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ABSTRACT

Lead-free piezoelectric alkali niobate perovskite materials with the general formula,
ABO, (A =K, Na; B = Nb), were synthesized through simple methods, namely “modified solid
state reaction” and ‘“‘combustion synthesis”. The thermal behavior of the precursor was
determined using thermo gravimetric analysis (TGA) and differential thermal analysis (DTA).
The processing conditions, perovskite phase formation, influence of the fuel-to-oxidizer ratio, and
crystal structure were characterized by the X-ray diffraction technique (XRD) and Fourier
transform infrared (FTIR) spectroscopy. The morphology and particle size were investigated
through a scanning electron microscope (SEM).

For the modified solid state reaction method, the perovskite phase of sodium niobate
(NaNbO,) and potassium niobate (KNbO,) were synthesized using sodium oxalate (Na,C,0,) and
potassium oxalate monohydrate (K,C,0,-H,0) as starting materials, respectively. The
conventional starting material such as carbonate compound was substituted by these oxalate
compounds in order to avoid excessive reactivity with moisture. The perovskite phase was found
to synthesize successfully at lower calcination temperatures than those used in the conventional
solid state reaction method, which lie in the range of 800°C or more. NaNbO, was synthesized

successfully at the low temperature of 475°C for 1 h, with an average crystallite size of 25.89 =%



5.64 nm (defined by XRD). In the case of KNbO, synthesis, fine KNbO, powder was synthesized
at the calcination temperature of 550°C for 4 h. The powder obtained was found to be a uniform
agglomerated particle that possessed an average crystallite size (defined by XRD) of between
33.67 % 8.60 and 53.47 + 12.03 nm. Furthermore, the increase in crystallinity of the perovskite
phase was found to be affected by increasing dwell time and calcination temperature. This
consequence may confirm that the dwell time and calcination temperature also play an important
role in developing the pure phase creation.

For the combustion synthesis, NaNbO, was synthesized using sodium nitrate and glycine
as starting material and fuel, respectively. The influence of the fuel-to-oxidizer ratio to perovskite
phase formation was studied. The fuel-to-oxidizer molar ratio was found to affect the combustion
reaction and character of the powder obtained. In the case of oxidant-rich condition, the
combustion reaction cannot occur. In contrast, for stoichiometric and fuel-rich condition, the
perovskite NaNbO, phase, with a mean crystalline size (calculated by X-ray line broadening)
ranging from 47.01 % 12.66 nm (ratio of 0.7) to 27.58 * 14.45 nm (ratio of 2.0) was obtained. For
increasing fuel content, combustion reaction can be raised easily, but high carboneous residual

was found to be enhanced further.
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CHAPTER 1

INTRODUCTION

1.1 Overview

Lead zirconate titanate (Pb(Zr, Ti)O,; PZT) ceramics are well-known and widely used in
piezoelectric applications, due to their superior piezoelectric properties near the morphotropic
phase boundary (MPB) [1]. However, more than 60 wt % of the lead-based piezoelectric material
contains poisonous lead, which is a major drawback. It has been reported that the use of lead-
based ceramics causes serious environmental problems and numerous physical symptoms {2].
Furthermore, EU legislation will enforce draft directives for waste from electrical and electronic
equipment (WEEE), and restrictions on the use of certain hazardous substances in electrical and
electronic equipment (RoHS) and end-of life vehicles (ELV) [3, 4]. According to these issues,
lead and other heavy metals should be phased out, and alternative lead-free piezoelectric materials

are receiving considerable attentions.

Among various alternative families, perovskite-type alkali niobate (ANbO,); A = K, Na
ceramics have attracted much consideration. Potassium niobate (KNbO,; KN) is a well-known
perovskite oxide that possesses attractive physical and piezoelectric properties. Furthermore, the
electromechanical coupling factor of the thickness extensional mode, &, was reported to reach as
high as 0.69 for the 49.5°-rotated X-cut on the Y-axis [S]. This value of , is the highest among
current lead-free piezoelectrics. Sodium niobate (NaNbO,; NN) has been studied widely for its
unusual structural transition series. It has a ferroelectric rhombohedral phase below -100°C, and is
antiferroelectric with orthorhombic symmetry between -100°C and 640°C [6, 7]. Finally, it
possesses cubic paraelectric above 640°C, and in addition, its antiferroelectric, perovskite-type
nature can transform into a ferroelectric one by chemical doping, i.e. K and Li’ [8, 9]. In
addition, potassium sodium niobate [(K, Na)NbO,; KNN] is a solid solution of ferroelectric
potassium niobate (KNbO,; KN) and anti-ferroelectric sodium, niobate (NaNbO,; NN) [10]. It
possesses high properties for a composition near the morphotropic phase boundary (MPB), like
the PZT-based system. KNN is considered to be a good lead-free candidate for the substitution of

widely used commercial lead-based piezoelectric material {11, 12].



Generally, alkali niobate powders and ceramics are synthesized by conventional solid
state reaction and ordinary air sintering methods, where alkali metal carbonate or oxide
compound of starting materials are heated at high temperature (800°C or above) for a long
duration [13, 14]. High calcination temperature can cause volatilization of alkali metal, thus
causing this classical method difficulty in achieving a homogeneous mixture of the component
[13-15]. Powder agglomeration can occur during heating, which could affect properties such as
low surface area and low sinterability [15]. Thus, this method does not always allow for the
production of dense, homogeneous single phase ceramics. The main hindrance regarding this
alkali niobate based material lies in the difficulty of preparing dense and stoichiometric controlled
ceramics. Therefore, development of alternative methods that can produce powder with high
sinterability and controlled stoichiometric composition is necessary. In recent years, ultra fine
ceramic powder, which is synthesized using mechanochemical synthesis [16], polymeric
precursors [17], and hydrothermal and polymerized complex methods [18], has been described in
the literature to enable production of desired compositions. However, most chemical synthesis
routes require high purity reactants, which are more expensive and demand complicated
procedures and specific apparatus. While synthesizing powder rapidly, with the desired

composition, high porosity and high sinterability remains a challenge.

A modified solid state reaction method has been used to synthesize the NaTaO,
perovskite-type material successfully, with reduced reaction temperature [19]. In this method, the
carbonate compound was replaced by an oxalate one, and the addition of urea played an important
role. The use of a relatively low reactivity, with moisture starting material, sodium oxalate
(Na,C,0,), has been described. This method was found to produce NaTaOj, as a general route at
the lower temperature of 500-600°C, when compared with conventional solid state reaction [19].

Combustion synthesis (CS) or self-propagating high temperature synthesis (SHS) is an
effective, low-cost method for producing various industrially useful materials. It has been
introduced as a quick, straightforward preparation process for producing homogeneous, very fine,
crystalline and unagglomerated multicomponent oxide ceramic powders, without intermediate
decomposition and/or calcination steps [20, 21]. The combustion synthesis technique begins with
a mixture of easily oxidized reactants (such as nitrates) and a suitable organic fuel (such as urea
[22], tartalic acid [23], alanine [24], glycine [25], etc.), which acts as a reducing agent. The

mixture is then heated until it ignites, which s when the temperature of rapid exothermal



chemical reaction commences, and a self-sustaining combustion reaction starts. This highly
exothermic reaction produces a high temperature and duration long enough for the synthesis to
occur, even in the absence of an external heating source [26]. Ultrafine nano-sized powder also
can be prepared by releasing a large amount of gas from the system. This process results in a dry,

fluffy, crystalline, unagglomerated and fine oxide powder.
1.2 Scope of this work

The aim of this study was to produce lead-free piezoelectric alkali niobate perovskite
ABO, (A=K, Na; B=Nb) powders through either of two simple methods: “modified solid state
reaction” or “combustion synthesis”. These powders are.considered to be a good lead-free
candidate for the substitution of widely used commercial lead-based piezoelectric material. In
using the modified solid state reaction, potassium oxalate monohydrate (K,C,0,-H,0), sodium
oxalate (Na,C,0,) and niobium oxide (Nb,O,) were employed as the starting material. The
influence of calcination temperatures and dwell times on the preparation of potassium niobate
(KNbO,; KN) and sodium niobate (NaNbO,; NN) powders were investigated. For the combustion
synthesis, potassium nitrate (KNO,), sodium nitrate (NaNO,) and niobiuim pentaoxide (Nb,0,)
were used as starting reagents, and glycine (NH,CN,COOH) was applied as fuel. The influence of
the fuel-to-oxidizer molar ratio, calcination temperatures and dwell times on the preparation of
sodium niobate (NaNbO,; NN) powders were examined. The thermal behavior of all precursors
was determined using thermogravimetric analysis (TGA) and differential thermal analysis (DTA).
The crystal structure, phase nucleation and influence of the fuel-to-oxidizer molar ratio,
calcination temperature and dwell time of calcination to phase formation of as-synthesized and
calcined powders were studied and characterized by the X-ray diffraction technique (XRD) and
Fourier transform infrared (FTIR) spectroscopy. The morphology and particle size of the powders

obtained were investigated through a scanning electron microscope (SEM).



1.3 Objectives of this work

This work focuses on the preparation of perovskite-type alkali niobate (ANbO,); A =K,

Na in order to fulfill the following objectives:

1.3.1
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1.3.3
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1.3.6

To prepare perovskite-type alkali niobate (ANbO,); A = K, Na nanoparticles by

two simple methods: “modified solid state reaction” and “combustion synthesis”.

To investigate the influence of calcination temperatures and dwell times on the
preparation of potassium niobate (KNbO,; KN) and sodium niobate (NaNbO,;

NN) nanoparticles obtained by the modified solid state reaction method.

To determine the characteristics of potassium niobate (KNbO,; KN) and sodium
niobate (NaNbO,; NN) nanoparticles obtained by obtained by the modified solid

state reaction method.

To investigate the influence of the fuel-to-oxidizer molar ratio on the preparation

of sodium niobate (NaNbO,; NN) nanoparticles by the combustion method.

To investigate the influence of the calcination temperatures and dwell times on
the phase formation of sodium niobate (NaNbO,; NN) nanoparticles obtained by

the combustion method.

To determine the characteristics of sodium niobate (NaNbO,; NN) nanoparticles

obtained by obtained by the combustion method.



CHAPTER 2

LITERATURE REVIEW

2.1 Piezoelectric materials [26]

‘Piezoelectricity’ is described as an interaction between electrical and mechanical
systems. It is a direct result of the piezoelectric effect, which was instantaneously discovered in
1880 by Pierre and Jacques Curie; when the relation between pyroelectricity and crystal
symmetry was studied. This word “Piezoelectricity” was proposed by Hankel and it derived from
the Greek word piezo or piezein, which means to squeeze or press, and electric or electron, which
stands for amber — an ancient source of electric charge. Figure 2.1 shows schematics of (a) direct
and (b) converse piezoelectric effect. The direct piezoelectric effect takes place when electric
polarization is produced by mechanical stress; as force is applied to the piezoelectric material, an
electric field is generated. On the other hand, the converse effect occurs when a crystal becomes
strained as an electric field is applied. When a voltage is applied across a poled electroded

piezoelectric device, the material expands in the direction of the field and contracts perpendicular

to the field.
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Figure 2.1 The direct (a) and converse (b) piezoelectric effect.



According to their properties, which can switch between mechanical force and an
electrical energy, piezoelectric ceramics are widely used for versatile applications in electronic
devices such as sensors, actuators, transducers, buzzers, etc., and other technological innovations
and/or advanced electronic technology. Figure 2.2 shows versatile applications of piezoelectric
ceramics in the commercial world and household goods, i.e. gas lighters, clocks, printers, shoes,
automobiles, medical diagnostics, etc. Four main uses for these piezoceramics can be defined
commonly as the generation of voltage, electromechanical actuation, frequency control and

generation of acoustic and ultrasonic energy.

Figure 2.2 Versatile applications of piezoelectric ceramics in the commercial world.
2.2 Lead zirconate titanate (Pb(Zr, Ti)O,; PZT) [27-30]

In the mid 1940°s, near the end of World War 11, barium titanate (BaTiO,; BT) was the
first piezoelectric ceramic material to be adopted and developed. However, the drawbacks of this
material are twofolds: (1) it has a relatively low Curie temperature (7.) of 120°C, which limits its
use as a high-power transducer, and (2) it has a low electromechanical coupling factor of 0.35,
which limits its operational output. By the late 1950s, the solid solution system of perovskite-
structured lead zirconate titanate (Pb(Zr, Ti)O,; PZT) had become a widespread piezoelectric
ceramic material, since PZT exhibited more desirable characteristics such as higher
electromechanical coupling coefficient, higher 7. value and a wide range of dielectric constants.
Also, it could be poled easily and form solid-solution compositions with many constituents for

wide achievable properties.



Lead zirconate titanate (Pb(Zr, Ti)O,; PZT) is perovskite-type piezoelectric material,
which maintains excellent piezoelectric properties across a wide temperature range, with good
piezoelectric properties (k ~23-76%) and a high Curie temperature as great as 350°C. As an ideal
case, ABX, is described schematically as belonging to perovskite. A and B are cations, whereas,
X is found to be a possible anion such as 0", S, F, CI” and Br. Oxide is found to be the most
abundant compound. Figure 2.3 (a) shows a simple arrangement of ions belonging to the ideal
perovskite structure, with Figure 2.3 (b) and (c) illustrating ABO, composition presenting the
perovskite structure in alternative ways. In Figure 2.3 (a), A cations (in blue) with larger atomic
ratios are located at the center of the cube (A site), while B cations (in red) occupy the corners of
the cube (B site). Oxygen (in green) is placed at the centers of twelve cube edges, giving corner-
shared strings of BO, octahedra. Accordingly, the A cations occupy every hole created by 8 BO,
octahedra, as seen clearly in Figure 2.3 (c), thus giving the A and B cation a 12- and 6-fold
oxygen coordination, respectively. In the case of PZT, Pb atoms (in blue) occupy the A site, while

Zr and Ti atoms (in red) reside in the B site.

Figure 2.3 The ideal perovskite structure with ABO, composition (a),

and other ways of presenting the perovskite structure (b) and (c) [31].



PZT is a solid solution of ferroelectric lead titanate (PbTiO,; PT) and antiferroelectric
lead zirconate (PbZrO,; PZ). Lead titanate (PbTiO,; PT) has a tetragonal structure, with its ¢ axis
approximately 6% longer than its a axis at room temperature, and it exhibits a Curie point at
495°C. Lead zirconate (PbZrO,; PZ) possesses an orthorhombic structure, which exhibits a Curie
point at 234°C. The binary phase diagram of the lead zirconate-lead titanate is illustrated in Figure
2.4. At a high temperature, PZT possesses a cubic paraelectric perovskite structure. As the
temperature decreases, the material becomes ferroelectric with the symmetry of the tetragonal for
Ti-rich compositions and rhombohedral for Zr-rich compositions. Accordingly, the morphotropic
phase boundary (MPB) is defined as the composition at an abrupt structural change, with the
composition being almost independent of temperature occurrence. Thus, the boundary between
tetragonal and rhombohedral phases, at a composition close to x = 0.48, is supposed to be the
MPB, which was found to be almost vertical in temperature scale. It has been reported that the
best piezoelectric properties at room temperature, and their extraordinary behavior, can be
obtained near the MPB composition of Zr:Ti = 52:48, which coexists between the tetragonal and
rhombohedral perovskite (Figure 2.5). Figure 2.5 shows the coupling coefficient, (k), and
dielectric constant, (&), values with a different PZT compositional range. The kp was found to
increase dramatically when approaching a composition near 50% at the MPB. In addition,
experiments have shown that maximum values of the dielectric constant, electromechnical
coupling factors, and piezoelectric coefficients of PZT at room temperature constantly occur in
composition along this phase boundary. Regarding PZT at this MPB, the piezoelectric
coefficients, d,; ~400 pC/N, d;, ~-170 pC/N and d,; ~500 pC/N, were reported [28].

However, B. Noheda and J.A. Gonzalo (2000) [33] described a better understanding of
the MPB of PZT. The MPB of PZT has been characterized on an extremely homogeneous
ceramic sample by means of high resolution synchrotron X-ray powder diffraction measurement.
It was found that an unexpected monoclinic phase could be seen to exist in between the well-
known MPB of tetragonal and rhombohedral PZT phases. Figure 2.6 illustrates a modified PZT
phase diagram from Noheda er al. When considering the phase diagram of two tetragonal and
monoclinic phases, at room temperature, they were found to coexist over the range of 0.455 < x <
0.48. It could be seen that enhanced piezoelectric activity of commercial composition is the result
of relatively large ionic displacements associated with stress (electrical or mechanical) — induced

rotation of the monoclinic polar axis.
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Among new and useful piezoelectric ceramics that have appeared frequently, Pb(Zr,
Ti)O, (PZT)-based ceramics are mostly used and attended to, due to their relatively high
conversion efficiency, high Curie temperature and exceptional temperature stability. However,
PZT-based ceramics possess excellent piezoelectric properties, although they contain more than
60 wt % lead. Lead is reported as a high toxic substance that can cause a variety of environmental
problems and damage to the kidney, brain and nervous system as well as the intelligence status in
children [34]. Also, numerous medical symptoms, i.e. headaches, constipation, nausea, anemia
and reduced fertility have been reported [35]. In terms of legislation in the European Union (EU),
two recent directives; 2002/95/EC “Directive on the restriction of the use of certain hazardous
substances in electrical and electronic equipment” (hereafter RoHS Directive), and the
2002/96/EC “Directive on Waste Electrical and Electronic Equipment” (hereafter WEEE
Directive), have put severe restrictions on the use of hazardous substances in electronic
equipment [3-4]. The EU also looked for improvement in the environmental performance of all
operators involved in the life cycle of electrical and electronic equipment, e.g. producers,
distributors and consumers, and in particular, operators that are involved directly in the treatment
of electrical and electronic solid waste. Actors in the product chain have to share responsibility
for the life cycle of environmental impacts on the whole product system. The WEEE directive

attempted to standardize the requirements for the collection and recycling of electronics in the



community, from small domestic appliances to medical equipment. Producers were required to
finance the collection, sorting, recovery and environmentally sound disposal of WEEE. The RoHs
directive banned the hazardous substances; Pb, Hg, Cd, Cr(VI), polybrominated biphenyls (PBB)
and polybrominated diphenyl ethers (PBDE), in electrical and electronic equipment (EEE), which
were being traded in the EU market. Thus, EU member states must ensure that all new electrical
and electronic devices do not contain those toxic components and/or exceed certain maximum
concentration values. Accordingly, lead and other heavy metals should have been phased out by
Ist July, 2006 [3]. This initiative has had great influence on the current design process and
manufacturing methods. In addition, the WEEE concept has been attended to by several
industrialized countries such as China, Japan and the United States of America [36-37]. In
response, lead-free and/or low-lead-content piezoelectric compositions have been studied
intensively and developed for replacement of lead-based compositions in commercial

applications.
2.3 Alkali niobate ceramics ABO, (A =K, Na; B =Nb) [9, 15]

It is known that alternative lead-free piezoelectric materials, which are considered
thoroughly, could be separated according to their structure into three categories: Bismuth layer
structured materials, tungsten bronze materials, and perovskite materials. Bismuth layer
structured and tungsten bronze materials were found to possess a high Curie temperature (7.),
high mechanical quality factor (Q,), large dielectric breakdown strength, and good aging
characteristics. These properties have led two materials to ceramic filter and resonator
applications. Unfortunately, their large crystal anisotropy can result in two-dimensional restriction
on the permissions of spontaneous polarization, which causes low dielectric constant and poor
piezoelectric properties. On the other hand, perovskite-type structure piezoelectric materials were
found to possess superior piezoelectric properties, due to their spontaneous polarization to rotate

along three-dimensional orientations (x, y, and z directions).

Alkali niobate ceramics, ABO, (A = K, Na; B = Nb), are considered to be a good lead-
free candidate for the substitution of widely used commercial lead-based piezoelectric material. It
has been reported that potassium niobate (KNbO,; KN)-based ceramics — especially the solid
solution of ferroelectric potassium niobate (KNbO,; KN) and anti-ferroelectric sodium niobate

(NaNbO,; NN) — are attractive materials for the replacement of PZT, since they possess high



properties for composition near the morphotropic phase boundary (MPB), like the PZT-based
system. Sodium potassium niobate, (K, Na)NbO,, is a new piezoelectric perovskite ceramic,
which was discovered in the 1950s. Its phase diagram was reported by G. Shirane et al [8]. Figure
2.7 shows the phase diagram for the solid solution (1-x)KNbO,-(x)NaNbO, system. This system
shows a relatively high degree of complexity, e.g. in comparison with the well-known PZT
system. Several thermally induced phase transitions or polymorphic phase transitions (PPTs) have
been reported. At room temperature, phase transitions lie at 17.5%, 32.5% and 47.5% NN
content, with the latter commonly taken as 50/50 analogous to PZT. It should be noted that almost
composition-independent PPT between ferroelectric phases (orthorhombic-tetragonal phase
transition) at ~210°C (7,) and ferroelectric and paraelectric phases (cubic-tetragonal phase
transition) at ~420°C (7,.) have been shown. On the NN-rich side, only small substitutions of
sodium by potassium can cause a transition to ferroelectric from pure antiferroelectric sodium
niobate. The morphotrophic phase boundary near the 50% composition in (K, Na)NbO,, which
separates two orthorhombic ferroelectric phases, has been identified. Considering K, ;Na, ;NbO,
ceramics sintered by the ordinary sintering method (air-fired) performed in 1959, the maximum
value of electromechanical planar coupling coefficient (k) and piezoelectrical coefficient (d,;,)
was found to be 36% and 80 pC/N, respectively, with a dielectric constant of 290. Therefore, an
intensive research effort has been focused on the (1-x)KNbO,-xNaNbO, materials around this

composition of MPB [39].
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Unfortunately, one of the main obstacles for development of the KNN system as a
commercial piezoceramic material was found to be difficulties in processing, especially
densification. H. Birol ez al. [40] reported on the preparation of the KNN ceramic by conventional
processing. The sintering parameters were investigated and optimized to result in reproducible
and high quality ceramics. KNN ceramics produced in their report exhibited theoretical density of
over 95% and yielded superior piezoelectric properties (d;; ~100 pC/N and d,, ~43 pC/N).
However, the preparation had to be performed carefully. The carbonate origins required extra care
when taken against humidity and dried in an oven prior to mixing. The alumina crucible was
heated before transferring the dried powder precursor in the calcination step. These processes

were found to be more complicated and they needed extreme control over many parameters.

