrate, thereby forming an artificial living bone structure. There porous hydroxyapa-
tite can be used to replace bone and also as a drug delivery system [15].

4. Porous ceramic structure and properties

Porous ceramics possess a number of suitable properties, which combine the features of ceram-
ics, and porous materials such as low density, lightweight, low thermal conductivity, low 
dielectric constant, thermal stability, high specific surface area, high specific strength, high per-
meability, high resistance to chemical attack and high wear resistance [13]. Either porous ceram-
ics are reticulate (interconnected voids surrounded by a connection of ceramic) or foam (closed 
voids within a continuous ceramic matrix). Reticulated porous ceramics are usually used for 
molten metal, industrial hot-gas filters, catalyst supports, and diesel engine exhaust filters.

Pore size and porosity percentage are controlled by the particle size distribution of starting 
ceramic powders, fabrication techniques, types of binder used, concentration of binder and 
sintering conditions respectively [1]. Generally, the particle size of raw ceramic powder should 
be geometrically in the range between two to five times larger than that of pores in order to pro-
vide the desired pore size. The Porosity percentage reductions with increased making condi-
tions such as pressure, sintering temperature and time. Furthermore, the fabrication influences 
such as the amount and type of additives, green densities, and sintering conditions (tempera-
ture, pressure atmosphere, etc.) significantly affect for the porous ceramics microstructures.

5. Mechanical behavior of porous ceramic

The general properties for porous ceramics can be designed for specific environmental appli-
cation by controlling their composition and microstructure [16]. Changes in open and closed 
porosity, distribution of pore size and shapes of pore can have a main effect on the properties 
of porous ceramics. All of these microstructural features are in turn greatly affected by the 
processing way used to produce of the porous ceramic. For mechanical properties of porous 
ceramics, they are determined by their structural parameters, such as percentage of porosity, 
pore size, and shape. Furthermore, the solid microstructure phase of grain growth and solid 
phase continuity greatly affect the mechanical properties. Several important issues relating to 
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the growth of the neck touching particles by surface and volume diffusion can significantly 
increase the mechanical properties with minimal increase in density. The microstructure in 
porous ceramics can be controlled not only by adjusting the particle size and shape of the 
initial raw powders, but also through the process of sintering.

6. Classification of porous ceramic

Classification of pores is one of the basic requirements of inclusive characterization of porous 
ceramics (Figure 3). There are different classes of pores described porous ceramic in the  literature, 

Figure 3. Schematic of classification of porous ceramic [1].
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processing way used to produce of the porous ceramic. For mechanical properties of porous 
ceramics, they are determined by their structural parameters, such as percentage of porosity, 
pore size, and shape. Furthermore, the solid microstructure phase of grain growth and solid 
phase continuity greatly affect the mechanical properties. Several important issues relating to 
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the growth of the neck touching particles by surface and volume diffusion can significantly 
increase the mechanical properties with minimal increase in density. The microstructure in 
porous ceramics can be controlled not only by adjusting the particle size and shape of the 
initial raw powders, but also through the process of sintering.

6. Classification of porous ceramic

Classification of pores is one of the basic requirements of inclusive characterization of porous 
ceramics (Figure 3). There are different classes of pores described porous ceramic in the  literature, 

Figure 3. Schematic of classification of porous ceramic [1].
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but they are difficult to give a consistent general classification of porous ceramics including 
catalyst carriers in various chemical processes, electrolyte carriers in fuel elements, adsorbents. 
As well as filtration of liquids, hot gases, melted metals and alloys, membranes for separation 
and purification of gas and liquids etc. The purpose of these classifications is to organize pores 
in classes by grouping them based on their common characteristics like structure, size, shape, 
accessibility etc. Therefore, porous ceramics can be classified according to the different charac-
teristic attributes such as chemical composition of initial ceramic materials, porosity percentage, 
physical state of these products, refractoriness correlated to service temperatures, destination 
and application area [1].

7. Ceramic foams

Ceramic foams are porous brittle materials with closed, open-celled structures or partially 
interconnected porosity [17]. Ceramic foams are a special class of porous materials included 
of large voids with linear dimensions in the range between 10 and 5 mm. Foams are also called 
cellular ceramic materials because their structure can be represented by a lattice of a repeat-
able unit called “cell”. They are fabricated from a broad kind of ceramic materials; specifically 
both oxide and non-oxide, which includes pure oxides, aluminosilicates and carbides that are 
being considered for the whole range of possible applications. These include filtration, cataly-
sis, impact-absorbing structures, thermal insulation, performs for metal-ceramic composites, 
biomechanical implants, high specific strength materials and high efficiency combustion 
burners. The ceramic foams have been produced in a variety of materials with different shape 
sizes, densities and degree of interconnectivity. Foams or cellular are usually made with the 
density between 10 and 40% of theoretical and the pore sizes less than 1 mm. Ceramic foams 
can be made with a variety of microstructures with controlled properties through several ver-
satile and simple methods, such as direct foaming, replica, sacrificial template techniques [5].

8. Porous ceramics using additive manufacturing techniques

The manufacturing of complex porous ceramic parts with defined microstructure is a challenge 
today [18]. Concerning this issue, additive manufacturing technology is a promising alternative 
to conventional manufacturing procedures. Various additive manufacturing technologies like 
laminated object manufacturing (LOM), stereolithography (SLA), fused deposition modeling 
(FDM), selective laser sintering (SLS) and three-dimensional printing (3D printing) have already 
been used to fabricate different porous ceramic shapes [19]. One of the fastest and most efficient 
technologies is 3D printing. The introduction of 3D printing technology into the porous ceramic 
industry provides greater speed and flexibility, eliminates tool constraints, needs only low cost 
investment, and enables the sustainability of the additive manufacturing process. The 3D print-
ing can be used in the making of porous ceramics in a different of applications. For example, it is 
widely used for catalysis chemical reactors, biomedical applications and filtration technologies. 
It can also be used to produce porous ceramic membranes, energy storage and heat exchangers, 
because of the good thermal properties and relative strength of ceramic materials.
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9. Porous hydroxyapatite ceramic and its biomedical applications

Hydroxyapatite (HA) porous ceramics are substitute materials for bone and teeth in repair-
ing and regeneration applications due to their chemical and biological similarity to human 
hard tissue [20]. In the design of these porous ceramic for bone repairing or regeneration, it 
is important to control their pore structures. Pore ceramic structure can be designed using 
the size and morphology of the Hydroxyapatite particles that are utilized to build these 
porous ceramics. Porous hydroxyapatite ceramic exhibits strong joining to the bone, the pores 
provide a strong mechanical interlock leading to a firmer fixation of the structure. Porous 
hydroxyapatite is more resorbable and osteoconductive than HA dense counterpart [21]. The 
surface area of porous Hydroxyapatite form is greatly increased which allows more bone cells 
to be carried in comparison with dense hydroxyapatite. The most common techniques used to 
make porosity in a biomaterial are gas foaming, salt leaching, freeze-drying, phase separation 
and sintering depending on the material used to make the scaffold. The minimum pore size 
required to regenerate mineralized bone is generally considered to be around 100 μm.

10. Porous ceramics and catalyst carriers

Porous ceramics have a good activity and high absorption materials. The reaction rate and con-
version increase significantly for the reactive fluid that flows through the porous ceramic net-
works [22]. The ceramic catalyst carrier plays a major role in promoting the chemical reaction. 
Due to the chemical corrosion resistance and thermal shock of porous ceramics, they can be used 
in highly required service conditions, like the reactor in chemical engineering and the vehicles 
gas exhaust treatment. As well as the fine metal particles are usually supported on the heteroge-
neous catalyst carriers, which are generally ceramic. Catalysis becomes also progressively more 
important in environmental pollution control. The catalyst effectively reduced pollution from 
automotive and industries applications. The ceramic used must have connected porosity and 
the pore size can differ between 6 nm and 500 μm. Alumina, titania, zirconia silica and silicon 
carbide are the most popular choices for catalyst supports. These ceramic powders are formed 
into a variety of shapes such as cylinder bars or hollow beads or clover-leaf shaped sections. 
They are then sintered to their final density. Porous ceramics also can be used as carriers in the 
recycling of steam, oxidation of ammonia, recombination of methane, destruction of volatile 
organic compounds (VOCs) by incineration and decomposition of organics by photocatalysis.

11. Porous ceramics and membranes

Porous ceramic membranes can be used to separate water, oil, liquids, solids, dust in gas, yeast 
or thallus and blood cells and to clarify alcohol in the food, chemical and medical industries. 
In addition, these membranes act as biological reactors in the recovery of fermented fluid. 
During the last few decades, the ceramic membrane applications have increased because of 
their excellent chemical, mechanical and thermal stability, and high separation efficiency [23]. 
High-permeability ceramic membranes can only be obtained in an asymmetric multilayer 
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arrangement with microporus support, providing mechanical strength and reducing flow resis-
tance. Commercially porous ceramic membranes of oxides such as alumina and zirconia are not 
suitable for large-scale application because these kind of oxide membranes are very expensive. 
Recently, the natural minerals such as zeolite, apatite, dolomite and clays have received increas-
ing attention due to their cheap fabrication and multiple applications. The development of 
ceramic membranes made of natural minerals could lead to a new critical technological revolu-
tion that would add significant economic value to the natural minerals found all over the world.

12. Porous ceramics and piezoelectric materials

The piezoelectric materials contain crystalline structures that do not overlap the positive and 
negative charge centers, leading to bipolar moments. When subjected to mechanical vibra-
tions or movement, the mechanical strain of this material is applied and leads to distortion 
of the electrode, creating electrical charge [24, 25]. The electrical energy can be harvested by 
storing it in capacitors or rechargeable batteries. The piezoelectric material has been widely 
recognized with unique electromechanical coupling properties for its potential benefits in a 
large number of sensors and application engines. Moreover, it has also been shown that the 
microstructure of a piezoelectric material can be modified by adding a second phase (as in 
piezoelectric composites) or by introducing porosity (as in piezoelectric foams), in order to 
improve the piezoelectric materials properties for specific applications [26]. For example, by 
introducing porosity into piezoelectric material, the signal-to-noise ratio, sensitivity proper-
ties and impedance matching can be improved, thus the piezoelectric material can be made 
more suitable for the applications of hydrophone.
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Abstract

When pH and temperature of simulated body fluid (SBF) are raised, fine particles of cal-
cium phosphate are precipitated. Recently, the authors’ research group found that these 
fine particles were highly active to induce formation of porous bone-like apatite in SBF, 
or body fluid, and named them ‘apatite nuclei.’ By using apatite nuclei, the author suc-
cessfully imparted high bioactivity, that is, apatite-forming ability, to various kinds of 
bioinert biomaterials such as metals and organic polymers in a series of recent studies. 
These materials spontaneously formed porous bone-like apatite layer on their surfaces 
in SBF in a short time and showed high bioactivity in vitro. In addition, thWe author 
also successfully fabricated microcapsules consisted of porous bone-like apatite by using 
apatite nuclei.

Keywords: porous bone-like apatite, apatite nuclei, bioactive metals, bioactive organic 
polymers, apatite microcapsules

1. Introduction

1.1. Bioactive materials

When artificial materials such as metals, ceramics and organic polymers are implanted in 
the body, these materials are generally encapsulated with noncalcified fibrous tissue and 
separated from the surrounding living tissue. Such biological response is known as a nor-
mal immune reaction of the living body with respect to exogenous materials. In early 1970s, 
L.L. Hench found that Na2O-CaO-SiO2-P2O5-type glass (bioglass®) showed bone-bonding abil-
ity without the isolation from surrounding living tissue [1]. Since the discovery of bioglass®, 
ceramic materials such as glass-ceramic Ceravital® containing crystalline apatite [2], sintered 
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hydroxyapatite (Ca10(PO4)6(OH)2) [3], glass-ceramics Cerabone® A-W containing crystalline 
apatite and wollastonite (CaO·SiO2) [4, 5], and so on have been found to bond with living 
bone. Most of the ceramics mentioned above forms apatite layer on their surface and can bond 
with living bone through the apatite layer in living body [6, 7]. This apatite layer consists of 
minute crystallites containing carbonate ions in chemical composition [8] and is similar to 
apatite, which contains living bone [9, 10]. On the apatite layer, osteoblast actively proliferates 
and differentiates [6, 11]. Hence, bone tissue is formed on the apatite layer and the artificial 
materials can be also found to bond with the surrounding bone tissue through the apatite 
layer. Such material property is often defined as ‘bioactivity’ in the research field of ceramic 
biomaterials.

1.2. Simulated body fluid

In early 1990s, T. Kokubo proposed an acellular simulated body fluid (SBF) with ion con-
centrations similar to those of human blood plasma [12–14]. It is possible to reproduce the 
abovementioned apatite formation reaction on most of the bioactive materials by soaking 
the materials in SBF. Hence, we can predict bioactivity, that is, apatite-forming ability, of 
specimens by soaking them in SBF and evaluating apatite formation on their surface. Table 1 
shows the ion concentrations of simulated body fluid and human blood plasma. The SBF 
can be prepared by dissolving NaCl, NaHCO3, KCl, K2HPO4·3H2O, MgCl2·6H2O, CaCl2 and 
Na2SO4 in pure water and maintaining the pH value at 7.40 with (CH2OH)3CNH2 and 1 mol 
dm−3 HCl solution at 36.5°C. The details of preparation method of SBF and the bioactivity test 
are certified by ISO 23317 [14]

1.3. Apatite nuclei

When pH and temperature of SBF are raised, fine particles of calcium phosphate are pre-
cipitated. Generally, calcium phosphate formation in an aqueous solution can be described as 
shown in (Eq. (1)) by applying hydroxyapatite as a representative calcium phosphate.

  10  Ca   2+  +   6PO  4     3−  +  2OH   −  =  Ca  10     ( PO  4  )   6     (OH)   2    (1)

Ion Ion concentration/mM

SBF Blood plasma

Na+ 142.0 142.0

K+ 5.0 5.0

Mg2+ 2.5 2.5

Ca2+ 1.5 1.5

Cl− 147.8 103.0

HCO3
− 4.2 27.0

HPO4
2− 1.0 1.0

SO4
2− 0.5 0.5

Table 1. Ion concentrations of simulated body fluid (SBF) and human blood plasma.
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When pH value or concentration of the aqueous solution increases, apatite formation is pro-
moted from a viewpoint of the abovementioned chemical equilibrium because of an increase of 
OH− or Ca2+ and PO4

3−. In addition, the reaction is accelerated under high-temperature environ-
ment because of an increase of chemical reaction rate of calcium phosphate formation. Yao et al. 
found that thus-precipitated fine particles of calcium phosphate showed high activity for induc-
tion of porous bone-like apatite formation in SBF and named the particles ‘apatite nuclei’ [15].

1.4. Bioactive materials’ design by utilizing the function of apatite nuclei

As described in Section 1.3, apatite nuclei, precipitated by raising pH or temperature of SBF, 
actively induce apatite formation in SBF or body environment. By using apatite nuclei, excel-
lent implant materials possessing various mechanical properties as well as high bioactivity 
and bioaffinity can be developed by combining it with various kinds of bioinert materials 
such as metals and organic polymers. Recently, we found that high apatite-forming ability 
can be imparted by the following method [16].

• Micropores are formed on the surface of the substrate by acid treatment or sandblasting 
process.

• The abovementioned micropores-formed substrate or porous substrate is soaked in SBF, 
and pH and temperature of SBF is increased. By this treatment, apatite nuclei are precipi-
tated in the pores of the substrate.

When this material is implanted into a bone defect, it is thought that apatite nuclei induce 
apatite formation and this material subsequently bonds with living bone through the formed 
bone-like apatite layer (Figure 1). As a result, it is expected that the materials can bond with 
living bone through the formed apatite layer.

2. Fabrication of bioactive metals by incorporation of apatite nuclei as 
precursors of apatite

2.1. Bioactive metals

Metals have high mechanical strength and high fracture toughness. Among them, stain-
less used steel (SUS), cobalt-chromium (Co-Cr) alloys, titanium (Ti) and its alloys have 

Figure 1. Bioactive materials’ design by utilizing the function of apatite nuclei.
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been widely used as implant materials. However, most of them do not have bioactivity or 
have extremely poor bioactivity. Hence, these materials without any pretreatment cannot 
spontaneously form apatite coatings in living body in most cases. For this reason, effective 
methods for imparting high bioactivity to these metallic biomaterials are desired. As a rep-
resentative surface modification of metals for bioactivity, hydroxyapatite coating by plasma 
spray method has been widely used in practical use as artificial hip joint [17]. However, this 
method required heating process at a temperature over 10,000°C and it is difficult to optimize 
the composition and crystallinity of hydroxyapatite for the bone conduction in living body. 
Kokubo et al. reported that NaOH and heat treatment are an effective way to impart bioactiv-
ity to the surface of Ti metal and its alloys [5, 18, 19]. In fact, the NaOH- and heat-treated Ti 
metal showed apatite formation within 1 day in SBF and attained high bioactivity. From these 
properties, the Kokubo’s method has been already used in clinical use as a surface modifica-
tion for artificial hip joint. However, this method cannot be applied to SUS and Co-Cr alloys 
[19]. As one of the most effective method for solving this problem, incorporation of apatite 
nuclei described in Section 1.4 can become an effective candidate to impart bioactivity to 
various kinds of bioinert metallic biomaterials. Recently, the author successfully imparted 
bioactivity to pure Ti metal [20–22], Ti-6Al-4 V alloy [23], Ti-15Mo-5Zr-3Al alloy [22, 24, 25], 
Ti-12Ta-9Nb-3 V-6Zr-O alloy [22], pure zirconium (Zr) metal [23], Co-Cr alloy [26] and SUS 
[27, 28] by incorporation of apatite nuclei on their surfaces based on the materials’ design 
described in Section 1.4. Among them, the author introduces the details of bioactive SUS as a 
representative case of bioinert metallic biomaterials in this chapter.

2.2. SUS as an orthopedic material

SUS is a typical biomaterial with high mechanical strength and high-corrosion resistance and 
has been already used as orthopedic implants such as artificial hip joint. However, SUS has no 
bioactivity. If an effective bioactivity treatment for SUS is established, range of its application 
is largely extended. Bioactivity treatment utilizing apatite nuclei described in Section 1.4 is one 
of the effective methods used for surface modification of SUS to impart bioactivity. As a novel 
micropores formation process, the authors established a formation process of roughened sur-
face with fine pores on metals and organic polymers by doubled sandblasting process [29] by 
using the grinding particles with 14 μm of average particle size as first process, and then using 
the particles with 3 μm of average particle size as second process. The authors clarified that 
thus-formed fine pores contributed to the improvement of adhesion property of porous bone-
like apatite layer formed on the bioactive materials in SBF in the process shown in Figure 1 
because of an improvement of mechanical interlocking effect. As described in this section, the 
authors formed micropores on the surface of SUS plates by the doubled sandblasting process. 
Then the authors precipitated apatite nuclei in the pores of SUS to impart bioactivity.

2.3. Fabrication process of bioactive SUS

2.3.1. Micropores formation by the doubled sandblasting process

First, in order to prepare micropores on the surface, the SUS plates (JIS SUS 316 L) were 
treated by a sandblasting process using alumina-grinding particles with 14 μm (JIS #800) of 
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average particle size. Then, the plates were treated by that with 3 μm (JIS #4000) of average 
particle size. Figure 2 shows the SEM micrograph of the surface of the SUS plate after the 
sandblasting process. It can be seen that the SUS plate possessed the roughened surface with 
fine pores formed by the sandblasting process.

2.3.2. Impartation of apatite-forming ability: incorporation of apatite nuclei as precursors of apatite

After the micropores formation, the following process was conducted for apatite nuclei precipi-
tation in the pores to impart bioactivity to the surface of the SUS plate. First, the pH value of SBF 
was increased to 8.40 by dissolving tris(hydroxymethyl)aminomethane at 25°C. Subsequently, 
the SUS plates were soaked in the SBF and the solution was pressed by cold isostatic pressing 
machine to make the solution penetrate into the pores. In order to precipitate apatite nuclei in the 
pores of the specimens, the solution was heated by using electromagnetic induction at 2.5 kW 
for 2 hours while soaking the specimens in the solution. Hereafter, the authors denote these 
treatments as ‘alkaline SBF treatment’. Figure 3 shows the SEM micrograph and the EDX profile 
of the surface of the SUS plate after the alkaline SBF treatment. It can be seen that the surface 
morphologies were slightly rounded off in comparison with just after the doubled sandblasting 
process shown in Figure 2 and some types of coatings were formed on the plates. In the EDX 
profile, peaks of P and Ca were detected. It is considered that the SUS plate has been effectively 
heated in SBF by electromagnetic induction because the iron, which is a main chemical com-
ponent of SUS, has high magnetic susceptibility. As a result, nucleation and growth of calcium 
phosphate were further promoted and the apatite nuclei formed under alkaline condition grew 
to some types of calcium phosphate coating on the surface of the SUS plate in the alkaline SBF 
treatment. Hereafter, the SUS plate after the alkaline SBF treatment is denoted as ‘bioactive SUS’

2.4. Apatite-forming ability of bioactive SUS: porous bone-like apatite coatings  
in biomimetic environment

Next, bioactivity of thus-obtained bioactive SUS was evaluated by soaking in SBF at pH 7.40, 
36.5°C, which is corresponded to physiological environment. Figure 4 shows the thin-film 

Figure 2. SEM micrograph of the surface of the SUS plate after the sandblasting process.
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average particle size. Then, the plates were treated by that with 3 μm (JIS #4000) of average 
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X-ray diffraction (TF-XRD) profiles of the surface of the bioactive SUS after soaking in SBF for 
0 day (i.e., before soaking in SBF), 1 day, 3 days and 7 days. Before soaking in SBF, diffraction 
peaks of apatite were not detected. This result suggested that the calcium phosphate coating 
formed in the alkaline SBF treatment was consisted of amorphous calcium phosphate (ACP). 
After soaking in SBF for 1 day, 3 days and 7 days, diffraction peaks of apatite were clearly 
detected. Figure 5 shows the SEM micrograph and the EDX profile of the surface of the bioac-
tive SUS after soaking in SBF for 1 day. It was observed that the whole surface was covered 
with porous coating, which consisted of needle-like crystallites, which characterize bone-like 
apatite, in the SEM observation. In the EDX profile, the intensity of the peaks of P and Ca 
was relatively increased in comparison with those after the alkaline SBF treatment shown in 
Figure 3. From these results, it is indicated that apatite formation was induced within 1 day 
and high bioactivity was imparted to the SUS by the alkaline SBF treatment.

Figure 4. TF-XRD profile of the surface of the bioactive SUS after the soaking in SBF for 0 day, 1 day, 3 days and 7 days.

Figure 3. (a) SEM micrograph and (b) EDX profile of the surface of the SUS plate after the alkaline SBF treatment.
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2.5. Adhesion property of porous bone-like apatite coating formed on the bioactive SUS

The adhesive strength between the bioactive SUS and the porous bone-like apatite coating 
formed by soaking in SBF for 14 days was measured by a modified ASTM C-633 method 
[30–33]. For the reference, the author prepared the specimens, which were applied same treat-
ments without the doubled sandblasting treatment. The average adhesive strength between 
the formed apatite layer and the bioactive SUS with alkaline SBF treatment was 15.4 MPa, and 
for the SUS without the sandblasting treatment was 1.5 MPa. The SUS treated with doubled 
sandblasting treatment showed higher adhesive strength than untreated ones. This is because 
a mechanical interlocking effect between the SUS plate and the porous bone-like apatite coat-
ing was attained by the formation of micropores.

2.6. Case of the other types of metals

As described in Section 2.1, the author reported that this bioactivity treatment was applicable 
not only to SUS but also to other kinds of metallic biomaterials such as Ti metal and its alloys, 
Zr metal and Co-Cr alloy by optimizing the condition of micropores formation and apatite 
nuclei precipitation according to the kinds of materials. Also in the case of these metals, apa-
tite formation was induced within 1 day in SBF [20–26]. In addition, it is reported that most 
of the bioactive ceramics show apatite formation within 1 week in SBF [34]. Hence, it is sug-
gested that the alkaline SBF treatment was an effective method to impart high bioactivity to 
bioinert or poorly bioactive metals.

3. Fabrication of bioactive organic polymers by incorporation of apatite 
nuclei as precursors of apatite

3.1. Bioactive organic polymers

Organic polymers have various mechanical properties and are easily processed in various 
shapes such as sticks, plates, films, sponges and fibers. Because of these properties, organic 
polymers have been widely used as various implant materials such as artificial hip joint,  

Figure 5. (a) SEM micrograph and (b) EDX profile of the surface of the bioactive SUS after the soaking in SBF for 1 day.
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artificial knee joint, artificial knuckle joint and artificial ligament. Generally, however, 
organic polymers are not bioactive and cannot bond with living bone in living body. If 
organic polymers acquire bioactivity, implant materials with various mechanical prop-
erties as well as high bioactivity can be developed. As a conventional method to impart 
bioactivity to organic polymers, the method that bioactive ceramics particles such as sin-
tered hydroxyapatite are dispersed in polymeric matrix have been mainly applied. Among 
them, HAPEX™, which contains 40 vol% of hydroxyapatite in high density polyethylene 
matrix [35], has been already in practical use as an orbital implant and a middle ear implant. 
However, such method is difficult to control bioactivity of the materials because most of 
ceramics particles are buried inside the polymeric matrix and bioactivity was performed by 
only the particles exposed to the surface of the materials [36]. As one of the most effective 
method for solving this problem, the alkaline SBF treatment described in Section 1.4 can act 
as an attractive candidate to impart bioactivity also to polymeric biomaterials, similar to the 
case of metals. Recently, the author successfully established the surface modification tech-
nique to impart bioactivity to ultrahigh-molecular weight polyethylene (UHMWPE) [37], 
polyethyleneterephthalate (PET) [24], poly-l-lactic acid (PLLA) [38], polyetheretherketone 
(PEEK) [39–41], carbon fiber-reinforced PEEK (CFR-PEEK) [42], glass fiber-reinforced PEEK 
(GFR-PEEK) [42] and glass fiber-reinforced poly(m-Xylyleneadipamide)-6 (GFR-MXD6) 
[43]. Among them, the author introduces the details of bioactive PEEK as representative 
cases of polymeric biomaterials in this chapter.

3.2. PEEK as orthopedic materials

PEEK is well known as one of the next-generation polymeric materials with high mechani-
cal toughness. In addition, PEEK is in the spotlight of orthopedic or dental fields because 
of its more similar elastic modulus with cortical bone than metallic biomaterials such 
as Ti alloys, SUS and Co-Cr alloys and ceramic biomaterials such as alumina, zirconia 
and sintered hydroxyapatite. From these mechanical properties, it is expected that PEEK 
becomes a candidate for replacing conventional metallic or ceramic bone substitutes in 
clinical use [44]. Although PEEK has biocompatibility, bioactivity of PEEK is extremely 
poor. If high bioactivity is imparted to PEEK, the range of its clinical or dental use such 
as minimally invasive orthopedic treatment will be largely extended. As described in this 
section, micropores were formed on PEEK by sulfuric acid treatment. Then apatite nuclei 
were precipitated in the pores and bioactivity was imparted to PEEK by incorporation of 
apatite nuclei.

3.3. Fabrication process of bioactive PEEK

3.3.1. Micropores formation by sulfuric acid treatment

First, in order to form micropores on the surface of the PEEK, PEEK plates were treated with 
98% sulfuric acid at room temperature. Figure 6 shows the SEM micrograph of the surface of 
the PEEK after the sulfuric acid treatment. It can be seen that cancellous micropores around 
500 nm in diameter were formed on the whole surface of the plate.
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3.3.2. Impartation of apatite-forming ability: incorporation of apatite nuclei as precursors of apatite

Next, the author conducted surface modification to impart bioactivity to PEEK by incorpora-
tion of apatite nuclei. As a pretreatment for the apatite nuclei incorporation, the surfaces of 
the micropores-formed PEEK were treated with glow-discharge in O2 gas atmosphere. By this 
treatment, reactive functional groups, which have hydrophilic property, were supplied on 
the surfaces of organic polymers [45]. The pH value of SBF was increased to 8.4 by dissolving 
tris(hydroxymethyl)aminomethane at 25°C. In order to precipitate apatite nuclei in the micro-
pores, the micropores-formed PEEK was soaked in this SBF and kept at 70°C for 24 hours. 
Hereafter, this treatment is denoted as ‘alkaline SBF treatment’. Figure 7 shows the SEM 
micrograph and the EDX profile of the surface of the micropores-formed PEEK after the alka-
line SBF treatment. It can be seen that the surface morphology was different from Figure 6, 
after the sulfuric acid treatment. In the EDX profile, peaks of P and Ca were detected. In the 
SEM micrograph, spherical particles of apatite nuclei were observed on the whole surface. It 
is considered that apatite nuclei were precipitated on the surface or inside the pores by the 
alkaline SBF treatment. Hereafter, this material is denoted as ‘bioactive PEEK’

3.4. Apatite-forming ability of bioactive PEEK: formation of porous bone-like apatite 
coatings in biomimetic environment

Next, bioactivity of the bioactive PEEK was evaluated by SBF test similar to the case of SUS 
as described in Section 2.4. Figure 8 shows the TF-XRD profiles of the surface of the bioactive 
PEEK after the soaking in SBF for 0 day, 1 day, 3 days, 7 days and 14 days. After soaking in 
SBF for 1 day, diffraction peaks of apatite were detected. As elapse of soaking time, the inten-
sity of the diffraction peaks increased and those of PEEK decreased. Figure 9 shows the SEM 
micrograph and the EDX profile of the surface of the bioactive PEEK after soaking in SBF for 
1 day. It can be seen that the whole surface of the plate was covered with porous coatings con-
sisted of needle-like crystallites, which characterize bone-like apatite, in the SEM observation 

Figure 6. SEM micrograph of the surface of the PEEK plate after the sulfuric acid treatment.
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and peaks of P and Ca were strongly detected in the EDX analysis. By considering the results 
of TF-XRD, SEM and EDX, it is revealed that porous bone-like apatite, which was induced by 
apatite nuclei, covered the whole surface of the bioactive PEEK within 1 day and the apatite 
layer grew thick as elapse of the soaking time.

3.5. Adhesion property of porous bone-like apatite coating formed on the  
bioactive PEEK

Similar to the case of metals, adhesive strength between the bioactive PEEK and the porous 
bone-like apatite coating formed by soaking in SBF for 14 days was measured by a modified 
ASTM C-633 method [30–33]. For the reference, the author prepared the specimens, which 

Figure 7. (a) SEM micrograph and (b) EDX profile of the surface of the PEEK plate after the alkaline SBF treatment.

Figure 8. TF-XRD profiles of the surface of the untreated PEEK and the bioactive PEEK after the soaking in SBF for 0 day, 
1 day, 3 days, 7 days and 14 days.
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were applied same treatments without sulfuric acid treatment. The average value of adhesion 
strength of the porous bone-like apatite coating for the bioactive PEEK with the pores formed 
by the sulfuric acid treatment was 6.7 MPa. In contrast, PEEK without pores formation was 
2.1 MPa. The PEEK with pores formed by the sulfuric acid treatment presented higher adhe-
sion strength. This difference was caused by a mechanical interlocking effect between the PEEK 
and porous bone-like apatite layer by existence of the micropores, similar to the case of the SUS.

3.6. Case of the other types of polymers

As described in Section 2.1, the author reported that this bioactivity method was applicable not 
only to PEEK but also to other kinds of polymeric biomaterials such as UHMWPE, PET, PLLA, 
CFR-PEEK, GFR-PEEK and GFR-MXD6 by optimizing the condition of micropores formation 
and apatite nuclei precipitation according to the kinds of materials, similar to the case of the met-
als [24, 37, 38, 42, 43]. Also in the case of these polymers, apatite formation was induced within 
1 day in SBF in most cases. Hence, it is suggested that the alkaline SBF treatment was an effective 
method to impart high bioactivity not only to metals but also to polymeric implant materials.

4. Fabrication of apatite microcapsules consisted of biomimetic porous 
bone-like apatite coatings by using apatite nuclei as precursors of apatite

4.1. Fabrication of microcapsule consisted of porous bone-like apatite

Drug delivery system (DDS) is one of the most attractive techniques in the medical and pharma-
ceutical fields. DDS can contributes to chemotherapy that can achieve low side effects because it 
can achieve an efficient local or controlled release of pharmaceutical drugs. The microcapsules 
can be filled with pharmaceutical drugs. Hence, the DDS carriers consisted of microcapsules have 
a possibility to be applied in many kinds of pharmaceutical fields. Apatite has high bioaffinity 
because it forms bone-like apatite coatings consisted of needle-like fine crystallites on its surface 
in living body and can avoid immune reaction. From the above idea, it is thought that microcap-
sules possessing high biocompatibility can be obtained by applying apatite. The porous bone-like 
apatite microcapsules can be fabricated by the following process [46, 47]:

Figure 9. (a) SEM micrograph and (b) EDX profile of the surface of the bioactive PEEK after the soaking in SBF for 1 day. 
The generation of cracks observed in Figure 9 (a) was caused when the specimen was air-dried after the SBF test.
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were applied same treatments without sulfuric acid treatment. The average value of adhesion 
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and porous bone-like apatite layer by existence of the micropores, similar to the case of the SUS.
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ceutical fields. DDS can contributes to chemotherapy that can achieve low side effects because it 
can achieve an efficient local or controlled release of pharmaceutical drugs. The microcapsules 
can be filled with pharmaceutical drugs. Hence, the DDS carriers consisted of microcapsules have 
a possibility to be applied in many kinds of pharmaceutical fields. Apatite has high bioaffinity 
because it forms bone-like apatite coatings consisted of needle-like fine crystallites on its surface 
in living body and can avoid immune reaction. From the above idea, it is thought that microcap-
sules possessing high biocompatibility can be obtained by applying apatite. The porous bone-like 
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• Apatite nuclei are attached to the surfaces of core particles.

• The microspheres are soaked in SBF.

By this treatment, apatite formation is induced by the apatite nuclei and grows over the whole 
surface area of the core particles. As a result, porous bone-like apatite coats the whole surface of 
the particles and apatite microcapsules can be obtained (Figure 10). By this method, it is expected 
to encapsulate various kinds of functional particles or pharmaceutical drugs with apatite.

The development of sustained-release of drug is expected to contribute to have effects of the 
drug without side effects and reduce the burdens of patients. Porous bone-like apatite formed 
in SBF has flake-like crystalline structure and porous body [46, 47]. Focusing on these features 
of porous bone-like apatite, the author has intended to fabricate porous bone-like apatite 
microcapsules encapsulating various kinds of substances such as PLLA [48], silver [48], silica 
gel [48, 49], magnetite [50], maghemite [51, 52], agarose gel [53, 54] and corn oil [55]. Among 
them, the author introduces the details of encapsulation of corn oil in the porous bone-like 
apatite microcapsules as representative cases in this chapter.

4.2. Porous bone-like apatite microcapsules encapsulating corn oil

By utilizing surfactant such as albumin, oil droplets in micrometer level can be stabilized in 
water phase or water droplets in micrometer level can be stabilized in oil phase. The micro-
encapsulation techniques by forming oil or water droplets can achieve an intravenous injec-
tion of the droplets containing pharmaceutical drug. As described in this section, the author 
fabricated porous bone-like apatite microcapsules encapsulating corn oil droplets containing 
ibuprofen, hydrophobic drug and nonsteroidal anti-inflammatory drug and evaluated the 
temporal change in release of the ibuprofen in vitro.

4.3. Preparation process of porous bone-like apatite microcapsules encapsulating  
corn oil

4.3.1. Fabrication of porous bone-like apatite microcapsules

Corn oil and ibuprofen were mixed. In order to dissolve ibuprofen in corn oil sufficiently, 
ethyl acetate was added in the mixture. After albumin aqueous solution was poured, the mix-
ture was treated by ultrasonic vibration, so emulsion was formed. The emulsion was mixed 

Figure 10. Fabrication process of apatite microcapsules by using apatite nuclei.
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with 1.5 SBF, whose ion concentrations are 1.5 times in comparison with those of SBF, and 
apatite nuclei, thereafter, the mixture was treated by ultrasonic vibration to attach apatite 
nuclei on the surface of the oil droplets. After ethyl acetate was evaporated and removed from 
the mixture, the solution was kept at 36.5°C for 4 days. Figure 11 shows SEM micrograph 
and EDX profile of thus-obtained microcapsules. Spherical particles consisted of needle-like 
crystals, which characterize bone-like apatite, were observed. In the EDX measurement, phos-
phorus and calcium, main consistent of apatite, were detected. It is suggested that the apatite 
nuclei attached on the oil droplets induced formation of bone-like apatite and then the crystal 
growth of apatite was caused on the surface of the oil droplets. Figure 12 shows the powder 
X-ray diffraction (XRD) profile of the obtained apatite microcapsules. It can be seen that the 
peak positions of the apatite microcapsules corresponded to those of apatite, but shape of the 
pattern was broad. From this result, it was indicated that bone-like apatite covered the corn 
oil droplets during soaking in SBF.

4.4. Function of porous bone-like apatite microcapsules: drug release behavior

The author evaluated the release behavior of ibuprofen contained in corn oil droplets. 
Figure 13 shows the temporal change in the concentration of ibuprofen released from 
porous bone-like apatite microcapsules in phosphate buffer (pH 7.40 at 36.5°C) measured by 
high-performance liquid chromatography (HPLC). It can be seen that the concentration of 

Figure 11. (a) SEM micrograph and (b) EDX profile of the porous bone-like apatite microcapsules encapsulating corn oil.

Figure 12. XRD profile of the porous bone-like apatite microcapsules encapsulating corn oil.
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with 1.5 SBF, whose ion concentrations are 1.5 times in comparison with those of SBF, and 
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ibuprofen in the buffer did not increase rapidly in a short time but increased gradually. This 
profile suggested that the porous structure of bone-like apatite microcapsules can gradually 
release ibuprofen contained in corn oil through the micropores of the apatite coatings.

4.5. Other types of porous bone-like apatite microcapsules

As described in Section 4.1, this fabrication method for porous bone-like apatite microcapsules 
was applicable to other kinds of core materials such as encapsulating various kinds of substance 
such as PLLA [48], silver [48], silica gel [48, 49], magnetite [50], maghemite [51, 52] and agarose 
gel [53, 54] by optimizing the fabrication condition. In the case of silver, sustained release of 
silver was attained by existence of porous coatings of bone-like apatite. In the case of silica gel, 
sustained release of insulin was attained by conducting absorption of insulin solution into the 
silica-gel matrix [56]. In the case of magnetite, release of magnetite was inhibited in water by 
existence of the porous apatite coatings. In the case of agarose gel, sustained release of vitamin 
B12 was attained by conducting insertion of vitamin B12 solution in the apatite microcapsules [53]. 
In the case of maghemite, in addition, the author successfully achieved enzyme immobilization 
and collection by combination of bioaffinity of apatite with ferrimagnetism of maghemite.

5. Conclusion

In this chapter, the author introduced novel biomaterials utilizing porous bone-like apatite 
formation from apatite nuclei from a viewpoint of bioactive metals, bioactive organic poly-
mers and apatite microcapsules. This methodology has high materials selectivity, and func-
tion of apatite nuclei enables us to impart bioactivity to various kinds of materials or to coat 
microparticles with porous bone-like apatite coating. It is expected that the porous bone-like 
apatite coating technique are promising methodology to be useful to fabricate novel medical, 
pharmaceutical and environmental materials by combination of bone-like apatite with vari-
ous kinds of functional materials in micron scale.

Figure 13. Release behavior of ibuprofen from bone-like apatite microcapsules.
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ibuprofen in the buffer did not increase rapidly in a short time but increased gradually. This 
profile suggested that the porous structure of bone-like apatite microcapsules can gradually 
release ibuprofen contained in corn oil through the micropores of the apatite coatings.

4.5. Other types of porous bone-like apatite microcapsules

As described in Section 4.1, this fabrication method for porous bone-like apatite microcapsules 
was applicable to other kinds of core materials such as encapsulating various kinds of substance 
such as PLLA [48], silver [48], silica gel [48, 49], magnetite [50], maghemite [51, 52] and agarose 
gel [53, 54] by optimizing the fabrication condition. In the case of silver, sustained release of 
silver was attained by existence of porous coatings of bone-like apatite. In the case of silica gel, 
sustained release of insulin was attained by conducting absorption of insulin solution into the 
silica-gel matrix [56]. In the case of magnetite, release of magnetite was inhibited in water by 
existence of the porous apatite coatings. In the case of agarose gel, sustained release of vitamin 
B12 was attained by conducting insertion of vitamin B12 solution in the apatite microcapsules [53]. 
In the case of maghemite, in addition, the author successfully achieved enzyme immobilization 
and collection by combination of bioaffinity of apatite with ferrimagnetism of maghemite.

5. Conclusion

In this chapter, the author introduced novel biomaterials utilizing porous bone-like apatite 
formation from apatite nuclei from a viewpoint of bioactive metals, bioactive organic poly-
mers and apatite microcapsules. This methodology has high materials selectivity, and func-
tion of apatite nuclei enables us to impart bioactivity to various kinds of materials or to coat 
microparticles with porous bone-like apatite coating. It is expected that the porous bone-like 
apatite coating technique are promising methodology to be useful to fabricate novel medical, 
pharmaceutical and environmental materials by combination of bone-like apatite with vari-
ous kinds of functional materials in micron scale.

Figure 13. Release behavior of ibuprofen from bone-like apatite microcapsules.
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Abstract

The ceramic foams have great importance in many industry fields. This chapter intro-
duces the processing of ceramic foams by direct foaming technology. The structure of the 
precursor foams which attributes the final properties of the ceramic foams is described. 
Two different methods for foaming the ceramic slurry, as well as the techniques for foam 
consolidation, are presented in detail.
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1. Introduction

Ceramic foams are tough foams made from ceramics, or ceramics with foam-like structure. 
It is a kind of porous ceramics with high porosity and sometimes called as cellular ceramics. 
Because of high amount of pores and surface, ceramic foams are especially suitable for filter-
ing molten metals or hot gases, thermal protection systems, and heat exchangers [1].

The basic structural unit of the ceramic foams is composed of solid struts or walls and the 
empty cells surrounded by them. If the ceramic phase surrounds entire cells so that each cell 
is isolated from its adjacent ones, it is called as closed cell structure. If all cells are connected to 
each other with ceramic phase only in cell edges, it is called as open structure. In fact, ceramic 
foams often appear in a semi-open structure between the two ideal structures. The basic cell 
unit is the essential difference between the ceramic foams and general porous ceramics, which 
is actually a solid with isolated pores. And high porosity is its important characteristic. Gibson 
and Ashby [2] deem that there is a transition from ceramic foams to general porous ceramics 
with the relative density at about 0.3.

The earliest and still most common method for creating ceramic foams is the polymeric sponge 
replication method [3], with the products sometimes called as reticulated porous ceramics. In this 
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method, a polymeric sponge with open pores is immersed into ceramic slurry, and after rolling 
to remove redundant slurry, the coated sponge is dried and pyrolyzed, leaving only the porous 
ceramic structure. Then, the resultant foam will be sintered for final densification to get required 
mechanical strength. This method is widely used because it is effective with most kinds of ceramic 
materials, such as silicon carbide, zirconia, silicon nitride, alumina, silica, mullite, and cordierite. 
However, large amount of gaseous by-product is released during pyrolysis, and consequently, 
leaving triangle hollows inside the ceramic struts. Cracking due to difference in thermal expan-
sion coefficient is easy to occur [4]. Hence, there would be defects in ceramic foams fabricated by 
such polymeric foam replication technique, which led to lower mechanical strength [5].

Another technique to fabricate ceramic foams is direct foaming method. Ceramic foams are 
produced by incorporating air into a suspension or liquid media, which is subsequently set in 
order to keep the structure of air bubbles created. Then, the consolidated foams are afterwards 
sintered at high temperature to obtain high-strength foams [4]. This method can result in full 
dense struts without defects by polymeric sponge replication method. Hence, the mechanical 
strengths of the products are generally higher than those of reticulated porous ceramics. The 
characteristic of foams by this technique is that most cells are closed or semi-closed, depend-
ing on the air bubbles incorporated [6, 7]. Figure 1(a) shows the typical morphology of the 
ceramic foams prepared by the direct foaming method [8], and Figure 1(b) is a cross-sectional 
photograph of the dense struts. This chapter describes the processing of ceramic foams by 
direct foaming method.

2. Liquid precursor foams

2.1. Structure of foams

A bulk foam is a substance formed by trapping gas air bubbles in liquid or solid. A bath 
sponge and the top of fresh beer are examples of foams. In most cases, the volume of gas is 

Figure 1. SEM photographs of ceramic foams consisted of (a) spherical cells and windows and (b) dense triangular struts.
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large, with thin films of liquid or solid separating the regions of gas. The equilibrium struc-
ture of foam is an elegant and well-defined arrangement of films, plateau borders, and junc-
tions. The bubbles which are pressed together to form the foam are separated by thin films. 
The films meet along a line or curve, forming a liquid-filled interstitial channel called a pla-
teau border. Where several plateau borders meet to form an interconnected network, they do 
so at a junction [9].

2.2. Liquid foams

Liquid foams are thermodynamically unstable systems due to their high gas-liquid interfacial 
area. Several physical processes take place in wet foams to decrease the system free energy, 
leading to foam destabilization. The main destabilization mechanisms are drainage (cream-
ing) and coarsening (Ostwald ripening). Drainage is the physical separation between the gas-
eous and liquid phases of the foam because of the effect of gravity. In draining foams, light 
gas bubbles move upwards, forming a denser foam layer on the top, while the heavier liquid 
phase is concentrated on the bottom, as illustrated in Figure 2 [4]. Coarsening is the gradual 
change of the foam structure due to gas diffusion through the films. This diffusion is driven 
by the pressure differences between bubbles. Small bubbles have high pressure, so they lose 
gas and disappear. Thus, the average bubble size increases with time.

Figure 2. Photograph of foam drainage and foam structure [4].
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Generally, real liquid foams are only stable if they contain surfactants. Good foams usually 
contain complex molecules that toughen the walls of the bubbles. Milk fat, for instance, serves 
this purpose in whipped cream. The way the bubbles stick together or slip past one another 
determines how the foam behaves.

2.3. Particle-stabilized wet foams

Solid particles with tailored surface chemistry have lately been shown to efficiently stabi-
lize gas bubbles upon adsorption at the air-water interface. The attachment of particles at 
gas-liquid interfaces occurs when particles are not completely wet in the liquid phase or, 
in other words, are partially lyophobic (hydrophobic if the liquid is water). The position of 
the particles at the interface is ultimately determined by a balance between the gas-liquid, 
gas-solid, and solid-liquid interfacial tensions, as shown in Figure 3 [10]. A simple way to 
describe the particle position at the interface is through the contact angle formed at equi-
librium through the liquid phase. Slightly lyophobic particles remain predominantly in 
the liquid phase and exhibit a contact angle <90°, leading to the formation of air in water 
mixture, that is, foams [4].

In this method, the amphiphiles added to the suspension let the particles partially hydropho-
bic by adsorbing with its polar anchoring group on the surface and leaving a short hydropho-
bic tail in contact with the aqueous phase. Studart et al. [4] summarized some amphiphilic 
compounds, such as valeric acid, propyl gallate, butyl gallate, and hexyl amine, for surface 
modification for different particles. After surface modification, air can be easily incorporated 
by mechanical whipping, injection of gas stream, or initiation of a chemical reaction that 
releases gaseous by-products directly into the initially fluid suspension.

However, the particle-stabilized wet foams are not strong enough to resist the stress during 
drying. Hence, they still need to be strengthened before water evaporation, either by coagu-
lating the particles within the foam films or by chemically gelling the foam liquid phase [11].

Figure 3. Diagrammatic sketch of the particle-stabilized foams [10].
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2.4. Foams of ceramic slurry

In order to manufacture ceramic foams, the liquid foams have to contain abundant ceramic 
particles in the liquid phase, which are going to be sintered as the main component of the cor-
responding ceramic foams. Figure 4 shows the diagram of the related structures for precursor 
foams and the resulting ceramic foams. The bubbles, which occupy the most volume of liquid 
foams, turn into cells of the ceramic foams. The films, which comprise liquid and ceramic 
particles, transform into the cell walls. Generally, the central part of the films is too thin to 
keep intact during sintering. Hence, there are commonly windows in the cell walls between 
two neighbor cells. This kind of common constitution is called as semi-open structure. If the 
films are extremely thin or the solid contents are too low, only plateau border is survived after 
sintering corresponds to the struts between three or more cells. That generates the strict open 
pore structure.

Generally, the solid content influences the rheology of ceramic suspension. High solid con-
tent contributes to high viscosity and shear thin behavior. And the solid content would also 
associate with the final structure of the ceramic foams. Consequently, it is a practical way to 
adjust the porosity and structure of ceramic foams by controlling the solid content of the origi-
nal suspension. Mao et al. [12] manufactured alumina foams with different morphology by 
changing the solid content using direct foaming and gelcasting method. Figure 5 shows the 
rheological flow curves of suspensions with different solid contents. All suspensions reveal 
pseudoplastic behavior, and the viscosity increases with solid content at the measured shear 
rate range. In the fabrication of ceramic foams, a slight pseudoplasticity could favor the gener-
ation of foams since lower viscosities are obtained under high speed whipping, and the foam 
stability would be improved because the viscosity recovery under static condition delays the 
collapse of fluid films around the bubbles.

The relative density of final alumina foams increases with the solid loading, while other pro-
cessing conditions are constant, as indicated in Figure 6. The reason is that high solid content 
results in high viscosity, corresponding to low foaming capacity and high relative density. It 

Figure 4. Structural diagram of (a) precursor foams and (b) the sintered ceramic foams.
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Figure 6. SEM micrographs of alumina foams with suspension solid content of (a) 76 wt%, (b) 72 wt%, (c) 68 wt%, and 
(d) 60 wt% [12].

Figure 5. Rheological flow curves of suspensions with different solid contents [12].
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can also be seen from Figure 6 that with the decrease of the relative density, both the mean 
cell size and the window size are increased.

In order to evaluate the influence of the size of ceramic particles, Mao et al. [13] introduced 
granule particles into the original powders to manufacture the alumina foams. The coarse 
powder was manufactured by grinding the presintered foams obtained by the fine powder, 
in order to keep similar sintering ability to fine powder. The flexural strength of the sintered 
foams with the coarse powder is 25% lower than that by original powder. And the permeabil-
ity of foams using the coarse powder is about 30% higher than that by original powder. The 
drop of flexural strength and the rise of permeability are related to high degree of open pores.

3. Foaming techniques

Foams and foaming phenomena are common and important in our daily lives. While putting 
some shaving cream or soap on our faces, and rub gradually, we will create a truly bizarre 
substance, which are most gas and little bit of liquid. When we whisk air into egg white or 
cream, bubbles form and linger because the proteins present in these viscous liquids stretch 
around bubbles and trap them. The foams spout out from the compressed bottle, when we 
style our hair with mousse.

All these techniques would be applied in the manufacture of ceramic foams. The foaming of 
ceramic slurries involves dispersing gas in the form of bubbles into ceramic suspension. There 
are two basic approaches for achieving this: (1) incorporating an external gas by mechanical 
frothing, or injection of a gas stream and (2) evolution of a gas in situ [14]. In order to stabilize 
the bubbles developed within the slurry, the surface tension of the gas-liquid interface need 
to be reduced by, in most cases, adding surfactant or by sometimes partially hydrophobic par-
ticles. In some cases, water-soluble polymers are added into the slurry to modify the viscosity, 
which will affect the foaming results and the stability.

