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Preface

Scientific and technological development has led to the formulation of tailor-made
materials, which have given rise to materials with new structural and industrial
applications. This book aims to analyze the synthesis, characterization, and appli-
cations of ceramic materials. First, an introduction to traditional and advanced
ceramics is made, followed by an overview of material preparation techniques and
various applications in recent years. Then, traditional ceramic materials as ideal
candidates for absorbing wastes are studied, offering the possibility of obtain-

ing new eco-efficient ceramic materials, such as concrete, while competitively
approaching the concept of the circular economy. The following chapters focus on
the study of different advanced ceramics. During the last decade, nanoceramics
have received significant attention as candidate materials due to their ability to
demonstrate improved and unique properties compared to conventional ceramics.
The obtaining of ceramic nanopowders is studied by a new obtaining method called
the dissolution method with advantages with respect to solvothermal, sol-gel, and
coprecipitation methods. Also analyzed are plasma resistance and the character-
istics of yttria ceramics in terms of calcination and three-step sintering compared
to alumina and zirconia ceramics as well as the characteristics of hot-pressed pure
yttria ceramics that are annealed in an oxidation atmosphere. Finally, a study of
some equivalent circuit models most useful for impedance spectroscopic studies of
electronic ceramics and their simulated immittance behavior is made.
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Chapter 1

Introductory Chapter: Ceramic
Materials - Synthesis,
Characterization, Applications
and Recycling

Doloves Eliche-Quesada, Luis Pérez-Villarejo and
Pedro José Sdnchez-Soto

1. Introduction

Ceramic materials can be defined as inorganic materials constituted by the
combination of metallic and nonmetallic elements whose properties depend on the
way in which these elements are linked [1, 2]. Ceramic materials are the most
versatile branch of materials. The origin of this versatility lies in the chemical nature
of its bonds, since they are mainly constituted by strong ionic and covalent bonds in
different proportions. The bonds determine a series of particular properties of
ceramic materials among which are relatively high fusion temperatures, high mod-
ulus, high wear strength, poor thermal properties, high hardness and fragilities
combined with tenacities, and low ductility. In addition to the lack of conduction
electrons since they are combined forming chemical bonds, they are good electrical
insulators.

Ceramic materials can be divided into two large groups: traditional ceramics and
technical or advanced ceramics. Traditional ceramics can be defined as those that
are based on silicates, among which are cement, clay products, and refractories.
Traditional ceramics are produced in large volumes and constitute an important
market. Traditional ceramic materials are made with raw materials from natural
deposits such as clay materials. The second group, technical or advanced ceramics,
is manufactured with artificial raw materials that have undergone an important
chemical processing to achieve a high purity and an improvement of their physical
characteristics. Therefore, they are manufactured with more advanced and sophis-
ticated methods. Among them are carbides, nitrides, borides, pure oxides, and a
great variety of ceramics with magnetic, ferroelectric, piezoelectric, and
superconducting applications, among others. These ceramics possess excellent
mechanical properties under extreme conditions of tension, high wear strength or
excellent electrical, magnetic, or optical properties, or exceptional strength to high
temperatures and corrosive environments, showing high strength to chemical
attack [3]. There is a third group that is glasses that, although considered ceramic,
are studied separately because they differ from the first group in the order reached
by their crystalline structures as glass-ceramics.

The versatility mentioned above also allows ceramics to be used for a large
number of end user and applications for the construction and building industry
such as clay bricks and blocks, sanitary ware, and wall and floor tiles; in household
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goods like tableware (porcelain), cooking ware (glass-ceramics), or pottery; in
industrial processing and manufacturing industry for refractories, filters, or cutting
tools; or high technology applications as components for solid oxide fuel cells,
nuclear ceramics as combustion elements (UO,), coating reactors (AIN-SiC), and
ceramic batteries. Due to their electrical properties, they can be useful as capacitors
(BaTi03), high transition temperature superconductors (YBa,Cu,07), piezoelectric
and ferroelectric, insulators, varistors (ZnO), and integrated circuit substrates. Due
to their optical properties, they are used as infrared windows and construction of
lasers and high-pressure sodium lamps. For its magnetic properties, the ceramic
materials belonging to the family called ferrites stand out. They are usually grouped
into two large groups: soft ferrites (spinels and garnets) and hard ferrites
(hexaferrites), such as barium hexaferrite, spinel ferrites of Mn-Zn, or Ni-Zn ferrites
doped with ruthenium or lanthanides that have a high saturation magnetization
value and that have applications for permanent magnets, colored pigments, and
electronics (such as interference suppressors, electronic amplifiers, or power induc-
tors) or applications in microwave devices. Due to their hardness, they find utility in
applications where abrasion properties such as those exhibited by silicon carbide or
tungsten carbide (WC) are required, as well as for cutting tool applications. They can
also be used in the defense field as armors or ballistic. On the other hand, many of
them are biocompatible and can be used in the health field as 20 ceramic prostheses,
dental implants, coatings for tissue ingrowth, access and fixation devices, etc. [4, 5].

One of the most important limitations of ceramic materials in structural appli-
cations is the fragility, due to the fact they tend to fracture in a fragile way with
hardly any absorption of energy, besides they lack capacity for plastic deformation,
especially under traction. This fragility to the fracture can be explained to a great
extent due to the presence (something almost impossible to eliminate totally in this
type of materials) of defects in the material that intensifies the same, being the
ceramic materials much more resistant to compressive forces than to tension forces.
This behavior is a consequence of the difficulty of movement of the dislocations by
the ceramic structures, even at high temperatures. However, one of the uses that is
currently increasing is the structural components that improve the mechanical
properties. These uses require materials with high strength in various environmen-
tal conditions, capable of withstanding high temperatures and resistant to corrosion
and oxidation. In addition, ceramic materials offer a substantial reduction in weight
compared to other materials such as metals.

Manufacturing of the ceramic components involves the synthesis of the powder,
mixing, shaping, and thermal treatment in which the sintering takes place either by
diffusion in solid state or by formation of intergranular-liquid phase [6]. Ceramic
powders are obtained either from the treatment of natural raw materials (rock
minerals) or through synthetic routes such as sol-gel, self-propagated synthesis at
high temperature (SHS), precipitation, etc. Generally the ceramic powders obtained
from minerals are going to be used in traditional ceramics, while the particulate
systems obtained by synthesis routes will have greater application in advanced
ceramics, where the control of impurities and defects is more important in the final
application of the piece, since it requires an exhaustive control of the purity of the
raw materials and their final microstructure. The starting materials for traditional
ceramics need previous processes for the elimination of impurities and the repro-
ducible method to obtain a powder that can be shaped and sintered to obtain a
piece. On the other hand, advanced ceramics use high-purity products as starting
powders, obtained mostly by synthetic routes. The routes of obtaining ceramic
materials are very varied, but the synthetically produced powders have common
characteristics, such as high purity, uniform particle size distribution, high specific
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surface area, absence of hard agglomerates or aggregates that cannot be broken by
grinding, and greater uniformity in the characteristics.

The shaping is the stage of processing by which a ceramic powder, duly prepared
by washing processes, homogenization, etc. is compacted and conferred into a
desired shape with high porosity and poor mechanical properties. The main existing
forming processes are axial and isostatic dry pressing, porous mold or tape molding,
or extrusion or injection molding. Each of these forming processes are used
depending on the type of piece to be obtained and the time and costs in the
production systems. The objective of the forming processes is generally to achieve
high particle packing and low porosity (which will be partially or totally eliminated
during the sintering process). The packaging, in addition to having a high number
of coordination, should be as homogeneous as possible to avoid microstructural
defects, which will mean a decrease in the properties of the final material. To do
this, a series of parameters must be controlled, such as the particle size and its
distribution, the level of agglomeration, and the flow of the powder during the
forming process. There are other nontraditional methods for obtaining green parts
that do not start from the ceramic powder or that after forming require some type
of treatment before sintering, such as the sol-gel method, hot pressed (axial and
isostatic), SHS, deposition of molten particles, and deposition in vapor phase
(CVD) [5].

Once the green piece is obtained with the desired shape, before the densification
of the material, it is necessary to proceed with the drying and the elimination of
organics. In the drying step, the solvent used is removed by means of transport and
evaporation in an unsaturated gaseous medium. In wet-formed materials, the sol-
vent evaporates after shaping. If left unchecked it can generate defects and break
the piece due to two main causes, namely, rapid generation of solvent gases and
different contractions in the material. The shrinkage of the piece during drying
occurs due to the removal of the liquid between the particles of the shaped material.
This should be as uniform as possible, since differences in the contraction generate
stresses that produce cracks in the material. The control in the drying of the green
piece is done in controlled atmosphere and temperature chambers. In the organic
elimination stage, the organic compounds used during the processing are progres-
sively eliminated from the outside to the inside, so that the greater the thickness
of the piece obtained, the more difficult it is to eliminate it. The processes of
elimination of organic additives are: evaporation, chemical extraction with solvents,
catalytic extraction, or thermal decomposition.

Finally the sintering process takes place, in which the compacted material, in
green, is subjected to a sufficiently high temperature so that the phenomena of mass
transport to the interstices between particles take place and compact densification
occurs. As the sintering progresses, the porous phase becomes discontinuous and is
eliminated, leaving only the remaining pores occluded in the matrix of ceramic
material and that cannot be eliminated. The initial density of the piece in green is
usually 40-60% of the theoretical density, while the final density is 85-100%.
Sintering can take place through three mechanisms: sintering in solid state, sintering
in the presence of a liquid phase, and reactive sintering.

On the other hand, due to the fact that ceramic materials do not corrode, their
useful life periods are often much greater than those of other materials. However,
the same physical properties that make ceramics so durable also make them
extremely difficult to recycle, with the exception of glass. Although recycling is
difficult, there are ways to “revalue” them, that is, new uses can be given to certain
waste. Thus, ceramic materials (bricks), concrete and bituminous pavements, can
be used for the manufacture of secondary products, such as the production of
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aggregates, which in turn can be used to manufacture concrete or serve as direct
bases for road works.

In addition, the ceramic or cement industry has manufacturing processes that
make the recovery of waste especially feasible [7-9], either taking advantage of the
calorific power coming from the combustion or incorporating the waste into the
internal structure of the materials, forming part of its own matrix and becoming an
inert element.

Therefore, it can be concluded that ceramic materials have a great versatility of
applications, because they have very characteristic properties that cannot be
obtained from any other material.
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Chapter2

The Use of Ceramic Waste Powder
(CWP) in Making Eco-Friendly
Concretes

Amr S. El-Dieb, Mahmoud R. Taha and Samir 1. Abu-Eishah

Abstract

The global production of ceramic waste powder (CWP), which is produced dur-
ing the final polishing process of ceramic tiles, exceeds 22 billion tons. The disposal
of CWP in landfills will cause significant environmental problems (i.e., soil, air,
and groundwater pollution). CWP is characterized by its chemical composition that
is mainly composed of silica (SiO,) and alumina (AL,Os). Both minerals represent
more than 80% of the CWP composition. CWP has potentials to be used as an
ingredient to partially or entirely replacing Portland cement to make eco-friendly
concretes. This chapter summarizes the effect of using CWP in making eco-friendly
concretes, with a particular focus on using CWP as a partial cement replacement in
conventional-vibrated concrete (CVC) and self-compacting concrete (SCC), and
the production of zero-cement alkali-activated concrete (AAC).

Keywords: ceramic waste powder, cement replacement, eco-friendly concrete,
durability, microstructure

1. Introduction

In a rapidly growing world population and toward meeting consumers’
needs, solid waste landfills will continue receiving huge volumes of waste.
Therefore, waste management is becoming increasingly mandatory for the
promotion of environmental sustainability. Numerous regulations have been
imposed worldwide by governments and environmental organizations in order
to reduce the negative environmental impact resulting from large numbers of
solid waste landfills. The transformation of a large amount of solid waste into
an alternative resource will preserve the reducing nonrenewable resources of
materials; maintain the required energy and also will help solve environmental
and exhausted landfill problems. Until today, researchers are investigating new
solid waste materials and the potentials of recycling either in other industries or
new products.

Being the world’s most consumed human-made material, concrete attracted con-
siderable interest as a possible way to recycle solid waste products especially those
that can replace cement which is a significant contributor to global greenhouse gas
emissions. An equal amount of CO; is generated for the production of Portland
cement [1]. The cement industry produces around 5-8% of the annual global green-
house gas emissions released into the atmosphere [2]. Several by-products such as
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fly ash, slag, and silica fume are effectively being used in the daily production of
concrete as partial cement replacement (i.e., supplementary cementitious materials
(SCM)) to reduce CO, emission [3, 4].

Global production of ceramic tiles is more than 12 Billion m? [5]. The manu-
facture of ceramic tiles generates ceramic waste powder (CWP) during the final
polishing process at a rate of 19 kg/m” [6]. Therefore, the global generation of CWP
exceeds 22 Billion tons. The CWP represents a significant challenge to get rid of
concerning its environmental impact. It can cause, soil, water, and air pollution. On
the other hand, it could represent an excellent opportunity to be used as an alterna-
tive concrete ingredient if it could be utilized in making concrete.

The effect of using ceramic wastes (i.e., roof tiles, blocks, bricks, electrical
insulators, etc.) as aggregates or SCM in conventional-vibrated concrete (CVC)
and mortar was reported in several studies. It is noted that limited studies were
conducted on using CWP as a cement replacement in self-compacting concrete
(SCC) and alkali-activated concrete (AAC) (i.e., geopolymer concrete). Some stud-
ies investigated the use of ceramic waste as coarse aggregates in CVC and mortar
[7-16]. It was concluded that ceramic waste could be used as partial replacement
of natural coarse aggregate. The ceramic waste aggregate should be pre-saturated
by water to offset its high absorption. The compressive strength decreased if the
ceramic waste replaced natural coarse aggregate beyond 25% by weight. The use
of ceramic waste as fine aggregate in CVC and mortar was assessed by various
researchers [16-22]. It was noted that using a high content of ceramic waste as fine
aggregate had a negative impact on the workability of the fresh concrete, and work-
ability admixtures were needed to avoid any adverse effect on concrete workability.
It was concluded that the use of 50% by weight replacement of fine natural aggre-
gate by ceramic waste could produce concrete without affecting the performance of
hardened concrete.

The use of CWP as partial replacement of cement attracted the attention of
several researchers [6, 23-35]. The main conclusion from the studies was that
CWP showed slow pozzolanic activity which was evidenced at late ages. The early
compressive strength was reduced by the inclusion of CWP. The development of
compressive strength needed time. On the other hand, durability was improved by
the incorporation of CWP in the mixtures. It was noticed that the investigations
on using CWP as partial replacement of cement did not address the fresh concrete
properties as affected by the inclusion of CWP as well as the microstructure char-
acteristics. Also, no guidelines were provided for using CWP to partially replace
cement. The CWP replacement level will depend on personal knowledge and
experience. Furthermore, the replacement of cement by large quantities of CWP
needs further evaluation.

The use of CWP in self-compacting concrete (SCC) mixtures received limited
attention. In 2017, Subasi et al. [36] investigated the use of CWP as a partial cement
replacement in SCC mixtures. It was concluded that CWP could replace 15% by
weight of the cement without adversely affecting the properties of the produced
SCC. In 2018, Jerénimo et al. [37] replaced cement by ground clay brick waste
(GCBW) in SCC mixtures. It was concluded that 20-30% by weight of the cement
could be replaced by GCBW, and the compressive strength improved at 90 days
of age. It was observed that the detailed evaluation of the SCC fresh properties as
affected by the inclusion of CWP was not addressed. Also, the effect of using high-
volume CWP in SCC still needs further assessment.

Concerning using CWP in alkali-activated concrete (AAC) (i.e., geopolymer
concrete), it was noted that very limited investigations were conducted [38-40].
The main conclusion that CWP could be used in making AAC but needs detailed
investigation and assessment.
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An in-depth investigation to study the utilization of CWP in the production
of different types of concrete is needed. This chapter summarizes the findings
of collective studies conducted by the authors investigating the use of CWP in
making eco-friendly concrete [41-45], with a particular focus on using CWP asa
partial cement replacement in CVC and SCC, and the production of AAC. This will
establish better understanding on how to incorporate an existing solid waste as a
new construction ingredient in making echo-friendly concretes in order to optimize
solid waste management, and help protect the environment by reducing the use of
cement and efficiently getting rid of a solid waste material.

2. Characteristics of CWP

The produced ceramic waste material was a wet material due to the use of water
during the polishing process. The average moisture content was 36% by mass. The
average specific surface area (SSA) measured by air-permeability (i.e., Blain air
permeability test apparatus) was 555 m’/kg. More than 50% by volume of the CWP
particles had a size ranging between 5 and 10 pm. Figure 1 shows the particles’ size
distribution of the CWP.

The CWP consisted of irregular and angular particles which are similar to
cement particles in shape as shown in the scanning electron microscope (SEM)
image in Figure 2. Figure 3 shows the energy dispersive spectroscopy (EDS) of the
main oxides of the CWP. The EDS analysis indicated that CWP is mainly composed
of 8102 and A1203.

Table 1 gives the chemical analysis of the CWP as determined by X-ray
fluorescence (XRF). CWP is mainly composed of silica (SiO,) and alumina
(AL, 03). Both oxides are around 85% of the total material mass. Other com-
pounds (i.e., CaO, MgO, and SO;) exist in small quantities. The mass fractions of
(Si0; + ALO; + Fe,0;) satisfies the requirement of the ASTM C618 [46] for natural
pozzolana (i.e., >70%). Also, the SO; and the loss on ignition (L.O.1.) conformed to
the ASTM C618 requirements.
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Figure 1.
Particle size distribution of CWP [43]. Reproduced with permission from the publisher.
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EDS analysis of CWP [43]. Reproduced with permission from the publisher.