Regarding densification, it is difficult for the KNN solid solution system to reach full
densities by natural sintering, due to high volatilization of potassium at high temperatures, and the
phase stability of this material is limited to 1,140°C. Sintering at high temperatures is therefore
impossible in the case of avoiding a stoichiometry controlled problem or formation of unexpected
phases. The investigation of commercial compositions and optimum processing for obtaining
reproducible properties has been widely studied. In terms of possible low temperature sintering,
the aspects that are often considered can be divided as (1) pressure or electric field-assisted
sintering, (2) addition of a small glass phase or different additions, (3) addition of some sintering
aids, and (4) reduction in initial particle size, due to the driving force for sintering being inversely

proportional to the particle size.

As early as 1962, undoped KNN with various K/Na ratios was prepared through the hot
pressing method by R.E. Jaeger et al [41]. The relative density was increased from 94.2% to
98.9% by air sintering, with a high Curie temperature of ~420°C. Dielectric and piezoelectric
properties, as a function of composition belonging to the (1-x)KNbO,-(x)NaNbO, system, is given
in Figure 2.8. A broad maximum in the planar electromechanical coupling coefficient was
observed. Due to densification of the sample, dielectric constants and the planar
electromechanical coupling coefficient were improved remarkably. The maximum, k, at ~46%;
highest remnant polarization, P, at ~33 pC/cmz; lowest coercive field, E_at ~4.7 kV/cm; and high
piezoelectrical coefficient, d,, at 127 pC/N with a dielectric constant of 490, were observed for x

= 0.5 of the hot-pressed sample.
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KNbO,-NaNbO, system [41].

Hot isostatic pressing (HIP) and the spark plasma sintering (SPS) method have been used
to achieve high densities, and relative densities above 99.5% were obtained by using HIP [42]. In
2004, high density (1-x)KNbO,-(x)NaNbO, (x = 0.5, 0.6 and 0.7) ceramics were prepared
successfully using the spark plasma sintering (SPS) method by R. Wang et al. [43]. A high
temperature (up to ~1,700°C) and high pressure (up to ~0.6 GPa) were applied simultaneously
during the sintering process. When compared to the hot press method, SPS possessed a character
of super-high sintering speed. In (1-x)KNbO,-(x)NaNbO, samples, SPS-sintered at 1,040-1,100°C
was found to possess a higher room temperature dielectric constant, higher coercive fields, lower
remnant polarizations and lower electromechanical coefficients than in hot-pressed (1-x)KNbO,-
(x)NaNbO, samples. The relative densities of the samples were estimated to be around 98%.
Grain sizes showed a distribution of between ~2 and ~7 pm. The average grain size was relatively
smaller than that of the hot-pressed samples, due to the short sintering duration and low annealing

temperature halting growth of the grains.



After that, B.P. Zhang et al. fabricated (1-x)KNbO,-(x)NaNbO, (x = 0.2-0.8) dense
ceramics using the SPS method at a low temperature of 920°C [44]. Figure 2.9 illustrates the SEM
micrographs of (1-x)KNbO,-(x)NaNbO, ceramics at various compositions. The fractured surface
showed that all the KNN samples were very dense, with almost no visible pores being found. An
SPS temperature of >200°C, which was lower than the hot-pressing temperature, was used. The
grain sizes were in the range of 200-500 nm. The piezoelectric constant (d,;) and planar
electromechanical coupling coefficient (kp) for (1-x)KNbO,-(x)NaNbO, (x = 0.6), showed a
maximum value of 148 pC/N and 38.9%, respectively. These maximum values were found to be
strongly supported by the existing MPB-like region in this compositional area. However, J.F. Li
et al. also reported the fabrication of K, Na, ;NbO, using the SPS method at the low temperature
of 920°C [45]. 1t was found that the density of KNN ceramics was raised to 99% of the theoretical
density at 4.47 g/cm3. Figure 2.10 shows SEM and TEM micrographs of the SPS of K ;Na, ;NbO,
ceramics at 920°C for 5 min before annealing at 900°C for 4 h. The SEM micrograph of the
fractured surface shows that the K . Na; NbO, ceramic was very dense. The TEM micrograph
clearly shows that the grain sizes are in the range of 200-500 nm, which is much smaller than
those reported elsewhere. J.F. Li et al. were the first to report production of this fine-grained
microstructure, which was due to the powder densification process conducted by SPS at a low

temperature and for a very short period.

Figure 2.9 SEM micrographs of (1-x)KNbO,-(x)NaNbO, ceramics with various Na
contents (x), (a) 0.2, (b) 0.3, (c) 0.4, (d) 0.5, (e) 0.6, (f) 0.7, and (g) 0.8 [44].



Figure 2.10 Microstructure of the K, Na, ;NbO, ceramic spark plasma sintered at 920°C for
5 min before annealing at 900°C for 4 h. Micrograph by scanning
electron microscopy (a) and micrographs of transmission by electron microscopy

(b and ¢) [45].

Unfortunately, the cost of HIP, SPS and this method are relative high and unsuitable for
use in industrial production. Therefore, it is pertinent to further improve sintering of KNN
ceramic under normal atmospheric conditions and ordinary processing. Doping to modify KNN
ceramics was found to be an effective way to improve the sintering characteristic and electrical
properties. In 2004, Y. Saito et al. reported that (K, Na)NbO,-based perovskite solid solution was
a compatible piezoelectric property to lead-based ceramics [46]. Since no effective alternative to
PZT has yet been found, this work reported lead-free piezoelectric ceramic, with an electric-field-
induced strain comparable to typical actuator-grade PZT, used the relative template train growth
technique (RTGG). This research discussed a discovery of the MPB of solid solution in the (K,
Na)NbO,-LiTaO,-LiSbO, pseudo-ternary system, which possessed a relatively high piezoelectric
constant (dy;). The d,, constants and Curie temperatures (7;.) for the textured ceramics (LF3T and
LF4T) are shown in Figure 2.11. The enhanced d,;constants were 373 and 416 pC/N for LF3T
and LF4T, respectively, which were 1.8 and 1.6 times larger than those of the nontextured
ceramics, LF3 and LF4, respectively. The temperature-independent characteristic of developed
lead-free ceramics was found to be more prominent than conventional PZT ceramics (Figure
2.12). This could attract more attention and encourage researchers to develop further novel lead-

free piezoelectric materials for replacing lead-based ones.
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Based on the concept of introducing cationic substitution in KNN to enhance its
properties, several cations were concerned such as Li" and Sr™" for the A-site substitution and
Ta5+, Sb™ and Ti'" for the B-site substitution. Li'- and Ta’-modified KNN ceramics have been
considered a good candidate and widely studied. Y. Gou et al. [47] prepared the (1-
0K, Na, NbO,-xLiTaO, (x = 0.02-0.20) system. The cationic substitution effect of lithium for
sodium and potassium in the A-sites, and tantalum for niobium in B-sites of the (K ,Na, ,)NbO,
(KNN) perovskite lattice on symmetry and physical properties was investigated. A morphotropic
phase boundary (MPB) between orthorhombic and tetragonal phases was found to appear at x =
0.5. A poled sample of MPB composition showed the largest values of dielectric constant = 570,
planar electromechanical coupling coefficient k = 36%, and piezoelectric coefficients d,; = 200
pC/N. These extraordinary properties were described as a result of tetragonal-othorhombic (T_,)
phase transition, which was shifted to room temperature. In 2005, potassium sodium niobate
piezoelectric ceramics, substituted with lithium (K ,,Na,, ,,Li) NbO, (x = 0.05, 0.06, 0.065,

0.07) or lithium and tantalum (K, ,Nay s ,,Li )Nb, ,Ta)O, [with (xy) = (4,10) and (3,20)],

I
were synthesized through traditional solid state sintering by E. Hollenstein et al. [48]. High
densities and piezoelectric properties can be obtained in Li and Ta modified KNN ceramics by
simple pressureless processing, without sintering aids, CIP or special powder handling.
Resonance and converse piezoelectric (strain-field) measurements show the electromechanical
thickness coupling coefficient (k) of 53% and converse piezoelectric coefficient (d,;) of around
200 pm/V for the Li-substituted ceramics, and a k, of 52% and d,, of over 300 pm/V for the Li'-
and Ta-modified samples. When considering temperature dependence of the dielectric constant of
Li"-modified KNN, the Curie temperature is shifted to higher value, as the Li" content x is
increased. T, is moved to below room temperature for x > 0.07, indicating that the Li" addition
stabilized the tetragonal phase. Li modified KNN ceramics are considered one of the most
promising ways to obtain high properties of KNN-based ceramics. P. Zhao et al. prepared
[(Na, 535K} 430)0.9424xL40.055J(NDy 0o T2, ,)O, ceramics, compensated with Na and K at a fixed and
optimized ratio of 0.535:0.480 [49]. A phase transition from tetragonal to orthorhombic symmetry
was observed as x increased from 0.022 to 0.024, which resulted in enhancing increased
piezoelectric coefficient and planar electromechanical coupling coefficient (k) from 216 and

k

38.1% to 268 pC/N and 46.2%, respectively. It is clear that d,,, k, and & possess a peak value

39

with an increasing compensatory amount of Na, .,.K, ,.,. While the transition from tetragonal to

orthorhombic phase is being completed in samples compensated with 2.4 at % Na ;, K, ., €ither



dy, or k, reaches its peak value. The optimized electrical performances in this study should be due
to MPB behavior. Further Na, K, ,., compensation turned to decrease electrical properties. The
reason for this lies in the fact that the composition of the ceramics may deviate from the ideal
MPB composition, when the Na and K have been compensated sufficiently. Y. Chang et al. [50]
studied the effects of Ta content on the phase transitional behavior, Raman spectrum,
microstructure, and  dielectric,  piezoelectric and  ferroelectric = properties  of
[(K.458]N3g 542)0.06 14,0 (N, T2 )O, ceramics, prepared by the ordinary sintering technique. It was
reported that Ta substitution for Nb led to disappearance of abnormal grain growth behavior,
inhibition of grain growth, and improved density of ceramics. The proper substitution of Ta
shifted the polymorphic phase transition (at T’ ) to near room temperature, and coexistence of
orthorhombic and tetragonal phases was formed, which led to significant enhancements of
electrical properties. For ceramics with x = 0.15, electrical properties became the optimum, and
were as follows: piezoelectric coefficient d,, = 298 pC/N, planar electromechanical coupling
coefficient k,=0.52, dielectric constant & = 1195, dielectric loss tan 6= 0.016, T, = 35°C, Curie
temperature T, = 366°C, remnant polarization P, = 28.68 p,C/cmz, and coercive field E, = 7.14
kV/cm. P. Zhao et al. [51] prepared the Li/Ta-co-doped KNN ceramics with an optimal
composition of [(Nag ;K seedosssllooss] NDoooT2,,0)0;.  The ferroelectric, piezoelectric and
dielectric properties were investigated, with special emphasis on the influence of sintering
temperatures (ranging from 1,075 to 1,120°C). Reports stated that when the sintering temperature
was raised to 1,090°C, &, d,; and kp reached their maximum value of 720, 268 pC/N and 46.2%,
respectively. The highest value of d,; should be attributed to MPB behavior of the ceramics..
Figure 2.13 illustrates the polarization hysteresis loops of [(Na, 14Ky 4s0)096L10.056) NDo.50T3.10)05
ceramics, synthesized at 1,075-1,120°C. The remnant polarization (P ) of the sample, synthesized
at 1,075°C, was 5.9 pC/cmZ; and when the sintering temperature was raised to 1,090°C, a well-
saturated hysteresis loop was obtained and the P value reached as high as 11.5 uC/cmz.
Continuously increasing sintering temperature tended to decrease the P, because the seriously
unbalanced relative ratios of individual samples were caused by the heavy losses of Naand K at a

higher temperature.



20

20 , |
o 1075°C
R P SO -
|4 nos e Py
10} [0 1120°C R ‘
N/E\ ’§5~' YT
S o _
§ 0
BN
5 -Sr -
e y g
v A 7y
o SR St
VAl " (& X
0r R _
L o) :"l ‘..
‘?l‘«««((«««u“(“
-15} |
-20 ) l g . * s 1 . 1 .
-6 -4 -2 0 > : .

Electric field (kV/cm)

Figure 2.13 Polarization hysteresis loops of [(Na, 5Ky 150)0.066L-10.058] (Nbg 00T 85, 15)O; ceramics

synthesized in a temperature range of 1,075-1,120°C [51].

N.M. Hagh et al [52] reported the electromechanical properties of the
(K, 44Nag 5,Lig 0 )(Nb o, Ta  Sb, (JO, (KNN-LT-LS) system. Higher electronegativities of Ta"
and Sb”* over Nb’' resulted in formed bonds that were more covalent than ionic. Hence, the
resultant Sp3 hybridization of covalency over the ionic bond led to further improvement in
piezoelectric properties of KNN-LT-LS. The oxygen flow rate was reported to be an effective
factor in electromechanical properties of KNN-LT-LS ceramics. The highest electromechanical
properties were achieved when ceramics are completely exposed to oxygen with a high flow rate.
When sintering at 1,150°C for 1 h, with an oxygen flow rate of 180 cmS/min, the KNN-LT-LS
ceramics have d,, > 300 pC/N, 8T33 = 1865, tan J = 0.02, k,, = 0.65. In addition, it was noted that
the KNN-LiSbO, system appeared more interesting as it revealed high piezoelectric properties at
a relatively low cost. Although this kind of ceramic showed excellent electrical properties at room
temperature, its temperature stability was relatively poor, and this may greatly limit its practical
application. It has been reported also that Li" substitution for (KO.SNaO_S)+ in the KNN-LiSbO,
system is more effective than Sb™* substitution for Nb™" in decreasing T, 1-o- Further improvement
of the sinterability and piezoelectric properties can be expected without decreasing T, ; greatly by
adding a proper amount of Li and Sb to KNN. Thus, good temperature stability at around room

temperature can be achieved. L. Wu et al. {53] prepared (K, Li )Na, (Nb, Sb)O; (KLNNSx-y,
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x = 0-4 mol% and y = 0-8 mol%) ceramics by the conventional mixed oxide method. It was found
that the sintering temperature decreased and the average grain size increased with increasing
amounts of Li. A denser microstructure and better electrical properties of ceramics were obtained
when compared to pure K, Na, ,;NbO, ceramic. It was found that KLNNSx-y ceramics possessed
a high density of more than 96% of theoretical values, which indicated that the addition of Li and
Sb can assist the densification of KNN ceramics and improve ceramic sinterability. The
experimental results showed that the KLNNS2.5-5 ceramic exhibits good electrical properties (k,
~49%, k,, ~30% and 8T33/80 ~543, tan 0 ~0.019), and possesses good temperature stability in the
temperature range of -40 to 85°C. Furthermore, buzzers based on KLNNS2.5-5 ceramic have
been fabricated. Super-thin buzzers were prepared using KLNNS2.5-5 ceramic membranes, with
diameters of 15-16 mm and thicknesses of 0.10-0.11 mm obtained by the roll forming process.
Photographs of the KLNNS2.5-5 ceramic membranes and buzzers are shown in Figure 2.14. The
electrical properties of the piezoceramic membranes were k, = 0.44-0.45, & = 450-550 (120 Hz),

and tan J = 0.020-0.035 (120 Hz).

Figure 2.14 Photographs of KLNNS2.5-5 ceramic membranes and buzzers [53].
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In 2006, T. Fu-sheng et al. [54] synthesized (1-x)K, ;Na, ;NbO,-xLiNbO, (x = 0.04-0.07).
The effect of Li on the sintering characteristic, phase structure and piezoelectric properties of
ceramics was investigated. The sintering temperature of KNLN ceramics decreased with
increasing Li content. However, these temperatures were found to be lower than that of pure
KNN ceramics. The piezoelectric properties were enhanced greatly for compositions near MPB,
and the values of all KNN-LN ceramics were exceeded by up to 180-200 pC/N. The
electromechanical coupling coefficient (kp) was 35-40%. The KNN-LN (x = 0.05, 0.06) was a

promising high-temperature lead free piezoelectric ceramic.

As marked doping-enhanced piezoelectricity was found in Li and/or Ta-doped KNN
solid solutions, strontium titanate (SrTiO,) doping also was seen to enhance the piezoelectricity of
KNN ceramics. SrTiO, possessed the same perovskite structure as KNN, and a complete solid
solution could be performed. Y. Gou et al. prepared the (1-x)K, ;Na, NbO,-xSrTiO, (KNN-ST; x
= 0.005-0.100) ceramics [55]. The dependence of phase structure on the doping content of SrO
and TiO, was determined, and the dielectric relaxor behavior was induced by doping SrO and
TiO, into KNN. The sample in the composition of x = 0.005 to 0.020 exhibited excellent electrical
properties, a piezoelectric constant (d,;) of 90-96 pC/N, electromechanical planar and thickness
coupling coefficients of k, = 26.6-32.5% and k, = 39.8-43.8%. These results could attribute to the
increase in sample density, which was a result of the cold-isostatic-pressing (CIP) process.
Nevertheless, these (1-x)K, ;Na, NbO,-xSrTiO, solid solutions were prepared with x = 0.0-0.30,
using the conventionally mixed oxide method by R.C. Chang et al. [56]. It was reported that no
KNN-ST specimens deliquesce when exposed to water for a long time. The bulk densities () of
the doped ceramics reached up to 4.4-4.5 g/cm3 (the theoretical density is 4.51 g/cms), which was
equivalent to the relative densities (p,) of 97-99%. KNN-ST ceramic, with x = 0.005, exhibited
the maximum value of &, and k, which reached 42.2% and 36.1%, respectively. These values were
relatively high when compared with PT-based (k, = 0.36-0.57, &, = 0.03-0.2) and PZT-based (k, =
0.3-0.6, k, = 0.5) ceramics. Furthermore, the addition of small amounts of SrTiO, yielded larger

electromechanical coupling factors than those of pure KNN samples (k, = 33.4%, k,=29.6%).

There was confirmation that high piezoelectric properties in Pb-based piezoelectric
ceramics should be attributed to two main reasons, with the first being hybridization between the
Pb 6p and O 2p orbits responsible for large piezoelectric responses. In the ABO, perovskite

structure, the magnitude of 7 bonds between the d orbitals of B ions and 2p orbitals of O ions also
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can result in the ferroelectricity magnitude of materials. Additionally, hybridization between A-
site ions and O ions can increase the strength of 7 bonds, which affect higher ferroelectricity.
Since Bi”" is isoelectronic with Pb”" and shows a valence electron configuration of 6s26p°, it is an
element preferred to replace Pb”". The second main reason is the formation of MPB, in which the
polarization vector can rotate almost continuously under the external electric field. As it was
reasonable to predict that introduction of Bi"' into the A-sites of KNN ceramics can improve
piezoelectric properties, owing to the above reason. S. Du et al. {57] prepared (K Na,,),.
1 B1,.NbO, (KNBN) ceramics by conventional solid state sintering without cold-isostatic pressing.
The phase structure, microstructure, and electrical properties of KNBN ceramics were studied.
The addition of Bi"" significantly improved electrical properties of K, Na  NbO, ceramics, while
keeping the tetragonal-orthorhombic phase transition temperature (77.,) above 170°C. The KNBN
(x = 0.01) ceramics showed the optimum electrical properties; d,, = 164 pC/N, k, =047, 0, =
120, T, = 403°C, T, ; = 174°C, P, = 30.1 Cfem’, and E_ = 6.18 kV/cm. Taking into account the
electrical properties and polymorphic phase transition temperature (7._,), it can be concluded that
the KNBN (x = 0.01) ceramic is a promising lead-free piezoelectric candidate material for
practical application. The (K, ;Na, JNbO,-BiMeO, solid solution {where Me’" = Sc, Al, Ga, Y, In,
etc.) was a solid solution system predicted to possess high piezoelectric properties, due to
formation of the MPB and hybridization between the Bi 6p and O 2p orbits [58]. The (1-
x)(K, sNa, JNbO,-xBiScO, (KNN-BS) solid solution was an example selected for studying the
validity of this prediction. At room temperature, the polymorphic phase transition (PPT) from
orthorhombic to tetragonal in (1-x)KNN-xBS ceramics is identified at x = 0.0175 by analyzing X-
ray diffraction patterns and dielectric spectroscopy. Figure 2.15 shows the piezoelectric properties
of (1-x)KNN-xBS ceramics at room temperature. At x = 0.0175, it can be seen clearly that the
piezoelectric constant (d,,), planar electromechanical coupling coefficient (k), and thickness of
electromechanical coupling coefficient (k) of (1-x)KNN-xBS ceramics reach their highest value,
which is 253 pC/N, 0.48, and 0.49, respectively. In addition, it was also found that the
piezoelectric properties of (1-x)KNN-xBS ceramics were sensitive to compositions when they
readily decreased as the content of BNT deviated by 0.0175 mol. When compared to the other
KNN-based and hard Pb(Zr,Ti)O, ceramics, it was concluded that the (1-x)KNN-xBS (x =

0.0175) ceramic was a promising candidate lead-free piezoelectric material.
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Figure 2.15 Piezoelectric properties of (1-x)KNN-xBS ceramics at room temperature [58].