3.1. Incorporation of an external gas phase

One of the ways foam is created is through dispersion, where a large amount of gas is mixed 
with a liquid. Mechanical stirring is the most common technique for gas dispersion. Electric 
beater or household whisk is convenient choice for foaming of ceramic slurries [15]. The 
whisking procedure involves incorporating with air-forming bubbles, and at the same time, 
the bubbles flow up and break because of drainage and coalescence. Hence, generally, surfac-
tant is necessary to reduce the surface tension to stabilize the bubbles. When the speed of bub-
ble generation and burst become equilibrium, the maximum volume of the foam is obtained.

Figure 7 shows the foam volume versus stirring time for alumina suspensions containing 
two different foaming agents, Triton X114 and Tween 80 [16]. The foam volume increases 
gradually up to a maximum after approximately 4 min of agitation. During this initial stirring 
period, gas is entrained into the suspensions and liquid is drawn around each bubble until a 
thin film is formed. Subsequently, the surfactant molecules of the foaming agent transfer from 
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interior of the suspension toward the newly created surface, decreasing the surface tension. 
Increasing the surfactant concentration accelerates this transfer and hence increases the foam-
ing capacity [17]. Sepulveda considers that the maximum foam volume is associated with a 
minimum thickness of film that can sustain a stable foam. When most surfactant molecules 
have attached themselves to the gas-liquid interface, the stabilization of new films is no longer 
possible and the volume increase becomes negligible.

3.2. In situ gas evolution

The foaming technology of this theme is the presence of a foaming agent that decomposes 
due to heat or a chemical reaction to generate a gas within a ceramic suspension. Kim [18, 19]  
used the mixture of the cross-linked polycarbosilane and polysiloxane as the preceramic 
polymers to manufacture the SiOC foams, which were pressed into disks and CIPed at 
340 MPa. The green compacts were placed in a pressure chamber to saturate with gaseous 
CO2 under a pressure of 5.5 MPa. Then, a thermal dynamic instability was introduced by 
rapidly dropping the pressure at a rate of 2.9 MPa/s. The foamed preceramic specimens 
were further cross-linked, then pyrolyzed, and sintered at 1200°C in nitrogen. Takahashi 
et al. [20] used the blend of methylsilicone resin and polyurethane precursor to prepare the 
SiOC foams. The foamed blend was prepared in two steps. The first step was the addition 
of methylsilicone resin dissolved in CH2Cl2 to the mixture of the polyols, the amine cata-
lysts, the surfactant, and the additional dichloromethane. The second step was the addition 
of polyisocyanate to the solution obtained in the first step. The expansion started during 
mechanical stirring by the evaporation of the solvent caused by the exothermal reactions 
occurring in the solution.

Figure 7. Foam volume generated with two different foaming agents [16].
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4. Foam consolidation

In direct foaming method, ceramic foams are prepared by introducing large amounts of air 
bubbles into the slurry. The foam is essentially a metastable system, with some bubbles shrink-
ing and others gathering. It is important to consolidate the foams in certain period, to keep 
the cellular structure during further heating procedure [21]. In order to prevent the foams 
from drainage or coarsening, it is necessary to accelerate the consolidation speed and obtain a 
higher strength. Suitable consolidation method would bring uniform and dense struts, which 
is a benefit for mechanical properties of the resulting ceramic foams.

4.1. Freezing

Freezing method is one of the practical methods to consolidate the foamed slurry [22]. Verma 
et al. [23] manufactured silica foams with 85 vol% porosity content from ceramic slurries 
containing ovalbumin as binder along with additives of sucrose and colloidal silica by com-
bination of direct foaming and freeze-casting routes. The foamed slurries were poured into 
vaseline-coated aluminum molds and cooled using liquid nitrogen for instant freezing of 
porous structure. The frozen samples were freeze-dried at a low temperature for 24 h. After 
drying, the dried foam was heated to 1150°C to remove the binder and sinter the pore walls. 
The advantage of the freezing method is that extra consolidation agent is unnecessary. 
However, during freezing procedure, the liquid solvent, for example, water, will transfer to 
solid crystals which entrapped between the agglomerated ceramic particles at the films. These 
crystals will leave micropores after the evaporation of solvent. Rapid freezing of the solvent 
leads to formation of fine ice crystals, while long-time freezing procedure would enlarge 
the size of the crystals. The corresponding large pores may not be removed during sintering 
and, hence, lead to lower mechanical strength. The freezing time has to be prolonged to cool 
down the temperature of inside parts for large-sized bulk foams since the foamed slurry is a 
thermal insulator, which indicates that the frozen crystals will grow during consolidation of 
large-scale products. Thus, the freezing technique might not be good for high-strength foam 
production.

4.2. Natural polymer denaturation

Some natural polymers from animal and plant sources have the properties of liquid-solid 
transition due to denaturation which has potential applications in the consolidation of 
foamed slurries. Protein and polysaccharide including starch, agar, and cellulose are often 
used to manufacture ceramic foams and porous ceramics [23–25]. Proteins are high molecular 
compounds, which are formally understood as condensation products of amino acids. The 
amphiphilic character of these molecules causes a decrease of surface tension, therefore good 
foaming properties. These foaming properties are influenced by the amino acid sequence or 
rather the number of polar and apolar side chains as well as molecule flexibility [26]. After 
foaming, the foamed slurries are consolidated by changing conditions, for example, adding 
acid or heating over 60°C, which would trigger the irreversible changes in the spatial struc-
ture of the protein molecule.
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Garrn et al. [26] used albumin, a major constituent of blood, as a model binder to an aque-
ous powder suspension to produce ceramic foams. Foaming was done in a planetary mill 
using PE-milling pots for 15 min. A fine cellular foam structure with approximate diameter of 
50–300 μm was formed. Thermal consolidation was done in a conventional household micro-
wave oven with a maximum microwave power of 900 W. After burn out and sintering, final 
densities in the range from 8 to 20% were achieved. Fish collagen and egg white [27, 28] are 
other specific examples of protein applied for ceramic foams. They were added into ceramic 
slurries which would be stirred to become foams. The foamed slurries were then heated at 
80°C or higher for consolidation, attributing to the gelation of protein.

Methylcellulose and polysaccharide, which have similar transformation as protein in case 
of heating, are also typical agents for consolidation of foamed ceramic slurries. Mao et al. 
[17] manufactured silica foams based on the generation of foams from composite slurries 
with cassava starch. These slurries combined with surfactant were vigorously whisked 
for about 5 min to make foam structure. The as-foamed slurries were then preheated in 
a microwave oven with a power of 400 W for 60 s, followed by setting in a 70°C oven for 
30 min to consolidate the foam structure. After sintering, the resulting silica foams with 
the relative density of 18–30% were obtained. Because the cassava starch is not soluble in 
water, the particles will residual pores inside cell walls and struts after debindering and 
sintering. Hence, the direct foaming and starch consolidation method can produce porous 
ceramics with hierarchical structures, as shown in Figure 8. Figure 8(a) shows clearly the 
spherical cells with the average size of about 50 μm, while Figure 8(b) reveals the pores 
averaging about 10 μm in the cell walls. Figure 8(c) further indicates small voids inside 
ceramic matrix. It can be inferred that the large-sized cells, moderate-sized pores, and 
small-sized voids were originated from bubbles, elimination of starch particles, and inter-
stices among the silica grains, respectively.

These natural polymers which can be operated in laboratory environment, for example, 
simply heated at 50–80°C, are excellent agents for ceramic foams. They are environmentally 
friendly and low cost and, hence, are widely used. However, the consolidation procedure 
needs heating of the foamed slurries, which would lead to the expansion of air bubbles. The 
metastable structure would change during the temperature change, which should remain 
some defects in final ceramic foams.

Figure 8. SEM micrographs of sintered ceramics with details of (a) large-sized cells, (b) moderate-sized pores in cell wall, 
and (c) small-sized voids among silica grains [17].
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4.3. Gelcasting

In recent years, the gelcasting method was developed to manufacture ceramic foams by 
solving the shortcomings of the mentioned natural polymer substances which need heating 
for denaturation. The water-soluble small molecule compounds are added into the slurries, 
which will form a gel through radical polymerization. The method was first proposed by 
Smith [29], which combines the foaming and gelcasting processes, resulting in wet foams with 
high strength for drying and further handling. Sepulveda and Binner have done a lot of work 
on the gelcasting of foams, which has been shown to be useful in a variety of ceramic systems 
such as zirconia, alumina, and hydroxyapatite [30]. The benefit compared with using poly-
mers is the ability to formulate slurries with a lower viscosity, because the size of the organic 
molecule is smaller, so that higher solid contents can be achieved with good packing densi-
ties and excellent green strengths [31]. Such a process yields cellular structures with porosity 
varying from 40% to >90%, with pores closed or open depending on pore fraction. Mechanical 
strength of sintered foams is higher than that obtained by other routes, because of the spheri-
cal pore shape associated with fully dense matrix [15].

Figure 9 shows the flow chart for production of ceramic foams by gelcasting of foams. 
Ceramic slurries with monomers and surfactants are vigorously whisked under inert gas 
atmosphere to form foams. Afterwards, catalyst and initiator are added to trigger the polym-
erization reaction, forming a strong three-dimensional gel net. The concentration of these 
reagents is designed to produce an induction period such that polymerization will be initiated 
immediately after casting. Within the time allowed by the induction period, the foams could 
be placed in a desiccator with the pressure reduced using a vacuum pump to produce foams 
with cell size larger than those obtained directly through foaming [16]. The excellent green 
body strength is the main advantage of the gelcasting of ceramic foams, which may maintain 
a porous structure with the porosity up to 90%, compared with other consolidation methods. 
The investigation to the sintered foams confirms that the solid matrix has very high density, 
which is much perfect than those by polymeric sponge replication method. Sepulveda pro-
duced alumina foams with the bending strength in the range of 2–26 MPa, while their relative 
density varied in 8–30% [30].

Figure 9. Flow chart for production of ceramic foams by gelcasting of foams.
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However, the usual monomers are acrylamide derivatives, and the polymerization is a free 
radical reaction which is inhibited by oxygen. For example, just 0.2% oxygen was sufficient to 
inhibit the reaction completely in foamed suspensions [30]. Thus, the foaming and polymer-
ization procedures have to be carried out in a N2-filled chamber to insulate oxygen.

Mao et al. [32] developed a novel gelcasting system based on epoxy resin and polyamine 
hardener, which could be operated in air atmosphere, because the polymerization between 
the epoxide group of the epoxy resin and active hydrogen of amine is a nucleophilic addi-
tion reaction which is not affected by oxygen in atmosphere. This gelcasting system was then 
applied to manufacture ceramic foams with some modification [12]. Aqueous suspensions 
with solids loading of 60–76 wt% were prepared by mixing alumina powder, dispersant, and 
5 wt% polyethyleneimine solution. Vigorous stirring about 5 min was applied after adding 
the surfactant to generate foams. For setting the fluid foams, 10 wt% sorbitol polyglycidyl 
ether based on the premix solution was added with further stirring about 30 s. The foamed 
suspensions were immediately poured into plastic molds and sealed at room temperature 
for gelation.

Yang et al. reported a novel single-component water-soluble copolymer of isobutylene and 
maleic anhydride, with a commercial name of Isobam, which could be used as both surfactant 
and gelling agent with the addition much lower than normal gelation systems [33]. Yang et al. 
developed this system for the consolidation of ceramic foams. A small addition of 0.3 wt% 
Isobam based on alumina powder is sufficient to consolidate liquid foams and maintain the 
wet foams for further treatments [34]. Small additive amount is benefit for further heat treat-
ment because the exhaust gaseous by-product can be dramatically reduced. It was confirmed 
that Isobam could be applied to manufacture variety of ceramic materials, such as mullite and 
Yb3Al5O12 [35].

4.4. Sol-gel

Sol-gel method has been widely used in the preparation of powder, film, and bulk materials. 
Since the processing of sol-gel is actually a liquid-solid transformation, it can be used to con-
solidate the liquid foams without any other additive. The advantage of this route is that no 
contamination is involved, which is suitable for producing high-purity ceramic foams. Silica 
foams and silica-contained ceramic foams have been manufactured [36–38]. Commercial SiO2 
sol or the hydrolyzate of the precursor tetraethoxysilane was modified by adding acid to 
the pH value in the range of 5–6. After adding surfactant, the sol is incorporated with air 
by mechanical stirring or in situ gas evolution. Then, the foamed sol will be gradually con-
solidated with the sol transfer to gel. The porosity and the pore size distribution may be 
controlled by changing the viscosity and foaming technology. The silica-based sol-gel system 
has been used in many ceramic foams, such as silica, boehmite, and zirconia [21]. Pereira 
et al. [37] manufactured bioactive glass and hybrid scaffolds for bone tissue engineering 
by sol-gel method. TEOS and calcium chloride were used as the silica and calcium precur-
sors, respectively. The starting sol was prepared by hydrolysis of TEOS in the presence of 
1 N hydrochloric acid solution with subsequent addition of calcium chloride. PVA solution, 
Teepol surfactant, and 5 vol% hydrofluoric acid solution were added to a 40-ml aliquot of the 
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sol, and the mixture was foamed by vigorous agitation. HF was added in order to catalyze the 
gelation. The foamed gels were cast, aged at 40°C for 72 h, and dried at 40°C for 120 h. Final 
glass and hybrid foams can be obtained with a high porosity varying from 60 to 95% and 
macropore diameters ranging from 10 to 600 μm.

5. Drying and sintering

The consolidated wet foams are a mixture of gas, liquid, and solid, which need to be dried 
and debindered before sintering to final ceramic foams. Since there are large amount of bub-
bles dispersed in the bodies, the green strength is much lower than that of normal ceramics. 
Hence, both drying and debindering procedures should be carried out carefully. However, 
the bubbles, especially the connected bubbles, would become channels for water, solvent, or 
pyrolyzate to escape. Generally, the drying and calcination speed should be slowed down to 
avoid possible crack.

The foamed green bodies need to be sintered to get sufficient strength for further applications. 
It is important to modify the sintering schedules to get dense and strong struts and cell walls, 
to increase the mechanical properties of the ceramic foams. The sintering for ceramic foams 
is not get equivalent research intension as for foaming and consolidation, since the sintering 
behavior is dominantly decided by the powders. Especially for the particles inside the struts 
and the cell walls, the coordination particles are same within normal ceramics. However, for 
those particle located on the surface of cell walls or in the tip of the strut edges, their coordina-
tion particles are less than in dense green bodies. Figure 10 shows the SEM microstructures 
of the fracture surface of the struts and the edge of the cell window. We can see clearly that 
grain size inside the struts is larger than that near the cell wall surface. And the gran size 
becomes much smaller when the location shifts to the tip of the triangle. The ceramic sintering 
theory seems not simply suitable to describe the ceramic foams. The difference for grain size 

Figure 10. Microstructure of alumina foams: (a) fracture surface of the struts and (b) edge of the cell window.
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is related to the particle coordination, where large coordination number corresponds to large 
grain size. The possible reason is that more coordination particles indicate abundant mass 
resource for grain growth.

6. Summary

Due to its current and potential great application, ceramic foams attracted distinct atten-
tions in past decades with new process routs constantly being developed and reported in 
the scientific literature and at conferences. As a kind of porous ceramic with special struc-
ture, the ceramic foams gradually play irreplaceable roles in many industry fields, such as 
diesel particulate filters, interpenetrating composites, high-temperature thermal insulators, 
and biomedical applications. It is very important and valuable to explore novel manufacture 
routes and continuously improve the performance of ceramic foams. Whereas the polymer 
replication process is advanced to be in commercial use for decades, now the slurry foaming 
techniques are developed rapidly, which yields ceramic foams with different morphologies, 
and hence different properties and potential applications. This provides much greater choice 
for the end user and far greater potential for the tailoring of structures to meet specific end-
sue requirement.
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Abstract

According to the American National Standards Institute (ANSI), a sensor is a device 
which provides a usable output in response to a specified measurement of a physi-
cal quantity converted into a signal suitable for processing (e.g., optical, electrical, or 
mechanical signals). On the other hand, porous ceramic materials play an important role 
as sensor materials, because by selecting a suitable base ceramic material for the intended 
use and then adjusting their overall porosity, pore size distribution, and pore shape, they 
can cover different applications such as liquid-gas filters, insulators, catalytic supports, 
mixed of gases separators and sensors, among others. In addition, they have controlled 
permeability, high melting point, high superficial area, high corrosion and wear resis-
tance, low expansion coefficient, tailored electronic properties, etc. Currently, a few niche 
areas demand sensors for compact electronic device design, e.g., leak inspections for oil 
and gas dispositive, flammable and/or toxic gas detection in waste storage areas and 
confined spaces, hydrocarbons and their associated gas detection at low temperatures 
and high humidity conditions, among others. In this chapter, the advances in porous 
ceramic production for hydrocarbons and associated gas detection will be presented and 
discussed.

Keywords: porous ceramic materials, sensors, hydrocarbons, mesoporosity, 
microporosity, macroporosity, nanomaterials, hydrocarbon leaks

1. Introduction

Sensors are key elements in the rapidly evolving fields of instrumentations, measurements, 
and automated systems. Different functions and materials have been investigated, and several 
devices have been put on the market or have become part of sophisticated instrumentations.  
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Among these materials, porous ceramics have played an important role because of their intrin-
sic physicochemical properties. They have also been widely used to satisfy diverse needs for 
sensing devices, and consistent results have been obtained in the field of atmospheric sen-
sors, i.e., temperature, humidity, and presence of hydrocarbon gases sensors. In addition, the 
management of risk in oil and gas industrial installations is a priority task, especially when 
exploration and exploitation activities of the petroleum and gas sector in remote places and 
fragile environments are increasing rapidly. In particular, due to the nature of the working 
fluids in the oil industry, the risks associated to plant operations are considered as a high-risk 
activity. The risk management activity begins at the study and understanding of the hazards 
involved in a particular industrial activity, in order to establish security zones and secure 
procedures to be followed.

On the other hand, the current tendency of porous ceramic materials used in hydrocar-
bon leaks detection is shown in Figure 1a. The technological advances in this field indicate 
that 31% of these materials are based on tin oxide (SnO2), followed by indium oxide (In2O3) 
with 23% and by zinc oxide (ZnO) that represents the 18%. These three metal oxides are 
the most common porous ceramic materials that have been using for sensing hydrocarbon 
and/or associated gases such as liquefied petroleum gas (LPG), methane, H2, NO2, ethanol, 
methanol, acetone, H2S, CO, toluene, among others. However, several researchers have been 
testing additional oxides such as chromium oxide (Cr2O3), cobaltic oxide (Co3O4) tungsten 
trioxide (WO3), and silicon dioxide (SiO2) as potential porous ceramics with sensing proper-
ties. In addition, diverse elements are adding to the ceramic porous materials in order to 
improve their sensing capabilities. Figure 1b shows that palladium (Pd) with 32% is the 
most used element for doping the porous ceramic sensors for hydrocarbon leaks detection, 
followed by platinum (Pt), and vanadium (V) with 16%. Other elements such as cerium 
(Ce), gold (Au), tungsten (W), etc., were also identified as important secondary compounds 
of these kinds of sensing materials. These statistic data were generated based on the state-
of-the-art developed for this specific book chapter and will be explained extensively in the 
following sections.

Figure 1. (a) Percentage distribution of the most used porous ceramic materials for sensing hydrocarbons and (b) 
percentage of elements most used for doping the porous ceramic sensor materials.
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Therefore, the present chapter focuses on a complete review on the application of porous 
ceramic materials, as an important part of the new materials’ generation, to detect leakages of 
hydrocarbons and their associated gases.

2. Porous ceramic materials: synthesis methods and characterization

A porous material is identified by the presence of channels, holes, or interstices. Ceramic 
materials with either ordered or disordered porosity in different size ranges have attracted the 
attention as sensing materials in the fields of hydrocarbon leaks detection and other important 
gases such as CO, CO2, H2, NH3, NOx, SOx, and H2S. Typical classification of porous materi-
als is given by IUPAC depending on the pore size as follows: micropores (less than 2 nm), 
mesopores (2–50 nm), and macropores (more than 50 nm). The application and performance 
of porous materials in such fields lies in their physical, morphological, and textural proper-
ties. For example, high-specific surface area is of great importance, especially to interact with 
gases. Pore properties, such as pore size, porosity, and pore shape, also strongly influence 
on the desired performance of the material. Through different synthesis methods, the forma-
tion of porous ceramic materials is possible. Typical methods that are widely practiced are 
sol-gel synthesis, wet synthesis, impregnation, co-precipitation, and hydrothermal synthesis. 
Hydrothermal synthesis is the most common method to obtain a variety of nanostructured 
materials with different shapes, such as spheres, roads, wires, sheets, tubes, and so on. Others 
are sponge method, foam method, leaching, sintering of particles, emulsion templating, gel 
casting, and injection molding. More sophisticated methods have been developed to produce 
complex ceramic materials, for example, solution-combustion method. Many kinds of mate-
rials have received attention regarding gas sensors field. In the following text, a description 
of some relevant porous materials, their synthesis methods, and main characterization that 
determine their potential application in hydrocarbon and gas sensors is presented.

Zeolites are versatile materials that have found industrial applications in several fields such 
as water purification, catalysis, adsorption, and more recently in sensors for different hydro-
carbons and gases [1–3]. Synthetic zeolites by hydrothermal method are obtained from Si and 
Al sources dissolved in water into an autoclave. Here, the growth of crystals is developed 
under high pressure and temperature in a closed system by controlling reaction temperature 
and time, precursors, and chemical composition of reaction mixture [4]. Novel strategy to 
synthesize nanozeolite LTA (Linde Type A) in its sodium form by hydrothermal method was 
reported by Anbia et al. [5]. In this report, pore size of 6–7 nm and BET surface areas around 
500 m2/g were calculated by N2 adsorption-desorption analysis. Novel approach of in-situ 
hydrothermal synthesis was applied to glass fibers coated with zeolite for chemical sensors 
toward ethane and propane [6]. SEM images showed homogeneous layer of zeolite crystals 
and XRD patterns confirmed the zeolite type structure.

ZnO has been successfully loaded into mesoporous ZSM-5 zeolites by simple wet impregna-
tion method, which consists on the immersion of sample in solution of the corresponding metal 
oxide at determined concentration, temperature, and stirring [7]. In this way, sensors based on 
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Among these materials, porous ceramics have played an important role because of their intrin-
sic physicochemical properties. They have also been widely used to satisfy diverse needs for 
sensing devices, and consistent results have been obtained in the field of atmospheric sen-
sors, i.e., temperature, humidity, and presence of hydrocarbon gases sensors. In addition, the 
management of risk in oil and gas industrial installations is a priority task, especially when 
exploration and exploitation activities of the petroleum and gas sector in remote places and 
fragile environments are increasing rapidly. In particular, due to the nature of the working 
fluids in the oil industry, the risks associated to plant operations are considered as a high-risk 
activity. The risk management activity begins at the study and understanding of the hazards 
involved in a particular industrial activity, in order to establish security zones and secure 
procedures to be followed.

On the other hand, the current tendency of porous ceramic materials used in hydrocar-
bon leaks detection is shown in Figure 1a. The technological advances in this field indicate 
that 31% of these materials are based on tin oxide (SnO2), followed by indium oxide (In2O3) 
with 23% and by zinc oxide (ZnO) that represents the 18%. These three metal oxides are 
the most common porous ceramic materials that have been using for sensing hydrocarbon 
and/or associated gases such as liquefied petroleum gas (LPG), methane, H2, NO2, ethanol, 
methanol, acetone, H2S, CO, toluene, among others. However, several researchers have been 
testing additional oxides such as chromium oxide (Cr2O3), cobaltic oxide (Co3O4) tungsten 
trioxide (WO3), and silicon dioxide (SiO2) as potential porous ceramics with sensing proper-
ties. In addition, diverse elements are adding to the ceramic porous materials in order to 
improve their sensing capabilities. Figure 1b shows that palladium (Pd) with 32% is the 
most used element for doping the porous ceramic sensors for hydrocarbon leaks detection, 
followed by platinum (Pt), and vanadium (V) with 16%. Other elements such as cerium 
(Ce), gold (Au), tungsten (W), etc., were also identified as important secondary compounds 
of these kinds of sensing materials. These statistic data were generated based on the state-
of-the-art developed for this specific book chapter and will be explained extensively in the 
following sections.

Figure 1. (a) Percentage distribution of the most used porous ceramic materials for sensing hydrocarbons and (b) 
percentage of elements most used for doping the porous ceramic sensor materials.
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Therefore, the present chapter focuses on a complete review on the application of porous 
ceramic materials, as an important part of the new materials’ generation, to detect leakages of 
hydrocarbons and their associated gases.

2. Porous ceramic materials: synthesis methods and characterization

A porous material is identified by the presence of channels, holes, or interstices. Ceramic 
materials with either ordered or disordered porosity in different size ranges have attracted the 
attention as sensing materials in the fields of hydrocarbon leaks detection and other important 
gases such as CO, CO2, H2, NH3, NOx, SOx, and H2S. Typical classification of porous materi-
als is given by IUPAC depending on the pore size as follows: micropores (less than 2 nm), 
mesopores (2–50 nm), and macropores (more than 50 nm). The application and performance 
of porous materials in such fields lies in their physical, morphological, and textural proper-
ties. For example, high-specific surface area is of great importance, especially to interact with 
gases. Pore properties, such as pore size, porosity, and pore shape, also strongly influence 
on the desired performance of the material. Through different synthesis methods, the forma-
tion of porous ceramic materials is possible. Typical methods that are widely practiced are 
sol-gel synthesis, wet synthesis, impregnation, co-precipitation, and hydrothermal synthesis. 
Hydrothermal synthesis is the most common method to obtain a variety of nanostructured 
materials with different shapes, such as spheres, roads, wires, sheets, tubes, and so on. Others 
are sponge method, foam method, leaching, sintering of particles, emulsion templating, gel 
casting, and injection molding. More sophisticated methods have been developed to produce 
complex ceramic materials, for example, solution-combustion method. Many kinds of mate-
rials have received attention regarding gas sensors field. In the following text, a description 
of some relevant porous materials, their synthesis methods, and main characterization that 
determine their potential application in hydrocarbon and gas sensors is presented.

Zeolites are versatile materials that have found industrial applications in several fields such 
as water purification, catalysis, adsorption, and more recently in sensors for different hydro-
carbons and gases [1–3]. Synthetic zeolites by hydrothermal method are obtained from Si and 
Al sources dissolved in water into an autoclave. Here, the growth of crystals is developed 
under high pressure and temperature in a closed system by controlling reaction temperature 
and time, precursors, and chemical composition of reaction mixture [4]. Novel strategy to 
synthesize nanozeolite LTA (Linde Type A) in its sodium form by hydrothermal method was 
reported by Anbia et al. [5]. In this report, pore size of 6–7 nm and BET surface areas around 
500 m2/g were calculated by N2 adsorption-desorption analysis. Novel approach of in-situ 
hydrothermal synthesis was applied to glass fibers coated with zeolite for chemical sensors 
toward ethane and propane [6]. SEM images showed homogeneous layer of zeolite crystals 
and XRD patterns confirmed the zeolite type structure.

ZnO has been successfully loaded into mesoporous ZSM-5 zeolites by simple wet impregna-
tion method, which consists on the immersion of sample in solution of the corresponding metal 
oxide at determined concentration, temperature, and stirring [7]. In this way, sensors based on 
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ZnO particles have been fabricated toward CO, H2, and H2S, showing high preference to etha-
nol detection [8]. Additionally, zeolite has been used as layer support and overlay onto metal 
oxides as filters for modified gas sensors. In this regard, the sorption and catalytic properties 
of zeolites can improve the response of sensor and make it sensitive or insensitive to specific 
species. Layers of different porous zeolites such as silicalite, zeolite A, ZSM-5, LTA onto metal 
oxides (SnO2, WO3, and Cr2O3) have been assessed [9–12]. Seeding process and screen print-
ing deposition seem to be common methodologies for fabrication of zeolite films onto metal 
oxides. The results of this investigation indicated an excellent discriminatory behavior when 
zeolite overlays were used, making the sensor more selective to specific gases even humidity 
or mixture-gas environments were tested. Nevertheless, in all cases, the sensor sensitivity was 
very dependent on the zeolite structure.

The combination of zeolite and conductive polymers has resulted in gas sensors lighter and 
less expensive with favorable operation on extreme conditions in comparison with metal 
sensors. Polythiophene (PT), polypyrrole (PPr), polyphenylene (PP), polyphenylenevinyl-
ene (PPV), and mainly polyaniline (PANI) have been taken into account for these purposes 
[13]. PANI/clinoptilolite and PT/zeolite 13X composites for CO sensors have been included by 
chemical oxidative polymerization of the respective monomer solution in presence of zeolite 
dispersion to promote the polymer penetration into zeolite pores [14]. The electrical conduc-
tivity sensitivity to CO increased significantly when zeolite content increased too, suggesting 
the higher amount of zeolite pores and surface area, the better interaction with gas molecules.

Since the discovery in 1990, mesoporous silica has had wide and varied field of application 
in catalysis, sorption, drug delivery, oil and gas industry, sensor fabrication, and so forth. 
Ordered mesoporous silica molecular sieves are produced widely by sol-gel method and also 
under hydrothermal conditions using a surfactant (cationic, anionic, or non-ionic) as template 
and either tetraethyl orthosilicate (TEOS) or sodium silicate as silica source [15, 16]. The first 
stage of sol-gel process involves the formation of colloidal suspension (sol) and then the gela-
tion of the sol to form a network. Particularly, the synthesis of silica comprising the hydrolysis 
and condensation of silica source at specific pH conditions (acidic or basic pH) as catalyst of the 
reaction to form silica particles that precipitate after a nucleation and growth process [17]. The 
regulation of reaction conditions has been decisive in order to obtain well-ordered pore struc-
ture with defined morphology. During synthesis processes, time and temperature aging, pH 
of solution, type of surfactant, and co-surfactant have been evaluated to investigate the effect 
of reaction conditions on the structural and textural properties of silica particles [18]. Micelles 

Figure 2. Proposed mechanism for synthesis of spherical SBA-15.
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formed by Pluronic 123 and cetyltrimethylammonium bromide (CTAB) as template and 
 co-template, respectively, induced the co-assembling of hydrolyzed silicate species from TEOS 
to synthesize spherical SBA-15 mesoporous silica with potential application in gas adsorption 
processes (Figure 2) [19]. Silica particles were not obtained when Pluronic 123/CTAB molar 
ratio was less than 0.31. After synthesis, samples were calcined for surfactant and co-surfactant 
elimination. Samples calcined at 540°C showed narrow pore size distribution with an average 
pore size of 3 nm and BET surface area of 667 m2/g. The analysis of thermally treated samples 
at 850°C indicated the structural order and spherical morphology were maintained.

Mesoporous MCM-41 silica was synthesized by hydrothermal method at several pH values 
[20]. Well-ordered hexagonal mesoporous structure was validated by TEM (transmission elec-
tron microscopy) images and XRD patterns which showed the characteristic reflection peaks 
indexed to the planes [100, 110, 200] of this type of silica. Yang et al. [21] synthesized hierarchi-
cal porous wheat-like silica particles by sol-gel method and co-hydrothermal aging. Bimodal 
mesoporous structure (average pore size of 2–10 nm) determined by N2 adsorption-desorp-
tion measurements was achieved through controlling the templates ratio and pH solution. 
Microwave-assisted hydrothermal methodology has allowed the preparation of mesoporous 
silica particles in shorter reaction time with similar structural and textural properties to those 
obtained by conventional hydrothermal route [22].

On the other hand, sol-gel method has been also applied for silica synthesis with no hydrothermal 
conditions. Spherical mesoporous MCM-48 silica have been successfully obtained at room tem-
perature conditions from TEOS [23]. High structural ordering of mesoporous evidenced by XRD 
patterns and TEM images was achieved by varying the reaction time, surfactant/TEOS, and water/
ethanol ratios. Uniform spherical MCM-48 silica particles with high surface area (900–1800 m2/g) 
and average pore diameter of 2 nm were obtained by modulating reaction conditions and initial 
gel composition [24]. SEM and HR-TEM images of in-situ amino-functionalized MCM-48 meso-
porous silica are shown in Figure 3. Spherical particles with well-ordered pore structure were 
achieved at 7 h of reaction time with particle size between 200 and 500 nm [25].

Figure 3. SEM (a) and HR-TEM (b) images of in-situ amino-functionalized mesoporous MCM-48 silica synthesized by 
sol-gel at room temperature.
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ing deposition seem to be common methodologies for fabrication of zeolite films onto metal 
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zeolite overlays were used, making the sensor more selective to specific gases even humidity 
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the higher amount of zeolite pores and surface area, the better interaction with gas molecules.

Since the discovery in 1990, mesoporous silica has had wide and varied field of application 
in catalysis, sorption, drug delivery, oil and gas industry, sensor fabrication, and so forth. 
Ordered mesoporous silica molecular sieves are produced widely by sol-gel method and also 
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and either tetraethyl orthosilicate (TEOS) or sodium silicate as silica source [15, 16]. The first 
stage of sol-gel process involves the formation of colloidal suspension (sol) and then the gela-
tion of the sol to form a network. Particularly, the synthesis of silica comprising the hydrolysis 
and condensation of silica source at specific pH conditions (acidic or basic pH) as catalyst of the 
reaction to form silica particles that precipitate after a nucleation and growth process [17]. The 
regulation of reaction conditions has been decisive in order to obtain well-ordered pore struc-
ture with defined morphology. During synthesis processes, time and temperature aging, pH 
of solution, type of surfactant, and co-surfactant have been evaluated to investigate the effect 
of reaction conditions on the structural and textural properties of silica particles [18]. Micelles 
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formed by Pluronic 123 and cetyltrimethylammonium bromide (CTAB) as template and 
 co-template, respectively, induced the co-assembling of hydrolyzed silicate species from TEOS 
to synthesize spherical SBA-15 mesoporous silica with potential application in gas adsorption 
processes (Figure 2) [19]. Silica particles were not obtained when Pluronic 123/CTAB molar 
ratio was less than 0.31. After synthesis, samples were calcined for surfactant and co-surfactant 
elimination. Samples calcined at 540°C showed narrow pore size distribution with an average 
pore size of 3 nm and BET surface area of 667 m2/g. The analysis of thermally treated samples 
at 850°C indicated the structural order and spherical morphology were maintained.

Mesoporous MCM-41 silica was synthesized by hydrothermal method at several pH values 
[20]. Well-ordered hexagonal mesoporous structure was validated by TEM (transmission elec-
tron microscopy) images and XRD patterns which showed the characteristic reflection peaks 
indexed to the planes [100, 110, 200] of this type of silica. Yang et al. [21] synthesized hierarchi-
cal porous wheat-like silica particles by sol-gel method and co-hydrothermal aging. Bimodal 
mesoporous structure (average pore size of 2–10 nm) determined by N2 adsorption-desorp-
tion measurements was achieved through controlling the templates ratio and pH solution. 
Microwave-assisted hydrothermal methodology has allowed the preparation of mesoporous 
silica particles in shorter reaction time with similar structural and textural properties to those 
obtained by conventional hydrothermal route [22].

On the other hand, sol-gel method has been also applied for silica synthesis with no hydrothermal 
conditions. Spherical mesoporous MCM-48 silica have been successfully obtained at room tem-
perature conditions from TEOS [23]. High structural ordering of mesoporous evidenced by XRD 
patterns and TEM images was achieved by varying the reaction time, surfactant/TEOS, and water/
ethanol ratios. Uniform spherical MCM-48 silica particles with high surface area (900–1800 m2/g) 
and average pore diameter of 2 nm were obtained by modulating reaction conditions and initial 
gel composition [24]. SEM and HR-TEM images of in-situ amino-functionalized MCM-48 meso-
porous silica are shown in Figure 3. Spherical particles with well-ordered pore structure were 
achieved at 7 h of reaction time with particle size between 200 and 500 nm [25].

Figure 3. SEM (a) and HR-TEM (b) images of in-situ amino-functionalized mesoporous MCM-48 silica synthesized by 
sol-gel at room temperature.
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Due of the high-specific surface area and low density, silica aerogels prepared by sol-gel 
method have received attention for gas sensing purposes [26]. Nanofibers embedded in hydro-
phobic silica aerogel synthesized from a sol comprising tetramethyl orthosilicate, methanol, 
and water in basic medium were investigated by Xiao et al. for acetylene detection [27]. SEM 
images showed the nanofibers 200 mm long and 0.8 μm diameter well-embedded in the aero-
gel. The porosity of aerogel allowed the fiber performance as evanescent-field gas sensor. 
Silica can be used as template or coating for other components such as metal oxides. ZnO 
nanoparticles coated with mesoporous silica through a simple sol-gel method were reported 
by El-Nahhal et al. [28]. The change on the displacement of XRD peaks and the elemental 
analysis by EDX (energy-dispersive X-ray spectroscopy) confirmed the presence of silica. 
Additional evidence through TEM images was provided, where a worm-like silica structure 
coated the dark ZnO nanoparticles. Li et al. [29] reported the use of SBA-15 (Santa Barbara 
Amorphous-15) silica as template for mesoporous NiO nanowires to be assessed as sensor 
toward ethanol. In this work, SBA-15 silica was prepared by hydrothermal method, after that, 
NiO nanowires was synthesized by nanocasting method which consisted on the dissolution 
and dispersion of the NiO precursor (Ni(NO3)2) and the silica particles under stirring and 
heating. After, the resulting powder was calcined and SBA-15 silica was removed with NaOH 
aqueous solution. Mesoporous NiO nanowires with high surface area (111 m2/g) and average 
pore size of 3.6 nm were achieved. These characteristics make them more sensitive to ethanol 
gas in the range of 50–3000 ppm.

Porous alumina (Al2O3) is other kind of material that has had an important role as ceramic 
support of metal oxides for gas sensors due to its insulating properties and inert chemical 
behavior [30]. A conventional method used to prepare it is by means of solid-phase transfor-
mation through thermal decomposition of aluminum hydroxides. Alumina precursors can 
be synthesized by sol-gel process where an aluminum salt, such as AlCl3, AlNO3, Al2(SO4)3, 
is hydrolyzed to form the corresponding aluminum hydroxide which precipitates [31]. The 
thermal treatment at different temperatures leads several transition alumina and α-alumina 
with highly porous vermicular microstructure as can be appreciated in Figure 4.

On the other hand, γ-alumina loaded at 20 wt% with various metal oxides (CeO2, CuO, Fe2O3, 
Mn2O3, NiO, and RuO2) were prepared by Hyodo et al. [32] for VOC sensing. The mesoporous 
γ-alumina was synthesized by microwave-assisted solvothermal method from hydrolysis of 

Figure 4. SEM images of α-alumina synthesized by sol-gel method from different aluminum salts. (a) Precursor of 
AlNO3; (b) precursor of AlCl3; (c) precursor of Al2(SO4)3.
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aluminum butoxide in propanol/water solution under heating to form a white precipitate. The 
precipitate was impregnated with the solution of the corresponding metal oxide precursor and 
the mixture was treated by firing at 700°C to obtain the loaded γ-alumina powder. The metal 
oxide-alumina powders showed high specific surface areas (around 200 m2/g) and were able to 
detect ethanol, and other VOC such as acetone, ethyl acetate, benzene, toluene, and o-xylene. 
Porous alumina synthesized via anodic oxidation of aluminum, denoted as porous anodic 
 alumina, has been object of numerous studies as template on which metal oxides are depos-
ited for the development of gas sensor systems. The anodizing process consists of exposure 
the aluminum specimens to certain voltage conditions in an electrolyte solution. Anodization 
conditions, such as type of electrolyte, anodizing potential, temperature, and duration of pro-
cess, determine the morphology and microstructure of porous film. Sharma and Islam [33] 
found that the increasing voltage caused an increase of pore size due to greater dissolution 
of the oxide layer. Likewise, the porous structure of alumina provided the nucleation sites for 
uniform growth of Pd-capped Mg when was deposited on it, and a finer film was obtained as 
was appreciated in XRD patterns and SEM images. Norek et al. [34] argued that the pores of 
alumina provided enough space for free expansion of metallic film, avoiding the accumulation 
of stress and resulting in a greater H2 absorption capacity. In the same way, active layers of 
WO3 and NbO2 were deposited onto anodic porous alumina by sputter-deposition [35]. The 
critical combination of the high quality and reproducible porous structure of alumina film 
significantly influenced the sensor response to H2 in a range of 5–1000 ppm and operating 
temperatures of 20–350°C.

3. Porous ceramic materials for sensors. Operational principles for 
gases detection

The complex operational mechanism of porous ceramic sensors for hydrocarbon gases is 
affected by factors, such as chemical composition, humidity, temperature, morphology, and 
so on. This mechanism is determined by chemical and electronic interactions between the 
porous ceramic and the specific gas resulting in a resistance change. The main operational 
principles of sensing devices are shown in Table 1 [36].

There are three principal reasons for monitoring hydrocarbon gases: (1) combustible/flam-
mable gas, (2) toxic/irritant gases and (3) oxygen levels control. As is well known, any hydro-
carbon leaks is a potential explosive hazard, where to avoid an explosion, atmospheric levels 
must be maintained below the lower explosive limit (LEL) for each gas, or purged of oxy-
gen. In addition, for a flame to exist, three conditions must be met: (1) a source of fuel (any 
hydrocarbon source, e.g., methane or gasoline vapors), (2) enough oxygen (greater than 
10–15%) to oxidize or burn the fuel, and (3) a source of heat (ignition) to start the process [36]. 
Moreover, combustion can occur at both extreme low-end and high-end gas concentrations. 
These extremes are called the lower explosive limit (LEL) also known as lower flammability 
limit (LFL), and the upper explosive limit (UEL) or upper flammability limit (UFL). Any gas 
or vapor concentration that falls between these two limits is in the flammable (explosive) 
range [36]. Therefore, the control and knowledge about the sensors’ operational conditions 
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Due of the high-specific surface area and low density, silica aerogels prepared by sol-gel 
method have received attention for gas sensing purposes [26]. Nanofibers embedded in hydro-
phobic silica aerogel synthesized from a sol comprising tetramethyl orthosilicate, methanol, 
and water in basic medium were investigated by Xiao et al. for acetylene detection [27]. SEM 
images showed the nanofibers 200 mm long and 0.8 μm diameter well-embedded in the aero-
gel. The porosity of aerogel allowed the fiber performance as evanescent-field gas sensor. 
Silica can be used as template or coating for other components such as metal oxides. ZnO 
nanoparticles coated with mesoporous silica through a simple sol-gel method were reported 
by El-Nahhal et al. [28]. The change on the displacement of XRD peaks and the elemental 
analysis by EDX (energy-dispersive X-ray spectroscopy) confirmed the presence of silica. 
Additional evidence through TEM images was provided, where a worm-like silica structure 
coated the dark ZnO nanoparticles. Li et al. [29] reported the use of SBA-15 (Santa Barbara 
Amorphous-15) silica as template for mesoporous NiO nanowires to be assessed as sensor 
toward ethanol. In this work, SBA-15 silica was prepared by hydrothermal method, after that, 
NiO nanowires was synthesized by nanocasting method which consisted on the dissolution 
and dispersion of the NiO precursor (Ni(NO3)2) and the silica particles under stirring and 
heating. After, the resulting powder was calcined and SBA-15 silica was removed with NaOH 
aqueous solution. Mesoporous NiO nanowires with high surface area (111 m2/g) and average 
pore size of 3.6 nm were achieved. These characteristics make them more sensitive to ethanol 
gas in the range of 50–3000 ppm.

Porous alumina (Al2O3) is other kind of material that has had an important role as ceramic 
support of metal oxides for gas sensors due to its insulating properties and inert chemical 
behavior [30]. A conventional method used to prepare it is by means of solid-phase transfor-
mation through thermal decomposition of aluminum hydroxides. Alumina precursors can 
be synthesized by sol-gel process where an aluminum salt, such as AlCl3, AlNO3, Al2(SO4)3, 
is hydrolyzed to form the corresponding aluminum hydroxide which precipitates [31]. The 
thermal treatment at different temperatures leads several transition alumina and α-alumina 
with highly porous vermicular microstructure as can be appreciated in Figure 4.

On the other hand, γ-alumina loaded at 20 wt% with various metal oxides (CeO2, CuO, Fe2O3, 
Mn2O3, NiO, and RuO2) were prepared by Hyodo et al. [32] for VOC sensing. The mesoporous 
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Figure 4. SEM images of α-alumina synthesized by sol-gel method from different aluminum salts. (a) Precursor of 
AlNO3; (b) precursor of AlCl3; (c) precursor of Al2(SO4)3.
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aluminum butoxide in propanol/water solution under heating to form a white precipitate. The 
precipitate was impregnated with the solution of the corresponding metal oxide precursor and 
the mixture was treated by firing at 700°C to obtain the loaded γ-alumina powder. The metal 
oxide-alumina powders showed high specific surface areas (around 200 m2/g) and were able to 
detect ethanol, and other VOC such as acetone, ethyl acetate, benzene, toluene, and o-xylene. 
Porous alumina synthesized via anodic oxidation of aluminum, denoted as porous anodic 
 alumina, has been object of numerous studies as template on which metal oxides are depos-
ited for the development of gas sensor systems. The anodizing process consists of exposure 
the aluminum specimens to certain voltage conditions in an electrolyte solution. Anodization 
conditions, such as type of electrolyte, anodizing potential, temperature, and duration of pro-
cess, determine the morphology and microstructure of porous film. Sharma and Islam [33] 
found that the increasing voltage caused an increase of pore size due to greater dissolution 
of the oxide layer. Likewise, the porous structure of alumina provided the nucleation sites for 
uniform growth of Pd-capped Mg when was deposited on it, and a finer film was obtained as 
was appreciated in XRD patterns and SEM images. Norek et al. [34] argued that the pores of 
alumina provided enough space for free expansion of metallic film, avoiding the accumulation 
of stress and resulting in a greater H2 absorption capacity. In the same way, active layers of 
WO3 and NbO2 were deposited onto anodic porous alumina by sputter-deposition [35]. The 
critical combination of the high quality and reproducible porous structure of alumina film 
significantly influenced the sensor response to H2 in a range of 5–1000 ppm and operating 
temperatures of 20–350°C.

3. Porous ceramic materials for sensors. Operational principles for 
gases detection

The complex operational mechanism of porous ceramic sensors for hydrocarbon gases is 
affected by factors, such as chemical composition, humidity, temperature, morphology, and 
so on. This mechanism is determined by chemical and electronic interactions between the 
porous ceramic and the specific gas resulting in a resistance change. The main operational 
principles of sensing devices are shown in Table 1 [36].

There are three principal reasons for monitoring hydrocarbon gases: (1) combustible/flam-
mable gas, (2) toxic/irritant gases and (3) oxygen levels control. As is well known, any hydro-
carbon leaks is a potential explosive hazard, where to avoid an explosion, atmospheric levels 
must be maintained below the lower explosive limit (LEL) for each gas, or purged of oxy-
gen. In addition, for a flame to exist, three conditions must be met: (1) a source of fuel (any 
hydrocarbon source, e.g., methane or gasoline vapors), (2) enough oxygen (greater than 
10–15%) to oxidize or burn the fuel, and (3) a source of heat (ignition) to start the process [36]. 
Moreover, combustion can occur at both extreme low-end and high-end gas concentrations. 
These extremes are called the lower explosive limit (LEL) also known as lower flammability 
limit (LFL), and the upper explosive limit (UEL) or upper flammability limit (UFL). Any gas 
or vapor concentration that falls between these two limits is in the flammable (explosive) 
range [36]. Therefore, the control and knowledge about the sensors’ operational conditions 
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Gas detection technology Operational description Gas type detected

Catalytic bead A wire coil is coated with a catalyst-coated glass or ceramic 
material, and is electrically heated to a temperature that allows 
it to burn (catalyze) the gas being monitored, releasing heat, and 
increasing the temperature of the wire. As the temperature of the 
wire increases, so does its electrical resistance. This resistance 
is measured by a Wheatstone Bridge circuit and the resulting 
measurement is converted to an electrical signal used by gas 
detectors. A second sensor, the compensator, is used to compensate 
for temperature, pressure and humidity

Combustible gas

Metal oxide semiconductor 
(also known as “solid 
state”)

A semiconducting material (metal oxide) is applied to a non-
conducting substrate between two electrodes. The substrate is 
heated to a temperature at which the presence of the gas can cause 
a reversible change in the conductivity of the semi-conducting 
material. When no gas is present, oxygen is ionized onto the surface 
and the sensor becomes semi-conductive; when molecules of the 
gas of interest are present, they replace the oxygen ions, decreasing 
the resistance between the electrodes. This change is measured 
electrically and is proportional to the concentration of the gas being 
measured

Combustible gas; 
toxic gas

Point infrared (IR) short 
path

Uses an electrically modulated source of IR energy and two 
detectors that convert the IR energy into electrical signals. Each 
detector is sensitive to a different range of wavelengths in the IR 
portion of the spectrum. The source emission is directed through a 
window in the main enclosure into an open volume. A mirror may 
be used at the end of this volume to direct the energy back through 
the window and onto the detectors. The presence of a combustible 
gas will reduce the intensity of the source emission reaching the 
analytical detector, but not the intensity of emission reaching the 
reference detector. The microprocessor monitors the ratio of these 
two signals and correlates this to a %LEL reading

Combustible gas

Open (long path) infrared Open-path IR monitors expand the concepts of point IR detection 
to a gas sampling path of up to 100 m. Like point IR monitors, 
they utilize a dual beam concept. The “sample” beam is in the 
infrared wavelength which absorbs hydrocarbons, while the second 
“reference” beam is outside this gas absorbing wavelength. The 
ratio of the two beams is continuously compared. When no gas is 
present, the signal ratio is constant; when a gas cloud crosses the 
beam, the sample signal is absorbed or reduced in proportion to 
the amount of gas present while the reference beam is not. System 
calculates the product of the average gas concentration and the gas 
cloud width, and readings are given in %LEL/meter.

Combustible gas

Photoacoustic infrared The gas sample is exposed to infrared light; as it absorbs light, 
its molecules generate a pressure pulse. The magnitude of the 
pressure pulse indicates the gas concentration present

Combustible gas; 
toxic gas

Electrochemical for 
toxic gas or/and oxygen 
detection

Sensor is a chamber containing a gel or electrolyte and two active 
electrodes—the measuring (sensing/working) electrode (anode) 
and the counter electrode (cathode). A third electrode (reference) 
is used to build up a constant voltage between the anode and the 
cathode. The gas sample enters the casing through a membrane; 
oxidation occurs at the anode and reduction takes place at the 
cathode. When the positive ions flow to the cathode and the 
negative ions flow to the anode, a current proportional to the gas 
concentration is generated

Toxic gas or 
oxygen deficiency/
enrichment
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are the master key to understand the hydrocarbon gases monitoring process in order to get 
alarms before a potential explosive condition occurs. On the other hand, the developments of 
low cost and power efficient devices that can selectively detect hazardous analytes with very 
high sensitivity have evolved constantly. Two main operating principles have been intensely 
investigated: catalytic sensors and metal oxide semiconductor (MOS) have been investigated 
in sensors for wide range of chemical analytes [37].