Figure 4 displays the X-ray diffraction (XRD) analysis of the CWP. The XRD
indicates that the main peaks were noticed between 2-theta values of 20 and 30°
which indicates the presence of (SiO,). The observed hump between 20 and 30°
indicates the occurrence of an amorphous phase. Moreover, the unleveled graph
trend between the 2-theta values 0 and 40° indicates the existence of an amorphous
phase in the CWP sample.

Characterizing industrial waste materials and their potentials is one of the
challenging issues in the field of cement and concrete. The compressive strength
was given prominence as an initial means for evaluating the pozzolanic activity. The
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compressive strength development of cement mortar including CWP is assessed
according to ASTM C311 [47] to measure the strength activity index (SAI).

Four mortar mixtures are prepared in which cement is partially replaced by
CWP. The replacement levels are 10, 20, 30 and 40% by weight. Strength activity
index (SAI) is calculated as the strength percentage as compared to the control
mortar mixture. Table 2 gives the 28 days compressive strength, standard deviation
SAL Results showed that all CWP specimens satisfied the ASTM C618 require-
ment of SAI (i.e., >75%). In an investigation by Steiner et al. [25], a similar trend
in the activity index for mortar mixtures with ceramic tiles polishing residues was
reported. The SAI decreased after the inclusion of 40% CWP by cement mass; this
could be attributed to the dilution effect. Also, it might be due to the high silica
available in the mixture as a result of the high CWP. This large quantity could not
find sufficient calcium hydroxide (CH) in order to react with. Therefore, most of
the silica components were left without getting involved in the chemical reaction
[48]. Also, Frattini test [49] is performed to identify the pozzolanic activity of CWP
following BS EN 196-5:2011 [50]. Test samples with 0, 20 and 40% CWP as cement
replacement by weight are tested. The Frattini test showed that concrete with 20

Ca0 Sio, ALO; MgO Fe,0; SO, LO.I
1.70(0.69) 68.60(0.97) 17.00(0.57) 2.50(0.90) 0.80(0.04) 0.12(0.16) 178

Note: Values in parentheses are the standard deviation.

Table 1.
Chemical composition of CWP using XRF (modified from [43]).
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Figure 4.
XRD pattern of CWP [43]. Reproduced with permission from the publisher.

CWP replacement level (mass %)

10% 20% 30% 40%
Average 28 days strength (MPa) 39.9 46.0 48.8 375
Standard deviation (MPa) 4.0 3.0 4.4 1.2
Strength activity index (SAI) in (%) 91.0 105.0 110.5 85.5

Reproduced with permission from the publisher.

Table 2.
Strength activity index (SAI) results for CWP [43].
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Frattini test at 8 and 28 days of CP with CWP replacement [45]. Reproduced with permission from the
publisher.

and 40% CWP replacement of Portland cement exhibited pozzolanic activity at 8
and 28 days age of concrete as shown in Figure 5.

In conclusion, CWP is silica and alumina rich material with some amorphous
phases. The CWP has some pozzolanic activity, especially at a late age, as confirmed
by strength activity index and Frattini tests. Therefore, CWP possesses the poten-
tials to be used as a partial cement replacement in CVC and SCC mixtures, and as a
main binder source to make AAC mixtures.

3. Conventional-vibrated concrete (CVC)

CWP is used to partially replace cement (0, 10, 20, 30 and 40% by weight) in
different CVC mixtures. Two concrete grades with different cement contents are
studied (25 and 50 MPa). The mixtures are chosen to cover several applications and
different cement contents. All mixtures are designed to have a slump value from 60
to 100 mm. Table 3 gives the mixtures’ proportions of the mixtures. Initial slump
values (i.e., ASTM C 143 [51]) is used to judge the mixtures’ workability. The time
to reach zero slump is used to assess the workability retention of the concrete mix-
tures. The development of compressive strength with age (i.e., 7, 28 and 90 days)
and drying shrinkage (i.e., 120 days) are measured. Rapid chloride ion penetration
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Mixture Cement CWP Fine Coarse ‘Water Initial slump
L.D. aggregate aggregate content (mm)
M25-0 310 0 749 1102 190 110
M25-10 279 31 737 1105 190 130
M25-20 248 62 734 1101 190 103
M25-30 217 93 731 1097 190 95
M25-40 186 124 629 1093 190 55
M50-0 485 0 662 993 208 55
M50-10 437 48 658 988 208 65
M50-20 388 97 654 981 208 60
M50-30 340 145 650 975 208 42
M50-40 291 194 673 968 208 10
Table 3.

Mixtures’ proportions (kg/m’) and initial slump values (mm) (modified from [43]).

test (RCPT) (i.e., ASTM C 1202 [52]) and bulk electrical resistivity test (i.e., ASTM
C 1760 [53]) are conducted at 28 and 90 days of age to evaluate the durability of

the concrete mixtures. Triplicate samples are used for the compressive strength,
drying shrinkage, RCPT, bulk electrical resistivity and permeable pores tests and
the average results are used. The development of the microstructure is assessed by
measuring permeable pores (i.e., ASTM C642 [54]) and the pore system (i.e., total
porosity and median pore diameter) is measured by mercury intrusion porosimetry
(MIP). Both are measured at 90 days of age. Main microstructure characteristics are
identified using scanning electron microscopy (SEM).

Concrete mixtures are prepared using ordinary Portland cement (OPC) as the
primary binder. The specific surface area of cement is 380 m”/kg. Natural crushed
stone of maximum size 19.0 mm is used as coarse aggregate. The specific gravity is
2.65 while the absorption was 1%. Natural sand with fineness modulus between 2.5
and 2.7 is used as fine aggregate. The specific gravity is 2.63.

3.1 Workability and workability retention of fresh concrete

Initial slump values are given in Table 3. As CWP inclusion level increases,
the initial slump value decreases as a result of its high specific surface area (SSA)
compared to that of the cement (i.e., the SSA of CWP is 1.5 times that of the
cement). Workability retention defines the time available for easy handling the
mixture. Figure 6 shows the time to zero slump of the concrete mixtures including
CWP. It is noted that the workability retention time increases due to the inclusion
of CWP. This could a result of CWP has no hydraulic reaction, and its pozzolanic
reaction is slow. The use of 10% CWP in the 25 MPa mixtures has the highest work-
ability retention. While for the 50 MPa mixtures, the use of 20% CWP shows the
best retention time.

3.2 Compressive strength
The compressive strength development at different ages is shown in Figure 7. The
coefficient of variation (COV) ranged from 0.4 to 4.8%. The compressive strength

values at 7 and 28 days of age are lower than the target strength for both mixtures
(i.e., 25 and 50 MPa). The reduction in strength is proportional to the CWP content.
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Figure 6.
Time to zevo slump.

This could be attributed to the fact that CWP has no hydraulic reaction. Also, its
contribution to early strength depended mainly on its microfilling ability (i.e.,

CWP particles’ size ranged from 5 to 10 pm). This behavior agrees with that of most
pozzolanic materials with slow strength development at early ages [55]. Also, slowed
strength development at early ages is reported for CWP [28-30, 32].

At alate age (i.e., 90 days) all the 25 MPa mixtures including CWP achieve
compressive strength values higher than the target strength. The mixture with 10%
CWP shows the highest compressive strength. The strength gain at 90 days of age
might be due to the pozzolanic characteristics of the CWP material. For the 50 MPa
mixtures, all CWP mixtures the target strength is achieved. The increase in strength
values could be justified by the delayed pozzolanic reaction of the CWP. The CWP
particles could have worked as nucleation sites for cement grains and hydration
products which led to a denser microstructure.

3.3 Drying shrinkage

Table 4 shows the 120 days drying shrinkage strain values. The COV ranged
from 20 to 26%. It is observed that the drying shrinkage strain decreases with
increasing the CWP replacement level. The pores’ structure and connectivity of
pores are changed due to the fine CWP particles and its pozzolanic action. This
change results in restricting water movement through the concrete. The drying
shrinkage values for mixtures including 10 and 20% CWP do not differ significantly
from that of the control mixtures. For the 25 MPa mixtures, CWP with replacement
levels of more than 20% reduces the drying shrinkage strain between 29 and 60%
compared to the control mixture. While for the 50 MPa mixtures a decrease in the
drying shrinkage strain values between 28 and 53% for CWP replacement levels
above 20% are observed.

3.4 Chloride ion penetration test (RCPT)
The concrete durability concerning its resistance to chloride ion penetration and

chloride induced corrosion can be judged by the RCPT. The inclusion of CWP as
partial cement replacement has a significant effect on the chloride ion penetration
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Compressive strength development with age.

Mixture Shrinkage strain (microstrain) Mixture Shrinkage strain (microstrain)
M25-0 2608 M50-0 2569
M25-10 2488 M50-10 2222
M25-20 2817 M50-20 2413
M25-30 1033 M50-30 1199
M25-40 1859 M50-40 1848

Table 4.
Drying shrinkage strain values at 120 days (microstrain) (modified from [43]).

of the 25 and 50 MPa concrete mixtures. Figure 8 demonstrates a significant
reduction in the 28 and 90 days’ test results of all CWP concrete mixtures. The COV
ranged from 3 to 15%.

At 28 days of age, the use of 20, 30 and 40% CWP reduces the total passed
charge by 2-8 times lower than that of the control mixture. Mixtures with 30 and
40% are rated as “Very Low” for chloride ion penetration as per the classification of
the ASTM C1202 [52]. At 90 days of age, the chloride ion penetration classification
of all the 25 MPa mixtures including CWP is “Very low.” The reduction in the total
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Figure 8.
Chloride ion penetration.

passed charge for the mixtures incorporating CWP compared to its corresponding
28 days values ranged from 56 to 84%.

While for the 50 MPa mixtures, the 28 days chloride ion penetration decreases
with the inclusion of CWP. The reduction is proportional to the CWP content. The
reduction with respect to the control mixture is 38% for the use of 10% CWP and
90% for the use of 40% CWP. The ASTM classification of mixtures including high
levels of CWP (i.e., >20) is shifted from “High” to “Low” and even “Very Low.” At
the 90 days of age, chloride ion penetration for all 50 MPa CWP mixtures is clas-
sified as “Very Low.” This significant reduction could be due to the microstructure
densification and refinement of the pore structure provided by the fine particles of
CWP in addition to its pozzolanic effect. Also, the reduction with age indicates the
development of a dense microstructure, especially with discontinuous pore system.
Similar findings were reported in other studies [6, 30, 34, 56].

3.5 Bulk electrical resistivity test
The corrosion protection of the concrete to the embedded reinforcement can
be assessed by its electrical resistivity [57]. Figure 9 displays the bulk electrical

resistivity at 28 and 90 days of age. The COV ranged from 4 to 10%. It should be
noted that electrical resistivity is mainly affected by the porosity and the pore
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size distribution [58]. Therefore, the development of the microstructure could

be judged by measuring the electrical resistivity. Ionic mobility is reduced by the
discontinuity of pores, and hence concrete resistivity and corrosion protection will
increase. The resistivity results of all concrete mixtures including CWP are higher
than those of the control mixtures. Microfilling effect and pozzolanic activity of
the CWP which could lead to a denser microstructure could be the main reasons
for the increase in the resistivity of the mixtures including CWP. It was reported
that the use of ceramic polishing residues was reported to reduce water permeabil-
ity of cement mortar samples [6, 34].

At 28 days of age, 25 MPa mixtures including 20, 30 and 40% CWP have a
resistivity higher than 10 kQ.cm. This is classified as “High” to “Very High” corro-
sion protection levels according to ACI 222R-01 [57]. The increase in resistivity is
proportional to the CWP replacement level. At 90 days of age, using CWP demon-
strates a significant increase in the electrical resistivity values with respect to the

28 Days Electrical Resistivity (kL. cm)
0 10 20 30 40 50 60 70 B0 90 100

025 MPa H 50 MPa

CWP Replacement Level (mass %)
g

90 Days Electrical REsistivity (k2 . cm)
0 10 20 30 40 50 &0 T0 80 90 100

025 MPa |50 MPa

CWP Replacement Level (mass %)

Figure 9.
Bulk electrical vesistivity.
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control mixture. The 50 MPa concrete mixtures with CWP had similar performance
to the 25 MPa mixtures at both ages. Including 10% CWP results in a “High” cor-
rosion protection level. When CWP is included with 20% or more the corrosion
protection level is “Very High” at both ages.

Both RCPT and resistivity results confirm the performance of the concrete
mixtures including CWP with regards to chloride ion attack, chloride-induced cor-
rosion, and corrosion protection.

3.6 Permeable pores

The permeable pores of the concrete mixtures can assess the development of the
pore system and judge the microstructure development. Figure 10 shows the permeable
pores measured at 90 days of age. The COV ranged from 2 to 8%. In general, the perme-
able pores are decreased by the inclusion of CWP compared to the control mixture.

In the case of the 25 MPa mixtures, the permeable pores are reduced by 17% up
to 36% due to the inclusion of CWP as a partial cement replacement. Similar perfor-
mance is observed for the 50 MPa mixtures. The reduction in pores volume ranged
from 2 to 24% compared to the control mixture. The inclusion of the fine CWP
particles with high SSA could physically have a microfilling effect and improves the
particles’ packing in the mixtures. Also, to the CWP pozzolanic activity, the mixtures
microstructure is densified. Therefore, the pore structure is refined resulting in lower
pore volume. The reduction in permeable pores reduces the mobility of water from
inside the concrete which is reflected in reducing the reduction in the drying shrink-
age strain. Also, reduction in chloride ion penetration and immobility of ions are
direct effects of the pores’ size refinement. This is reflected in the reduction of the
chloride ions penetration and the improvement of the electrical resistivity with age.

3.7 Mercury intrusion porosimetry (MIP)
MIP is a widely used test to characterize the pore structure of cement-based
materials. The test is capable of providing information about the total porosity, and

the median pore diameter based on intruded volume. The concrete pore system
indicates its microstructural development that can be related to its performance.

90 Days Permeable Pores (Volume %)
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Figure 10.
Ninety days permeable pores.
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Table 5 gives the results of the MIP test regarding total porosity percentage and
the median pore diameter based on intruded volume at 90 days of age. The inclu-
sion of CWP reduces the total porosity at 90 days of age. The use of 40% CWP as
partial replacement of the cement reduces the porosity by 9 and 19% for the 25 and
50 MPa mixtures respectively compared to the same mixtures without CWP. The
median pore diameter is reduced due to the inclusion of CWP. It is noted that the
reduction was proportional to the CWP content. The reduction in the total porosity
and the median pore diameter confirms the densification of the microstructure due
to the inclusion of CWP as a partial cement replacement.

The reduction in the total porosity and especially the reduction in the pore size
confirm the superior durability performance of the mixture observed at the late age.
The microstructure development could be related to the durability performance. The
median pore diameter was correlated to the 90 days RCPT and electrical resistivity
values as shown in Figure 11. The median pore diameter correlates well with the dura
bility test results. The correlation coefficient (R?) is 0.9517 and 0.7977 for the median
pore diameter relationship with the RCPT and the electrical resistivity respectively.

3.8 Microstructure characteristics

To better understand the performance of CVC mixtures including CWP, the main
microstructural characteristics are inspected by scanning electron microscope (SEM).
Microstructure examination is conducted at 90 days of age. The examination is
conducted on the control mixture for both concrete grades (i.e., M25-0 and M50-0),
and the mixtures including the highest CWP content (i.e., M25-40 and M50-40).

Figure 12 shows the SEM images of the general characteristics for M25-0 and
M25-40. For the M25-0 mixture, crystalline hydration products are observed in
addition to several pores. For M25-40, fewer pores with smaller size are noticed which
indicates the densification of the microstructure that confirms the superior durability
performance. Few crystalline hydration products are observed. Figure 13 displays the
aggregate matrix interfacial transition zone (ITZ) for M25-0 and M25-40 mixtures.
Crystalline hydration products are noticed in both mixtures in the ITZ region with
smaller crystal size in M25-40 mixture. The matrix around the aggregate in the M25-
40 mixture includes lesser pores compared to M25-0, this is similar to the observa-
tions of the general matrix microstructure.

Mixture Porosity (%) Median pore diameter ( pm)
M25-0 21.297 4.2586
M25-10 20.015 4.0115
M25-20 19.754 3.7404
M25-30 19.135 3.6184
M25-40 19437 34737
M50-0 22.426 4.0380
M50-10 21.131 3.8382
M50-20 19.415 3.5876
M50-30 18.944 3.5747
M50-40 18.126 3.4000

"Based on the intruded volume.

Table 5.
MIP results at 90 days of age.
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Figure 11.
Relation between median pore diameter and 90 days RCPT and electrical resistivity.

Figure 12.
SEM image of general microstructure for M25-0 and M25-40 mixtures.
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The general microstructure for M50-0 and M50-40 is shown in Figure 14.
Generally, the 50 MPa mixtures have a denser microstructure compared to the
25 MPa mixtures. For the M50-0 mixture, few pores are noticed, and the crystal-
line hydration products are smaller in size. The inclusion of CWP densified the
microstructure by refining the pore structure as depicted in the SEM image. The
ITZ region microstructure is presented in Figure 15. The incorporation of CWP
improves the densification of the ITZ region microstructure. The crystalline hydra-
tion products and pores’ size are reduced due to the inclusion of CWP.

Figure 13.
SEM image of ITZ vegion for M25-0 and M25-40 mixtures.

Figure 14.
SEM image of general microstructure for M50-0 and M50-40 mixtures.