A dense microstructure of the 0.95(Na, K, JNbO,-0.05BaTiO, (0.95NKN-0.05BT)
ceramics was prepared by C.W. Ahn et al. in 2007 [59]. The microstructure, formation process of
the liquid phase, effect of Na,O evaporation and resulting effect on the piezoelectric properties of
ceramics were investigated. Grain growth was observed in the specimens sintered at 1,050-
1,060°C, while a liquid phase was found in those sintered at above 1;050°C, which explained the
increased sinterability and grain size. KTiNbO, and Ba,Ti,Nb,O,, secondary phases were also
observed for specimens sintered at above 1,060°C. Evaporation of Na,0 was responsible for
formation of the liquid phase, and KTiNbO, and Ba,Ti,Nb,O,, secondary phases. Figure 2.16 also
illustrates the dy,, &, E:T:‘/E:0 and grain size of the specimens muffled with 0.95NKN-0.05BT
powders during sintering. The piezoelectric constant (d,,) and planar electromechanical coupling
coefficient (kp) values were increased significantly when compared to the non-muffling
specimens, due to the enhanced poling efficiency resulting from increased resistivity of the
specimens. Specimens sintered at 1,060°C for 2 h showed improved piezoelectric properties of d;,

=225 pC/N, k = 0.36 and £ /g, = 1058.
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Figure 2.16 Values for dy,, k., e’-;TB/z-:0 and grain size of 0.95SNKN-0.05BT ceramics

sintered at various temperatures [59].

The (Biy;Na,)TiO, (BNT) is considered to be a good candidate for lead-free
piezoelectric ceramic, owing to its strong ferroelectricity at room temperature. However, BNT
ceramics have two disadvantages: higher coercive field and lower phase transition temperature,
which is called the depolarization temperature (from the ferroelectric to antiferroelectric phase).
To decrease the coercive field and improve the piezoelectric properties of BNT ceramics, new
solid solutions were formed. It is well known that the morphotropic phase boundary (MPB) plays
a very important role in PZT ceramics because piezoelectric and dielectric properties are at
maximum around the MPB that separates rhombohedral, tetragonal and/or monoclinic
ferroelectric phases. BNT and KNN are a rhombohedral and orthorhombic ferroelectric,
respectively, at room temperature. Therefore, H. Du et al. [60] reported reasonable anticipation
that (1-x)(K, ;Na, JNbO,-x(Bi, ;Na, )TiO, [(1-x)KNN-xBNT] solid solution possessed an MPB,
owing to its different phase structures at room temperature; namely, (1-x)KNN-xBNT solid
solution, which might possess high piezoelectric properties, due to MPB formation. The sintering
temperature of (1-x)KNN-xBNT (x > 0.02) ceramics was found to be higher than its limit of

1,140°C, indicating that the addition of BNT improved phase stability of the KNN system. The
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densities of (1-x)KNN-xBNT ceramics increased with increasing BNT, due to the increase of
densification. Figure 2.17 illustrates SEM micrographs of the thermally etched surface of (1-
x)KNN-xBNT samples, sintered at the optimum sintering temperature. It can be seen from
Figures 2.17 (a)-(f) that the microstructure of (1-x)KNN-xBNT ceramics become increasingly
homogeneous and uniform with increasing addition of BNT. The dielectric loss of the ceramics
was found to decrease with increasing addition of BNT; low dielectric loss may be due to
improvement of the bulk density. Furthermore, 0.94KNN-0.06BNT ceramics, possessed stable
and lower dielectric loss (2%) at 10 kHz and high temperature (100-450°C), which was very

important for high-temperature application of ceramics.

Figure 2.17 Micrographs from scanning electron microscopy of the thermally etched
surface of (1-x)KNN-xBNT samples sintered at the optimum sintering
temperature. (a) x = 50.01, (b) x = 50.02, (¢) x = 50.03, (d) x = 50.04,
(e) x = 50.05, and (f) x = 50.06 [60].
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Silver niobate (AgNbO,, AN) has attracted renewed interest, due to it being an
antiferroelectric at room temperature and possessing extremely large polarization (52 uC/mz) and
electromechanical response, with a high 7. of 360°C. C. Xu et al. [61] fabricated a new lead-free
solid solution (1-x)(K, Na,J)NbO,-xAgNbO, (KNN-AN) using an ordinary ceramic technique.
When considering the XRD patterns, ceramics possess a pure perovskite structure with
orthorhombic symmetry (similar to a pure KNN) at x < 0.20. With the addition of Ag’, the
sintering temperature of the ceramics increases slightly and the grains become smaller and more
uniform. Plots of variations between the remnant polarization (P,) and coercive field (E), with x
showing a P-E loop of ceramics with low Ag+ concentration (x = 0.16), are well-saturated and
square-like. With the increment of x, the P-E loop becomes flattened and slanted. It was shown
that the ferroelectric properties of ceramics became weaker after addition of excess Ag+. The
ferroelectricity of the ceramics became weak at a high Ag+ concentration. The ceramic with x =
0.10 possessed optimum electrical properties: d,,, = 135 pC/N, k, = 0.43, k, = 0.46, & = 470, tan &
= 3.39%, and T, = 394°C. C. L. Lei et al. [62] prepared (KNN-AN, with x = 0.00-0.36) in the
form of ceramics by solid state reaction under an O, atmosphere. The crystal chemical study
showed that Ag+ ion diffused into KNN lattices formed a solid solution of perovskite structure
with x up to 0.30. The substitution of Ag" ion for (K,,Na,,)" ion resulted in a linear decrease in
ferroelectric Curie temperature (7;,) from 420°C in KNN to 325°C in 0.70KNN-0.30AN, and the
tetragonal to orthorhombic phase transition temperature (7,) fell from 190°C to 150°C. The
relative density of the KNN-AN ceramics reached 94% theoretically. The optimum piezoelectric
properties were found in 0.82KNN-0.18AN ceramics, with a piezocoefficient d,, = 186 pC/N, an
electromechanical coupling factor £ = 42.5%, and a T, = 355°C. For ceramics with x = 0.24, the
remnant polarization reached a maximum value of P, = 20 uC/em’, with a reduced coercive field

of E, = 6.4 kV/cm and T. =340°C.

On the other hand, addition of a low melting point compound, which is also called
“sintering aid”, is expected to improve the sinterability of KNN-based ceramics without reducing
piezoelectric properties. It was considered that sintering aids, which could be melted at low
temperature, could form a liquid phase and promote the sintering process of the system. In 2004,
M. Matsubara ez al. reported that dense (K, Na)NbO, (KNN)-based ceramics were developed by
optimization of sintering conditions with newly developed K,CuNb,O,, (KCN) as a sintering aid

[63]. The sinterability and electrical properties of KNN ceramics were investigated as a function
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of KCN concentration. The density of KNN ceramics increased monotonically with increasing
KCN contents, and reached its highest value of 4.40 g/cm3 with the addition of 0.5 mol% KCN.
This was explained by results from the liquid phase formation, which significantly promoted the
densification of KNN ceramics. The Curie temperature of pure KNN ceramics was 420°C and it
decreased with increasing KCN content. KNN ceramics, with the addition of 0.5 mol% KCN,
showed the planar mode electromechanical coupling factor (k) and mechanical quality factor
(Q,,) reaching their highest value of 0.39 and 1,200, respectively. This KNN ceramic exhibited a
large field-induced strain of 0.09% at 40 kV/cm and a piezoelectric constant d,, of 180 pm/V.
Among several sintering aids, CuO was reported to be the most often-used. Those researchers
reported that the addition of CuO greatly enhanced the sinterability of (K, Na)NbO, and (K,
Na)(Nb, Ta)O,. The density of (K, ;Na, JNbO, ceramic was improved by up to 90% when adding
0.40 mol% of CuO. However, this research group also reported the effect of K,CuNb,O,, (KCN)
on the sinterability of those ceramics. At the stoichiometric composition of (K, ;Na, )NbO,, the
addition of 0.2 mol% of CuO was not effective for densification, and the product revealed
deliquescent properties. Conversely, KNN densified with 0.2 mol% of K,CuNb,O,, (KCN), was
found to yield compact density without deliquescence. The density of KNN ceramics increased
with increasing KCN up to 0.5 mol% [64]. Incidentally, R. Zuo ez al. {65] paid attention to the
effect of oxide compounds as sintering aids for the sinterability and electrical performance of
KNN ceramics. The addition of 1 mol% dopant, such as Zn, Cd, Sn, Sc, W, Ce and Y (in oxide
form) was studied. Various kinds of oxide sintering additives have been used to improve the
sintering of KNN. The effect of these oxides on densification is displayed in Figure 2.18. After
sintering for 4 h, the densification was improved by adding 1 mol% oxides, such as ZnO, CdO,
S¢,0,, and SnO,; however, the addition of oxides, like CeO,, Y,0,, and WO,, severely inhibited
sintering, as clearly seen from the curves. The addition of ZnO and SnO, was found to cause the
most pronounced improvement. A high density of up to 97.5% TD can be achieved at 1,100°C by
using 1 mol% ZnO as a sintering aid. The following dielectric and piezoelectric properties were
obtained: relative permittivity &‘T3/£:0 = 570-650, planar mode electromechanical coupling factor, £,

= 32%-44%, and piezoelectric strain constant, d,, = 92-117 pC/N.
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Figure 2.18  Effect of 1 mol% oxide sintering additives on densification of K, ;Na, ;NbO,

ceramics [65].

Sodium oxide (Na,O) is another sintering aid that has been studied. M.S. Kim et al. [66]
developed Na,O excess in 95(Na, K, IJNbO,-5LiTaO, (NKN-5LT) ceramics by the conventional
sintering process. The effect of Na,O additions on the microstructures and piezoelectric properties
of NKN-5LT ceramics was investigated. It was reported that the sintering temperature was
lowered by adding Na,O. Figure 2.19 shows microstructures of the samples sintered at different
temperatures for 4 h in air. Higher density of NKN-5LT ceramics was achieved by adding Na,O
and increasing heat-treatment temperature, as shown. In the 1 mol% Na,O excess in NKN-5LT
samples sintered at 1,050°C for 4 h in air, the electromechanical coupling factor and piezoelectric
constant of NKN-SLT ceramics were found to reach their highest value of 0.43 and 230 pC/N,
respectively. Additionally, J. Hao er al. reported that addition of a small amount of MnO,
promotes sintering KNN-based ceramics resulting in a significant improvement in densification
[67]. The effect of a little MnO, (0.0-1.2 mol%) doping on the phase transition behavior,
microstructure and electrical properties of (K Na, ), ,,Li,,,NbO, (94KNN-6LN) ceramics has

been investigated, and it was clearly found that the grains became distinctly smaller and more



30

uniform with increasing content of MnO,. Introducing a small amount of MnO, could act as a
grain growth inhibitor, thus resulting in grain size reduction. It could be noted that the addition of
MnO, can improve the densification of 94KNN-6LN ceramics effectively. The mechanical
quality factor, O, of 94KNN-6LN ceramics was enhanced significantly, due to high
densification. The Q_ in 1.2 mol% MnO,-94KNN-6LN ceramics reached 301, which was four
times more than the increase in 94KNN-6LN. The piezoelectric constant, dy,, and the planar
electromechanical coefficient, kp, still maintained relatively high values, which were about 141

pC/N and 32.0%, respectively.
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Figure 2.19 Microstructures of Na,O excess in NKN-5LT samples sintered for 4 h in air at

900, 950, 1,000, 1,050 and 1,100°C, as a function of Na,O content [66].
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2.4 Solid state reaction method

In most interesting processes in ceramic technology, the solid state reaction method is the
traditional and conventional one for producing oxide ceramics. It has been developed and
modified in both scientific research and industrial mass production over many years and is
probably one of the most fundamental and practical routine methods being used. In this solid state
reaction method, the stoichiometric constituent of oxides and carbonate starting materials are
mixed and then calcined in an air or oxygen atmosphere at a high temperature for an appropriate
duration. Intermediate grinding is required to obtain phase-pure and homogeneous products. This
method is found to be relatively simple, time-consuming and energy intensive and several
advanced materials have been prepared with it. For the preparation of lead zirconate titanate
(PZT) [68], powders of PbO, ZrO, and TiO, were used as raw materials, which were ball-milled
in a polyethylene pot containing zirconia balls and ethanol. Dried mixtures were then calcined
and ball-milled again before the production of PZT powders. Figure 2.20 shows the polished and
chemically etched surfaces of sintered PZT ceramics using calcined powder produced by the solid
state reaction method. In general, alkali niobate ceramics are synthesized by this conventional
solid state reaction, where alkali metal carbonate or oxide compound of starting materials are
used. For preparing potassium sodium niobate (K, NaNbO,) powders, K,CO,, Na,CO, and
Nb,O; were used as raw materials [40, 47-50, 69]. The calcination temperatures were found to be
in the range of 750°C to 950°C for 4 to 9 h. Figure 2.21 and 2.22 illustrate the X-ray pattern of
calcined powders and SEM image of the fractured surface of a sinter KNN sample prepared by

the solid state reaction method.
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Figure 2.20 Polished and chemically etched surfaces of PZT ceramics sintered at 1,200°C for

2 h, as a function of the molar ratio of Pb/(Zr+Ti), observed by SEM [68].
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Figure 2.21 X-ray pattern of calcined powder [40].

Figure 2.22 Fractured surface of a sintered KNN sample [40].
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2.5 Combustion synthesis

In general, alkali niobate powders are synthesized by conventional solid state reaction,
where carbonate or oxide compound of starting materials is ground repeatedly and heated at high
temperature (800°C or above) for a long duration to achieve the desired phase. The contamination
from grinding is presented usually. Powder agglomeration can occur during heating, which could
affect powder properties such as low surface area and low sinterability. High calcination and
sintering temperature can cause deviation in the composition, due to volatilization of alkali metal.
It is difficult to determine the appropriate conditions for reproducible preparation, due to this

method sometimes allowing production of dense, homogeneous and single phase ceramics.

Combustion synthesis (CS) or self-propagating high temperature synthesis (SHS) is
reported as a simple, rapid, effective, cheap and energetically economic method that yields high
purity products for a range of industrially useful materials. This process is provided, based on the
fundamentals of highly exothermic rodox chemical reaction, in which oxidation and reduced
reaction take place simultaneously between easily oxidized reactants and reducing reagent. The
energy released from the combustion reaction is high enough to heat the system and sustain it
sufficiently to drive the occurring synthesis without an external source. Figure 2.23 defnonstrates
a schematic representation of the temperature-time curve during an exothermal redox reaction.
The exothermic reaction is initiated at the ignition temperature (Tig), and when the heat generated
is apparent in a maximum or combustion temperature (7)), it can volatilize low boiling point
impurities that therefore result in purer products than those produced by more conventional
techniques. After a self-sustaining and rather fast combustion reaction has taken place, a dry, fine
and usually crystalline powder is obtained. Rapid evolution of gases produced in a large volume
during chemical reaction can give this method capability of producing nano-size powder.
Combustion synthesis (CS) has been used successfully in the preparation of a large number of
technologically useful oxide (refractory oxides, magnetic, dielectric, semiconducting, insulator,
catalysts, sensors, phosphors, etc.) and nonoxide (carbides, borides, silivides, nitrides, etc.)
materials. This method was used in Russian commercial manufacturing. Some of these CS-
produced materials from 1994 are listed in Table 2.1, and their applications can be classified as

follows:
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1. Abrasives, cutting tools and polishing powders, e.g. TIC, cemented carbides.

2. Resistive heating elements, e.g. MoSi,.

3. Shape memory alloys (SMA), e.g. TiNi.

4. High temperature intermetallic compounds, e.g. nickel aluminides.

5. Steel processing additives, e.g. nitrided ferroalloys.

6. Electrodes for electrolysis of corrosive media, e.g. TIN, TiB,.

7. Coatings for containment of liquid metals and corrosive media, e.g. products of
aluminum and iron oxide thermite reactions.

8. Powders for further ceramic processing, e.g. Si,N,.

9. Thin films and coatings, e.g. MoSi,, TiB,.

10. Functionally-graded materials (FGM), e.g. TiC + Ni.

11. Composite materials, e.g. TiC + A,O,, TiC + ALO, + Al.

12. Materials with specific magnetic, electrical or physical properties, e.g. BaTiO,,

YBa,Cu,0, ..
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Figure 2.23 Schematic of the temperature-time curve during an exothermal reaction [70].
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Table 2.1 Some materials produced by the combustion process [70].

Borides

Carbides

Nitrides

Silicides
Aluminides
Hydrides
Intermetallics
Carbonitrides

Cemented carbides

Binary compounds
Chalcogenides

Composites

CrB, HfB, NbB, NbB, TaB, TiB, TiB, LaB, MOB, MOB,,
MoB+Mo,B, WB, W,B,, WB,, ZB,, VB, V,B,, VB,

TiC, ZrC, HfC, NbC, SiC, Cr,C,, B,C, WC, TaC, Ta,C, VC, AlC,
Mo,C

Mg,N,, BN, AIN, SiN, Si,N,, TiN, ZrN, HfN, VN, NbN, TaN, TaN
(hexagonal and cubic)

TiSi,, Ti,Si,, ZrSi, ZrSi,, MoSi,, TaSi,, Nb,Si,, NbSi,, WSi,, V.Si,,
NiAl, CoAl, NbAl,

TiH,, ZrH,, NbH,, CsH,, PrH,, IH,

NiAl, FeAl, NbGe, NbGe,. TiNi, CoTi, CuAl

TiC-TiN, NbC-NbN, TdC-FeN, ZrC-ZrN

TiC-Ni, TiC-(Ni, MO), WC-Co, Cr,C,-(Ni, MO

TiB,-MoB,, TiB,-CrB,, ZrB,-CrB,, TiC-WC, TiN-ZrN, MoS,-NbS,,
WS,-NbS,

MgS, NbSe,, TaSe,, MoS,, MoSe,, WS,, WSe,

TiB,-ALO,, TiC-ALO,, B,C-ALO,, TiN-ALO,, TiC-TiB, MoSi,
ALQ,, MoB-Al,0,, Cr,0,-AL,0,, 6VN-5A1,0,, ZrO,-Al,0,-2Nb
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When compared with conventional ceramic processing, the most obvious advantages of
combustion synthesis are primarily: (1) generation of a high reaction temperature that can
volatilize low boiling point impurities and, therefore, result in higher purity products; (2) simple
exothermic nature of the reaction, which avoids the need for expensive processing facilities and
equipment; (3) short exothermic reaction time that results in low operating and processing costs;
(4) high thermal gradients and rapid cooling rates that can give rise to new non-equilibrium or
metastable phases; (5) inorganic materials that, in one step, can be synthesized and consolidated
into a final product by utilizing the chemical energy of the reactants; and (6) formation of
virtually any size and shape of products. These advantages have fascinated researchers enough to
become more active in investigating the combustion synthesis of new and improved materials,

with specialized mechanical, electrical, optical and chemical properties.

From the historical perspective, Berzelius {71-72] found, as early as 1825, that zirconium
oxide could be made by heating amorphous zirconium metal below redness, and the reaction
could be ignited even below room temperature. This is probably the literature’s earliest record on
using combustion synthesis of a ceramic refractory material. At the end of the nineteenth century,
and beginning of the twentieth, various nitrides of transition and rare-earth metals were prepared
by this combustion synthesis. A more recent research, conducted on the combustion synthesis of
advanced materials, began in 1967, guided by the Russian scientists, A.G. Merzhanov et al. [73],
who created the term ‘self-propagating high temperature synthesis’ (SHS). This research group
started a systematic investigation of combustion synthesis reactions. The potential of such a
simple process was realized and the group began to investigate the synthesis of other high value
and advanced ceramic materials. The synthesis of a large number of ceramics, composites and
intermetallics, including carbides, borides, nitrides, beryllides, phosphides and rare-earth metal
compounds was examined. Since the early 1980s, an increasing number of researchers,
predominantly in Russia, the U.S.A. and Japan, have been investigating the application of
combustion synthesis as an efficient and economical technique for the production of advanced

materials and compounds.
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2.5.1 The combustion synthesis using redox compounds and mixtures.