Catalytic sensors are very common to detect combustible gases. These consist of two ele-
ments: a detector element which contains the sensitive material and an inert compensator 
element. The operating principle is based on the oxidation reaction of the combustible gas 
with the detector element. The heat released by this exothermic reaction changes the elec-
trical resistance of the detector element. Combustible gas does not burn on the compensa-
tor element, so its temperature and resistance are maintained unchanged. When sensor is 
located at combustible gas-free atmosphere, a balance of the bridge circuit is maintained. 
On the contrary, when combustible gases are present, the resistance of the detector element 
increases and causes an imbalance in the bridge circuit producing an output voltage signal, 
which is proportional to the combustible gas concentration. This kind of sensors is very sensi-
tive to environmental conditions such as temperature, humidity, and pressure. On the other 
hand, basic electrochemical-type sensors consist on a working electrode, a counter electrode, 
and an ion conductor. An electrical signal is produced by the chemical reaction (oxidation 
or reduction) of the analyte (gas) with the working electrode, giving a current proportional 
to the gas concentration that flows between electrodes [38]. This kind of sensor depends on 
establishment of an electrochemical potential which is not affected by surface morphology. 
Electrochemical sensors are minimally affected by pressure, but they are very sensitive to 
temperature.

In MOS sensors, a metal oxide is used as sensing material. In a typical MOS sensor, oxygen is 
adsorbed onto the surface of the sensing material (i.e., SnO2, ZnO, In2O3, TiO2, and WO3). These 
oxygen molecules attract free electrons from the metal oxide which forming a potential barrier 
to prevent electron flow. If sensor is exposed to certain gas atmosphere, the gas reacts with the 

Gas detection technology Operational description Gas type detected

Thermal conductivity Two sensors (detecting and compensating sensors) are built into 
a Wheatstone Bridge. The detecting sensor is exposed to the 
gas of interest; the compensating sensor is enclosed in a sealed 
compartment filled with clean air. Exposure to the gas sample 
causes the detecting sensor to cool, changing the electrical 
resistance. This change is proportional to the gas concentration. The 
compensating sensor is used to verify that the temperature change 
is caused by the gas of interest and not by other factors

Combustible gas; 
toxic gases

Photoionization A photoionization detector (PID) uses an ultraviolet lamp to ionize 
the compound of interest. Ions are collected on a “getter,” a current 
is produced and the concentration of the compound is displayed in 
parts per million on the instrument meter

Toxic (organic 
compounds)

Table 1. Types of gas detection technologies and their operational descriptions [36].
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Gas detection technology Operational description Gas type detected

Catalytic bead A wire coil is coated with a catalyst-coated glass or ceramic 
material, and is electrically heated to a temperature that allows 
it to burn (catalyze) the gas being monitored, releasing heat, and 
increasing the temperature of the wire. As the temperature of the 
wire increases, so does its electrical resistance. This resistance 
is measured by a Wheatstone Bridge circuit and the resulting 
measurement is converted to an electrical signal used by gas 
detectors. A second sensor, the compensator, is used to compensate 
for temperature, pressure and humidity

Combustible gas

Metal oxide semiconductor 
(also known as “solid 
state”)

A semiconducting material (metal oxide) is applied to a non-
conducting substrate between two electrodes. The substrate is 
heated to a temperature at which the presence of the gas can cause 
a reversible change in the conductivity of the semi-conducting 
material. When no gas is present, oxygen is ionized onto the surface 
and the sensor becomes semi-conductive; when molecules of the 
gas of interest are present, they replace the oxygen ions, decreasing 
the resistance between the electrodes. This change is measured 
electrically and is proportional to the concentration of the gas being 
measured

Combustible gas; 
toxic gas

Point infrared (IR) short 
path

Uses an electrically modulated source of IR energy and two 
detectors that convert the IR energy into electrical signals. Each 
detector is sensitive to a different range of wavelengths in the IR 
portion of the spectrum. The source emission is directed through a 
window in the main enclosure into an open volume. A mirror may 
be used at the end of this volume to direct the energy back through 
the window and onto the detectors. The presence of a combustible 
gas will reduce the intensity of the source emission reaching the 
analytical detector, but not the intensity of emission reaching the 
reference detector. The microprocessor monitors the ratio of these 
two signals and correlates this to a %LEL reading

Combustible gas

Open (long path) infrared Open-path IR monitors expand the concepts of point IR detection 
to a gas sampling path of up to 100 m. Like point IR monitors, 
they utilize a dual beam concept. The “sample” beam is in the 
infrared wavelength which absorbs hydrocarbons, while the second 
“reference” beam is outside this gas absorbing wavelength. The 
ratio of the two beams is continuously compared. When no gas is 
present, the signal ratio is constant; when a gas cloud crosses the 
beam, the sample signal is absorbed or reduced in proportion to 
the amount of gas present while the reference beam is not. System 
calculates the product of the average gas concentration and the gas 
cloud width, and readings are given in %LEL/meter.

Combustible gas

Photoacoustic infrared The gas sample is exposed to infrared light; as it absorbs light, 
its molecules generate a pressure pulse. The magnitude of the 
pressure pulse indicates the gas concentration present

Combustible gas; 
toxic gas

Electrochemical for 
toxic gas or/and oxygen 
detection

Sensor is a chamber containing a gel or electrolyte and two active 
electrodes—the measuring (sensing/working) electrode (anode) 
and the counter electrode (cathode). A third electrode (reference) 
is used to build up a constant voltage between the anode and the 
cathode. The gas sample enters the casing through a membrane; 
oxidation occurs at the anode and reduction takes place at the 
cathode. When the positive ions flow to the cathode and the 
negative ions flow to the anode, a current proportional to the gas 
concentration is generated

Toxic gas or 
oxygen deficiency/
enrichment
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are the master key to understand the hydrocarbon gases monitoring process in order to get 
alarms before a potential explosive condition occurs. On the other hand, the developments of 
low cost and power efficient devices that can selectively detect hazardous analytes with very 
high sensitivity have evolved constantly. Two main operating principles have been intensely 
investigated: catalytic sensors and metal oxide semiconductor (MOS) have been investigated 
in sensors for wide range of chemical analytes [37].

Catalytic sensors are very common to detect combustible gases. These consist of two ele-
ments: a detector element which contains the sensitive material and an inert compensator 
element. The operating principle is based on the oxidation reaction of the combustible gas 
with the detector element. The heat released by this exothermic reaction changes the elec-
trical resistance of the detector element. Combustible gas does not burn on the compensa-
tor element, so its temperature and resistance are maintained unchanged. When sensor is 
located at combustible gas-free atmosphere, a balance of the bridge circuit is maintained. 
On the contrary, when combustible gases are present, the resistance of the detector element 
increases and causes an imbalance in the bridge circuit producing an output voltage signal, 
which is proportional to the combustible gas concentration. This kind of sensors is very sensi-
tive to environmental conditions such as temperature, humidity, and pressure. On the other 
hand, basic electrochemical-type sensors consist on a working electrode, a counter electrode, 
and an ion conductor. An electrical signal is produced by the chemical reaction (oxidation 
or reduction) of the analyte (gas) with the working electrode, giving a current proportional 
to the gas concentration that flows between electrodes [38]. This kind of sensor depends on 
establishment of an electrochemical potential which is not affected by surface morphology. 
Electrochemical sensors are minimally affected by pressure, but they are very sensitive to 
temperature.

In MOS sensors, a metal oxide is used as sensing material. In a typical MOS sensor, oxygen is 
adsorbed onto the surface of the sensing material (i.e., SnO2, ZnO, In2O3, TiO2, and WO3). These 
oxygen molecules attract free electrons from the metal oxide which forming a potential barrier 
to prevent electron flow. If sensor is exposed to certain gas atmosphere, the gas reacts with the 

Gas detection technology Operational description Gas type detected

Thermal conductivity Two sensors (detecting and compensating sensors) are built into 
a Wheatstone Bridge. The detecting sensor is exposed to the 
gas of interest; the compensating sensor is enclosed in a sealed 
compartment filled with clean air. Exposure to the gas sample 
causes the detecting sensor to cool, changing the electrical 
resistance. This change is proportional to the gas concentration. The 
compensating sensor is used to verify that the temperature change 
is caused by the gas of interest and not by other factors

Combustible gas; 
toxic gases

Photoionization A photoionization detector (PID) uses an ultraviolet lamp to ionize 
the compound of interest. Ions are collected on a “getter,” a current 
is produced and the concentration of the compound is displayed in 
parts per million on the instrument meter

Toxic (organic 
compounds)

Table 1. Types of gas detection technologies and their operational descriptions [36].
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oxygen molecules through a reducing reaction which causes the release of electrons and allows 
that a current flows freely through the sensor. Consequently, the gas concentration is detected 
by the resistance change of MOS [4]. This kind of sensor seems to be the most important because 
the huge amount of investigation regarding to them. Pt nanoparticles-modified Al-doped ZnO 
(AZO) porous macro/mesoporous nanosheets prepared by solution combustion method were 
assessed for butane gas sensor at low temperature. The large surface area of 50.17 m2/g and 
the broad pore size distribution between 3 and 110 nm calculated by BJH method provided a 
good contacting interface between sensing material and gas molecules allowing a maximum 
response of 56–3000 ppm of butane. The gas sensitivity is related to the electron flow through 
the interface from AZO to Pt. An oxidation-reduction reaction happened when Pt nanopar-
ticles-modified AZO nanosheets were exposed to reducing gas. A large amount of electrons 
are released which back to the conduction band of AZO leading a decrease of resistance [39]. 
Hierarchical flower-like structure composite formed by combination of metal oxides with high 
surface area and porous structure have shown improved gas sensing performance in compari-
son with pure metal oxide. NiO:CuO nanocomposites (molar ratio 1:1) showed 2 s response 
time to 100 ppm NO2 at room temperature and relative humidity of 42%. The heterojunction 
formed at the interface between NiO and CuO could accelerate the speed response. O2 mol-
ecules are absorbed on the surface of sensor when it is exposed to air. These O2 molecules cap-
ture electrons from conduction band of sensing material forming ions O2

−. At NO2 atmosphere, 
these gas molecules are adsorbed onto the surface by extracting electron from conduction band. 
Because electrons are transferred to NO2, the resistance is decreased [40].

The combination of p-type Sb2O5 with n-type SnO2 in composite sensor for NO2 have also eval-
uated thought output voltage measurements and the sensing response was defined by the ratio 
of sensor resistance in NO2 and air atmospheres. Relevant results indicate low operation tem-
perature (100°C) and high response (800–5 ppm NO2) at short time (5 s) of composite sensor. 
The existence of p-n junction in composite sensor which induced a new potential barrier when 
electrons transfer between SnO2 particles, large surface area and porous structure of Sb2O5 and 
SnO2 particles gave benefits to exhibit superior gas sensing performance. The reduction of oper-
ating temperature was attributed to lower energy required for electron transition derived from 
the decrease of band gap of p- and n-type semiconductor [41]. In another work, porous hol-
low balls formed by self-assembly of α-Fe2O3 nanoparticles were synthesized by hydrothermal 
method and were evaluated for sensing ethanol, CO, and NH3 in a temperature range from 250 
to 450°C. Sensor response (S) was determined following the equation S = Rair/Rgas, where Rair and 
Rgas are the sensor resistances recorded in presence of test gas and dry air, respectively. The ini-
tial resistance of α-Fe2O3 hollow balls sensor decreasing when operating temperature increas-
ing, leading 85 kΩ at 250°C and 18 kΩ at 450°C in ethanol sensing test. In addition, the sensor 
response increased from 1.77 to 3.29 with increasing ethanol concentration from 50 to 500 ppm 
at 400°C. Low sensor response to CO and NH3 was detected, thus, this sensor is suggested only 
for ethanol detection [42]. In order to improve its ethanol sensing capability at the temperature 
range between 25 until 125°C, other researchers have been introduced Au nanoparticles into 
ZnO nanostructures by sputtering technique. The sensing mechanism is based on the surface 
electron density changes of the semiconductor. The oxygen molecules in air react to the surface 
electrons of ZnO forming oxygen species determined by the constant reaction koxy as follows: 
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O2 (ads) + e− (surface) ↔ O2 (ads) [43]. The Au nanoparticles act as the catalyst leading oxygen 
dissociation. In this way, the koxy in chemical reaction allows an improved sensor response. 
The resistance values showed a reduction when sensor was exposed to ethanol vapor. If the 
ethanol exposition is stopped, the sensor resistance returned to the initial state. Moreover, the 
resistance response is improved when UV illumination is included in tests. This behavior is 
associated to the large density of active photoelectrons due to the UV excitation [10]. Novel 
approaches toward ethanol sensor enhancement using decorated metal oxides have recently 
studied [44]. Improved ethanol sensing at  operating  temperature of 160°C and response of 
70.2–100 ppm was reported by using porous SnO2 nanosheets loaded with Au nanoparticles, 
which means a response three times higher than those obtained with SnO2-based sensor. The 
response curves increased with increasing ethanol concentration and returned to baseline 
when ethanol supply was stopped inside test chamber, indicating quick response and recovery 
time. The synergistic effect of 2D porous structure of SnO2 which allowed facile gas diffusion 
and the catalytic activity of Ag particles allowed superior ethanol-detection properties [45]. 
The fabrication of NiO/ZnO nanoplates by solvothermal method and thermal treatment is also 
reported. The ratio of the electrical resistance in air Ra, and electrical resistance in ethanol-air 
mixed gas was used to determine the sensor performance. The response to ethanol in NiO/
ZnO sensor is better than those in NiO gas sensor. A short response of 2.1 s and time recovery 
of 4 s promised good sensor performance for ethanol sensing [8]. Colloidal ZnO quantum 
dots treated with ZnCl2 and annealing at 200–300°C were used to fabricate gas sensor toward 
H2S. Nearly, no response (1.07–50 ppm H2S) was obtained with untreated ZnO sensor whereas 
ZnCl2-treatment ZnO sensor showed a response up to 5 with very slow recovery. Recovery 
properties were improved by annealing at 300°C for 1 h. Sensor under that conditions at room 
temperature reached a response of 113.5 and recovery time of 820 s. Based on results, the 
fast and sensitive response makes this sensor very attractive in comparison with others [46]. 
Changes in resistance of porous BiNbO4 nanostructures-based sensors were reported for selec-
tive NH3 sensing. The complete oxidization of NH3 onto the sensor surface makes changes on 
the conductivity sensor. The maximum response of 16 s and recovery time less than 17 s were 
attributed to the large surface area (41.27 m2/g) and high porosity that increase the accessible 
sites for adsorption of gas molecules [47].

4. Specific application: hydrocarbon leak sensors. The 
thermomechanics principles

Diverse fluids used in the petrochemicals processes such as propane, liquid petroleum gas 
(LPG), butane, propylene; and other organics and inorganics fluids are widely stored, trans-
ported, or used in a pressure-liquefied state. Therefore, these fluids are very important in the 
industry when leak sensing technology is needed. Specifically, pressure-liquefied gas (PLG 
have a high probability of ending in a fatal accidental leak due to its own fluid properties and 
behavior [48, 49]. So, sensing technology needed must cover a range of fluids; however, there 
are some clear examples where the widely and frequently used of some fluids highlight some 
extra needs for specially design sensors or sensing technology.
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oxygen molecules through a reducing reaction which causes the release of electrons and allows 
that a current flows freely through the sensor. Consequently, the gas concentration is detected 
by the resistance change of MOS [4]. This kind of sensor seems to be the most important because 
the huge amount of investigation regarding to them. Pt nanoparticles-modified Al-doped ZnO 
(AZO) porous macro/mesoporous nanosheets prepared by solution combustion method were 
assessed for butane gas sensor at low temperature. The large surface area of 50.17 m2/g and 
the broad pore size distribution between 3 and 110 nm calculated by BJH method provided a 
good contacting interface between sensing material and gas molecules allowing a maximum 
response of 56–3000 ppm of butane. The gas sensitivity is related to the electron flow through 
the interface from AZO to Pt. An oxidation-reduction reaction happened when Pt nanopar-
ticles-modified AZO nanosheets were exposed to reducing gas. A large amount of electrons 
are released which back to the conduction band of AZO leading a decrease of resistance [39]. 
Hierarchical flower-like structure composite formed by combination of metal oxides with high 
surface area and porous structure have shown improved gas sensing performance in compari-
son with pure metal oxide. NiO:CuO nanocomposites (molar ratio 1:1) showed 2 s response 
time to 100 ppm NO2 at room temperature and relative humidity of 42%. The heterojunction 
formed at the interface between NiO and CuO could accelerate the speed response. O2 mol-
ecules are absorbed on the surface of sensor when it is exposed to air. These O2 molecules cap-
ture electrons from conduction band of sensing material forming ions O2

−. At NO2 atmosphere, 
these gas molecules are adsorbed onto the surface by extracting electron from conduction band. 
Because electrons are transferred to NO2, the resistance is decreased [40].

The combination of p-type Sb2O5 with n-type SnO2 in composite sensor for NO2 have also eval-
uated thought output voltage measurements and the sensing response was defined by the ratio 
of sensor resistance in NO2 and air atmospheres. Relevant results indicate low operation tem-
perature (100°C) and high response (800–5 ppm NO2) at short time (5 s) of composite sensor. 
The existence of p-n junction in composite sensor which induced a new potential barrier when 
electrons transfer between SnO2 particles, large surface area and porous structure of Sb2O5 and 
SnO2 particles gave benefits to exhibit superior gas sensing performance. The reduction of oper-
ating temperature was attributed to lower energy required for electron transition derived from 
the decrease of band gap of p- and n-type semiconductor [41]. In another work, porous hol-
low balls formed by self-assembly of α-Fe2O3 nanoparticles were synthesized by hydrothermal 
method and were evaluated for sensing ethanol, CO, and NH3 in a temperature range from 250 
to 450°C. Sensor response (S) was determined following the equation S = Rair/Rgas, where Rair and 
Rgas are the sensor resistances recorded in presence of test gas and dry air, respectively. The ini-
tial resistance of α-Fe2O3 hollow balls sensor decreasing when operating temperature increas-
ing, leading 85 kΩ at 250°C and 18 kΩ at 450°C in ethanol sensing test. In addition, the sensor 
response increased from 1.77 to 3.29 with increasing ethanol concentration from 50 to 500 ppm 
at 400°C. Low sensor response to CO and NH3 was detected, thus, this sensor is suggested only 
for ethanol detection [42]. In order to improve its ethanol sensing capability at the temperature 
range between 25 until 125°C, other researchers have been introduced Au nanoparticles into 
ZnO nanostructures by sputtering technique. The sensing mechanism is based on the surface 
electron density changes of the semiconductor. The oxygen molecules in air react to the surface 
electrons of ZnO forming oxygen species determined by the constant reaction koxy as follows: 
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O2 (ads) + e− (surface) ↔ O2 (ads) [43]. The Au nanoparticles act as the catalyst leading oxygen 
dissociation. In this way, the koxy in chemical reaction allows an improved sensor response. 
The resistance values showed a reduction when sensor was exposed to ethanol vapor. If the 
ethanol exposition is stopped, the sensor resistance returned to the initial state. Moreover, the 
resistance response is improved when UV illumination is included in tests. This behavior is 
associated to the large density of active photoelectrons due to the UV excitation [10]. Novel 
approaches toward ethanol sensor enhancement using decorated metal oxides have recently 
studied [44]. Improved ethanol sensing at  operating  temperature of 160°C and response of 
70.2–100 ppm was reported by using porous SnO2 nanosheets loaded with Au nanoparticles, 
which means a response three times higher than those obtained with SnO2-based sensor. The 
response curves increased with increasing ethanol concentration and returned to baseline 
when ethanol supply was stopped inside test chamber, indicating quick response and recovery 
time. The synergistic effect of 2D porous structure of SnO2 which allowed facile gas diffusion 
and the catalytic activity of Ag particles allowed superior ethanol-detection properties [45]. 
The fabrication of NiO/ZnO nanoplates by solvothermal method and thermal treatment is also 
reported. The ratio of the electrical resistance in air Ra, and electrical resistance in ethanol-air 
mixed gas was used to determine the sensor performance. The response to ethanol in NiO/
ZnO sensor is better than those in NiO gas sensor. A short response of 2.1 s and time recovery 
of 4 s promised good sensor performance for ethanol sensing [8]. Colloidal ZnO quantum 
dots treated with ZnCl2 and annealing at 200–300°C were used to fabricate gas sensor toward 
H2S. Nearly, no response (1.07–50 ppm H2S) was obtained with untreated ZnO sensor whereas 
ZnCl2-treatment ZnO sensor showed a response up to 5 with very slow recovery. Recovery 
properties were improved by annealing at 300°C for 1 h. Sensor under that conditions at room 
temperature reached a response of 113.5 and recovery time of 820 s. Based on results, the 
fast and sensitive response makes this sensor very attractive in comparison with others [46]. 
Changes in resistance of porous BiNbO4 nanostructures-based sensors were reported for selec-
tive NH3 sensing. The complete oxidization of NH3 onto the sensor surface makes changes on 
the conductivity sensor. The maximum response of 16 s and recovery time less than 17 s were 
attributed to the large surface area (41.27 m2/g) and high porosity that increase the accessible 
sites for adsorption of gas molecules [47].

4. Specific application: hydrocarbon leak sensors. The 
thermomechanics principles

Diverse fluids used in the petrochemicals processes such as propane, liquid petroleum gas 
(LPG), butane, propylene; and other organics and inorganics fluids are widely stored, trans-
ported, or used in a pressure-liquefied state. Therefore, these fluids are very important in the 
industry when leak sensing technology is needed. Specifically, pressure-liquefied gas (PLG 
have a high probability of ending in a fatal accidental leak due to its own fluid properties and 
behavior [48, 49]. So, sensing technology needed must cover a range of fluids; however, there 
are some clear examples where the widely and frequently used of some fluids highlight some 
extra needs for specially design sensors or sensing technology.
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4.1. Theoretical basis of the problem: phenomenon involved

Flashing depends on the initial parameter values of the fluid as pressure and temperature 
as well as the type of fluid. A particular combination of those variables can create, for some 
cases, a complete breaking of the liquid core into droplets at the same time that it is going 
out of container like unstable two phase jet or liquid jet. The major difficulty in the under-
standing of this flashing phenomenon and the parameters interactions within it belongs to 
the existence of a compromise between the physical and thermodynamics mechanism that 
acts on the released fluid [50]. Specific behavior and characteristics of these liquid-gas mix-
tures and the potential for the formation of vapor-liquid aerosols during a superheated liquid 
release due to the breaking of the metastable state can significantly affect the hazard zone and 
the mitigation steps that can be taken to minimize the release impact for the hydrocarbon 
industry [49, 51, 52].

High complexity level of the whole process in combination with the need of more information 
based on experimental, analytical, or numerical models is the main difficulty to be overcome 
in order top developed new sensing technology. Different authors have concentrated efforts 
of the jet characterization. The developed information about the jet can help to understand the 
parameters that can be used as key indicators of accidental release of hydrocarbons.

Flashing phenomenon complexity required calculation of the velocity discharge, void frac-
tion, and mass flow of a flashing jet together with the estimation of the temperature. Due to 
the nature of the nucleation process, the assumptions of adiabatic flow with non-reversible 
work for the surface tension forces are made. Those considerations are found to be more 
realistic that the isentropic condition used until now by different authors. Dynamics condi-
tions usually considered include the mixture velocity after flashing as critical conditions. 
Frequently numerical modeling techniques are only applied after the flashing jet is formed. 
No droplets generation or vapor generation are included in the modeling. Droplets are 
imposed as part of the boundary condition of a gas jet. Droplets transport mechanics and 
their interaction and momentum exchange with the gas current is made using droplet inter-
action models as for example Disperse Model (DDM). Geometrical aspects as nozzle dimen-
sion, as well as, turbulent model used have a large impact on the core region length of the 
velocity profile. The numerical results are compared based on the centerline or cross section 
velocity profiles [53].

In general, centerline, the temperature profile presents an initial decay from the exit of the 
nozzle until a certain distance, where a minimum value is achieved presumably connected 
with the location of cessation of boiling and completion of nucleation as main interaction 
mechanics of energy exchange. After that point, mechanical and evaporation mechanisms 
become the main driving mechanisms for energy exchange instead. The position at which 
the minimum temperature occurs is known as Minimum Temperature Distance (MTD). 
Previous works have not report major observations on this particular parameter. However, 
other related concepts as Cold Spray Distance (CSD), which refers to the spray distance where 
the spray maintains a specific temperature considered “cold” and the Spray Thermal Length 
(STL) refers to a total spray length where liquid droplets exist [54]. Similar behavior of the 
temperature profiles at the centerline has been observed several experimental settings [55–58]. 
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Geometrical characteristics as diameter of the nozzle, length of the nozzle in the experimental 
system have influence on the dynamics behavior of the system, driving the velocity profile 
as well as the temperature profile. Evaporation and convection processes are also involved 
and their relevance along the leaking fluid properties as well as the characteristics of the jet 
is not well determined yet. Even so, in more recent works, some authors applied the jump 
condition analysis to the shock waves in the discharge of a superheated liquid [59]. Due to the 
metastable liquids supply the energy stored within them via the latent heat of vaporization, 
the evaporation wave was assumed as an adiabatic phase transition.

4.2. Identification of key parameters for sensing technology: viability for sensing 
based on the concept

As direct consequence of the understanding of the process, it is possible to evaluate the poten-
tial of different variables or parameters to detect in the best possible way any leak, keeping 
in mind that the primary purpose of leak detection systems is to assist pipeline operators in 
detecting and locating leaks. The first aspect to consider is the magnitudes of the scale of mass 
discharge, the critical explosion limits, change in temperature of the surrounding, the time 
scale of the process, or any other parameters that be used to catch this phenomenon. Mass 
discharge directly seems to be no a convenient parameter to be measured directly but based 
on the amount of mass going out concentration of the leaked fluid in the surrounding will 
change. As described, this variable will depend on several physical parameters such as pres-
sure difference, temperature, and fluid properties that will determine the discharge velocity.

Time scale of the leak is related with the jet velocity; however, the thermodynamics process 
of phase change are under the influence of another parameter as the fluid properties, which 
can be described based on the temperature variation along the centerline of the yet. Initially, 
there is a time lag of the initiation of flashing, followed by a drop of temperature driven 
by a phenomenon of sudden change of phase and finally an increment of the temperature 
to the ambient condition driven mainly by the mechanics mechanism of energy exchange. 
Characteristics of centerline droplets temperature of a R134a flashing jet by using and expo-
nential function, which started with an almost exponential decay with the fastest drop in the 
temperature taking place near the nozzle exit, explained by the presence of rapid evapora-
tion of the droplets and the insufficiency of the convective heat transfer from the surround-
ing [54]. This exponential decay of droplets average temperature can be described by an 
exponential function followed by less rapid temperature decay. Meanwhile, experimental 
data have pointed out that for different substances that there is a visible minimum in the 
temperature profile that can be related with the factor the mechanics mechanisms take over 
the thermodynamics mechanics of energy exchange [60]. Mentioned time scales are not com-
monly reported, however, it is possible to be calculated using the equilibrium model [61].

A different approach described that the flashing process can be detected based on the fact that 
rapid vaporization or phase change of superheated fluid produced an acoustic pulse that can 
detect by an acoustic sensor [62, 63]. Nucleation of vapor bubble requires a minimum amount of 
energy related to the vibrating media that will be traduced in pressure waves (noises). As men-
tioned in Section 3, the ceramics porous materials (e.g., catalytic and MOS sensors) are other avail-
able options for sensing hydrocarbon vapors and this will be discuss in details on the next section.
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4.1. Theoretical basis of the problem: phenomenon involved

Flashing depends on the initial parameter values of the fluid as pressure and temperature 
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standing of this flashing phenomenon and the parameters interactions within it belongs to 
the existence of a compromise between the physical and thermodynamics mechanism that 
acts on the released fluid [50]. Specific behavior and characteristics of these liquid-gas mix-
tures and the potential for the formation of vapor-liquid aerosols during a superheated liquid 
release due to the breaking of the metastable state can significantly affect the hazard zone and 
the mitigation steps that can be taken to minimize the release impact for the hydrocarbon 
industry [49, 51, 52].
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No droplets generation or vapor generation are included in the modeling. Droplets are 
imposed as part of the boundary condition of a gas jet. Droplets transport mechanics and 
their interaction and momentum exchange with the gas current is made using droplet inter-
action models as for example Disperse Model (DDM). Geometrical aspects as nozzle dimen-
sion, as well as, turbulent model used have a large impact on the core region length of the 
velocity profile. The numerical results are compared based on the centerline or cross section 
velocity profiles [53].

In general, centerline, the temperature profile presents an initial decay from the exit of the 
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become the main driving mechanisms for energy exchange instead. The position at which 
the minimum temperature occurs is known as Minimum Temperature Distance (MTD). 
Previous works have not report major observations on this particular parameter. However, 
other related concepts as Cold Spray Distance (CSD), which refers to the spray distance where 
the spray maintains a specific temperature considered “cold” and the Spray Thermal Length 
(STL) refers to a total spray length where liquid droplets exist [54]. Similar behavior of the 
temperature profiles at the centerline has been observed several experimental settings [55–58]. 
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Geometrical characteristics as diameter of the nozzle, length of the nozzle in the experimental 
system have influence on the dynamics behavior of the system, driving the velocity profile 
as well as the temperature profile. Evaporation and convection processes are also involved 
and their relevance along the leaking fluid properties as well as the characteristics of the jet 
is not well determined yet. Even so, in more recent works, some authors applied the jump 
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the evaporation wave was assumed as an adiabatic phase transition.

4.2. Identification of key parameters for sensing technology: viability for sensing 
based on the concept

As direct consequence of the understanding of the process, it is possible to evaluate the poten-
tial of different variables or parameters to detect in the best possible way any leak, keeping 
in mind that the primary purpose of leak detection systems is to assist pipeline operators in 
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change. As described, this variable will depend on several physical parameters such as pres-
sure difference, temperature, and fluid properties that will determine the discharge velocity.

Time scale of the leak is related with the jet velocity; however, the thermodynamics process 
of phase change are under the influence of another parameter as the fluid properties, which 
can be described based on the temperature variation along the centerline of the yet. Initially, 
there is a time lag of the initiation of flashing, followed by a drop of temperature driven 
by a phenomenon of sudden change of phase and finally an increment of the temperature 
to the ambient condition driven mainly by the mechanics mechanism of energy exchange. 
Characteristics of centerline droplets temperature of a R134a flashing jet by using and expo-
nential function, which started with an almost exponential decay with the fastest drop in the 
temperature taking place near the nozzle exit, explained by the presence of rapid evapora-
tion of the droplets and the insufficiency of the convective heat transfer from the surround-
ing [54]. This exponential decay of droplets average temperature can be described by an 
exponential function followed by less rapid temperature decay. Meanwhile, experimental 
data have pointed out that for different substances that there is a visible minimum in the 
temperature profile that can be related with the factor the mechanics mechanisms take over 
the thermodynamics mechanics of energy exchange [60]. Mentioned time scales are not com-
monly reported, however, it is possible to be calculated using the equilibrium model [61].

A different approach described that the flashing process can be detected based on the fact that 
rapid vaporization or phase change of superheated fluid produced an acoustic pulse that can 
detect by an acoustic sensor [62, 63]. Nucleation of vapor bubble requires a minimum amount of 
energy related to the vibrating media that will be traduced in pressure waves (noises). As men-
tioned in Section 3, the ceramics porous materials (e.g., catalytic and MOS sensors) are other avail-
able options for sensing hydrocarbon vapors and this will be discuss in details on the next section.
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5. Porous ceramic materials (micro- and nano-materials) for sensing 
hydrocarbons

Wherever there is a leak at a hydrocarbon facility (e.g., pipeline), there will be hydrocarbon 
vapors that may be detected. In situ detection of hydrocarbon plumes from leakages involves 
reading of a variety of environmental variables and combination of techniques that will allow 
to detect the leak in the air, soil, or water. when a gaseous hydrocarbon leaks takes place and it 
migrates to the environment; this would require an immediate detection procedure of hydro-
carbon vapors in order to take the respectively actions to control any catastrophic accident. 
This section extensively reviews the recent development of porous ceramic gas sensor mate-
rials for hydrocarbon gas leaks including LPG [64, 65], CH4 [66–68], H2 [69–71], ethanol [29, 
84–88], methanol [89–92], and associated gases such as NO2 [41, 73–77], H2S [78–83], and CO 
[72]. Basically, the discussion will be focused on the specific overlapped section between three 
interesting areas such as (1) porous ceramic materials, (2) hydrocarbon gas leaks detection, 
and (3) sensor materials giving the opportunity to explore the interesting niche area for sens-
ing hydrocarbons and their associated gases leaks by porous ceramic materials. In addition, 
promising materials for sensitive detection of diverse hydrocarbons and/or their associated 
gases have been identified and are summarized in Table 2.

The detection effectivity of hydrocarbons gases by porous ceramic sensor materials (e.g., 
metal-oxide semiconductor—MOS) have a great influence on the chemical composition of 
the ceramics, the doping type by specific elements, the porosity type, how morphology-affect 
the gas sensing properties, etc. According to the information in Table 2, the most used porous 
ceramic materials for hydrocarbon sensing application are (1) the porous tin oxide (SnO2) 
which have been applied to detect LPG, methane, H2, NO2, ethanol, methanol, toluene, etc.; 
(2) the porous indium oxide (In2O3) that shows a great potential to sensing ethanol, methanol 
and other associated gases to the hydrocarbon field such as NO2, H2S, etc.; and (3) the porous 
zinc oxide (ZnO) that has been used to sensing ethanol, acetone, NO2, H2S, etc. On the other 
hand, the catalyst elements mostly used as doping materials in order to improve the sensing 
properties of the porous ceramics are palladium (Pd) [65, 66, 85], gold (Au) [77], tungsten (W) 
[76, 95], vanadium (V) [71], cerium (Ce) [90], platinum (Pt) [69], and/or combinations thereof 
[70, 76, 91]. The Pd could be used to explain the principle of operation of these doping ele-
ments which is based on the fact that Pd is a catalytic metal that dissociates the ambient gas 
to ions. These travel by diffusion to the metal-oxide interface where an electrically polarized 
layer is formed (according to the ambient gas used). This layer stimulates a change in the elec-
trical characteristics of the MOS device, and hence a sensing mechanism is established [97]. 
In addition, other compounds such as Sb2O5 [41], NiO [70], and graphene [88] have been also 
evaluated as doping or as secondary materials in advanced composite sensors.

There are only few papers devoted to investigation of sensor properties of porous ceramic 
materials toward low temperature at high humidity sensing conditions. As humidity is a per-
manent environmental factor, its control and measurement are particularly important not only 
for human comfort but also for many industries and technologies. It has been found that the 
ambient humidity plays a crucial role in the response of the porous ceramic materials based 
sensor to different hydrocarbons and their associated gases at room temperature. Therefore, 
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Substance Porous ceramic materials Reference

LPG SnO2 nanoflowers and porous nanospheres [64]

Porous nanoparticles of α-Fe2O3 doped with Pd [65]

Methane (CH4) Mesoporous SnO2 doped with Pd [66]

Porous Ga2O3 [67]

Nanoporous SnO2 [68]

H2 Pt-WO3 porous composite ceramics [69]

Porous SiO2 films doped with NiO and Au nanocrystals [70]

Vanadium-doped SnO2 oxide porous nanofibers [71]

CO SnO2 coated with amorphous microporous Si–B–C–N layers [72]

NO2 Mesoporous In2O3 nanospheres [73]

Sb2O5 modified SnO2 porous nanocomposites [41]

CuO/p-porous silicon [74]

Porous corundum-type In2O3 nanosheets [75]

W- and V-modified mesoporous MCM-41 SiO2 [76]

Au-functionalized porous ZnO nanosheets [77]

H2S Porous In2O3 nanotubes and nanowires [78]

Porous ZnO nanosheet-built network film [79]

CuO nanostructures with porous nanosheets [80]

In2O3 micro/nanostructured porous thin film [81]

Porous ZnFe2O4 nanosheets [82]

Porous α-Fe2O3 [83]

Ethanol (C2H6O) Porous SnO2 hollow nanospheres [84]

Porous indium oxide (In2O3) nanostructured with Pd [85]

Porous ZnO-Co3O4 hollow polyhedrons heterostructures [86]

Mesoporous nickel oxides nanowires [29]

Mesoporous Co3O4 nanoneedle arrays [87]

Mesoporous In2O3-reduced graphene oxide (rGO) [88]

Methanol (CH3OH) Porous hierarchical SnO2 [89]

Ce-doped In2O3 porous nanospheres [90]

Pd-Pt-In2O3 composited nanocrystalline SnO2 [91]

Macropore and mesopore SnO2 [92]

Toluene (C7H8) Porous Pd-loaded flower-like SnO2 microspheres [93]

Cr2O3 porous microspheres [94]

Acetone (C3H6O) Porous WO3-Cr2O3 thin films [95]

Porous ZnO crystals [96]

Table 2. Porous ceramic materials for hydrocarbon leaks detection.
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carbon vapors in order to take the respectively actions to control any catastrophic accident. 
This section extensively reviews the recent development of porous ceramic gas sensor mate-
rials for hydrocarbon gas leaks including LPG [64, 65], CH4 [66–68], H2 [69–71], ethanol [29, 
84–88], methanol [89–92], and associated gases such as NO2 [41, 73–77], H2S [78–83], and CO 
[72]. Basically, the discussion will be focused on the specific overlapped section between three 
interesting areas such as (1) porous ceramic materials, (2) hydrocarbon gas leaks detection, 
and (3) sensor materials giving the opportunity to explore the interesting niche area for sens-
ing hydrocarbons and their associated gases leaks by porous ceramic materials. In addition, 
promising materials for sensitive detection of diverse hydrocarbons and/or their associated 
gases have been identified and are summarized in Table 2.

The detection effectivity of hydrocarbons gases by porous ceramic sensor materials (e.g., 
metal-oxide semiconductor—MOS) have a great influence on the chemical composition of 
the ceramics, the doping type by specific elements, the porosity type, how morphology-affect 
the gas sensing properties, etc. According to the information in Table 2, the most used porous 
ceramic materials for hydrocarbon sensing application are (1) the porous tin oxide (SnO2) 
which have been applied to detect LPG, methane, H2, NO2, ethanol, methanol, toluene, etc.; 
(2) the porous indium oxide (In2O3) that shows a great potential to sensing ethanol, methanol 
and other associated gases to the hydrocarbon field such as NO2, H2S, etc.; and (3) the porous 
zinc oxide (ZnO) that has been used to sensing ethanol, acetone, NO2, H2S, etc. On the other 
hand, the catalyst elements mostly used as doping materials in order to improve the sensing 
properties of the porous ceramics are palladium (Pd) [65, 66, 85], gold (Au) [77], tungsten (W) 
[76, 95], vanadium (V) [71], cerium (Ce) [90], platinum (Pt) [69], and/or combinations thereof 
[70, 76, 91]. The Pd could be used to explain the principle of operation of these doping ele-
ments which is based on the fact that Pd is a catalytic metal that dissociates the ambient gas 
to ions. These travel by diffusion to the metal-oxide interface where an electrically polarized 
layer is formed (according to the ambient gas used). This layer stimulates a change in the elec-
trical characteristics of the MOS device, and hence a sensing mechanism is established [97]. 
In addition, other compounds such as Sb2O5 [41], NiO [70], and graphene [88] have been also 
evaluated as doping or as secondary materials in advanced composite sensors.

There are only few papers devoted to investigation of sensor properties of porous ceramic 
materials toward low temperature at high humidity sensing conditions. As humidity is a per-
manent environmental factor, its control and measurement are particularly important not only 
for human comfort but also for many industries and technologies. It has been found that the 
ambient humidity plays a crucial role in the response of the porous ceramic materials based 
sensor to different hydrocarbons and their associated gases at room temperature. Therefore, 
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W- and V-modified mesoporous MCM-41 SiO2 [76]

Au-functionalized porous ZnO nanosheets [77]

H2S Porous In2O3 nanotubes and nanowires [78]
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Mesoporous nickel oxides nanowires [29]

Mesoporous Co3O4 nanoneedle arrays [87]

Mesoporous In2O3-reduced graphene oxide (rGO) [88]

Methanol (CH3OH) Porous hierarchical SnO2 [89]

Ce-doped In2O3 porous nanospheres [90]

Pd-Pt-In2O3 composited nanocrystalline SnO2 [91]

Macropore and mesopore SnO2 [92]
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ceramic metal oxides are found to be a good choice as humidity sensing materials due to 
their properties such as high mechanical strength, good physical and chemical stabilities, fast 
response and recovery times, and wide range of operating temperatures. Semiconducting 
metal oxide sensors are the widely studied chemiresistive sensors. Recently, nanostructures of 
semiconductor metal oxides have received considerable interest in the fabrication of humidity 
and gas sensors due to their high surface-to-volume ratio of atoms, excellent surface reactiv-
ity, and the ability to tailor their surface and charge transport properties. Hence, they are 
considered as ideal candidates as humidity sensors. SnO2 nanowires, ZrO2 nanorods, Al2O3 
nanowires, TiO2 nanotubes, BaTiO3 nanofibers, ZnSnO3 nanocubes, among others constitute 
the recently explored nanostructured metal oxides to this effect [98].

Tin oxide (SnO2) is the most versatile oxide used as porous ceramics for sensing hydrocarbon 
leaks and/or their associated gases. For instance, Wagner et al. [66] produced mesoporous SnO2 
doped with Pd species to be exposed to different gas mixtures at high temperature (600°C) 
and simulate long term usage. The Pd oxidation state was directly associated to the resistive 
change of the SnO2 sensor at different concentrations of methane gas. An important reduction 
of Pd(II) to Pd(0) was registered for samples evaluated at 5000 ppm of methane in air. The 
resistive response is affected by the temperature 300°C or 600°C evaluated during the test, and 
the type of gas used, i.e., synthetic air, pure N2, etc. On the other hand, Waitz et al. [68] reveals 
that mesoporous SnO2 synthesized by structure replication (nanocasting) from ordered meso-
porous KIT-6 silica shows a high thermal stability with no structural loss up to 600°C and only 
minor decrease in specific surface area by 18% at 800°C. In particular, the samples turn out to 
be much more stable than porous SnO2 materials prepared by sol-gel-based synthesis proce-
dures for comparison. The thermal stability facilitates the utilization of the materials as sensors 
for combustible gases showing promising behavior for the methane (CH4) sensing methodolo-
gies. In addition, Ho et al. [64] synthetized SnO2 with two different microstructures: (1) hierar-
chical SnO2 flowers assembled by numerous one-dimensional tetragonal prism nanorods, and 
(2) SnO2 sphere architectures formed by numerous smaller particles. The results show that the 
nanoflowers exhibited higher sensitivities to ethanol than the nanospheres, whereas the typi-
cal responses of these sensors to H2 and LPG indicated that the porous spheres demonstrated 
better sensing performance than the hierarchical flowers [64]. This research is a main example 
about how the material’s microstructure/morphology could affect the sensing properties of 
the same material; the results demonstrated the great effect that the microstructures could 
have on the final gas sensing properties of this metal oxide.

Indium oxide (In2O3), as a typical n-type semiconductor with a band gap of 3.55–3.75 eV, has 
been investigated extensively in last decade for its applications in diverse areas. For instance, 
Gong et al. [85] successfully synthesized porous In2O3 nanocuboids on a large scale and the 
sensors made with them exhibit enhanced sensitivity and stability to reducing gases includ-
ing H2S, acetone, ethanol and methanol vapors, after modified with Pd nanoparticles. The 
results indicate the existence of abundant pores for the aggregations of particles in the mate-
rials. The BET surface area of the materials is 36.2 m2 g−1. As was mentioned, the In2O3 and  
Pd@In2O3 nanocuboids were used to produce two different types of chemical sensors. The sen-
sor fabricated with Pd@In2O3 was more stable with a higher response to the reducing vapors 
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in comparation to the In2O3 nanocuboids sensor. The results also indicate that Pd nanopar-
ticles have a positive effect on the sensing mechanism of In2O3 nanocuboids. On the other 
hand, hydrogen sulfide (H2S) is a toxic, flammable, colorless, and malodorous gas that has 
been getting strong attention in the industrial gases sensing field for several years. Therefore, 
In2O3-based sensing film and its sensing performances to H2S (especially at low working tem-
perature) have been much studied and received superior attentions [99]. In the same order of 
idea, In2O3 nanoparticle film synthetized by hydrothermal method and studied its gas sensing 
performances to H2S at different temperatures above125°C. Such film exhibited a strong and 
selective sensing to H2S at 268°C among the normal gas molecules. In addition, nanocrystal-
line In2O3-based films had a high response to H2S gas at 150°C. Also, the nanostructured In2O3 
thin films, induced by spray pyrolysis technique, showed a good sensitivity to H2S at a lower 
temperature of 50°C [99]. Wang et al. [99] reported the sensing properties of In2O3 micro/
nanostructured orderly porous thin film produced by solution-dipping monolayer organic 
colloidal template. This sensing material was used for H2S detection at room temperature. 
The results indicated that the humidity has a great effect on the sensing properties of the In2O3 
porous film where H2S was not detected in ambient without humidity. This sensing material 
shows an ultra-high response value to H2S at room temperature with a significant humidity-
induced enhanced sensing performance. The results also indicate that the sensing mechanism 
of the In2O3 film for the H2S at room temperature is due to three potential effect such as (1) 
the ambient humidity-induced H2S hydrolyzation, (2) the hydrolyzation-induced desorption 
of the chemisorbed oxygen and adsorption of water, or (3) even formation of water thin film 
on the In2O3 surface produced by the effect of the ambient humidity. This research team also 
proposed a design of an In2O3 porous thin film-based sensor array with potential uses for the 
H2S detection under environmental operational conditions.

Zinc oxide (ZnO) is one of the most auspicious materials for a large number of applications 
because of its physicochemical properties, where its chemical sensitivity permits to be used 
as a sensing material for many gases including H2, NO2, O2, CH3CH2OH, NH3, and LPG [100]. 
Accordingly, Al-Salmana et al. [100] produced ZnO nanostructure deposited on the PET and 
quartz substrates, and found that ZnO sensor based on PET substrate has a sensitivity valor 
of 24.8% for H2 gas tested at room temperature with an increase until 99.53% at 200°C with 
a response of 224. Otherwise, ZnO sensor based on quartz substrate showed high sensitivity 
(96.29%) at 100°C, with an increase until 99.95% at 250°C and a response value of 2254. The 
ZnO gas sensors based on PET and quartz substrates showed high sensitivity, stability, and 
recovery to the initial value of the sensor signal when they were operating at temperatures 
between 100 and 200°C. These sensing materials used for H2 gas detection and based on ZnO 
nanostructures were stable over several cycles and had a fast response at different operating 
temperatures. On the other hand, Wagner et al. [101] produced mesoporous ZnO and evalu-
ated its sensing properties for CO and NO2 detection in a concentration range of 2–10 ppm 
at a relative humidity of 50%. It is well known that the long-term permit-exposure values for 
the human race without health damage are about 30 ppm for CO and 5 ppm for the NO2. 
This research group indicated that their mesoporous sensing materials can be used for the 
detection of these gases under concentration bellow of the legal thresholds register in most 
countries and showed previously.
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ceramic metal oxides are found to be a good choice as humidity sensing materials due to 
their properties such as high mechanical strength, good physical and chemical stabilities, fast 
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and gas sensors due to their high surface-to-volume ratio of atoms, excellent surface reactiv-
ity, and the ability to tailor their surface and charge transport properties. Hence, they are 
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nanowires, TiO2 nanotubes, BaTiO3 nanofibers, ZnSnO3 nanocubes, among others constitute 
the recently explored nanostructured metal oxides to this effect [98].
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cal responses of these sensors to H2 and LPG indicated that the porous spheres demonstrated 
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about how the material’s microstructure/morphology could affect the sensing properties of 
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been investigated extensively in last decade for its applications in diverse areas. For instance, 
Gong et al. [85] successfully synthesized porous In2O3 nanocuboids on a large scale and the 
sensors made with them exhibit enhanced sensitivity and stability to reducing gases includ-
ing H2S, acetone, ethanol and methanol vapors, after modified with Pd nanoparticles. The 
results indicate the existence of abundant pores for the aggregations of particles in the mate-
rials. The BET surface area of the materials is 36.2 m2 g−1. As was mentioned, the In2O3 and  
Pd@In2O3 nanocuboids were used to produce two different types of chemical sensors. The sen-
sor fabricated with Pd@In2O3 was more stable with a higher response to the reducing vapors 
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in comparation to the In2O3 nanocuboids sensor. The results also indicate that Pd nanopar-
ticles have a positive effect on the sensing mechanism of In2O3 nanocuboids. On the other 
hand, hydrogen sulfide (H2S) is a toxic, flammable, colorless, and malodorous gas that has 
been getting strong attention in the industrial gases sensing field for several years. Therefore, 
In2O3-based sensing film and its sensing performances to H2S (especially at low working tem-
perature) have been much studied and received superior attentions [99]. In the same order of 
idea, In2O3 nanoparticle film synthetized by hydrothermal method and studied its gas sensing 
performances to H2S at different temperatures above125°C. Such film exhibited a strong and 
selective sensing to H2S at 268°C among the normal gas molecules. In addition, nanocrystal-
line In2O3-based films had a high response to H2S gas at 150°C. Also, the nanostructured In2O3 
thin films, induced by spray pyrolysis technique, showed a good sensitivity to H2S at a lower 
temperature of 50°C [99]. Wang et al. [99] reported the sensing properties of In2O3 micro/
nanostructured orderly porous thin film produced by solution-dipping monolayer organic 
colloidal template. This sensing material was used for H2S detection at room temperature. 
The results indicated that the humidity has a great effect on the sensing properties of the In2O3 
porous film where H2S was not detected in ambient without humidity. This sensing material 
shows an ultra-high response value to H2S at room temperature with a significant humidity-
induced enhanced sensing performance. The results also indicate that the sensing mechanism 
of the In2O3 film for the H2S at room temperature is due to three potential effect such as (1) 
the ambient humidity-induced H2S hydrolyzation, (2) the hydrolyzation-induced desorption 
of the chemisorbed oxygen and adsorption of water, or (3) even formation of water thin film 
on the In2O3 surface produced by the effect of the ambient humidity. This research team also 
proposed a design of an In2O3 porous thin film-based sensor array with potential uses for the 
H2S detection under environmental operational conditions.