Figure 15.
SEM image of ITZ region for M50-0 and Ms0-40 mixtures.
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4. Self-compacting concrete (SCC)

Self-compacting concrete (SCC) has received wide attention and used in the
construction industry worldwide since its development [59]. SCC is featured with
high fluidity, and at the same time, high resistance to segregation and is placed
purely under its weight without the need for vibration [60-62]. SCC properties
are the result of modifying the composition of CVC by incorporating high powder
content that has been mainly cement. However, the use of high cement content is not
desirable as it will increase the cost and has other negative environmental effects.
Replacing cement in SCC mixtures with waste powder is a trend gaining a great
deal of attention with the growing awareness toward environmental protection and
sustainable construction [63-70]. CWP is used to partially replace cement to produce
eco-friendly SCC. The cement content in the control mixture is 500 kg/m’ based on
the preliminary mix design. The powder content of the control mixture meets the
recommended value by EFNARC specifications [71]. The cement is partially replaced
by the CWP in 20, 40 and 60% by weight. The concrete mixture is expected to yield
compressive strength in the range of 80 MPa. The details of the mixtures’ propor-
tions are given in Table 6.

Ordinary Portland cement (OPC) is used as the main binder. The specific sur-
face area of cement is 380 m*/kg. Natural crushed stone of maximum size 9.5 mm is
used as coarse aggregate. The specific gravity is 2.65 while the absorption was 0.7%.
Natural sand with fineness modulus between 2.5 and 2.7 is used as fine aggregate.
The specific gravity is 2.63.

Several tests are conducted to investigate the effect of replacing cement with
CWP on the fresh properties of the produced concrete. Unconfined flowability of
the produced SCC mixture is assessed by the slump flow test in accordance to ASTM
C1611 [72]. Passing ability is evaluated through two tests namely the J-ring (i.e.,
ASTM C1621 [73]), and L-box. The segregation resistance is measured through con-
ducting the GTM segregation column test conforming to ASTM C1610 [74]. Finally,
the viscosity is measured by following the V-funnel test procedure described in the
EFNARC specification [71]. On the other hand, compressive strength is performed
at two test ages (i.e., 7 and 28 days) in order to evaluate the strength development.
The durability characteristic is evaluated by conducting the bulk electrical resistiv-
ity as per ASTM C1760 [53] at 28 and 90 days of age. Triplicate samples are used to

Mixture ingredients Mixture designation

Control R-20 R-40 R-60
Cement 500 400 300 200
CWP 0 100 200 300
Water 175 175 175 175
Fine aggregate 871 871 871 871
Coarse aggregate 871 871 871 871
Super plasticizer 8.33 8.72 8.33 8.80
VMA 16 16 16 16
wiem” 0.35 0.35 0.35 0.35

"VMA = viscosity-modifying admixture.
w/cm = water/(cement + slag or CWP).

Table 6.
Mixtuves’ proportions for SCC (kg/m?).
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conduct the compressive strength and the bulk electrical resistivity tests and the
average results are used. Figure 16 shows the different tests conducted. The micro-
structure development is judged by measuring the permeable pore volume at 28 and
90 days of age. Also, the pore system (i.e., total porosity and median pore diameter)
is assessed using mercury intrusion porosimetry (MIP). The MIP is conducted at

90 days of age.

4.1 Slump flow results

Slump flow test evaluated the unconfined flowability of the produced SCC
mixtures. Figure 17 displays the test results together with the EFNARC specifica-
tions [71].

It is noticed that the slump flow decreases as the amount of CWP in the mixture
increases. Even with the reduction in the slump flow values, none of the CWP

Figure 16.
Different tests conducted on SCC.
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Slumyp flow results.
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mixtures dropped to the slump flow class one (SF1) which is critical in the presence
of highly congested reinforced concrete structures.

Chopra and Siddique [48] reported a similar trend when using rice husk ash
(RHA) as cement replacement. The relatively higher specific surface area (SSA) of
the CWP compared with cement would increase the water demand and accordingly
resulted in lower slump flow values. Similarly, Sfikas et al. [75] reported a reduction
in the slump flow of SCC when they used metakaolin, which is characterized by a
high SSA, to replace cement.

The time taken for concrete to reach the 500 mm diameter circle on the steel
base plate of the slump flow test is measured (T50). The T50 value can judge the vis-
cosity of the SCC mixtures. High T50 values indicate mixtures with higher viscosity.
The T50 results are given in Table 7.

4.2 J-ring results

The passing ability of SCC is evaluated by the J-ring test. This test evaluates
how the SCC mixtures can perform in the presence of reinforcing bars in form
works. The difference between the unrestricted slump flow diameter and the J-ring
flow diameter is shown in Figure 18. The inclusion of CWP improves the passing
ability of the SCC mixtures. As the CWP content increases the mixtures’ pass-
ing ability is improved and shows a great capacity for flowing through congested
spaces. Therefore, mixtures containing high CWP perform better than the control
mixture with regards to the passing ability.

4.3 L-box results

The passing ability of SCC through congested reinforcement can also be assessed
by using the L-box test. The L-box results are given in Table 7. Comparable block-
ing ratios are observed for all tested mixtures. The variation is less than 1.5%. SCC
mixtures including CWP mixtures show no signs of blocking. Generally, EFNARC
[71] suggests blocking risk is likely if the blocking ratio is below 0.8. The viscosity
of the mixtures is too high if the blocking ratio is less than 0.8. This can cause block-
ing around highly congested sections. Based on the results, all mixtures with CWP
can be used in applications where flow through congested reinforcement is needed.

4.4 V-funnel results

In this test, the viscosity and filling ability of the fresh concrete is judged by the
V-funnel test where the concrete is forced to flow through small cross sections and
confined spaces. The flow rate (i.e., V-funnel time) of the SCC through the small
cross-section is directly related to the mixture’s viscosity.

The V-funnel test results are given in Table 7. The V-funnel results show an
increasing trend, indicating a higher viscosity of the mixtures. All the measured

Property measured Control R-20 R-40 R-60

T50 (seconds) 2.68 247 324 4.04

V-Funnel (seconds) 104 10.01 11 12.82

L-box ratio (H2/H1) 0.963 0.966 0.977 0.967
Table 7.

Fresh test vesults (modified from [42]).
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V-funnel time values correspond to the second viscosity class according to EFNARC
specification [71]. The increase in the viscosity indicates an improvement in the seg-
regation resistance. The viscosity-modifying admixture (VMA) is typically used to
adjust mixtures’ viscosity and enhance segregation resistance. Since the mixtures’
viscosity values are significantly enhanced by the incorporation of CWP the VMA
could be eliminated from the mixture or its dosage could be reduced. This would
result in more economical and low-cost mixtures.

4.5 GTM segregation column results

The ability of concrete to remain homogeneous in the composition in its fresh
state is defined as its segregation resistance. The GTM segregation column test is
used to evaluate the mixtures’ segregation resistance.

Segregation percentage is shown in Figure 19. The segregation percentage
decreases as the CWP content increases in the mixtures. The CWP significantly
improves the segregation resistance of the SCC mixtures. The incorporation
of CWP in SCC enhances the cohesiveness characteristics of the mixtures. The
segregation percentages are below 15%, which shows that the SCC mixtures were
superior regarding segregation resistance. Segregation resistance is related to
viscosity. The improvement in segregation resistance is confirmed by the V-funnel
test results. As the amount of CWP increases in the mixtures from 0 to 60%, the
segregation resistance is enhanced by 72.5%. The substantial enhancement in the
segregation resistance can be explained by the fact that the water adsorption of
the CWP particles may induce suction forces possibly leading to cluster formation.
This will lead to an increase in the inter-particle bonds as in the clustering theory
enhancing the segregation resistance similar to RHA mixtures studied by Le and
Ludwig [76].

4.6 Compressive strength results
Strength is measured at different test ages (7, 28, and 90 days) to evaluate

the strength development as affected by the inclusion of CWP as partial cement
replacement. The strength development due to the inclusion of any cement
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replacing material is mainly affected by the cement hydration and pozzolanic reac-
tion the used material, and the effect on the concrete microstructure especially the
densification of the microstructure with a particular focus on the aggregate-paste
interfacial zone [77].

Figure 20 shows the compressive strength development with age. The COV
ranged from 0.4 to 3.0%. At the 7 days of age, it is noticed that the inclusion of
CWP decreases the strength and the reduction is proportional to the CWP content.
This could be a direct result of replacing cement by CWP which has no hydraulic
reaction. At the 28 days of age, the mixture including 20% by weight CWP showed
higher strength compared to the control mixture. Nevertheless, the mixture of 60%
by weight CWP shows the least developed strength. Since CWP is characterized by
the slow pozzolanic reaction, it is expected not to see much effect until late ages.
At the 90 days of age, the improvement in strength is noticeable. At the 90 days of
age, mixtures with 20 and 40% by weight CWP achieve the highest compressive
strength compared to the control mixture. This implies that 20-40% by weight
CWTP is the optimum cement replacement to obtain high compressive strength.
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The increase in the strength can also be explained through the nucleation sites
(i.e., nucleation of CH around the CWP particles). The CWP improves the packing
of the concrete mixture due to its high SSA and its pozzolanic reaction, and the
cement hydration acceleration similar to the effect of rice husk ash (RHA) observed
in another investigation [76]. On the other hand, the use of 60% by weight CWP
shows marginal improvement in strength; this can be due to the high amount of
silica from the CWP, and the insufficient amount of calcium hydroxide (CH) from
the cement hydration. Hence, some silica is left without chemical reaction. Similar
behavior was observed by using RHA (i.e., characterized by high SSA and high
silica content) as cement replacement [48].

4.7 Bulk electrical resistivity results

The electrical resistivity of concrete is affected by several factors such as poros-
ity, pore size distribution, connectivity, concrete’s moisture content, and ionic
mobility in pore solution. Electrical resistivity assesses the concrete protection of
reinforcing steel against corrosion. According to ACI 222R-01 [57], the corrosion
protection level is improved as the resistivity value increases.

The resistivity values are presented in Figure 21 at 28 and 90 days of age. The
COV ranged from 6.4 to 13.2%. The resistivity increases with age. The inclu-
sion of CWP significantly increases the mixtures’ resistivity. The significant
increase in the resistivity due to the inclusion of CWP suggests that CWP tended
to reduce the interconnected pore network contributing to the reduction of
the concrete’s conductivity. With age, CWP pozzolanic activity contributes to
the refinement of concrete pores and microstructure, thus further reduces the
ionic mobility and hence the concrete’s conductivity. The improved resistivity
indicated that the durability of the CWP concrete mixtures to protect reinforcing
steel against the corrosive environment is much better than that of the control
mixture without CWP.

4.8 Mercury intrusion porosimetry (MIP)

The MIP test provides information about the pore system (i.e., pore volume
and median pore diameter). The MIP results can help understand the development

Y
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Figure 21.
Electrical resistivity of SCC.
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Mixture Porosity (%) Median pore diameter’ (pm)
R-C-0 24.989 8.1265
R-C-20 17737 53136
R-C-40 15.604 39109
R-C-60 13.304 2.5002

"Based on the intruded volume.

Table 8.
MIP results at 90 days of age (modified from [42]).

of the concrete microstructure and can also explain the other obtained results.
Table 8 shows the MIP test results at 90 days of age. Test results show that high
CWP content has a significant reduction of the pore volume and the pores’ size.
The reduction in the pore volume and the pores’ size indicates densification of the
microstructure. Also, the MIP results confirm the improvement observed in the
resistivity results and compressive strength.

5. Zero-cement alkali activated concrete (AAC)

Zero-cement alkali-activated concrete (AAC) emerged as an alternative to
cement-based concrete [78-84]. Sometimes, AAC is referred to as inorganic-
polymer or geopolymer concrete. In AAC, cement is completely replaced. AAC
utilizes and silica and alumina rich materials to be alkali-activated to form a three-
dimensional CaO-free alumino-silicate binder. AAC offers a significant opportunity
for the reuse of several industrial by-products and wastes such as fly ash, metaka-
olin, and blast-furnace slag. Geopolymerization technology is based on the reaction
of alkaline solutions such as sodium hydroxide (NaOH), potassium hydroxide
(KOH) and sodium silicate solution. The CWP is characterized by its high silica and
alumina content which makes it a good candidate to be used in making ACC. The
limited studies on suing CWP in AAC [38-40] concluded that the optimum cur-
ing temperature ranges from 60 to 80°C, the curing period ranges between 24 and
48 hours, and the molarity of the alkali solution is 12 M.

The use of CWP in the making AAC still needs further investigations to develop
a better understanding of its performance. CWP is used to make AAC using differ-
ent alkali solutions, mainly NaOH and KOH. Several parameters are investigated
which include alkaline solutions with 12 M concentration (i.e., NaOH alone, KOH
alone and combination), CWP to aggregate ratio (i.e., 1:1.5-1:2.0-1:2.5) , admix-
ture dosage (i.e., 1.5 and 4.0%), curing time (i.e., 60°C for 24 and 48 hours), the
inclusion of slag in addition to CWP (i.e., slag content 10, 20 and 40%). Several
tests are used to evaluate the performance of the mixtures which include flowability
(i.e., ASTM C1437 [85]), cube compressive strength, permeable pores (i.e., ASTM
C642 [54]), initial rate of water absorption (i.e., ASTM C1585 [86]), and electrical
resistivity (i.e., ASTM C1760 [53]). The COV ranged from 0.3 to 2.8%.

The sodium hydroxide flakes and potassium hydroxide are dissolved in distilled
water to make a solution with the desired concentration (i.e., 12 M) at least 1 day
before its use. Table 9 shows the alkali solutions used and the combination of
NaOH and KOH solutions. The dry ingredients are first mixed for about 1 minute.
The sodium hydroxide and potassium hydroxide solutions are added to the dry
materials based on the order of mixing in Table 9 and mixed for 3 minutes.
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LD. Alkali solutions % Mixing regime of the solutions with the CWP
KOH NaOH

A 0 100 —

100 0 —
C 20 80 NaOH solution is added first and mixed with solids for 1 minute, then KOH

is added and mixing continues for an additional 2 minutes
D 40 60 NaOH and KOH solutions are mixed then added to solids and mixed for
3 minutes

E 60 40 KOH solution is added first and mixed with solids for 1 minute, then NaOH

isadded and mixing continues for an additional 2 minutes

Tableg.
Mixtures’ 1.D., alkali solutions used and mixing regime of solutions.

5.1 Effect of aggregate content

The effect of aggregate content was evaluated by the flowability and 7 days
compressive strength. Mixtures are cured at 60°C for 24 hours. Figure 22 shows
the flowability and 7 days compressive strength as affected by the CWP to aggre-
gate ratio. It is noticed that the flowability decreases as the aggregate content
increases. This is similar to the behavior cement concrete as the CWP content
acts as a lubricant between aggregate particles. Oppositely the 7 days compres-
sive strength improved by the increase of the aggregate content. The mixing
regime of the solution affects the flowability and strength. The mixing regime
(A) shows the best flowability performance while the other mixing regimes show
similar flowability values. The mixing regimes (D) and (E) produce the highest
compressive.

5.2 Effect of admixture content

Superplasticizer (i.e., polycarboxylic ether based) is added with a dosage of 1.5
and 4.0% of the CWP weight. The AAC mixture with CWP to the aggregate ratio
(1:2.5) and 24 hours curing at 60°C is used to examine the effect of admixture dosage.
Flowability and the 7 days compressive strength results are presented in Table 10. The
use of 1.5% by weight superplasticizer, shows variable improvement in the flowability
and marginal improvement in the strength. By increasing the admixture dosage to
4.0%, the flowability and strength are improved. For both admixture dosages, the
mixing regimes (D) and (E) show the best flowability improvement and highest
compressive strength.

5.3 Effect of curing time

The AAC mixture with CWP to aggregate ratio (1:2.5) and 4% admixture is
used to examine the effect of curing time (i.e., 24 and 48 hours) at 60°C. Figure 23
shows the effect of curing time on the 7 days compressive strength. The compres-
sive strength increases as the curing time increases. A similar trend is reported for
metakaolin-based AAC [87]. Although increasing the curing time improves the
compressive strength, the application of shorter curing time is considered from the
point of reducing the energy consumption.
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Flowability and 7 days compressive strength as affected by CWP to aggregate ratio.
Mixing regime Flowability (mm) 7 Days compressive strength (MPa)
15% 4.0% 1.5% 4.0%

A 95 107 12 14
B 95 107 10 12
C 99 110 11 13
D 110 116 13 15
E 112 117 14 16

“Superplasticizer admixture dosage by weight of the CWP.

Table 10.
Effect of admixture on flowability and 7 days compressive strength.

5.4 Effect of slag content and curing regime

Several studies investigated the use of slag in making AAC [88-92]. Slag proved
to be a suitable material in making AAC. Slag is characterized by having some
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Seven days compressive strength for the AAC mixture with CWP to aggregate vatio 1:2.5 as affected by curing
time at 60°C.
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Figure 24.
Flowability of AAC including CWP and slag.

hydraulic reaction due to the existence of calcium oxide (CaO) beside the existence
of silica and alumina for the alkali activation. Therefore, slag is used to replace
part of the CWP. This will help improve the flowability of the AAC mixture and
improve the strength development without the need to increase curing time. The
AAC mixture with CWP to aggregate ration 1:2.5 and 4% admixture is used to
assess the effect of including slag as a binder material in addition to the CWP. The
slag replaced the CWP with 10, 20 and 40% by weight. The AAC mixtures includ-
ing slag are subjected to three curing regimes; air curing, 24 hours at 60°C followed
by air curing, and 24 hours at 60°C followed by water curing for 6 days. Figure 24
shows the flowability of AAC mixtures including slag and CWP. The inclusion of
slag improves the mixtures’ flowability. The improvement is proportional to the slag
content with the highest improvement at 40% slag.