The preparation of fine particle oxide materials by the combustion of redox compounds is
simple and attractive. Compounds that contain both oxidizing and reducing groups are applied as
starting material. These redox compounds can be ignited properly and decomposed
autocatalytically to yield voluminous products. K.C. Patil et al. [74] reported that (NH,),Cr,0,,
which contains both oxidizing (Cr2072') and reducing (NH:) groups, can be ignited (using

KCIO,-sucrose-H,SO,) and decomposed, resulting in voluminous green Cr,0, (artificial volcano).
A
((NH,),Cr,0,, = Cr,0, + 2N, + 4H,0 (2.1)

The exothermicity of the combustion reaction was explained, due to the oxidation of
ammonium ion (NH:) to N, and H,O by the dichromate ion (Cr2072'), which reduced itself to
Cr’". The combustion was found to be a smoldering type (flameless) accompanied by evolution of

gases, resulting in fine and voluminous Cr,0O, powder.

A new class of precursor containing a carboxylate anion, hydrazide, hydrazine or
hydrazinium group, which can be ignited at low temperature (120-350°C) and decomposed
autocatalytically to a yield fine particle and large surface area oxides, was then found
accidentally. The high exothermicity (around 700°C) of combustion reaction was attributed to the
oxidation of strong reducing agents such as COO, N,H,, NH, or N,H," (present in the
precursors) by atmospheric oxygen to CO, H,0 and N,. K. C. Patil et al. reported the
preparation, crystal structure and reactivity of various combustible precursors [75]. Table 2.2
gives a list of these compounds and the oxides formed through this combustion synthesis. The
iron containing complexes, Fe(N,H,COO),(N,H,), and N,H,Fe(N,H,C0O0),-H,0, and their solid
solutions were reported to be ignited at ~120°C (they can be ignited easily with a matchstick or
candle flame) and combusted in the presence of atmospheric oxygen to yield nanosize Fe,O, and
ferrites. The smoldering-type combustion and evolution of large amounts of gaseous products
(CO,, H,0, NH, etc.) resulted in the formation of fine oxide powder products. The surface area of
these iron oxides ranged from 70 to 140 nghl. All the ferrites that were then pelletized and
sintered at 1,000°C achieved a high density of ~98% theoretical density. Other nanosize oxides
obtained by the combustible precursors were CeO,, TiO, and Y,0,. Besides magnetic oxides, a
few ferroelectric titanates also have been prepared by this process, i.e. PbTiO,, PbZrO, and PZT.

Although the preparation of fine particle oxide materials by the combustion of redox compounds
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is simple and attractive, it has certain limitations. Firstly, preparation of the precursors requires a
period as long as several days. Secondly, the yield is as low as 20% of the precursor. Finally,
some of the metals cannot form complexes with the hydrazine carboxylate ligand and it is

therefore impossible to use this method for preparing high-temperature oxides.

However, an alternative method found to avoid the redox compound limitation is using
redox mixtures of the oxidizer and fuel similar to gun powder (which contains KN03+C+S) or
solid propellant (which contains NH,Cl0,+CTPB+Al). These redox mixtures can be ignited and
undergo self-propagating combustion. The combustion synthesis using redox mixtures, which
have been described and investigated widely, can be identified in two categories; (1) solid state

combustion (SSC) and (2) solution combustion (SC).



Table 2.2 List of metal carboxylate compounds and oxides formed by the CS method [75].

Metal carboxylate precursors to fine particle oxides

Precursors Oxides Surface area Particle size (nm)
(mz/g)
Fe(N,H,CO0),"(NH,),
e(NH,C00), (NH)), Y-Fe,0, 68 1723
Za(NH,C00),"(NH,), 200 6
Ce(N,H,C00),"3H,0
273 2 2 Ceoz 90
Y(N,H,C00),"3H,0 Y, 55
NZHSFe(NzH,COO),'HZO Y'Fezos 75
N,HM, Fe, (N,H,CO0)-3H,0
M=Mg MgFe,0, 114 10-25
M=Mn MnFe,0, 140
M=Co CoFe,0, 116
M=Zn ZoFe,0, 108
M=Cd CdFe,0, 93
(N,H)),Ni Zn, Fe,(N,H,CO0),:3H,0
x=02 Niy,Zn,,Fe,0, 91 10-20
x=04 Ni; Zn, Fe,0, 86
x=0.5 Ni, Zn, Fe,0, 90
x=06 Niy Zn, Fe,0, 85
x=038 Ni,4Zn,,Fe,0, 91
N,HM,Co,,(N,H,CO0),-H,0
M =Mg MgCo,0, 47 20
M=Mn MnCo,0, 24
M=Co FeCo,0, 16
M=2Zn ZnCo,0, 65
Mg,,Mn, ,(N,H,C00),"2H,0 MgMg,0, 28
Zn,Mn,,(N,H,C00),2H,0 ZnMg,0, 61
N,H,Co,,,Mn,(N,H,C00),H,0 CoMg,0, 76 35
N,H,Ni,,Mn,,(N,H,CO0),"H,0 NiMg,0, 20
TiO(N,H,CO0),"2H,0 TiO, 114 20
ZrTIO(OH),(N,H,C00),*3H,0 ZTio, i
PHTIO(OH),(N,H,C00),"H,0 PbTiO, 2
X
PbZrO(OH),(N,H,CO0),"4H,0 Pozr0, I
44
Pb(Zr, ,,Ti, .,)O(OH),(N,H,C00),"4H,0 Pzt
PLZT 30

Pb, L8, (Zr, ( Ti, , JO(OH),(N,H,C00),4H,0
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2.5.2 Solid state combustion (SSC) [76-79]

In solid state combustion (SSE), initial reactants, intermediates and final products are all
in the solid state. In this synthesis, the reactants are pressed into a pellet, which typically is
cylindrical in shape, and then ignited by an exothermal source (e.g. tungsten coil, laser or
microwave) from which an exothermic redox reaction can be initiated. Combustion of solid
reactants can occur in two modes: (1) linear or self-propagating high temperature synthesis (SHS)
and (2) bulk or volume combustion synthesis (VCS). After local initiation occurs in the SHS
mode, a hot combustion wave passes through the heterogeneous mixture of reactants at 1,700-
3,800°C and yields the condensed product desired. In VCS (thermal explosion) mode, the pellet is
heated uniformly in a controlled manner until the reaction occurs simultaneously throughout the
volume. This solid state combustion is reported to be the process used in the synthesis of a variety
of advanced materials such as aluminides—AINi (aerospace and turbine material); borides-TiB,
(abrasives and cutting tool); carbides-SiC, TiC (abrasives and cutting tool); chalcogenides-MoS,
(high temperature lubricant); hydrides-MgH, (hydrogen storage); nitrides—Si,N, {ceramic engine
parts); oxides—La, Sr,,CrO, (fuel cell interconnect); phosphides—GaP (semiconductor), silicides—
MoSi (high temperature heating element); and titanates-TiNi (shape memory alloy) [79]. A
variety of catalysts, e.g. oxynitrides (honeycomb support for noble metals); complex cuprates,
LnMCu,_ s Ln =Y or La, M = Ca, Ba or Sr (ethylene synthesis); LnCaB; (oxidation of methane to
ethylene); Fe—Al alloys (ammonia synthesis); modified spinel; and Fe—Cr oxides (pyrolysis of
diesel fuel) have been prepared extensively by the SSC method [55-56]. Other technologically
useful materials prepared by SSC are: solid oxide fuel cell materials: Sr and Ga doped LaFeO
[79], La,g,Sr, ,,CrO, [80], La,,Sr,,Cr,,Fe,;0, . [81], La, Sr,MnO, [82]; the hydrogen storage
alloy, Mg,NiH, [83]; and porous NiTi (biomedical implant material) [84]. Unfortunately, it was
found that using the SSC method was not easy in producing nanomaterials, due to the typical

scale of heterogeneity for initial solid reactants being in the order of 10-100 pm.
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2.5.3 Solution combustion (SC)

The solution combustion (SC) method of preparing oxide materials is a fairly recent
development when compared to SSC or SHS techniques. Since J.J. Kingsley et al. [85] reported
the serendipitous preparation of o-Al,O, foam in 1988, by rapidly heating a solution of
aluminium nitrate-urea mixture, a number of advanced materials have been prepared by this
solution combustion process. Therefore, the SC method has been considered as a process that can
prepare nanomaterial and be scaled up. Up until now, SC has been used all over the world for
preparing oxide materials for a variety of applications. A wide range of technologically useful
oxides (alumina to zirconia) have been prepared with interesting magnetic, dielectric, electrical,
mechanical, catalytic, luminescent and optical properties. Base on the SC method, oxide
compound can be prepared by rapidly heating aqueous solutions containing stoichiometric
amounts of respective metal nitrate (oxidizer) and fuels (reducer). Several organic compounds
have been applied as fuel such as urea, carbohydrazide, oxalyl dihydrazide, malonic acid, tartanic
acid, citric acid, glycine, alanine, triethanoamine, hexamethyltetramine (HMT), etc. A saturated
aqueous solution of the desired metal salts and suitable organic fuel is boiled until the mixture
ignites and a self-sustaining and rather fast combustion reaction takes place, resulting in a dry,
fine and usually crystalline oxide powder. Various fuels differ in reducing power and the amount

of gas they generate, and all of them serve two purposes:

1) A source of C and H, which on combustion, forms CO, and H,O and liberates
heat.
) To form complexes with metal ions facilitating homogeneous mixing of the

cations in solution.



While redox reactions such as this are exothermic in nature and often lead to explosion if
not controlled, the combustion of metal nitrates-urea mixtures usually occurs as a self-
propagating and non-explosive exothermic reaction. The large amounts of gases formed can result
in appearance of a flame, which may reach temperatures in excess of 1,000°C. In addition, metal
nitrates are salts preferred for this solution combustion method, due to their water solubility (with
good achievable homogenization in the solution) and the few hundred degrees needed to melt
them. Hydrate salts are even more favored in this respect, as the water molecules do not affect the

total valencies of the nitrate and are, therefore, irrelevant for the chemistry of the combustion.

By simple calcination, the metal nitrates can, of course, be decomposed into metal oxides
when heating to or above the phase transformation temperature. A constant external heat supply is
necessary. In this case, maintenance of the system at high temperature is required to accomplish
the appropriate phase transformation. In the combustion synthesis, the energy released from the
exothermic reaction between the metal nitrates and fuel usually ignites at a temperature much
lower than that in the actual phase transformation, and can heat the system rapidly to a high
temperature and sustain it long enough for the synthesis to occur, even in the absence of an
external heat source. The basis of the combustion synthesis technique comes from the
thermochemical concepts used in propellant chemistry {86]. The constitution of a fuel-oxidizer
mixture is important in the field of propellants and explosives for various reasons, and the
parameter used to express it must clearly indicate the closeness to the stoichiometry of the
mixture, i.e., whether it is fuel-lean or fuel-rich stoichiometric. Jain et al. [86] introduced a simple
method of calculating the oxidizing to reducing character of the mixture, irrespective of whether
the elements are present in the oxidizer or fuel components of the mixture. Those authors also
showed that, for a stoichiometric mixture, the magnitude of total composition of oxidizing and
reducing elements is related closely to the heat of reaction (or difference summed up
proportionately in bond energies of the products and reactants), and calculated
thermodynamically from the formation temperatures of reactants and products. According to
propellant chemistry, the usual products of the combustion reaction are CO,, H,0, and N,.
Therefore, the elements C and H are considered as reducing elements with the corresponding
valencies of +4 and +1, oxygen is considered an oxidizing element with the valency of -2, and
nitrogen is thought to have a valency of zero. The extrapolation from this concept of the

combustion synthesis of ceramic oxides means that metals such as K, Na, Ca, Al, and Zr (or any
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other metals) also are considered as reducing elements, with the corresponding valencies of +1,
+1, +2, +3, and +4, respectively. The stoichiometric composition of the redox mixture for the
combustion synthesis is calculated based on the total oxidizing and reducing valencies of the
oxidizer and fuel, in order to release the maximum energy for the reaction. Additionally, in the
case of multiple valence elements, the valence of the element in the product is used in the
calculation. The elemental stoichiometric coefficient, ¢, can be calculated in the following

equation:

total valaencies of fuel

$=n 2.2)

total valaencies of oxidizer

where n is the mole of glycine. According to the propellant chemistry for stoichiometric redox
reaction between fuel and an oxidizer, the ¢ ratio should be unified (stoichiometric). A ¢ < 1
means oxidant-rich condition and @ > 1 means fuel-rich condition. This ¢ ratio is referred to as a
fuel-to-oxidizers ratio. It should be noted that this calculation is based on a theoretical reaction
equation that neglects all secondary phenomena such as urea hydrolysis and thermal
decomposition, as well as nitrate decomposition, which would alter the initial fuel-to-oxidizers

ratio.

In 1996, D.A. Fumo et al. [21] reported the preparation of calcium aluminate cements for
refraction by a straightforward combustion synthesis technique, using the corresponding metal
nitrates-urea mixtures at low temperature and short reaction times. The effect of the oxidizer/fuel
ratio in the redox mixture on the phase formation and characteristic of the powder produced were
investigated. In this study, Ca(NO,),"4H,0 and AI(NO,),"9H,0 were used as cation sources, and
urea CO(NH,), was used as fuel. The reactants were hand mixed in a wide-mouth vitreous silica
basin (300 cms), and heated up to ~300°C on a hotplate inside a fume-cupboard under ventilation.
After the thickened liquid began frothing and ignition took place, the reaction lasted for less than
1 minute, producing dry and very fragile foam. The as-prepared powders produced in the
stoichiometric reactions showed that they consisted of very fine crystal agglomerates. The
mixtures prepared with half the stoichiometric urea were found to fail in ignition and a wet gel
remained after the water was drained. An X-ray diffraction pattern was obtained upon drying, and
the only crystalline phases detected were the unhydrated metal nitrates. Calcination at 600°C
resulted in a dried powder and successful nitrate decomposition, but the temperature was not

enough to promote crystallization of the desired phase. Only when the calcination temperature
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was increased to 900°C, could a sign of the crystalline aluminate be detected in the X-ray
diffraction pattern. Although the combustion synthesis of fuel-lean mixtures was unsuccessful,
the experiment validated the assumptions made in the theoretical calculation of the maximum
temperature reached in the stoichiometric reaction. On the other hand, all fuel-rich mixtures were
found to ignite easily. The high temperature was sustained longer and the combustion resulted in
crystalline as-prepared powders. Calcination steps at higher temperatures only promoted the

degree of crystallinity and grain growth.

In 1998, A.M. Segadaes et al. [87] reported a combustion synthesis of aluminium titanate
(AL, TiO,), using metal nitrate-urea mixtures at low temperature and short reaction times. AL TiO
was synthesized by using AI(NO,),"9H,0 and liquid Ti[O-CH(CH,),],, as cation precursors, and
urea CO(NH,), as fuel. NH,NO, was used as a combustion aid. The appropriate amounts of
reactants, with a little added water, were first melted in a wide-mouth vitreous silica basin (~200
cms) by rapid heating up to ~300°C on a hotplate inside a fume-cupboard under ventilation. Soon
after the liquid thickened and began frothing, the basin was transferred to a muffle furnace,
preheated to 500°C, where ignition took place. The reaction lasted for less than 1 minute and

produced dry, white and very fragile foam, which crumbled easily into powder.

In 1999, V.C. Sousa et al. [88] described the combustion synthesis of zinc oxide (ZnO)
and doped ZnO [e.g., ZnO-Bi,0, (ZB), ZnO-Bi,0,-Sb,0, (ZBS), ZnO-Bi,0,-Sb,0,-Co0-MnO
(ZBSCM) and ZnO-Bi,0,-Sb,0,-Co0-Cr,0, (ZBSCMK)] powder for varistor ceramics.
Zn(NO,),6H,0, Bi(NO,),-5H,0, Co(NO,),-6H,0, Mn(NO,),-5H,0, Cr(NO,),"9H,0 were used as
cation precursors and urea CO(NH,), as fuel for the combustion synthesis,. Firstly, the mixtures
were heated up to ~300°C on a hotplate until they began to froth, then the basin was transferred to
a box furnace, preheated to 500°C, where ignition took place. The powders obtained showed high
specific surface areas and possessed particle sizes in the nanometer range. Figure 2.24 illustrates
TEM photomicrographs of the as-prepared combustion synthesized powders, ZnO and ZBSCMK.
Some particles were found to be crystallite agglomerates, according to the on-set of sintering

during the fast combustion reaction.
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Figure 2.24 TEM micrographs showing typical morphology of as-prepared combustion

synthesized powders: (a) ZnO and (b) ZBSCMK {88].

A. Civera et al. [89] applied combustion synthesis to produce LaMnO, perovskite-type
catalysts for natural gas combustion. An aqueous solution containing metal precursors in the
stoichiometric ratio was prepared from La(NO,),.6H,0 and Mg(NQ,),'6H,0, whereas Mn
metallic powder was used as a source of manganese, dissolved once with the addition of a
suitable amount of HNO,. Excess NO3- anions, introduced when dissolving Mn powder, were
accounted for in calculation of the initial fuel-to-oxidizers ratio. Different amounts of CO(NH,),,
corresponding to various fuel-to-oxidizers ratios, were applied. After a few minutes stirring on a
heating plate, to ensure proper homogeneity, the as-prepared solution was transferred to a ceramic
dish, which was placed into a preheated oven and kept at a constant temperature in the range of
400-800°C. Different operating conditions affected the duration of the process as well as its
intensity, and resulted in differences in the morphology of the products obtained: some had a
foamy structure and crumbled easily to give a fine and volatile powder, whereas others were
denser and needed proper grinding. A series of frames were extracted from a video recording of
the process: the resulting images that depict the most relevant steps of the process, for the model
case of alumina preparation, are shown in Figure 2.25. In this case, no visible reaction took place
when employing the stoichiomatric ratio. A fuel-to-oxidizers ratio larger than 2 at an oven

temperature of 600°C was found to be an optimum condition.
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Figure 2.25 Combustion synthesis of Al,O, in stoichiometric conditions at 600°C. The

number in the bottom left-hand corner refers to the time that elapsed from when

the dish was placed in the oven (expressed in minutes and seconds) [89].
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In 2004, Z.S. Macedo et al. [90] performed a series of 20 experiments on powder
production of the ferroelectric, Bi,Ti,0,, (BIT), for exploring urea [CO(NH,),] and
polysaccharide [(CH,,O,),] as fuel. An electric plate was used as a heating source to accelerate
the ignition. Different experimental conditions such as annealing temperatures, stoichiometric
ratios and the use of TiO, and TiCl, as titanium sources were investigated. The best results were
achieved with a percentage weight of BIT higher than 93%. Samples un-annealed and annealed at
650°C presented poor quality, but they resulted in powders with high BIT percentage when
annealed between 800°C and 1,000°C for 30 min. The plate-like morphology of the BIT particles

was observed in all the samples, as analyzed by SEM (Figure 1.26).

For nearly all of the previously described purposes, urea was found to be the most
convenient fuel to use. It is not only commercially available and cheap, but it also generates the
highest temperature, although fuel-rich mixtures might produce sintered particle agglomerates
prematurely. However, glycine (NH,CH,COOH) was found to be an alternative fuel for the
preparation of oxide powder by the combustion synthesis. Glycine is one of the cheapest amino
acids known to act as a complexing agent for a number of metal ions, as it has a carboxylic acid
group at one end and amino group at the other. This structure may change, thus transferring a
proton from the COOH, carboxylic acid group, to the NH,, amino group, leaving an ion with both
a negative and positive charge. These results in a net neutral charge because the number of
protonated ammonium groups with a positive charge is equal to that of deprotonated carboxylate
groups with a negative charge. This ion is called a zwitterion (German for mongrel or hybrid ion),
and such types are presented in Figure 2.27. The zwitterionic character of a glycine molecule can
complex metal ions of varying ionic sizes effectively, which helps in preventing selective impulse
to maintain compositional homogeneity among the constituents. On other hand, glycine also can

serve as a fuel in the combustion reaction, when being oxidized by nitrate ions.
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Figure 2.26 SEM photographs showing the powders produced by (a) solid-state reaction,

(b) SHS-sample UB3, (¢) SHS-sample PB3 [90].
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Figure 2.27 Neutral and zwitterion structure of glycine.
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In 2001, T. Mimani et al. [91] prepared nanosize alumina, ceria, yttria, zirconia CeO,-
Zr0, (0SC), t-Zr0O,-AlL 0, (ZTA) and Y,0,-ZrO, (YSZ) by the combustion of aqueous solutions
containing corresponding metal nitrate, ammonium nitrate and glycine redox mixtures. The
aqueous solution, with redox mixture in a Pyrex container, was introduced in a preheated muffle
furnace at 400°C for boiling, foaming and undergoing smoldering (flameless) combustion, and
producing the corresponding oxides. The product remaining was voluminous and erupted like a
volcano, as shown in Figure 2.28 (a). The TEM photograph of that zirconia powder shows a
uniform and compact distribution of the particles [Figure 2.28 (b)], which were almost spherical
to hexagonal geometry with a size of <20 nm. It appeared that the particles were dispersed with

negligible agglomeration and they showed a higher surface area.

Figure 2.28 Formation of voluminous zirconia (a) and TEM micrograph of ZrO, (b) [91].