Zinc oxide (ZnO) is one of the most auspicious materials for a large number of applications 
because of its physicochemical properties, where its chemical sensitivity permits to be used 
as a sensing material for many gases including H2, NO2, O2, CH3CH2OH, NH3, and LPG [100]. 
Accordingly, Al-Salmana et al. [100] produced ZnO nanostructure deposited on the PET and 
quartz substrates, and found that ZnO sensor based on PET substrate has a sensitivity valor 
of 24.8% for H2 gas tested at room temperature with an increase until 99.53% at 200°C with 
a response of 224. Otherwise, ZnO sensor based on quartz substrate showed high sensitivity 
(96.29%) at 100°C, with an increase until 99.95% at 250°C and a response value of 2254. The 
ZnO gas sensors based on PET and quartz substrates showed high sensitivity, stability, and 
recovery to the initial value of the sensor signal when they were operating at temperatures 
between 100 and 200°C. These sensing materials used for H2 gas detection and based on ZnO 
nanostructures were stable over several cycles and had a fast response at different operating 
temperatures. On the other hand, Wagner et al. [101] produced mesoporous ZnO and evalu-
ated its sensing properties for CO and NO2 detection in a concentration range of 2–10 ppm 
at a relative humidity of 50%. It is well known that the long-term permit-exposure values for 
the human race without health damage are about 30 ppm for CO and 5 ppm for the NO2. 
This research group indicated that their mesoporous sensing materials can be used for the 
detection of these gases under concentration bellow of the legal thresholds register in most 
countries and showed previously.
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Other kind of porous ceramics materials have been investigated for hydrocarbons gases 
detection. For instance, Picasso et al. [65] have produced sensors based on nanoparticles of 
α-Fe2O3 doped with different amounts of Pd ranging from 0.1 to 1.0 wt.% for liquefied petro-
leum gas (LPG) detection. They demonstrated that the sample of Pd-doped sensors showed 
much higher sensitivity than the undoped one revealing the promotion electronic effect of 
Pd2+ on the surface reaction. Among all samples, the sensor with 0.75 wt.% Pd presented the 
highest gas response at 300°C in all gas tested concentrations, likely due to the highest BET 
surface, well-defined hematite crystalline structure and best surface contact over Pd surface 
via electronic mechanism. On the other hand, Xiaoqing Li et al. [29] produced mesoporous 
NiO NWs by using SBA-15 silica as the hard templates with the nanocasting method under 
the calcination temperature between 550 and 750°C. All results showed that all samples exhib-
ited the best response to ethanol gas. The specific surface area decreased with the increasing 
calcination temperature, while crystallization degree and bandgap increased. Owing to the 
suitable specific surface area, crystallization degree and bandgap at the calcination tempera-
ture of 650°C, mesoporous NiO NWs-650 exhibited the best gas-sensing performance. For 
ethanol detection Co3O4 nanoneedle arrays were successfully fabricated via a facile two-step 
approach, including the formation of needle-shaped Co(CO3)0.5(OH)·0.11H2O followed by 
thermal conversion to mesoporous Co3O4. The highest sensitivity reached ∼89.6 for 100 ppm 
ethanol vapor and the optimal working temperature was as low as 130°C [87].

In addition, some of the most sensing materials used for humidity conditions are based on 
metal oxides, spinel- and perovskite-type oxides and/or thereof combination. Basically, the 
physicochemical properties of these materials allow them to detect humidity in gaseous 
media. The sensing mechanism of ceramic humidity sensors is based on water adsorption 
on the ceramic surface. The microstructure of these ceramic materials integrated by grains, 
porous, and their crystalline or non-crystalline phases support the sensing mechanism pro-
cess. Hence, these kinds of sensors are based on the mechanical or electrical change due 
to bulk and/or surface modifications of the sensing materials with water adsorption [102]. 
Finally, the present state-of-art indicates that there are just a few publications related to the 
sensing hydrocarbons and/or their associated gases at low temperature and high humidity 
indicating a great niche for future researches.

6. Conclusion

In the recent past, a great deal of research efforts were directed toward the development of 
advanced ceramics porous materials due to their sensing properties and potential applica-
tion for sensing hydrocarbons and/or their associated gases leaks. Among the various tech-
niques that are available for gas detection, solid state metal oxides offer a wide spectrum of 
materials and their sensitivities for different gaseous species, making it a better choice over 
other options. The oxides that are covered in this study include oxides of aluminum, sili-
con, bismuth, cerium, chromium, cobalt, copper, indium, iron, nickel, niobium, tin, titanium, 
tungsten, vanadium, zinc, zirconium, and the mixed or multi-component metal oxides. The 
cover hydrocarbons and their associated gases are liquefied petroleum gas (LPG), CH4, etha-
nol (C2H6O), methanol (CH3OH), acetone (C3H6O), H2, NH3, CO, H2S, NOx, among others. 
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The book chapter mentions the principle of the hydrocarbon leaks and the advances in the 
production and applications of micro- and nanoporous ceramics for hydrocarbon leaks under 
diverse environmental conditions (e.g., humidity and low temperatures) that also affects the 
sensing capability of these materials. Finally, sensing of hydrocarbon leaks at low tempera-
tures and high humidity conditions is clearly identified as niche area that requests future 
research efforts.
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Abstract

Zinc-tin-oxide-based ceramics have been extensively investigated especially regarding
the synthesis of zinc stannate (Zn2SnO4), a spinel structure ternary compound with a
wide range of possible applications. Among all of those, the best-known use of this
material is in the combustion gas and moisture sensors. This chapter presents the research
results review on the structure, morphology, and properties of mechanochemically syn-
thesized Zn2SnO4 ceramics with large open porosity, as well as the results obtained during
its solid-state processing optimization. Also shown is the review of the results obtained in
the study of the influence of addition of the small amounts of bismuth oxide (Bi2O3) on the
obtained Zn2SnO4 structure, microstructure, and electrical properties, as it provides the
condition for the liquid phase sintering and creates a new dynamics in the zinc-tin-oxide
reaction sintering process.

Keywords: ZnO-SnO2 ceramics, spinels, zinc stannate, mechanical activation, sintering

1. Introduction

Zinc stannate is a non-toxic transparent n-type semiconducting oxide material whose electrical
conductivity is sensitive to the changes of oxygen stoichiometry and environmental atmo-
sphere, so it is mostly known for its gas-sensing (detection of combustion gases, CO, H2, NO,
NO2, and moisture) applications [1–3]. However, the unique electrical and optical properties of
the zinc stannate, which has been manufactured so far in different forms (thin and thick films,
polycrystalline powders, composite and porous sintered ceramics) [4–7], makes it a suitable
material for the various other applications as well (as functional coatings, flat panel displays,
thin film solar cells, windows coatings, transparent conducting electrodes, as anode material in
Li-ion batteries, as various photoelectrical devices, in photocatalysis) [8–20]. Zinc stannate is a
spinel compound with a general formula Zn2SnO4 and a band gap of 3.6 eV. The spinel
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Zn2SnO4 in the bulk form is stable in the inverse spinel structure, with a face-centered cubic
unit cell (space group Fd3m), where Zn2+ occupy the 8a sites, and both Zn2+ and Sn4+ cations
occupy the 16d sites, while O is placed in the 32e sites. Its unit cell parameter has a value of
a = 8.6574 Å (JCPDS PDF 24-1470). The spinel-type structures can have big cation disorders in
the crystal lattice and certain nonstoichiometry. Nevertheless, the disorders in spinels are not
conventional so there is no change in the symmetry. The most general spinel formula is AB2O4,
where A is two valent or four valent metal ions, and B are two valent or tree valent metal ions.
To this day, there have been synthesized over 200 different types of spinel oxide compounds.
Some spinel compounds are known to have the characteristic sensor and catalytic properties,
like Zn2SnO4, and exhibit complex disordering phenomena related to the redistribution of
cations over (B) and [A] sublattices in their structure. The partly inverse spinels like Zn2SnO4

have four valent ions on octahedral positions [A] and two valent ions in some ration distrib-
uted over tetrahedral (B) and octahedral coordination [A]. The zinc stannate compound may
then be presented as (Zn2+)[Sn4+Zn2+]O4 to emphasize the site occupancy at the atomic level.

The previous solid-state synthesis investigations established that complete Zn2SnO4 formation
needs prolonged mechanical activation of the starting reaction precursors (ZnO and SnO2

powders) and considerable high temperature of sintering (in the range from 1000 to 1280�C).
The solid-state chemical reaction between the ZnO and SnO2 starts relatively slow at 1000�C
while the monophase polycrystalline zinc stannate is formed at 1280�C.

2. Mechanochemical activation and consolidation of ZnO-SnO2 powder
system

Finding optimal conditions of mechanochemical activation is the first and foremost important
processing step for obtaining the right texture, particle size distribution and chemical reactivity
of the starting powders in the solid-state synthesis of the polycrystalline Zn2SnO4 ceramics and
the achievement of the wide range of its applications [21]. The mechanochemical activation
consists of several processes that are usually divided into four stages: the material destruction,
new surface formation, fine grinding and transformation to a completely different material
structure. The optimal powder processing is a way to lower the sintering temperature necessary
in the further steps of the ceramics production, which is very important fact from the stand point
of the cost-effectiveness. When the starting powders of zinc oxide and tin oxide in the 2:1 molar
ratio (ZnO:SnO2 = 2:1) are mechanically activated in a planetary ball mill (Fritsch Pulverisette) in
time intervals 0–160 min (with 320 rpm, ball to powder mass ratio of 40:1, in zirconium grinding
media of a 500 ml vial and 10 mm diameter balls) the two stages of the grinding process occurs
(Figure 1). The investigated samples were marked further in the text as ZSO-00, ZSO-10, ZSO-40,
ZSO-80, and ZSO-160, and these marks are related to the not-activated, 10, 40, 80, and 160 min
activated 2ZnO-SnO2 powder mixtures, respectively. The first stage, up to 10 min of mechanical
activation, is the increase in the powders specific surface area (SBET, calculated by BET method
from the linear part of N2 adsorption isotherms [21–23]) which is related to the breaking of the
powder particles and formation of the new surfaces (Figure 2a and b). The second stage brings
the cold-welding and chemical reaction between the starting precursors (ZnO and SnO2 powders),
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Figure 1. The specific surface area vs. the time of mechanical activation for the ZnO-SnO2 powder system.

Figure 2. SEM micrographs of ZnO-SnO2 powder mixtures activated, (a) 0, (b) 10, (c) 40, and (d) 80 min.
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activation, is the increase in the powders specific surface area (SBET, calculated by BET method
from the linear part of N2 adsorption isotherms [21–23]) which is related to the breaking of the
powder particles and formation of the new surfaces (Figure 2a and b). The second stage brings
the cold-welding and chemical reaction between the starting precursors (ZnO and SnO2 powders),
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Figure 1. The specific surface area vs. the time of mechanical activation for the ZnO-SnO2 powder system.

Figure 2. SEM micrographs of ZnO-SnO2 powder mixtures activated, (a) 0, (b) 10, (c) 40, and (d) 80 min.

Zinc-Tin-Oxide-Based Porous Ceramics: Structure, Preparation and Properties
http://dx.doi.org/10.5772/intechopen.71581

79



a formation of a new phase and a decrease in the SBET (Figure 2c and d). The first sign of the
spinel zinc stannate formation was noticed after 40 min of mechanical activation (results
obtained by X-ray diffraction, XRD [21]). By increasing the activation time the intensities of
the XRD peaks of the starting phases ZnO and SnO2, become lower while XRD peaks of the
spinel Zn2SnO4 phase dominates. After 160 min of mechanical activation, the Zn2SnO4

becomes a major phase in the system. Together with the progression of the mechanochemical
reaction and formation of the zinc stannate spinel a secondary agglomeration occurs as well,
which contributes mostly to a continuous decrease of SBET during the second stage of the
grinding process (Figure 2c and d). The microstructure of the starting ZnO and SnO2 powder
mixture characterizes in the homogeneously distributed particles of two kinds, the smaller
ones with a spherical shape that belongs to ZnO and the longer ones with a polygonal shape,
which belongs to the SnO2. After 10 min of activation, there is a noticeable decrease in a
number of the spherical particles because ZnO is more than six times softer material than
SnO2 (microhardness of ZnO and SnO2 is 1.5 and 10 GPa, respectively) so firstly the drastic
changes induced by mechanical activation addresses the ZnO (Figure 2).

The shape of the adsorption isotherms (example shown in Figure 3a) of all the investigated
samples (different mechanically activated powder mixtures) confirms mono-multi layered
adsorption on the clear and stable powder surfaces with a morphology that suffered fragmen-
tation and aggregation during the mechanical activation and is characterized by macropores or
even limited number of the micropores [21]. According to the IUPAC classification, these
adsorption–desorption isotherms belong to the aggregated particles that form slit-shaped

Figure 3. The nitrogen adsorption–desorption isotherm (a), the pore size distribution (b), and the pore volume distribu-
tion by Dubinin Radushevich line method (c), for the 10 min activated ZnO-SnO2 powder mixture.
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pores [22–24]. Isotherms have a reversible part (as physical adsorption is namely reverse) at
the low relative pressures, when desorption is happening along the same isotherm path as
adsorption, and hysteresis loops at higher relative pressures which happen because the
desorption is harder when in very porous adsorbents, like in this material system, the conden-
sation occurs inside fine pores and capillaries at lower than equilibrium pressure. The N2

isotherm analysis (pore size distribution by Dollimore-Heal Poresizes [25] and Dubinin-
Radushkevich Line [26] methods, an example shown in Figure 3b and c) gave the textural
properties of the investigated different activated powder mixtures, and have shown that pores
with the biggest total bulk volume were found in the powder mixture activated for 10 min,
while lower total porosity (volume) was determined for the 40 min of activation, and the
lowest for the other activation times (80 and 160 min) that had a smaller amount of the big
pores (mesopores), like ZSO-40. The average mesopore diameters varied in the range from
22 nm (ZSO-10) to 79 nm (ZSO-80). The increase of the activation time, from 80 to 160 min, did
not bring further texture-porosity evolution [21].

The second most important step in the ceramics processing is the consolidation of a mechani-
cally activated power mixture by pressing. The microstructure of the sintered pellets (i.e.
thermally treated consolidated powder mixtures) extremely depends on the quality of the
green body (pressed mechanically activated powder mixture before the sintering process). It
is very crucial to the whole technology of the ceramics production to establish the mathemat-
ical–physical correlation between the pressure of the compaction (consolidation), and the main
macroscopic features of the investigated material (density or porosity), that is, to determine the
compressibility of the investigated powders (dependence of the green body density vs. the
compaction pressure). These compressibility investigations have actually a very practical
nature, that is, to determine the pressing pressure needed for each of the investigated powder
mixtures to obtain a specifically desired density. Different mechanochemically activated ZnO-
SnO2 powders were pressed under 49–392 MPa into 10 mm pellets. The green body density
(green density) was determined for each of the samples by measuring the weight and dimen-
sions of the obtained pellets with an error not bigger than 1% [27]. Figure 4 shows the influ-
ence of the consolidation pressure vs. relative green density for differently activated powders
from the ZnO-SnO2 system.

The green densities of the nonactivated ZnO-SnO2 powder mixture obtained under several
applied pressures are significantly lower compared to the green densities of the 10, 40, 80 and
160 min activated ZnO-SnO2 powder mixtures. The highest densities are obtained for the lowest
activation time (10 min). Because the green densities of the 80 and 160 min activated powder
mixtures have really close values, for clarity, the relative green densities of the 160 min activated
powder mixture were left out in Figure 4. All dependency curves in Figure 4 have the same
shape, while their relationships point out to the general rule that the longtime of mechanical
activation and the same applied compaction pressure results in a green density decrease. This is
probably a consequence of the formation of a larger number of harder agglomerates (Figure 2)
with prolonged activation and is actually a typical compressibility behavior of the powder
materials. In other words, longer mechanical activation demands higher pressure force to obtain
the green body with approximately same density. For the 80 min (and 160 min) activated ZnO-
SnO2 powder system, it is necessary to apply four times higher pressure than for 10 min
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activated powder mixture to have the green body with the same density. It is easy to spot on the
so-called, “the same density line” in Figure 4, that shows the values of the pressure that have to
be applied in order to obtain the green body that has the same density (60% of the theoretical
density), no matter how activated ZnO-SnO2 powder mixture is.

3. Mechanism and kinetics of sintering, and the porosity of consolidated
ZnO-SnO2 system

In order to investigate the influence of the mechanical activation on ZnO-SnO2 systems densi-
fication, the green bodies of the different activated ZnO-SnO2 powder mixtures were prepared
by uniaxial pressing with different pressures (250, 50, 150, 200, 200 MPa was applied for ZSO-
00, ZSO-10, ZSO-40, ZSO-80, and ZSO-160, respectively) in accordance with the findings in
Figure 4, so the starting sintering density would be the same (3.769 g/cm3) [27, 28] for all the
investigated samples. Non-isothermal sintering kinetics was determined by monitoring the
relative shrinkage of the green body by sensitive dilatometer, in the air up to 1200�C, with
three different heating rates (5�C/min in Figure 5a, 10�C/min in Figure 5b, and 20�C/min in
Figure 5c). All the results are shown in Figure 5.

The dilatometric results point to 800�C as the temperature when the densification process
starts in ZSO-40, ZSO-80, and ZSO-160 samples. The dilatometric behavior of ZSO-00 and
ZSO-10 is somehow different. The initial expansion in the ZSO-00 and ZSO-10 samples starts
around 1000�C and continues in shrinkage. It is very important to determine the origin of this

Figure 4. The pressing pressure vs. green density for the ZnO-SnO2 system [27].
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deviation and its impact on the process of densification and further evolution of the material
microstructure. This expansion cannot be explained just by the simple differences in the molar
volumes of the samples because the theoretical density of zinc stannate spinel (6.42 g/cm3) is very
close to the theoretical density of the equimolar mixture of ZnO and SnO2 (6.24 g/cm3). Several
mechanisms are described in the literature to explain phenomena like this, that is, the expansion
of the powders during the solid-state reactions. In the oxide systems as ZnO-SnO2, it is explained
by to the separation of the particles when the reaction product is formed. The chemical reaction
starts at 1026�C (when the heating speed is 5�C/min), 1044�C (when the heating speed is 10�C/min)
and 1060�C (when the heating speed is 20�C/min) in the ZSO-00 sample, and at 916�C (heating
speed, 5�C/min), 945�C (heating speed, 10�C/min) and 957�C (heating speed, 20�C/min) for the
ZSO-10 sample (Inset Table in Figure 5). During the chemical reaction, the product, zinc
stannate, causes the expansion of the ZSO-00 and ZSO-10 samples because the starting powder
grains are being separated in the way that is illustrated in Figure 6.

The reaction sintering is a process during which the chemical reaction and the densification
happen simultaneously. The temperature of the reaction sintering beginning is obviously
lower for the longer mechanically activated ZnO-SnO2 powder mixtures and higher when
higher heating speeds were used during the thermal treatment. Some believe that the most
important fact for the reaction sintering process is a defect degree of the formed microstructure
during the chemical reaction. For the systems where the chemical reaction does not induce the

Figure 5. The dilatometric curves of differently activated ZnO-SnO2 samples obtained by non-isothermal sintering in air,
at different heating rates: (a) 5�C/min, (b) 10�C/min, and (c) 20�C/min, and up to 1200�C [28–30]. The inset table shows the
minimum and maximum temperatures where the expansion and the shrinkage start, respectively, for the ZSO-00 and
ZSO-10 samples.
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huge microstructure changes, obtaining higher densities and controlled grain growth does not
depend on the fact whether the chemical reaction begins before or after the densification
process. However, if the volume change during the reaction sintering is large, the densification
should occur before the reaction if the high density and controlled grain growth are desired.
The results obtained for ZSO-00 and ZSO-10 samples imply that the reaction between the ZnO
and SnO2 and formation of the Zn2SnO4 spinel in these samples begins before the process of
sintering and it is accompanied by a very large expansion of the samples. In samples activated
for 40 min and more, the shrinkage is dominant. The XRD results confirmed that in these
samples zinc stannate spinel is a major phase so the process of densification prevails. The slope
of the dilatometer curves of ZSO-40, ZSO-80, and ZSO-160 samples point to the possibility of
the spinel phase formation in the shape of the agglomerates that progress by the increased
activation time because the agglomeration inhibits the densification. The calculated green and
sintered densities were 3.74 and 4.14 g/cm3 (ZSO-40), 3.78 and 4.12 g/cm3 (ZSO-80) and 3.79
and 3.86 g/cm3 (ZSO-160), respectively. The densification is the highest for the sample acti-
vated for 40 min and the lowest for the longest activated sample (ZSO-160). The densities of all
the samples increase during sintering but the highest value is obtained for the ZSO-40 sample.
Hence, the relative shrinkage during sintering is primarily dependent on a distribution of the
starting particles, their consolidation, and activity. The densities of all the sintered samples are
lower than 70% of the theoretical density of zinc stannate. It is obvious that this structure is
difficult to sinter. The porosity present in starting powder mixtures is preserved in the sintered
samples as well. The starting powders are mainly made of the agglomerates, which are the
reason why the packing of the particles during consolidation step is not ideal, and then it is so
difficult to reach the high densification degree during sintering. This, together with the forma-
tion of the agglomerated spinel, is the main reason for the slow sintering process in this
system. The moving force of the reaction sintering is the low free energy of the system as a
result of the spinel phase formation through the diffusion mechanisms. The additional force is
the high surface free energy induced by the process of mechanical activation of the starting
powders, but only after the system gains the chemical balance.

Figure 6. The schematic illustration of the solid-state reaction in the ZnO-SnO2 system.

Recent Advances in Porous Ceramics84

The isothermal sintering was performed at 900 to 1200 �C (Figure 7a) for different time intervals
(30–120 min) (Figure 7b). The relative densities were determined and used to calculate the
obtained ceramics porosities (Table 1). The isothermal sintering is usually analyzed by investigat-
ing the shrinkage degree, which is described by the so-called Lanel parameter. This parameter
connects the after sintering ΠS and starting porosity Πo, that is, the green r0, sintered rS, and
theoretical rT density of the investigated material: L = 1-(ΠS/ Π0) = (rS – r0)/(rT – r0). The joint
structural characteristic of all the sintered samples is a large open porosity, ~40% and inhomoge-
neity which is a consequence of the powders “history” (the presence of the agglomerates and
aggregates) (Figure 2), porosity in the starting powder mixtures and the solid-state reaction with
the spinel formation (Figure 6). The formal sintering kinetic analysis by Lanel parameter (Figure 8)
confirmed that mechanical activation of the starting powder mixtures influences the sinterability,
but having all the results in mind, longer activation than 40 min is not necessary because the

Figure 7. The change of the relative density vs. a) Temperature of the isothermal sintering and b) time of the mechanical
activation, of the ZnO-SnO2 system.

Sample Π0 = 1-r0/rT (%) ΠS = 1-rS/rT (%) Sample Π0 = 1-r0/rT (%) ΠS = 1-rS/rT (%)

TSINTER. = 900 �C TSINTER. = 1100 �C

ZSO-00 48.6 45.3 ZSO-00 48.6 38.6

ZSO-10 41.9 46.4 ZSO-10 43.1 37.7

ZSO-40 45.3 44.4 ZSO-40 44.7 41.1

ZSO-80 45.8 44.2 ZSO-80 46.1 42.8

ZSO-160 46.4 46.1 ZSO-160 46.4 46.6

TSINTER. = 1000 �C TSINTER. = 1200 �C

ZSO-00 46.9 45.3 ZSO-00 48.4 31.3

ZSO-10 43.8 41.7 ZSO-10 42.8 30.8

ZSO-40 45.3 43.5 ZSO-40 45.3 39.7

ZSO-80 45.6 43.5 ZSO-80 46.4 40.3

ZSO-160 45.6 45.1 ZSO-160 46.6 47.2

Table 1. Porosity (%) for the green and isothermally sintered ZnO-SnO2 samples.
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effects of longer mechanical activation have a very little impact on the sinterability improvement.
The mechanical activation longer than 40 min, on the other hand, is needed for more efficient zinc
stannate synthesis.

The behavior of the differently activated samples of ZnO-SnO2 system during the heat treat-
ment was complemented with differential thermal analysis (DTA). From the shape of the
exothermal peak of the nonactivated ZnO-SnO2 powder mixture, it is obvious that starting
from 400�C, the serious of exothermic, poorly separated changes (processes) occur. These
processes lead to the formation of zinc stannate phase, which is confirmed by the XRD analysis
[29, 30]. The exothermal effect in ZSO-10 is a consequence of the two processes: formation of
the zinc stannate at lower temperatures and spinel crystal growth at higher temperatures.

The XRD analysis confirms the existence of the spinel peaks in ZSO-40, ZSO-80, and ZSO-160
samples, so the exothermal effect in these samples is only a result of the spinel growth during the
thermal treatment [30]. With the higher activation times used in the preparation of the starting
powder mixtures, the temperature of the exothermal peak is lowering (ZSO-00: 1135, ZSO-10:
1031, ZSO-40: 941, ZSO-80: 892, and ZSO-160: 849�C). The specific reaction enthalpy values were
1.69 (ZSO-10), 3.10 kJ/g (ZSO-40), and for the ZSO-80 and ZSO-160 samples, had the same value
of 3.69 kJ/g, so the conclusion could be that the good condition for mechanochemical synthesis of
the zinc stannate spinel is obtained already with 80 min of mechanical activation. The obtained
results imply also the possibility of zinc stannate solid-state synthesis already at 900�C, which is
a much lower temperature of Zn2SnO4 synthesis than previously found (1280�C) [31].

4. Morphology, optical and acoustic characterization of sintered ZnO-SnO2

system

The influence of mechanical activation on the morphology, optical and thermal properties of
the solid-state synthesized Zn2SnO4 was investigated by the scanning electron microscopy,

Figure 8. The Lanel parameter vs. time of sintering for the ZnO-SnO2 samples activated 40, 80, and 160 min and sintered
at 900�C for 2 hours.
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room temperature far infrared and photoacoustic spectroscopy [28, 32–34]. The reflectivity of
near normal incidence light in the range between 100 and 1400 cm�1 as a function of the wave
number showed the existence of eight ionic oscillators for all the investigated samples. The
intensity of the reflectivity peaks was the highest for the sample activated for 10 min and
gradually decreased with longer mechanical activation (40, 80 and 160 min, respectively). As
confirmed by microstructural analysis longer times of activation lead to the increase of poros-
ity and defects (Figure 2). The specificity of the obtained results is the two extra oscillators
from the six that are expected to show for the known Wyckoff sites for zinc stannate structure
and calculated by nuclear site group analysis, which is obviously the result of mechanical
activation and sintering [32, 33]. It is known that the mechanical activation is responsible for
the formation of the defects and after sintering a structure that contains pores, aggregates and
intergranular material besides crystalline grains [32] (Figure 9a–d). As shown previously, the
activation of 10 min brings the significant refinement in the crystallite size of the initial oxides,
while the beginning of the spinel zinc stannate phase formation starts after 40 min of activation
[21, 30]. The agglomeration and high porosity is a feature of all the mechanically activated
samples, and it increases with the longer activation times and remains also after the sintering
process (Figure 9). The ceramic materials with a large open porosity like zinc stannate
obtained by the reaction sintering processing described in this review paper are convenient
for the application in the humidity sensors. Atmospheric water can be absorbed on the grain
surfaces inside pores or condensed in the small channels and pores [28]. Humidity sensor has
to have features like high sensitivity, reversibility, fast response, the broad range of moisture
selectivity, chemical, and thermal stability, which depends on the microstructure formed

Figure 9. SEM micrographs of ZnO-SnO2 ceramics prepared by mechanical activation for, (a) 10, (b) 40, (c) 80 and (d) 160
min and isothermal sintering at 1300�C for 2 hours.
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effects of longer mechanical activation have a very little impact on the sinterability improvement.
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[29, 30]. The exothermal effect in ZSO-10 is a consequence of the two processes: formation of
the zinc stannate at lower temperatures and spinel crystal growth at higher temperatures.
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1.69 (ZSO-10), 3.10 kJ/g (ZSO-40), and for the ZSO-80 and ZSO-160 samples, had the same value
of 3.69 kJ/g, so the conclusion could be that the good condition for mechanochemical synthesis of
the zinc stannate spinel is obtained already with 80 min of mechanical activation. The obtained
results imply also the possibility of zinc stannate solid-state synthesis already at 900�C, which is
a much lower temperature of Zn2SnO4 synthesis than previously found (1280�C) [31].

4. Morphology, optical and acoustic characterization of sintered ZnO-SnO2

system

The influence of mechanical activation on the morphology, optical and thermal properties of
the solid-state synthesized Zn2SnO4 was investigated by the scanning electron microscopy,
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room temperature far infrared and photoacoustic spectroscopy [28, 32–34]. The reflectivity of
near normal incidence light in the range between 100 and 1400 cm�1 as a function of the wave
number showed the existence of eight ionic oscillators for all the investigated samples. The
intensity of the reflectivity peaks was the highest for the sample activated for 10 min and
gradually decreased with longer mechanical activation (40, 80 and 160 min, respectively). As
confirmed by microstructural analysis longer times of activation lead to the increase of poros-
ity and defects (Figure 2). The specificity of the obtained results is the two extra oscillators
from the six that are expected to show for the known Wyckoff sites for zinc stannate structure
and calculated by nuclear site group analysis, which is obviously the result of mechanical
activation and sintering [32, 33]. It is known that the mechanical activation is responsible for
the formation of the defects and after sintering a structure that contains pores, aggregates and
intergranular material besides crystalline grains [32] (Figure 9a–d). As shown previously, the
activation of 10 min brings the significant refinement in the crystallite size of the initial oxides,
while the beginning of the spinel zinc stannate phase formation starts after 40 min of activation
[21, 30]. The agglomeration and high porosity is a feature of all the mechanically activated
samples, and it increases with the longer activation times and remains also after the sintering
process (Figure 9). The ceramic materials with a large open porosity like zinc stannate
obtained by the reaction sintering processing described in this review paper are convenient
for the application in the humidity sensors. Atmospheric water can be absorbed on the grain
surfaces inside pores or condensed in the small channels and pores [28]. Humidity sensor has
to have features like high sensitivity, reversibility, fast response, the broad range of moisture
selectivity, chemical, and thermal stability, which depends on the microstructure formed

Figure 9. SEM micrographs of ZnO-SnO2 ceramics prepared by mechanical activation for, (a) 10, (b) 40, (c) 80 and (d) 160
min and isothermal sintering at 1300�C for 2 hours.
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during the synthesis procedure. The thermal characterization of these materials is very impor-
tant. Photoacoustic spectroscopy was used to determine the thermal and transport properties
of 40, 80, and 160 min activated and non-isothermally sintered up to 1200�C samples (heating
rate of 5�C/min) [28] and the 10, 40, 80 and 160 min activated and isothermally sintered at
1300�C for 2 hours samples [34]. The experimental photoacoustic phase and amplitude spectra
were recorded as a function of the chopped frequency of the laser beam (red laser with power
of 25 mW, λ = 632 nm) in a thermal-transmission detection configuration and analyzed by
theoretical Rosencwaig-Gersho thermal-piston model [35], which enable determination of the
materials thermal properties including thermal diffusivity, diffusion coefficient of the minority
free carriers and optical absorption coefficient.

The differences in thermal-electrical characteristics that were obtained again indicated that the
changes in the material are induced by the differences in the processing routes of the powders
before sintering. With the increase of the activation time and the formation of a single phase zinc
stannate the thermal diffusivity value increases. The thermal diffusivity of zinc stannate material
obtained by non-isothermal sintering route (0.21 � 10�7, 1.80 � 10�7 , and 10.06 � 10�7 m2 s�1,
for the ZSO-40, ZSO-80, and ZSO-160 samples, respectively) are to our best knowledge the first
time ever measured values of this kind [28]. The photoacoustic analysis for differently activated
and isothermally sintered ceramic samples shown differences in photoacoustic spectra, espe-
cially specific are the results obtained for the ZSO-10 sample. The frequency dependence
photoacoustic phase has an explicit minimum for the samples prepared with higher activation
times [34]. In the amplitude diagrams, at critical frequencies where phase diagram has the
explicit minimum, a knee like a change of the curve rate occurs. It is obvious that at those
frequencies in the samples activated longer than 10 min, the significant changes in the material
properties appear. Those samples act as thermally thick at frequencies higher than the critical,
and thermally thin at the frequencies lower than critical. In the area of lower frequencies, the
dominant role in the generation of the photoacoustic signal has the thermal diffusivity and
optical absorption coefficient. In the frequency range when the samples are thermally thick, the
intensity and phase of the photoacoustic signal depend primarily upon the electrical transport
properties of the investigated samples. The increase in the thermal diffusivity value with the
increase of the activation time is confirmed in these samples as well which again points to the
fact that higher activation times are responsible for the formation of porous, defect and low-
density microstructure. This confirms, oncemore, that the grain growth of the spinel phase slows
down the densification process, and together with the agglomerates formed during the mechan-
ical activation, causes the appearance of a highly porous microstructure [34].

5. Liquid phase sintering of the ZnO-SnO2 system

The effect of small amounts of bismuth oxide (Bi2O3) on the microstructure, optical, structural
and electrical properties of the spinel-type ZnO-SnO2 (zinc-tin-oxide) ceramics was investi-
gated [36–39] to complement the above-shown research on the zinc-tin-oxide porous ceramics.
Two series of samples were made for this purpose. Samples of the first series were used as the
reference and were prepared by mechanical activation in different time intervals (10, 40, 80,
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and 160 min), pressing under 980 MPa in 10 mm diameter pellets, and isothermal sintering at
1300�C, for 2 hours. They were used for selecting the optimal conditions for the preparation of
Bi-doped ZnO-SnO2 samples (the second series samples). The infrared spectra of the first series
samples were used also as the reference spectra to compare with infrared spectra’s of samples
of the second series. XRD analysis of the first series samples confirmed the presence of only
Zn2SnO4 spinel phase [36, 37]. The density measurements, however, show that the slightly
higher density was obtained for the starting powder mixture activated for 10 min (Table 2).
Comparing the obtained relative densities of the sintered samples at temperatures from 900 to
1200�C (Table 1, where the values were in the range from 52.8–69.2%), and the ones in Table 2,
it is easy to conclude that by increasing the sintering temperature the relative density of the
ZnO-SnO2 ceramic material is increased. Because of the slightly higher densities obtain for
the 10 min activated sample; this parameter of synthesis (10 min of activation) was applied in
the preparation of the samples from the second series. Samples of the second series were then
prepared with the same starting powder mixtures, with the molar ratio of ZnO:SnO2 = 2:1, but
with the addition of 0.5, 1.0 and 1.5 mol.% of Bi2O3 (samples marked as ZSO-0.5, ZSO-1, and
ZSO-1.5, respectively), mechanical activation for 10 min, pressing under 980 MPa and isother-
mal sintering at 1300�C for 2 hours. The highest relative density was obtained for the 1.0 mol.%
of Bi2O3 (~92%) (Figure 10a), while the increasing concentration of Bi2O3 in the system
(1.5 mol.%) lead to the decrease of the relative density (~87) probably because of the further
grain growth and problematic packing of the bigger particles that are now more present in the
system (Figure 10b). These conclusions are confirmed by the scanning electron microscopy
measurements shown in Figure 10.

Samples of the first series rS/rT (%) Samples of the second series r0 (g/cm
3) r0/rT (%) rS (g/cm

3) rS/rT (%)

ZSO-10 75.9 ZSO 3.92 62.96 5.25 84.44

ZSO-40 75.7 ZSO-0.5 4.12 65.79 5.63 89.93

ZSO-80 75.5 ZSO-1.0 4.12 65.19 5.81 92.21

ZSO-160 75.3 ZSO-1.5 4.22 66.51 5.49 86.58

Table 2. The sintered relative densities of the samples from the first series, and relative densities before and after the
sintering for the Bi2O3 doped ZnO-SnO2 samples.

Figure 10. SEM micrographs of (a) 1 and (b) 1.5 mol.% Bi2O3 doped ZnO-SnO2 ceramics.
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during the synthesis procedure. The thermal characterization of these materials is very impor-
tant. Photoacoustic spectroscopy was used to determine the thermal and transport properties
of 40, 80, and 160 min activated and non-isothermally sintered up to 1200�C samples (heating
rate of 5�C/min) [28] and the 10, 40, 80 and 160 min activated and isothermally sintered at
1300�C for 2 hours samples [34]. The experimental photoacoustic phase and amplitude spectra
were recorded as a function of the chopped frequency of the laser beam (red laser with power
of 25 mW, λ = 632 nm) in a thermal-transmission detection configuration and analyzed by
theoretical Rosencwaig-Gersho thermal-piston model [35], which enable determination of the
materials thermal properties including thermal diffusivity, diffusion coefficient of the minority
free carriers and optical absorption coefficient.

The differences in thermal-electrical characteristics that were obtained again indicated that the
changes in the material are induced by the differences in the processing routes of the powders
before sintering. With the increase of the activation time and the formation of a single phase zinc
stannate the thermal diffusivity value increases. The thermal diffusivity of zinc stannate material
obtained by non-isothermal sintering route (0.21 � 10�7, 1.80 � 10�7 , and 10.06 � 10�7 m2 s�1,
for the ZSO-40, ZSO-80, and ZSO-160 samples, respectively) are to our best knowledge the first
time ever measured values of this kind [28]. The photoacoustic analysis for differently activated
and isothermally sintered ceramic samples shown differences in photoacoustic spectra, espe-
cially specific are the results obtained for the ZSO-10 sample. The frequency dependence
photoacoustic phase has an explicit minimum for the samples prepared with higher activation
times [34]. In the amplitude diagrams, at critical frequencies where phase diagram has the
explicit minimum, a knee like a change of the curve rate occurs. It is obvious that at those
frequencies in the samples activated longer than 10 min, the significant changes in the material
properties appear. Those samples act as thermally thick at frequencies higher than the critical,
and thermally thin at the frequencies lower than critical. In the area of lower frequencies, the
dominant role in the generation of the photoacoustic signal has the thermal diffusivity and
optical absorption coefficient. In the frequency range when the samples are thermally thick, the
intensity and phase of the photoacoustic signal depend primarily upon the electrical transport
properties of the investigated samples. The increase in the thermal diffusivity value with the
increase of the activation time is confirmed in these samples as well which again points to the
fact that higher activation times are responsible for the formation of porous, defect and low-
density microstructure. This confirms, oncemore, that the grain growth of the spinel phase slows
down the densification process, and together with the agglomerates formed during the mechan-
ical activation, causes the appearance of a highly porous microstructure [34].

5. Liquid phase sintering of the ZnO-SnO2 system

The effect of small amounts of bismuth oxide (Bi2O3) on the microstructure, optical, structural
and electrical properties of the spinel-type ZnO-SnO2 (zinc-tin-oxide) ceramics was investi-
gated [36–39] to complement the above-shown research on the zinc-tin-oxide porous ceramics.
Two series of samples were made for this purpose. Samples of the first series were used as the
reference and were prepared by mechanical activation in different time intervals (10, 40, 80,
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and 160 min), pressing under 980 MPa in 10 mm diameter pellets, and isothermal sintering at
1300�C, for 2 hours. They were used for selecting the optimal conditions for the preparation of
Bi-doped ZnO-SnO2 samples (the second series samples). The infrared spectra of the first series
samples were used also as the reference spectra to compare with infrared spectra’s of samples
of the second series. XRD analysis of the first series samples confirmed the presence of only
Zn2SnO4 spinel phase [36, 37]. The density measurements, however, show that the slightly
higher density was obtained for the starting powder mixture activated for 10 min (Table 2).
Comparing the obtained relative densities of the sintered samples at temperatures from 900 to
1200�C (Table 1, where the values were in the range from 52.8–69.2%), and the ones in Table 2,
it is easy to conclude that by increasing the sintering temperature the relative density of the
ZnO-SnO2 ceramic material is increased. Because of the slightly higher densities obtain for
the 10 min activated sample; this parameter of synthesis (10 min of activation) was applied in
the preparation of the samples from the second series. Samples of the second series were then
prepared with the same starting powder mixtures, with the molar ratio of ZnO:SnO2 = 2:1, but
with the addition of 0.5, 1.0 and 1.5 mol.% of Bi2O3 (samples marked as ZSO-0.5, ZSO-1, and
ZSO-1.5, respectively), mechanical activation for 10 min, pressing under 980 MPa and isother-
mal sintering at 1300�C for 2 hours. The highest relative density was obtained for the 1.0 mol.%
of Bi2O3 (~92%) (Figure 10a), while the increasing concentration of Bi2O3 in the system
(1.5 mol.%) lead to the decrease of the relative density (~87) probably because of the further
grain growth and problematic packing of the bigger particles that are now more present in the
system (Figure 10b). These conclusions are confirmed by the scanning electron microscopy
measurements shown in Figure 10.

Samples of the first series rS/rT (%) Samples of the second series r0 (g/cm
3) r0/rT (%) rS (g/cm

3) rS/rT (%)

ZSO-10 75.9 ZSO 3.92 62.96 5.25 84.44

ZSO-40 75.7 ZSO-0.5 4.12 65.79 5.63 89.93

ZSO-80 75.5 ZSO-1.0 4.12 65.19 5.81 92.21

ZSO-160 75.3 ZSO-1.5 4.22 66.51 5.49 86.58

Table 2. The sintered relative densities of the samples from the first series, and relative densities before and after the
sintering for the Bi2O3 doped ZnO-SnO2 samples.

Figure 10. SEM micrographs of (a) 1 and (b) 1.5 mol.% Bi2O3 doped ZnO-SnO2 ceramics.

Zinc-Tin-Oxide-Based Porous Ceramics: Structure, Preparation and Properties
http://dx.doi.org/10.5772/intechopen.71581

89



Addition of the small amounts of Bi2O3 to the ZnO-SnO2 system creates conditions for the liquid
phase sintering and enhances the densification process. The obtained structure and morphology
was examined using XRD and SEM-EDS [36–39]. FTIR and impedance spectroscopy were used
to investigate the optical and electrical properties [38, 39]. Bi2O3 doping creates the conditions for
the liquid phase sintering. Bismuth oxide forms Bi2Sn2O7 pyrochlore phase with SnO2 and in the
presence of ZnO leads to the formation of Zn2SnO4 spinel and Bi2O3 liquid phase between 1000
and 1100�C, according to the following reaction [36]: Bi2Sn2O7 + 4ZnO ! 2Zn2SnO4 + Bi2O3(l).
This brings a new dynamic into the ZnO-SnO2 sintering mechanism. The base system mixture
(2ZnO-SnO2) grains are completely surrounded by the thin film of liquid Bi2O3, which directly
influence the densification, grain growth and the solid-state reaction between the ZnO and SnO2.
No XRD proof of Bi2O3 was found in the sintered samples, either because the amount of Bi2O3

was under the XRD detection limit, or such high temperature of sintering (1300�C) caused the
Bi2O3 to evaporate (evaporation of Bi2O3 starts at 825�C) [37]. The addition of Bi2O3 stimulates
the ion substitution between Sn4+ and Zn2+ which results in ZnO/SnO2 solid solution formation
with rather limited regions of pure Zn2SnO4 [36, 38] (Figure 11). Probably the diffusion-
evaporation mechanisms are responsible for the reaction between the ZnO and SnO2 in this case
of this material sintered at such high temperatures, and not just the ordinary diffusion processes
that happen in the usual solid-state chemical reactions. A limited evaporation of ZnO is also
inevitable [37]. The ZnO evaporation opens up larger pores in places where the SnO2 was not
available for the reaction due to the incomplete mixing. The zinc oxide condenses unreacted on
the walls of the cavities upon cooling. The residual SnO2 appears to balance the evaporated ZnO.
As said previously, the Zn2SnO4 has a cubic inverse spinel (AB2O4) structure so the A and B sites
can substitute for each other during sintering based on the following reaction: AB2O4 ! (AB)
BO4. Even though the valance of the Sn4+ is higher than of the Zn2+ ion the substitution is mutual
[38] and according to the obtained results [36–39] the Bi-doping strongly promoted this substi-
tution and contribute to the Zn2SnO4-SnO2 solid solution formation, along with the larger
regions of pure spinel Zn2SnO4 (Figure 11) and smaller areas of residual SnO2. In Bi-doped
ZnO-SnO2 system, the liquid phase assisted sintering mechanism is obviously responsible for
these dramatic microstructural changes and the deviation from the expected formation of single
phase cubic spinel Zn2SnO4. The enhancement of the densification process and higher bulk

Figure 11. The ZSO-1 sample image taken with an optical microscope. The dark-gray area belongs to the pure Zn2SnO4

phase and it is surrounded by the “matrix” region composed of Zn2SnO4-SnO2 solid solution (noticeable recording points
6 and 7, marks the positions where the additional IR and EDS analysis were performed and shown elsewhere [36, 38]).
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relative densities are expected. The influence of the addition of Bi2O3 on the densification process
was investigated by monitoring the change in the relative density vs. the molar percentage of the
Bi2O3 added, and it shows an increase in relative density of sintered samples (~ 92%) with the
addition of Bi2O3 up to 1.0 mol%, while further addition of 1, 5 mol% Bi2O3 leads to a decrease in
relative density (~ 87%) [37]. This is probably due to further grains growth and packaging
problem of much larger particles. The general conclusion is that the optimal amount of Bi2O3

under applied sintering conditions (1300�C, 2 hours) for achieving the best possible densification
is 1.0 mol%.

The agglomeration and high porosity present in the starting mixtures are also retained in the
sintered samples (porosity ~25%) (Table 2). The general microstructure of the sintered samples
of the second series is characterized by the denser sintered areas compared to the reference
sample (Figures 9 and 10). The “matrix” consists more of the non-stoichiometric zinc stannate,
Zn2�xSn1 + xO4 and represent some kind of a solid-solution, where dark-gray regions are closer
to the composition of pure Zn2SnO4, while smaller areas are composed of the residual SnO2

whose polygonal grains are like inserted into the spinal structure (Figure 10b) [36–38].

The Bi-addition to the ZnO-SnO2 system reflected on its optical properties as well. Although,
the FTIR spectra [38] were similar to the previously obtained for Zn2SnO4 spinel [30, 32, 33]
and were characterized by two extra oscillators (eight in total) attributed to the cation disorder
in the crystal lattice induced by preparation procedure, compared to the six predicted by
group theory analysis that belongs to the zinc stannate structure, it showed also the additional
three more peaks that belong to SnO2 phase (ωTO) found at 244 and 288 cm�1, and the most
intensive bulk mode of SnO2 at 613 cm�1, which position was shifted to higher frequency in
ZSO-1 sample [36, 38].

The impedance spectroscopy measurements provided evidence of the intrinsic features of the
grain-boundary phenomenon in this kind of ceramic material and point to its possible appli-
cation in the nonohmic devices [39]. Impedance diagrams of SnO2-Zn2SnO4 ceramics showed
Cole-Cole type behavior, where complex impedance data resulted in the semi-circles with the
high degree of overlapping which is consistent with the reported semiconductor properties of
this kind of ceramic material.

6. Summary

The optimal conditions for the best zinc stannate synthesis by reaction sintering of the
mechanically activated ZnO and SnO2 powder mixtures in a high-energy planetary ball mill,
in the time intervals from 0 to 160 min, were obtained. The mechanochemical activation of
40 min and more creates the conditions for the beginning of the Zn2SnO4 formation. The
pure stannate phase was obtained in the sample activated for 160 min and sintered at 1200 �C
and higher. A joint structural feature of all the polycrystalline sintered bulk samples is a large
open porosity. Formal analysis of the sintering kinetics using Lanel parameter confirmed that
mechanical activation affects the sinterability only for the activation less than 40 min, while
longer milling intervals have no more effect on the obtained Zn2SnO4 large porosity. In the
materials characterization, it was shown that thermal diffusivity increases with the activation
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Addition of the small amounts of Bi2O3 to the ZnO-SnO2 system creates conditions for the liquid
phase sintering and enhances the densification process. The obtained structure and morphology
was examined using XRD and SEM-EDS [36–39]. FTIR and impedance spectroscopy were used
to investigate the optical and electrical properties [38, 39]. Bi2O3 doping creates the conditions for
the liquid phase sintering. Bismuth oxide forms Bi2Sn2O7 pyrochlore phase with SnO2 and in the
presence of ZnO leads to the formation of Zn2SnO4 spinel and Bi2O3 liquid phase between 1000
and 1100�C, according to the following reaction [36]: Bi2Sn2O7 + 4ZnO ! 2Zn2SnO4 + Bi2O3(l).
This brings a new dynamic into the ZnO-SnO2 sintering mechanism. The base system mixture
(2ZnO-SnO2) grains are completely surrounded by the thin film of liquid Bi2O3, which directly
influence the densification, grain growth and the solid-state reaction between the ZnO and SnO2.
No XRD proof of Bi2O3 was found in the sintered samples, either because the amount of Bi2O3

was under the XRD detection limit, or such high temperature of sintering (1300�C) caused the
Bi2O3 to evaporate (evaporation of Bi2O3 starts at 825�C) [37]. The addition of Bi2O3 stimulates
the ion substitution between Sn4+ and Zn2+ which results in ZnO/SnO2 solid solution formation
with rather limited regions of pure Zn2SnO4 [36, 38] (Figure 11). Probably the diffusion-
evaporation mechanisms are responsible for the reaction between the ZnO and SnO2 in this case
of this material sintered at such high temperatures, and not just the ordinary diffusion processes
that happen in the usual solid-state chemical reactions. A limited evaporation of ZnO is also
inevitable [37]. The ZnO evaporation opens up larger pores in places where the SnO2 was not
available for the reaction due to the incomplete mixing. The zinc oxide condenses unreacted on
the walls of the cavities upon cooling. The residual SnO2 appears to balance the evaporated ZnO.
As said previously, the Zn2SnO4 has a cubic inverse spinel (AB2O4) structure so the A and B sites
can substitute for each other during sintering based on the following reaction: AB2O4 ! (AB)
BO4. Even though the valance of the Sn4+ is higher than of the Zn2+ ion the substitution is mutual
[38] and according to the obtained results [36–39] the Bi-doping strongly promoted this substi-
tution and contribute to the Zn2SnO4-SnO2 solid solution formation, along with the larger
regions of pure spinel Zn2SnO4 (Figure 11) and smaller areas of residual SnO2. In Bi-doped
ZnO-SnO2 system, the liquid phase assisted sintering mechanism is obviously responsible for
these dramatic microstructural changes and the deviation from the expected formation of single
phase cubic spinel Zn2SnO4. The enhancement of the densification process and higher bulk
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6 and 7, marks the positions where the additional IR and EDS analysis were performed and shown elsewhere [36, 38]).
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relative densities are expected. The influence of the addition of Bi2O3 on the densification process
was investigated by monitoring the change in the relative density vs. the molar percentage of the
Bi2O3 added, and it shows an increase in relative density of sintered samples (~ 92%) with the
addition of Bi2O3 up to 1.0 mol%, while further addition of 1, 5 mol% Bi2O3 leads to a decrease in
relative density (~ 87%) [37]. This is probably due to further grains growth and packaging
problem of much larger particles. The general conclusion is that the optimal amount of Bi2O3

under applied sintering conditions (1300�C, 2 hours) for achieving the best possible densification
is 1.0 mol%.

The agglomeration and high porosity present in the starting mixtures are also retained in the
sintered samples (porosity ~25%) (Table 2). The general microstructure of the sintered samples
of the second series is characterized by the denser sintered areas compared to the reference
sample (Figures 9 and 10). The “matrix” consists more of the non-stoichiometric zinc stannate,
Zn2�xSn1 + xO4 and represent some kind of a solid-solution, where dark-gray regions are closer
to the composition of pure Zn2SnO4, while smaller areas are composed of the residual SnO2

whose polygonal grains are like inserted into the spinal structure (Figure 10b) [36–38].

The Bi-addition to the ZnO-SnO2 system reflected on its optical properties as well. Although,
the FTIR spectra [38] were similar to the previously obtained for Zn2SnO4 spinel [30, 32, 33]
and were characterized by two extra oscillators (eight in total) attributed to the cation disorder
in the crystal lattice induced by preparation procedure, compared to the six predicted by
group theory analysis that belongs to the zinc stannate structure, it showed also the additional
three more peaks that belong to SnO2 phase (ωTO) found at 244 and 288 cm�1, and the most
intensive bulk mode of SnO2 at 613 cm�1, which position was shifted to higher frequency in
ZSO-1 sample [36, 38].

The impedance spectroscopy measurements provided evidence of the intrinsic features of the
grain-boundary phenomenon in this kind of ceramic material and point to its possible appli-
cation in the nonohmic devices [39]. Impedance diagrams of SnO2-Zn2SnO4 ceramics showed
Cole-Cole type behavior, where complex impedance data resulted in the semi-circles with the
high degree of overlapping which is consistent with the reported semiconductor properties of
this kind of ceramic material.