The effect of including slag with CWP on the 7 days strength is displayed in
Figure 25. The air cured mixtures showed the lowest strength development. It is
observed that the (oven + air) and (oven + water) results are comparable for both
the 20 and 40% slag replacements. The strength values are found to increase with
the increase in slag % replacing the CWP, with the highest at 40% slag.
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Figure 25.

The inclusion of slag is beneficial in producing AAC using CWP with a level of

replacement of 40%. Based on the flowability and the 7 days compressive strength,
the following are the optimum mixture’s parameter to make AAC using CWP:

i.the CWP to the aggregate ratio is 2.5,

ii. the alkali solutions mixing regime (D) (i.e., NaOH 60% and KOH 40% mixed)

produces suitable flowability and strength;
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Test age (days)

7 28
Compressive strength (MPa) 39.3 40.7
Permeable pores % 8.89 8.32
Electrical bulk resistivity (kQ.cm) 179 18.2
Initial rate of absorption (mm/min"’%) sorptivity 0.15 0.12

Table 11.
Seven and twenty-eight days results for optimum AAC mixture.

iii. the use of 4% of superplasticizer to improve flowability;
iv.the application of 24 hours at 60°C followed by air curing; and
v. the use of 40% by weight slag to replace CWP.

The performance of an AAC mixture following the above parameters is assessed.
Table 11 summarizes the obtained results. Results show that CWP in combination
with 40% slag can produce AAC with strength suitable for different structural
applications. The electrical resistivity and initial rate of absorption indicate that
the produced AAC is characterized by high durability. The change in the test results
values with age indicates that most of the reactions are finished at 7 days of age.
Hence there is no need for waiting to evaluate the performance at 28 days of age
similar to Portland cement concrete.

6. Conclusions

The CWP contains high silica and alumina content (i.e., >80%). Also, it is
characterized by having some amorphous content which shows pozzolanic activ-
ity especially at late ages. Therefore, CWP has strong potentials to be used as an
ingredient in making eco-friendly concretes.

Using CWP as an ingredient in making CVC is viable. High-performance
concrete can be produced by including CWP as partial cement replacement. CWP
improves the workability retention of the CVC mixtures. The inclusion of CWP
will reduce the early-age strength and slowed the strength development. Significant
improvement of CVC durability can be achieved by including high content of
CWP. The CVC performance varies according to the CWP content. CWP can be
used in the range of 10-20% to improve workability retention and late strength
development. A CWP content ranging from 30 to 40% is needed to improve
durability. If the performance of mixture requires the combination of workability
retention, strength and durability, a CWP content ranging from 20 to 30% can be
used to optimize all required characteristics.

CWP can be used as a partial cement replacement to produce SCC that meets
international requirements. All fresh concrete properties, except for slump flow,
are significantly improved by the incorporation of CWP. The improvement is
proportional to the CWP content. Similar to CVC, the inclusion of CWP affected
the strength development and enhanced the durability. SCC with improved fresh
performance and optimized strength can be produced using 40% CWP as partial
cement replacement.

The use of CWP in making AAC showed promising potentials. The produc-
tion of AAC using CWP should consider the aggregate content of the mixture, the
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use of superplasticizer admixtures and the use of an alkali solution composed of
NaOH and KOH. The combination of slag with CWP improves the workability and
strength development without the need for long curing time to conserve energy.
The combination of CWP with fly ash can also be an alternative to enhance the
performance of the produced AAC.

Finally, CWP has encouraging potentials to be used as an ingredient to make
eco-friendly conventional-vibrated concrete (CVC), self-compacting concrete
(SCC) and zero-cement alkali-activated concrete (AAC). The concrete industry can
and will play a vital role in the sustainable development through the utilization of
industrial waste materials.
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Abstract

A set of ceramic powders has been synthesized using a “bottom-up” approach
which is denoted here as the dissolution method. The raw materials were metal
powders or minerals. The dissolution media were strong acid or base solutions. In
the case of metallic raw materials, magnesium and titanium powders were sepa-
rately dissolved in hydrochloric acid to obtain their precursors. They were then
dried, washed, and calcined in air at various temperatures to produce pure MgO and
TiO, nano-powders. Pure MgTiO3 nano-powders by mixing the precursors at the
stoichiometric ratio and calcining the dried mixture at a temperature as low as
700°C have also been successfully synthesized. In the mineral case, local zircon sand
was used as the raw material. A standard procedure to extract the “clean” and pure
zircon powder was applied which included washing, magnetic separation, and reac-
tions using hydrochloric acid and sodium hydroxide. A pure zircon nano-powder
was obtained by applying mechanical ball-milling to the zircon powder. The zircon
powder was also chemically dissociated to give amorphous silica (SiO,), cristobalite,
amorphous zirconia (ZrO,), and nanometric tetragonal zirconia powders.

Keywords: dissolution method, strong acid and base, metal and mineral,
ceramic nano-powders

1. Introduction

Many efforts have been paid to produce nano-powders since they exhibit
different and usually outstanding physical and chemical properties as compared to
their larger counterparts. Ceramic nano-powders are even more attractive since
they are thermally and chemically more stable than non-ceramic ones. Several
applications of such nano-powders are in drug delivery, corrosion inhibitor,
catalyst, and microwave communication. Oxide ceramics such as MgO, TiO,,
MgTiO3, ZrO,, and SiO, are more abundant than non-oxide ceramics. Their use in
technological and industrial applications is hence more substantial.

Oxide ceramic powders are not easily found in nature in their simple mono- and
bi-cationic forms. Yet, their technological benefits are very valuable. Their
existence in nature is usually in the form of complex compounds and needs further
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processing to achieve high-purity substances. Furthermore, natural nano-ceramic
powders are hardly found. As a result, various approaches have been proposed to
synthesize such materials. Two general ways were usually used, that is, bottom-up
and top-down methods. The former requires precursors of the desired cation(s) and
usually uses heating in air or oxygen-controlled environment to develop the
ceramics. The latter is basically a “breakdown” approach of a larger ceramic grains
or particles by milling.

By definition, a nanometric powder means it has crystallite or grain or particle
size less than 100 nm, although some researchers claimed that sub-nanometric size
of <200 nm was still acceptable.

Several examples of synthesis of oxide nano-ceramic powders are solvothermal,
sol-gel, and (co-)precipitation methods. The solvothermal involves the use of (usu-
ally) nonaqueous precursors and an autoclave to produce nanoparticles with unique
microstructures. This method, for example, has been used to produce nanorods
[1, 2], nanoclusters [3], and hollow spheres [4]. It is, however, a complex proce-
dure. Meanwhile, the sol-gel method includes the use of complex precursors as the
raw materials. For instance, synthesis of nanoparticles of magnesium and titanium
oxides [5-8] has been reported recently. Despite its potential in controlling the size
and shape of the products, the sol-gel process usually is time-consuming and costly.
Finally, the precipitation or coprecipitation method has been reported by several
researchers as an effective method to produce magnesia, titania (anatase), and
zircon nano-powders [9-11]. The use of a precursor, washing with a certain liquid
(usually distilled water), drying in air, and calcination are basic attributes in
coprecipitation synthesis. The crystallite size of the synthesized powders for each
method depends on many factors, particularly the type of precursors, as well as
media, time, and temperature for processing. Some examples of nano-ceramics
synthesized by these methods are presented in Table 1. Examples of bi-cationic
ceramic nano-powders are also given.

Recently, an approach to processing oxide nano-ceramic powders has been
developed. The approach, here designated as the dissolution method, comprises
dissolution of a raw powder into a strong acid, followed by drying and washing, and
finally calcination in air. There were several pure metals and minerals under our

Nano- Precursor Method Calcination Crystallite  Refs.
material temperature (°C) size (nm)
MgO Mg(NO3),.6H,0 Sol-gel 500 30 [5]
MgCl, Sol-gel 800 100 [12]
Mg(CH;C00),.4H,0 Solid 800 53 [13]
TiO, Tetrabutyl titanate Sol-gel 160 6 [14]
Titanium Sol-gel 500 30 [15]
tetraisopropoxide
TiOSO,/CO(NH;), Hydrothermal 1000 9 [10]
MgTiO3 Ti(OH)4 + Mg Coprecipitation 700 30-40 [16]
(NO3),.6H,0
Mg (NO3),-6H,0 + Ti Sol-gel 400 12 [17]
[OCH(CH3)2]4
Mg,SiO, (CH3C00),Mg.4H,0 Sol-gel 900 33 [18]
and CgH,(0,4Si
Table 1.

Methods to produce mono- and bi-cationic oxide nano-ceramics from references.
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study. In terms of synthesis of nano-materials, it is also classified as a “bottom-up”
approach and a wet method.

The report of the synthesis is arranged by the type of the raw materials, that is,
metal and mineral. The metal powders were magnesium and titanium, which pro-
duced magnesia, titania, and magnesium titanate nano-powders. The second group
materials were synthesized with a slightly different way, that is, there were cleaning
and demagnetization to improve the “purity” of the raw material. Further
approaches were used to obtain nanometric zircon, silica, and zirconia powders.
The success of the syntheses was affirmed by analytical methods like thermogra-
vimetric and differential thermal analyses, X-ray fluorescence spectroscopy, X-ray
diffractometry, and high-resolution transmission electron microscopy.

2. Dissolution method

In principle, dissolution of solids into a liquid or other solvents is a process by
which the original states become dissolved components (solutes), hence forming a
solution of the solid in the original solvent (see the schematic diagram in Figure 1).
When a dissolution occurs, the dissolved component separates into ions or mole-
cules, and each of them is surrounded by the molecules of the solvent. Using the
dissolution process, one can generate a precursor of a cation from a metal or a
mineral if it is soluble in a selected (strong) acid. For example, magnesium reacts
with hydrochloric acid according to Mg(s) + 2HCl(aq) — MgCl, (aq) + H,(g) where
the hydrogen gas is released [19]. On the other hand, titanium is a rather unreactive
metal, making it difficult to dissolve unless more external energy such as heat is
provided. Dissolving titanium powder in hydrochloric acid is possible as long as the
process is run at approximately 60-70°C where the product is a purple solution of
titanium trichloride.

Dhissalving in HOl
; — :
Metal powder A Precursor A . Mixed AB-oxide
—
Precursors na mlp‘”“‘ﬂ{'_"r
/ I?r_\'inl; then
Metal powderB =  Precursor B caleination

DHssalving in HCI

Figure 1.
Schematic diagram for dissolution process, an example for separate dissolution of A and B powders in HCI to
synthesize AB oxide nano-powder.

Dissolution of metal oxide MO is also possible [20, 21], where M denotes a metal.
Several factors may affect the dissolution kinetics including physical form and
constitution of the oxides, as well as pH (acid or base), redox potential, chelating
strength, concentration, and temperature of the solution. Examples of metal oxide
dissolution in strong acids are for lanthanum oxide [22], iron oxides [23], and zinc
ferrite [24]. In this work, the dissolution method was further used for selectively
extracting the cations from natural mineral to produce high-purity ceramic nano-
powders.

3. Synthesis and phase analyses of the powders
Tables 2 and 3 present a series of metal oxide powders which were produced by

metal and mineral dissolutions, respectively. For the metal-dissolved powders,
hydrochloric acid was used as the solvent. The oxide precursors were obtained by
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Metal Acid/ Precursor Calcination Product  Crystallite size
powder base temperature (°C) (nm)
Mg HCI MgCl, 700 Pure MgO 98
Ti HCI TiCl, 200 < T <700 TiO, 96-114
anatase
TiO, 6-96
rutile
>800 TiO, 5200
rutile
Ti HCI Mixture of TiCl, and 700 Pure 65
MgCl, MgTiO;
Mg
Table 2.

Dissolution of metal powders in acid to produce nanocrystalline oxide powders.

drying the precipitates after subsequent washing with water. The solvent for
processing zircon sand, as shown in Table 3, depends on the purposed powder.
Zircon sand can be processed to obtain nano-zircon, silica, or nano-zirconia pow-
ders. The calcination temperatures were selected after inspecting the thermal data
from the precursors.

The structure, composition, and nanocrystallinity of the powders were examined
using CuKa X-ray diffraction (XRD) data to which the Rietveld-based Rietica [25]
and Material Analysis Using Diffraction (MAUD) [26] softwares were employed.
The former was applied for phase composition calculation according to the “ZMV”
method, while the latter for average crystallite size estimation by implementing the
Thomson-Cox-Hastings [14] model in a pseudo-Voigt peak-shape function after
instrumental correction using an annealed Y,03 as suggested previously.

The relative weight fraction of phase i at each depth was determined by:

W S(ZMY),
' 35, (ZMV), 1)

f=1

where s; denotes the Rietveld scale factors of sample 7 and # is the number of the
phases. Z; is the number of formula unit of phase i (calculated from the refined
lattice parameters) with mass M; in the unit cell volume V.

Mineral Acid/base Precursor/ Calcination Product Crystallite
precipitate temperature (°C) size (nm)
ZrSiO, (zircon NaOH Na,SiO3 100 (drying) Am. SiO, —
d
sand) HCl Na,SiO; 900 Cristobalite >500
Milling in — 100 (drying) ZrSiO4 160*
ethanol 40°
NaOH + ZrOCl, 700 ZrO, 20
HCl1
“Unmilled powder.

bMilled powder for 10 h at 150 rpm.

Table 3.
Dissolution of natural zircon mineral to produce high-purity oxide powders.
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High-resolution transmission electron microscope (TEM) was used to investi-
gate the crystallite and particle sizes as well as the morphology of the synthesized
powders.

3.1 Magnesium oxide (MgO)

The dried powder of Mg-dissolved solution was run for DTA/TG characteriza-
tion where the associated plot is given in Figure 2. A significant drop of the mass of
the powdered sample between RT and approximately 600°C is related to some
thermodynamic phenomena recorded as endothermic peaks. The peaks between RT
and 300°C are attributed to release water molecules with a mass loss of approxi-
mately 50%, while the peak at ~500°C is due to the liberation of chloride ions and
molecules. The last release is also indicated by some mass drop up to 600°C. The
DTA/TG observations led the synthesis of MgO. A calcination temperature range of
400-800°C was then selected. The success of the syntheses was examined mainly
using XRD measurements (Figure 3).

The XRD patterns of the calcined Mg-dissolved powders clearly show the phase
evolution with calcination temperature. At 400°C, only bischofite (MgCl,-6H,0)
was detected. Increasing the temperature to 500°C resulted in the formation of
MgO, and further calcination at 700°C gave pure MgO. This result indicates that
between 400 and 700°C, there was a reaction of MgCl,-6H,0 (s) — MgO (s) +
H,0 (g) + Cl, (g). As implied by the DTA/TG data, there is a drop of mass and
exothermic phenomena which can be ascribed to this reaction. Further analysis
shows that the composition and crystallite size of the products change subsequently
(Table 4). Therefore, the Mg metal-dissolved method can produce nanocrystalline,
pure MgO powder after calcination at 700°C. Calcination at 800°C does not signif-
icantly alter the phase characteristics of the powder.

3.2 Titanium dioxide (TiO,)

DTA/TG plot of the dried Ti-dissolved solution is given in Figure 4. The XRD
patterns of the calcined powders are presented in Figure 5. Similar behavior in the
phase formation of MgO was found here for the Ti-dissolved powders. Significant
mass release occurs and followed by crystallite formation. Interestingly, the dried
Ti-dissolved powder has already exhibited rutile with a relatively low degree of
crystallinity as indicated by low diffraction intensities. The crystallinity becomes
clearer at higher calcination temperatures. Pure rutile is achieved at 400°C, but
anatase forms above 600°C. In most cases, the formation of anatase occurs at a
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Figure 2.
DTA/TG plot of the Mg-dissolved dried powder.
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Figure 3.
X-ray diffraction patterns (CuKa radiation) of the calcined Mg-dissolved powders. Symbols: B = bischofite

(MgCl,-6H,0), M = magnesia (MgO, also known as periclase).

Temperature Weight fraction (%) Crystallite size (nm)
MgO MgCl,.6H,0 MgO MgClL,.6H,0
(periclase) (bischofite) (periclase) (bischofite)
400°C — 100 — 90(12)
500°C 18.5 81.5 99(5) 97(5)
700°C 100 — 98(5) —
800°C 100 — 98(3) —
Table 4.

Phase weight fraction and MgO crystallite size of the calcined Mg-dissolved powders extracted from XRD data.
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Figure 4.
DTA/TG plot of the Ti-dissolved dried powder.

lower temperature than rutile [8, 10]. In our study, the formation of rutile is more

spontaneous than anatase possibly due to the type of precursor and its environment.
A similar result was observed by others [27]. It is also worth noting that the broad
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Figure 5.
X-ray diffraction patterns (CuKa radiation) of the calcined Ti-dissolved powders. Symbols: A = TiO, anatase,
R = TiO, rutile, T = undetected phase.

Temperature (°C) Relative weight fraction (%) Crystallite size (nm)
Rutile Anatase Rutile Anatase
200°C 100 — 6 (1) _
400°C 100 — 11(1) —
600°C 97.96(5) 2.04(1) 22(1) 98(2)
700°C 99.08(5) 0.92(1) 96(3) 114(6)
Table 5.

Phase weight fraction and TiO, crystallite size of the calcined Ti-dissolved powders extracted from XRD data.

XRD peaks imply the nanometric crystal size of the products [28]. MAUD software
[26] estimated crystallite size of rutile and anatase in the samples which are
presented in Table 5.