Barium titanate (BaTiO,); a well known perovskite and widely investigated dielectric
material, was prepared using a simple and instantaneous combustion technique from T. V.
Anuradha et al. [92]. The synthesis of nanosize BaTiO, by the combustion of redox mixture
containing different Ba-precursors (nitrate, acetate or peroxide), TiO(NO,), and fuel
(carbohydrazide, glycine or citric acid) was described. XRD patterns of the BaTiO, obtained
showed cubic phase with significant peak broadening, which indicated formation of
nanostructured BaTiO,. The crystallite sizes calculated using Debye Scherrer’s equation were
found to be in the range of 50-60 nm, while particle sizes indicated by TEM studies were found to
be in the range of 10-50 nm. SEM micrographs indicated the variation of pore size, depending
upon the precursors and fuel. A high order of porosity was observed, especially when citric acid

and glycine were used as fuels with barium nitrate and barium acetate, respectively.
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A.S. Mukasyan ez al. [93] identified optimum synthesis, and compacting and sintering
conditions in order to achieve a fully densified pure phase La Sr,,CrO, (LSC) perovskite
membrane using the aqueous solution of metal nitrates (oxidizer) and glycine (fuel). Depending
on the fuel/oxidizer ratio, ¢, the reaction can proceed in three different modes: smoldering
combustion synthesis (SCS) with a maximum temperature of 7, < 600°C; volume combustion
synthesis (VCS) at 1,150°C < T, < 1,350°C; and self-propagating high-temperature synthesis
(SHS) at 800°C < T, < 1,100°C. The characteristics of synthesized powders depended on the
combustion mode. The crystalline structure of as-synthesized powders became more defined as
the amount of fuel increased. It can be seen from the SEM micrograph that SHS powders have a
larger specific surface when compared to SCS and VCS products. After calcinations,
microstructures of all powders changed dramatically. It can be seen that the calcined powders did
not exhibit flake or a waffle type microstructure, but were extremely uniform with well defined
morphology of each particle. This led to large decreases in the specific surface area of powders.
Powder synthesized in SHS mode was found to be the most homogeneous, with the highest
surface area among all calcined samples. The highest relative density of sintered specimens was

found to be 85%, which belonged to the membrane produced from SHS powders.

R.D. Purohit ez al. [94] synthesized ultrafine ceria (CeO,) powders by the combustion
technique through auto-ignition of viscous liquids containing cerium nitrate (oxidizer) and
glycine (fuel). From X-ray line broadening, as presented in Figure 2,29, the increase in crystallite
size with that in the glycine-to-nitrate molar ratio was attributed to an increase in flame
temperature, which assisted the crystal growth. The very high flame temperature in the case of
stoichiometric and fuel-rich precursors can affect the powder characteristics adversely, for
A example, increase in the crystallite size, and premature partial local sintering among the active
primary particles, produced during combustion, thereby reduce the surface area. Figure 2.30 (a)
and (b) show the HRTEM micrographs of nanocrystalline ceria powder agglomerates, which also
confirmed lower particle size distribution when comparing the fuel-deficient ratio with the
stoichiometric ratio. Additionally, the color of the ceria powder also was found to change with the
fuel-to-oxidant ratio used in the process. The powder color may be related to variation of the

crystallite (particle) size.

C.C. Hwang et al. [14] developed a novel combustion synthesis method to prepare the

electronic oxide powders, Ni;.ZnFe,0,, ZnO, LiCoO,, BaFe ,0,, and YBa,Cu,0,  (x < 0.25),
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using organic compounds (e.g., glycine, urea, citric acid, alanine, or carbohydrazide) mixed
directly with metal nitrates without adding water. Combustion reaction was started by igniting the
mixture using a mini gas burner. In this work, the initial temperature (7} ), which was when the
sample weight started to change rapidly during chemical reaction, was defined by using
thermogravimetric analysis (TGA). The synthesis using glycine, alanine and carbohydrazide as
organic fuels was found to produce a single-phased Ni-Zn ferrite, because only the characteristic
peaks of a Ni-Zn ferrite were seen in XRD patterns. However, by using glycine as fuel, the Ni-Zn
ferrite possessed better quality with good chemical homogeneity. Also, as glycine is inexpensive,
it was selected to acquire other ferrites. Figure 2.31 demonstrates a TEM photograph taken after
the as-synthesized product had been fully ground and treated with oscillation procedures. It was
found that the size of the spherical particles was dispersed with negligible agglomeration and
homogeneously distributed in a range of 30-40 nm. Additionally, 97% theoretical density of

sintered samples was obtained after 2 hr at a relatively low temperature of 950°C.

S.V. Chavan et al. [95] reported the synthesis of yttria (Y,0,) by the combustion
technique using glycine as fuel. The effect of oxidant-to-fuel molar ratio on powder
characteristics was investigated. The XRD data of all the powders calcined at 600°C for 1 hr are
shown in Figure 2.32. All the patterns conformed to that of pure phase Y,0,, with considerable
peak broadening attributed to very small crystallite sizes. It was reported that using the
stoichiometric ratio (oxidant-to-molar ratio of 1:1.66) produced the highest flame temperature,
which was as high as 1,440°C and led to large 30 nm crystallites and a low surface area. The
flame temperature for the fuel rich ratio (oxidant-to-molar ratio of 1:2.5) was lower than the
stoichiometric ratio (1050°C), which led to finer 9 nm crystallites. The decrease process in surface
area was described as neither uniform nor spontaneous, despite a higher number of gas moles.
The best powders, with a crystallite size of 8 nm, were obtained for an oxidant-to-molar ratio of
1:1 (fuel-deficient), due to the gaseous evolution that was very intense, and the combustion
process occurred very rapidly for a very short duration when compared to all the other ratios. It
can be noted that two competing effects govern the final powder properties, viz., the high
exothermicity and flame temperature cause the powders to coarsen, whereas the evolved gases

tend to improve the powder properties.
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Figure 2.29 X-ray line broadening for ceria powder obtained through (a) the fuel-deficient,

(b) the stochiometric, and (c) the fuel-rich precursor [94].



Figure 2.30

HRTEM micrographs of ceria powder obtained through (a) the fuel-deficient,

and (b) the stoichiometric precursor [94].
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Figure 2.31 TEM photograph of the synthesized Ni-Zn ferrite powders [14].
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Figure 2.32 XRD patterns for products from different oxidant-to-fuel ratios [95].
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CHAPTER 3

EXPERIMENTAL PROCEDURES

The experimental procedures used for the preparation and characterization of lead-free
piezoelectric alkali niobate perovskite ABO, (A =K, Na; B = Nb) powders are described in this
chapter. Firstly, the synthesis method used was divided into two parts. For a modified solid state
reaction, potassium niobate (KNbO,; KN) and sodium niobate (NaNbO,; NN) powders were
produced. The influence of calcination temperatures and dwell times on the preparation of KNbO,
and NaNbO, powders was investigated. For a combustion synthesis, sodium niobate (NaNbO,;
NN) powders were produced. The influence of the fuel-to-oxidizer molar ratio and calcination

temperatures for the preparation of NaNbO, powders was examined.

The chemical purity and supplier of starting materials are listed in Table 3.1. Potassium
oxalate monohydrate (K,C,0,H,0), sodium oxalate (Na,C,0,) and niobium pentaoxide (Nb,0;)
were employed as the starting material for a modified solid state reaction. For combustion
synthesis, sodium nitrate (NaNO,) and niobium pentoxide (Nb,O,) were used as the oxidizer, and

glycine (NH,CH,COOH) was applied as fuel.
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Table 3.1 Specifications of the starting material powders used in this study.

Materials Purity (%) Formula weight Manufacturer
Potassium oxalate 299.00 184.24 Fluka
monohydrate GmBH, Germany
K,C,0,H,0
Sodium oxalate 299.90 134.00 Fluka
Na,C,0, GmBH, Germany
Niobium pentaoxide 99.95 265.81 CERAC
Nb,O, Company Inc., USA
Sodium nitrate 299.5 84.99 Riedel-deHaén
NaNO,
Glycine 99.7-101 75.07 Sigma-Aldrich

NH,CH,COOH Company Inc., USA
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3.1 Modified solid state reaction

Potassium niobate (KNbO,; KN) and sodium niobate (NaNbO,; NN) powders were
produced using a modified solid state reaction method. This modified technique was similar to the
conventional solid state mixed oxide method, except when using oxalate compound as starting
material instead of oxide and/or carbonate compound. Reagent-grade potassium oxalate
monohydrate (K,C,0,-H,0, 299.9%) and niobium pentaoxide (Nb,0,, 99.95%) were employed as
starting materials for KNbO, preparation. The raw materials were weighed in stoichiometric
quantities following the equation below, with a 3 mol% excess of K,C,0,-H,0 added in order to

compensate weight loss during the calcination step.
K,C,0,H,0, +Nb,O,,, —> 2KNbO, + CO,, + COy, + H,0, (3.1

Reagent-grade sodium oxalate (Na,C,0,, 99.9%) and niobium pentaoxide (Nb,O;,
99.95%) were employed as raw material for NaNbO, preparation. All starting materials were
weighed according to the required stoichiometric ratio, which related to the reaction below, with a

3 mol% excess of Na,C,0, added in order to compensate weight loss during the calcination step.
Na,C,0, + Nb,Oy =2 2NaNbO,, + CO, + CO, (3.2)

All raw materials were mixed by the mixing process, as used in the routine processing
procedure of the conventional solid state mixed oxide method. Schematic of the mixing p;ocess is
illustrated in Figure 3.1. These starting materials were mixed by the ball-milling method using
ethyl alcohol as medium and partially stabilized zirconia balls for 18 h. Then, the mixture was
dried on a hotplate, with regular stirring for a suitable period. After drying, the precursor mixture
was determined by thermogravimetric analysis (TGA, Perkin Elmer) and differential thermal
analysis (DTA, Perkin Elmer) for investigating thermal behavior during heat treatment and
finding the appropriate calcination temperature. Based on the TG-DTA results, the mixture was
placed subsequently in a closed alumina crucible and calcined for different periods at various

temperatures, ranging from 300°C to 700°C, in order to investigate formation of the alkali niobate

perovskite phase.
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Figure 3.1 Mixed and calcination Processes (MCP) for powder preparation.
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3.2 Combustion synthesis

Combustion synthesis (CS) was found to be a potential method for synthesizing powder
rapidly with the desired composition, and high porosity and sinterability. AR grade sodium nitrate
(NaNO,, 299.50%) and niobium pentoxide (Nb,O,, 99.95%) were used as the oxidizer, and
glycine (NH,CH,COOH, 99.7%) was applied as fuel for the combustion synthesis of perovskite

alkaline niobate NaNbO, powders in this study.

Based on the fundamental thermochemical concepts used in propellant chemistry, an
exothermic redox reaction of the combustion synthesis process could be initiated only when the
oxidizer and fuel are mixed thoroughly in a fixed proportion. This method consists of establishing
a simple valency balance, irrespective of whether the elements are present in the oxidizer or fuel
components of the mixture, and then calculating the stoichiometric composition of the starting
mixture, which is equivalent to the release of maximum energy. The elemental stoichiometric
coefficient, ¢, which is the ratio between the total valencies of fuel (glycine; NH,CH,COOH) and
that of the oxidizer (nitrate compound), can be calculated following the method proposed by Jain
et al. [86]. To calculate the total valencies, carbon and hydrogen are considered as reducing
elements with the corresponding valencies of +4 and +1; oxygen is seen as an oxidizer with the
valence of —2; and nitrogen is considered to have the valence of 0. In extrapolating these-concepts
for the combustion synthesis of oxide powder in this study, metals were considered as reducing
elements with their corresponding valences (e.g. +3 for lanthanum, +2 for magnesium, +1 for
potassium and sodium). Additionally, in the case of multiple valence elements, the valence of the
element in the product was used in the calculation. The elemental stoichiometric coefficient, ¢,

could be calculated by:

¢ total valaencies of fuel
=n

(3.3)

total valaencies of oxidizer

where n is the mole of glycine. According to the propellant chemistry for stoichiometric redox
reaction between fuel and an oxidizer, the ¢ ratio should be unified (stoichiometric). A ¢ < 1
means oxidant-rich condition and @ > 1 means fuel-rich condition. This ¢ ratio was referred to as
the fuel-to-oxidizers ratio. To satisfy the principle in the present system of NaNbO, preparation,

the following calculation could be performed:



62
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Sodium nitrate possessed the oxidizing valency of 5— and glycine had the reducing valency of 9+,
and, as the mole of glycine (n) was found to be 0.56, the molar ratio of fuel (glycine;
NH,CH,COOH) to oxidizer was 0.56:1. This ratio was referred to as the fuel-to-oxidizers molar

ratio. Therefore, the comprehensive reaction that formed NaNbO, could be written as:

18NaNO,,, + 9Nb,0,, + 10NH,CH,COOH,,, —>

(aq)

18NaNbO,, + 25H,0,, + 14N, +20CO (3.5)

A

It must be noted that various fuel-to-oxidizers molar ratios should be used for
investigating and comparing the effect of fuel-rich/fuel-lean mixtures on the synthesis of niobate
powder. Different fuel-to-oxidizers molar ratios such as fuel-deficient (<0.56), equivalent

stoichiometric (0.56) and fuel-rich (>0.56) conditions were applied.

The appropriate amounts of metal nitrate starting materials were weighed according to
the chemical reactions mentioned above. Schematic of the combustion synthesis procedure is
illustrated in Figure 3.2. The metal nitrates were mixed with de-ionized water in a glass beaker,
followed by adding Nb,O; and stirring regularly for 30 min. Glycine (NH,CH,COOH) was then
added into the solution and the mixture was stirred again for 30 min. After that, the solution
precursor was boiled on a hotplate inside a fume-cupboard under ventilation. Then the solution
was evaporated after it had thickened. Once the solution had begun to dry, ignition took place

when the temperature increased rapidly, which resulted in self-sustaining combustion, with rapid

" “evolution of a large volume of gas products, and formation of voluminous powders.
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Figure 3.2 Schematic flow chart of the combustion synthesis process (CSP).




3.3 Characterization

The mixture of starting material was determined using thermogravimetric analysis (TGA)
and differential thermal analysis (DTA) for investigating thermal behavior of the precursor. The
crystal structure, phase nucleation and influence of the fuel-to-oxidizers molar ratio, calcination
temperatures and dwell times of calcination to phase formation of as-synthesized and calcined
powders, were studied and characterized by the X-ray diffraction technique (XRD) and Fourier
transform infrared (FTIR) spectroscopy. The morphology and particle size of the powders

obtained were investigated through a scanning electron microscope (SEM).
3.3.1 Thermogravimetric analysis (TGA) and differential thermal analysis (DTA)

Thermogravimetric analysis (TGA) was defined as a technique in which the mass change
of a substance is measured as a function of temperature, whilst the substance is subjected to a
controlled temperature program. This mass loss is seen only if a process occurs where a volatile
component is lost, thus, the reaction may take place with no mass loss being detected. Therefore,
simultaneous thermogravimetry-differential thermal analysis (TG-DTA) could be applied to
provide all information required to understand the thermal behavior of the mass change. In
preparation of the powder, thermal behavior of all precursors was investigated using TG-DTA
(Perkin Elmer), with a heating rate of 10 K min" ina temperature range from room temperature to

1,573 K in N, atmosphere at a rate of 100 cm’ min .
3.3.2 X-ray diffraction technique (XRD)

The automated X-ray diffractometer (XRD, Advance D8) was used on the precursor, and
as-synthesized and calcined powder, using Ni-filtered CuK, radiation for phase identification,
lattice parameters and mean crystalline size estimation. The volume fraction of the perovskite
phase formation was considered for phase purity at various calcination temperatures and dwell
times. These relative amounts of perovskite and others phases were approximated by calculating
the ratio of the main X-ray peak intensities of perovskite, residual starting component (R =
K,C,0,H,0, Na,C,0,, KNO, and/or NaNO,), Nb,O, and other secondary phases (pyrochlore),

using the following equation [96]:

7

perov

Wt% perovskite = ; %100 (3.8)

perov Hg+l NbyOg +

pyro
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where Iperov, I, INb205 and Ipyro stand for intensities belonging to the strongest reflection peak

of perovskite, residual starting component (R = K,C,0,-H,0, Na,C,0,, KNO, and/or NaNO,),

(180) Nb,O, and pyrochlore phases, respectively.
25

The average crystallite size of the powders obtained could be determined from the XRD
pattern, according to Scherrer’s equation [97]:

kA

=— 3.9
b pcosb, 9

where D is the average crystallite size, k a constant equal to 0.94, A the wavelength of X-ray
radiation, £ the full width at half maximum (FWHM) and 03 the diffraction angle. The constant
of proportionality, k (the Scherrer constant) depends on the how the width is determined, the
shape of the crystal, and the size distribution. The most common values for & are 0.94 for FWHM

of spherical crystals with cubic symmetry.
3.3.3 Fourier transform infrared (FTIR) spectroscopy

To confirm phase identification, the precursor and final powder product were
characterized by using the Fourier transform infrared (FTIR) technique, which determines the
adsorption of infrared radiation, due to characteristic vibrations and rotations of atoms in
molecules and solid compound. The room temperature FTIR spec':tra were recorded in the range
of 4,000—400 cm'l, with 8 scans on a Perkin Elmer, FT-IR SPECTRUM GX and a resolution of 4

cm’ using KBr pellets (KBr, spectroscopy grade, Merck).
3.3.4 Scanning electron microscope (SEM)

The morphology and particle size of the powders obtained were investigated through the
scanning electron microscope (SEM). The powders were dispersed firstly in ethyl alcohol using
an ultrasonic bath for 20 min. Then, dispersion was dropped on alumina tape and dried. The
morphology of the resulting selected samples was examined with the scanning electron
microscope (SEM, Hitachi $4700, JEOL JSM-6335F and Leo 1455VP) after gold coating for 1
min. The average particle size of powders obtained was examined using the linear intercept

method.



CHAPTER 4

RESULTS AND DISCUSSIONS

4.1 Solid state reaction synthesis of sodium niobate (NaNbO,) powder at low temperature

Overview - A modified solid state reaction was applied to produce lead-free piezoelectric
sodium niobate (NaNbO,) powders. The mixture of Na,C,0, and Nb,O, was identified by thermo
gravimetric analysis (TGA) and differential thermal analysis (DTA). The powders were
characterized using a scanning electron microscope (SEM) and the X-ray diffraction technique
(XRD). The SEM image suggested that the particle size of the powders obtained ranged from 180
to 360 nm. The XRD pattern showed that the pure perovskite phase of NaNbO, could be
synthesized at the low temperature of 475°C for 1 h, with an average crystallite size of 25.89 %
5.64 nm. This temperature was about 300°C lower than that when using the conventional solid-

state method with Na,CO, as reactant, which resulted in a cost-, energy-, and time-saving method.

4.1.1 Introduction

Alkaline niobate materials are considered a lead-free candidate for the substitution of
widely used commercial lead-based piezoelectric material, based on the aim to avoid highly
harmful lead compounds [57, 64, 98-99]. Among several compounds, sodium niobate (NaNbO,)
has attracted considerable attention because of its unique properties [98] and high dielectric
constant (2000-3000) at Curie temperature [100]. Unlike most oxidic perovskite, NaNbO,
possesses six phase transitions from the ferroelectric phase at low temperature (rhombohedral) to
the antiferroelectric room temperature phase (orthorhombic) and non-polar cubic structure at
640°C [101]. It can form solid solution with other niobate compounds, such as LiNbO, and
KNbO,, to acquire good ferroelectric and piezoelectric properties [50, 62, 102-103].
Traditionally, alkali metal niobate powders have been synthesized via the solid state reaction of
alkali metal carbonates and Nb,O, [98, 104]. This method requires a high calcination temperature

(about 750°C or more) for a long period of time, possibly causing volatilization of the alkali metal
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and leading to poor compositional homogeneity [98-99, 104]. The powders can be agglomerated
during heating, which affects their properties [98, 105]. Thereafter, powders with high
sinterability and stoichiometric control are necessary for developing NaNbO,-based piezoelectric
ceramics. Numerous alternative methods are used to prepare NaNbO, such as hydrothermal [106],
chemical [105], and polymeric precursor processes [16], and the mechanochemical process [15,
98, 107]. Although NaNbO, was performed by mechanochemical activation after thermal
treatment of a stoichiometric Na,CO,/Nb,O, mixture at 600°C, this procedure required a long
operational period of up to 30 days [98]. Moreover, NaNbO, was also obtained at a low
temperature (450°C) by the wet-chemical method using a water-soluble malic acid complex
[108]. However, most chemical techniques require specialized experimental apparatus and high
purity reactant, which are more expensive. Interestingly, sodium tantalate (NaTaO,) powder, with
high crystallinity has been successfully synthesized at 600°C through a simple method called
modified solid state reaction or combustion synthesis, in which urea plays an important role.
Unusual starting material (Na,C,0, instead of Na,CO,/Na,O) has been described. This method
was found to produce NaTaO, as a general route at the lower temperature of 500-600°C, when
compared with conventional solid state reaction [18]. On the other hand, urea, which was added
as fuel in order to achieve the final product, could cause problems in this method, due to risks if
performing on a large scale. Nonetheless, the aim of the present study was to produce NaNbO,
using a simple, rapid, low cost, and environment friendly route, such as a solid state reaction of

Na,C,0, and Nb,O, without the addition of any fuel.
4.1.2 Experimental procedure

NaNbO, was synthesized by a solid state reaction method. Reagent-grade sodium oxalate
(Na,C,0,, 99.9%) and niobium oxide (Nb,O;, 99.9%) were employed as raw material. Firstly,
starting materials were weighed according to the required stoichiometric ratio that related to the

reaction below.