6. Summary

The optimal conditions for the best zinc stannate synthesis by reaction sintering of the
mechanically activated ZnO and SnO2 powder mixtures in a high-energy planetary ball mill,
in the time intervals from 0 to 160 min, were obtained. The mechanochemical activation of
40 min and more creates the conditions for the beginning of the Zn2SnO4 formation. The
pure stannate phase was obtained in the sample activated for 160 min and sintered at 1200 �C
and higher. A joint structural feature of all the polycrystalline sintered bulk samples is a large
open porosity. Formal analysis of the sintering kinetics using Lanel parameter confirmed that
mechanical activation affects the sinterability only for the activation less than 40 min, while
longer milling intervals have no more effect on the obtained Zn2SnO4 large porosity. In the
materials characterization, it was shown that thermal diffusivity increases with the activation
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time and progression of the zinc stannate formation. SEM and FTIR results agree well in the
conclusion that longer times of mechanical activation lead to increased porosity and defects.
The FTIR spectra were numerically analyzed and oscillator parameters were calculated. Two
more oscillators were observed compared to six predicted by the group theory for the single
crystal Zn2SnO4, as a result of the synthesis procedure. The obtained defect structure of the Bi-
doped ZnO-SnO2 system is a direct consequence of the structural changes in all the hierarchy
levels induced by the liquid phase sintering mechanism, which strongly influences the optical
and electrical properties of the obtained material as well. By selecting the conditions and the
ways of the sample preparation during the process of mechanical activation and sintering, it is
possible to alter the microstructure, phase composition, optical and electrical properties of the
resulting zinc-tin-oxide ceramics to fit the best the desired applications.
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crystal Zn2SnO4, as a result of the synthesis procedure. The obtained defect structure of the Bi-
doped ZnO-SnO2 system is a direct consequence of the structural changes in all the hierarchy
levels induced by the liquid phase sintering mechanism, which strongly influences the optical
and electrical properties of the obtained material as well. By selecting the conditions and the
ways of the sample preparation during the process of mechanical activation and sintering, it is
possible to alter the microstructure, phase composition, optical and electrical properties of the
resulting zinc-tin-oxide ceramics to fit the best the desired applications.

Acknowledgements

The author is grateful to the Ministry of Education, Science and Technological Development of
the Republic of Serbia for the support (Project No. ON 171022).

Author details

Tamara Ivetić

Address all correspondence to: tamara.ivetic@df.uns.ac.rs

University of Novi Sad, Faculty of Sciences, Department of Physics, Trg Dositeja Obradovića,
Novi Sad, Serbia

References

[1] Peiteado M, Iglesias Y, Fernández JF, De Frutos J, Caballero AC. Microstructural devel-
opment of tin-doped ZnO bulk ceramics. Materials Chemistry and Physics. 2007;101:1-6

[2] Šepelák V, Becker SM, Bergmann I, Indris S, ScheuermannM, Feldhoff A, Kübel C, Bruns M,
Stürzl N, Ulrizh AS, Ghafari M, Hahn H, Grey CP, Becker KD, Heitjans P. Nonequilibrium
structure of Zn2SnO4 spinel nanoparticles. Journal of Materials Chemistry. 2012;22:3117-3126

[3] Baruah S, Dutta J. Zinc stannate nanostructures: Hydrothermal synthesis. Science and
Technology of Advanced Materials. 2011;12:013004 (18pp)

[4] Yuan H-L, Li J-C. Effect of annealing temperature on the growth of Zn-Sn-O
nanocomposite thin films. Journal of Alloys and Compounds. 2017;714:114-119

[5] Salohub AO, Voznyi AA, Klymov OV, Safryuk NV, Kurbatov DI, Opanasyuk AS. Deter-
mination of fundamental optical constants of Zn2SnO4 films. Semiconductor Physics,
Quantum Electronics & Optoelectronics. 2017;20:79-84

Recent Advances in Porous Ceramics92

[6] Ivetić T, Nikolić MV, Young DL, Vasiljević-Radović D, Urošević D. Photoacousic and
optical properties of zinc-stannate thin films. Materials Science Forum. 2006;518:465-470

[7] Liu X, Niu C, Meng J, Xu X, Wang X, Wen B, Guo R, Mai L. Gradient-temperature
hydrothermal fabrication of hierarchical Zn2SnO4 hollow boxes stimulated by thermody-
namic phase transformation. Journal of Materials Chemistry A. 2016;4:14095-14100

[8] Lehnen T, Zopes D, Mathur S. Phase-selective microwave synthesis and inkjet printing
applications of Zn2SnO4 (ZTO) quantum dots. Journal of Materials Chemistry. 2012;22:
17732-17736

[9] Young DL, Williamson DL, Coutts TJ. Structural characterization of zinc stannate thin
films. Journal of Applied Physics. 2002;91:1464-1471

[10] Young DL, Moutinho H, Yan Y, Coutts TJ. Growth and characterization of radio frequency
magnetron sputter-deposited zinc stannate, Zn2SnO4, thin films. Journal of Applied Physics.
2002;92:310-319

[11] Rong A, Gao XP, Li GR, Yan TY, Zhu HY, Qu JQ, Song DY. Hydrothermal synthesis of
Zn2SnO4 as anode materials for Li-ion battery. The Journal of Physical Chemistry. B.
2006;110:14754-14760

[12] Alpuche-Aviles MA, Wu Y. Photoelectrochemical study of the band structure of Zn2SnO4

prepared by the hydrothermal method. Journal of the American Chemical Society.
2009;131:3216-3224

[13] Fu X, Wang X, Long J, Ding Z, Yan T, Zhang G, Zhang Z, Lin H, Fu X. Hydrothermal
synthesis, characterization, and photocatalytic properties of Zn2SnO4. Journal of Solid
State Chemistry. 2009;182:517-524

[14] Lana-Villarreal T, Boschloo G, Hagfeldt A. Nanostructured zinc stannate as semiconduc-
tor working electrodes for dye-sensitized solar cells. Journal of Physical Chemistry C.
2007;11:5549-5556

[15] Wang X, Wang Y-F, Luo Q-P, Ren J-H, Li D-J, Li X-F. Highly uniform hierarchical
Zn2SnO4 microspheres for the construction of high performance dyesensitized solar cells.
RSC Advances. 2017;7:43403-43409

[16] Li Y, Pang A, Zheng X, Wei M. CdS quantum-dot-sensitized Zn2SnO4 solar cell. Electro-
chimica Acta. 2011;56:4902-4906

[17] Stambolova I, Konstantinov K, Kovacheva D, Peshev P, Donchev T. Spray pyrolysis
preparation and humidity sensing characteristics of spinel zinc stannate thin films. Jour-
nal of Solid State Chemistry. 1997;128:305-309

[18] Jiang Y-Q, Chen X-X, Sun R, Xiong Z, Zheng L-S. Hydrothermal synthesis and gas
sensing properties of cubic and quasi-cubic Zn2SnO4. Materials Chemistry and Physics.
2011;129:53-61

[19] Yang HM, Ma SY, Yang GJ, Chena Q, Zeng QZ, Ge Q, Ma L, Tie Y. Synthesis of La2O3

doped Zn2SnO4 hollow fibers by electrospinning method and application in detecting of
acetone. Applied Surface Science. 2017;425:585-593

Zinc-Tin-Oxide-Based Porous Ceramics: Structure, Preparation and Properties
http://dx.doi.org/10.5772/intechopen.71581

93



[20] Movahedi M, Hosseinian A, Bakhshaei M, Rahimi M, Arshadnia I. Micro-spherical SnO2/
Zn2SnO4: Synthesis, heat treatment and photocatalytic efficiency for decolorization of
two dye mixture in wastewater. Journal of Applied Chemistry. 2017;11:11-16

[21] Ivetić T, Vuković Z, Nikolić MV, Pavlović VB, Nikolić JR, Minić D, Ristić MM. Morphol-
ogy investigation of mechanically activated ZnO-SnO2 system. Ceramics International.
2008;34:639-643

[22] Gregg SH, Sing KS. Adsorption, Surface Area and Porosity. New York: Academic Press;
1967

[23] Rouquerol F, Rouquerol J, Sing K. Adsorption by Powders and Porous Solids. London:
Academic Press; 1999

[24] Sing KS, Everett DH, Haul RAW, Moscou L, Pierotti RA, Rouguero J, Siemieniewska T.
Reporting physisortion properties data for gas/solid systems with special reference to the
determination of surface area and porosity. Pure and Applied Chemistry. 1985;57:603-619

[25] Dollimore D, Heal GR. An improved method for the calculation of pore size distribution
from adsorption data. Journal of Applied Chemistry. 1964;14:109-114

[26] Dubinin MM. Physical adsorption of gases and vapors in microspores. In: Cadenhead
DA, editor. Progress in Surface and Membrane Science. New York: Academic Press; 1975.
pp. 1-70

[27] Ivetić TB, Vojisavljević KM, Srećković T. Influence of mechanical activation on consolida-
tion of ZnO-SnO2 powder system, Fundamental problems of Physics and Technology of
Materials, Proceedings of Scientific Meeting Physics and Technology of Materials-
FITEM’04, 12-15 October 2004, Čačak, Serbia, p. 115-121. (In Serbian)

[28] Ivetić T, Nikolić MV, Nikolić PM, Blagojević V, Đurić S, Srećković T, Ristić MM. Investi-
gation of zinc stannate synthesis using photoacoustic spectroscopy. Science of Sintering.
2007;39:153-160

[29] Nikolic N, Marinkovic Z, Sreckovic T. The influence of grinding conditions on the mech-
anochemical synthesis of zinc stannate. Journal of Materials Science. 2004;39:5239-5242

[30] Ivetić T. Synthesis and characterization of the zinc stannate spinel, M. Sc Thesis. Serbia:
University of Belgrade, Faculty of Physical Chemistry; 2006 (In Serbian)

[31] Hashemi T, Al-Allak HM, Illingsworth J, Brinkman AW, Woods J. Sintering behaviour of
zinc stannate. Journal of Materials Science Letters. 1990;9:776-778

[32] Nikolić MV, Ivetić T, Paraskevopoulos KM, Zorbas KT, Blagojević V, Vasiljević-Radović
D. Far infrared reflection spectroscopy of Zn2SnO4 ceramics obtained by sintering
mechanically activated ZnO-SnO2 powder mixtures. Journal of the European Ceramic
Society. 2007;27:3727-3730

Recent Advances in Porous Ceramics94

[33] Nikolić MV, Ivetić T, Young DL, Paraskevopoulos KM, Zorba TT, Blagojević V, Nikolić
PM, Vasiljević-Radović D, Ristić MM. Far infrared properties of bulk sintered and thin
film Zn2SnO4. Materials Science and Engineering B. 2007;138:7-11

[34] Ivetić TB, NikolićMVP, Pavlović VB, Nikolić PM, RistićMM. Photoacoustic spectroscopy
investigation of sintered zinc-tin-oxide ceramics. Hemijska industrija. 2007;61:142-146 (In
Serbian)

[35] Rosencwaig A, Gersho A. Theory of the photoacoustic effect with solids. Journal of Applied
Physics. 1976;47:67-69

[36] Ivetić T. Influence of Bi2O3 on the sintering of ZnO-SnO2 ceramics, Ph.D. Thesis. Serbia:
University of Belgrade, Faculty of Physical Chemistry; 2008. (in Serbian)

[37] Ivetić T, Nikolić MV, Slankamenac M, Živanov M, Minić D, Nikolić PM, Ristić MM.
Influence of Bi2O3 on microstructure and electrical properties of ZnO-SnO2 ceramics.
Science of Sintering. 2007;39:229-240

[38] Ivetić T, NikolićMV, Paraskevopoulos KM, Pavlidou E, Zorba TT, Nikolić PM, RistićMM.
Combined FTIR and SEM-EDS study of Bi2O3 doped ZnO-SnO2 ceramics. Journal of
Microscopy (Oxford). 2008;232:498-503

[39] Slankamenac M, Ivetić T, Nikolić MV, Ivetić N, Živanov M, Pavlović VB. Impedance
response and dielectric relaxation in liquid-phase sintered Zn2SnO4-SnO2 ceramics. Jour-
nal of Electronic Materials. 2010;39:447-455

Zinc-Tin-Oxide-Based Porous Ceramics: Structure, Preparation and Properties
http://dx.doi.org/10.5772/intechopen.71581

95



[20] Movahedi M, Hosseinian A, Bakhshaei M, Rahimi M, Arshadnia I. Micro-spherical SnO2/
Zn2SnO4: Synthesis, heat treatment and photocatalytic efficiency for decolorization of
two dye mixture in wastewater. Journal of Applied Chemistry. 2017;11:11-16

[21] Ivetić T, Vuković Z, Nikolić MV, Pavlović VB, Nikolić JR, Minić D, Ristić MM. Morphol-
ogy investigation of mechanically activated ZnO-SnO2 system. Ceramics International.
2008;34:639-643

[22] Gregg SH, Sing KS. Adsorption, Surface Area and Porosity. New York: Academic Press;
1967

[23] Rouquerol F, Rouquerol J, Sing K. Adsorption by Powders and Porous Solids. London:
Academic Press; 1999

[24] Sing KS, Everett DH, Haul RAW, Moscou L, Pierotti RA, Rouguero J, Siemieniewska T.
Reporting physisortion properties data for gas/solid systems with special reference to the
determination of surface area and porosity. Pure and Applied Chemistry. 1985;57:603-619

[25] Dollimore D, Heal GR. An improved method for the calculation of pore size distribution
from adsorption data. Journal of Applied Chemistry. 1964;14:109-114

[26] Dubinin MM. Physical adsorption of gases and vapors in microspores. In: Cadenhead
DA, editor. Progress in Surface and Membrane Science. New York: Academic Press; 1975.
pp. 1-70

[27] Ivetić TB, Vojisavljević KM, Srećković T. Influence of mechanical activation on consolida-
tion of ZnO-SnO2 powder system, Fundamental problems of Physics and Technology of
Materials, Proceedings of Scientific Meeting Physics and Technology of Materials-
FITEM’04, 12-15 October 2004, Čačak, Serbia, p. 115-121. (In Serbian)

[28] Ivetić T, Nikolić MV, Nikolić PM, Blagojević V, Đurić S, Srećković T, Ristić MM. Investi-
gation of zinc stannate synthesis using photoacoustic spectroscopy. Science of Sintering.
2007;39:153-160

[29] Nikolic N, Marinkovic Z, Sreckovic T. The influence of grinding conditions on the mech-
anochemical synthesis of zinc stannate. Journal of Materials Science. 2004;39:5239-5242

[30] Ivetić T. Synthesis and characterization of the zinc stannate spinel, M. Sc Thesis. Serbia:
University of Belgrade, Faculty of Physical Chemistry; 2006 (In Serbian)

[31] Hashemi T, Al-Allak HM, Illingsworth J, Brinkman AW, Woods J. Sintering behaviour of
zinc stannate. Journal of Materials Science Letters. 1990;9:776-778

[32] Nikolić MV, Ivetić T, Paraskevopoulos KM, Zorbas KT, Blagojević V, Vasiljević-Radović
D. Far infrared reflection spectroscopy of Zn2SnO4 ceramics obtained by sintering
mechanically activated ZnO-SnO2 powder mixtures. Journal of the European Ceramic
Society. 2007;27:3727-3730

Recent Advances in Porous Ceramics94

[33] Nikolić MV, Ivetić T, Young DL, Paraskevopoulos KM, Zorba TT, Blagojević V, Nikolić
PM, Vasiljević-Radović D, Ristić MM. Far infrared properties of bulk sintered and thin
film Zn2SnO4. Materials Science and Engineering B. 2007;138:7-11

[34] Ivetić TB, NikolićMVP, Pavlović VB, Nikolić PM, RistićMM. Photoacoustic spectroscopy
investigation of sintered zinc-tin-oxide ceramics. Hemijska industrija. 2007;61:142-146 (In
Serbian)

[35] Rosencwaig A, Gersho A. Theory of the photoacoustic effect with solids. Journal of Applied
Physics. 1976;47:67-69

[36] Ivetić T. Influence of Bi2O3 on the sintering of ZnO-SnO2 ceramics, Ph.D. Thesis. Serbia:
University of Belgrade, Faculty of Physical Chemistry; 2008. (in Serbian)

[37] Ivetić T, Nikolić MV, Slankamenac M, Živanov M, Minić D, Nikolić PM, Ristić MM.
Influence of Bi2O3 on microstructure and electrical properties of ZnO-SnO2 ceramics.
Science of Sintering. 2007;39:229-240

[38] Ivetić T, NikolićMV, Paraskevopoulos KM, Pavlidou E, Zorba TT, Nikolić PM, RistićMM.
Combined FTIR and SEM-EDS study of Bi2O3 doped ZnO-SnO2 ceramics. Journal of
Microscopy (Oxford). 2008;232:498-503

[39] Slankamenac M, Ivetić T, Nikolić MV, Ivetić N, Živanov M, Pavlović VB. Impedance
response and dielectric relaxation in liquid-phase sintered Zn2SnO4-SnO2 ceramics. Jour-
nal of Electronic Materials. 2010;39:447-455

Zinc-Tin-Oxide-Based Porous Ceramics: Structure, Preparation and Properties
http://dx.doi.org/10.5772/intechopen.71581

95



Chapter 6

Tailoring of the Magnetic and Structural Properties of
Nanosized Ferrites

Sijo A. K.

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/intechopen.72382

Provisional chapter

DOI: 10.5772/intechopen.72382

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons  
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,  
distribution, and reproduction in any medium, provided the original work is properly cited. 

Tailoring of the Magnetic and Structural Properties of 
Nanosized Ferrites

Sijo A. K.

Additional information is available at the end of the chapter

Abstract

Spinel ferrites are porous ceramics with remarkable electrical and magnetic properties. 
They belong to a technologically important class of magnetic materials which have high 
resistivity and chemical stability. These properties make them suitable for a wide variety 
of applications, where other magnetic materials cannot be used. Magnetic, electric, and 
structural properties of ferrites are tunable. These are currently of great research inter-
est due to the ease of tailoring their magnetic properties by systematic substitution of 
cations and by proper choice of preparation techniques and post preparation treatments. 
The Cr3+cations have a strong preference to occupy in the B-site and have an affinity for 
anti-ferromagnetic coupling with Fe ions. Thus, partial or total substitution of one of 
the cations with Cr3+ induces magnetic frustrations in the spinel ferrite system, which 
leads to interesting magnetic properties. Therefore, it is very interesting to study varia-
tion in magnetic properties on replacement of Cr in the place of Fe in spinel ferrites. This 
chapter explains tailoring of magnetic and structural properties of some spinel ferrites 
via solution-self-combustion, fuel-to-oxidizer ratio substitution, and proper substitution.

Keywords: spinel ferrite, chromites, solution-self-combustion, X-ray diffraction, DC 
magnetization studies

1. Introduction

Spinel ferrites are porous magnetic ceramics. Ferrite nanoparticles have extensive scope in 
the fundamental and applied research area. They have tunable electrical and magnetic prop-
erties that have wide practical applications. Recently, much attention has been paid on the 
magnetic oxide nanoparticles because they have wide range of applications such as magnetic 
storage media, gas sensors, ferrofluid technology, semiconductors, batteries, solar energy 
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transformation, heterogeneous catalysis, magnetocaloric refrigeration, and medical diagnosis 
[1]. Nanoparticles are much more active than larger bulk particles because of their higher 
surface area, and they display unique physical and chemical properties [2]. Spinel oxides 
have general formula DFe2O4, where D is a divalent cation like Co, Ni, Zn, Mn, Mg, Cu, etc. 
Spinel oxides can be prepared by various techniques such as forced hydrolysis, microwave 
synthesis, sol-gel method, co-precipitation, polyol, self-combustion reaction, and sonochemi-
cal [3–7] methods. Among these methods, the self-combustion method, particularly solution 
self-combustion, is one easy method through which highly pure crystalline and homogenous 
material can be prepared with high yield [8]. In solution self-combustion method, it is easy to 
control the stoichiometry and crystallite size, through preparation conditions and post treat-
ments, which have an important direct influence on the magnetic properties of the ferrite.

In solution self-combustion, there are two components, nitrate and fuel. The fuel helps in the 
combustion of nitrates. The powder characteristics such as crystallite size, surface area, and 
size distribution are governed by enthalpy or flame temperature generated during combus-
tion which itself depends on the nature of the fuel and fuel-to-oxidizer ratio [9]. There are 
number of different fuels active in self-combustion such as glycine, citric acid, tartaric acid, 
urea, etc. Among these fuels, citric acid is a good one to initiate combustion reaction due to its 
negative combustion heat, −2.76 kcal/g [10].

The Cr3+cations have strong preference to occupy in the B-site and have an affinity for anti-
ferromagnetic coupling with Fe ions. The partial or total substitution of one of the Fe3+ cations 
with Cr3+ cations induces magnetic frustrations in the spinel ferrite system, which leads to 
interesting magnetic properties. Therefore, it is very interesting to study variation in magnetic 
properties on doping of chromium ion in the place of Fe ion in spinel system [11].

Highly pure and identical nanoparticles are essential for excellent performance of the materi-
als. By tuning of structural and magnetic properties, we can have highly pure and identical 
nanoparticles with exact physical and chemical properties suitable for particular application. 
In application level, large-scale synthesis at low cost is needed. With these aims, this work 
presents low cost synthesis of highly pure nanospinel ferrites via solution self-combustion 
technique, and the tuning of structural and magnetic properties is undertaken in terms of 
fuel-to-nitrate ratio and Cr doping. This synthesizing process neither requires sophisticated 
instruments nor a high sintering temperature.

2. Experimental

Nanosized NiCrFeO4, CoCrFeO4, and Zn CrFeO4 fuel lean, stoichiometric and fuel rich sam-
ples, and fuel rich CoCrxFe2−xO4 (with x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0) were prepared by solution 
self-combustion technique using analytical grade corresponding to high purity metal nitrates 
(Merck-Germany) and citric acid (C6H8O7H2O) as oxidizing agents and fuel, respectively. The 
ratio of citric acid to metal nitrate (F/N ratio) was taken as 0.65 for fuel lean sample, 1 for 
stoichiometric sample, and 1.35 for fuel rich samples. The solutions of three nitrates (Fe, Cr, 
Co/Ni/Zn) and citric acid were prepared separately, mixed, and stirred completely to form a 
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homogenous solution using magnetic stirrer. The homogenous solution was evaporated on 
a magnetic hot plate. On evaporation, solution gets thickened to a thick gel. The temperature 
was then increased to 200°C to start the auto-ignition process, which resulted in the formation 
of a fluffy residue [12–16]. It was powdered and used for further studies.

The X-ray diffraction spectrum of the samples was taken by an X-ray diffractometer (Rigaku 
MiniFlex) with Cu-Kα radiation. The X-ray diffraction (XRD) patterns of all the samples were 
fitted with MAUD Rietveld refinement program. DC magnetization measurements were 
obtained using vibrating sample magnetometer (VSM- Lake Shore 7304) with a maximum 
applied field of 10 kOe [16].

3. Tuning via fuel-to-oxidizer ratio

XRD spectra of all CoCrFeO4, NiCrFeO4, and ZnCrFeO4 samples are shown in Figures 1–3, 
respectively. Well-defined characteristic reflections in powder X-ray diffraction patterns clearly 
indicate the formation of the spinel structure. XRD pattern of all the stoichiometric and fuel 
rich samples shows that they have single-phased cubic spinel structure, whereas fuel lean sam-
ples show a small percentage of impurity phases, α-Ni in fuel lean NiCrFeO4, α-Co in fuel lean 
CoCrFeO4, and α-Fe2O3 in ZnCrFeO4. Average crystallite sizes (D) for the samples are calculated 
by substituting the FWHM values of the maximum intensity (311) peaks in the Scherrer formula:

  Crystallite sizes  (D)  =   0.9λ ______ βCosθ    (1)

where λ is the wavelength of X-rays and  β  is the width of the most intense peak in the XRD 
after correction for instrumental broadening. Actual density (ρ) of the samples is determined 

Figure 1. Powder XRD of CoCrFeO4 samples with Rietveld fitting, reprinted from Sijo [15], with permission from 
Elsevier.
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using Archimedes principle. Porosity of the samples is calculated from the actual and x-ray 
densities. Crystallite size (D), density (ρ), and porosity of all samples are given in Table 1.

It is seen from Table 1 that the crystallite size of fuel lean sample is many times greater than that 
of the stoichiometric samples and fuel rich samples. Presence of the impurity phase creates lattice 

Figure 3. Powder XRD of ZnCrFeO4 samples with Rietveld fitting [14].

Figure 2. Powder XRD of NiCrFeO4 samples with Rietveld fitting, reprinted from Sijo [15], with permission from Elsevier.
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defects in the form of vacancies in the spinel ferrite phase and leads to an expansion of the lattice, 
which in turn makes the material porous and increases the crystallite size. In fuel lean samples, 
the amount of fuel is not adequate enough to react completely with metal nitrates and to release 
enough heat to form well-developed nanosized grains. Since the combustion reaction is incom-
plete, impurity phases of α-Ni, α-Co and α-Fe2O3 are also formed along with the spinel phase in 
samples prepared under the fuel lean condition. From these results, it is clear that stoichiometric 
fuel-to-oxidizer ratio results finest single-phased nanoparticles [14–17].

The variation of crystallite size with fuel content is plotted in Figure 4. From the figure, it is 
clear that the finest particles are obtained for stoichiometric fuel-to-nitrate ratio, and there 
is a small increase of crystallite size in the sample prepared under the fuel rich condition. 

Sample name F/N ratio 
(φ)

Crystallite size 
(nm) (±1)

Density (gm/
cm3)

Porosity 
(%)

MR (emu/g) 
(±0.1)

MS (emu/g) 
(±0.1)

HC (Oe) 
(±1)

CoCrFeO4 0.65 29.5 4.0 22 5.9 28.5 352

CoCrFeO4 1;1 3.4 4.6 12 0.3 4.8 580

CoCrFeO4 1.35;1 5.7 4.7 10 0.5 5.5 645

NiCrFeO4 0.65 30.1 2.8 46 6.4 27.8 182

NiCrFeO4 1;1 3.2 3.6 32 0.25 2.3 192

NiCrFeO4 1.35;1 5.7 4.1 23 0.6 5.5 118

ZnCrFeO4 0.65 15 2.3 57 0.05 1.43 51

ZnCrFeO4 1;1 5 3.4 35 0.02 0.83 49

ZnCrFeO4 1.35;1 6 4.2 23 0.001 0.73 16

Source: Sijo [15] and Sijo et al. [14].

Table 1. Structural and magnetic parameters for the influence of fuel-to-nitrate ratio.

Figure 4. Crystallite size with fuel-to-nitrate ratio: modified from Sijo [15] and Sijo et al. [14].
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Smaller crystallite sizes of samples prepared under stoichiometric ratio may be due to the fact 
that more gaseous products are formed under this condition, leading to the breaking up of 
particles on escaping and resulting in finer particles. The superior powder properties present 
in CoCrFeO4, ZnCrFeO4, and NiCrFeO4 samples prepared on stoichiometric ratio is due to the 
dominant effect of the number of gas molecules over the flame temperature [14–17].

Room temperature (RT) M-H loops of CoCrFeO4, NiCrFeO4, and ZnCrFeO4 samples are shown 
in Figures 5–7, respectively. The coercivity and remenance are obtained directly from the M-H 
loops. Some of the samples show nonsaturating behavior, and hence, the value of saturation 

Figure 5. Room temperature magnetization curve of CoCrFeO4 samples.

Figure 6. RT magnetization curve of NiCrFeO4 samples. Figures 5 and 6 are reprinted from Sijo [15], with permission 
from Elsevier.
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magnetization of these samples is estimated by plotting M vs. 1/H for 1/H tending to zero. All 
the DC magnetization parameters are listed in Table 1. As seen from structural characteriza-
tion using Rietveld fitted XRD, the CoCrFeO4, NiCrFeO4, and ZnCrFeO4 samples prepared at 
fuel lean condition have the presence of a small amount of impurity phases α-Co, α-Ni, and 
α-Fe2O3, respectively. The higher magnetic moments observed in these samples can be attrib-
uted to the presence of impurity phases. The saturation magnetization depends on the aver-
age crystallite size. As the size increases, the saturation magnetization is also increased. From 
Table 1, we can conclude that the behavior of saturation magnetization (MS), coercivity (HC), 
and remenance (MR) are highly dependent upon the fuel-to-nitrate ratio, and we can tune the 
structural and magnetic properties of spinel ferrites by changing fuel-to-oxidizer ratio.

4. Tuning via Cr3+ substitution

We can tune the structural and magnetic properties of spinel ferrites by suitable substitution 
also. For this, consider the samples CoCrxFe2−xO4 (with x = 0, 0.2, 0.4, 0.6, 0.8 and 1.0). The 
combined X-ray diffraction spectra for Cr doped powder are shown in the Figure 8(a). These 
diffraction spectra provide clear evidence of the formation of ferrite spinel phase in all the sam-
ples. The broad XRD line indicates that the ferrite particles are of nanosize. The crystallite size 
for each composition was calculated from Rietveld fitting of spectra and given in Table 2. Room 
temperature magnetization measurements are taken for all samples and shown in Figure 8(b). 
The magnetic parameters of all the samples are obtained and tabulated in Table 2, the value 
of remanence and coercivity obtained directly from individual M-H loops, while saturation 
magnetization obtained by plotting 1/H vs. M and extrapolating to zero.

From Table 2, the crystallite size, remanence, saturation magnetization, and coercivity were 
plotted vs. Cr content of CoCrxFe2−xO4 samples and are shown in Figure 9. From this figure, we 

Figure 7. Room temperature magnetization curve of ZnCrFeO4 samples [14].
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can clearly observe that crystallite size, remanence, saturation magnetization, and coercivity 
decreases, as chromium content increases. The area of hysteresis curve linearly decreases with 
increase in Cr content. That is, CoFe2O4 has the largest area, and CoCrFeO4 has the smallest 
area inside the hysteresis loop. This indicates that the increased Cr substitution has made the 
material magnetically soft [14–17].

5. Conclusion

High-purity magnetic spinel ferrites can easily prepare by solution self-combustion method. 
It provides energy and cost-saving advantages over other methods. The finest nanoparticles 
obtained for stoichiometric fuel-to-nitrate ratio in solution self-combustion method. Increased 
Cr substitution in ferrites has made the material magnetically soft. That is, the structural and 
magnetic properties of ferrites are function fuel content and doping content, and therefore, 
they are highly tuneable via selection of proper preparation method, proper fuel content, 

Sample name Crystallite size (nm) (±1) MR (emu/g)(±0.1) MS (emu/g) (±0.1) HC (Oe) (±1)

CoCr0.0Fe2.0O4 21 17.9 50.8 1080

CoCr0.2Fe1.8O4 12 5.7 35.8 377

CoCr0.4Fe1.6O4 11 1.9 25.3 192

CoCr0.6Fe1.4O4 09 2.1 16.9 291

CoCr0.8Fe1.2O4 07 1.1 14.6 227

CoCr1.0Fe1.0O4 05 0.4 2.6 378

Table 2. Structural and magnetic parameters of CoCrxFe2−xO4 samples [13].

Figure 8. X-ray diffractograms (a) and RT magnetization curves (b) of Cr-doped powder samples. Reprinted from Sijo 
[13], with permission from Elsevier.
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and via proper substitution. Therefore, we can desirably modify properties of spinel ferrites 
according to the requirement and can use in wide range of applications.
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Figure 9. Crystallite size, remanence, saturation magnetization and coercivity vs. Cr content of CoCrxFe2−xO4 powder 
samples. Reprinted from Sijo [13], with permission from Elsevier.
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Abstract

This chapter reviews the use of low pressure microwave plasmas as a processing technol-
ogy for both sintering and controlling the surface chemistry of porous ceramic coatings. 
A particular advantage of microwave processing is its ability to penetrate the surface of 
the workpiece; enabling rapid volumetric heating and thus reducing the need for exter-
nal heat sources. The microwave plasma treatments have the ability to sinter materi-
als in minutes rather than the hours taken using conventional furnace processing. This 
study provides examples of the use of these plasmas to sinter both nickel and titanium 
nanoparticles. These are used in the fabrication of electrodes for use in dye sensitized 
solar cells. Further applications of the microwave plasma treatments investigated is for 
their use in heat treatment to control crystalline phase transitions, as well as a rapid tech-
nique to oxidize metal surfaces.

Keywords: microwave plasma, porous ceramics, nickel oxide, titanium oxide, coatings

1. Introduction

Microwaves are electromagnetic waves with wavelengths from 1 mm to 1 m and correspond-
ing frequencies between 0.3 MHz and 300 GHz [1, 2]. The use of microwave treatments 
(non-plasma), as an energy source for the heat treatment of metals, ceramics and composites 
has been reported to be more effective than conventional furnace heating methods, due to 
the improved microstructure and properties, reduction in processing time, etc. [1–3]. These 
microwave treatments are usually carried out at 0.915 GHz, 2.45 GHz and 20–30 GHz fre-
quencies in agreement with the industrial, scientific and medical (ISM) radio bands set aside 
for non-communication purposes [2, 4]. During microwave processing, energy is supplied 
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by an electromagnetic field directly to the material by the interaction of the molecules of the 
material with electromagnetic field. In contrast, conventional thermal processing involves the 
transfer of energy by conduction, convection and radiation [5].

Clark et al. [1] reviewed the effectiveness of microwave heating and found it to be substrate 
material dependant. Materials were, thus, grouped into categories (depending on the elec-
tromagnetic field-material interaction) as: transparent (low dielectric loss materials); opaque 
(conductors); absorbing (high dielectric loss materials); and mixed absorbing where there is 
selective absorption due to differences in dielectric loss in the materials.

Several researchers have demonstrated the capability of using microwave to process metallic 
and ceramic materials [6–11]. It has been reported that a distinction in the microstructure and 
porosity distribution can be made between conventional and microwave sintered materials 
with respect to the pore shape. Microwave sintered samples exhibit pores with more rounded 
edges than the conventionally sintered materials. The sphericity of pore is reported to be criti-
cal in the ductility and strength of the sintered material [11].

In addition to the use of microwaves directly, a plasma discharge can also be formed using 
the microwave energy, if the appropriate conditions (gas type, pressure, resonator, etc.) are in 
place. Briefly by way of introduction to this technique, a plasma is described as a collection of 
unbound charged particles, photons and neutral atomic or molecular species which are elec-
trically neutral on average [12, 13]. Plasma generation arises from the excitation and ioniza-
tion of gases by energy transfer from various sources to the gases to form excited, charged and 
neutral species [14]. There are a range of plasma types including high frequency, DC and low 
frequency discharges [15, 16]. The latter include systems such as glow discharge, corona dis-
charge, hollow cathode discharge [16], while the high frequency consists of radio frequency 
(RF) and microwave plasma discharges [17].

Microwave plasma systems are usually electrodeless systems and thus, differ from DC and 
RF systems which mostly use electrodes to generate plasma. In these systems, microwaves 
are usually guided using waveguide into the chamber where energy is impacted to the gas 
to form plasma by partially ionizing the gas [18, 19]. A typical example of microwave plasma 
system is the circumferential antenna plasma (CAP) microwave reactor, which operates at 
2.45 GHz (Figure 1). In this CAP system, a cylindrical quartz ring window, 345 mm in diam-
eter, embedded in the wall of the plasma chamber guides the microwaves into the plasma 
chamber. The microwaves are directed to the plasma chamber through a coaxial waveguide, 
and expands radially as it moves towards the cylindrical quartz ring window. A perfect rota-
tional symmetry is obtained when the microwave which has uniform amplitude and phase 
distribution passes through the quartz window [20]. The cylindrical geometry of the configu-
ration ensures that the formation of microwave power density at the window is lower than in 
the center of the chamber; thus, no plasma is formed adjacent to the window [21].

The use of microwave plasma source for surface and bulk treatment of metal and ceramics 
has the potential to be more effective than DC and RF plasmas, because of the higher density 
of active atomic species that can be generated using this type of discharge [22]. Microwave 
discharges generally have higher electron kinetic temperature and number density because 
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the power is usually coupled through radiation and thus, bypasses sheath losses [17, 23]. A 
further advantage of these plasmas is that they can be operated in a wide gas pressure range 
[24, 25], which combine with the higher electron temperature generally obtained, makes them 
capable of providing a higher fraction of ionization and dissociation [24].

Metal oxide layers can be obtained using a range of techniques including sol-gel, hydrother-
mal synthesis, electrophoretic deposition, sputtering, electrochemical treatments (anodic oxi-
dation), chemical vapor deposition (CVD), physical vapor deposition and ion implantation, 
etc. [26–32]. Most of the techniques (except sputtering and direct metal oxide growth on metal 
surfaces) require sintering to enhance the packing density, porosity and the adhesion of the 
deposited coatings. A range of characterisation techniques usually applied includes a FEI 
Quanta 3D FEG DualBeam scanning electron microscope (SEM) (Morphology); a focused ion 
beam (FIB)(Thickness); Energy-dispersive X-ray spectroscopy (EDX) (Elemental data); Veeco 
NT1100 optical profilometer (Surface roughness). Siemens D500 XRD system (Phase identi-
fication), a LASCON QP003 and LPC03 ratio pyrometers from Dr. Mergenthaler GmbH & 
Co. KG. (Temperature measurements) and a J.A. Woollam ellipsometer with a Tauc-Lorentz 
fitting via completeEASE® software (Band gap and coating thickness).

Having provided an introduction to microwave plasma treatments along with the associated 
characterization techniques, the following sections firstly provide an overview of the use of 
microwave plasmas for the sintering of metal oxide powders. The use of microwave plasma 
treatments for sintering, has previously been described as rapid discharge sintering (RDS). 

Figure 1. Schematic representation of CAP microwave plasma system.
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The specific focus is on the sintering of nanoparticles of nickel oxide (NiO) and titanium diox-
ide (TiO2), used as electrodes in dye sensitized solar cells (DSSCs). The effect of the plasma 
treatments on thermal sensitive crystalline phase changes, is also discussed. A further appli-
cation reported is that of the use of microwave plasma treatments for the oxidation of metal 
surfaces, in order to produce porous oxide ceramic (TiO2) layers on the metal surface.

2. Microwave plasma sintering of nanoparticles

Considerable research has been carried out to understand the interaction of microwave radia-
tion with materials [33, 34]. The ability of microwaves to penetrate work pieces enables volu-
metric heating at a rapid rate, thus avoiding the need of external heat sources [33]; this makes 
it an attractive technique in material processing. However, poor coupling in non-plasma 
microwave processing may result in a non-uniform heating of the substrates [35]. One of the 
advantages of microwave plasma treatment is the combined advantage inherent in micro-
wave and plasma heating in terms of volumetric, homogeneous and rapid heating [2, 36, 37]. 
For example, the work of Twomey et al. [37] demonstrates that homogenous heating of sub-
strates could be achieved using microwave plasma treatments including considerably lower 
cycle times [38] compared to non-plasma microwave and furnace heating. In this section, the 
use of microwave plasma processing for the sintering of Nickel oxide (NiO) and Titanium 
dioxide (TiO2) particles is presented.

2.1. Sintering of nickel oxide (NiO) nanoparticles

NiO coatings are used extensively as a photocathode in the construction of p-type DSSCs 
[39–42] due to their p-type semiconductivity [43], and well defined electrical and optical 
properties [44]. Furthermore, its bandgap energy which range from 3.6 to 4.0 eV helps to 
make it a model semiconductor substrate [43]. Also, it is considered a good electron donor 
for numerous photo sensitizers due to its valance bond potential; thus, the NiO coatings are 
readily quenched with many dye sensitizers [45]. In this section, the use of microwave plasma 
processing for the sintering of NiO particles to produce coatings for use in DSSC electrodes 
is discussed [42, 46].

2.1.1. Rapid discharge sintering vs. conventional furnace sintering

In order to process NiO using the RDS technique, a spray technique is used to deposit solvent 
slurry of NiO nanoparticles onto conductive glass substrates (Figure 2). The spray technique 
involves suspending the NiO nanoparticles in alcohol; the mixture is then applied via spray-
ing onto fluorine-doped tin oxide (FTO) coated glass substrates to form the coating. A sub-
sequent step is carried out after spraying in order to enhance the interconnectivity between 
the NiO particles by sintering, as well as an increased level of adhesion to the conductive 
glass substrate. This sintering step was investigated using both microwave plasma and fur-
nace treatments [42, 46]. The latter was carried out using a CWF 1200 Carbolite tube air fur-
nace. Typical furnace sintering temperatures in the range of 300–450°C have been reported 

Recent Advances in Porous Ceramics112

previously [47–51]. In this study, a treatment temperature of approximately 450°C was used 
for a 5-min period for both the furnace and RDS treatments. This treatment time was chosen 
because it yielded the best photovoltaic performance for RDS treatment. Overall, a cycle time 
of ~120 min was required for the furnace sintering including heat up, maintenance at the 
max 450°C temperature and cool down. In contrast, the RDS processing required only 15 min, 
included all stages such as pump down, plasma treatment, and cooling.

In this Section, the properties of the furnace sintered coatings, such as morphology, crystal 
structure, dye adsorption, chemical composition and photovoltaic performance are compared 
with the NiO coatings treated for 5 min, using the RDS technique.

2.1.1.1. Morphological analyses of porous NiO coatings

A typical SEM micrograph of the morphology of RDS and furnace treated coatings is given in 
Figure 3. A higher level of interconnectivity with reduced grain growth for the RDS treated 
coatings when compared with the furnace sintered coatings can be observed. The increased 
grain growth in the furnace sintered coatings could be due to a slower cooling rate (10°C/min) 
used in the furnace process. In contrast, the RDS technique requires only a 5-min cooling time 
following the plasma treatment.

A further examination of NiO coatings using an FIB/SEM cross section micrograph (Figure 4)  
indicated that the RDS treated coating displays an improved level of porosity as well as 
interfacial connection between the NiO coating and FTO substrate. This could be due to the 
difference in the type of heating mechanisms in both sintering techniques. RDS treatment 
encompasses volumetric heating, which delivers more efficient heating inside the NiO coat-
ing matrix than that obtained with furnace sintering where a conductive type of heating is 

Figure 2. (a) 0.6 (b) 2.5 μm thick NiO coatings deposited using spray technique.
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In order to process NiO using the RDS technique, a spray technique is used to deposit solvent 
slurry of NiO nanoparticles onto conductive glass substrates (Figure 2). The spray technique 
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ing onto fluorine-doped tin oxide (FTO) coated glass substrates to form the coating. A sub-
sequent step is carried out after spraying in order to enhance the interconnectivity between 
the NiO particles by sintering, as well as an increased level of adhesion to the conductive 
glass substrate. This sintering step was investigated using both microwave plasma and fur-
nace treatments [42, 46]. The latter was carried out using a CWF 1200 Carbolite tube air fur-
nace. Typical furnace sintering temperatures in the range of 300–450°C have been reported 
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previously [47–51]. In this study, a treatment temperature of approximately 450°C was used 
for a 5-min period for both the furnace and RDS treatments. This treatment time was chosen 
because it yielded the best photovoltaic performance for RDS treatment. Overall, a cycle time 
of ~120 min was required for the furnace sintering including heat up, maintenance at the 
max 450°C temperature and cool down. In contrast, the RDS processing required only 15 min, 
included all stages such as pump down, plasma treatment, and cooling.

In this Section, the properties of the furnace sintered coatings, such as morphology, crystal 
structure, dye adsorption, chemical composition and photovoltaic performance are compared 
with the NiO coatings treated for 5 min, using the RDS technique.

2.1.1.1. Morphological analyses of porous NiO coatings

A typical SEM micrograph of the morphology of RDS and furnace treated coatings is given in 
Figure 3. A higher level of interconnectivity with reduced grain growth for the RDS treated 
coatings when compared with the furnace sintered coatings can be observed. The increased 
grain growth in the furnace sintered coatings could be due to a slower cooling rate (10°C/min) 
used in the furnace process. In contrast, the RDS technique requires only a 5-min cooling time 
following the plasma treatment.

A further examination of NiO coatings using an FIB/SEM cross section micrograph (Figure 4)  
indicated that the RDS treated coating displays an improved level of porosity as well as 
interfacial connection between the NiO coating and FTO substrate. This could be due to the 
difference in the type of heating mechanisms in both sintering techniques. RDS treatment 
encompasses volumetric heating, which delivers more efficient heating inside the NiO coat-
ing matrix than that obtained with furnace sintering where a conductive type of heating is 

Figure 2. (a) 0.6 (b) 2.5 μm thick NiO coatings deposited using spray technique.
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present. Also, furnace sintering could have resulted in inhomogeneous heating of coatings’ 
surface to yield a heat affected zone [53]; thus, a more open structure is observed for the RDS 
treated coatings when compared with the furnace sintered samples.

2.1.1.2. Crystal structure, crystallite size and dye adsorption evaluations of NiO coatings

As shown in Figure 3, the NiO grain size obtained using the RDS process was smaller than 
that obtained after treatment using the furnace. A measurement of the crystallite size of NiO 
coatings obtained using similar sintering techniques to Figure 3 indicated that the sizes were 
approximately 6.5 and 14.0 nm, respectively [42]. Thus, the RDS technique results in a finer 
grain size, in addition to a more uniform heating/sintering of the NiO nanoparticles.

The effect of a smaller grain size and a more open structure (Figures 3 and 4) obtained using 
the RDS technique may be observed in the UV-vis absorption spectra of the NiO coatings 
obtained using the two sintering techniques (Figure 5). The level of dye adsorption increased 
up to 44% for the case of RDS treated NiO coatings when compared with the furnace sintered 
coatings of the same thickness.

2.1.1.3. Comparison of photovoltaic performance of porous NiO coatings

Another parameter which can be used to portray the performance of the porous NiO struc-
ture is its photovoltaic performance (I-V characteristic) when evaluated as part of a p-type 
DSSCs. A comparison of the photovoltaic performance of NiO coatings prepared by various 
researchers is given in Table 1. From this Table, it is clear that the light-to-current conversion 
efficiency increase of almost 10-fold for the RDS treated NiO coatings (1–2 μm and 2.5 μm 
thick), when compared with the furnace sintered coatings. The conversion efficiency of the 
furnace treated coatings (1–2 μm thick) is comparable to the values reported in the literature 
[42, 46]. A notable observation is that a 2.5 μm thick NiO coatings, prepared using the RDS 
treatment, exhibited the best performance; it is likely due to improved dye adsorption with 
enhanced active sites, which results in better photochemical reaction.

Figure 3. SEM images of ~2.5 μm thick NiO coatings treated using (a) RDS (b) furnace sintering [52].
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2.2. Sintered titanium dioxide (TiO2) nanoparticles

Since the use of TiO2 as a photoanode in the fabrication of a DSSC in 1991 by O’Regan and 
Grätzel [55], many researchers employ TiO2 for DSSC and other related applications. The 
phase transformation of TiO2 coatings is generally carried out using furnace sintering, how-
ever, as discussed earlier, it is time consuming. In this section, we will present the use of 
RDS as viable unconventional sintering technique to convert amorphous TiO2 to crystalline 
phase(s). The effect of carbon doping on the resultant coating is also discussed. In this review, 
the TiO2 coating of interest with respect to sintering will be that obtained by Dang et al. [56], 

Figure 4. FIB/SEM cross section images of NiO coatings obtained after 5 min sintering using (a) the furnace and (b) 
the RDS technique. Both coating thicknesses were approximately 2.5 μm. Reprinted from [42] with permission from 
Elsevier.
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for example. The following type of coatings are analyzed for their performance: furnace sin-
tered C-doped, RDS treated undoped and C-doped RDS treated.

2.2.1. Comparison of RDS and air furnace treatments of porous TiO2

TiO2 coatings were also used to fabricate DSSC electrodes. TiO2 and carbon-doped TiO2 
were deposited as coatings onto unheated titanium and silicon wafer substrates using a 
DC closed-field magnetron sputtering system [56]. The C-doped TiO2 coatings were 
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Figure 5. UV-vis absorbance spectra dye sensitized NiO coatings of 1–2 μm thickness (RDS and furnace sintered) and 
ERY dye in solution. Reprinted from [42] with permission from Elsevier.

Awais et al. [42, 46]/Reported data (NiO 
thickness)

Treatment time (min) VOC (mV) JSC (mAcm−2) FF Efficiency (η)

RDS treated (~2.5 μm thick) 5 120.00 1.05 36 0.0450

Furnace sintered (~2.5 μm thick) 5 84.00 0.22 25 0.0050

Furnace sintered (~2.5 μm thick) 30 35.29 0.21 26 0.0023

RDS treated (~1–2 μm thick) 5 72.14 0.53 28 0.0118

Furnace sintered (~1–2 μm thick) 5 50.30 0.24 28 0.0037

He et al. [54] (~1 μm thick) 60 83.00 0.20 27 0.0070

Nattestad et al. [48] (~1.6 μm thick) 20 120.00 0.36 26 0.0110

Table 1. Photovoltaic performance of RDS and furnace NiO coatings used as photocathode in construction of p-type 
DSSC (compared with the literature). AM 1.5 solar simulator (I: 870 W m−2), 0.5 M LiI and 0.05 M I2 in propylene carbonate 
as an electrolyte [52]. Values in italics represent reported literature data.
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obtained by introducing low concentrations of carbon dioxide into the argon/oxygen 
plasma during the sputtering of the metal. The resultant coatings had an amorphous 
structure and a post-deposition heat treatment is required to convert this amorphous 
structure into the photoactive crystalline phase(s) of TiO2. This was achieved using the 
CAP microwave plasma heat treatment using a nitrogen plasma. During the plasma treat-
ment, the substrate temperature was about 550°C. At this temperature and for treatment 
times as short as 1 min, 0.25 μm thick coatings converted into the anatase crystalline 
phase of TiO2. Further treatments of the coatings at higher temperatures resulted in ana-
tase-to-rutile crystalline phase transformation [56]. As reported earlier for the NiO layers 
the use of microwave plasma heat treatments facilitated a much more rapid processing 
compared with furnace heat treatments. It was also observed that the plasma treated TiO2 
coatings also exhibited higher photocurrent density. This is possibly as a result of higher 
level of surface roughness and consequently a higher available surface area observed for 
these coatings [56].

As for the plasma treated TiO2 coatings, C-doped coatings also exhibited a higher rough-
ness when plasma treated compared to furnace treated (Figure 6). To investigate the phase 
transformation efficiency of the two treatment methods as well as the effect of carbon doping,  
an XRD profile of undoped and C-doped TiO2 coatings was obtained. As shown in Figure 7(a),  
anatase phase peaks were observed for coatings treated between 550 and 850°C. As the temper-
ature is increased to 875°C, peaks indicative of the rutile phase could be observed. Interestingly, 
for the C-doped TiO2 coatings, the rutile phase can be observed at 750°C (Figure 7(b));  
thus, it is possible that carbon doping lowered the transitional phase change temperature of 
anatase to rutile.

In order to evaluate the effect of doping on the efficiency of the TiO2 coated electrodes, photo-
current density (IPh) measurements were obtained, as presented in Table 2. The highest value 

Figure 6. Surface morphology of 2.2% C-doped TiO2 (a) furnace-treated and (b) MW plasma-treated at 750°C for 3 min. 
Reprinted from [56] with permission from Elsevier.
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obtained by introducing low concentrations of carbon dioxide into the argon/oxygen 
plasma during the sputtering of the metal. The resultant coatings had an amorphous 
structure and a post-deposition heat treatment is required to convert this amorphous 
structure into the photoactive crystalline phase(s) of TiO2. This was achieved using the 
CAP microwave plasma heat treatment using a nitrogen plasma. During the plasma treat-
ment, the substrate temperature was about 550°C. At this temperature and for treatment 
times as short as 1 min, 0.25 μm thick coatings converted into the anatase crystalline 
phase of TiO2. Further treatments of the coatings at higher temperatures resulted in ana-
tase-to-rutile crystalline phase transformation [56]. As reported earlier for the NiO layers 
the use of microwave plasma heat treatments facilitated a much more rapid processing 
compared with furnace heat treatments. It was also observed that the plasma treated TiO2 
coatings also exhibited higher photocurrent density. This is possibly as a result of higher 
level of surface roughness and consequently a higher available surface area observed for 
these coatings [56].