3.3 Magnesium titanium oxide or magnesium titanate (MgTiO3)

Synthesis of MgTiO; powder can be performed following the schematic diagram
given in Figure 2. The detailed explanation of the synthesis has been reported
elsewhere [29]. In principle, the magnesium powder was dissolved in hydrochloric
acid at room temperature stirring to obtain a light yellow solution, while the tita-
nium powder was prepared similarly but at around 60°C to give a purple solution.
Both solutions were then stirred at around 75°C for 4 h to ensure homogenous
mixing prior to drying at 105°C to produce granular agglomerates. Phase and
microstructure analyses were performed on the manually ground agglomerates
after calcination at various temperatures. Figure 6 shows the XRD patterns of
calcined powders for 1:1 Mg:Ti ratio at different temperatures. As can be seen from
the figure, only MT (COD ID 01-079-0831, hexagonal), MgO (periclase, 00-045-
0946, cubic), and rutile (01-078-2485, tetragonal) were present in all samples. This
result shows that our dissolution method can hinder the formation of other magne-
sium titanate phases such as MgTi,0s [30, 31] or Mg,TiO,4 [32]. However, the

49



Ceramic Materials - Synthesis, Characterization, Applications and Recycling

(m) k) =

£

riwy )
o

H o .1 ]

Figure 6.
X-ray diffraction patterns (CuKa radiation) of the calcined (Mg, Ti)-dissolved powders at various calcination
temperatures: (a) 600, (b) 700, and (c) 800°C. symbols: MT = MgTiO;, R = rutile, P = periclase (MgO).

presence of periclase and rutile shows that the product is not pure MT. In terms of
XRD line peaks, the MT patterns exhibit broadened peaks, particularly at lower
temperatures indicating that it is in nanometric crystallite size [17]. The average
XRD crystallite size of the MT nanocrystals is between 76 & 2 nm (600°C) and

150 + 4 nm (800°C). Figure 7 shows a typical TEM micrograph of the MT crystal-
lites. The micrograph shows inhomogeneous crystallite size ranging between 50 and
120 nm—being the dominating size is around 80 nm. Therefore, the TEM result
supports that of XRD, where the hexagonal morphology of the crystallites confirms

Figure 7.
TEM micrograph of MT powder after calcination at 600°C.
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the structure of the phase. In conclusion, the simple dissolution method is very
potential to produce bi-cationic nanocrystals.

3.3.1 Effect of excessive Mg

The influence of excessive Mg [33] to produce higher-purity MT was investi-
gated further by XRD for samples which were calcined at 800°C [29]. It has been
shown that excessive addition of Mg up to 3% reduces the amount of rutile (R),
while above 6% addition causes vanishing rutile but the appearance of periclase
(M). This result implies that the method can be easily used to control the amount of
MT by varying Mg:Ti ratio without the introduction of MgTi,0s or Mg,TiO4 which
was found when other methods were used [30, 32]. The results explained the role of
excessive Mg in the formation of high-purity MT. The amount of MT can achieve as
high as 99.4 & 3.6% in the 6% excessive Mg sample with rutile as the sole residual or
97.5 £ 3.5% in the 3% excessive Mg sample with periclase as also the only residual.
An excessive Mg around 5-6% is therefore envisaged to give MT with the highest
purity [29].

3.3.2 Effect of calcination dwelling time

The formation of MT at 600°C with 1 h dwelling time was incomplete, with the
weight fraction of rutile and periclase that was about 17.2 and 17.4%, respectively,
while increasing calcination temperature improves such formation. The effect of
calcination dwelling time on the completeness of the MT formation was then
examined [29]. It was reported that the formation of MT is significantly improved
by prolonged calcination as proven by the MT molar fraction around 65% (equiva-
lent with around 82% by weight) for 1 h to 82% (90% by weight) for 4 h. It was also
found that the crystallite size of MT was invariant to dwelling time at values around
76 nm as indicated by insignificant changes on the XRD line.

Therefore, the dissolution method has been successfully implemented to pro-
duce high-purity MT nanocrystals. Sub-nanometric MT crystals were achieved
from Mg-Ti hydrochloric acid solutions mixing with 6% excessive Mg followed by
calcination at 800°C for 1 h. Meanwhile, prolonged calcination at 600°C signifi-
cantly improved the MT formation up to 82% (molar) and retained its nanometric
crystallite size at around 76 nm.

3.4 Zircon (ZrSiO,)

Synthesis of ZrSiO, powder was performed by making use of natural zircon sand
which was collected from District of Kereng Pangi in Central Kalimantan. To obtain
a pure zircon powder, the sand was subject to several processing steps including
magnetic separation, reaction with HCI followed with NaOH, and finally washing
and drying. The XRD patterns of the samples after each processing are presented in
Figure 8. Several inferences can be drawn from the figure, for example, the domi-
nating phase in the sand and powder is zircon (ZrSiO4, COD ID 900-2554). Fur-
thermore, the highest intensity increases with the processing step, indicating that
the crystallinity improves subsequently. Moreover, the undetected peaks disappear
after reacting the sand with HCI. Investigation using XRF showed that the disap-
pearance of the undetected XRD peaks in Sample (B) could be associated with the
removal of unwanted substances such as Ti and Fe in the sand (Figure 9). However,
Sample (B) contains silica quartz (COD ID 500-0035). The XRF data showed Zr:Si
weight fraction ratio of approximately 3:2 which indicates that pure zircon powder
has not been achieved since the ratio should be at approximately 3:1. Reaction with
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Figure 8.

X-ray diffraction patterns (CuKa radiation) of (A) zircon sand, (B) zircon powder after magnetic separation
and reaction with HCl, and (C) powder B after veaction with NaOH and washing. Symbols: Z = zircon,
ZrSiO 4 S = silica (SiO,), quartz; T = undetected.
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Figure 9.
X-ray fluorescence atomic weight fractions of (a) zircon sand, (B) zircon powder after magnetic separation and
reaction with HCI, and (C) powder B after reaction with NaOH and washing.

NaOH was subsequently done to form liquid Na,SiO; precursor which can be easily
removed by sieving. The sieved slurry was then washed and dried to obtain pure
zircon powder (Sample (C)). The SEM image and its energy-dispersive elemental
mapping of Sample C are shown in Figure 10. The figures indicate the high crys-
tallinity and high purity of the powder. These facts show that the dissolve method
which comprises magnetic separation, HCl reaction, washing-filtering, NaOH reac-
tion, another washing-filtering, and drying of natural zircon sand may produce
high-purity, single-phase zircon powder.

An effort to process the zircon powder to achieve zircon nano-powder has been
accomplished. The mechanical zirconia ball-milling was chosen. Well-sintered par-
tially stabilized zirconia ceramics exhibit much higher Vickers’ hardness than zircon
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Figure 10.
SEM image (SEI mode, left) and its energy-dispersive elemental mapping (right) of the purified zircon powder
(sample C).

ceramics, that is, 15 GPa [34] versus 3 GPa [35]. Therefore, zirconia balls would
presumably be able to mill zircon powder. The XRD patterns of the milled zircon
powders at various milling time are presented in Figure 11. Milling has no effect on
the detected phase, that is, it remains zircon, and resulted in lower but broader peak
intensity. The XRD peak broadening was caused by crystallite size and nonuniform
effects after milling. These XRD characters were investigated using MAUD software
[26] and came across at a conclusion that the synthesized zircon powder exhibited
smaller crystallite size after milling, that is, from 173 nm before milling to 162 and
finally to 45 nm after milling for 5 and 10 h, respectively. TEM images of the
unmilled and 10 h milled zircon powders are shown in Figure 12. These images
confirm the success of the synthesis of the nano-sized zircon powder.

The software also allowed the extraction of a nonuniform strain of the milled
powder, and the results showed that longer milling induced more strains as also
observed by others [36, 37] for different metal oxides. The strain values for the
zircon powders are 2, 3, and 6 X 10~* for the unmilled and 5 and 10 h for milled
samples, respectively. These values dropped significantly to as low as 2 x 10~ * after
annealing at 200°C for 2 h.
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Figure 11.
X-ray diffraction patterns (CuKa radiation) of milled zircon powder at various milling times. Symbol:
Z = zivcon, ZrSiO,.
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Figure 12.
TEM micrographs of unmilled (left) and 10 h milled zircon (vight) powders.

4. Conclusion

It has been demonstrated that a simple dissolve method using HCI or NaOH which
was reacted with a mono- or bi-cationic metals or with a natural mineral can be
accomplished to produce high-purity, nanocrystalline metal oxide ceramics. Pure
MgO, TiO,, MgTiOs, and ZrSiO4 nano-powders were produced by the method. The
main step for the metal case was on the formation of the precursor and appropriate
calcination temperature. For the mineral case, purification of the phase under con-
sideration by reacting the contaminating phase with acid or base, followed by filter-
ing, washing, and calcination, was the key of the process.
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Chapter 4

Plasma Resistance Evaluation and
Characteristics of Yttria Ceramics
Sintered by Using Calcination
Yttria

Jin Sam Choi

Abstract

The evaluation of plasma resistance and the characteristics of yttria ceramics fab-
ricated by calcination yttria as a starting material without dopants under an oxida-
tion atmosphere were investigated. Regardless of the starting materials, as-received
and calcined yttria powder, XRD patterns showed that all samples have Y,0; phase.
The three cycling processes inhibited a large grain, which occurs frequently dur-
ing the yttria sintering, and a high-density ceramic with a homogeneous grain size
was obtained. The smaller the grain size, the larger were the Young’s modulus and
Kic. Compared to Al,O; and ZrO, ceramics, yttria ceramics showed 3 times larger
plasma resistance and 1.4-2.2 times lower weight loss during the plasma etching
test, respectively. The characteristics of pure hot-pressed yttria ceramics tempered
in an oxidation atmosphere are also investigated. Even though the color variation of
the hot-pressed Y,0; ceramics was due to the sintering temperatures, the oxidation
process turned the color of the Y,0; ceramics into white. In addition, oxygen defects
also affected the weight change and microstructure of the Y,0; ceramics. The Y,0;
ceramic sintered at 1600°C had obtained a full density. As the sintering temperature
increased, small homogeneous grains grew to large grains which affected the Vickers
hardness.

Keywords: as-received yttria, calcined yttria, three-repeated cycle sintering,
homogeneous grain, plasma resistance, hot-pressed yttria ceramics, oxidation,
homogeneous grain, full density

1. Approach to sintering a yttria monolith to full density by surface
and interfacial engineering

1.1 Introduction

Yttria, Y,0s, has great potential as a host material for solid-state lasers such as
yttrium aluminum garnet-doped neodymium, Nd:YAG, and yttrium oxide doped
with ytterbium, Yb:Y,0; [1, 2]. Other commonly known oxides, such as Al,Os,
MgO, and ZrO, ceramics, have attracted more interest than yttria [3, 4]. Therefore,
the application of yttria ceramics in modern industry has been limited. Yttria
ceramics are strongly dependent on not only their intrinsic properties but also their
crystal structure. Yttria, which has a C-type rare earth sesquioxide structure, needs
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to be derived from the cubic fluorite-type structure by removing one quarter of the
oxygen atoms [5]. Yttria has 32 yttrium and 48 oxygen ion sites per unit cell. This
structure has large interstitial sites with the same size as an oxygen ion in the anion
sublattice. Yttria has a cubic or alpha-type crystal structure until the temperature
reaches 2325°C. The phase transition to a tetragonal crystal structure also occurs

at 2325°C. A stable phase, known as hexagonal or beta-type, is maintained until it
reaches the melting temperature, 2340°C [6].

Recently, yttria, which is used widely in partially stabilized zirconia and sinter-
ing aids, was the center of attention in the semiconductor industry because yttria
is superior to quartz, Al,Os, ZrO,, BN, and SiC in terms of its radical or cationic
resistance activated by plasma [7] and sintering-limiting property [6].

Nevertheless, when the synthesis of nanoparticles using coprecipitation was
carried out and the influence of precursors or additives was examined, it was
reported that yttria, sintered under vacuum or hydrogen conditions, was close to
the theoretical density [8-10]. The additives affected the grain boundary migration.
This compensated for the charge, cation diffusion, solute transport, and additive-
defect interaction [11, 12]. According to Huang et al. [13], the theoretical density
of yttria ceramic was obtained by the two-step sintering and vacuum sintering of a
lanthanum-doped yttria ceramic combination. Previous studies [14-16] attempted
to improve the yttria transmittance and electrical conduction of the body sintered
using special techniques, such as spark plasma sintering, microwave-flash combus-
tion synthesis, hot isostatic pressing, and the addition of tri- or tetravalent addi-
tives. Therefore, it is necessary to examine the intrinsic sintering characteristics of
yttria itself. More recently, Choi et al. [17] reported not only the behavior, color,
and density of yttria ceramics but also the weight change due to oxygen vacancies
and oxygen diffusion in a sintered body as a function of the sintering temperature.
They suggested that the changes in color, density, weight, and microstructure of
grains according to the sintering temperature were related to the volatilization of
yttrium ions at oxygen vacancies in the lattice site at high temperatures [8, 10, 11].
On the other hand, the sintering property of the starting material, calcined yttria,
from which the hydration reaction had been eliminated, as expressed in Eq. (1), but
oxygen diffusion in oxygen vacancies and yttria powder, which removes gas spout-
ing of the precursor, occurred continuously up to 1250°C, is unknown [13, 15]:

RE (H,0)3* + H,0 [RE(OH) (H,0),] N H;0" (1)

where RE and , represent the coordination number of rare earth and cation,
respectively.

To determine the effects of oxygen vacancies and hydration on the sintering
properties of yttria, this study studied the sintering characteristics of yttria calcined
without a gas or hydration reaction containing a hydration reagent of precursors. In
addition, when oxygen diffusion occurred in the oxygen vacancies, the yttria powder
was heated repeatedly to adopt the result of density and increasing weight. The
plasma resistivity of the yttria ceramic was compared with that of the control group.

1.2 Y,05as a host material and fabrication methods for the potential applications
1.2.1Y,0; structure and dopant

Y,0; has a C-type cubic structure of rare earth oxides. The C-type structure is
due to the bixbyite (space group Ia3 (Th7) with X = 16) and is similar to the fluorite
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(CaF,)-type structure, in which there is a quarter of empty anion sites and they are
arranged regularly (Figure1).

Three quarters of the cations are in cubes, in which the missing oxygen ions
are along the face diagonal. One quarter of the cations are in cubes, in which the
missing oxygen ions are along the body diagonal. The unit cell contains 48 oxygen
and 32 yttrium ions. Yttrium ions are located at the center of an approximate cube,
and oxygen ions are located at six of the eight vertices [1, 18]. In three quarters of
these sites, the missing oxygen ions are located on a face diagonal of the mini-cube,
and the rest are located at the ends of a body diagonal. The full unit cell contained
4 x 4 x 4 of these mini-cubes. Here, only a2 x 2 x 1 part is shown for clarity of
presentation. As an oxide, yttria showed broad transmittivity from 280 nm to 8 pm.
Y,0; melts at 2430°C, but the C-type structure was only stable up to 2325°C [6].
The H-type structure has a hexagonal form at high temperatures. The high melt-
ing temperature and this polymorphic transition make the growth of yttria single
crystals difficult. Like fluorite-structured oxides, oxygen vacancies and interstitials
are the major defects in pure yttrium oxide [19].

In fluorite-structured oxides, Y,0; can dissolve a large amount of aliovalent cations.
This is accompanied by the formation of charge-compensation oxygen vacancies when
accepted dopants are present and donor dopants are present in the oxygen interstitials.
These anion defects facilitate oxygen diffusion. Indeed, oxygen anion diffusion was
much faster than yttrium cation diffusion in pure Y,0;. Therefore, cation diffusion is
the rate control step for grain boundary migration at all compositions. Because cation
doping can be conducted readily within the solubility limit, Y,O; like CeO is a good
candidate for examining the cation dopant effects on grain boundary mobility [18].
The cubic symmetry of this oxide further ensured a lack of strong anisotropy in grain
boundary mobility, which could otherwise complicate grain growth behavior.

Dopants of both donor and acceptor types as additives for sintering yttria at
lower temperatures include Mg2+, Sr**, S Yb*, Gd*, La*, Ti**, Zr**, Ce*, and
Nb°* [19, 20]. The role of the dopant in yttria is similar to fluorite-structured
oxide estimated from several important features. The grain boundary mobility by
cation diffusion involves an interstitial mechanism. Solute drag could suppress
grain boundary mobility at high dopant concentrations. Grain boundary mobility
is influenced by a dopant-defect interaction, which is charge and size dependent.
Moreover, undersized dopants have a tendency to enhance grain boundary mobil-
ity markedly due to distortion of the surrounding lattice that apparently facilitates

C} : 0% (3 removed), () and © : Y3 (3/4face, 1/4body)

Figure 1.
Crystal structure of Y,0;.
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defect migration [12, 18]. According to Kingery et al. [21], the diffusion of oxygen
anions in yttria is much faster than that of yttrium cations. Hence, yttrium cation
interstitial diffusion is the rate control step for grain boundary migration.

1.2.2 Yitria cevamic fabrication

Yttria has potential applications, such as missile domes and bulb envelopes
because of its optical transparency and a host material for solid-state lasers and
high-resistance materials for etching plasma. Several studies have focused on
obtaining full-density or high-transparency polycrystalline yttria ceramics. In the
former, several methods have attempted to control the particle size and its distribu-
tion, coprecipitation, dopants or additives, and homogeneity, through hydrothermal
methods. In the latter, a novel sintering method was studied. A combination of
vacuum sintering and hot isostatic pressing methods was based on the low-tempera-
ture sintering process to suppress grain growth without sacrificing densification. The
pores can be removed completely after hot isostatic pressing. These results are based
on the addition of additives in yttria. Ikegami et al. [22] reported the fabrication of
transparent ceramics by the two-temperature sintering of yttrium hydroxide with
near theoretical total transmittance. Haung et al. [13] synthesized lanthanum-doped
yttria ceramic by a combination of two-step sintering and vacuum sintering. A two-
step strategy was proposed to produce materials with near theoretical total transmit-
tance, and these studies focused on transparent ceramics used as infrared windows.