Na,C,0,, + Nb,0yy —> 2NaNbO,, + CO,, + CO 4.1)

5(s) 2(g)
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Then, raw materials were mixed together by ball-milling in ethyl alcohol using partially stabilized
zirconia balls for 18 h. After drying on a hot plate by regularly stirring at about 80°C for an
approximate period, the thermal behavior during heat treatment was determined by thermo
gravimetric analysis (TGA, Perkin Elmer) and differential thermal analysis (DTA, Perkin Elmer).
According to TG-DTA results, the mixture was subsequently placed in a closed alumina crucible
and calcined for different periods of time in air at various temperatures, ranging from 300 to
600°C, in order to investigate the formation of NaNbO,. Afterward, calcined powders were
subsequently inspected by room temperature X-ray diffraction (XRD, Advance D8), using Ni-
filtered Cu K, radiation, to examine the effect of thermal treatment on phase development and the
optimal calcination condition for the formation of crystalline NaNbO, powders. Powder
morphologies and particle size were figured directly using a scanning electron microscope (SEM,

LEO1455 VP).
4.1.3 Results and discussion

The TGA and DTA of a powder mixed in the stoichiometric proportions of NaNbO, are
illustrated in Figure 4.1. The TG curve accordingly revealed a weight loss of 16.8%, occurring
during the temperature rise from 400 to 500°C. This observation corresponded to the endothermic
peak of the DTA curve, which centered at 484.8°C. This endotherm may be related to the
decomposition of Na,C,0, to Na,CO,, which lies on the temperature of 450-550°C, and abruptly
to the decomposition of Na,CO, to Na,0 (decomposition temperature in the range of 400°C)

before releasing CO and CO, molecules, as revealed below [19].

Na,C,0,,, —> Na,CO,, +CO 4.2)

®
Na,CO,, —> Na,0,+ CO,, (4.3)

It is interesting to note that there was no weight loss or thermal effect at a temperature of
about 100°C, at which no decomposition occurrence was indicated. The endothermic peak

correlates at the range of 100°C with the release of water molecules.
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Figure 4.1 TG-DTA result of an uncalcined powder mixed in the stoichiometric proportion

of NaNbO,.

This confirmed that non-absorptive Na,C,0, raw material contrasts with Na,CO,,
because Na,CO, is the hygroscopic compound which can lead to the erroneous stoichiometric
ratio. Therefore, powders with good compositional homogeneity, when comparing with the
conventional solid-state method with Na,CO, as reactant, may possibly be produced via this
solid-state reaction. Thus, based on TG-DTA data, the powders were calcined at temperatures
ranging from 300 to 600°C for 4 h in order to investigate the calcination temperature outcome in
the development phase. The mixture of starting material was calcined in air using the steady
heating/cooling rate of 20°C at various temperatures, and followed by phase analysis using the
XRD technique. Figure 4.2 shows the XRD pattern of the NaNbO, powders calcined at different
temperatures for 4 h. It can be seen that fine NaNbO, crystallites were developed at a calcination
temperature as low as 400°C, accompanied by the phase of unreacted Nb,0, (JCPDS file no. 30-
0873) and Na,C,0, (JCPDS file no. 20-1149). This observation suggests that nucleation of the

perovskite NaNbO, phase did occur. In addition, the minor phase of Nb,O, and Na,C,0, was also
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decreased with escalating calcination temperature, and disappeared completely after the powders
were calcined at the calcinations temperature of 500°C for 4 h. Whereas, the intensity of the
perovskite NaNbO, peak was enhanced further and an essentially monophasic NaNbO, perovskite
phase (yield of 100% within the limitations of the XRD technique) was observed. This NaNbO,
phase could be indexed according to an orthorhombic structure with the space group Pbma (no.
57), which was consistent with JCPDS file No. 33-1270. Although the calcination temperature
rose at 550 and 600°C, the monophasic NaNbO, perovskite phase was also obtained. There was
no evidence of the pyrochlore diffraction peak. This result also correlates with the TG-DTA
analysis shown above. As the calcinations temperature increased, so too did the amount of the
NaNbO, crystallite phase, and this can be seen as intensity of the amplified peak. Since the
diffusion coefficient is a temperature dependence parameter, the higher temperature has the most
intense effect on the rate of diffusion [110], and can enhance higher atomic mobility [104]. As the
finest calcination temperature was established at 500°C, a dwell time ranging from 15 min to 4 h
was applied at 475°C (instead of 500°C). This temperature was preferred because of the rapid

diffraction peak change of the powder calcined at 450 and 500°C.
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Figure 4.2 XRD patterns of NaNbO, powder calcined at various temperatures for 4 h with a

heating/cooling rate of 20°C/min.

The XRD pattern of the NaNbO, powders, which were calcined at 475°C with different
dwell times, is shown in Figure 4.3. It was found that the single-phase of NaNbO, powder was
also successfully synthesized at the calcination temperature of 475°C, with a dwell time of 60 min
or more applied. The increase in crystallinity of the NaNbO, phase was seen to relate with the
escalation of dwell time. Although the calcination temperature of 475°C was higher than the
nucleation temperature of the powder obtained by a polymeric precursor [16], this was a single-
step and low-cost starting material method that could save time, energy, and cost. Likewise, this
temperature was much lower than the conventional solid state reaction process with Na,CO, as
reactant, which was in the range of 750°C [98]. This observation indicated that calcination
temperature and dwell time might play an important role in evolution of the pure phase product

and also be consistent with other systems [111].
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Figure 4.3 XRD patterns of NaNbO, powder calcined at the calcinations temperature of

475°C for various dwell times with a heating/cooling rate of 20°C/min.

The volume fraction of the perovskite phase formation was considered at various
calcination temperatures and dwell times. These relative amounts of perovskite, Na,C,0, and
Nb,O, phases, were approximated by calculating the ratio of the main X-ray peak intensities of

perovskite NaNbO,, Na,C,0,, and Nb,O phase using the following equation [96]:

I

. perov
Wt% perovskite = x100 4.4)
! perov+] NayCy0y + NbyOs
where Ipemv, INaZCZO , and ]sz 0s stand for the intensities belonging to the strongest reflection

peak of (002) perovskite, (111) Na,C,0,, and (180) Nb,O,, respectively. A volume fraction
increase of the perovskite NaNbO, phase formation of the calcined powders, resulting from the

calcinations process at various temperatures and dwell times, is shown in Table 4.1. As the
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calcination temperature rose, the yield of the perovskite phase increased significantly until the
temperature reached 500°C, and a pure phase of NaNbO, was established. Likewise, in observing
powders calcined at 475°C for different dwell times, the NaNbO, phase was enlarged as the dwell

time increased up to 60 min, and the monophasic phase of NaNbO, was seen to form.

Accordingly, the Johnson—-Mehl-Avrami, or JMA equation was used in the present study.
This equation was found appropriate for describing a wide variety of isothermal solid-state
transformations [112-113]. It was used to study the kinetic of the reaction and mechanism

involving nucleation and growth, and has the general form of:
x(1)=1-exp[-(k)'] 4.5)

where x is the volume fraction of the perovskite phase formed, & the reaction rate constant, ¢ the
calcination time, and n the Avrami exponent. For analyzing the results, the relation of In {In 1/(1 -
x)] versus In ¢ was plotted. Figure 4.4 shows a good linear fit of the Avrami plot for NaNbO,
powders calcined at 475°C. This shows that the isothermal formation of the perovskite phase can
be described accurately by the theory of phase transformations. The constant 5, which can be
calculated from the slope of this Avrami plot, was found to be 1.79. This indicated that the
reaction of solid solution formation is diffusion controlled (# is less than 2.5) [114]. The
beginning stage of transformation is a fixed number of perovskite nuclei [115]. The average
crystallite size of the powders obtained can be determined from the XRD pattern according to

Scherrer’s equation [97]:

kA

= —— 4.6
b pcosb, “9

where D is the average crystallite size, k a constant equal to 0.94, A the wavelength of X-ray
radiation, /3 the full width at half maximum (FWHM), and 6, the diffraction angle. The average
crystallite size of powders calcined at 475°C for 15 min to 4 h was found to be from 20.92 + 2.41
to 28.64 + 4.99 nm, and that of powders calcined at the optimum condition (475°C for 60 min)

was about 25.89 * 5.64 nm. The increase in crystallinity of the NaNbO, phase was affected by
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increasing dwell time. This may confirm that the dwell time also plays an important role in
development of the pure phase creation. SEM micrographs of the powder calcined at 475°C for
60 min are given in Figure 4.5. The particle size, which can be estimated from these micrographs,
was found to be in the range of 180 to 360 nm. This value is greater than the average crystallite
size calculated from XRD patterns. The inconsistency value could point out the agglomeration of
the calcined powders. No evidence of difference phase or pyrochlore phase was found. This
outcome relates to the XRD result, in which the monophasic perovskite phase of NaNbO, can be

established after calcination at 475°C for 60 min.
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Table 4.1 Fraction of perovskite phase formed as a function of calcinations temperature and

dwell time.

NaNbO, Calcination temperature °C

300 350 400 450 500 550 600
wt%

0 0 35.42 62.86 100.00 100.00 100.00
perovskite
NaNbO, Dwell time (min) at 475°C

15 20 30 40 60 120 240
wt%

41.89 60.56 89.13 97.00 100.00 100.00 100.00
perovskite
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4.1.4 Conclusions

Crystalline powders of sodium niobate NaNbO, were synthesized from a modified solid
state reaction of Na,C,0, and Nb,O,. This method is an excellent, simple and cost effective way
to prepare stoichiometric, homogeneous, and fine powders. The perovskite phase of NaNbO, was
successfully synthesized at the low temperature of 475°C for 1 h, with an average crystallite size
of 25.89 + 5.64 nm. This temperature is about 275°C lower than that used in the conventional
method, which lies in the 750°C range. As dwell time increased, XRD peaks became narrower,
and a pattern similar to that expected for orthorhombic NaNbO, was achieved, as indicated by the
separate peaks. The resulting NaNbO, powders comprised agglomerated particles of 180 to 360

nm in size.
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4.2 Synthesis of potassium niobate (KNbO,) nano-powder by a modified solid state reaction

Overview - Crystalline lead-free piezoelectric potassium niobate (KNbO,) powders have
been synthesized through a modified solid state reaction method. The thermal behavior of the
K,C,0,,H,0 and Nb,O, raw material mixture was investigated by thermogravimetric analysis
(TGA) and differential thermal analysis (DTA). The X-ray diffraction technique (XRD) was used
to investigate the phase formation and purity. The morphology of the powder obtained was
characterized using a scanning electron microscope (SEM). The XRD pattern showed that the
monophasic perovskite phase of KNbO, could be synthesized successfully at a temperature as low
as 550°C for 240 min, with an average crystallite size of 37.27 + 10.84 nm. The SEM images

suggested that the average particle size of the powder obtained was 278 + 75 nm.
4.2.1 Introduction

Lead zirconate titanate (PZT) ceramics are used widely in piezoelectric applications, due
to their superior piezoelectric properties near the morphotropic phase boundary (MPB) [1, 116].
However, more than 50% of the lead-based piezoelectric material contains poisonous lead, which
is a major drawback [2]. It has been reported that the use of lead-based ceramics causes serious
environmental problems and numerous physical symptoms [2]. Furthermore, EU legislation will
enforce draft directives for waste from electrical and electronic equipment (WEEE); and
restrictions on the use of certain hazardous substances in electrical and electronic equipment
(RoHS) and end-of life vehicles (ELV) [3-4, 117]. According to these issues, lead and other
heavy metals should be phased out, and alternative lead-free piezoelectric materials are receiving
considerable attention. Among various alternative families, perovskite type (ABO,) ceramics
have attracted much consideration. Among alkali metal niobates, potassium niobate (KNbO,) is a
well-known perovskite oxide that possesses attractive physical and piezoelectric properties [117-
119]. Furthermore, the electromechanical coupling factor of the thickness extensional mode, ,
was reported to reach as high as 0.69 for the 49.5°-rotated X-cut on the Y-axis. This value of , is
the highest among current lead-free piezoelectrics [5]. However, the main hindrance regarding
this alkali niobate-based material lies in the difficulty of preparing dense and stoichiometric

controlled ceramics using the conventional solid state reaction and ordinary air sintering methods



79

[120-121]. These difficulties are caused by potassium volatility at high temperatures and
excessive reactivity with moisture [122-123]. Thus, different additive methods, hot pressing and
spark plasma sintering have been used to improve ceramic densification [41, 66, 121, 124-126].
Several alternative ways for preparing alkali niobates have been investigated and developed: the
hydrothermal [127], nitrate—tartarate precursor technique [128], hydrothermal-assisted sol-gel
method [129], and glycothermal [130], etc. However, most chemical synthesis routes require high
purity reactants, which are more expensive and demand complicated procedures and specific
apparatus. A modified solid state reaction method has been used to synthesize the NaTaO,
perovskite type material successfully, with reduced reaction temperature [18]. In this method, the
carbonate compound was replaced by oxalate, and the addition of urea played an important role.
Recently, this method also has been applied to synthesize lead-free sodium niobate (NaNbO,)
powders (without fuel) [131]. By replacing sodium carbonate using oxalate as the raw material, a
lower calcination temperature and fine powders with an average crystallite size of 31.45 % 5.28

nm were achieved.

In this-study, a modified solid state reaction method, with an expected lower reaction
temperature, was used to synthesize KNbO, particles, using potassium oxalate as raw material
without the addition of any fuel. Effects of the calcination conditions on the KNb®, phase
development were investigated by the X-ray diffraction technique (XRD), the Fourier transform

infrared (FTIR) spectroscopy and a scanning electron microscope (SEM).
4.2.2 Experimental procedure

KNbO, was synthesized by a modified solid state reaction method. Reagent-grade
potassium oxalate monohydrate (K,C,0,-H,0, 99.9%) and niobium oxide (Nb,O,, 99.9%) were
employed as the starting material. The raw materials were weighed in stoichiometric quantities

following the equation below.

K,C,0,H,0 ,+ Nb,0y —> 2KNbO,, + CO,, + CO, + H,0,, 4.7)
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These starting materials were mixed by the ball-milling method using ethyl alcohol and
partially stabilized zirconia balls for 18 h. Then, the mixture was dried on a hot plate with regular
stirring for a suitable period. After drying, the precursor mixture was determined by thermo
gravimetric analysis (TGA, Perkin Elmer) and differential thermal analysis (DTA, Perkin Elmer)
for investigating the thermal behavior during heat treatment and finding the appropriate
calcination temperature. Based on TG-DTA results, the mixture was placed subsequently in a
closed alumina crucible, and calcined for different periods of time at various temperatures ranging
from 300 to 700°C, to investigate formation of the KNbO, phase. Subsequently, calcined powders
were inspected by room temperature X-ray diffraction (XRD, Advance D8), using Ni-filtered
CuK, radiation to examine the effect of thermal treatment on the phase development and optimal
calcinations condition of crystalline KNbO, powder formation. The room temperature FTIR
spectra were recorded in the range of 4,000-400 cm’ (Perkin-Elmer, Spectrum GX spectrometer),
with eight scans and a resolution of 4 cm’ using KBr pellets. Powder morphologies and particle

size were figured directly using a scanning electron microscope (SEM, Hitachi S4700).
4.2.3 Results and discussion

Figure 4.6 shows the TG-DTA curves of the stoichiometric precursor of KNbO,. The
thermogravimetric (TG) curve of the KNbO, precursor shows three stages of weight loss from
room temperature to 1,300°C. Four endotherniic peaks at 123, 398, 524 and 1,066°C were
observed in the differential thermal analysis (DTA) curve. Three weight loss steps were observed
in the ranges of 50-121, 121-172, and 416-532°C. The corresponding weight losses seen were
3.92, 1.07, and 16.00%. The overall weight loss was found to be about 21%, which is close to the
theoretical value of 20.01%, and corresponds to the release of 1 mol H,0, 1 mol CO, and 1 mol
CO, related to Eq. 4.7. In the temperature range from 50 to 121°C (first stage), the initial weight
loss of 3.92% showed decomposition of the oxalate molecule releasing water molecules (0.98 mol
H,0), which concurred with the theoretical value for releasing 1.00 mol H,O (4.00%). This
weight-loss corresponded to the endothermic peak, centered at 123°C. The second and third

weight-loss steps illustrated the highest weight loss (~17%), which indicated a large elimination
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of organic compound that could be related to the release of CO and CO, by combustion reactions
according to Eqs. 4.8 and 4.9 (16% theoretically). In the temperature range from 121 to 532°C,
the DTA curve shows corresponding endothermic peaks (398 and 524°C) that agree with the TG

result.
K2C204(s) 4 K,COy +C0(g) (4.8)
K2CO3(S) —> K,IO(S) +C02(g) 4.9)

However, an exothermic DTA peak was found centered at 565°C. This implied that the third
decomposition stage could lead to the formation of potassium niobate compound, which could be
expected from the exothermic peak at 565°C (as confirmed by XRD analysis in Fig. 4.7). As the
temperature increased to 695°C, weight loss was found to start again in the TGA curve, which
could be correlated to the decomposition of the activated-K,CO, residue. It is well known that
K,C,0, decomposes to K,CO, at a higher temperature; however, this carbonate residue could
decompose at a lower temperature when its degree of arrangement is lower than its initial state
[104]. When heating further, an endothermic peak (without the observed weight-loss stage) could
correspond to the phase transformation at 1,066°C. Therefore, temperatures from the above TG-
DTA analysis, which ranged from 300 to 700°C, were selected for calcinations and investigation
of the phase formation. The mixture of raw materials in the required stoichiometric ratio was
calcined in air using a heating/cooling rate of 20°C/min at various temperatures and followed by

the phase analysis using an X-ray diffractometer.
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Figure 4.6 TG-DTA curves of an uncalcined powder mixed in the stoichiometric

proportion of KNbO,.

The X-ray diffraction (XRD) patterns of potassium niobate (KNbO,) powders, calcined
for 4 h at different temperatures, are illustrated in Figure 4.7. The diffraction pattern of the
powder calcined at 300°C suggests a composition of potassium oxalate (<) (JCPDS no.22-1232)
and niobium oxide (@) (JCPDS n0.30-0873) raw materials. No evidence of the KNbO,
perovskite phase was found. As calcination temperatures increased to 500°C, diffraction peaks of
un-reacted raw materials were also found, but with lower intensity. This could demonstrate that
the completed reaction cannot occur at such a low temperature range. As the diffusion coefficient
is a temperature dependent parameter, the rate of diffusion is affected greatly by higher
temperatures [104], which also could improve higher atomic mobility [110]. Nonetheless, the
powders calcined from 550 to 700°C showed diffraction peaks that could correspond to the
orthorhombic potassium niobate perovskite phase (KNbO,) JCPDS n0.32-0822 (V). Amplified

peak intensities can be seen after calcinations at increased temperatures. However, this result
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indicates the formation of KNbO, perovskite phase powder, which passes through the calcination
temperatures from 550 to 700°C in 4 h. These temperatures were lower than those in the chemical
synthesis of KNbO,, which used the polymerized complex method (PC method). This technique
achieved the KNbO, compound after the calcination step at 900°C [132], or once the citrate
precursor route had obtained KNbO, nanopowder after heat treatment at 800°C [133). In addition,
other chemical methods always require high purity reagent, which is more expensive, and
involves complex procedures. For a verdict on fine KNbO, nucleation condition, a temperature of
550°C was chosen to find the effect of calcination dwell time. The mixture of raw material
powder was calcined at 550°C for 15-360 min. The XRD analysis of calcined powder, with a
different dwell time (Figure 4.8), revealed an amorphous phase for a calcinations period of 15
min, and no distinct crystalline phase could be detected. The absence of reflection peaks that
correspond to K,C,0,-H,0 and Nb,O; indicated the amorphous nature of the powder obtained.
The presence of reflection peaks for the XRD pattern of powder calcined at 550°C for 20 min or
longer could be ascribed to the crystalline phase of the sample. The different diffraction pattern of
the powder, calcined for 20 min, suggests the nucleation condition of the KNbO, phase, which
was confirmed by further soaking time. After the calcination step at 550°C for 20 min or longer,
the powder showed an XRD pattern that could be matched with the perovskite potassium niobate
(KN) phase JCPDS 1no.32-0822. These XRD analyses agreed with the TG-DTA analysis, in
which crystallization of the KNbO, phase was found around the previously mentioned
temperature range. During the course of calcinations, the rise in calcination temperature and dwell
time resulted in increased diffraction peak intensities, which related to higher crystallinity of the
powder. This was supported by the increase in lattice parameters and average crystallite size, as
revealed below. Nevertheless, it has been confirmed that this modified solid state reaction method
can synthesize pure KNbO, phase powder by using potassium oxalate monohydrate as starting
material at the calcinations temperature of 550°C for 20 min. This calcination temperature is
much lower than that used in a mixed oxide powder process, which lies in the range of 800°C [50,
119-120, 122, 134], or solution process (sol-gel and precipitation methods) that requires

calcination temperatures of over 600°C [135-136].
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Figure 4.7 X-ray diffraction patterns of KNbO, powder calcined at various temperatures for
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Figure 4.8 X-ray diffraction patterns of KNbO, powder calcined at the calcination

temperature of 550°C for various dwell times with a heating/cooling rate of

20°C/min.