As for the plasma treated TiO2 coatings, C-doped coatings also exhibited a higher rough-
ness when plasma treated compared to furnace treated (Figure 6). To investigate the phase 
transformation efficiency of the two treatment methods as well as the effect of carbon doping,  
an XRD profile of undoped and C-doped TiO2 coatings was obtained. As shown in Figure 7(a),  
anatase phase peaks were observed for coatings treated between 550 and 850°C. As the temper-
ature is increased to 875°C, peaks indicative of the rutile phase could be observed. Interestingly, 
for the C-doped TiO2 coatings, the rutile phase can be observed at 750°C (Figure 7(b));  
thus, it is possible that carbon doping lowered the transitional phase change temperature of 
anatase to rutile.

In order to evaluate the effect of doping on the efficiency of the TiO2 coated electrodes, photo-
current density (IPh) measurements were obtained, as presented in Table 2. The highest value 

Figure 6. Surface morphology of 2.2% C-doped TiO2 (a) furnace-treated and (b) MW plasma-treated at 750°C for 3 min. 
Reprinted from [56] with permission from Elsevier.
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of photocurrent density was obtained for the case of carbon doped plasma treated TiO2 coat-
ings. There was a 19% increase in the IPh value in comparison to those treated in the furnace. 
Possible reasons for the superior performance could be due to the enhanced porosity level of 
plasma treated coatings, which may have provided more active sites for charge production 
[56]. A further factor could be that the retention of more doped carbon in the RDS-treated TiO2 
coatings further reduced the band gap of RDS-treated compared to the furnace-treated TiO2 
coatings (See Figure 8).

2.3. Conclusion and potential of the RDS sintering technique

RDS-treated NiO coatings were found to exhibit a light-to-current conversion efficiency 
increase of almost a 10-fold, compared with that obtained for the furnace treated oxide coat-
ing. Amongst the likely reasons for the enhanced performance is the smaller grain size, along 
with the more open structure obtained using the RDS technique.

Figure 7. XRD profile of as deposited (a) undoped and (b) 2.2% C-doped TiO2 upon RDS treatment. Reprinted from [56] 
with permission from Elsevier.

TiO2 coatings Photocurrent density values, IPh (μA/cm2)

As-deposited (C-doped) 108

Furnace sintered (C-doped) 181

RDS treated (un-doped) 167

RDS treated (C-doped) 216

Table 2. Photocurrent density values for different TiO2 coatings.
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3. Direct porous ceramics growth from metal substrates

In this study, the performance of microwave plasma treatments as a technique for the oxi-
dation of metallic surfaces is investigated. Oxides of titanium formed either on the metal 
surface or alternatively as TiO2 coatings (discussed in Section 2.2) have found applications in 
areas ranging from medical devices (cell attachment), solar cells (light capture), air and water 
purification, gas sensing, wear protective coatings, etc. [57–62]. This is due to the oxide’s pho-
tocatalytic, biocompatibility properties, as well as its physical and chemical stability. These 
properties would depend on the morphology, surface roughness and porosity of the oxides.

Compared to furnace heat treatments, microwave plasma-treated TiO2 coatings discussed in 
Section 2.2 possess higher level of surface roughness and hence photoactivity. However, the 
enhanced surface roughness is still only in the order of a few nanometers and thus, the pho-
toactivity of the resulting coatings is relatively limited [63]. An alternative fabrication method 
which has been investigated to address this shortcoming is presented in this section.

3.1. RDS oxidation of titanium metal substrates

The plasma treatments were carried out as before using the CAP microwave reactor, in this 
case using an oxygen discharge [63, 64]. Prior to plasma oxidation, the titanium disc test  

Figure 8. Band gap measurements for as-deposited, furnace treated, RDS treated (2.2% carbon doped) and undoped RDS 
treated TiO2 coatings. Reprinted from [56] with permission from Elsevier.
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substrates were polished to a mirror finish and then solvent cleaned. The oxidized substrates 
exhibited a white appearance, as shown in Figure 9; this is in contrast to the metallic appear-
ance of the non-oxidized titanium metal.

A typical FIB/metallography SEM cross-section image of a RDS treated TiO2 structure 
obtained using a focused ion beam (FIB) and metallographic technique for comparison is 
shown in Figure 10. It can be observed that the two sample preparation methods (FIB and 
metallography) did not alter the porous structure of the ceramics.

3.2. Influence of substrate temperature on the pore structure morphology in a RDS grown 
oxide-layer

The porosity of the oxide-layer structure was found to generally increase with increase in 
thickness and treatment temperature (Figure 11). Examination of the porous oxide structures 
indicates that oxide-layers grown at temperature below 880°C exhibits a relatively porous 
structure, in the upper oxide layer compared to that closer to the metal substrate. Oxides 
fabricated above 880°C exhibited a further increase in porosity levels throughout the oxide 
layer. It is well known that α to β phase transformation of titanium occurs at approximately 
882°C; this may have influenced porosity distribution observed in the oxide-layers grown on 
titanium substrates above 880°C [64].

3.3. Comparison of the porosity of sintered TiO2, air furnace and RDS grown oxide-layer

Figure 12 shows the oxide layer morphology of a RDS and air furnace grown ceramic struc-
tures. The structure in Figure 12(a) was obtained after 5-hours furnace treatment in air and 
its thickness was found to be 4.17 μm. In contrast, after treatment in an oxygen microwave 
plasma for 10 min, the thickness obtained was 6.96 μm (Figure 12(b)). It can be observed 
that the oxide-layer obtained using the microwave plasma oxidation exhibited a relatively 

Figure 9. Photograph of oxide-layer formed on the 25-mm diameter titanium disc using microwave plasma and air 
furnace. Reprinted from [64] with permission from Elsevier.
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rough morphology, with large grains. In contrast, the slower growing oxide formed using the 
furnace oxidation exhibited a much denser morphology with little or no porosity observed. 
A possible reason for the increased porosity obtained for the RDS treatments is a result of a 
preferential grain growth in specific directions due to a van der Drift type of competition with 
increasing thickness of oxide layer [64].

To conclude it is interesting to compare the morphology of two TiO2 oxide layers obtained 
as part of this study as shown in Figure 13. Figure 13(a) was obtained by oxidation of metal 
oxide nanoparticles and Figure 13(b) by the oxidation of the titanium metal. Both were 
obtained using the microwave plasma treatments. It is clear from Figure 13 that the sintering 
of the TiO2 nanoparticles yields a much more homogeneous oxide pore structure. Its fabrica-
tion, however, involves two steps (spray deposition and sintering), compared with the single 
microwave plasma oxidation step. Both treatments, however, demonstrate the flexibility of 
the microwave plasma treatments.

Figure 10. SEM images of oxide cross-section prepared using the FIB (a) and metallographic technique (b). The images 
were obtained using an FEI Quanta 3D FEG DualBeam system. The average oxide-layer thickness for both techniques is 
9.89 μm. (Note a 52° tilt angle is used for the FIB image.) Reprinted from [64] with permission from Elsevier.

Figure 11. Oxide-layers (demonstrated using the arrows), which were grown on titanium substrates at temperature: 
(a) 855°C, (b) 880°C and (c) 910°C showing porosity distribution. Note the increased porosity obtained at the higher 
oxidation temperature. Reprinted from [64] with permission from Elsevier.
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fabricated above 880°C exhibited a further increase in porosity levels throughout the oxide 
layer. It is well known that α to β phase transformation of titanium occurs at approximately 
882°C; this may have influenced porosity distribution observed in the oxide-layers grown on 
titanium substrates above 880°C [64].

3.3. Comparison of the porosity of sintered TiO2, air furnace and RDS grown oxide-layer

Figure 12 shows the oxide layer morphology of a RDS and air furnace grown ceramic struc-
tures. The structure in Figure 12(a) was obtained after 5-hours furnace treatment in air and 
its thickness was found to be 4.17 μm. In contrast, after treatment in an oxygen microwave 
plasma for 10 min, the thickness obtained was 6.96 μm (Figure 12(b)). It can be observed 
that the oxide-layer obtained using the microwave plasma oxidation exhibited a relatively 

Figure 9. Photograph of oxide-layer formed on the 25-mm diameter titanium disc using microwave plasma and air 
furnace. Reprinted from [64] with permission from Elsevier.
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rough morphology, with large grains. In contrast, the slower growing oxide formed using the 
furnace oxidation exhibited a much denser morphology with little or no porosity observed. 
A possible reason for the increased porosity obtained for the RDS treatments is a result of a 
preferential grain growth in specific directions due to a van der Drift type of competition with 
increasing thickness of oxide layer [64].

To conclude it is interesting to compare the morphology of two TiO2 oxide layers obtained 
as part of this study as shown in Figure 13. Figure 13(a) was obtained by oxidation of metal 
oxide nanoparticles and Figure 13(b) by the oxidation of the titanium metal. Both were 
obtained using the microwave plasma treatments. It is clear from Figure 13 that the sintering 
of the TiO2 nanoparticles yields a much more homogeneous oxide pore structure. Its fabrica-
tion, however, involves two steps (spray deposition and sintering), compared with the single 
microwave plasma oxidation step. Both treatments, however, demonstrate the flexibility of 
the microwave plasma treatments.

Figure 10. SEM images of oxide cross-section prepared using the FIB (a) and metallographic technique (b). The images 
were obtained using an FEI Quanta 3D FEG DualBeam system. The average oxide-layer thickness for both techniques is 
9.89 μm. (Note a 52° tilt angle is used for the FIB image.) Reprinted from [64] with permission from Elsevier.

Figure 11. Oxide-layers (demonstrated using the arrows), which were grown on titanium substrates at temperature: 
(a) 855°C, (b) 880°C and (c) 910°C showing porosity distribution. Note the increased porosity obtained at the higher 
oxidation temperature. Reprinted from [64] with permission from Elsevier.
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4. Conclusions

The use of microwave plasma treatments has been reviewed both for sintering nanoparticles 
(referred to as rapid discharge sintering (RDS), as a thermal processing route for crystalline 
phase changes, as well as for the oxidation of metal surfaces. For the fabrication of porous 
ceramics, the plasma treatments have the advantage of being rapid and flexible allowing 
for the tailoring and control of pore structures with processing conditions. Compared to the  
conventional methods such as air furnace treatment, the plasma treatments were demonstrated 

Figure 12. Typical SEM images of oxide-layers grown using a RDS (a); and air furnace (b), demonstrating differences 
in the grain structure obtained (samples both prepared at a treatment temperature of 790°C). Reprinted from [64] with 
permission from Elsevier.

Figure 13. FIB cross-sections of an 8.5 μm thick TiO2 coating (a) fabricated by sintering TiO2 nanoparticles. The FIB cross 
section (b) shows a 10.45 μm TiO2 oxide-layer obtained by oxidizing the Cp titanium metal (reprinted from [64] with 
permission from Elsevier).
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to yield improved results in terms of shorter treatment time, lower energy requirement and 
enhanced performance. The latter was demonstrated in the case of metal oxide layers (NiO and 
TiO2), when evaluated for use in solar energy applications.
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Abstract

For the purpose of energy saving in buildings, a foam ceramic insulation (FCI) was pre-
pared by using fly ash (FA) and ceramic waste (CW) as the main raw materials for its 
matrix part and foam part, respectively. The effects of the sintering temperature and 
the additive agent on the macroscopic performances were systematically measured and 
investigated. The experiment results indicate that for the matrix sample 5% quartz addi-
tion makes the rupture modulus at 1200°C reach high to 34.28 MPa, while the correspond-
ing water absorption capacity is only 0.83%. In addition, for the foam sample with 1 wt% 
silicon carbide, the lowest measured bulk density and thermal conductivity at 1200°C are 
0.471 g/cm3 and 0.1184 W/(m•K), respectively. Furthermore, the proposed simulation 
model predicts that the effective thermal conductivity of FCI decreases with the decrease 
of the bulk density. Moreover, the simulation results calculated by EnergyPlus software 
indicate that the synthetic FCI can efficiently reduce the building’s heating and cooling 
loads and exerts excellent energy conservation effect.

Keywords: ceramic foam insulation, solid waste, numerical modelling, thermal 
conductivity, energy saving in buildings

1. Introduction

It is well known that as the society and economy is developing at a high rate, about 35% of 
the total energy is consumed by buildings [1–4]. For the sake of energy saving in buildings, all 
over the world, there are many different concepts of energy-efficient buildings, such as passive 
houses, near-zero-energy buildings, and even active houses [5]. According to the requirements 
of these houses’ design, the energy use in these buildings needs to be strictly reduced to a 
very certain small range. Therefore, an appropriate thermal insulation material is necessary to 
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realise the energy saving in buildings [6]. As ceramic foam insulation (CFI) is one of the notable 
methods to reduce the energy use in buildings, it has been widely developed in recent years.

As we all know, the building insulation materials are generally sorted into two groups, organic 
insulation materials and inorganic insulation materials. Organic insulation materials, such 
as polystyrene foam, often lead to a series of problems related to combustion, environmen-
tal toxicity, and adhesive incompatibility with cement and ceramic structures. In addition, 
organic insulation materials usually exert short working life, for instance, foam plastic only 
can ensure the required heat resistance in about 8 years. However, inorganic materials, such 
as CFI, are excellent building insulation materials, which have many advantages compared 
with other thermal insulation materials, including chemically inactive, noncombustible, low 
moisture absorption, chemically stable, long-time stable in physical properties, environmen-
tal friendly, and long use life [7]. For the above reasons, this study is motivated to propose a 
novel FCI for saving energy in buildings.

On the other hand, according to the investigation in literature, it is known to us that the 
traditional manufacture of ceramic materials often requires massive amount of natural raw 
materials, such as clay and feldspar [8–10]. However, recently, taking into consideration the 
big challenges in environmental protection and energy saving, nontraditional raw materials 
are needed in the synthesis process of the ceramic materials. Therefore, the development of 
innovative ceramic materials by using huge amounts of alternative raw materials, especially 
solid waste, will be important to the environmental protection.

Hence, in this research, according to our previous work [11–13], two solid wastes were 
applied as the main raw materials for the synthesis of FCI. Firstly, fly ash (FA), a by-product 
of thermal generation in coal power stations, is used as the main raw material in the matrix 
part of the FCI [14]. According to the statistics, more than 750 million tonnes of FA are gen-
erated each year, but only less than 50% of FA is utilised. In China, the annual output of FA 
reached almost 600 million tonnes, which results in very serious environmental pollution, 
such as groundwater contamination [15–17]. Secondly, the reclaimed waste is the ceramic 
waste (CW). Statistics show that in the ceramic industry about 30% of the daily production 
will turn into solid waste. As we all know, CW is not recycled in any form at present [18]. 
Therefore, both solid wastes will cause serious environmental pollution [19–20]. So it is neces-
sary to develop an effective way to recycle FA and CW.

Based on the previous work of our research [11–13], we are therefore motivated to prepare FCI 
by using FA and CW as the main raw materials. Moreover, since the study of heat transfer 
behaviour of FCI and its energy-saving function in buildings was important to guide the synthe-
sis process of FCI, in this study, the foaming behaviour, the thermal conductivity, and its energy-
saving function were investigated experimentally and were modelled by simulative method.

2. Experimental methods

2.1. Materials

For the manufacture of CFI boards the raw materials can be divided into two kinds, matrix 
raw materials and foam raw materials. Firstly, the matrix raw materials were composed of 
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FA, clay, feldspar, and quartz, which were all driven from the same region in China. Secondly, 
the foam raw materials included CW and other additives. Here, CW was used as a main raw 
material and SiC was applied as a foaming agent. The chemical characteristics of the main raw 
materials were measured by X-ray fluorescence (XRF) scan and are shown in Table 1. It can be 
seen that for all main raw materials, SiO2 and Al2O3 possess the dominating proportions with 
the total proportion of 81.87, 71.53, 86.10, 95.77 and 84.01 wt%. It is interesting to note that for 
feldspar the total contents of K2O and Na2O are high: 11.72 wt%.

In addition, the crystalline phases of the raw materials are determined by X-ray diffraction 
(XRD) (D/MAX-PC 2500, Rigaku), and the XRD patterns are presented in Figure 1. It can be 
seen that FA is a heterogeneous material. Firstly, the major crystalline phases of FA are quartz 
and mullite with a small amount of gypsum. Secondly, it is interesting to note that parts of FA 
belong to the amorphous phase due to the observed low and broad diffraction bands in the 
range of 20–30o. Moreover, for CW, the main structure is quartz.

2.2. Preparation

In this research, for the matrix part, 50 wt% FA will be used as the main raw material in all 
batches. While, for the foam part, only CW will be utilised as the raw material with only 1% 
SiC. In this study, according to the previous work, the detailed steps of the preparation are 
shown as follows.

Firstly, all raw materials were thoroughly mixed and milled in the proportion as shown in 
Table 2. Here, quartz content in the batches 1–5 varied from 0 to 20 wt%. Then, mixtures were 
wet ground in two ball mills for 15 h to obtain the homogeneous slurries. The slurries were 
sieved to pass through a 200-mesh screen and dried at 110°C for 12 h. Subsequently, the two 
mixtures were granulated in a moist condition and samples were hydraulically compacted 
using uniaxial pressing at 10 MPa. Finally, the shaped samples were dried at 105°C for 3 h, fol-
lowed by calcination in a muffle furnace at the preset sintering temperature, and the sintered 
samples were cooled naturally.

2.3. Characterisation

For the matrix part, the obtained samples were measured for moisture absorption (MA) 
capacity and rupture modulus.

Content (wt%) SiO2 Al2O3 K2O Na2O CaO Fe2O3 MgO TiO2 S LOI

Fly ash 41.97 39.90 0.50 0.20 6.41 1.96 0.60 1.20 3.15 3.64

Clay 34.96 36.57 0.39 0.09 0.49 0.82 0.22 1.47 — 24.38

Feldspar 68.60 17.50 7.74 3.98 0.53 0.41 0.17 0.04 — 0.83

Quartz 91.30 4.47 1.76 1.19 0.42 0.17 0.15 0.01 — 0.44

Ceramic waste 65.18 18.83 1.61 4.10 1.61 0.45 3.22 0.21 — 4.13

Table 1. Chemical composition of main raw materials.
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The moisture absorption (MA) capacity was tested according to the following method. Firstly, 
the dried mass of the sintered sample (Md, kg) was measured. Secondly, the sample was put 
into boiled water for 5 h and then was soaked for another 24 h. Finally, in water, the mass of 
the suspended sample (Ms1, kg) was determined, and the saturated mass (Ms2, kg) was mea-
sured. So MA (%) can be obtained as follows:

  MA =   
 M  s2   −  M  d   _______  M  d  

   × 100  (1)

The rupture modulus, R (MPa), is calculated by the following formula:

  R =   3Fl ____ 2  bh   2     (2)

where F is the failing load (N); l is the distance between two support bars (mm); b is the width 
of the specimen (mm); and h is the minimum thickness of the sample (mm).

For the foam part, the sintered samples were tested regarding bulk density and measured 
thermal conductivity.

Figure 1. XRD patterns of the main raw materials.

No. 1 No. 2 No. 3 No. 4 No. 5 No. 6

Matrix part Fly ash 50 50 50 50 50 —

Clay 20 20 20 20 20 —

Feldspar 30 25 20 15 10 —

Quartz — 5 10 15 20 —

Foam part Ceramic waste — — — — — 100

SiC — — — — — 1

Table 2. Batch compositions of the samples (wt%).
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The bulk density (ρb) of final sintered sample was determined by referencing the Chinese 
Standards Specifications. In particular, three parameters were detected. Firstly, the sintered 
samples were dried at 110°C for 24 h and then restored to room temperature in a balance 
desiccator. In this status, the specimen’s weight was accurately measured, Ma. Secondly, the 
samples were immersed in boiled water for 3 h, then removed the heating and made samples 
to still stay in the water for 1 h. Samples’ weight Mb in the water was measured by hanging 
on the hook of the precision electronic balance. Thirdly, after the above process, samples were 
taken out of the water and the redundant water on the surface was wiped using a wet cloth. 
Then, the weight Mc of the sample was measured. Finally, the bulk density was calculated by 
using the following formula, in which ρwater was the density of water.

   ρ  b   =   
 M  a   ______  M  b   −  M  c  

   ×  ρ  water    (3)

For thermal conductivity measurements, a series of rectangular briquettes were prepared sep-
arately. The thermal conductivities of the samples were measured in a vapour-tight envelope 
by using a guarded hotplate apparatus (IMDRY3001-II). For the experiment, the hotplate of 
the apparatus was set to 33°C and the cold plate was cooled by water at 17°C. The sample was 
mounted between the two plates, and then, the thermal conductivity of the sample was tested 
when the temperatures of the two plates became stable. Here, the measurement uncertainty 
and repeatability of GHP were controlled within ±3% and ±1%, respectively.

3. Simulation methods

Firstly, the effective thermal conductivity (ke) was simulated by a simulation model developed 
by our research group. In this simulation, ke can be obtained as follows:

   k  e   =   
 Q  total   × L

 _________  ( T  h   −  T  l  )  × A    (4)

where Qtotal is the total heat flow through the sample, W; Th and Tl were the known tempera-
tures of the two surfaces perpendicular to the direction of heat flow, K; L is the thickness of 
the sample, m; and A is the area of the sample, m2.

In our simulation, by comparing several grids and the results, the whole sample was finally 
meshed as a grid of X × Y × Z. For each axis, the grid numbers are X = A0.5, Y = L, and Z = A0.5. 
In addition, each unit’s dimension is equalled to 0.001 m.

Then, by using the thermal conductivity matrix (TCM = ones (X, Y, Z)), each unit’s thermal 
conductivity value was determined. For the matrix part of the sample, the thermal conductiv-
ity value of each unit is set as the thermal conductivity of the matrix board. For the foam part, 
the unit thermal conductivity value is set randomly. For example, there were two thermal 
conductivity values in the foam sample, from thermal conductivity value of the solid material 
and the thermal conductivity value of the air. Firstly, the volume fractions of the solid mate-
rial and the air were calculated. Secondly, for each unit, a random number (rn) was generated 
to decide which thermal conductivity value would be endowed. For instance, for one unit, 
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the sample, m; and A is the area of the sample, m2.

In our simulation, by comparing several grids and the results, the whole sample was finally 
meshed as a grid of X × Y × Z. For each axis, the grid numbers are X = A0.5, Y = L, and Z = A0.5. 
In addition, each unit’s dimension is equalled to 0.001 m.

Then, by using the thermal conductivity matrix (TCM = ones (X, Y, Z)), each unit’s thermal 
conductivity value was determined. For the matrix part of the sample, the thermal conductiv-
ity value of each unit is set as the thermal conductivity of the matrix board. For the foam part, 
the unit thermal conductivity value is set randomly. For example, there were two thermal 
conductivity values in the foam sample, from thermal conductivity value of the solid material 
and the thermal conductivity value of the air. Firstly, the volume fractions of the solid mate-
rial and the air were calculated. Secondly, for each unit, a random number (rn) was generated 
to decide which thermal conductivity value would be endowed. For instance, for one unit, 
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if rn was smaller than the solid material’s volume fraction, the thermal conductivity of the 
solid material would be endowed. Otherwise, this unit would be endowed with the thermal 
conductivity of the air (ka = 0.026 W/(m•K) [21]).

In this simulation programme, the steady-state energy equation for three-dimensional heat 
transfer was established as the control equation. For each unit, the sum of heat flow towards 
this unit was equal to that away from it. In addition, the solution conditions were defined by 
using the temperature field matrix: T = ones (X, Y, Z). For the surfaces perpendicular to the 
heat flow direction, they belonged to the first-class boundary condition and the temperatures 
of these two surfaces were equalled to 33°C and 17°C. As in the experiment, the sample panel 
was surrounded by thermal insulation fibre; similarly, the four surfaces that surrounded the 
panel were insulated perfectly. Finally, ke will be obtained through the iterative calculation.

Secondly, the energy-saving effect of FCI was evaluated by EnergyPlus software [22–24]. In 
this research, an ideal building is applied as the calculation model for energy consumption. 
In addition, the energy consumption of buildings with different kinds of external walls was 
compared systematically.

4. Results and discussions

4.1. The properties of FCI

For the matrix part samples, the sintering temperature will have an important effect on mac-
roscopic properties, including the moisture absorption capacity and rupture modulus, which 
are shown in Figures 2 and 3, respectively.

Figure 2. Rupture modulus values of the sample no. 1 versus sintering temperatures.
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First, the characteristic curve in Figure 2 indicates that for the sample no.1 the rupture modu-
lus increases with the increase of the sintering temperature. When the sintering temperature 
is 1000°C, the rupture modulus is only 2.52 MPa. Moreover, when the sintering temperature 
is increased to 1100°C, the corresponding rupture modulus increases to 7.82 MPa, indicat-
ing that there is the liquid generation in the sample no.1. Furthermore, when the sintering 
temperature is over 1200°C, the rupture modulus value reaches to 25.38 MPa. Second, it is 
interesting to note that in the investigated temperature range (1000–1200°C), the moisture 
absorption capacity dramatically decreases from 26.85% to 0.25% at the sintering temperature 
of 1000–1200°C.

It can be concluded that when the sintering temperature is 1200°C the samples have excel-
lent properties (moisture absorption capacity and the rupture modulus), which satisfy the 
requirements of fine stoneware tiles [25].

In addition, the quartz was chosen as an addition to the sample no. 1. Figures 4 and 5 show 
the effects of quartz addition on the sample’s properties (moisture absorption capacity and 
rupture modulus). It can be seen that, for the sample no. 2 and no. 3, at 1200°C, the 5% 
and 10% quartz additions enhance the samples’ strength with a little increase in moisture 
absorption capacity. For instance, for the sample no. 2, the highest rupture modulus reaches 
34.28 MPa at 1200°C, which drastically exceeds the property of the sample no. 1 without 
quartz (25.38 MPa). According to the literature [26], it may be explained that, for the sample 
no. 2, 5% quartz addition is a benefit to the increase of mullite formation, which will promote 
the sample’s rupture modulus. Figure 5 shows that 5% quartz addition increases the mois-
ture absorption capacity from 0.25 to 0.83%, but it still satisfies the standards for stoneware 
porcelain tiles [25].

Figure 3. Moisture absorption capacity values of the sample no. 1 versus sintering temperatures.
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In order to explain the above phenomenon, the ternary diagram of sample no. 2 was calcu-
lated by FactSage. From Figure 6, it can be seen that the new sample’s raw materials belong 
to SiO2-Al2O3-CaO-K2O system, as shown in red. Therefore, unlike the conventional ternary 

Figure 5. Moisture absorption capacity values of the sample nos. 1–5 with different quartz addition.

Figure 4. Rupture modulus values of the sample nos. 1–5 with different quartz addition.
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ceramic system, the new sample broadens the traditional ceramic crystal phase area (blue) to 
a new phase area. This change of the ceramic system is due to the increase of Al2O3 and CaO 
obtained from FA.

In addition, the powder of both raw materials and sintered sample no. 2 is separately ana-
lysed by XRD. Firstly, XRD patterns in Figure 7 depict that there is none or only a small 
amount of glass phase in the sintered sample no. 2, which is a benefit to the improvement 
of its mechanical property. The previous research [27] has shown that in the traditional por-
celain stoneware tiles, glass is one of the major phases in addition to quartz and mullite. 
Therefore, compared to the traditional ceramic tile, the matrix part tile prepared by our 
research has better mechanical property. In addition, it is interesting to note that there is no 
quartz in sintered sample no. 2; it is replaced by a large amount of mullite, which will further 
promote its strength.

Moreover, Figure 8 shows the DTA-TG curve of the sample. At 200°C, the mass loss is caused 
by the dehydroxylation of gypsum with an exothermic peak. At the temperature of 400–600°C, 
the mass loss is caused by the dehydroxylation process of boehmite (with an endothermic 
peak at 450°C) and kaolinite (with an endothermic peak at above 550°C). Finally, an exother-
mic peak at about 1000°C is attributable to mullite crystallisation [28].

Secondly, for the foam sample no. 6, the sintering temperature likewise has an important 
effect on the foam sample’s properties, including the bulk density and volume, which are 
shown in Figure 9.

Figure 6. Ternary diagram of the traditional ceramic and sample no. 2 (blue indicates the traditional ceramic crystal 
phase area and red shows the phase area of sample no. 2).
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Figure 8. DTA-TG curve of the green sample no.2.

Figure 7. XRD patterns of the sample no. 2.
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Figure 9 indicates the effect of sintering temperature on the volume results and the bulk den-
sity values of the sample no. 6 with 1% SiC as a foaming agent. It can be seen that the volume 
results of the sample no. 6 first shrank and then expanded with the increase in the sintering 
temperature from 1010–1200°C. Therefore, it is noted that the corresponding bulk density of 
sample no. 6 shows a consistent trend. At 1010°C, the bulk density is 1.714 g/cm3, and then, 
it increases up to 1.984 g/cm3 at 1060°C, followed by a rapid decrease with further increasing 
sintering temperature, and reaches the minimum value of 0.471 g/cm3 at 1200°C, which is 
decreased by 76%.

This phenomenon is attributed to two typically changing processes in the sintering of foamed 
ceramics, which are matrix densification and closed-pore generation. Firstly, in the sintering 
process, with the increase in sintering temperature, liquid phase is generated, which led to 
the matrix densification [29]. Secondly, there is SiC in CW and so with the sintering tempera-
ture increase SiC began to decompose, resulting in the closed-pore generation. In the process 
of SiC decomposition, the gas (CO2 or CO) is generated in the presence of oxygen, which is 
shown in Figure 10 [30–32].

Moreover, the measured thermal conductivity of the sample no. 6 as a function of the bulk 
density is demonstrated in Figure 11. It can be seen that the measured thermal conductivity 
decreases from 0.3876 W/(m•K) to 0.1184 W/(m•K) with the increase in the bulk density of the 
sample no. 6. It is concluded that the sample no. 6 at high sintering temperature (1200°C) has an 
excellent heat insulation performance, indicating that it can be utilised as the foam part of FCI.

Figure 9. The volume results and the bulk density values of the sample no. 6 at different sintering temperature.
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4.2. The forecast of the thermal conductivity and energy saving of FCI

4.2.1. Numerical simulation results of the effective thermal conductivity

The relationship between the effective thermal conductivity and the bulk density can be cal-
culated through the present proposed model. The results of the effective thermal conductiv-
ity, ke, as a function of the bulk density, are indicated in Figure 12. It can be seen that the 
effective thermal conductivity decreases with the decrease of the bulk density. It is interesting 

Figure 11. The measured thermal conductivity of the sample no. 6 as a function of the bulk density.

Figure 10. The reaction principle of SiC as a foaming agent.
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to note that, when the bulk density continues decreasing to a certain level (1.600 g/cm3), the 
decrease rate of the effective thermal conductivity becomes small. In addition, it can be seen 
that the simulated effective thermal conductivities are well in agreement with the measured 
effective thermal conductivities, with the average deviation of 4%.

From Figure 12, we can also get the following relationship between the effective thermal con-
ductivity and the bulk density for the foam sample at 25°C.

   k  e   = 0.15002‐1.25 ×  10   ‐4   ρ  b   + 1.23 ×  10   ‐7    ρ  b     2   (5)

4.2.2. The forecast of the energy saving of FCI in an ideal building

In this part, a building (3 m*3 m*2.8 m) in Beijing is used as the calculation model for energy 
consumption (Figure 13(a)). In this building model, there are two kinds of external walls, tra-
ditional wall and foam ceramic insulation wall. As shown in Figure 13(b), the foam ceramic 
insulation wall is composed of four layers: the cement mortar (20 mm, 0.97 W/(m•K)), the 
matrix part of the foam ceramic insulation (200 mm), the foam part of the foam ceramic insu-
lation (50 mm), and the composite mortar (20 mm, 0.65 W/(m•K)). For the traditional wall, the 
matrix and foam parts of the foam ceramic insulation were removed and were replaced with a 
250-mm reinforced concrete with the thermal conductivity of 1.95 W/(m•K).

Figure 14 shows the annual energy consumption for the ideal building with different exter-
nal walls. It can be seen that, compared with the traditional wall, the FCI wall significantly 
reduces the annual energy consumption by 44–57%. In addition, for the building with FCI 
wall, the annual average heating and cooling rate decreases with the decrease in the bulk 

Figure 12. The simulation results of the effective thermal conductivity of the sample no. 6 as a function of the bulk 
density.
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density of the foam part of FCI. For instance, when ρb = 0.471 g/cm3, for the ideal building the 
annual average heating and cooling rate is only 95 W, and compared with that of the building 
with a traditional wall, the rate is reduced by 57%. Therefore, the energy conservation of the 
FCI wall is especially pronounced.

5. Conclusion

In this research, solid wastes, such as FA and CW, were effectively utilised for the manu-
facture of FCI, leading to low-cost and environmental protection. The experiment and 

Figure 14. Heating and cooling annual loads in ideal building with different external walls.

Figure 13. The ideal calculation building model.
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simulation methods are applied to study the effects of sintering temperature and the addi-
tive agent on properties of the samples.

For the matrix part of FCI, at 1200°C, the sample with 50 wt% FA and 5 wt% quartz addition 
shows the best complex properties. The rupture modulus is 34.28 MPa, and the correspond-
ing moisture absorption capacity is only 0.83%. In addition, for the foam sample with 1 wt% 
silicon carbide, the lowest bulk density and thermal conductivity at 1200°C are 0.471 g/cm3 
and 0.1184 W/(m•K), respectively.

Moreover, the thermal conductivities of CFI and its effect on energy saving in buildings were 
simulated by a simulation model and EnergyPlus, respectively. Firstly, the proposed simula-
tion model was applied to predict the effective thermal conductivity of the sample no. 6 as a 
function of bulk density. The simulation results show that the effective thermal conductivity 
of the sample no. 6 decreases with the decrease in its bulk density, and the simulation values 
are in good agreement with the measured results, with an average deviation of 4%. These 
simulation methods are desirable not only for the practical purpose of predicting the thermal 
properties of CFI, but also for the fundamental knowledge required in developing other new 
porous ceramics. Furthermore, the EnergyPlus results indicate that FCI can efficiently reduce 
the thermal load caused by the heat loss of the external construction, so the proposed FCI 
exhibits excellent energy conservation effect.
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Abstract

Polycrystalline BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 ceramics (x = 0.02-0.04) were prepared by
a combination of solid-state and mechanochemical process and characterized at room tem-
perature by X-ray diffraction for phase composition. Their crystal structures were found to
be of the cubic and tetragonal symmetries, respectively. The grain size and porosity which
were determined using Field Emission Scanning Electron Microscope (FESEM) and densi-
tometer, respectively showed decrease and increase of relative density respectively, with
increase in doping concentration. The variations of dielectric constant and loss with fre-
quency and temperature show a maximum dielectric constant of 1660 at room temperature
for Ba(Ti0.96Sn0.03Zr0.01)O3. The remnant polarization (Pr) and coercive field (Ec) of BT were
found to be 581.73 V/cm and 0.27 μC/cm2. Increase in Sn content led to an increase in Pr of
0.58, 3.07, 3.73 C/cm2, and Ec of 1766.8, 2855.7, 2661.1 V/cm, respectively and are expected to
lead to a significant reduction in the thickness of the multilayer ceramic capacitors. Imped-
ance spectroscopy of polycrystalline Ba (Ti0.96Sn0.02Zr0.02) O3 in a wide frequency and tem-
perature range showed Nyquist plots with presence of grain and grain boundary at 400�C
and a negative temperature coefficient of resistance (NTCR) for Ba(Ti0.96Sn0.02Zr0.02)O3. The
dielectric relaxation showed a non-Debye character.

Keywords: porous ceramics, barium titanate, doping, ferroelectrics, MLCC

1. Introduction

1.1. BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3

Barium titanate (BT) is one of the most basic and widely applied ferroelectric oxide materials
with a perovskite-ABO3 type crystalline structure. It is chemically and mechanically remarkably
stable and exhibits ferroelectric properties from room temperature to just below the transition
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temperature (Tc). It is easily prepared and used in polycrystalline ceramic form [1]. Due to its
excellent dielectric, ferroelectric, piezoelectric, pyroelectric and optoelectric properties, it is exten-
sively used in multilayer ceramic capacitors (MLCC), positive temperature coefficient of resis-
tance (PTCR) thermistors, piezoelectric sensors, actuators, ferroelectric random access memories
(FRAM) and electro-optic devices [2, 3]. Pure BT is an electric insulator with a large energy gap of
3.05 eVat room temperature. However, when doped with small metals, it becomes semiconduct-
ing and leads to possibilities of tailoring its properties for specific technological applications.
Modified BT compositions are widely used in MLCCs due to its high dielectric constant and low
loss [4]. Among the doped BT compositions, Ba(Ti1-xSnx)O3 (BST) system has drawn wide
attention due to its manifestation of diffuse-type phase transition [5–7] and many dielectric
applications with reduction of phase transition temperature toward room temperature [8, 9].
Zirconium-doped barium titanate with general formula Ba(ZrxTi1-x)O3 (BZT) has attracted great
attention for its potential applications due to its high dielectric constant, relatively low dielectric
losses, large voltage tunability of the dielectric constant, as well as a good chemical stability [10–
12]. Partial replacement of titanium by tin, zirconium or hafnium generally leads to a reduction
in Tc and an increase in the permittivity maximum (εmax) with increase in dopant content [13].
The substitution of isovalent cations Zr+4 and Sn+4 for Ti+4 lead to the formation of barium
titanate stannate zirconate compound which belongs to the class of complex perovskite structure
having the general formula ABB00

xB”4-xO3 (A,B, are the cation, B”xB”4-x are the isovalent cation
dopants and O3 anion). These compounds have been widely studied owing to their very high
and broad relative permittivity at the ferroelectric Curie point. Therefore, codoping of BT with
two tetravalent ions Zr+4 and Sn+4 would be a good strategy to tailor the properties of porous BT
ceramics.

There are challenges, however, one of which is in developing a dielectric layer of fewer than
10 μm with a large capacitance, a major requirement for MLCC miniaturization and elec-
tronic/microelectronic devices [14]. Reduction of the grain size of BT ceramics to the micron
level leads to an increase in permittivity at room temperature. Further reduction of grain size
to less than few hundred nanometers leads to a further decrease in permittivity. On the other
hand, the presence of porosity can lead to dielectric permittivity that is lower than that of the
solid material. It is thus one strategy to achieve lower dielectric constants for microelectron-
ics devices. Thus, controlling porosity can yield a spectrum of dielectric constants from a
single material [15]. Porosity plays a role in decreasing the Curie point for barium titanate
ceramics with apparent density below 90% [16]. Manipulation of the volume ratio of poros-
ity can lead to appropriate dielectric constant being obtained in a wide range. These advan-
tages have been harnessed in the fabrication of materials with highly anisotropic dielectric
constants with simultaneous introduction of aligned pores [17]. High material porosity is
considered as an advantage only in few cases such as in materials that have resistance to
temperature changes.

Various techniques have been introduced to make mesoporous and porous BaTiO3 some of
which include, development of soft-chemistry routes to produce nanoparticles or specially
shaped materials, such as one-dimensional nanowires; sonochemical methods to prepare size-
tunable BaTiO3 crystals [18] and the introduction of biosynthesis methods to prepare BaTiO3

nanopowders [19]. Mesoporous and porous materials have important features such as the
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possession of large surface areas and nano size porous structures [20]. These features make the
materials widely used in photo electronics, catalytic reactions and semiconductors among
others [21, 22]. However, the high costs and difficulty in process control in these routes
necessitated the development of alternative options for the synthesis of porous BaTiO3

nanoparticles.

Mechanochemical synthesis can be used to reduce the grain size of porous BaTiO3 and Ba
(Ti0.96SnxZr0.04-x) O3 (x = 0.02�0.04) powder to nanosize. This is predicated on the fact that
mechanical technique is superior to both the conventional solid-state reaction and wet-
chemistry-based processing routes for several reasons as it uses low-cost and widely available
oxides as starting materials compared to wet chemical routes which are extremely sensitive to
environmental conditions such as moisture, light and heat [23, 24].

Complex impedance spectroscopy is a nondestructive method [25] that uses to distinguish the
grain boundary from the grain-electrode effects which are usually the sites for trapping oxygen
vacancies and other defects. Within a wide range of ceramics, an ionic, ionic plus electronic or
electronic conduction is shown in these sites. It is also useful in establishing space charge
polarization and its relaxation mechanism, by appropriately attributing different values of
resistance and capacitance to the grain and grain boundary effects. It allows the contributions
to the overall electrical property by various components in the material to be easily separated.
Other workers have used impedance spectroscopy to study other materials [26, 27] to gain
insight into electrical conduction mechanisms of the materials. In this work, we report the
structural and electrical properties of porous BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02�0.04)
ceramics prepared by solid-state and mechanochemical technique. The effect of porosity on the
ceramics material will be used to evaluate the materials and serve as guide in the choice for
MLCC and thermistor applications.

1.2. Mechanochemical synthesis

Mechanochemical synthesis or high-energy milling is the preparation of powder by high-
energy ball milling of elemental mixtures. The most important feature of this technique is that
the formation of the product compounds flows from the reactions of oxide precursors by
mechanical energy activation, rather than the heat energy necessitated in the conventional
solid-state reaction process.

The solid-state reactions initiated by intensive milling in high-energy ball mills could be a good
choice for the ceramic powder preparation. The area of contact between the reactant powder
particles increases with the intensive milling. This is the consequence of reduction in particle size
and permits fresh surfaces to come into contact. This permits the reduction to continue without
the requirement for diffusion through the product layer. Alternatively, the particle refinement and
consequent reduction in diffusion distances (due to microstructural refinement) can at least
reduce the reaction temperatures significantly, even if they do not occur at room temperature. In
general, the procedure of sintering is improved by liquid-phase sintering with titanium-rich
composition at the temperature above 1320�C or by mechanical activation of precursors (BaCO3

and TiO2) [28–30]. In addition, particle size of ceramic powders is reduced by mechanical
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structural and electrical properties of porous BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02�0.04)
ceramics prepared by solid-state and mechanochemical technique. The effect of porosity on the
ceramics material will be used to evaluate the materials and serve as guide in the choice for
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1.2. Mechanochemical synthesis
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and TiO2) [28–30]. In addition, particle size of ceramic powders is reduced by mechanical
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treatment and produces nanostructured powders which are of primary interest in the current
trend of miniaturization and integration of electronic components [31, 32].

1.3. Barium titanate (BaTiO3) perovskite structure

The perovskite, ABO3 type structure of BT is cubic (above 120�C) with Ba ion (larger A cation)
located at the cube corners, Ti ion (smaller B cation) at the body center, and oxygen at the face
centre, forming octahedra around each Ti ion. It is considered an FCC-derivative structure in
which the larger A cation and oxygen together form an FCC lattice, while the smaller B cation
occupies the octahedral interstitial sites in the FCC array. The Ba ion occupies the space formed
between eight neighboring octahedra, giving the Ba, Ti and the oxygen ions coordination
number of 12, 6 and 6, respectively. BaTiO3 can accept the substitution of foreign cations on
two distinct sites, the A-site (Ba) and the B-site (Ti). The stability of the perovskite compounds
arises mainly from the electrostatic charge of the ions when perfectly integrated.

1.4. Structural phase transitions in barium titanate

BT undergoes a series of structural phase transitions upon cooling from high temperature. In
the temperature range of 1430–1620�C, barium titanate assumes a hexagonal structure. In the
130–1430�C range, BT is cubic and nonpolar (space group Pm3m), thus centrosymmetric and
nonpiezoelectric. When the temperature is below the Curie temperature (130�C), the cubic
structure (paraelectric) is slightly distorted to a tetragonal (P4mm) structure (ferroelectric)
which is noncentrosymmetric, with an accompanying movement of Ti atoms inside the O6

octahedra. In turn, oxygen ions all shift in the opposite direction [100]. Not only does this
result in distortion of oxygen octahedron, but the opposite displacement of negative and
positive charges within the unit cell leads to the formation of an electric dipole moment, and
hence to the appearance of spontaneous polarization and ferroelectric properties. In the tetrag-
onal phase, the direction of the vector of spontaneous polarization Ps (i.e., polar direction) lies
parallel to the direction of one of the original cubic [100] directions. When the temperature is
below 5�C, the tetragonal structure transforms to an orthorhombic ferroelectric phase (C2mm)
with the polar axis parallel to a face diagonally, and the direction of spontaneous polarization
transfers to a pseudocubic [110]. At as low as �90�C, it further transforms to a rhombohedral
structure (R3m) with the polar axis along a body diagonal and is spontaneously polarized
along a [111] direction.

The Goldschmidt tolerance factor for a perovskite structure (ABO3) is given by the formula:

t ¼ rA þ rO
√2 rB þ rOð Þ (1)

where rA rB and rO are the A-site, B-site, and oxygen ionic radii, respectively. There are three
possible values of ‘t’: (1) t ≥ 1: show ferroelectricity. (2) t < 1: This antiferroelectric perovskite. (3)
t = 1: perfect cubic structure.
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2. Experimental

2.1. Sample preparation

All samples used in this study were prepared by the conventional solid state and mechano-
chemical technique from fine powders of metal oxides or metal carbonates. The nominal purity
of the initial powders, as well as their manufacturers are given in Table 1.

2.2. Synthesis of barium titanate (BaTiO3) and Zr- and Sn-doped barium titanate

BaTiO3and Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02�0.04) nanocrystalline powders were synthesized
by a combination of solid-state reaction and high-energy ball milling technique. The starting
materials were analytical grade high-purity (99�9%) oxide precursors, BaCO3, ZrO2, TiO2 and
SnO2. Stoichiometric amounts of the oxides were weighed according to nominal composition
and ball-mixed for 12 h in alcohol. The mixture was dried in an oven and calcined in an
alumina crucible at 1050�C for 4 h in the air to yield BaTiO3, Ba(Ti0.96Sn0.02Zr0.02)O3, Ba
(Ti0.96Sn0.03Zr0.01)O3, and Ba(Ti0.96Sn0.04)O3 powders. The calcined powders were ball-milled
in an isopropyl alcohol as wetting medium using SPEX 8000 Mixer/Mills (60 Hz model) at
room temperature for 7 h. The milling was stopped for 15 min after every 60 min of milling to
cool down the system. The slurry was put in an oven and dried at 90�C for 24 h. The milled
powder was compacted at 5 ton to make pellets of size 15 mm in diameter and 1.5 mm in
thickness using polyvinyl alcohol (PVA) as a binder. After burning off the binder (PVA), the
pellets were sintered in a programmable furnace at temperatures of 1190�C for 2 h in alumina
crucibles.

2.3. Characterization

Phase identification of calcined and sintered powders was carried out using X-ray diffractom-
eter with monochromatic Cu-Kα radiation (λ = 1.54178 Å) under 40 kV/30 mA—over a 2θ
range from 20 to 80� at a scanning rate of 2�/min. The experimental densities of the samples
were calculated using Electronic Densimeter MD-3005 ALFAMIRAGE. The morphological
studies of the sintered sample were carried out using field-emission scanning electron micros-
copy (FE-SEM) (JEOL 7600F) operated at 15 kV. The polarization-electric field (P–E) hysteresis

Starting materials Manufacturers Purity

BaCO3 Merck, Germany 99.9%

TiO2 Aldrich Chemical Company, Inc.,U.S.A 99.9+%

SnO2 Strem, Chemicals, U.S.A. 99.9%

ZrO2 Strem, Chemicals, U.S.A 99.9%

Table 1. Precursors, purity level and manufacturers.
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treatment and produces nanostructured powders which are of primary interest in the current
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between eight neighboring octahedra, giving the Ba, Ti and the oxygen ions coordination
number of 12, 6 and 6, respectively. BaTiO3 can accept the substitution of foreign cations on
two distinct sites, the A-site (Ba) and the B-site (Ti). The stability of the perovskite compounds
arises mainly from the electrostatic charge of the ions when perfectly integrated.

1.4. Structural phase transitions in barium titanate

BT undergoes a series of structural phase transitions upon cooling from high temperature. In
the temperature range of 1430–1620�C, barium titanate assumes a hexagonal structure. In the
130–1430�C range, BT is cubic and nonpolar (space group Pm3m), thus centrosymmetric and
nonpiezoelectric. When the temperature is below the Curie temperature (130�C), the cubic
structure (paraelectric) is slightly distorted to a tetragonal (P4mm) structure (ferroelectric)
which is noncentrosymmetric, with an accompanying movement of Ti atoms inside the O6

octahedra. In turn, oxygen ions all shift in the opposite direction [100]. Not only does this
result in distortion of oxygen octahedron, but the opposite displacement of negative and
positive charges within the unit cell leads to the formation of an electric dipole moment, and
hence to the appearance of spontaneous polarization and ferroelectric properties. In the tetrag-
onal phase, the direction of the vector of spontaneous polarization Ps (i.e., polar direction) lies
parallel to the direction of one of the original cubic [100] directions. When the temperature is
below 5�C, the tetragonal structure transforms to an orthorhombic ferroelectric phase (C2mm)
with the polar axis parallel to a face diagonally, and the direction of spontaneous polarization
transfers to a pseudocubic [110]. At as low as �90�C, it further transforms to a rhombohedral
structure (R3m) with the polar axis along a body diagonal and is spontaneously polarized
along a [111] direction.

The Goldschmidt tolerance factor for a perovskite structure (ABO3) is given by the formula:

t ¼ rA þ rO
√2 rB þ rOð Þ (1)

where rA rB and rO are the A-site, B-site, and oxygen ionic radii, respectively. There are three
possible values of ‘t’: (1) t ≥ 1: show ferroelectricity. (2) t < 1: This antiferroelectric perovskite. (3)
t = 1: perfect cubic structure.
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of the initial powders, as well as their manufacturers are given in Table 1.
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BaTiO3and Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02�0.04) nanocrystalline powders were synthesized
by a combination of solid-state reaction and high-energy ball milling technique. The starting
materials were analytical grade high-purity (99�9%) oxide precursors, BaCO3, ZrO2, TiO2 and
SnO2. Stoichiometric amounts of the oxides were weighed according to nominal composition
and ball-mixed for 12 h in alcohol. The mixture was dried in an oven and calcined in an
alumina crucible at 1050�C for 4 h in the air to yield BaTiO3, Ba(Ti0.96Sn0.02Zr0.02)O3, Ba
(Ti0.96Sn0.03Zr0.01)O3, and Ba(Ti0.96Sn0.04)O3 powders. The calcined powders were ball-milled
in an isopropyl alcohol as wetting medium using SPEX 8000 Mixer/Mills (60 Hz model) at
room temperature for 7 h. The milling was stopped for 15 min after every 60 min of milling to
cool down the system. The slurry was put in an oven and dried at 90�C for 24 h. The milled
powder was compacted at 5 ton to make pellets of size 15 mm in diameter and 1.5 mm in
thickness using polyvinyl alcohol (PVA) as a binder. After burning off the binder (PVA), the
pellets were sintered in a programmable furnace at temperatures of 1190�C for 2 h in alumina
crucibles.