1.3 Sample fabrication

The sample preparation was as follows. Yttria powder (99.9%, UUHP, Shin-Etsu
Chemical Co. Ltd., Japan) was used as the starting material of as-received yttria.
ASY and CY powder was prepared by calcination at 1250°C for 48 h. The powder of
fused yttria, FY (Mirae Materials Co. Korea), by induction melting was ball milled
with 300 pm zirconia ball media for 24 h. After milling, the powder mixtures were
dried at 500°C for 24 h and sieved with 325 mesh to achieve uniform particle sizes.
Here, the graphite mold having a diameter of 60 mm was filled with 100 g of the
starting material. After forming one axis at 200 kg, cold isostatic pressing (CIP)
was performed at a 300 bar pressure to increase the green density. The heating and
cooling rates were 5°C/min. The sintered specimens listed in Table 1 were obtained
by the thermal history shown in Figure 2.

In the crystal phase, a coarse grain microstructure, and a microstructure of spec-
imen, the specimens were observed using X-ray diffraction (XRD, D/MAX-2550V,
Rigaku, Japan), polarizing microscope (Eclipse LVv100, Nikon, Japan), and scan-
ning electron microscope (SEM, JSM-6700F, Jeol, Japan), respectively, while bulk
density of the sintered specimens was measured according to the ASTM D6683-14
method. The modulus of elasticity of the sintered specimens was observed using a
pulse echo device (5800 Pulser/Receiver, Panametrics, Japan) with an oscilloscope
(Tektronix, TDS3012, Japan) of X- and Y-modulation, longitudinal, and transverse
waves. K¢ (HV-100, Mitutoyo, Japan) was measured by applying a load of 500 g
on average of 10 times or more after the specimen surface was polished with 0.2 pm
diamond paste. The etching depth and the weight reduction rate were obtained by
surface roughness (Surfcorder ET3000, Kosaka Lab., Japan) after plasma etching
for 60 min by using an inductively coupled plasma system (Versiline, UNAXIS
Co., USA). Sintering properties and plasma evaluation were compared with yttria
ceramics sintered, Al,O3 (99.6%, Semiconductor Wafer, Inc., Taiwan), ZrO,
(Semiconductor Wafer, Inc., Taiwan), Si wafer (Sumco Co., Japan), and quartz
(General Electric (GE), USA), respectively.
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Name Starting materials

ASY As-received yttria

CcYy Calcined yttria, at 1250°C for 24 h in air

FY Fused yttria by induction melting

HY [17] Hot-pressed, at 1600°C for 8 h under Ar gas
Table 1.

Yttria ceramics named and prepared.

Temperature (°C)

Time (h)

Figure 2.
Sintering schedule of the three-repeated cycle in air.

1.4 Characteristic evaluation of yttria ceramics sintered by three-repeated cycle

Table 1 lists the names of yttria ceramic specimens. Figure 3 shows the XRD
crystal phase of the yttria ceramic sintered under the conditions in Figure 2. X-ray
diffraction analysis (XRD, D/MAX-2550V, Rigaku, Japan) was conducted to deter-
mine the crystal structure of the prepared yttria ceramics sintered using CuKal
radiation between 5 and 70° (20) at room temperature. The crystal phase of CY, the
calcined starting material, was identified as Y,0;, but ASY contained both Y,0; and
YO 33s.

The difference in the crystallographic phase depending on the starting material
is believed to be the effect of the oxygen vacancies, which was about one-fourth of
the 48 standard positions [5, 11, 15].

The starting material calcined at 1250°C for 48 h was exposed to hydration and
precursor gases, whereas ASY exhibited continuous volatilization of precursors up to
1250°C [10, 16]. Rhodes et al. [23] examined the continuous volatilization of methane
gas. They observed not only the release of carbon or water impurities but also car-
bonization and hydration reactions until the temperature reached 1200°C. At higher
temperatures, the calcined starting material was found to be free from the influence
of the adsorption gas and hydration reaction of the precursor [5, 9, 10, 16]. A mixture
phase of Y,0; and YO, 335 in ASY was obtained after the sintering, and the relative
oxygen filling was less than CY [13]. Based on this, similar study results were reported;
the self-diffusion coefficient and activation energy at 1050-1250°C were 6 x 10~° cm*/s
and 82 kJ/mole, respectively [24]. Swamy et al. [25] suggested the possibility of a fluorite
crystal phase formation due to the irregular oxygen vacancies in the unit lattice according
to high-temperature XRD equipment.

In addition, there was a difference between the results in that the additive affected only
the change in transmittance, YO, 491 or YO, 335 phase formation, and the crystalline
phase of the monoclinic were mixed depending on the heat treatment conditions. On
the other hand, these results are common in that it originated from oxygen vacancies in
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Figure 3.
XRD patterns of yttria ceramics sinteved. (a) ASY, as-received yttria; (b) CY, calcined yttria; (c) FY, fused
yttria; and (d) HY [17], hot-pressed yttria.

the yttria regular site [13, 18, 24]. The density of the CY specimen was 4.9 g/cm’, which
is higher than that of ASY, 4.8 g/cm’, as shown in Figure 4. On the other hand, CY,
calcined yttria, and ASY, repeated-cycle sintering yttria, corresponding to the density
of commercial yttria (YO100A, Kyocera, Japan) and 4.9 g/cm? were effective sinter-
ing methods, despite being lower than the theoretical density (5.01 g/cm®) of the HY
specimen.

Figure 5 shows a coarse grain microstructure of the CY specimen, in which the
surface of the specimen was polished with a 0.2 pm diamond paste, regardless of
the starting material condition. The microstructure after repeated-cycle sintering
revealed a large number of open pores, in which the hydration reactant and precur-
sor gas of formula (1) were observed, but no coarse particles were observed in the
ASY specimen in Figure 6(a) [9, 24].

In addition, the CY specimen showed a relatively dense microstructure, as
shown in Figure 6(b). The coarse particles in the initial stage changed to uniform
particles after repeat-cycle sintering of yttria in air (see Figures 5 and 6(a)).
Because Y,0; is an oxygen-deficient complex, it is easy to deviate from the stoi-
chiometric Y:O ratio of 40:60 (at.%) due to oxygen vacancies [13, 25]. The majority
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Figure 4.
Bulk density of yttria ceramics sintered.
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Figure 5.

Optical photograph of the polished surface of CY, yttria ceramics, the first step sintered at 1700°C for 6 h in
air. Different granules in the matvix represent abnormal grain growth. The black dots show the remaining
polishing powders.

phase of YO, 335 with oxygen deficiencies appeared in only the ASY specimen
observed in XRD patterns in Figure 3.

A thermodynamically stable liquid phase formed locally at 1522°C when the
Y:O ratio was 60:40 (at.%), which resulted in pyrolysis of the liquid phase in the
repeated heat treatment [25]. The reasons why the rough particles of Figure 5,
which appeared at the initial stages of less-pressure sintering of yttria, changed
to homogeneous particles like the microstructure in Figure 6(a) after repeated
sintering are as follows. As Y,0; is an oxygen-deficient body, it is easy to deviate
from the stoichiometric Y:O ratio range of 40:60 (at.%) due to oxygen vacancies
[13]. In Figure 3(a), which showed the XRD crystal phase, only the YO; 335 crystal
phase with oxygen deficiencies appeared in the ASY specimen. The liquid phase was
thermodynamically stable, formed locally at 1522°C and decomposed thermally in
the repeated heat treatment, resulting in a crystal when the Y:O ratio was in 60:40
(at.%). The coarse particles in Figure 5 were prepared by the liquid phase formation
when the Y:O ratio was 60:40 (at.%) at 1522°C.

This liquid phase changed stoichiometrically at a Y:O ratio of 40:60 (at.%) due
to oxygen diffusion in the lattice during repeated sintering. Therefore, the coarse
particles in Figure 4 disappear because it could change into a crystalline phase rather
than exist in the liquid phase [25, 26]. Figure 7 shows the Y-O phase diagram at
1522°C when the Y:O ratio was 60:40 (at.%); coarse particles support the validity of
liquid phase formation hypothesis. This liquid phase changed stoichiometrically at a
Y:O ratio (at.%) of 40:60 due to oxygen diffusion in the lattice during the repeated

Figure 6.
SEM images of (a) ASY, as-purchased Y,0; powder; (b) CY, calcined Y,0; powder at 1250°C for 48 h in air;
(c) fused yttria by induction melting; and (d) HY, hot-pressed yttria [17].
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sintering. Therefore, it is believed that the coarse particles shown in Figure 4 disap-
pear because the crystalline phase was more stable than the liquid phase, but this
hypothesis will be proven through further studies. Figure 8(a) and (b) showed the
Vickers indentation results of the ASY and CY specimens. Stress propagation along
the cleavage plane and the low-level mist shape were distinct from the HY specimen,
which was similar to the glass-like microstructure in Figure 8(c).

The Young’s modulus increased with decreasing particle size, as listed in Table 2,
where average values of the indentation of the specimens, Kjc, were measured
to apply a 500 g load more than ten times. On the other hand, the HY specimen
Kic appeared to be relatively high regardless of the particle size because the dense
microstructure, crystal phase, and the amorphous phase were mixed as shown in
Figures 6(c) and 8(c) [26, 27]. Figure 9 presents the plasma resistivity profiles of
the sintered specimens and the control group. From Egs. (2) and (3), the etching
depth and weight reduction rate were obtained by surface roughness after plasma
etching for 60 min using an inductively coupled plasma system by masking the
abrasive specimen.

The sintering properties and plasma evaluation of yttria ceramic were com-
pared with ALLO; (Semiconductor Wafer, Inc., Taiwan), ZrO, (Semiconductor
Wafer, Inc., Taiwan), Si wafer (Sumco Co., Japan), and quartz (General Electric)
[11]. The etch rate and weight loss rate, which are related directly to the plasma
resistance, were calculated as follows. The evaluation of plasma etching was
performed using simple equations:

Etch rate (um min) = etch depth (pm)/exposure time (min) )
24301
F ()=
Y0041
Liguid
=Y. 0 —r
¥ 16701 .
e ¢ (37.4%)
E 15221 (=23%) . 15601
g r B H;L a o
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§' (59.3%:) S
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Figure 7.
Phase diagram of yttrium-oxygen [6].
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Figure 8.

Vickers indents in sinteved polycrystalline yttria ceramics of varying sinter method at 500 g load. Note the
general tendency for both more cracking and greater complexity of cracking, particularly near the indent:

(a) ASY, as-received yttria; (b) CY, calcined yttria; (c) HY, hot-pressed yttria [17]; and (d) FY, fused yttria.

Name Grain size (pm) Young’s modulus (GPa) Kic (GPa)

ASY <2 146 327+06

CY 1 153 228+05

FY 0.8 — —

HY [17] >5 168 1.2+05
Table 2.

Hardness, Young’s modulus, and Kic of yttria ceramics sintered.

and

weight loss rate (g/min cm?) = weigh variation (g)/exposure area (cm?) x
exposure time (min) x weight before exposure (g) 3)

Quartz and Si wafer (100) were etched at a depth of 2.94-3.14 pm within
10 min of plasma irradiation, and then the etching evaluation was completed. On
the other hand, the etching depth of Al,O; and ZrO, irradiated with plasma for
60 min was 1.31-1.45 pm. The resistivity of the yttria was 0.41-0.54 pm, which was
three times higher than that of the control.

The etching depth and etch rate of the control and yttria specimens was in the
order of Si wafer, quartz, ZrO,, AL,O;, and Y,0;, as shown in Figure 10(a). The
weight loss rate of ALLO; and ZrO, was 12 times higher than that of Y,0s, as shown
in Figure 10(b). In the present study, there was no difference in plasma resistance
between the specimens according to the starting materials.
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Figure 9.
Coverage of the etching profile for the topographies of the different samples by a plasma test: (a) Al,O;,,
(b) ZrO,, (c) CY, (d) FY, and (¢) HY [17].
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Figure 10.

Coverage of the plasma-deposited yttria ceramics versus quartz, silicon, AlL,O,, and ZrO,. (a) Etch depth
and rate and (b) weight loss rate and relative weight loss rate. Deposition time of Si wafer (100) and quartz:
10 min. ZrO,, Al,O;, and yttria (CY and HY [17]): 60 min. W. L. R. means the weight loss rate.

1.5 Summary

The plasma resistance and characteristics of the yttria ceramics were inves-
tigated in terms of calcination and three-step sintering. The crystal phase of the
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calcined yttria ceramics was identified as Y,0;, but as-received yttria ceramics
contained both Y,0; and YO, 335 phase on the XRD pattern have been demonstrated.

The coarse particles in the initial stage changed to uniform particles after repeat-
cycle sintering of yttria in air. In the repeated heat treatment process, the liquid phase
with local differences in the Y:O ratio was converted to a uniform crystal grain.

The stress propagation along the cleavage plane and the low-level mist shape
appeared to the hot-pressed specimen. The Young’s modulus increased with
decreasing particle size, and K¢ appeared to be relatively high regardless of the
particle size because the dense microstructure, crystal phase, and the amorphous
phase were mixed. The etching depth and etch rate of the control and yttria speci-
mens were in the order of Si wafer, quartz, ZrO,, Al,0;, and Y,0s. The weight loss
rate of ALO; and ZrO, was 12 times higher than that of yttria ceramics. There was
no difference in plasma resistance between the specimens according to the starting
materials. The calcination and three-repeated cycle could be suggested as one of
effective sintering methods of yttria.

2. Characteristics of thermal oxidation on hot-pressed pure yttria
ceramics

2.1 Introduction

Fundamental studies on the forming process that affects the sintering behavior
of yttria ceramics and powder synthesis techniques to obtain full density have
attracted considerable interest. In particular, the sintering temperature has direct
effects on the porosity, density, microstructure or crystal phase, and grain bound-
ary migration. Yttria is used widely as a liquid sintering additive in AIN, SiC,
SiAION, and ZrO, [7, 12]. Yttria itself, however, is a sintering-limit material when
heated and can induce abnormal grain growth during the sintering process [6].

Finely divided yttria, having a purity at least 99.9%, was pressed into compacts,
sintered in a dry hydrogen atmosphere or a partial vacuum to 2150-2300°C, and
refired in wet hydrogen at 1950-2300°C to redoxidize any yttria that had been
reduced to yttrium during sintering [8]. The resulting polycrystalline yttria ceram-
ics were examined to determine if there was any improvement in the intrinsic
properties of yttria.

The previously studied yttria ceramics were divided into three groups. The first
was developed from the control of yttria particles, such as 5 nm Y,0; synthesized from
a 50 to 120 nm Y,0; powder and Y(OH); using a coprecipitation method [9, 24]. The
second group was a transparent yttria ceramic used as an infrared window to examine
the electrical properties of yttria ceramics with additives, Th, Nd, and Er [15, 28, 29].
The last group involved the development of unconventional sintering techniques, such
as triaxial isostatic press, hot isostatic pressing, or vacuum sintering, to fabricate full-
density polycrystalline yttria ceramics [13, 30].

Most studies reported that the synthesis of nano-yttria particles was dependent
only on the process variables. On the other hand, derivation of a common denomi-
nator for the properties of yttria is more complex because of the sintering methods
of yttria ceramics, sintering property, and grain boundary migration by dopants
such as La, Sr, and Sc [25, 31].

Nevertheless, the purity of the starting material and packing behavior as a
function of the particle size used in the granule preparation together with the
particle surface area affects the sintering characteristics [13]. These are important
factors in the synthesis of dense sintered bodies. When yttria powders are induced
on the nanoscale and have high purity, the fine particles or submicron-sized
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secondary particles agglomerate easily. Although deformation occurs in most
agglomerated particles under applied stresses, strongly agglomerated secondary
particles maintain their agglomerated shapes. Because the green compact contain-
ing secondary agglomerated particles produces discontinuous microstructures at
the interface of the agglomerated zones to show a difference in heat transfer, its
evasion is desirable.

From this point of view, a high-purity 99.9% Y,0; powder as a starting material
and a hot isostatic pressing method (hot-pressed), which are useful for obtaining
a fully dense ceramic, were used to observe the sintering behavior as a function of
temperature.

A foundation study was performed through comparisons between the micro-
structure of hot-pressed yttria ceramics as a function of temperature and that of the
density, crystal phase, weight loss, Vickers hardness, the behavior of indentation,
flexural strength, etc.

2.2 Characteristics of the hot-pressed yttria ceramics

Figure 11 shows the X-ray diffraction (XRD) patterns of hot-pressed yttria
ceramics as a function of temperature. The sintering temperature in hot isostatic
pressing (FRET-18, Fuji Denfa, Japan) was increased from 1300 to 1800°C at 100°C
intervals, where the heating rate, holding time, and Ar gas flow were 5°C/min, 8 h,
and 3 kgf/cm’, respectively.

The hot isostatic pressing (hot-pressed) yttria ceramic specimens were oxidized
at 1200°C for 12 h. XRD revealed the characteristic peaks of cubic yttria (JCPDS
41-1105), as shown in Figure 11(a) and (b), irrespective of the sintering tempera-
ture and oxidation reaction at 1200°C.

In previous studies using a conventional sintering method, the crystallite phase
of yttria could not be described precisely as the yttria phase because the YO 40
(JCPDS39-1064) and YO, 335 (JCPDS 39-10,654) phases were also detected in the
XRD pattern [25, 31]. This was based on the possibility that lattice distortion due
to cation invasion into the oxygen vacancies or the Y-O ions can escape the regular
lattice [32]. On the other hand, yttria ceramics containing Sc, Gd, La, Yb, and Mg
were accompanied by a change in translucency and grain boundary migration, but
the crystal phase was not changed [5].