Since XRD analysis suggested an orthorhombic crystal structure for preparing KNbO,
powder, lattice parameters of the sample could be deliberate by means of the UnitCell program
package (ftp://rock.esc.cam.ac.uk/pub/minp/UnitCell/). The corresponding cell parameters, which
are close to those reported from JCPDS file No.32-0822 (a = 5.695 nm, b = 5.721 nm, and ¢ =
3.973 nm) are given in Table 4.2. The suggested orthorhombic crystal structure, obtained from
matching with the JCPDS file, could be supported by this correlation of lattice parameters. The
average crystallite size of KNbO, powders was considered as a function of calcination

temperature, and time for broadening the X-ray line of the reflection peak using Scherrer’s

equation [97]:
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kA

D=—"2_ (4.10)
pcosb,

where D is the average crystallite size, k a constant taken as 0.94, A the wavelength of X-ray
radiation, 3 the full width at half maximum (FWHM), and 6, the diffraction angle. The
corresponding values are reported in Table 4.3. The average crystallite size of powders, calcined
from 550 to 700°C for 4 h, was found to be about 48.38 £ 11.48 to 53.47 * 12.04 nm. As the
dwell time increased, it was found that the average crystallite size of calcined powders was
increasing from 34.68 £ 12.12 to 36.48 + 10.67 nm. The low D values suggest that the surface
area of calcined powder was high enough to support high sinterability sufficiently [105]. The
increase in crystallinity of the KNbO, phase was affected by increasing dwell time and
calcination temperature. This consequence may confirm that the dwell time and calcination

temperatures also play an important role in developing the pure phase creation.
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Figure 4.9 shows the FTIR spectroscopic studies of the crystalline potassium niobate
(KNbO,) before and after the calcination step. The IR band for the uncalcined precursor was
observed at 3,253 cm", due to O-H asymmetric stretching (v,), which related to the moisture
content of the KBr pellet and scissor bending mode (Vv,) of HO-H at 1,600 em” and 1,310 cm’.
When KNbO, powders were calcined at 550°C for 4 h, the absorption of bands at a low wave
number range of 620 cm’ suggested occurrence of Nb—O bond formation, which was believed to
be the vibration (V3) mode in the comer-shared NbO octahedron, according to the reported IR
spectra of niobate glass ceramics [137]. This result shows that the perovskite KNbO, phase was
synthesized, which correlated with other results. The TG result indicated that the mass loss in the
TG curve at around 700°C could be the result of the K,CO, residue decomposition, however, the
FTIR band corresponding to the C-O stretching mode of carbonate at 1,450 cm’ [138] was not
found in KNbO, powders calcined at 550°C for 4 h. This observation could be described as the
effect of dwell time. Figure 4.10 shows SEM micrographs of KNbO, powder prepared using a
modified solid state reaction method at 550 and 700°C for 240 min. The KNbO, powder was
found to be polyhedral in shape, with uniform features. The secondary phase could not be
observed, which suggested the homogeneous character of the powder prepared. The mean particle
sizes, which can be estimated from the micrographs, were found to be 278 % 75 nm and 341 + 80
nm for powder obtained at 550 and 700°C, respectively. Particle growth was detected in powder
caléined at a higher temperature. This value is greater than the average crystallite size, calculated
from X-ray line broadening. It was believed that this contradictory value could indicate the
agglomerate of the calcined powders. As reported by other studies [138-140], the firing process
tends to produce agglomerated particles and grain growth. No evidence of a different or
pyrochlore phase was found. This outcome relates to the XRD result, in which the monophasic

perovskite phase of KNbO, can be established after calcinations at 550°C for 240 min.
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Figure 4.9 FT-IR spectra of an uncalcined powder mixed in the stoichiometric proportion of

KNbO, and KNbO, particles calcined at 550°C.
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4.2.4 Conclusions

Crystalline KNbO, powder was prepared from a modified solid state reaction of
K,C,0,/'H,0 and Nb,O,. The final product was confirmed by XRD and SEM techniques. This is a
simple cost- and time-saving method for synthesizing stoichiometric, homogeneous, and fine
KNbO, powder, with a low calcination temperature of SS0°C for 240 min. This temperature is
about 250°C lower than others used, even in conventional methods. The powder obtained was
found to be a uniform agglomerated particle that possesses an average crystallite size (defined by
XRD) of between 48.38 + 11.48 nm and 53.47 + 12.04 nm, and a mean particle size (defined by

SEM micrograph) of 278 + 75 nm.
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4.3 Solution combustion synthesis and characterization of lead-free piezoelectric sodium

niobate (NaNbO,) powders

Overview - Nano-crystalline sodium niobate (NaNbO,) powder was synthesized by the
solution combustion synthesis of sodium nitrate (NaNO,) and Nb,O, using glycine as the fuel.
The chemical reaction, nucleation mechanisms and influence of the fuel-to-oxidizer ratio to phase
formation were studied. The precursor and product powders were characterized, using thermo
gravimetric analysis (TGA), differential thermal analysis (DTA), the X-ray diffraction technique
(XRD), scanning electron microscope (SEM) and Fourier transform infrared (FTIR)
spectroscopy. As-prepared powder possesses an orthorhombic crystal structure with an X-ray
diffraction pattern that could be matched with the perovskite, NaNbO, JCPDS no. 82-0606.
Perovskite NaNbO, phase, with a mean crystalline size (calculated by X-ray line broadening)
ranging from 47.01 % 12.66 nm (ratio of 0.7) to 27.58 * 14.45 nm (ratio of 2.0) was obtained. The
SEM image shows polyhedral-shaped powder with a mean particle size of 137 £ 52 nm and 226

* 46 nm for as-prepared and calcined powder, respectively.
4.3.1 Introduction

Sodium niobate (NaNbO,) is a perovskite with an inorganic complex oxide and the
empirical formula, ABO,. It is among the candidates for lead-free substances that avoid toxicity
of leadbased piezoelectric materials (e.g. PZT [29, 141]), and is concerned about the environment.
NaNbO, has been studied widely for its unusual structural transition series [6-9, 131]. It has a
ferroelectric rhombohedral phase below -100°C, and is antiferroelectric with orthorhombic
symmetry between -100°C and 640°C [6]. Finally, it possesses cubic paraelectric above 640°C
[7], and in addition, its antiferroelectric, perovskite-type nature can transform into a ferroelectric
one by chemical doping, i.e. K" [8-9] and Li" [12]. Generally, alkali niobate powders are
synthesized by conventional solid state reaction, where alkali metal carbonate or oxide compound
of starting materials are heated at high temperature (800°C or above) for a long duration {12-13].

High calcination temperature can cause volatilization of alkali metal, thus causing this classical
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method difficulty in achieving a homogeneous mixture of the component [12-14]. Powder
agglomeration can occur during heating, which could affect properties such as low surface area
and low sinterability [14]. Thus, this method does not always allow for the production of dense,
homogeneous single phase ceramics. Therefore, development of alternative methods that can
produce powder with high sinterability and controlled stoichiometric composition is necessary. In
recent years, ultra fine ceramic powder, which is synthesized using mechanochemical synthesis
[15], polymeric precursors [16], and hydrothermal and polymerized complex methods {17], has
been described in the literature to enable production of desired compositions. While synthesizing
powder rapidly, with the desired composition, high porosity and high sinterability remains a
challenge, combustion synthesis (CS) has been found as a potential solution for this problem.
Combustion synthesis (CS) or self-propagating high temperature synthesis (SHS) is an effective,
low-cost method for producing various industrially useful materials. It has been introduced as a
quick, straightforward preparation process for producing homogeneous, very fine, crystalline and
unagglomerated multicomponent oxide ceramic powders, without intermediate decomposition
and/or calcination steps [19-20]. The combustion synthesis technique begins with a mixture of
easily oxidized reactants (such as nitrates) and a suitable organic fuel (such as urea [21], tartalic
acid [22], alanine [23], glycine [24], etc.), which acts as a reducing agent. The mixture is then
heated until it ignites, which is when the temperature of rapid exothermal chemical reaction
commences, and a self-sustaining combustion reaction starts. This highly exothermic reaction
produces a high temperature and duration long enough for the synthesis to occur, even in the
absence of an external heating source [25]. Ultrafine nano-sized powder also can be prepared by
releasing a large amount of gas from the system. This process results in a dry, fluffy, crystalline,
unagglomerated and fine oxide powder. Metal nitrate was found to be the salt preferred, due to its
water solubility, and homogeneous solution could be achieved easily by melting at a low
temperature [21]. However, it was reported that an exothermic redox reaction (oxidation and
reduction reaction taking place simultaneously) could be initiated only when the oxidizer and fuel
are mixed intimately in a fixed proportion. The basis of the combustion synthesis process derives

from the thermochemical concepts used in propellant chemistry [86, 142]. The method consists of
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establishing a simple valency balance, irrespective of whether the elements are present in the
oxidizer or fuel components of the mixture, and then calculating the stoichiometric composition
of the starting mixture, which is equivalent to the release of maximum energy. The assumed
valencies, which are presented as usual products of the combustion reaction, consist of CO,, H,0
and N,. Therefore, carbon and hydrogen are considered as reducing elements with the
corresponding valencies of +4 and +1, whereas oxygen is thought to be an oxidizing agent with a
valency of -2, and nitrogen a valency of 0. To extrapolate the concept of combustion synthesis of
ceramic oxide meansconsidering metals as reducing agents with their valencies in the
corresponding oxide or nitrate, i.e. +2 for magnesium (oxide), +3 for cerium (nitrate) and +4 for
cerium (oxide). In the case of multiple valence elements, the final product is used for calculation.
The elemental stoichiometric coefficient, O, which is the ratio between the total valencies of fuel
(glycine; NH,CH,COOH) and that of the oxidizer (sodium nitrate), can be calculated following

the method proposed by Jain et al. [86]:

Oy 2% )4y *2%1 9y (o) 20y 20y H L)
- @.11)
Lina)H0a0)2%3(0)

where n is the mole of glycine. According to the propellant chemistry for stoichiometric redox
reaction between fuel and an oxidizer, the [J ratio should be united (stoichiometric). A [ < 1
means oxidant-rich condition and [0 > 1 means fuel-rich condition. To satisfy the principle in the
present system, the sodium nitrate (oxidizing valency = 5-) to glycine (reducing valency = 9+)
molar ratio was found to be 1:0.56. The comprehensive reaction that formed NaNbO, can be

written as:

18NaNO,,,, + 9Nb,0,, + 10NH,CH,COOH,,, —

18NaNbO,, + 25H,0, + 14N, +20C0,, (4.12)

2(g)

It should be noted that various fuel-to-oxidizer ratios should be carried out for investigating and
comparing the effect of fuel-rich/ fuel-lean mixtures on the synthesis of sodium niobate powder.

In this study, sodium niobate powder was synthesized via the combustion synthesis technique for
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the first time. This process used sodium nitrate and niobium pentoxide as starting materials, and
glycine was used as fuel. The different fuel-to-oxidizer molar ratios such as fuel-deficient (<

0.56), equivalent stoichiometric (0.56) and fuel-rich (> 0.56) condition were applied.
4.3.2 Experimental procedure

For the combustion synthesis of perovskite sodium niobate powder, AR grade sodium
nitrate (NaNO, 99.5%) and niobium pentoxide (Nb,0; 99.95%) were used as the oxidizer, and
glycine (NH,CH,COOH 99.7%) as fuel. The appropriate amount of starting materials was
weighed, mixed with de-ionized water in a glass beaker and stirred regularly for 30 min. The fuel
(glycine) was then added and the mixture stirred for 30 min. After that, the solution precursor was
boiled on a hotplate and then evaporated. Once the solution had thickened and begun to dry, the
ignition took place when the temperature rapidly increased, which resulted in self-sustaining
combustion with rapid evolution of a large volume of gas products, and formation of voluminous
powder. For investigating thermal behavior of the precursor, the mixture of starting material was
determined using thermo gravimetric analysis (TGA) and differential thermal analysis (DTA).
The X-ray diffraction (XRD, Advance D8) technique was carried out on the combustion
synthesized powder, using Ni-filtered CuK, radiation for phase identification and mean
crystalline size estimation. The final powder product was characterized by using the Fourier

transform infrared (FTIR) technique and scanning electron microscope (SEM, Hitachi S4700).
4.3.3 Results and discussion

Figure 4.11 shows the TG/DTA plots of the stoichiometric precursor for NaNbO, powder
synthesis. From observations of the TGA curve, there appeared to be three-stages of weight loss
from room temperature to 800°C. The definition of initial temperature (7}) is when thé sample
weight starts changing rapidly during the chemical reaction [143]. As the precursor was heated, a
significant weight loss was observed as the temperature reached 170°C, indicating that the T, was
around this heat. The weight loss did not stop until the temperature reached 480°C. It was

indicated clearly that this reaction belongs to a multi-stage reaction. The overall weight loss was
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found to be about 40%, which is close to the theoretical value of 36.87% that corresponds to the
release of 50 mol H,0, 28 mol N, and 40 mo! CO, related to Eq. (4.12). This outcome supported
our conception that a hotplate can be used as a heating source because it is capable of initiating
the combustion reaction at a temperature as low as that of the 7;,. The evolution XRD pattern of
the combustion synthesized ceramic powder, with the firel-to-oxidizer molar ratio, is illustrated in
Figure 4.12. The fuel-deficient (0.5) and equivalent stoichiometric ratio (0.56), were found
(according to experimental observation) to have no ignition and combustion reaction in those
compositions. Their XRD patterns correlated to detection results of the diffraction peaks of Nb,O;
(®) (JCPDS file no. 30-0873) and NaNO, (M) (JCPDS file no. 85-0859) starting materials, with
no evidence of perovskite NaNbO, phase found. Although the equivalent stoichiometric ratio
(0.56) was calculated for maximum energy release, auto-ignition did not occur in this study. This
could indicate that oxygen deficiency in the system and its environment might lead to combustion
reaction and fail to follow the theory. The fuel-to-oxidizer molar ratio was increased by using the
fuel-rich condition (> 0.56), which was found to produce the perovskite NaNbO, ceramic powder,
due to its diffraction peaks being detected for all different fuel contents (fuel-to-oxidizer molar
ratio ranging from 0.7 to 2.0). This NaNbO, phase (¥) was consistent with JCPDS file no. 82-
0606, which corresponded to an orthorhombic structure with the space group, P2 ma (26). For a
fuel-rich condition (fuel-to-oxidizer molar ratio of 0.7, 0.8 and 0.9), the NaNbO, phase (V) was
detected with the accompanying pyrochlore phase of Na,Nb,0,, (), which matched JCPDS file
no. 20-1145. No evidence of unreacted Nb,O, and/or NaNO, diffraction peak was found. As fuel
content increased from the fuel-to-oxidizer molar ratio of 1.0-2.0, unreacted Nb,O; (®) JCPDS

file no. 30-0873) was found together with a majority of NaNbO, diffraction peaks.
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From the reflection peak, the average crystalline size (D) of NaNbO, powders was
considered as a function of fuel content by using X-ray line broadening through Scherrer’s

equation [97]:

kA

fcosb, (4.13)

where D is the average crystalline size, k a constant taken as 0.94, A the wavelength of X-ray
radiation, £ the full width at half maximum (FWHM) and 6 the diffraction angle. The
consequent values are reported in Table 4.4. As the fuel content increased, the average crystalline
size (D) was found to decreased from 47.01 % 12.66 nm (ratio of 0.7) to 27.58 + 14.45 nm (ratio
of 2.0). This suggested that elevated fuel content could lead to the production of a smaller
crystalline size (related to a small particle size) of powder. Nevertheless, as a consequence of
additional cost and more carbon residual, an extremely high fuel-to-oxidizer molar ratio (fuel-rich
ratio) did not always result in the desired production of powder [144]. Therefore, from findings
on the fine nucleation condition of monophasic NaNbO, phase, the fuel-to-oxidizer molar ratio of
1.0 was selected to investigate the effect of calcination temperature. From this ratio, the volume
fraction of the perovskite phase formation (wt% perovskite) of as-prepared powder was found to
be as high as 93%. This relative value was considered by approximately calculating the ratio of
the main X-ray peak intensities of NaNbO, and Nb,O; phases [96], according to the following

equation;

I

0, 1 =
wt% perovskite = [ perovskite

perovskite

i\, 0,)%100% (4.14)

Thus, the as-prepared powder was calcined at different temperatures for 4 h with a
heating/cooling rate of 20°C/min. The X-ray diffraction (XRD) patterns of sodium niobate
(NaNbO,) powder, calcined for 4 h at different temperatures, are illustrated in Figure 4.13. As the
XRD pattern of as-prepared powder was composed of a slight Nb,O, (@) (JCPDS file no. 30-
0873) phase, the intensity of that phase was found to decrease with increasing calcination

temperature. The diffraction peak corresponded to the Nb,O,, which disappeared after calcination
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at 400°C for 4 h, whereas monophasic perovskite NaNbO, phase was obtained. This result
suggested that the perovskite NaNbO, powder could be synthesized by using the combustion
synthesis process and calcinations at 400°C for 4 h. This process was found to be a simple, rapid
and cost-effective method when compared with the traditional solid state reaction, which takes
longer time and requires higher temperature [12-13]. In addition, the mean crystalline size (D),
which is reported in Table 4.4, was not significantly varied between as-prepared powder (30.71 %
5.59 nm) and increasing calcination temperatures of up to 400°C (29.40 =+ 7.52 nm). It can be
suggested that calcinations at this low temperature also produced a lower crystalline size when

compared with the traditional solid state reaction method.

Figure 4.14 shows the FTIR spectroscopic studies of the crystalline NaNbO, obtained
after combustion synthesis, its precursor without heat treatment and powder calcined at 400°C for
4 h. For all powder, an IR band of around 3400 em’ was assigned to O—H asymmetric stretching
(v) [145], and on observation, it related to the moisture content of KBr. Regarding the precursor
of NaNbO, powders without heat treatment, and as-prepared powder with a stoichiometric ratio
(0.56), the IR spectrum indicated peaking of the characteristic band at ~1612, ~1385 and ~890
cm'l, which corresponded to the anti-symmetric carboxyl group stretching vibration, anti-
symmetry NO; stretching and bending vibration, respectively [145]. This result proved existence
of the carboxyl and NO3'l group (belonging to the starting material) in those samples. With regard
to fuel-rich ratios (0.7 and 1.2), the new broad absorption bands appeared after combustion at a
low wave number of ~673 cm suggesting that the Nb—O bond formation did occur. This Nb-O
bond was believed to be the vibration (,) mode in the corner-shared NbO, octahedron, according
to reported IR spectra of niobate glass ceramics [146]. This result led to the assumption that the
perovskite NaNbO, phase was synthesized (which correlated to XRD analysis). However, the IR
band of anti-symmetric COO and that of anti-symmetry NOS'l stretching vibration also were
observed. This clearly indicated traces of existent carboxyl group and nitrate in as-prepared
NaNbO, powder, which cannot be detected when using the XRD technique. For powder calcined

at 400°C for 4 h, the spectra band of vibration (,) mode belonging to the Nb—O bond was found
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without observation of any starting material band. This can indicate that monophasic perovskite
NaNbO, has been synthesized successfully after calcinations at a temperature as low as 400°C for
4 h. Figure 4.15 shows an SEM micrograph of the as-prepared NaNbO, powder using the fuel-
tooxidizer molar ratio of 1.0 (a) and powder calcined at 400°C for 4 h (b). The powder was found
to be polyhedral in shape, with uniform features. No evidence of a different or pyrochlore phase
was found, which suggested the homogeneous character of the prepared powder. The average
particle size, which can be estimated from micrographs, was found to be 137 + 52 nm and 226 +
46 nm for as-prepared and calcined powder, respectively. These particle size values are greater
than the average crystalline size calculated from X-ray line broadening because a particle can be
formed generally of many crystallites [147-149]. The particle growth for calcined powder seemed
to be detected. It can be said that the firing process tends to produce agglomerated particles and

grain growth, as reported by other works [139-140].

4.3.4 Conclusions

Crystalline NaNbO, powder, with a volume fraction of the perovskite phase formation
(wt% perovskite) as high as 93%, was synthesized directly via the solution combustion process
using NaNO,, Nb,O; and glycine. Monophasic perovskite NaNbO, powder was obtained after
calcination at 400°C for 4 h. The fuel-to-oxidizer molar ratio was found to affect the combustion
reaction and character of the powder obtained. The average crystalline size (D) was found to
decrease from 47.01 % 12.66 nm (ratio of 0.7) to 27.58 * 14.45 nm (ratio of 2.0). This method is a
simple, rapid, cost and time-saving way of synthesizing stoichiometric, homogeneous and fine
NaNbO, powder with a low calcination temperature. The powder obtained was found to be a

uniform soft agglomerated particle.
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X-ray diffraction patterns of NaNbO, powder (obtained from the fuel-to-oxidant

molar ratio of 1.0) calcined at various temperatures for 4 h with a

heating/cooling rate of 20°C/min.
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Figure 4.15 SEM micrograph showing as-prepared NaNbO, powder synthesized using the

fuel-to-oxidant molar ratio of 1.0 (a) and powder calcined at 400°C for 4 h (b).