2.3. Characterization

Phase identification of calcined and sintered powders was carried out using X-ray diffractom-
eter with monochromatic Cu-Kα radiation (λ = 1.54178 Å) under 40 kV/30 mA—over a 2θ
range from 20 to 80� at a scanning rate of 2�/min. The experimental densities of the samples
were calculated using Electronic Densimeter MD-3005 ALFAMIRAGE. The morphological
studies of the sintered sample were carried out using field-emission scanning electron micros-
copy (FE-SEM) (JEOL 7600F) operated at 15 kV. The polarization-electric field (P–E) hysteresis

Starting materials Manufacturers Purity

BaCO3 Merck, Germany 99.9%

TiO2 Aldrich Chemical Company, Inc.,U.S.A 99.9+%

SnO2 Strem, Chemicals, U.S.A. 99.9%

ZrO2 Strem, Chemicals, U.S.A 99.9%

Table 1. Precursors, purity level and manufacturers.

Physical Properties of Porous Pure and Zr/Sn-Doped Nanocrystalline BaTiO3 Ceramics
http://dx.doi.org/10.5772/intechopen.75500

151



characteristics of the samples were determined using a Precision LC material analyzer (Radi-
ant, U.S.A). The dielectric and impedance measurement was carried out for the sintered
sample using an Agilent 4294 A Impedance Analyzer in the frequency and temperature range
of 40 Hz–1 MHz and 30–400�C, respectively.

3. Structural and electrical properties

3.1. Structural properties

Structural and dielectric properties were evaluated for both BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3

(x = 0.02�0.04) ceramic, while thermistor application is explored in Ba (Ti0.96Sn0.02Zr0.02)O3

ceramic

3.1.1. XRD analysis

Figure 1 shows the room temperature XRD patterns of BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3

(x = 0.02�0.04) ceramics. It is seen that all the compositions are of single-phase perovskite
structure without any trace of secondary phase and imply that Sn+4 and Zr+4 entered the unit
cell and maintained the perovskite structure as a solid solution. The enlarged XRD patterns of
the ceramics in the range of 2θ of 44–46.5o clearly show that the crystal structure of the ceramic is
cubic for BTwith JCPDS file no. 96-150-7758 and space group Pm-3 m (Figure 2a). This is because
the (200) and (002) peaks are not split [33] as reported by other workers [34, 35], whereas it is
tetragonal for Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02�0.04) (Figure 2b–d) with the splitting of the (200)
and (002) characteristic peaks which are in agreement with the joint committee on powder
diffraction standards (JCPDS file no.98-00-2020), similar result was obtained for x = 0.04 using
conventional method by other workers [36]. It can also be noticed from Figure 2a–d that the
positions of the diffraction peaks of the ceramics shift slightly to lower angle with increasing Sn
content in the range of 2θ from 44 to 46.5o. This is attributed to the larger ionic radius of Sn+4

(0.69 Å) and Zr+4 (0.72 Å) as compared with that of Ti+4 (0.60 Å) with results in a slight
enlargement of crystal cell volumes and hence a shift of diffraction peaks toward lower angles.

3.1.2. Microstructure

Figures 3–6 show the FE-SEM images of porous BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3

(x = 0.02�0.04) ceramic sintered at 1190�C for 2 h. All the samples are dense and have varying
microstructural features with the presence of voids. The presence of voids in the FE-SEM images
indicates that the pellets have a certain amount of porosity. The grain size and grain boundary can
be seen very clearly in a nonagglomerated region and the grain size decreases with increasing Sn
content. The difference among these four samples is attributed to the difference in Sn and Zr
content since all of them have been processed under the same conditions. Further substitution
of Sn caused the grain size to become smaller with more porous regions between them comp-
ared to porous BaTiO3 sample. The average grain size of BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3

(x = 0.02�0.04) ceramics determined by using linear intercept technique is shown in Table 2. The
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grain size decreased from 199.65 to 89.28 nm with increase in Sn and this indicates that Sn is a
grain growth inhibitor.

3.1.3. Density

The experimental or observed density of each sample was calculated using the Archimedes
principle from (Eq. (2)):

Figure 1. XRD patterns of BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 ceramics (a) BT, (b) 0.02, (c) 0.03 and (d) 0.04 sintered at
1190�C.
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structure without any trace of secondary phase and imply that Sn+4 and Zr+4 entered the unit
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cubic for BTwith JCPDS file no. 96-150-7758 and space group Pm-3 m (Figure 2a). This is because
the (200) and (002) peaks are not split [33] as reported by other workers [34, 35], whereas it is
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and (002) characteristic peaks which are in agreement with the joint committee on powder
diffraction standards (JCPDS file no.98-00-2020), similar result was obtained for x = 0.04 using
conventional method by other workers [36]. It can also be noticed from Figure 2a–d that the
positions of the diffraction peaks of the ceramics shift slightly to lower angle with increasing Sn
content in the range of 2θ from 44 to 46.5o. This is attributed to the larger ionic radius of Sn+4

(0.69 Å) and Zr+4 (0.72 Å) as compared with that of Ti+4 (0.60 Å) with results in a slight
enlargement of crystal cell volumes and hence a shift of diffraction peaks toward lower angles.

3.1.2. Microstructure

Figures 3–6 show the FE-SEM images of porous BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3

(x = 0.02�0.04) ceramic sintered at 1190�C for 2 h. All the samples are dense and have varying
microstructural features with the presence of voids. The presence of voids in the FE-SEM images
indicates that the pellets have a certain amount of porosity. The grain size and grain boundary can
be seen very clearly in a nonagglomerated region and the grain size decreases with increasing Sn
content. The difference among these four samples is attributed to the difference in Sn and Zr
content since all of them have been processed under the same conditions. Further substitution
of Sn caused the grain size to become smaller with more porous regions between them comp-
ared to porous BaTiO3 sample. The average grain size of BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3

(x = 0.02�0.04) ceramics determined by using linear intercept technique is shown in Table 2. The
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grain size decreased from 199.65 to 89.28 nm with increase in Sn and this indicates that Sn is a
grain growth inhibitor.

3.1.3. Density

The experimental or observed density of each sample was calculated using the Archimedes
principle from (Eq. (2)):

Figure 1. XRD patterns of BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 ceramics (a) BT, (b) 0.02, (c) 0.03 and (d) 0.04 sintered at
1190�C.
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r exp ¼ Marw
Ma �Mw

(2)

where Ma and Mw are the respective weights in gram of the pellet measured in air and in
water. rw is the density of pure water in g/cm3. The theoretical density of the material was
calculated using (Eq. (3)):

rxrd ¼ cell mass
cell volume

¼
n�M�1:66�10�24

V g
cm3 , (3)

where n is the number of atoms per unit cell, M is the molecular weight of atoms constituting
one unit of the chemical formula, and V is the unit cell volume.

Figure 2. XRD patterns of BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 ceramics in the range of 2θ from 44 to 46.5o (a) BT, (b) 0.02,
(c) 0.03 and (d) 0.04 sintered at 1190�C.
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The experimental densities of the porous BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02�0.04)
ceramics prepared by High Energy Mechanochemical (HEM) method and conventional
sintering vary from 93.6% to 89.0%of theoretical density. The relative density of BaTiO3 is
higher compared to the Sn-/Zr-doped samples. The increase of the tin content to x = 0.04
induced further densification which tends to inhibit the grain growth [37]. This increase in
density is also evident in FESEM microstructures of Figures 3–6 which show a decreasing
presence of porosity with increasing Sn content.

Figure 3. FESEM images of nanocrystalline BT sample at magnification of �200,000.

Figure 4. FESEM images of nanocrystalline Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02) sample at magnification of �200,000.
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Figure 2. XRD patterns of BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 ceramics in the range of 2θ from 44 to 46.5o (a) BT, (b) 0.02,
(c) 0.03 and (d) 0.04 sintered at 1190�C.
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sintering vary from 93.6% to 89.0%of theoretical density. The relative density of BaTiO3 is
higher compared to the Sn-/Zr-doped samples. The increase of the tin content to x = 0.04
induced further densification which tends to inhibit the grain growth [37]. This increase in
density is also evident in FESEM microstructures of Figures 3–6 which show a decreasing
presence of porosity with increasing Sn content.

Figure 3. FESEM images of nanocrystalline BT sample at magnification of �200,000.
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3.1.4. Porosity

The porosity of BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02�0.04) ceramics was calculated
using (Eq. (4)):

Porosity ¼ dxrd � d exp
� �� 100

dxrd
(4)

Figure 5. FESEM images of nanocrystalline Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.03) sample at magnification of �200,000.

Figure 6. FESEM images of nanocrystalline Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.04) sample at magnification of �200,000.
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The macroporous structure of BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02�0.04) cera-
mics exhibited a porosity of 6.3–10.9% Table 2. Porosity increased from 6.3 to 12.8% at Ba
(Ti0.96Sn0.02Zr0.02)O3 and then decreased to 10.9% with increase in Sn concentration, respec-
tively. The increase of the relative density and decrease of porosity with Sn concentration
enhance the density of the ceramics with reduction of pores. It can be seen from the FESEM
image in Figures 3–6 that the pores vary in sizes in all the samples. Pores are composed of
macropores in the grain boundary or nanopores in the grains, but in all the samples, only
macropores are visible.

3.1.5. Effect of porosity on dielectric properties

Porosity in BT ceramics can be considered as a secondary phase and indicates its degree
of densification. Pores in BT ceramics are usually formed by incomplete sintering or using
sacrificial pore formers and exist in between the grains. Porosity decreases strength, because
pores reduce the true cross section area of a BT ceramics and also pores act as stress concen-
trating notches. In many cases, different densities within a ceramic are used to provide a wide
continuous range of dielectric constants. The relative permittivity decreases with increasing
material porosity as reported by other workers [38]. Porosity of a ceramic material is a serious
defect in high-voltage insulating systems [39]. Enhanced electric field in the pores increases the
probability of bond breakage on the pore walls and leads to the lowering of the overall break-
down strength [40].

3.2. Dielectric properties

3.2.1. Variation of dielectric constant and loss tangent with frequency

The real (ε0) part of relative permittivity and tan δ in the frequency range of 40 Hz–1 MHz of
porous BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02�0.04) ceramics at room temperature is
shown in Figures 7 and 8, respectively. It can be seen that the value of dielectric constant is
higher at lower frequencies and decreases with increase in frequency. The decrease of dielectric
constant with increasing frequency means that the response of the permanent dipoles
decreases as the frequency increases and the contribution of the charge carriers (ions) toward
the dielectric constant decreases [41, 42].

Sample Theoretical density
(dxrd) (g/cm3)

Experimental density
(dexp )(g/cm3)

Relative
density (%)

% porosity Grain size
(nm)

BaTiO3 6.02 5.639 93.6 6.3 144.53

Ba(Ti0.96Sn0.02Zr0.02)O3 6.17 5.382 87.2 12.8 199.65

Ba(Ti0.96Sn0.03Zr0.01)O3 6.19 5.418 87.5 12.4 84.54

Ba(Ti0.96Sn0.04)O3 6.18 5.502 89.0 10.9 89.28

Table 2. Physical properties of BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02–0.04) ceramics.
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The macroporous structure of BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02�0.04) cera-
mics exhibited a porosity of 6.3–10.9% Table 2. Porosity increased from 6.3 to 12.8% at Ba
(Ti0.96Sn0.02Zr0.02)O3 and then decreased to 10.9% with increase in Sn concentration, respec-
tively. The increase of the relative density and decrease of porosity with Sn concentration
enhance the density of the ceramics with reduction of pores. It can be seen from the FESEM
image in Figures 3–6 that the pores vary in sizes in all the samples. Pores are composed of
macropores in the grain boundary or nanopores in the grains, but in all the samples, only
macropores are visible.

3.1.5. Effect of porosity on dielectric properties

Porosity in BT ceramics can be considered as a secondary phase and indicates its degree
of densification. Pores in BT ceramics are usually formed by incomplete sintering or using
sacrificial pore formers and exist in between the grains. Porosity decreases strength, because
pores reduce the true cross section area of a BT ceramics and also pores act as stress concen-
trating notches. In many cases, different densities within a ceramic are used to provide a wide
continuous range of dielectric constants. The relative permittivity decreases with increasing
material porosity as reported by other workers [38]. Porosity of a ceramic material is a serious
defect in high-voltage insulating systems [39]. Enhanced electric field in the pores increases the
probability of bond breakage on the pore walls and leads to the lowering of the overall break-
down strength [40].

3.2. Dielectric properties

3.2.1. Variation of dielectric constant and loss tangent with frequency

The real (ε0) part of relative permittivity and tan δ in the frequency range of 40 Hz–1 MHz of
porous BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02�0.04) ceramics at room temperature is
shown in Figures 7 and 8, respectively. It can be seen that the value of dielectric constant is
higher at lower frequencies and decreases with increase in frequency. The decrease of dielectric
constant with increasing frequency means that the response of the permanent dipoles
decreases as the frequency increases and the contribution of the charge carriers (ions) toward
the dielectric constant decreases [41, 42].

Sample Theoretical density
(dxrd) (g/cm3)

Experimental density
(dexp )(g/cm3)

Relative
density (%)

% porosity Grain size
(nm)

BaTiO3 6.02 5.639 93.6 6.3 144.53

Ba(Ti0.96Sn0.02Zr0.02)O3 6.17 5.382 87.2 12.8 199.65

Ba(Ti0.96Sn0.03Zr0.01)O3 6.19 5.418 87.5 12.4 84.54

Ba(Ti0.96Sn0.04)O3 6.18 5.502 89.0 10.9 89.28

Table 2. Physical properties of BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02–0.04) ceramics.
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The ε0 for BT has a value of only 1550 at room temperature which is lower than that of the
sample prepared by conventional solid-state reaction route [43, 44]. The observed lower
value is as a result of the smaller grain size of the ceramics [45, 46]. With the reduction of
crystallite size that corresponds to the width of the domain wall, pinning would be formu-
lated inside the grains and the domain wall motion would be inhibited. The domain wall
mobility reduction leads to the decrease of the switching rate, hence lowering the dielectric
constant. The presence of tin in the material also decreases the dielectric constant of Ba
(Ti0.96Sn0.04)O3 [47, 48]. The observed lowering of the dielectric constant for Ba(Ti0.96Sn0.04)
O3 could be considered as a combined effect of the presence of Sn and the nanocrystalline
nature of the grains.

The increase of dielectric constant from 1563 to 1671 (Table 3) in porous Ba(Ti0.96Sn0.02Zr0.02)O3

and Ba(Ti0.96Sn0.03Zr0.01)O3, respectively, may be as a result of decrease of grain size and
porosity of the sample. The frequency-independent behavior of è for Ba(Ti0.96Sn0.02Zr0.02)O3

and Ba(Ti0.96Sn0.04)O3 beyond 1000 Hz indicates the reduction of the contribution of the charge
carriers toward the dielectric permittivity ε’ and tends to a static value at all temperatures as a
result of absence of space charge effects [49]. Further, the ε’ exhibits high value which reflects
the effect of space charge polarization and/or conducting ion motion. The best sample is Ba
(Ti0.96Sn0.03Zr0.01) O3 because it exhibited high real dielectric relative permittivity of 1671, loss
of 1.63 and low porosity of 12.4% among the doped samples. This shows that the sample Ba
(Ti0.96Sn0.03Zr0.01)O3 can be used for MLCCs and energy storage application.

Figure 7. Variation of the real part of relative permittivity (ε’) of nanocrystalline BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3

(x = 0.02–0.04) at 30�C.
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The variation of tan δ with frequency is shown in Figure 8. Similar to the behavior of ε’ with
frequency, the dielectric loss exponentially decreases with decreasing frequency to almost zero
for porous BaTiO3 and Ba(Ti0.96Sn0.04)O3.but rises beyond 105 Hz for Ba(Ti0.96Sn0.02Zr0.02)O3

and Ba(Ti0.96Sn0.03Zr0.01)O3, respectively. In the lower frequency region, a decrease in the value
of tan δ is observed which is due to the dominance of space charge polarization and interface
effects at lower frequencies. However, for porous BaTiO3 and Ba(Ti0.96Sn0.04)O3 at a frequency
of 104Hz, frequency-independent behavior of these parameters is observed. The values of tan δ
of BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02�0.04) are shown in Table 3. The decrease of tan
δ in BaTiO3 from 0.8 to 0.43 and from 1.6 at x = 0.03 to 0.43 at x = 0.02 clearly indicates that loss
tangent shows a decreasing tendency with increase of zirconium content in agreement with
literatures [50]. The dielectric losses were a combined result of electrical conduction and
orientational polarization of the matter [51].

Samples Ec (kV/cm) Pr (μC/cm2) Ps (μC/cm2)

BT 0.592 0.295 1.934

BTSZ1 1.766 0.576 1.411

BTSZ2 2.930 3.117 4.680

BTSZ3 2.894 3.726 5.120

Table 3. Ferroelectric properties of the samples at room temperature.

Figure 8. Frequency dependence of dielectric loss (tan δ) of BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02–0.04) at 30�C.
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The variation of tan δ with frequency is shown in Figure 8. Similar to the behavior of ε’ with
frequency, the dielectric loss exponentially decreases with decreasing frequency to almost zero
for porous BaTiO3 and Ba(Ti0.96Sn0.04)O3.but rises beyond 105 Hz for Ba(Ti0.96Sn0.02Zr0.02)O3

and Ba(Ti0.96Sn0.03Zr0.01)O3, respectively. In the lower frequency region, a decrease in the value
of tan δ is observed which is due to the dominance of space charge polarization and interface
effects at lower frequencies. However, for porous BaTiO3 and Ba(Ti0.96Sn0.04)O3 at a frequency
of 104Hz, frequency-independent behavior of these parameters is observed. The values of tan δ
of BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02�0.04) are shown in Table 3. The decrease of tan
δ in BaTiO3 from 0.8 to 0.43 and from 1.6 at x = 0.03 to 0.43 at x = 0.02 clearly indicates that loss
tangent shows a decreasing tendency with increase of zirconium content in agreement with
literatures [50]. The dielectric losses were a combined result of electrical conduction and
orientational polarization of the matter [51].

Samples Ec (kV/cm) Pr (μC/cm2) Ps (μC/cm2)

BT 0.592 0.295 1.934

BTSZ1 1.766 0.576 1.411

BTSZ2 2.930 3.117 4.680

BTSZ3 2.894 3.726 5.120

Table 3. Ferroelectric properties of the samples at room temperature.

Figure 8. Frequency dependence of dielectric loss (tan δ) of BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02–0.04) at 30�C.

Physical Properties of Porous Pure and Zr/Sn-Doped Nanocrystalline BaTiO3 Ceramics
http://dx.doi.org/10.5772/intechopen.75500

159



3.2.2. Variation of dielectric constant and tangent loss with temperature

The variation of dielectric constant and tangent loss as a function of temperature for porous
BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02�0.04) ceramics measured from room temperature to
150�C at the frequency of 100 Hz is shown in Figures 9 and 10, respectively. From Figure 9, it is
clear that the maximum dielectric constant of porous BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3

(x = 0.02�0.04) is at room temperature and decreases with increase in temperature, though less
than that reported in CuO-modified Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02�0.04) ceramics synthesized
using solid-state reaction [44] except for porous BTwhere the dielectric constant was observed to
decrease from 30 to 70�C and then increased sharply at 90�C. Thereafter, it falls to the lowest
level at 110�C, thus indicating a phase transition. For porous Ba(Ti0.96SnxZr0.04-x)O3

(x = 0.02�0.04) ceramics, the phase transition seems to be shifted toward lower room tempera-
ture with increase in doping concentration as reported by other workers [52]. The shifting of
transition temperature (Tc) to a lower value can be explained by the larger radius of Sn4+ (0.69 Å)
and Zr+4 (0.72 Å), compared to Ti4+ (0.605 Å). Uchino et al. have suggested that with decreasing
grain size, Tc was shifted downward toward room temperature, eventually tending toward 0 K
at some critical particle size [53].

In Figure 10, the dielectric loss of Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02�0.04) beyond 70�C becomes
almost independent and later merges at higher temperature, except for BaTiO3 which rapidly
increases with increase in temperature beyond 90�C. This sharp increase in dielectric loss in the

Figure 9. Temperature dependence of dielectric constant of nanocrystalline BaTiO3 and Ba(Ti0.96SnxZr0.04-x) O3(x = 0.02–
0.04) ceramics measured at 100 kHz.
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high temperature region in BaTiO3 may be attributed to the increased mobility of charge
carriers arising from defects or vacancies in the sample [54]. In porous BaTiO3 sample, the
minimum in the dielectric loss is coincident with the maximum of dielectric anomaly. There-
fore, we conclude that porous BaTiO3 sample undergoes a structural phase transition. The loss
tangent of porous Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02�0.04) ceramics decreases with increasing Zr
content due to the chemical stability of Zr4+ compared to that of Ti [55].

3.3. Ferroelectric properties

The polarization versus electric field (P-E) hysteresis loops of BaTiO3 and Ba(Ti0.96SnxZr0.04-x)
O3 (x = 0.02�0.04) ceramics measured at room temperature and 1 kHz with different Sn
concentrations are shown in Figure 11. The results are presented in Table 3. The polarization
hysteresis loop is not fully saturated which may be due to leakage current. The P-E loops
become larger and broader as the Sn content (x) increases which show the ferroelectricity of the
Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02�0.04). The increase in Remnant polarization is due to the
increase in the dielectric property and decrease of the porosity of the sample with an increase
in Sn doping [56]. The performance parameter of BT is very close to that of the reported values
(Ps of 2.0 μC/cm2, Ec of 5 kV/cm) for the ceramic sample [57] and lower than the one obtained
by the same synthesis route (Pr of 2.0μC/cm

2, and coercive field (Ec) of 1060 V/cm) [35]. The
decrease of Ec for 2.8 to 2.6 kV/cm for Ba(Ti0.96Sn0.03Zr0.01)O3 to Ba(Ti0.96Sn0.04)O3 may be

Figure 10. Temperature dependence of dielectric loss of nanocrystalline BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02–0.04)
ceramics measured at 100 kHz.
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high temperature region in BaTiO3 may be attributed to the increased mobility of charge
carriers arising from defects or vacancies in the sample [54]. In porous BaTiO3 sample, the
minimum in the dielectric loss is coincident with the maximum of dielectric anomaly. There-
fore, we conclude that porous BaTiO3 sample undergoes a structural phase transition. The loss
tangent of porous Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02�0.04) ceramics decreases with increasing Zr
content due to the chemical stability of Zr4+ compared to that of Ti [55].
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(Ps of 2.0 μC/cm2, Ec of 5 kV/cm) for the ceramic sample [57] and lower than the one obtained
by the same synthesis route (Pr of 2.0μC/cm
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attributed to the reduction in grain size and indicates that Ba(Ti0.96Sn0.04)O3 may be useful for
switching applications. BaTiO3 samples have cubic phase and ferroelectric tetragonal phase
(Ba(Ti0.96Sn0.02Zr0.02)O3, Ba(Ti0.96Sn0.03Zr0.01)O3 and Ba(Ti0.96Sn0.04)O3) as evident from XRD
result. Polarization reversal of a ferroelectric domain is much easier inside a larger grain the
comparison to that in a smaller grain [58]. Oxygen vacancies may affect domain wall motion
by a screening of the polarization charge. A formation ion of mechanical barriers against the
domain walls by oxygen vacancies, that is, domain wall pinning, might also stabilize the
domain configuration.

3.4. Complex impedance

Figure 12 shows the variation of the real (Z0) and imaginary (Z
0 0
) part of impedance (inset) with

frequency from 200 to 400�C. It is observed that the magnitude of Z0 decreases with increase in
frequency at different temperatures which is an indication of an increase in dc conductivity.

The coincidence of Z0 and Z
0 0
values at higher frequencies at all temperatures indicates a

possible release of space charge [59] and a consequent lowering of the barrier properties of
the material [60]. Further, at low frequencies, the Z0 values decrease with rise in temperature,
that is, they show negative temperature coefficient of resistance (NTCR) behavior similar to
semiconductors [61].

Figure 11. P-E hysteresis loop of nanocrystalline ceramics synthesized at 1190�C: (a) BT, (b) 0.02, (c) 0.03, and (d) 0.04.
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Figure 13 shows the complex impedance plots (Z∗) or Cole-Cole plots, that is, plotting

imaginary part Z
0 0
against the real part Z0 of complex impedance Z∗ ¼ Z0 þ jZ

0 0
of BTSZ

ceramic, performed at 200, 250, 300 and 350�C over a wide frequency range (40 Hz to
1 MHz). From Figure 13, it is observed that with the increase in temperature, the slope of
the lines decreases and the curve moves toward real (Z0) axis indicating an increase in
conductivity of the sample.

At temperature 400�C, two semicircles are formed (Figure 14) representing resistance for grain
(Rg) and grain boundary (Rgb) effect in the material having centers lying below the real axis
confirming the presence of the non-Debye type of relaxation phenomenon in the materials [62].
Hence, grain and grain boundary effects in Figure 14 could be separated at these temperatures.
The high-frequency semicircle corresponds to a bulk contribution, and the low-frequency
semicircle corresponds to the grain boundary effect [63]. The value of bulk resistance (Rg) in
the high-frequency range and grain boundary resistance (Rgb) in the low-frequency range
obtained from the intercepts of the semicircular arcs formed at 400�C on the real axis (Z0) is
44.08 and 148.4 kΩ, respectively (Figure 14). The observed data were modeled on an equiva-
lent circuit having a series combination of two parallel resistor-capacitor elements (inset of

Figure 14) [64, 65]. The real (Z0) and imaginary (Z
0 0
) parts of total impedance of the equivalent

circuit are defined as:

Figure 12. Frequency dependences of real (Z’) and imaginary (Z”) part of impedance (inset) of nanocrystalline Ba
(Ti0.96Sn0.02Zr0.02)O3 sample at 200–400�C.
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Figure 14. Plot of Z0 versus Z00 (Nyquist or Cole-Cole plots) for nanocrystalline Ba(Ti0.96Sn0.02Zr0.02)O3 ceramic data taken
over a wide frequency range of 40 Hz to 1 MHz at 400�C.

Figure 13. Plot of Z0 versus Z00 (Nyquist or Cole-Cole plots) for nanocrystalline Ba(Ti0.96Sn0.02Zr0.02)O3 ceramic data taken
over a wide frequency range of 40 Hz to 1 MHz at 200–350�C.
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Z0 ¼ Rg

1þ ωRgCg
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Rgb

1þ ωRgbCgb
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þ Rgb

ωRgbCgb

1þ ωRgbCgb
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" #
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where Rg and Cg are the grain resistance and grain capacitance, Rgb and Cgb are the grain
boundary resistance and grain boundary capacitance at the interfacial regions, respectively,
and ω is the angular frequency. The semicircles in the impedance spectrum have a characteris-
tic peak occurring at a unique relaxation frequency (ωmax ¼ 2πf maxÞ which can be expressed as
ωmaxRC = ωmax τ =1, where “f max” is the frequency at the maximum of semicircle. Therefore,

f max ¼
1

2πτ
¼ 1

2πRC
(7)

where τ is the relaxation time. The respective capacitances (Cb and Cgb) due to the grain and
grain boundary effects can be calculated using Eq. 7. The values of Rg, Rgb, Cg and Cgb obtained
from Cole-Cole plots at 400�C are 44.17 kΩ, 148.43 kΩ, 3.23 � 10�10 Farad and 1.71 � 10�8

Farad, respectively. The corresponding relaxation times due to both the bulk and grain bound-
ary effect (τg and τgb) have been calculated using Eq. 7 to be 1.42 � 10�5 s and 2.55 � 10�3 s,
respectively.

Moreover, the results showed a higher value of Rgb as compared to Rg as a result of a lower
concentration of oxygen vacancies and trapped electrons in grain boundaries. This is due to the
loss of oxygen during high temperature sintering process which again greatly influenced the
conduction and dielectric relaxation behavior of the material. High temperature sintering leads
to the formation of oxygen vacancies as 2Ox

o ! O2 gð Þ þ 2V€o þ 4e�. Nevertheless, when the
temperature is slowly cooled to room temperature in air, a reoxidation process occurs as
2V€o þOx

o þ 4e� ! O2 gð Þ and leads to the formation an insulating grain boundary and highly
conductive oxygen-deficient grains [66].

4. Conclusion

In this study, porous BaTiO3 and Ba(Ti0.96SnxZr0.04-x)O3 (x = 0.02�0.04) ceramics with nano-
crystalline structure were obtained by mechanochemical synthesis method. The effects of the
porosity of the ceramics on their microstructural and dielectric properties were investigated. It
was found that porosity of the ceramics could be tailored by varying the dopant content. With
increase of Sn content, porosity decreased from 12.8 to 10.9%. X-ray analysis confirms the cubic
and tetragonal structure at room temperature for pristine and Zr and Sn codoped barium
titanate, respectively. FESEM images indicated that the particles possess a porous structure.
The temperature dependence dielectric study revealed a normal ferroelectric behavior in the
material. Room temperature dielectric constant increased with Sn and Zr content, while
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Figure 14. Plot of Z0 versus Z00 (Nyquist or Cole-Cole plots) for nanocrystalline Ba(Ti0.96Sn0.02Zr0.02)O3 ceramic data taken
over a wide frequency range of 40 Hz to 1 MHz at 400�C.

Figure 13. Plot of Z0 versus Z00 (Nyquist or Cole-Cole plots) for nanocrystalline Ba(Ti0.96Sn0.02Zr0.02)O3 ceramic data taken
over a wide frequency range of 40 Hz to 1 MHz at 200–350�C.
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o þ 4e� ! O2 gð Þ and leads to the formation an insulating grain boundary and highly
conductive oxygen-deficient grains [66].
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crystalline structure were obtained by mechanochemical synthesis method. The effects of the
porosity of the ceramics on their microstructural and dielectric properties were investigated. It
was found that porosity of the ceramics could be tailored by varying the dopant content. With
increase of Sn content, porosity decreased from 12.8 to 10.9%. X-ray analysis confirms the cubic
and tetragonal structure at room temperature for pristine and Zr and Sn codoped barium
titanate, respectively. FESEM images indicated that the particles possess a porous structure.
The temperature dependence dielectric study revealed a normal ferroelectric behavior in the
material. Room temperature dielectric constant increased with Sn and Zr content, while
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dielectric loss decreased. Electrical parameters such as the real part of impedance (Z0), the

imaginary part of impedance (Z
0 0
) as a function of both frequency and temperature have been

studied through impedance spectroscopy. Nyquists plots of Ba(Ti0.96Sn0.02Zr0.02)O3 ceramic
show both bulk and grain boundary effects at 400�C which indicates the NTCR behavior of
the sample. Therefore, Ba(Ti0.96Sn0.02Zr0.02)O3 ceramic is considered as a promising low-cost
material for thermistor applications. The electrical relaxation process occurring in the material
has been found to be temperature dependent.
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1. Introduction
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which comprise high volumetric porosity (up to 90%) with open and interconnected or closed
and isolated pores, and a broad range of pore sizes (micropores: d < 2 nm; mesopores:
50 nm > d > 2 nm andmacropores: d > 50 nm). These properties have many uses comprehending
macroscaled devices (filters for liquid metals [1, 2], thermal insulating refractories [3, 4], bio-
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mesoscaled materials (membranes for catalysis [10], drug release substrates [11, 12]) and
microscaled pieces (e.g., multifunctional materials where gravimetric properties are critical as
batteries [13] and electronic sensors [14]).

During their usage, these materials are usually submitted to thermal and/or mechanical load-
ing stresses. Therefore, it is a premise to understand how these porous structures behave under
thermomechanical stresses to design materials that show adequate properties for the required
application.

Despite the importance of porosity for application of these materials, there is not a general
consensus about the dependence of mechanical properties on porosity parameters. In other
words, the real data of the mechanical properties of these materials indicate that their mechan-
ical behavior depends on more than just porosity of the materials.

Since its introduction to the ceramic community in the 1970s, the area of fracture mechanics
has made significant contributions to improving ceramics. As an example, the combination of
fracture toughness, fracture statistics and fractography has made it possible to identify critical
flaws in material and, consequently develop better and reliable advanced ceramics. In addi-
tion, the contribution of fracture mechanics was fundamental in understanding the fracture
process in brittle materials.

Recognizing that the area behind a crack was responsible for the increase in the R-curve in
ceramics was particularly relevant. One issue concerning the uses of brittle ceramics is associ-
ated with the statistical and size-dependence of their fracture properties, which can make
reliable prediction, a difficult task. Two other problems are the absence of design methodology
for brittle ceramics and the high costs of producing the ceramic components [15].

Nowadays, the ceramic community is witnessing a “boom” of nature inspired materials using
hierarchical structures that should have the same behavior or qualities as the natural ones.
Various papers [16–20] in the literature show beautiful structures of natural materials and their
mimicked copies by researchers. The capacity of a human being’s observation, also a charac-
teristic controlled by nature, has been the driving force to imitate natural hierarchical struc-
tures and their qualities.

In this context, the aim of this chapter is to review the mechanical properties of macroporous
ceramics. The following issues are of particular interest to this chapter:

1. Which microstructural parameters affect the mechanical strength of the porous ceramic
material besides its porosity?

2. To what extent do the pores affect the fracture toughness of the porous ceramic material?
Does it make sense to measure the fracture toughness of porous material knowing that the
stress intensity factor at the notch tip is decreased by the presence of surrounding pores?
Or, instead of this, would the total fracture energy be a more realistic measure?

3. What is the elastic modulus behavior of porous ceramics as a function of temperature?

All these questions need to be considered in order to advance not only the processing of
porous ceramic materials but also to design their structures for specific applications.
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2. Influence of microstructural parameters on the mechanical strength of
porous ceramic materials

The objective here is not to carry out an extensive revision of the fracture of brittle porous
materials, but to present results which serve as a basis to the authors´ proposal in this chapter.

First of all, fracture of porous ceramics is better described by the quasi-brittle behavior as their
ultimate fracture is triggered by many local events (different from essentially brittle behavior
of glass ceramics), yet they are not preceded by highly dissipative processes associated with
plastic deformation and strain hardening (as observed in ductile metals) [21]. Quasi-brittle
fracture behavior is also observed in rocks, bones and ceramic composites.

As mentioned earlier, the real data of the mechanical properties of porous materials indicate
that their mechanical behavior depends on more than just porosity of the materials.

Questions have been raised about the models proposed by Gibson and Ashby (GA) [22, 23],
which indicate that the relative strength of a porous material is a function of its relative density
as follows:

σ
σs

¼ C
r

rs

� �m

(1)

where σ and r are, respectively, the fracture strength and the density of porous material; σS

and rS are the fracture strength and the density of solid material, respectively; C is a dimen-
sionless constant and the exponent m depends on the pore morphology (m = 3/2 for open pores
or m = 2 for closed ones). The Gibson and Ashby (GA) models are based on the bending or
buckling of cell edges.

Figure 1 shows the relative strength predicted by the Gibson and Ashby models plotted
together with experimental data of porous ceramics from different researchers. It can be seen
a disagreement between the theoretical curves of GA models and the experimental results.

Colombo et al. [24] attributed microstructural factors for the lack of fitting data to the Gibson
and Ashby models, as shown in Figure 1, as they do not consider the distribution of pore sizes,
neither have mixed pores (open and closed) nor flaws in the pore wall (struts).

Seeber et al. [25] also noted that the drop in mechanical properties of foamed ceramics was
disproportionately greater than what was to be expected solely from increasing the porosity.
These authors suggested this behavior must be an influence of the pore size or the strut
thickness, as reported by Brezny and Green [26] in a previous paper.

Nevertheless, Salvini et al. [27] suggested that a parameter which expresses the processing
method to produce the porous structure should be considered by the mechanical models. For
instance, porous ceramics with similar porosity and density ranges can be produced using
different ceramic methods such as sacrificial fugitives, replica templates and directing foaming.
However, each method provides a different number of struts (ligaments) of distinct solid particle
packing, which influences the final mechanical behavior of the material.
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In this context, Lichtner et al. [28] produced porous ceramics of same porosity but different
pore arrangement using the freeze casting and the slip casting processing methods. They have
noted a strong influence of processing on the mechanical properties, and attributed to the
differences of orientation and connectivity of macropores.

Brezny et al. [29] also reported that strength of the struts is an important parameter controlling
the properties of porous ceramics. According to them, an increase in the strut strength would
be expected as a result of the reduced probability of finding a critical flaw in a smaller volume
of material as predicted by Weibull, the weakest link hypothesis for strength variability.

Additionally, Genet et al. [21] pointed out that the Gibson and Ashby’s approach cannot
directly deal with the statistical and size-dependent aspects of fracture.

In 1996, Rice [30] had already drawn attention to this debate considering some problems with
micromechanics-based models. The first concern mentioned by Rice was the assumption that
porous bodies are represented by packing of hollow spherical particles of an infinite range of
sizes. Then, it is assumed the application of a hydrostatic pressure is uniformly distributed in
all particles so the resulting strain response can be calculated. Moreover, a common approach
to improving the agreement between these models is to let some parameter, for example, the
Poisson ratio, depends on the porosity, that is, using it as an adjustable parameter. Another
concern is that these models assume that porosity will remain fixed during applications.

Then, Rice has proposed that the mechanical strength of porous ceramics should depend not
only on the relative density but also on the minimum solid area fraction, as depicted in
Figure 2. That is because the solid area is required for transmission of mechanical stresses and
thermal and electrical fluxes. This concept is schematically presented in Figure 3.

As can be seen in Figure 2, each specific model has the following three characteristics: (1) a
nearly linear slope of the first half to three-quarters of the porosity range, (2) the approximate
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Figure 1. Plot of relative strength as a function of relative porosity for Gibson and Ashby (GA) models [22, 23] and for
experimental data obtained by Salvini et al. [27], Colombo et al. [24] and Seeber et al. [25].
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porosity value where properties start to be damaged more significantly than the linear slope
and (3) the critical porosity PC where properties go to zero.

However, as pointed out by Rice, these characteristics are useful in distinguishing the basic
porosity character of each stacking model, but their utility varies. For instance, PC values can be
accurately defined theoretically, but obtaining reliable experimental data can be a difficult task.

Moreover, the approximated linear slopes are unique for the basic stacking models, and they
have been the most widely available factor for polycrystalline materials. However, as clearly
shown in Figure 2, they can be applied for the restricted porosity range only.

More recently, Bruno et al. [31] reviewedmicromechanics aiming the development ofmicrostructure-
property relations for porous microcracked ceramics. They focused on specific issues for porous
ceramics as the nonlinear stress–strain behavior and the thermal-induced microcracking.

Zheng et al. [32] considered that the fracture strength of brittle porous material is nonlinear
and, therefore, there is a percolation failure phenomenon at the fracture of these materials.
Therefore, their model considers the porosity (P) and the elastic percolation (ϕ), which
depends on the Poisson’s ratio of material, as shown:

σ
σS

¼ ϕ� P
ϕ

� �1þν
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porosity value where properties start to be damaged more significantly than the linear slope
and (3) the critical porosity PC where properties go to zero.
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accurately defined theoretically, but obtaining reliable experimental data can be a difficult task.
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shown in Figure 2, they can be applied for the restricted porosity range only.
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where ν is the scaling exponent for tridimensional solids and υ is the Poisson ratio of
materials. In general, for ceramics υ = 0.2 and ϕ = 0.5, for metals υ = 0.3 and ϕ = 0.38, and for
polymers υ = 0.33 and ϕ = 0.338. Zheng et al. [32] validated the proposed model for polymers
using different porosities and experimentally measured them using the three-point-bending
strength test.

In order to check the validity of Zheng’s model, Salvini et al. [27] considered the fracture
flexure strength data of foamed Al2O3 with porosity of 76%. Nevertheless, the results must be
interpreted with caution, as Zheng’s model overestimated the flexure strength indicating
values around 25 MPa, while the average experimental value obtained by Salvini et al. [27]
was 10 MPa.

Regarding the failure patterns, Genet et al. [21] investigated the fracture mechanism across
scales of porous ceramic scaffold applying a computational method. Figure 4 shows the

Figure 3. Diagram of the minimum solid area concept. (a) Cross section of a dense material showing the uniform
transmission among layers normal to a uniform mechanical stress or conductive flux. (b) Cross section of material
showing some layers were removed, leaving only small continuous areas (MSA) for transmission of stress or flux. (c)
Cross section of stacked particles and (d) cross section of stacked pores where again the minimum areas of solid will
control the transmission of stress or flux normal to the plane of slab [30].
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scanning electron microscopy (SEM) image of the porous scaffold made by freeze casting and
the respective idealized geometry.

Genet et al. [21] found that for very small-sized samples (r = 1 � 1 RVEs), the fracture is brittle
and is triggered by the first strut to break. For intermediate-sized samples (r = 5 � 5 RVEs),
however, the fracture is controlled by the percolation of several strut breaks, and is mainly
governed by the stress redistribution after each break. For large-sized samples (r = 256 � 256
RVEs), they found that the failure process appears to be different, and it is divided into two
stages.

The initial stage consists of a widespread development of damage due to the failure of the
weakest local defects. But, the stress redistribution caused by these failures is not high enough
to make the neighboring cells break or initiate a macrocrack. Instead, a critical defect is
activated, rapidly leading to the development of a macrocrack, which leads to the final fracture
of the material. Then, the “fatal” macrocrack in large samples does not result from the perco-
lation of previously damaged cells/pores.

Nevertheless, there are some limitations in this study. Firstly, the computational analyses were
based on the assumption that porous scaffold material presents isotropic Young’s modulus
and Poisson’s ratio. Another limitation of this study is that the fracture behavior was evaluated
under one loading direction only (pure traction).

Although using high resolution tomography to evaluate the failure behavior of porous
ceramics, Berek et al. [33] and Petit et al. [34] independently identified the same fracture
pattern as proposed by Genet et al. [21]. Recently, Cui et al. [35] also found the nonlinear
mechanical behavior due to the accumulation of local damage in porous ceramics.

In different works, Brezny et al. [26] and Morgan et al. [36] studied the effect of the cell size of
glassy porous ceramics on their mechanical properties. Both authors reported the mechanical

Figure 4. SEM image of a porous ceramic scaffold made by the freeze casting method and its associated idealized geometry,
which consists of walls connected by bridges positioned in staggered rows. The geometrical parameters are as follows: The
distance between the walls, dw (dw = 25 μm), the distance between the bridges, db (db = 75 μm), and the thickness of the walls
and bridges, e (e = 5 μm). A microcell is defined by r � r RVEs (representative volume elements) [21].
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based on the assumption that porous scaffold material presents isotropic Young’s modulus
and Poisson’s ratio. Another limitation of this study is that the fracture behavior was evaluated
under one loading direction only (pure traction).

Although using high resolution tomography to evaluate the failure behavior of porous
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strength of cellular ceramics increased with decreasing cell sizes. They attributed this behavior to
a reduction in the critical flaw size as well as the increasing strut strength in smaller cell sizes.

Meanwhile, Deng et al. [37] investigated the reinforcement mechanisms of fine- and coarse-
grain porous SiC and found that the crack-tip blunting mechanism in porous material, as
shown in Figure 5, increases the fracture toughness of the material. They also noted that the
larger the pore size in front of the crack, the more the fracture toughness of the porous ceramic
is relative to its fracture strength. However, a detailed discussion about the fracture toughness
of porous ceramics is provided in the next section.

Based on the Stress Concentration Design Factors, Peterson [38], Deng et al. [37] and Rice [39]
attributed this behavior to the interactions between pores. Rice [39] combined Peterson’s data
in Figure 6 to show that the stress concentration diminishes significantly as the pores become
closer and the pore interactions begin to no longer be negligible when the center-to-center
distance between them is around two times their diameter. Specifically, for the case where
pores touch each other, in porosity of 78%, Figure 6 shows that the stress concentrations
become very low.

In reviewing the literature about mechanical properties of porous ceramics, it can be summa-
rized which parameters affect, and to what extent, the strength of this class of ceramic materials.

On the one hand, there are researches considering the pores as the stress concentrations for the
material fracture. Therefore, these researches consider the mechanical properties of porous
ceramics depend only on the relative porosity.

On the other hand, other researches have considered the interactions among pores as low as
10% of porosity, which reduce the stress concentration factor for fracture. Then, they take into
account the mechanical properties of porous ceramics depend on pores-stress interactions.

Figure 5. Representation of a crack propagated in (a) dense ceramic with a sharp crack-tip and in (b) porous ceramic
where the crack-tip becomes blunt [37].
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Regarding pore-stress interactions, there is strong evidence in the literature [40–42] concerning
the mechanical behavior of human bones (also a quasi-brittle material) to support the hypoth-
esis that microstructural changes in material may be essential in controlling its strength. The
considered microstructural parameters are the porosity, size of pores, number and thickness of
struts connecting the pores.

In human bodies, the mechanical properties of natural bone change with their biological
location because the crystallinity, porosity and composition of bone adjust to the biological
and biomechanical environment. For these materials, the bone volume fraction (bone volume
BV/total volume TV) is given as a function of the thickness-to-length ratio, that is, t=ℓ, as
shown in the following expression:

BV
TV

¼ 33 π

80
ffiffiffi
2

p t
ℓ

� �2

(4)

Changes in the microstructure of the vertebral trabecular bone with aging have been quanti-
fied by histomorphometric analysis and also simulated by a computer using finite element
software in two-dimensional (2D) [41] and three-dimensional (3D) [42] microstructural
models. The microstructural changes of the bone include reductions in the trabecular thickness
(tÞ and number (N), as shown in Figure 7. Both changes are strongly correlated with reduc-
tions in bone volume fraction and represent the two fundamental changes in microstructure
associated with reduced bone volume [40–42].

Silva et al. [41] showed, using a 2D model, that once significant numbers of trabeculae (liga-
ments) are lost, it is impossible to recover the original mechanical properties of bone merely by
increasing the trabeculae thickness, indicating the importance of the trabeculae number (N)
and the integrity of its microstructure.
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Considering the different types of trabeculae microstructures in 3D (rod-like and plate-like as
shown in Figure 8), Guo et al. [42] quantified the changes in the Young’s modulus and mechan-
ical strength due to the trabecular bone loss. They considered the arrangement of tetrakaide-
cahedral cells as a 3D model for trabecular bones as shown in Figure 8. The cells filled in the 3D
space were connected by either all beams (rod-like model) or all plates (plate-like model).

For each case of trabeculae loss simulation, the apparent Young’s modulus and mechanical
strength were normalized by the values of corresponding initial intact models (E0 = 15 GPa,
σ0 = 100 MPa, Poisson’s ratio of 0.3 at t=ℓ ¼ 0:1).

Quantitative relationships between mechanical strength and bone volume fraction (BV/TV) for
the two types of bone loss in rod-like and plate-like models are presented in Table 1 and Figure 9.

In the case of the rod-like model (Figure 9a), the loss of oblique trabeculae showed that the
reductions in mechanical strength were more severe when the trabeculae thickness was
reduced. In addition, after 13% loss of bone volume fraction (BV/TV), there was a dramatic
reduction in strength due to the loss of the horizontal trabeculae.

For the plate-like model (Figure 9b), the reductions in mechanical strength due to trabeculae loss
were also much more significant than those due to uniform trabeculae thinning. The quantitative
relationships between the mechanical strength and bone volume fraction (BV/TV) due to trabec-
ulae loss were dramatically different from those for trabeculae thinning (see Table 1).

These results suggest the importance of microstructural integrity such as the connectivity of
the trabeculae bone architecture to maintain the mechanical integrity of bones. Besides, the
extent of reduction in the mechanical properties due to trabeculae loss depends on the types of
microstructures in the bone.

Figure 7. Simulated images of the trabecular bone showing two types of bone loss. Top right: thinning of trabeculae
(ligaments) and bottom right: loss of trabeculae [42].
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Thus, for the natural bones, the number of ligaments (trabeculae) between pores appears to be
much more effective to increase the strength of the material in comparison to the ligament
thickness.

Figure 8. The 3D microstructural model of the trabecular bone. Each single cell has an edge of equal length, ℓ. θ = 45� for
an isotropic structure. The entire model consists of arrays of 5 � 5 � 5 cells [42].

Model type Bone loss type Mechanical strength

Rod-like Trabeculae thinning σ∗
σ0
¼ 0:592 BV

TV

� �1:60, r2 = 0.99

Plate-like Trabeculae thinning σ∗
σ0
¼ 0:378 BV

TV

� �1:10, r2 = 0.99

Rod-like Horizontal trabeculae loss σ∗
σ0
¼ 1:65x103 BV

TV

� �3:27, r2 = 0.85

Oblique trabeculae loss σ∗
σ0
¼ 4:69x1010 BV

TV

� �6:94, r2 = 0.99

Plate-like Trabeculae loss σ∗
σ0
¼ 1:36x102 BV

TV

� �3:36, r2 = 0.99

Table 1 Relationships between mechanical strength and bone volume (BV/TV) for two types of bone loss in rod-like and
plate-like models [42].
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Thus, for the natural bones, the number of ligaments (trabeculae) between pores appears to be
much more effective to increase the strength of the material in comparison to the ligament
thickness.
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Lichtner et al. [28] also found the mechanical properties of freeze casting porous ceramics that
are controlled by the connectivity of pore walls.

Similar mechanical behavior was reported by Salvini [43] for SiC ceramic filters of the same
porosity (85%) but with different pores per inch (ppi), number of struts and average pore sizes
(Figure 10). It can be seen in Figure 10 that there is a rise in the number of connecting struts
when the pore per inch (ppi) increases.
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Figure 9. Reduction in the strength (a) of the rod-like model and (b) plate-like model due to bone loss (trabeculae
thinning and trabeculae loss) represented by solid lines. Strength recovery by subsequent treatment with thickening
trabeculae is represented by the dotted lines [42].
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Moreover, differences were found between the strut number and pore size tendencies as a
function of pores per inch (ppi). Interestingly, the number of connecting struts is sensitive to
the variation of the number of pores (ppi).
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Moreover, differences were found between the strut number and pore size tendencies as a
function of pores per inch (ppi). Interestingly, the number of connecting struts is sensitive to
the variation of the number of pores (ppi).
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The high number of connecting struts in the SiC filters of high pores per inch (ppi) is more
probably contributed to their increasing mechanical strength, as depicted in Figure 11.

A possible explanation for this mechanical behavior in SiC ceramic filters, as well as in
trabeculae bones, might be the diminution of the stress concentration factor due to the stress-
pore interactions, which is very low for porosity higher than 78% (see Figure 6).

One of the more significant findings to emerge from this section is that, in addition to the
porosity of porous ceramics, the number of connecting struts between the cells/pores in the
microstructure plays a fundamental role in their mechanical strength behavior.

3. Fracture toughness of porous ceramics

A requirement for almost structural materials is that they are both strong and tough yet
invariably, in most materials, the properties of strength and toughness are mutually exclusive
[44]. Whereas strength of material is a stress indicating its resistance to nonrecovery deforma-
tion, toughness is the resistance of material to the propagation of a crack and, then is measured
as the energy required to cause fracture.

The ability of material to experience limited plastic deformation is a critical aspect to tough-
ness, as this characteristic enables the local dissipation of high stress that would otherwise
cause the fracture of material. That is the reason why the design methodology based on yield
strength of materials is a common practice in the engineering [45].

Concerning fracture toughness (KIC) methods for brittle ceramics, there are several tests which
have been used such as the precrack by indentation, the single-edge notch beam (SENB) and
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Chevron notch (CV) methods, which are the most common tests. All methods involve appli-
cation of force to a beam test specimen in three or four point flexures.

Each method has limitations and the major problem is that significant effects due to the
microstructure, for example, grain size and porosity, are not addressed in the continuum
mechanics basis of these tests.