The change in the intensity ratio reversed the peak at 48 and 57° in the high-
temperature region, 1800°C, as shown in Figure 11(b). Therefore, it was necessary
to further examine the fraction of the crystal lattice due to the decomposition and
volatilization of the yttria component [19, 31]. This means that the yttria crystalline
phase varied according to the synthesis conditions and sintering methods, but the
Y05 crystal phase identified in hot-pressed yttria ceramics means that the sintering
temperature and oxidation reaction had no effect [18, 33].

Figure 12 shows the hot-pressed yttria ceramics sintered as a function of
temperature. As the sintering temperature was increased, the color of the sintered
body changed to black. This is dependent on the weight deviation and change in
color due to an increase in oxygen defect concentration and Y:O ratio variation
[12, 18]. This suggests that the black samples obtained from a traditional sinter-
ing method are due to the oxygen released in the lattice site during the sintering
process.

In addition, the proposed hot-pressed yttria ceramics could be applied to
marking samples with a crystalline structure and full density, because it has a
larger effect on the color change than repeat-cycle sintering or conventional
sintering. The oxidation reaction specimens were converted to white regardless
of the sintering temperature, which suggests that oxygen diffusion affects the
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Figure 11.
XRD patterns of yttria ceramic. (a) Hot-pressed yttria ceramics as a function of temperature and
(b) tempered in an oxidation of the hot-pressed yttria ceramics at 1200°C in air for 8 h.

Figure 12.
Colors of yttria samples sintered. (a)~(f) Hot-pressed yttria ceramics as a function of temperature and
(a')~(f") tempered in an oxidation of the hot-pressed yttria ceramics at 1200°C in air for 8 h.

oxygen vacancies in the lattice directly [21]. The 1500°C specimen was translu-
cent and showed the considerable development of a glassy phase with increasing
sintering temperature.

The weight of the specimens after the oxidation of yttria ceramics showed a
tendency to increase with increasing temperature in Figure 13. The self-diffusion
coefficient of yttrium, D,, and activation energy, Q, for polycrystalline Y,0, with
a density of 99.9% at 1400-1700°C were reported to be 1.65 x 107> cm®/s and
289 J/mole, respectively [31]. The D, and Q values in the interstitial mechanism
at 1050-1250°C were >6 x 10~ cm2/s and 82 kJ/mole, respectively [29]. The self-
diffusion coefficient was expressed as D = Do exp(—Q/RT). O had 3.5 times the
activation energy of Y, and the self-diffusion of oxygen ions was relatively higher
than yttrium. In addition, the diffusion of oxygen anions means that they occur
relatively quickly because the interstitial diffusion of yttrium cations was similar to
the rate of grain boundary migration [5, 18, 21]. Therefore, the diffusion rate during
the oxidation of the hot-pressed yttria ceramics was higher than that of Y atom,
and the oxygen vacancy showed preferential filling. This suggests that the weight
increases with increasing weight of oxygen (see Figure 14).

This tendency corresponded to an approximate 35% reduction in weight due
to gas evolution and volatilization in the precursor at temperatures up to 1250°C
[10]. The density of the hot-pressed yttria ceramics of 1600°C was close to those
of the theoretical density of yttria, 5.03 g/cm’, and the density tended to decrease
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Figure 13.
Behavior of weight of hot-pressed yttria ceramics after oxidation at 1200°C for 12 h in air.
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Figure 14.
Bulk and full density of hot-pressed yttria cevamics.

with increasing temperature. Figure 15 presents SEM images of the microstructure
according to the sintering temperature.

The initial 0.5 pm uniform crystal grains changed to a glassy phase, in
which the grain size was unclear depending on the sintering temperature, as
shown in Figure 15(a)-(d). Figure 15(e) and (f) presents the grain shape of
the pentagonal or hexagonal of 15 pm grain size in yttria ceramics hot pressed
at 1700°C. Grain growth tended to show a continuous increase with increasing
temperature, which has a direct effect on the porosity, density, and crystal phase
(see Figure 15(a’)—(f")). On the other hand, the microstructure of hot-pressed
yttria ceramics had an obscurity grain boundary like a glassy phase after the
sintering process, which was illustrated by the change in density and weight from
Figure 15(e’) and (f). The Young’s modulus of 120-170 GPa measured by the
pulse echo method using an oscilloscope with X and Y modulation in Figure 16 is
believed to be dependent on the yttria ceramic microstructure. Figure 17 shows
the behavior of Vickers indentation of the specimen sintered as a function of
temperature.

The indentation shape of the 1400°C specimen showed slightly ragged edges
and interior surface, whereas in the 1500°C specimen, the origin, mirror, and
mist-like noncrystalline fracture surface were distinguished clearly. The relation-
ship between the grain size and crystal phase was examined by measuring the
shape and length of the indentation according to the sintering temperature. This
tendency increased with increasing indentation crack length when the crystal
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Figure 15.
SEM images of yttria sinteved by hot pressing as a function of temperature. (a)~(f) Hot-pressed and (a’)~(f")

oxidized at 1200°C for 8 h in air.
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Figure 16.
Young’s modulus of yttria ceramic hot-pressed as a function of temperature.

grains of the MgAl,O,4 ceramics were grown from 0.4 to 24 pm and were attrib-
uted to the presence of local cracks acting as grain spalling [26]. Figure 18 shows
the Kjc and Vickers hardness measured by applying a load of 500 g according to
JIS R1610 method. K¢ was calculated to be 1.2-1.9 MPa. The displacement point
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Figure 17.
Indentation images of hot-pressed yttria ceramics; (a)~(f) hot-pressed yttria cevamics as a function of
temperature and (a’)~(f") tempered in an oxidation of the hot-pressed yttria ceramics at 1200°C in air for 8 h.

of Kjc is dependent on the crystal phase according to the sintering temperature.
The Vickers hardness of hot-pressed yttria ceramics was 28 GPa, indicating
similar properties to those of the conventional polycrystalline yttria ceramics in
Figure 18(b) [24].

The Vickers hardness of the hot-pressed yttria ceramics had high hardness
because the particle size was smaller due to the Hall-Petch effect, but the hardness
behavior tended to decrease with increasing particle size [27, 34]. The correlation
between Kjc and the hardness in hot-pressed yttria ceramics was affected by the

Intensity Factor (K., GPa)

1300 1400 1500 1600 1700 1800
Temperature (°C)

Figure 18.
Hardness and Kic of hot-pressed yttria cevamic. (a) Kic and (b) havdness, 500 g loads, giving typical Vickers
indent diagonals. The vertical bars are the standard deviations.
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Figure 19.
Flexural strength of hot-pressed yttria ceramics.

grain size and the presence or absence of pores. The mean bending strength of five
samples for each specimen was determined according to the JIS R1601 method.
Figure 19 shows the bending strength of the specimen. The specimens before heat
treatment showed high strength in the high-temperature region, and those after
heat treatment showed relatively high strength in the low-temperature region. The
bending strength of the hot-pressed yttria ceramics was approximately 140 MPa,
and it was similar to that of fused silica in Table 3.

Materials Fracture toughness (MPavim) Strength (MPa)

Zirconia (3 mol% Y,0;) 7.0-12.0 800-1500

Silicon carbide

Hot-pressed 4.8-6.0 230-825

Sintered 14.8 96-520

Silicon nitride

Hot-pressed 4.1-6.0 700-1000
Reaction bonded 36 250-345
Sintered 53 414-650

Alumina oxide

99.9% pure 4.2-59 282-551
96% 3.85-3.95 358
Hot-pressed yttria 1.0-1.9 20-140
Glass ceramics (Pyroceram) 1.6-21 123-370
Fused silica 0.79 104
Borosilicate glass (Pyrex) 0.77 69
Soda-lime glass 0.75 69
Polyethylene terephthalate (PET) 5.0 59.3
Polypropylene (PP) 3.0-4.5 31.0-37.2

Source: ASTM Handbooks, Vol. 1and 19, Engineered Materials Handbook, Vol. 2 and 4, and Advances Materials &
Processes, Vol. 137, No. 6 ASM International Materials Park, OH.

Table 3.
Fracture toughness and strength of various materials.
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2.3 Summary

This study examined the characteristics of hot-pressed pure yttria ceramic
that was annealed in an oxidation atmosphere. As the sintering temperature was
increased, the color of the sintered body changed to black. The weight of the
specimens after the oxidation of yttria ceramics showed a tendency to increase with
increasing temperature. The hot-pressed yttria ceramics could be applied to mark-
ing samples with a crystalline structure and full density. Grain growth tended to
show a continuous increase with increasing temperature, which has a direct effect
on the porosity, density, and crystal phase. The relationship between the grain
size and crystal phase increased with increasing indentation crack length and was
attributed to the presence of local cracks acting as grain spalling. K;c was calculated
to be 1.2-1.9 MPa, and the Vickers hardness of hot-pressed yttria ceramics was
28 GPa. The specimens before heat treatment showed high strength in the high-
temperature region, and those after heat treatment showed relatively high strength
in the low-temperature region. The bending strength of the hot-pressed yttria
ceramics was approximately 140 MPa. The yttria crystalline phase varied accord-
ing to the synthesis conditions and sintering methods, but the Y,0; crystal phase
identified in hot-pressed yttria ceramics means that the sintering temperature and
oxidation reaction had no effect.
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Chapter 5

Impedance Spectroscopy:
A Powerful Technique for Study
of Electronic Ceramics

Shukdev Pandey, Devendra Kumar, Om Parkash
and Lakshman Pandey

Abstract

Electronic ceramics are technological materials having a vast variety of applica-
tions such as actuators and sensors, computer memories, electrically controlled
microwave tuning devices for RADAR, etc. and are playing key role in electronics
industry today. An electronic ceramic component can be visualised as grain-grain
boundary-electrode system. Impedance spectroscopy is being widely used to sepa-
rate out contributions of these to the overall property of a ceramic. This involves
equivalent circuit models. To facilitate development of suitable equivalent circuit
models and obtain values of the components, some most useful circuits with their
simulated behaviour are presented. Steps highly useful in the modelling process are
summarised. The procedure of impedance spectroscopy is illustrated by analysing
the impedance data of the ceramic system BaFe,Ti; ;O3 (x = 0.05) containing two
phases.

Keywords: electronic ceramics, impedance spectroscopy, equivalent circuit
models, CPE, CNLS, grain-boundaries, ceramic-electrode interface

1. Introduction

Ceramics are inorganic non-metallic solids that have been processed and shaped
by heating at high temperatures. Modern ceramics include oxides, nitrides, car-
bides, etc. and constitute a large fraction of technologically useful materials at
present. Ceramics, whose electrical, magnetic, or optical properties are used in
devices are broadly termed as electro-ceramics and are being heavily used as elec-
trical insulators, TV baluns, mobile antennas and speakers, substrates for electronic
circuits, computer memories, magnetic recording heads, high-temperature heating
elements, cryogenic sensors, microwave tuning devices for RADAR applications,
etc. [1-3]. The as-prepared ceramics are usually in powder form that are processed
and shaped for device applications by subjecting to suitable sintering procedure. A
ceramic piece thus consists of small crystallites called grains that are joined together
in random orientations. The joining region called the grain boundary has, due to
mismatch, strained bonds. Properties of grain boundary, therefore, are different
from those of grains and highly depend upon the processing variables such as
heating/cooling rates, presence of external fields, atmosphere, etc. By changing
these variables and starting ingredients, behaviour of grains and grain boundary
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may be altered. It is the interplay between the grain and grain boundary behaviour
that bestows ceramics with some very useful properties. Ceramics prepared by
controlled crystallisation of glass are called glass-ceramics where the grain bound-
ary consists of the uncrystallised glass [1, 4, 5]. The understanding and controlling
of this interplay with the help of processing variables, additives, ingredients,
reduction in grain size dwelling in nanometre range or compositing, with a view to
develop desired, unforeseen and technologically useful properties, is the subject of
intensive research activities at present. For device applications, a ceramic piece is
usually connected to some other system through electrodes. Thus, an electronic
component may be treated as grain-grain boundary-electrode system where the
overall observed properties would have contributions from all these [1]. In order to
develop ceramics having desired and reproducible properties, these individual con-
tributions must be separated out. For this, impedance spectroscopy is a very useful
technique [6]. It not only helps in developing the understanding of the processes
but also provides with an equivalent circuit model for the system that may be used
for simulation purposes [1, 6]. Impedance spectroscopic studies proceed with the
measurement of electrical impedance as function of frequency and interpretation of
the data by using suitable equivalent circuit model that seems appropriate to repre-
sent various charge transfer processes in the system. The values of the components
used in the model are then obtained by using a least-squares procedure to fit the
experimental impedance data with that simulated by using the chosen model. The
choice of the most suitable model is a difficult process. Even if a model has been
conceived, estimating the values of the components of the model, so much required
for the least-squares programs, is not always straightforward. This poses some
inconvenience to the worker. Developing a suitable model and obtaining these
estimates are greatly facilitated by comparing the experimental plots with those
simulated for various models and considering different charge transfer processes
thought to be possibly present in the system. In what follows, basics of impedance
spectroscopy and some very useful models with their simulated behaviour are
presented. Analysis of impedance spectroscopic data on ceramic system
BaFe,Ti; xO3 (x = 0.05) containing two phases is also presented as illustration.

The focus is how to choose a model and how to get an estimate of the values of

the components used in the model.

2. Basics of impedance spectroscopy

Impedance spectroscopy essentially involves measurement of real and imaginary
parts of electrical impedance (Z* =Z'Z",j = V(~1)) of a system as function of
frequency (o = 2nf) for various parameters of interest such as composition, tem-
perature, etc. The values of Z' and Z" are plotted as function of frequency (Z', Z"
vs. log f) and also in complex plane (i.e. Z" vs. Z'). These complex plane plots are
usually distorted semicircular overlapping arcs. By looking at the shapes of these
plots, charge transfer processes present in the system and accessible in the mea-
surement frequency range are inferred. This is greatly facilitated by comparing the
experimental plots with those simulated for possible equivalent circuit models for
the system. Detailed discussion on impedance spectroscopy and equivalent circuit
models has been presented by Barsoukov and Macdonald [6], Jonscher [7], and
Pandey et al. [8]. Due to ready availability of versatile impedance analysers working
in extended frequency ranges and ease of measurements, impedance spectroscopy
has emerged as a very popular and powerful tool in recent years and is being widely
used in various fields encompassing materials technology, electrochemistry,
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biology, medical diagnostics, agriculture, dairy and fruit production ([9] and refer-
ences therein).

The electrical behaviour of a system can be expressed in terms of interrelated
functions known as impedance (Z* = Z'-j Z"), admittance (Y* = ZH =Y+ iY"),
permittivity (¢* = (j oCo VA= ¢'-j€"), and modulus (M* = (&*) 1. joCo
Z* =M +jM"), Co being the capacitance of the empty cell used to house the
sample. These are broadly termed as immittance functions and are conveniently
used to develop equivalent circuit models for the sample-electrode system [6, 8, 9].
A charge transfer process would have a certain time constant and would respond in
the corresponding frequency region. A parallel RC circuit (Figure 1(a)) possesses
one time constant RC and is thus conveniently used to represent one charge-
transfer process. The impedance of this model circuit is given as

Z, o R Z// - CUCRZ
1+ (wCR)*’ 1+ (wCR)*

1

Z' and Z" satisfy the relation

2 2
<z’ _‘;) Lz ( % ) @)

which is equation of a circle having centre at point (R/2, 0), radius equal to R/2,
intercept with Z’ axis at the point (R,0), and passing through origin in Z" vs. Z’ plot.
As the values of R and C are positive, the Z" vs. Z’ plot will be a semicircle
(Figure 1(b)). On this semicircle, the peak point occurs at Z’' = R/2. At this point, Z"
is equal to R/2 and ®CR =1. Also, Z' = R at ® = 0. Thus, if values Z' and Z" for a
sample are experimentally measured in certain frequency range and Z" vs. Z' plot is
found to be a clear semicircular arc, then a parallel RC circuit model may be used to
represent the electrical behaviour of the sample, to begin with (for more details see
Section 3.1). The value of intercept of the extrapolated arc with the Z' axis towards

R
C
(a)
1.0 1.0
(b) (c)
o
x @ g, 0 — -
f 1 5= f 0.
==
0.0 1 T T T 1 :'U T T T_ T 1
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Figure 1.

(a) Equivalent circuit model containing parallel combination of R and C. Normalized (b) Z"/R vs Z'/R and
(c) M"/(C,/C) vs M'/(C,/C) plots.
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low-frequency side will give the value of R. The value of C can be obtained by
noting the frequency where the arc peaks and using the relation ®CR =1.
For this model, M’ and M" are given as

;o a)CR2 "o R
M= 0Co ( 1+ w2CR )’M = 0Co ( 1+ 02C’R 3

which satisfy the relation

+ Co ? n2 Co ?
(M 20) +M"” = (2(:) (4)

Eq. (4) indicates that M” vs. M’ plot would be a semicircular arc passing through
the origin and having intercept at M’ = Co/C and centre at (Co/2C, 0) (Figure 1(c)).
On this plot, M" would peak at frequency where ®CR = 1. Value of M’ becomes
equal to Co/C as ® — oo. Thus, by using M vs. M’ plot of the same experimental
data, C can be obtained by noting the high-frequency intercept in the M"” vs. M’
plot. The value of R can be obtained by using this value of C and noting the
frequency where M" peaks. In the M vs. M’ plot, the arc traverses from left to right
whereas in Z" vs. Z' plot, it traverses from right to left as the frequency is increased.