As proposed by Rice [46], the microstructural dependence of fracture energy (γ) comprehends
the grain size (G), the composition, the porosity (P) and the combined effects of them.

Concerning the grain size effect, the crystalline structure of material is important when evalu-
ating behavior between G and γ. Overall, the cubic materials present less variation of γwith G.

On the other hand, as shown in Figure 12 for some noncubic ceramics, they present rising
values of fracture energy (γ) until the maximum and, then, there is a decrease as the grain size
(G) increases. This effect is attributed to the thermal expansion anisotropy, which occurs only
in noncubic materials, but the intensity of it varies among materials [47].

Changes in the ceramic composition can also lead to a similar effect related to the grain size.
These changes can be due to chemical composition or by introducing a more compliant grain
boundary phase; both changes can modify the thermal expansion anisotropy affecting the
fracture energy (γ) behavior of the material. There are several examples in the literature
showing this behavior for Al2O3-ZrO2 system, and SiC and Si3N4 with additions of oxides.

Although there are more limited data about the relation between fracture energy and porosity
(γ � P) in comparison to fracture energy and grain size γð � G), some tendencies can be
mentioned.
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(G) increases. This effect is attributed to the thermal expansion anisotropy, which occurs only
in noncubic materials, but the intensity of it varies among materials [47].
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At first, in single-phase ceramics with fine-to-medium-grain size, the fracture energy (γÞ
decreases as porosity (P) increases, following a similar tendency to the one found for mechan-
ical strength (see Figure 2). Overall, this tendency has been shown in many advanced ceramics
with porosity up to 50% [47].

Nevertheless, there are some works indicating the rate of fracture energy decrease can be
reduced or even reversed [37, 47]. For instance, porous-fused SiO2 (P~13–20%) provided
fracture energy (γÞ equal to or greater than the obtained value for dense SiO2 glass.

Additional examples comprehend porous composite SiC-Al2O3-C (P~30–40%) and reaction
sintered Si3N4 (P~45%). However, in all cases, the fracture energy (γÞ decreased again at high
porosity level (P) because the γ value goes to zero as P achieves 100%.

Considering there is not a consensus concerning the relation between fracture energy and
porosity, we would like to propose a discussion about the influence of porosity on the fracture
energy measurements of porous ceramics and, consequently, on their fracture toughness
values.

Recently, Salvini et al.43 have shown that fracture energy values for macroporous foamed
Al2O3 can vary significantly depending on the test conditions. According to them, this is
because of the following two factors: (1) the stress intensity factor at the notch tip may be
decreased by the presence of surrounding pores (crack-tip blunting mechanism) as shown in
Figure 13 and (2) there is a strong interaction of cracks with the pores in the microstructure.

Although many researchers use a single test sample, Salvini et al. [48] carried out tests on
separated notched macroporous samples for the two energy measurements γeff and γWOF. The

Figure 13. Macroporous foamed Al2O3 sample notched with a 300-μm thick diamond blade where the crack-tip blunting
mechanism is shown [58].
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γeff represents the fracture surface energy to initiate crack propagation, as proposed by Evans
[49], whereas the total work-of-fracture γWOF expresses the energy to propagate a crack
through the specimen thickness, as suggested by Nakayma [50]. A similar approach has been
applied in evaluating fracture energy in materials with coarse microstructures, for example, in
refractory ceramics [51, 52].

The fracture toughness (KIC) was determined according to the ASTM E-399 at room tempera-
ture in a three-point bend test applying the equation:

KIC ¼ F� S

B�W3=2 � f
a
W

� �
(5)

where F is the fracture load (N), S is the span (m), B is the specimen width, W is the specimen
thickness, a corresponds to the crack size, and f (a/W) is obtained by the following expression:

f
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The bar samples were center-notched to one-half of their thickness a=W ≈ 0:5ð Þ with a 300-μm
thick diamond blade for the KIC measurements. All fracture energy tests were performed on a
MTS 180 machine in three-point bending over a span of 125 mm. For KIC, fracture surface
energy (γeff) measurements were carried out at a stress loading rate of 1.5 kN/s.

This measured value of KIC was then used to calculate the energy for crack initiation (γeffÞ by
the expression:

KIC ¼ 2γeffE
� �1=2 (7)

where E is Young’s elastic modulus measured by a sonic technique in foamed Al2O3 bar
samples (E = 18 GPa). Further details about this technique can be found in Ref. [53].

For the total work-of-fracture (γWOFÞ measurements, the foamed Al2O3 bar samples were also
center-notched with a 300-μm thick diamond blade so that one-half of their thickness cross
section remained. The samples were loaded in three-point bending at a crosshead speed of
0.001 mm/min to ensure stable crack growth (ASTM C1368–10). The total work-of-fracture
(γWOFÞ values were then calculated by:

γWOF ¼
Ð
F dx
2 A

(8)

where
Ð
F dx represents the required work for new surfaces’ generation and A is the projected

area of the new fracture surfaces, as determined directly from the individual specimen notched
areas.

Table 2 shows the obtained experimental results of the fracture energies (γeff and γWOF) and
the fracture toughness (KIC) for the foamed Al2O3.
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The KIC values in Table 2 were the expected ones for highly porous ceramics and they were
compatible with data from the literature [24, 54, 55]. However, these results must be
interpreted carefully, because of the crack-tip blunting mechanism due to the presence of
surrounding pores (see Figure 13). This mechanism may decrease the stress intensity factor at
the notch tip. Consequently, the crack propagation should not follow the required linear-elastic
conditions for the fracture toughness measurement.

Based on that, we would like to raise the following issues: Does it make sense to measure the
fracture toughness (KIC) of porous ceramics knowing that the stress intensity factor at the
notch tip is decreased by the crack-tip blunting? Or, instead of this, would the total work-of-
fracture energy be a more realistic measure for these materials?

The results of total work-of-fracture energy (γWOF) presented in Table 2 agree with the values
obtained for Al2O3 produced using intermediate grain sizes (10–50 μm) [56].

Density, r (g/cm3) γeff (J/m
2) γWOF (J/m2) KIC (MPa.m1/2)

0.86 � 0.02 4.68 � 0.5 15.81 � 0.8 0.42 � 0.03

0.87 � 0.01 3.62 � 0.3 14.46 � 0.95 0.35 � 0.05

0.90 � 0.02 3.72 � 0.6 15.39 � 1.0 0.37 � 0.02

0.92 � 0.02 4.15 � 0.8 12.27 � 1.1 0.36 � 0.02

0.94 � 0.03 3.55 � 0.35 13.32 � 0.9 0.34 � 0.09

Table 2 Results of fracture energies (γeff and γWOF) and the fracture toughness (KIC) for macroporous foamed Al2O3 [58].

Figure 14. Fracture surface of macroporous foamed Al2O3 showing the characteristics of the fracture and notched
surfaces [58].
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Nevertheless, there is few data in the literature concerning fracture energies of porous ceramics.
Kanhed et al. [57] found fracture toughness values in the range of 0.55–0.86MPa m1=2 for porous
hydroxyapatite.

Considering the fracture surface microstructure of foamed Al2O3 presented in Figure 14, it
seems that the fracture energy increase induced by porosity and the fracture energy reduction
caused by decreased solid concentration are combined to describe the total work-of-fracture
energy of material. However, more research on this topic is therefore recommended.

4. Elastic modulus behavior of porous ceramics

As well known, accurate elastic moduli are measured dynamically by measuring the fre-
quency of natural vibrations of a beam, or by measuring the velocity of sound waves in the

material. Both depend on
ffiffiffiffiffiffiffiffi
E=r

p
, so if density (r) is known, E can be determined. These

properties (r, E) reflect the mass of atoms, the way they are packed in material and the stiffness
of the bonds that hold them together. For instance, Table 3 presents the literature data of elastic
modulus for several synthetic and natural porous brittle materials.

Considering that microscaled damage in ceramics can be caused in processing as well as
during their application, a technique that detects the in situ microcracks evolution is important
to estimate the life operation of them [65].

The in situ elastic modulus measurement as a function of temperature may identify the causes
of microcracks in material, which is very helpful to adjust ceramic processing and design the
material microstructure for an extended period of use.

Material Porosity (%) Elastic modulus (GPa)

Porous hydroxyapatite (HA) [5] 82–86 0.002–0.83

Cortical bone [5, 59, 60] 5–15 7–18

Cancellous bone [5, 59, 60] ~90 0.1–5

Cordierite diesel particulate filter (DPF) [54] ~50 12–13

Porous clay ceramics [55] 35–50 1–3

Silicon oxycarbide ceramic foams [24] 70–85 1–7

Porous SiC preforms [61] 30–65 30–120

Porous Si3N4 [62, 63] 35–55 45–105

Gelcasting Al2O3 foams [63] 60–85 10–65

Foamed Al2O3 [48] 76–80 15–18

SiC filters for metals [64] 85–92 2–3

Table 3. Elastic modulus values for porous and brittle materials.
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In this context, this section is divided into two parts. In the first part, a review about theoretical
models to describe the effect of porosity on the elastic modulus of porous ceramics is
presented. Then, the second part presents and discusses the elastic modulus behavior as a
function of temperature for the foamed Al2O3 ceramics.

Much research over the last decades was dedicated to understanding the influence of the
porosity on the elastic modulus of ceramics. Table 4 shows the most common theoretical
models concerning the elastic modulus (E) and the porosity (P) correlations.

The Knudsen [66] and Rice [28] models fit well with real data of materials with porosity lower
than 50%, as reported by Boccaccini et al. [67] and Ohji et al. [62, 63].

The model proposed by MacKenzie [68] and Kingery [69] is also defined for a lower level of
closed pores.

Gibson and Ashby (GA) models [22, 23] indicated that the elastic modulus of a porous material
depends only on its relative density and pore morphology.

Boccaccini model [67] introduced the s parameter to indicate the porosity geometry effect on
the elastic modulus, that is, the pore shape and its orientation. However, it is valid only for low
porosity level (P < 0.4) of closed pores.

In another work Boccaccini et al. [70] also included the topological parameters of highly
porous microstructure to the model, besides the geometrical ones. Topological characterization
comprehends the separation, the separated volume and the degree of contact and separation in
two-phase microstructures. However, an issue that was addressed by the authors in this model
is the necessity of a well-characterized porous structure of material, besides its porosity, to
achieve rigorous verification of the model.

Model Characteristics
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Table 4 Summary of the elastic modulus (E) and porosity (P) models, where E0 refers to the elastic modulus of solid
material.
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Overall, little research in the literature considers porous ceramics as anisotropic material in the
evaluation of their elastic modulus behavior.

For instance, Rodrigues et al. [71] compared experimental data of the elastic moduli of Al2O3

foams (P: 60–90%) to several models proposed in the literature, as depicted in Figure 15. These
authors considered the Al2O3 foams as isotropic material and, therefore, the experimental data
fitted well with the MacKenzie [68] and Gibson and Ashby (GA) [22, 23] models.

This analysis, however, needs to be considered carefully because the foamed ceramics of high
porosity (P > 60%) are usually anisotropic material and the mentioned models are valid only
for homogeneous and isotropic ones.

Roy et al. [61], Wu et al. [59] and Lichtner [28] clearly showed that the extent of anisotropy, and
its effect on the elastic modulus measurements, is strongly dependent on the porosity level,
mainly for porosities higher than 40%, which is the case of the most foamed ceramics and
natural porous materials.

Moving to the elastic modulus behavior at heating, Salvini et al. [48] evaluated the in situ
elastic modulus behavior of foamed Al2O3 to identify the changes at the curing, drying and
sintering stages of material.

The tests of elastic modulus were carried out in the range of temperature from 50 to 1400�C in
air with heating and cooling rates of 2�C/min and a holding time of 4 h at 1400�C. After that,
additional thermal cycles of elastic modulus measurements were carried out up to 1400�C.

Green bar samples (25 mm � 25 mm � 150 mm) of foamed Al2O3 containing 5 wt% of high
alumina cement were considered for the in situ elastic modulus evaluation. The measurements

Figure 15. Theoretical models predicting the effect of porosity on the relative Young’s modulus (continuous lines) and
experimental data of gelcasting Al2O3 foams [71].
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were carried out according to ASTM C1198–91 using the resonance bar technique (Scanelastic
equipment, ATCP, Brazil).

Figure 16 depicts the in situ elastic modulus evolution (first and second cycles) up to 1400�C,
in addition to results of the as-sintered foamed Al2O3 at 1500�C/4 h. Table 5 presents the
crystalline phase changes obtained by X-ray diffraction as a function of temperature for
ceramic composition.

The foaming and casting processes of Al2O3 suspension were carried out at room tempera-
ture (~25�C). As reported by the literature [72], the main cement hydrate phase formed at
room temperature is CAH10 (CaO.Al2O3.10H2O). When the temperature increases, this
phase partially dehydrates ~110�C into a mixture of gibbsite, AH3 (Al2O3.3H2O) and
tricalcium aluminate hydrate, C3AH6 (CaO.Al2O3.6H2O). This suggests that the drop of
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Figure 16. In situ elastic modulus of macroporous Al2O3: blue curve corresponds to the first cycle up to 1400�C of the
green sample; the red curve is the measurement after the first cycle, and the green curve corresponds to the measurement
after sintering up to 1500�C/4 h. The arrows indicate the discontinuities in the curve caused by decomposition or
formation reactions of specific ceramic phases [48].

Crystalline phases 110�C 1000�C 1200�C 1400�C 1500�C

α-Al2O3 ****** ****** ****** ****** ******

Al2O3.3H2O, AH3 **

CaO. Al2O3.6H2O, C3AH6 **

CaO.Al2O3, CA *** *

CaO.2Al2O3, CA2 * *** **** *

CaO.6Al2O3, CA6 ***

Table 5 Phase changes obtained by X-ray diffraction in alumina composition containing 5 wt% of high alumina cement.
The concentration of phases is qualitatively defined by the number of asterisks (*) displayed [48].
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modulus curve observed in the initial stage of heating of the first cycle was caused by the
conversion of CAH10.

At higher temperatures, the discontinuities in the temperature range of 200–400�C were prob-
ably due to dehydration of the phases AH3 (Al2O3.3H2O) and C3AH6 (CaO.Al2O3.6H2O),
besides the decomposition of the organic additives (surfactants).

After dehydration, the elastic modulus remains stable at a low value until sintering starts at
~900�C. After 1100�C, the modulus increases rapidly due to sintering involving phase changes
and formation of strong atomic bonds, which are characteristics of ceramic compositions.

At ~900�C, the CA (CaO.Al2O3) is the first crystalline phase formed, then it reacts with Al2O3

giving CA2 (CaO.2Al2O3) at around 1100�C. The formation of CA2 from CA and Al2O3 is
expansive as a result of anisotropic growth of crystals [72].

At higher temperatures, the following two competitive phenomena occur: (1) expansion due to
the formation of CA2 phase and (2) shrinkage due to sintering of Al2O3 particles.

In the second cycle of measurement, no significant difference in the modulus curve was found
in comparison with the first one.

In contrast, in case of sintering at 1500�C/4 h, the calcium hexa-aluminate CA6 (CaO.6Al2O3)
phase is additionally formed due to a reaction of CA2 with Al2O3, which starts at ~1450�C. The
formation of CA6 is also expansive, leading to a superior elastic modulus of material.

Finally, when cooling the modulus curves remained stable without discontinuities, indicating
an absence of microcracking of material.

These findings enhance the understanding not only about the role of specific additives (surfactants
and inorganic binders) but also about the crystalline phase transformations and corresponding
dimensional changes at sintering of macroporous ceramics. These results have important implica-
tions for developing porous ceramics with superior mechanical properties.

5. Summary

This chapter reviews the mechanical properties of porous ceramics with special interest on the
mechanical strength, fracture toughness and elastic modulus of these materials.

One of the more significant findings to emerge from analysis of mechanical strength section is
that, in addition to the porosity of porous ceramics, the number of connecting struts between
the cells/pores in the microstructure plays a fundamental role in their mechanical strength
behavior. Data from the literature support that once the connecting struts are lost in the porous
structure, it is impossible to recover the original mechanical strength of it by merely increasing
the struts thickness.

Regarding to fracture toughness of porous ceramics, two factors appear to control this prop-
erty: the presence of surrounding pores at the crack front and the interaction of cracks with the
pores in the microstructure.
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besides the decomposition of the organic additives (surfactants).

After dehydration, the elastic modulus remains stable at a low value until sintering starts at
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and formation of strong atomic bonds, which are characteristics of ceramic compositions.
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giving CA2 (CaO.2Al2O3) at around 1100�C. The formation of CA2 from CA and Al2O3 is
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Finally, the in situ hot elastic modulus analysis appears as an important method to better
understand the processing steps as well as for predicting the life operation of this class of
ceramic materials.
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Abstract

Shock compression is a challenge for porous ceramics in application. In this chapter, 
numerical simulation and experimental observation have been introduced, which reveals 
generation of crack, damage, and fracture within porous ceramics upon shock wave load-
ing. Simulation of a two-dimensional lattice-spring model explains the effects of voids 
and grain boundaries on the mesoscopic deformation features of shocked porous ceram-
ics. Experiments confirm the fracture and fragmentation evolution in the post-shock 
ceramics. These understandings are conducive to the design, manufacture and usage of 
the porous ceramics under rapid impulsive loading. Furthermore, the concept of con-
trollable fracture is proposed, which is a strategy to modulate the propagation of shock 
fracture in porous ceramics for the avoidance or delay of the shock-induced functional 
failure. It is evidenced that a “shielded region,” i.e., free of severe shock fracture, could be 
formed with the sacrifice of a “damaged region” in the porous ceramics.

Keywords: porous ceramics, shock compression, lattice-spring model, deformation 
mechanisms, damage shielding

1. Introduction

Shock wave loading is generated often at impact, collision, and blast. A shock wave is a pow-
erful amplifier of defects in that it activates pre-existing defects (e.g., microvoids, cracks, and 
grain boundaries), extends cracks, and breaks media. The main challenge of porous ceramics 
in the application upon shock wave loading is its nonstationary behavior due to crack, dam-
age, and fracture of the heterogeneous structure [1–4]. Mechanical, electrical, and optical prop-
erties of ceramics are severely affected by shock waves, and consequently, it may deteriorate 
the designed functions of shocked ceramics, such as in the cases of high-strength ceramics for 
armor [5], piezoelectric and ferroelectric ceramics for converting mechanical energy to electri-
cal energy [6–8] and transparent ceramics for optical measurements in shock experiments [9]. 
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Abstract

Shock compression is a challenge for porous ceramics in application. In this chapter, 
numerical simulation and experimental observation have been introduced, which reveals 
generation of crack, damage, and fracture within porous ceramics upon shock wave load-
ing. Simulation of a two-dimensional lattice-spring model explains the effects of voids 
and grain boundaries on the mesoscopic deformation features of shocked porous ceram-
ics. Experiments confirm the fracture and fragmentation evolution in the post-shock 
ceramics. These understandings are conducive to the design, manufacture and usage of 
the porous ceramics under rapid impulsive loading. Furthermore, the concept of con-
trollable fracture is proposed, which is a strategy to modulate the propagation of shock 
fracture in porous ceramics for the avoidance or delay of the shock-induced functional 
failure. It is evidenced that a “shielded region,” i.e., free of severe shock fracture, could be 
formed with the sacrifice of a “damaged region” in the porous ceramics.

Keywords: porous ceramics, shock compression, lattice-spring model, deformation 
mechanisms, damage shielding

1. Introduction

Shock wave loading is generated often at impact, collision, and blast. A shock wave is a pow-
erful amplifier of defects in that it activates pre-existing defects (e.g., microvoids, cracks, and 
grain boundaries), extends cracks, and breaks media. The main challenge of porous ceramics 
in the application upon shock wave loading is its nonstationary behavior due to crack, dam-
age, and fracture of the heterogeneous structure [1–4]. Mechanical, electrical, and optical prop-
erties of ceramics are severely affected by shock waves, and consequently, it may deteriorate 
the designed functions of shocked ceramics, such as in the cases of high-strength ceramics for 
armor [5], piezoelectric and ferroelectric ceramics for converting mechanical energy to electri-
cal energy [6–8] and transparent ceramics for optical measurements in shock experiments [9]. 
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Hence, a good understanding of the dynamic response of porous ceramics under rapid impul-
sive loading is vital to the design, manufacture, and usage of these materials. To this objec-
tive, a two-dimensional lattice-spring model (LSM) has been newly established, and the shock 
compression behavior of porous ceramics is explored and the mechanisms and strategies for 
improving robustness are discussed.

2. Model of porous ceramics under shock wave compression

Dynamic response of porous ceramics under rapid impulsive loading relates to evolution of a 
crack network following the shock wave. Although some pioneer works have been conducted 
on modeling ceramic shock fracture via mesh-based computational methods [10–13], such meth-
ods encounter significant difficulties when dealing with fracture and fragmentation induced by 
shock wave compression. The reason is that partial derivatives are used in mesh-based methods 
to represent the relative displacement and force between any two neighboring particles [14]. 
But, the necessary partial derivatives with respect to the spatial coordinates are undefined along 
the cracks and need to be redefined. However, the redefinition requires us to know where the 
discontinuity is located. This limits the usefulness of these methods in addressing problems 
involving the spontaneous formation of cracks, in which one might not know their location in 
advance [14]. In contrast, as a particle method, the lattice-spring model (LSM, also known as 
discrete-element method) [15–20] could avoid various numerical difficulties caused by displace-
ment discontinuity. In this section, details of the LSM model (lattice interactions, spring map-
ping procedure, fracture criterion, microstructures, loading) and its validation are introduced.

2.1. Lattice-spring model

A two-dimensional LSM was established to explore the shock behavior of porous ceramics. In 
the LSM, continuum medium is described as discrete material particles. The nearest neighboring 
particles are interconnected and interact through springs. Evolution of this network can repre-
sent the global response of macroscopic materials, if the interactions of material particles are 
described accurately. Through simplifications of real materials and the model’s discrete nature, 
LSM has the advantage in treating fracture, fragmentation, and other dynamic damage processes 
of brittle materials subjected to tension, compression, shear, and other complex loading [17].

The model established here has an elastic-brittle interaction, which ignores the small plastic-
ity contribution to the response that possibly exists in brittle materials; only a linear elastic 
interaction is used. Particle interaction is shown in Figure 1. Between pairs of nearest-neighbor 
particles, indexed by i and j, there are the central potential forces   f  ij  n   and the shear resistance 
forces   f  ij  τ  . They could be visualized as forces provided by a normal spring that lies along the 
normal direction and a shear spring that lies along the tangent direction.

An energy threshold based on Griffith’s energy balance principle [21] has been used as the frac-
ture criterion. The summation of the deformation energy induced by tension in the normal spring 
and shear in the shear spring is calculated when the relative position between two neighboring 
particles changes. And the two springs break irreversibly to create a microcrack between the two 
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particles, when the sum exceeds a certain threshold corresponding to the fracture energy. The 
deformation energy induced by compression in the normal spring will not be counted in this cri-
terion, because it is assumed that hydrostatic compression would not cause fracture in the homo-
geneous media. When the microcrack forms between two particles, tension and shear interactions 
are removed; however, repulsion and friction interactions exist, when the broken particles come 
into collision.

2.2. Parameter mapping procedure

The parameters used in the interaction formulae of LSM were usually given empirically, resulting 
in a qualitative representation of mechanical properties of target materials. Several outstanding 
studies have been done to overcome this shortcoming [14–16, 22–25]. Gusev proposed a param-
eter mapping procedure between finite-element method (FEM) and LSM [26]: consider a net-
work that is both a LSM lattice and a FEM mesh; first, elastic constants of the target material are 
transformed into stiffness matrix of the FEM mesh; next, using the same network, the interaction-
parameter conversion between FEM and LSM is performed (Figure 1).

To obtain the deformation state for the FEM mesh, the force-displacement equations assem-
bled from all elements need to be solved, that is,

   {F}  =  [K]  {δ}   (1)

where {F} and {δ} are the respective column vectors formed from the external forces and displace-
ments of all nodes. The so-called global stiffness matrix [K] is a sparse symmetric matrix, which 
is determined by elastic constants of the material and geometrical structure of the mesh. Under 
the equilibrium state, the internal force fi acting on node i can be written, according to Eq. (1), as

   f  i   = −  F  i   = −  ( K  i1   ×  δ  1   +  K  i2   ×  δ  2   + ⋯ + K  ii   ×  δ  i   + ⋯ + K  ij   ×  δ  j   + ⋯ + K  iN   ×  δ  N  )   (2)

Since motion of translation would not change the strain energy of the whole system, Eq. (3) 
holds between elements of the matrix [K] [26],

Figure 1. Particle interaction in the LSM model and schematic of the parameter mapping procedure.
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Using Kii, Eq. (3) could be rearranged as
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(4)

The resultant internal force fi is the sum of the forces from all the neighbor particles (1, 2,…, 
j,…, N; i excluded). Hence, the internal force acting on particle i by particle j is

   f  ij   =  K  ij   ( δ  i   −  δ  j  )  =  K  ij   δ  ij    (5)

where   δ  ij   =  δ  i   −  δ  j   . Eq. (5) has the form of Hooke’s law. The Kij could be taken as the stiffness 
coefficients of the springs of the LSM.

2.3. Model validation

In order to validate the parameter mapping procedure, dense and porous samples have been 
built and tested. Young’s modulus, E0 = 250 GPa; shear modulus, G0 = 104 GPa; and density  
ρ = 5 ×  10   3     kg /  m   3   are set into the lattice-spring networks of those samples. Samples with poros-
ity 0, 2, 4, 6, 8, and 10% are subjected to quasi-static compression and tension. The maximum 
and minimum strains are 0.1 and −0.1%, respectively. Young’s modulus of the dense sample is 
251 GPa, which is in good agreement with the preset E0 [17]. In porous samples, Young’s modu-
lus decreases with the porosity increasing.

Shear wave speeds (Cs) of dense and porous samples have been obtained via acoustic velocity 
tests. Then, the shear modulus  G = ρ  C  s     2   could be calculated. For the dense sample, shear modu-
lus is 105 GPa, which is almost the same with the preset G0 [17]. As the porosity increases, shear 
modulus decreases. In rock physics, the elastic property of rock with spherical pores could be 
estimated from [27]

   β  eff    (η)  =  β  s   (1 +   
3 (1 −  ν  s  )  _______ 2 (1 − 2  ν  s  ) 

     
η
 ___ 1 − η  )   (6)

where   β  
s
    is the compression coefficient (the inverse of bulk modulus) of the dense medium,   β  

eff
    the 

effective compression coefficient of the porous medium,   ν  
s
    Poisson’s ratio of the dense medium, 

and  η  porosity. With
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  G (η)  =   
3E (η)  ___________   (9 −  β  eff   (η) E (η) )     (7)

together with βeff(η) estimated from Eq. (6) and Young’s moduli E(η) obtained from the simula-
tion, the shear moduli G(η) of the porous samples could be worked out. G/G0 extracted directly 
from acoustic velocity tests are in good agreement with G/G0 estimated via Eq. (7) [17]. Thus, 
the parameter-mapping procedure is verified as having the capability of representing elastic 
properties of both dense and porous brittle medium quantitatively.

2.4. Microstructures and shock wave loading

To capture the influence of grain boundaries (GBs) on porous ceramics, polycrystalline sketch-
ing has been randomly produced using Voronoi tessellation [10]. As shown in Figure 2(a), 
particles (small circles) in the model are assigned into grains (large polygons). If two particles 
connected by springs belong to different grains, then the springs are assumed to be a small 
segment of a GB. Given that media on GBs have higher energy state than media in grains, 
the deformation energy required for creating a pair of new crack surfaces on GBs is smaller 
than that in grains. The energy threshold on GBs is given as   U  S  GB  =  U  S  

grain  −  E   GB  , where   U  S  
grain   

and   E   GB   are the threshold in a grain and the additional energy that exists on GBs, respectively. 
Figure 2(b) shows the distribution of Us in grains and GBs. Most GBs are high-angle GBs (red 
lines), which are much weaker than grains (blue media). A few GBs are low-angle GBs (green, 
yellow, and brown lines), which have various thresholds according to their relative angles.

Voids are set by removing portions of the model particles (Figure 2(c)). In the model, the bal-
ance distance between nearest neighbor particles is 1 μm, characteristic size of the grains is 
10 μm, and the diameter of a round void is 50 μm. The length of the model along the shock 
direction is 1.6 mm. The model is illustrated schematically in Figure 3. A piston composed of 
two columns of particles is set on the left-hand side of the model; it moves with piston veloc-
ity (vp) towards the right and produces a shock wave, which propagates from the left to the 
right. In order to reduce computational cost, periodic boundary conditions are applied on the 
upper and lower boundaries. Free boundary condition has been applied on the right side. At 
appointed simulation steps, evolution information such as particles’ coordinates, velocities, 
stresses, springs’ forces and connection states will be recorded.

Figure 2. (a) Sketch of polycrystalline model. (b) Fracture energy set in the polycrystalline model. (c) Sketch of porous 
ceramics. White circles are randomly distributed voids and small colored dots are grains.
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3. Mechanisms of damage and deformation in shocked porous 
ceramics

A shock wave relates to a high-power pulse, in which stress and the energy are sufficient 
to vanquish toughness of ceramics. It would activate pre-existing defects (e.g., microvoids, 
cracks, and grain boundaries), extends cracks, and breaks media. Mechanical, electrical, and 
optical properties of ceramics are severely affected by shock waves [28–30], and consequently, 
it may deteriorate the designed functions of ceramics. Hence, revealing the mechanisms of 
damage and deformation in shocked porous ceramics would be a foundation for modulation 
of shock behavior and enhancement of robustness of the porous ceramics involving shock 
applications. In this section, the effects of voids and grain boundaries on the mesoscopic 
deformation features of shocked porous ceramics have been explored and compared with 
shock experiments with the recovery of shocked porous ceramics. Microscope photographs of 
voids in the recovered sample have been analyzed and compared with computational results. 
A novel mechanism of slippage and rotation deformation has been revealed, which contrib-
utes to and enhances inelastic deformation of the shocked brittle materials. As the pressure 
increases, the rotational deformation becomes a universal and important mechanism for 
relieving shear stress and dissipating strain energy.

3.1. Void collapse under shock wave compression

Simulations reveal that void collapse is initiated from severe shear stress concentrations around 
the void after the shock sweeps through. When media far from the void experience a mild shear 
stress, media in four corners around the void achieve the fracture criterion. Figure 4 shows an 
isolated void that swept by a shock wave. Four shear cracks extend from the void, and broken 
fragments fill into void along shear cracks and occupy the free volume.

To validate the computational results, shock experiments with the recovery of shocked porous 
ceramics have been implemented [31]. The lead zirconate titanate (PZT) ceramic has been used, 
which is a ferroelectric ceramic and generates megawatts of electrical power in a short period 
of time via a ferroelectric-to-antiferroelectric phase transformation driven by the shock wave 
from a high-explosive. Unpoled samples have been used, which have no bound charge and 
charge releasing under the shock experiments. Voids in the ceramics were introduced during 
fabrication by adding spherical polymethyl methacrylate particles. As shown in Figure 5(a), 

Figure 3. Schematic of the shock wave compression model for porous ceramics.
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the voids in sintered ceramics have diameters of ~50 μm. Bulk density of the samples is deter-
mined using the Archimedes method, and the sample porosity is calculated from the ratio of 
the bulk density to the theoretical density (ρ0 = 8010 kg/m3). The sample porosity is 9.3%.

In the recovery experiment, one wants to recover porous ceramic that contains shock compres-
sion fracture, and this fracture should only be produced by high-speed impact between the flyer 
and the target. Therefore, a momentum trap (Figure 5(b)), which has the same shock impedance 
as the ceramic, is needed to bear the intense dynamic tension produced by rarefaction waves 
and to fly away alone carrying most of the momentum input by the flyer. Figure 5(c) shows an 
incised sample: an integral recovered ceramic (yellow) is conserved in a brown brass packet. 
Samples are polished and acid etched before scanning electron microscopy (SEM) studies.

Figure 6 shows comparison of void collapse features observed in the model with an isolated 
void and recovered porous ceramics. Long-distance extended cracks that are emitted from 
voids are an important feature in the model (Figure 6(a)). Figure 6(b) shows representative 

Figure 4. Mesoscopic mechanisms of shock plasticity in porous brittle material. (a) Distribution of the maximum resolved 
shear stress when shock wave has just swept through a void. (b) A snapshot of shear cracks extension around the void after 
shock wave has swept through. (c) Relative slippage and rotational deformation revealed in post-shocked region.

Figure 5. (a) Microscopic observation of a void in initial porous lead zirconate titanate ceramic. (b) A schematic of the 
shock experiment with recovery of the shocked porous ceramics. (c) Cross section of a recovered sample.
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of time via a ferroelectric-to-antiferroelectric phase transformation driven by the shock wave 
from a high-explosive. Unpoled samples have been used, which have no bound charge and 
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Figure 3. Schematic of the shock wave compression model for porous ceramics.
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the voids in sintered ceramics have diameters of ~50 μm. Bulk density of the samples is deter-
mined using the Archimedes method, and the sample porosity is calculated from the ratio of 
the bulk density to the theoretical density (ρ0 = 8010 kg/m3). The sample porosity is 9.3%.

In the recovery experiment, one wants to recover porous ceramic that contains shock compres-
sion fracture, and this fracture should only be produced by high-speed impact between the flyer 
and the target. Therefore, a momentum trap (Figure 5(b)), which has the same shock impedance 
as the ceramic, is needed to bear the intense dynamic tension produced by rarefaction waves 
and to fly away alone carrying most of the momentum input by the flyer. Figure 5(c) shows an 
incised sample: an integral recovered ceramic (yellow) is conserved in a brown brass packet. 
Samples are polished and acid etched before scanning electron microscopy (SEM) studies.

Figure 6 shows comparison of void collapse features observed in the model with an isolated 
void and recovered porous ceramics. Long-distance extended cracks that are emitted from 
voids are an important feature in the model (Figure 6(a)). Figure 6(b) shows representative 

Figure 4. Mesoscopic mechanisms of shock plasticity in porous brittle material. (a) Distribution of the maximum resolved 
shear stress when shock wave has just swept through a void. (b) A snapshot of shear cracks extension around the void after 
shock wave has swept through. (c) Relative slippage and rotational deformation revealed in post-shocked region.

Figure 5. (a) Microscopic observation of a void in initial porous lead zirconate titanate ceramic. (b) A schematic of the 
shock experiment with recovery of the shocked porous ceramics. (c) Cross section of a recovered sample.
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long cracks in the recovery sample subjected to 3.3 GPa compression. The extended crack 
directions deviate from those around the modeled isolated void (Figure 6(a)), and only two 
cracks are emitted. In Figure 6(c), no long crack exists around this void; instead, a thick crev-
ice forms at the top left corner of the void. It can be deduced that numerous grains in this area 
were damaged by multicracks and were scaled off during polishing to form such a feature. 
Many cracks that advance along GBs of porous PZT ceramic have been observed (Figure 6(d)). 
Hence, a more complex model, including multivoid and GBs, would be needed to reproduce 
these damaged features.

3.2. Characters of shear cracks around collapsing voids

Features of void collapse and shear fracture obtained from the polycrystalline model containing 
multivoid have been analyzed. In Figure 7(a), fragments of grains fill a damaged void, and long 
shear cracks extend from the void. All fragments have been removed in Figure 7(b) to compare 
with experimental observations (Figure 7(c)). In Figure 7(d), a wide area on the bottom left 
corner of the void has been damaged during crack evolution. When all fragments have been 
removed, a thick crevice is visible (Figure 7(e)), which is comparable with the deformation fea-
ture observed experimentally (Figure 7(f)). Figure 7(g–i) compares damage features between 
two voids. A few minor cracks, which are similar to the intergranular crack in Figure 6(d), exist 
around all the voids in the polycrystalline model.

The polycrystalline model also reveals the evolution of long cracks and thick crevices. For long 
cracks, an initially transgranular crack translates into an intergranular cracks after a certain 
propagation range. The translation should occur when the crack-driving force is decreased to a 

Figure 6. (a) Shear cracks emit from the void because of shear stress concentrations after the exposure to a shock wave. 
(b) Long-distance extended cracks and (c) thick cranny are observed representative mesoscopic deformation features. (d) 
Minor crack advances along GBs.
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value that cannot support transgranular fractures. This fracture mode is termed “transgranular-
to-intergranular crack mode.” However, intergranular cracks branch from the main transgranu-
lar crack during main crack propagation to form thick crevices. This fracture mode is termed 
“main (transgranular) crack and branching (intergranular) cracks mode.” Media in a wide area 
will be damaged in this fracture mode, and a thick crevice becomes visible after fragments have 
been removed.

What is the dominant factor that leads to these two different fracture modes? As shown in 
Figure 7(d), the main crack comminutes media in a wide area during its propagation. The 
thickness of the main transgranular crack is ~10 μm. The violent extension of the main crack 

Figure 7. Comparison of deformation features observed in the polycrystalline model and recovery sample. (a)–(c) 
Representative long-distance extended shear cracks. (d)–(f) Representative thick crevices. (g)–(i) Crack transfixion between 
two voids.
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implies that the crack-driving force is very strong. The branching of numerous intergranular 
cracks from the main transgranular crack may be attributed to the need for more effective shock 
energy dissipation.

3.3. Slippage and rotational deformation of shatters

A novel mechanism of slippage and rotation deformation, which contributes to and enhances 
inelastic deformation of the shocked brittle materials, has been revealed by this model. In 
shocked porous ceramic, numerous shear cracks are emitted during void collapse, forming 
a crack network. As a consequence, the media are comminuted into scattered tiny shatters 
by interlaced cracks. When the field of the relative velocity in these comminuted regions is 
drawn (Figure 8), the arrows (which indicated the relative velocities and directions of media) 
revealed complex vortex structures, showing that the shatters were slipping and rotating 
under shock [17]. The complex vortex structures indicate that the network composed of shear 
cracks takes a similar role to that of shear bands in high-strength high-toughness metallic 
glasses [32, 33]. They provide the precondition for relative slippages of media and irreversible 
deformation of the sample.

The rotational deformations of different types of materials have been reported in shock and 
static high-pressure investigations carried out by experiments and simulations [34–38]. For 
example, nickel nanoparticles were found to rotate in a diamond anvil cell when the pressure 
rose from 3 GPa to more than 38 GPa. When the particle sizes were various from 500 nm down 
to 3 nm, the measurements indicated that more active grain rotation occurs in the smaller 
nickel nanocrystals. Investigations here and in literatures about rotational deformation of 
various materials and loading conditions indicate that it becomes a universal and important 
deformation mechanism under high pressure to help the loaded systems to relieve shear 
stress and dissipate strain energy, when other usual deformations (e.g., dislocation, twinning) 
are absent or repressed [38, 39].

Figure 8. Slippage and rotation of shatters induced by extending shear cracks.
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4. Design of energy absorbing and fracture control in shocked 
porous ceramics

Pre-existing defects in ceramics induce shock wave compression fractures and may lead to the 
failure of designed functions. One traditional strategy for failure prevention has been by sinter-
ing “defect-free” ceramics (e.g., a large, perfect single-crystal sample). However, such treatment 
by sintering is difficult in practice and costly in expense, and more importantly, it only increases 
the critical emergence stress of shock fracture rather more than eliminating the probability of 
shock failure. Adopting an approach that is the opposite of creating defect-free ceramics, one 
may be able to control shock fracture and avoid the shock failure of ceramics by properly intro-
ducing defects. The control of shock fracture by introducing defects may seem counterintuitive. 
However, under quasi-static loading, there have already been many successful cases in which 
defects are introduced to avoid catastrophic fracture. In nature, highly mineralized natural 
materials owe their exceptional toughness and quasi-ductility to microscopic building blocks, 
weak interfaces and architecture [40–42]. In engineering, the fracture toughness of “hard and 
brittle” glass and metal glasses has been increased by properly introducing microcracks and 
voids [43–45]. These mechanisms can be summarized as crack shielding, deflection, and bridg-
ing, which effectively reduce the crack-driving force [46]. In shock applications, however, the 
difference is that a shock wave relates to a high-power pulse. The stress and the energy input 
are sufficient to vanquish various toughening strategies. Hence, numerous cracks nucleate and 
grow inevitably. In this case, strategies for toughening brittle materials cannot be duplicated. 
Instead, a novel approach in addressing shock fracture is proposed, i.e., modulating the propa-
gation of crack network in shocked ceramics by deliberately adding pores.

4.1. Control of the fractured region

Mesoscopic damage and deformation evolutions (void collapse, shear fracture, and rotational 
deformation) induced significant stress relaxation, leading to macroscopic “plastic” response, 
although the model particles and springs did not contribute to plasticity (only a linear elastic 
interaction was set in springs of the model). Note that here plasticity is taken in its broadest 
sense; it is identified not by dislocation movements, but by the macroscopic stress-strain curve 
and irreversible deformations. Figure 9 shows the correlation between macroscopic plasticity 
and mesoscopic damage evolution. Initially, a steep shock front is induced by the impact of the 
piston. The shock front broadens and splits into two waves during propagation inside a sample. 
The precursor wave is an elastic wave, which propagates with longitudinal acoustic speed. The 
second wave, which corresponds to an irreversible deformation, is usually termed the defor-
mation wave (it is called plastic wave in ductile metals). The propagation speed of the defor-
mation wave is slower than the elastic wave; thus, a plateau is produced between these two 
waves. After the deformation wave, the final equilibrium state, namely the Hugoniot state, is 
achieved. The deformation wave and the following plateau (the Hugoniot state) correspond to 
a “severely fractured state (SFS),” where shear fracture, void collapse, and rotational deforma-
tion of comminuted media are processed abundantly [10]. Note that the deformation wave and 
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Figure 10. Schematic of short pulse evolutions in (a) dense ceramic (with 0.5% porosity) and (b) porous ceramic (with 9.3% 
porosity). Degrees of damage of (c) dense and (d) porous samples at 800 ns after impact.

the SFS propagate synchronously. If the deformation wave is unloaded, then, without enough 
energy to maintain damage evolution, the SFS would be “frozen.” This is the foundation for 
modulating shock fracture.

Figure 10 shows schematics of controlling shock fracture. A traditional strategy for doing it is 
sintering “fully dense” ceramics (Figure 10(a)). Evolution of a dense sample with only 0.5% 

Figure 9. Comparison of (a) shock wave profiles and (b–d) damage distributions in dense, 5, and 12% porous ceramics, 
respectively.
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porosity was therefore simulated; Figure 10(c) shows that its average degree of damage is 
reduced to ~0.1, but the damage is distributed throughout the sample. An alternative approach 
is worth looking for. Instead of sintering fully dense ceramics, a new idea is to make use of 
the pores. As shown in Figure 10(b), voids are deliberately added in the ceramic; Figure 10(d) 
shows the degree of damage of a porous sample with 9.3% porosity (it is the porosity of PZT 
ceramics used in experiments) after sufficient evolvement: half of the porous sample has an 
average damage of ~0.4, and the other half of the sample is almost intact. A “shielded region” is 
acquired at the cost of severe fracture in the other parts of the sample (the “damaged region”).

The design of controlling fractured region is based on the following mechanism: (1) the defor-
mation wave would be slowed down by the deliberately increased porosity; (2) if the pulse is 
short compared with the thickness of the sample, then a rarefaction wave (the “trailing edge” 
of a stress pulse of shock) would catch up and unload the slow deformation wave; (3) the SFS 
would be frozen after the deformation wave vanishes, rather than sweep through the entire sam-
ple. After that, the ceramic will undergo elastic compression and stay in a mildly damaged state.

4.2. Validation by LSM simulation

Figure 11(a) shows the configuration of the model to investigate whether voids can protect 
part of a sample away from the SFS. In one of the simulation runs, the porosity of the sample is 
9.3% and the velocity of the flyer vf=300 m/s, which induces a ~5 GPa shock stress. The ultimate 
damage distribution after sufficient evolvement is shown in Figure 11(b). Half of the sample is 
in the SFS, whereas the other half is basically intact. Figure 11(c) plots three shock wave profiles 
at three midterm times. At 130 ns after impact, an elastic wave-deformation wave-rarefaction 
wave structure has formed; at 240 ns, the rarefaction wave has caught the deformation wave; 
at 350 ns, the deformation wave has unloaded completely, and the SFS should be frozen at 
that time. Indeed, the boundary between the damaged region and shielded region at 800 ns in 
Figure 11(b) matches the position where the deformation wave vanished in Figure 11(c).

Figure 11. Mechanism of earning a shielded region where the severely fractured state will not enter. (a) Configuration 
of the model. T refers to a very long momentum trap. (b) Damage distribution in the sample at 800 ns. (c) Stress wave 
evolution at three midterm times.
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Damage evolutions of dense, 5, and 12% porous ceramics have been further simulated and 
their ultimate damage distributions after the flyer impact at 300 m/s are compared. Figure 12 
plots the void collapse ratio rcollapse for all samples. The samples are divided into segments; the 
rcollapse is calculated from the ratio of the number of collapsed voids to the total number of voids 
in each segment. The boundary between the damaged region and shielded region corresponds 
to a rise of rcollapse from 0 to 1. For the same shock stress and the pulse width, as the porosity 
increases, the thickness of the shielded region increases accordingly. The dense ceramic has no 
shielded region, whereas the 12% porous ceramic has a shielded region of about 1 mm.

4.3. Validation by soft recovery experiment

Figure 13(a) and (e) shows the fracture characteristics of the sample subjected to a compression 
of 3.3 GPa and that of 1.4 GPa, respectively. Each image is composed of 19 SEM frames, which 
are successively scanned along the “scanned area” marked in Figure 13(b). The image has a 
width of 766 μm and a length of nearly 8 mm. The direction of the shock wave propagation is 
from the left of the image to the right. The green circles represent the voids that are basically 
intact. Figure 13(c) shows that they are concavities that are almost hemispheric and show 
no sign of collapse. The red rectangles represent the voids that have collapsed. Figure 13(d) 
shows that they are hollows that are believed to have been voids, but no longer retains their 
hemispheric shape.

For the sample loaded by a 3.3 GPa shock wave, an elastic wave-deformation wave structure 
emerged once, then the deformation wave is unloaded. The shield ratio should be rshield≈0.76, 
which means that ~1/4 of the sample would stay in the SFS and the other ~3/4 of the sample 
would be shielded. In Figure 13(a), all the voids close to the impact surface have collapsed; 
but in the other half of the sample, there are numerous voids that are basically intact. While 
the distribution of the collapsed voids in the experimental samples is not as ideal as that in 
the modeled sample, this sample can still be divided distinctly into a damaged region and a 
shielded one. However, for a fully dense (0.5%-porous) sample, the simulation showed that a 
shielded region did not form under the same condition. For the sample loaded by a 1.4 GPa 
shock wave, only one elastic wave (which would not cause void collapse) emerged. And in 
Figure 13(e), basically intact voids can be found throughout the sample.

The results obtained from simulations and experiments have a similar trend, except that about 
40% of the voids were identified as collapsed void in the shielded region of the experimental 

Figure 12. Comparison of collapse ratios of dense and porous samples with different porosities under the same shock 
stress and pulse width. rcollapse represents collapse ratio.
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sample. We attribute this “additional damage” in the shielded region of the recovered sample 
to two main reasons. First, there is roughness on the rear interface between the ceramic and 
the packet, which induced dynamic tensile stress after the shock wave has swept through and 
resulted in additional void damage. Second, the PZT ceramic is soft; a lot of grains are scaled off 
during polishing, which has a significant influence on the results counting. If one deducts the 
additional damage, then the experimental result is in good agreement with the simulation result.

5. Conclusion

With the lattice-spring model simulation and the shock recovery experiment, mechanisms of 
damage evolution, including void collapse, shear fracture, and rotational deformation, are illu-
minated, and their contributions to the damage toleration of the shocked porous ceramics are 
demonstrated, which would be beneficial to the understanding of porous ceramics in applica-
tion upon shock wave loading.

Here, adding pores deliberately does not mean to fabricate “foam ceramic.” As the porosity 
increases, the length of the shielded region increases accordingly, and it should be considered 
integrally when one designs porous ceramics.
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Damage evolutions of dense, 5, and 12% porous ceramics have been further simulated and 
their ultimate damage distributions after the flyer impact at 300 m/s are compared. Figure 12 
plots the void collapse ratio rcollapse for all samples. The samples are divided into segments; the 
rcollapse is calculated from the ratio of the number of collapsed voids to the total number of voids 
in each segment. The boundary between the damaged region and shielded region corresponds 
to a rise of rcollapse from 0 to 1. For the same shock stress and the pulse width, as the porosity 
increases, the thickness of the shielded region increases accordingly. The dense ceramic has no 
shielded region, whereas the 12% porous ceramic has a shielded region of about 1 mm.

4.3. Validation by soft recovery experiment

Figure 13(a) and (e) shows the fracture characteristics of the sample subjected to a compression 
of 3.3 GPa and that of 1.4 GPa, respectively. Each image is composed of 19 SEM frames, which 
are successively scanned along the “scanned area” marked in Figure 13(b). The image has a 
width of 766 μm and a length of nearly 8 mm. The direction of the shock wave propagation is 
from the left of the image to the right. The green circles represent the voids that are basically 
intact. Figure 13(c) shows that they are concavities that are almost hemispheric and show 
no sign of collapse. The red rectangles represent the voids that have collapsed. Figure 13(d) 
shows that they are hollows that are believed to have been voids, but no longer retains their 
hemispheric shape.

For the sample loaded by a 3.3 GPa shock wave, an elastic wave-deformation wave structure 
emerged once, then the deformation wave is unloaded. The shield ratio should be rshield≈0.76, 
which means that ~1/4 of the sample would stay in the SFS and the other ~3/4 of the sample 
would be shielded. In Figure 13(a), all the voids close to the impact surface have collapsed; 
but in the other half of the sample, there are numerous voids that are basically intact. While 
the distribution of the collapsed voids in the experimental samples is not as ideal as that in 
the modeled sample, this sample can still be divided distinctly into a damaged region and a 
shielded one. However, for a fully dense (0.5%-porous) sample, the simulation showed that a 
shielded region did not form under the same condition. For the sample loaded by a 1.4 GPa 
shock wave, only one elastic wave (which would not cause void collapse) emerged. And in 
Figure 13(e), basically intact voids can be found throughout the sample.

The results obtained from simulations and experiments have a similar trend, except that about 
40% of the voids were identified as collapsed void in the shielded region of the experimental 

Figure 12. Comparison of collapse ratios of dense and porous samples with different porosities under the same shock 
stress and pulse width. rcollapse represents collapse ratio.
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sample. We attribute this “additional damage” in the shielded region of the recovered sample 
to two main reasons. First, there is roughness on the rear interface between the ceramic and 
the packet, which induced dynamic tensile stress after the shock wave has swept through and 
resulted in additional void damage. Second, the PZT ceramic is soft; a lot of grains are scaled off 
during polishing, which has a significant influence on the results counting. If one deducts the 
additional damage, then the experimental result is in good agreement with the simulation result.

5. Conclusion

With the lattice-spring model simulation and the shock recovery experiment, mechanisms of 
damage evolution, including void collapse, shear fracture, and rotational deformation, are illu-
minated, and their contributions to the damage toleration of the shocked porous ceramics are 
demonstrated, which would be beneficial to the understanding of porous ceramics in applica-
tion upon shock wave loading.

Here, adding pores deliberately does not mean to fabricate “foam ceramic.” As the porosity 
increases, the length of the shielded region increases accordingly, and it should be considered 
integrally when one designs porous ceramics.
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