Choice of a model to represent a system is a difficult process, becoming more so
since same behaviour can be simulated by different models [6]. The choice is
greatly facilitated by comparing the experimental plots with those simulated for
various models and considering the processes that might be present in the system
with a preference to simple models to start with. When the complex plane plots
display more than one arcs, presence of more polarisation/charge transfer processes
is inferred. A general practice is to consider one RC circuit to represent one process
and connect more RCs in series to develop an equivalent circuit model. Thus for
representing grain-grain boundary-electrode system in a ceramic, a model com-
prising three parallel RCs connected in series might be taken [1]. It has been found
that usually combinations of resistances (R) and capacitances (C) suffice for
dielectrics, combinations of R and inductance L suffice for magnetic systems, and
combinations of R, L and C suffice for ferro-/piezoelectrics [6-8, 10-20]. Some-
times, it is found that the lumped-component type of models do not yield good fits
and their simulated patterns do not show even qualitative resemblance with the
experimental plots. In those cases, attempt is made to represent the data by models
involving constant phase angle elements (CPE) [6, 9] that are considered to corre-
spond to some sort of distribution in the material properties. The values of the
components used in the model are estimated by comparing the experimental plots
with the simulated ones. These values are obtained more accurately by fitting the
experimental data with complex non-linear least-square (CNLS) procedure using
these values as initial guesses. For cases, where it is not possible to decide upon an
appropriate model, equivalent circuits models that seem to be most probable to
represent the processes thought to be possibly present, or to be dormant but
becoming dominant as some variables change, in the system may be considered and
the model that yields the lowest value of sum of squares of errors in the CNLS runs
may be accepted [6].

In order to facilitate a prompt development of an equivalent circuit model for
electronic ceramics, some very important clues have been given in [9] and are
summarised below for a ready reference.

1. The experimental data can be represented in any of the formalisms (Z, M, Y
and &) and interpreted. However, analysis by using only one formalism might
lead to erroneous conclusions and two or more functions such as Z and M
should be used [6, 8].
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2.1f plots of both Z" vs. Z' and M"” vs. M’ are clear semicircles passing through
origin, then the system may be represented by a model having one parallel RC
and presence of one process may be inferred [6, 8].

3. Appearance of a shift towards right in M" vs. M’ plot (here, the arc traverses
from left low-frequency side to right high-frequency side) and steeply rising
branch at low-frequency side in the Z vs. Z' plot (here, the arc traverses from
right to left) indicates the presence of series capacitance C in the equivalent
circuit [17].

4. Appearance of a shift towards right in Z" vs. Z’ plot and steeply rising branch
at high-frequency side in M” vs. M’ plot indicates the presence of series
resistance R in the equivalent circuit [8, 12].

5. Appearance of two clear semicircular arcs in Z"’ vs. Z’ plot or M" vs. M’ plot
indicates presence of two processes and equivalent circuit would contain two
parallel RC’s (R;C; and R,C,). A depressed looking semicircular arc in the Z or
M plots would indicate the presence of at least two processes having ratio of
time constants R,C,/R;C; in the range 1-5 [8].

6.1f the experimental Z vs. Z' plot shows a semicircular arc with changed sign of
Z'" in the whole frequency range (i.e. arc appears in fourth quadrant traversing
from left to right), then a model with parallel R-L circuit may be used [11].

7. A cross over from positive values of Z' to negative values or vice versa within
the overall frequency range covered in the experiment indicates a situation
of resonance and inclusion of R, C and L in the model would be needed
[6, 14, 16].

8.Presence of a linear portion in the immittance plots would indicate the
presence of series CPE in the model. Depressed looking immittance plots
indicate that CPE connected in parallel may be included in the model [6, 9,
12, 21].

Detailed analysis of various models involving CPE is available in [6, 9]. It is

believed that CPE represents distribution in properties. Therefore, when the data is
well represented by a model involving CPE, presence of distribution in certain
properties of ceramics is inferred. It may be mentioned that capacitor C and induc-
tor L are used to represent the storage of electrical and magnetic forms of energy in
a system. At frequencies much below resonance, the situation may be approxi-
mately modelled by considering RC’s only. Similarly, a mechanically vibrating sys-
tem can be analogously represented by an RLC circuit. Therefore, equivalent
circuits having combinations of R, L and C may be used [14, 16] for piezoelectric
ceramics. In what follows, some model circuits found very useful in study of
ceramics are briefly presented. Emphasis is given to Z” vs. Z' and M" vs. M’ plots as
these were found more informative.

3. Equivalent circuit models

3.1 Model 1: parallel combinations R;C; and R,C; connected in series

Parallel combinations R;C; and R,C, connected in series [8] are shown in

Figure 2(a) and the values for Z' and Z" are given in Eq.(5):
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, Ry R, ' »C;R? ®CyR3

= 7t 224 = 2 2 )
1+ ((DClRl) 1+ ((DCsz) 1+ ((x)ClRl) 1+ ((DCsz)

Complex plane plots for various immittance functions are shown in Figure 2(b-e)
for Ry/R, = 1. It is seen that when the values of time constants are widely separated
(RyCy/R;Cy = 100), two clear arcs appear indicating the presence of two processes.
For R,C,/R;C; > 1 but below 5, a depressed looking arc appears and when R,C,/
R;C; = 1, a single arc appears (Figure 2(b)).

Now let us look at the plots of Figure 3(b-e) for R,/R; = 100. Here, Z" vs. Z' plot
obtained for different ratios of time constants looks like a single semicircular arc
indicating presence of one process. However, the corresponding M" vs. M/

(Figure 3(c)) has two clear arcs indicating the presence of two processes. This
indicates that inference derived from only one formalism might lead to wrong
conclusions, and plots using more formalisms should be looked at together.
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Figure 2.

(a) Equivalent circuit model containing series combination pavallel R,C, and R,C,. Normalized (b) Z"

(R, +R,)vsZ'(R, +R,), (¢) M"/[C,(2/C, + 1/C,)] vs M'/[C,(1/C, + 1/C,)], (d) Y'/[1/(R, + R,)] vs Y'[1/
(R, + R,)] and (e) £"/[(C,/C,)(R./(R, + Rz))2 + (C,/C,) (RL/(R; + Rz))2] vs d/[(cz/co) (R./

(R, +R,))* + (C,/C,)(R./(R, + Rz))z]for R,/R, =1 and R,C,/R,C,.
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Figure 3.

(a) Equivalent circuit model containing series combination of parallel R,C, and R,C,. Normalized (b) Z"
(R, +R,)vs Z'(R, + R,), (c) M"/[C,(1/C, + 1/C,)] vs M'/[C,(1/C, + 1/C,)], (d) Y'/[1/(R, + R,)] vs Y’
[1/(R, + R,)] and (e) £"/[(C,/C,)(R,/(R, + R,))* + (C,/C,o) (R,/(R, + R;))*] vs £/[(C,/C,)(R,/

(R, +R,))? + (C,/C,) (R,/(R, + R,))?] for R,/R, = 100 and different values of R,C,/R,C,.

3.2 Model 2: parallel combinations R,C; connected in series with R,

The model is schematically shown in Figure 4(a). The values of Z' and Z" are
given as

wClR%
1 -+ (wC1R1)2

R .

Z=——"— 4R ,
1+(0)C1R1)

(6)

The immittance plots for this model are shown in Figure 4(b-e) for various
values of Ry/R;. It is seen that Z' vs. Z' plot (Figure 4(b)) shows a shift towards
right, and the corresponding M vs. M’ plot (Figure 4(c)) has steeply rising branch
at high-frequency side.
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(a) Equivalent circuit model containing series combination of parallel R,C, and R,. Normalized (b) Z"/
(R, +R,)vsZ'/(R, + R,), (c) M"/(C,/C,) vs M'/(C,/C,), (d) Y'/(1/R,) vs Y'/(1/R,) and (e) "/[(C,/C,)
(R,/(R, +R,))*] vs £/[(C,/C,)(R,/(R, + RZ))Z]fOV R,/R,.

3.3 Model 3: parallel combinations R;C; connected in series with C,

Parallel combinations R;C; connected in series with C; is shown in Figure 5(a).
The values of Z' and Z" are given as [17]

7 R, o wC1R? 1

= 5 - A 7
1+ (wCiRy)? 1+ (@CiRy)? @Gy )

The immittance plots for this model are shown in Figure 5(b-e). It is found
that Z" vs. Z' has a low-frequency rising branch where as a shift is seen in M" vs.
M’ plot.
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(a) Equivalent circuit model containing series combination of parallel R,C, and C,. Normalized (b) Z"/R, vs
Z'/R,, (c) M"/[C,(1/C, + 1/C,)] vs M'/[C,(1/C, + 1/C,)], (d) Y'/[(1/R,)(C,/(C, + C,))?*] vs Y/[(1/R,)
(C/(C, + C,))?] and (e) £"/[1/(Co/C, + C,/C,)] vs €/[1/(Co/C, + Co/C,)] for C,/C, = 0.5, 1, 5 and 100.

3.4 Model 4: parallel combinations R;C;, R,C, connected in series with CPE

Parallel combinations R;C;, RyC; connected in series with a constant phase angle
element (CPE) are shown in Figure 6(a). The impedance of CPE is given as

- e 1 .1
Zeps = (Yepe ) ' = [Ao(jo)"] " = AgwV cos (% ) -J AV s (?) ®)

Plot of imaginary part vs. real part of Z¢pg is a straight line with slope tan(yn/2),
which remains constant as w varies (hence the name CPE). For y = 1, the real part
becomes zero and Z¢cpg = 1/(joA,) and the CPE behaves like an ideal capacitor
having capacitance Ay. For y = 0, the imaginary part becomes zero and Zcpg = 1/A¢
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(a) Equivalent circuit model containing series combination of parallel R,C,, parallel R,C, and CPE.
Normalized (b) Z'/(R, + R,) vs Z'/(R, + R,), (c) M"/(C,/C, + C,/C, vs M'/(C,/C, + C,/C,, (d) Y'/[1/
(R, + R,)] vs Y'[l/(Rl +R,)] and (e) S”/[(I/CO){CI (R,/(R; + Rz))2 + C,(R/(R; + Rz))z}] vs g/[(l/co)
{C,(R,/(R, + R,))* + C,(R,/(R, + R,))*}] for R,/R, = 2, R,C,/R,C, = 1, 5, 10, 100, A, = 6 X 1077 and
0 = 40.

and the CPE behaves like an ideal register of value 1/A, [6]. The values of Z’ and Z”
for the model shown in Figure 6(a) are given as [9, 21].

Ry R, 1 YT
Z = + + ( ) cos (— C))
1+ ((DC1R1)2 1+ (OJC2R2)2 AO(D\V ( 2 )
7 ®CiR1 Ry n »CRy Ry n ( 1 ) sin (ﬂ) (10)
1+ (@CiR1)> 1+ (0CaRy)*  \Agw¥ 2

A model comprising series combination of parallel R;-CPE; and parallel R,-CPE,
is one of the models very widely used to represent the behaviour of a ceramic when
the impedance plots have two depressed arcs. The reader is referred to [9] where
this has been discussed by the authors in detail.
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4. Experimental setup, measurements and results

Development of equivalent circuit model for representing the ceramic system
BaFe,Ti; O3 (x = 0.05), prepared in our laboratory, is now described as an illustra-
tion. Sample was prepared by solid state synthesis method by taking BaCO3; (Merck
99.5%), Fe;03 (Merck 99.5%) and TiO, (Merck 99.5%) in appropriate amounts,
mixing in acetone medium for 6 hours and calcining at 1100°C for 6 hours. The
calcined powder was mixed with small amount of PVA binder and pressed into disc-
like (dia 12 mm, thickness 1.5 mm) pellets using uniaxial hydraulic press with 60 kN
pressure. These pellets were sintered in an electrical furnace (Lenton, made in
Germany) where, first, binder was removed by raising the temperature to 500°C
and holding for 2 hours and then increasing the temperature to 1250°C at 5°C/min
and maintaining there for 10 hours followed by cooling it to room temperature. X-
ray diffraction analysis revealed that the sample contained tetragonal and hexagonal
phases in equal amounts. Impedance measurements were carried out as function of
frequency (20 Hz to 1 MHz) at temperatures from 300 to 650 K. For this, the pellets
were polished using emery papers of grade 1/0 and 2/0 and electroded on both sides
using silver paste and cured at 600°C for 15 minutes.

The sample holder used to house the sample is schematically shown in
Figure 7(a). The spectroscopic and complex plane plots for M’ and M are shown in
Figure 7(b,c). The corresponding Z plots are not shown for brevity. The way an
equivalent circuit model representing the data was developed is now described. A
quick look at the M" vs. M’ plot shown in Figure 7(b) reveals that there is no shift in
the graph as well as no steeply rising high-frequency branch. Similar behaviour was
seen in the Z plots also. Therefore, following the tips presented in Section 2, pres-
ence of series resistance or capacitance is ruled out. The plot is not a clear semicir-
cular arc but is slightly depressed indicating the presence of more than one charge
transfer processes in the system. As the sample contains two phases, we have a
system comprising two types of grains, grain boundary and contact electrode inter-
face. Therefore, an equivalent circuit model comprising four parallel RC’s connected
in series, where two RC’s say R;C; and R,C, represent the two phases, R3C; repre-
sents the grain boundary and R4C4 correspond to the sample-electrode interface,
seems to be a plausible model. If we assume that R;C; < R,C; < R3C3 < R4C, then,
since electrode responses appear at low frequencies [1], R;C; and R,C, may be
assigned to grains, R3C; to grain boundary and R4C, to electrode interface. The
individual contributions from these RC’s may be depicted by drawing tentative arcs
(as shown by dotted lines in Figure 7(b)) making intercepts on the M’ axis at Co/
C4, Co/C4 + Co/C3, Co/C4 + CQ/C3 + Co/C2 and Co/C4 + Co/C3 + Co/C2 + C0/C1. As
the plot is very symmetric, the intercepts and hence C’s may be taken to be equal.
By noting the values of intercepts from the graph, taking the value of Cq as
0.6832 x 10~ "%, noting the frequencies where the tentative arcs would peak and
using the relation ®RC = 1, the values of R’ and C’s are estimated as R; = 362 Q,

R, = 1087 Q, R3 = 32,613 Q, R, = 9944 Qand C, = C, = C3 = C, = 4.88 x 10 '° F. By
using these as initial guesses, the values of the components were obtained accurately
by running the CNLS program IMPSPEC.BAS developed by one of the authors [22]
and being regularly used by us. These values were Ry = (0.77 £ 0.01) kQ,

Cy = (0.38 + 0.01) nF, R, = (3.43 &+ 0.02) kQ, C, = (0.44 + 0.01) nF,

R3 = (10.87 + 0.09) kQ, C3 = (1.08 £ 0.06) nF, R, = (15.36 £ 0.26) kQ and

C4 = (5.81 4 0.09) nF. The M’ and M" values corresponding to the fitted RC’s are
also shown in Figure 7(c).

Use of different models for impedance spectroscopy of few other ceramics is
briefly described now. Analysis of data for SrTiO; borosilicate glass ceramics having
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(a) Experimental Setup for Impedance Measurements. Experimental and fitted values of (b) M" vs M for
BaFe,Ti, O; (x = 0.05) at 600 K and (c) M/, M" vs log f for BaFe,Ti, ,O; x = 0.05 at 600 K.

steeply rising low-frequency branch in Z" vs. Z' plots has been done by Pandey et al.
[17]. Bay xLayTi; Co4O3 (x < 0.20) ceramic showed a shifted arc in Z” vs. Z’ plot
and was analysed by using equivalent circuit model involving a series resistance
[19]. In this system, presence of two PTCR components, one due to grain boundary
as usual and the other in grains was observed by impedance spectroscopy. Study of
semiconducting BaTiO3 was carried out by using a model containing series resis-
tance [18]. Ceramic system Ca; Y, Ti; xCo;O3 could be represented by an equiva-
lent circuit model containing two parallel RC’s and a CPE connected in series [21].
Models useful for representing magnetic ceramic are not covered in this paper. A
detailed analysis of models involving inductive component L is available in [11]
where magnetic ceramic YIG has been studied by using impedance spectroscopy.
While using the impedance spectroscopy, it is important to keep in mind that
the observed impedance values are those what the impedance analyser sees at its
input points. These values include the contributions from the connecting leads,
cables, sample holder and electrodes. It has been found that the electrode-sample
contact behaviour changes with the nature of the sample [15]. The sample-electrode
contact effects have been studied in detail in [23-35]. A method has been proposed
for removing the sample holder contributions [23], which involves doing the com-
plete impedance spectroscopic analysis without the sample, finding an empirical
functional relation for the impedance behaviour and then subtracting this from the
results obtained with sample placed in the sample holder. Presently available
analysers provide with a lead correction step before an actual measurement is done.
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For separating out contact contributions, impedance spectroscopic studies by
repeating the measurements with changed electrodes have been reported [36].
Measurements by using samples of different thicknesses might also be useful. Var-
ious sources of errors in impedance measurements have been discussed in [6].

5. Conclusion

Some equivalent circuit models most useful for impedance spectroscopic studies
of electronic ceramics and their simulated immittance behaviour are discussed. In
order to facilitate prompt development of equivalent circuit models, few extremely
helpful steps have been summarised. A comparison of the experimental plots with
simulated ones provides a clue for inclusion of certain lumped components in the
model, e.g. a right shift in the Z" vs. Z' plot indicates presence of series resistance
and a shift in M"” vs. M’ plot indicates presence of series capacitance in the model.
The models are not unique. The most appropriate model may be arrived at by
looking at the immittance plots in more than one formalisms (such as Z and M ) for
all the experimental parameters such as composition, temperature etc, taken
together, and considering the possibilities of processes present/dormant, emerging
or dominating in the system as some variables such as temperature are altered. The
procedure of impedance spectroscopic modelling is illustrated by analysing the
impedance data on the ceramic system BaFe,Ti; O3 (x = 0.05) containing two
phases.
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