CHAPTER §

CONCLUSIONS

5.1 Modified solid state reaction

Crystalline powders of sodium niobate NaNbO, were synthesized from a modified solid
state reaction of Na,C,0, and Nb,O,. This method is an excellent, a simple and cost effective way
of preparing stoichiometric, homogeneous, and fine powders. The perovskite phase of NaNbO,
was synthesized successfully at the low temperature of 475°C for 1 h, with an average crystallite
size of 25.89 * 5.64 nm (defined by XRD). This calcination temperature was about 275°C lower
than that used in the conventional method, which lies in the 750°C range. As dwell time
increased, XRD peaks became narrower, and a pattern similar to that expected for orthorhombic
NaNbO, was achieved, as indicated by separate peaks. The resulting NaNbO, powders comprised

agglomerated particles of 180 to 360 nm in size (defined by SEM micrograph).

Crystalline potassium niobate KNbO, powder was prepared from a modified solid state
reaction of K,C,0,,H,0 and Nb,O,, which is a simple cost- and time-saving method for
synthesizing stoichiometric, homogeneous, and fine KNbO, powder, with a low calcination
temperature of 550°C for 240 min. This temperature is about 250°C lower than others used, :ve;n
in conventional methods. The powder obtained was found to be a uniform agglomerated particle
that possessed an average crystallite size (defined by XRD) of between 33.67 * 8.60 and 53.47 %
12.03 nm, and a mean particle size (defined by SEM micrograph) of 278 + 75 nm. The optimal

calcination conditions for the single perovskite phase and their characteristics are shown in Table

5.1
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Table 5.1 The optimal calcination conditions for the single perovskite phase and their
characteristics.
Characteristics NaNbO, KNbO,
Optimal calcination condition 475°Cforlh 500°C for 6 h
Average crystallite size (nm) 25.89 £5.64 36.48 £+ 10.67
Average particle size (nm) 249 + 84 278 £ 75
Morphology polyhedral Polyhedral

5.2 Combustion synthesis

Crystalline NaNbO, powder, with a volume fraction of the perovskite phase formation
(% perovskite) as high as 93%, was synthesized directly via the solution combustion process
using NaNO,, Nb,O; and glycine. Monophasic perovskite NaNbO, powder was obtained after
calcination at 400°C for 4 h. This calcination temperature is lower than that when using the
modified solid state reaction method. The fuel-to-oxidizer molar ratio was found to affect the
combustion reaction and character of the powder obtained. The average crystalline size (D) was
found to decrease from 47.01 £ 12.66 nm (ratio of 0.7) to 27.58 * 14.45 nm (ratio of 2.0). This
method is a simple, rapid, cost and time-saving way of synthesizing stoichiometric, homogeneous
and fine NaNbO, powder with a low calcination temperature. The powder obtained was found to
be uniform soft agglomerated particles. The average particle size, which can be estimated from
micrographs, was found to be 137 £ 52 nm and 226 * 46 nm for as-prepared and calcined

powder, respectively.
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1. The fuel-to-oxidizer molar ratio calculation

Based on the fundamental thermochemical concepts used in propellant chemistry, an
exothermic redox reaction of the combustion synthesis process could be initiated only when the
oxidizer and fuel are mixed thoroughly in a fixed proportion. The elemental stoichiometric

coefficient, @, could be calculated by:

total valaencies of fuel
¢ -t total valaencies of oxidizer
where n is the mole of glycine. The assumed valencies, which are presented as usual products of
the combustion reaction, consist of CO,, H,O and N,. Therefore, carbon and hydrogen are
considered as reducing elements with the corresponding valencies of +4 and +1, whereas oxygen
is thought to be an oxidizing agent with a valency of -2, and nitrogen a valency of 0. To
extrapolate the concept of combustion synthesis of ceramic oxide meansconsidering metals as
reducing agents with their valencies in the corresponding oxide or nitrate, i.e. +2 for magnesium
(oxide), +3 for cerium (nitrate) and +4 for cerium (oxide). In the case of multiple valence
elements, the final product is used for calculation. According to the propellant chemistry for
stoichiometric redox reaction between fuel and an oxidizer, the ¢ ratio should be unified
(stoichiometric). A ¢ < 1 means oxidant-rich condition and ¢ > 1 means fuel-rich condition. This
¢ ratio was referred to as the fuel-to-oxidizers ratio. To satisfy the principle in the present system

of NaNbO, preparation, the following calculation could be performed:

(0(N)+2X 1 (H)+4(C)+2x 1 (H)+4(C)_2(0)-2(O)+1 (H))

$=n

1nayHOv)2%3(0)

Sodium nitrate possessed the oxidizing valency of 5— and glycine had the reducing valency of 9+,
and, as the mole of glycine (n) was found to be 0.56, the molar ratio of fuel (glycine;
NH,CH,COOH) to oxidizer was 0.56:1. This ratio was referred to as the fuel-to-oxidizers molar

ratio. Therefore, the comprehensive reaction that formed NaNbO, could be written as:

18NaNO,,, + 9Nb,0,, + 10NH,CH,COOH

(aq)

— 18NaNbO,,, + 25H,0, + 14N, + 20CO,,
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From reaction above, if 5 g (0.0305 mol) of NaNbO, was expected, 0.0305 mol of NaNO, and
NH,CH,COOH and 0.0152 of Nb,0, were used. The results were shown in Table 1. For other

fuel-to-oxidizers molar ratios can be calculated in the same method.
Table 1 Data of the preparation and the calculation of the amount of starting materials for

combustion synthesis using the stoichiometric fuel-to-oxidizers molar ratio (0.56).

Data NaNO,  NbO,  NH,CH,COOH  NaNbO,
molecular weight (g/mol) 84.9947  265.8098 75.0666  163.8944
amount (mol) 0.0305 0.0152 0.0305  0.0305
amount (g) 2.5930 40546 2.2901 5

2. Wt% perovskite calculation

These relative amounts of perovskite and others phases were approximated by calculating
the ratio of the main X-ray peak intensities of perovskite, residual starting component R =
K,C,0,'H,0, Na,C,0,, KNO, and/or NaNO,), Nb,0, and other secondary phases (pyrochlore),

using the following equation [96]:

] perov

Wit% perovskite = x100 (3.8)
]perov+1R+]Nb205+1pyro

where Iperops Ir. Inb,05and Lyyro stand for intensities belonging to the strongest reflection peak
of perovskite, residual starting component (R = K,C,0,H,0, Na,C,0,, KNO, and/or NaNO;),

(180) Nb,O, and pyrochlore phases, respectively.

3. The average crystallite size calculation

The average crystallite size of the powders obtained could be determined from the XRD

pattern, according to Scherrer’s equation [97]:

p=—FXt
pcosb,
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where D is the average crystallite size, k a constant equal to 0.94, A the wavelength of X-ray
radiation, /3 the full width at half maximum (FWHM) and 6, the diffraction angle. The constant
of proportionality, k (the Scherrer constant) depends on the how the width is determined, the
shape of the crystal, and the size distribution. The most common values for & are 0.94 for FWHM

of spherical crystals with cubic symmetry
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Effect of calcination conditions on phase formation of microwave dielectric cobalt
niobate (CoNb,Og) powders via a mixed oxide synthesis route
Nopsiri Chaiyo and Naratip Vittayakorn*
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Technology Ladkrabang, Bangkok, Thailand 10520

Cobalt niobate (CoNb,Og) powders have been prepared using a mixed oxide synthesis route. The formation of the CoNb,O¢
phase in the calcined powders has been investigated as a function of calcination conditions by differential thermal analysis
(DTA) and X-ray diffraction (XRD) techniques. The morphological evolution was determined by scanning electron microscopy
(SEM). It has been found that the minor phases of unreacted Co;0, and the orthorhombic-Nb,Os and monoclinic-B-Nb,Os phase
tend to form together with the columbite CoNb,Og phase, depending on calcination conditions. It is seen that optimization of
calcination conditions can lead to a single-phase orthorhombic CoNb,Og. The calcination temperature and dwell time have been
found to have a pronounced effect on the phase formation of the calcined cobalt niobate (CoNb,Og) powders. Optimization
of calcination conditions can lead to a single-phase CoNb,Og in a columbite phase.

Key words: CoNb,0s, Calcination, Powder synthesis.

Introduction

Advances in wireless communication systems are very
dependent upon improvements in microwave dielectric
materials. In particular, centimetre and millimetre wave
wireless applications require high-Q materials that would
be less expensive than the known high-Q perovskite-
structure, barium-tantalate-based microwave dielectrics
and would not need high sintering temperatures [1].
Cobalt niobate CoNb,Os is a potential candidate for
mechanical filter coatings and electrical applications such
as for resonators and capacitors which has a columbite
structure having the general formula AB,Os, with a Pcan

Fig. 1. Crystal structure of CoNb,Og compound.

(n0.60) space group and can be used for capacitors or Experimental

dielectric resonators for microwave applications due to its

low tangent loss (tan 8) and high dielectric constant (g;) Ceramics with the composition CoNb,O; were produced
[1,2]. Figure 1 shows the columbite structure of CoNb,Os. by the conventional mixed-oxide route. All samples in

- Regarding the structure, [M-Og] (M = Co or Nb) octahedra this study were prepared from reagent-grade oxides: Co;0;4
share edges forming chains along the c-axis. Parallel Co-Og (99.99%, Aldrich, U.S.A.) and Nb,Os (99.9%, Aldrich,
and Nb-Og chains alternate along the b-axis. CoNb,Os U.S.A.). Co304 and Nb,Os powders were weighed and
is well known as the key precursor for the successful mixed by ball-milling in a polyethylene bottle together
preparation of single-phase perovskite Pb(Co,3Nby3)Os with methyl alcohol and partially stabilized zirconia media.
(PCoN), which is becoming increasingly important for Methyl alcohol was removed by heating at 80 °C for
multilayer ceramic capacitor, transducer, electrostrictor and appropriate durations. After drying, the reaction of the
actuator applications [3, 4]. The objective of this investigation uncalcined powders taking place during heat treatment
was to study the reaction between the starting cobalt was investigated by differential thermal analysis (DTA;

oxide and niobium oxide precursors, phase formation, Perkin-Elmer 7 series) using a heating rate of 10 Kminute™

microstructure and microwave dielectric properties of in air from room temperature up to 1350 °C. Based on

columbite-structure cobalt niobate ceramics. the DTA results, various calcinations conditions, i.e.

temperature ranging from 700-1100 °C and dwell time

*Corresponding author: ranging from 15 to 240 minutes, were applied with a heating/
 Tel : +66-9-700-2136 . . ] . .

| Fax- +66-2-3264415 cooling rate of 5 Kminute™, in order to investigate the

E-mail: naratipcmu@yahoo.com formation of CoNb,Os.
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All powders were subsequently examined by room
temperature X-ray diffraction (XRD; Bruker D8 Advance)
using Ni-filtered CuK, radiation to identify the phases
formed and optimum calcination conditions for the
formation of CoNb,Og powders. The relative proportions
of CoNb,Og, C0;04, orthorhombic-Nb,Os and monoclinic-
B-Nb,Os have been calculated according to the following
approximate relationship, by analogy with our treatment
of the yield of CoNb,Og in a related synthesis [5, 6]:

W1t% columbite phase

= ( Leo )xloo )
Lot * 10,0, t Loto-nb,0, + 16,0

here 1‘_.01, ]C0304 IOIho—sz()} and 1ﬁ~Nb20 I'efer to the
intensities of the (311) columbite peak, (311) cubic-Co;04
peak, (180) orthorhombic-Nb,Os and (400) monoclinic-
B-Nb,Os peak respectively, these being the strongest
reflections in all cases. Microstructural analysis of the
ceramic samples was performed by means of scanning
electron microscopy (LEO 1455VP, Cambridge, England).

Results and Discussions

Figure 2 shows the DTA curves for the mixture of
Co30, and Nb,O; with a molar ratio of 1 : 3. From Fig.
2, three endothermic peaks centered at 100.6, 357 and
810 °C are observed. The first endothermic peak at 100.6 °C
is attributed to the evaporation of water molecules [7].
The second endothermic peak occurring at 357 °C should
correspond to the decomposition of the organic species
from the milling process [8]. The different temperature,
intensities, and shapes of the thermal peaks are probably
related to the different nature of the organic species and
consequently, caused by the removal of species bounded
differently in the network [7, 8]. The third endothermic
peak at 810 °C is assigned to the formation of CoNb,Og
by combination reactions of Co;0, and Nb,Os. According
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Fig. 2. DTA curve for the mixture of Co;04-Nb,Os powders.
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Fig. 3. XRD patterns of CoNb,Os powder calcined at various
temperatures for 4 h with heating/cooling rates of 20 Kminute™.

to the DTA measurements, these data were used to define
the range of calcination temperature for XRD investigation
between 700 °C and 1100 °C.

XRD paterns of all calcined powders are given in
Fig. 3. It is seen that CoNb,Os crystallites were already
developed in the powder at a calcination temperature as
low as 700 °C, accompanied with cubic-Co;0,4 (JCPDS
files No 78-1969), orthorhombic-Nb,Os (JCPDS files No 27-
1003), monoclinic-B-Nb,Os (JCPDS files No 26-0885).
No evidence of a cubic phase of CoO was found. The
strongest reflection from Co;0s, (200), was located at
20 =36.8 whereas the observed temperature variation
of Nb,Os in terms of the intensity and position of the
peaks attested to a number of phase changes. In niobium
oxide synthesis through precipitation from solution, the
calcination temperature has a significant effect on the
crystal structure of the resulting oxide. The XRD patterns
show that the transformation from the orthorhombic-
Nb,O;s to monoclinic-B-Nb,Os takes place as the calcination
temperature increases, which was reported earlier by
Belous et al. [9]. As the temperature increased to 800 °C,
the intensity of the columbite CoNb,Os peaks was further
enhanced and it became the only phase. Upon calcination
at 900, 1000 and 1100 °C, an essentially single of CoNb,Os
phase was obtained. This CoNb,O¢ phase was able to
be indexed according to an orthorhombic columbite-type
structure with lattice parameters a = 571 pm, b= 1414 pm
and ¢ = 504 pm, space group Pcan (no. 60), consistent
with JCPDS file number 32-0304. Having established
the optimum calcination temperature, dewll times ranging
from 15 minute to 120 minute with constant heating/cooling
rate of 5 Kminute™ were applied at 800 °C, as shown
in Fig. 4. It can be seen that a single-phase of CoNb,Og
powders was also successfully obtained with a calcinations
temperature of 800 °C and a dwell time of 120 minutes
or more applied. This was apparently a consequence of
the enhancement in crystallinity of the CoNb,Og phase
with increasing dwell time. The disappearance of monoclinic-
B-Nb,Os and orthorhombic-Nb,Os phase indicated that full
crystallization has occurred at relative shorter calcinations
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specimens (a) as a function of calcination temperature (calcined for
4 hours) (b) as a function of calcination time (calcined at 800 °C).

times. The observation that the dwell time may also play
an important role in obtaining a single phase product is
also consistent with other systems [10, 11]. The columbite
phase formation at various calcination temperatures and
time is shown in Fig. 5(a) and (b). By increasing the
calcination temperature from 700 to 1100 °C, the yield
of the columbite phase increased significantly until at
800 °C, a single phase of CoNb,Os was formed. However,

form the present study, there are no significant differences
between the powders calcined at temperatures ranging from
800 to 1100 °C. This observation agrees well with those
derived from the DTA results. Apart from the calcination
temperature, the effect of dwell time was also found to
be quite significant (Fig. 4). It is seen that the single phase
of CoNb,O¢ (yield 100% within the limitations of the
XRD technique) was found to be in powders, calcined
at 800 °C with a dwell time of 120 minutes or more. The
average grain sizes were determined from XRD patterns
according to the Scherrer’s equation:

_ kA
" Bcosby @

where D is the average grain size, k is a constant
equal to 0.89,05 is the (311) peak angle, A is the X-ray
wavelength equal to 1.5406 A and fis the half peak width.
The average grain size of CoNb,Os powders at 800 °C
with a dwell time of 120 minutes was about 280 nm.

Because the raw materials used were multiphase, the
formation reaction of the columbite phase belongs to a
heterogeneous system. A model used to treat multiphase
reaction kinetics was derived by Johnson and Mehl and
the equation for this reaction is:

In{1/(1~y)] = (kt)" ©)]

where y is the constant of the columbite phase formed,
k the reaction rate constant, ¢ the calcination time and n
is the reaction order [12, 13]. The relation of In [In 1/(1-y)]
versus In ¢ is plotted in Fig. 6. From this graph, it was
found that the phase transformation of the columbite phase
obeys this theory of phase transformations [14]. This
phenomenological model is based on the theory of nucleation
and growth and is accurate for a large number of systems.
The fact that the data in Fig. 6 closely follow Eq. (3)
indicates that the columbite phase grows at a constant
rate from a random distribution of point nuclei [14]. SEM
micrographs of the calcined CoNb,Og powders are given
in Fig. 7(a) and 7(b). In general, the particles are agglomerated
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Fig. 6. Johnson-Mehl-Avrami-type for the formation of columbite
phase in CoNb, Oy specimens isothermally heat treated at 800 °C.
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and basically irregular in shape, with a substantial variation
in particle size and morphology. The particle size can
be estimated from SEM micrographs to be in the range
of 70-300 nm. A detailed study at higher magnification
(Fig. 7(b)) showed that the particles had spherical secondary
particles, composed of nano-sized primary particulates.

Conclusions

Polycrystalline powder of CoNb,O4 was synthesized
using solid state synthesis using oxides as starting materials.
Evidence has been obtained for a 100% yield of CoNb,Og
at a calcination temperature of 800 °C for 120 minutes
with heating/cooling rates of 5 Kminute™. XRD showed
the compound to have the columbite structure, having
orthorhombic lattice parameters of a = 5.06880(x 0.0014)A,
b= 14.1348 (+ 0.0046)A and ¢ = 5.2230 (+ 0.0072)A.
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Abstract The solid solution between the normal ferroelectric Pb(Zr;2Ti;2)O; (PZT) and relaxor
ferroelectric Pb(Co,/3Nb3/3)O3 (PCoN) was synthesized by the solid state reaction method. Sintered
PZT-PCoN ceramics were annealed at temperatures ranging from 850 to 1,100°C for 4 h. X-ray

- diffraction patterns revealed changes of crystalline structure after annealing, which could be

correlated to the accompanied changes in dielectric properties. Furthermore, significant
improvements in the dielectric responses were observed in this system. After annealing, a huge
increase of up to 200% occurred in the dielectric constants, especially near the temperature of
maximum dielectric constant.

Introduction

Piezoelectric lead zirconate titanate (PZT) ceramic material has been widely used for transducer
applications, due to its excellent piezoelectric properties, and was a candidate in a number of recent
investigations [1, 2]. It is well known that PZT material is almost always used with a dopent,
modifier or other chemical constituents to improve and optimize its basic properties for a particular
application [1, 3]. Lead zirconate titanate ceramics and their solid solution, along with several
complex perovskite oxides represented by Pb(B'B"”)Os, have been investigated [4-6]. Among the
various complex ferroelectric oxide materials, several niobates with transition temperatures below
room temperature are Pb(Mg;3Nb,3)O3, Pb(Ni;3Nb,/3)03, and Pb(Co;3Nby3)O3. Among them, lead
cobalt niobate [Pb(Co;3Nb,3)O; (PCoN)] is also a typical ferroelectric relaxor material with a
transition temperature of -70°C, as reported by Smolenskii ez al. [7] in 1958 . In this compound, the
octahedral sites of the crystal are occupied randomly by Co** and Nb>* ions. Recently, our previous
work has shown promise in producing phase pure perovskite PZT-PCoN ceramics with the solid
state reaction method [5, 8]. A morphotropic phase boundary (MPB) between the PCoN-rich
pseudo-cubic  phase and the PZT-rich tetragonal phase was reported at
O.7Pb(Zr1/2Ti|/2)03:0.3Pb(C0|/3Nb2/3)03 [5]

In this study, we emphasized the effect of annealing on the crystal structure, and dielectric
properties in PZT-PCoN ceramics. Based on our previous results for the PZT-PCoN system, PZT
containing 30 mol% of PCoN was selected as the starting composition, which is close to the
rhombohedral MPB in this system. For annealing, the samples were heat treated at 850-1,100°C for
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4 hours in a sealed Al,O; crucible, with PbO-rich atmosphere. This paper reports evolution of the
perovskite phase, and crystal structure of the PZT-PCoN ceramics. Next, the temperature and
frequency dependence of the dielectric constant are given for as-sintered and annealed samples. The
results of influence on the post-sintering annealing of these properties are shown in brief.

Experiment

The 0.7Pb(Zr;/;Ti12)03-0.3Pb(Co;/3Nb,3)O3 ceramics were prepared by conventionally mixed—
oxide processing, in which stoichiometric mixtures of reagent-grade metal oxide powders of
99% + purity (PbO, CoO, TiO,, ZrO, and Nb,Os) were used as the starting raw materials. Thermal
synthesis of blended and pressed mixture of the starting material was carried out at 900°C for a
period of 4 h. Crumbled, milled and sieved material was pressed again in the form of cylinders and
then sintered at 1,100°C for 4 h. The sintered pellets were then annealed at various temperatures
from 850 to 1,100°C for 4 h. These annealing processes were performed in a double crucible, with
interior PbO + ZrO, atmosphere, in order to maintain the established composition and, especially,
avoid the loss of PbO caused by its sublimation. The Archimedes displacement method with
distilled water was employed to evaluate sample density. The ceramic pellets were ground and
polished to make parallel surfaces, and densities were determined geometrically. After gold
sputtering onto the major faces of the pellets as electrodes, dielectric constants and losses at the
frequency decades of 10 kHz were measured, using a computer-interfaced LCR meter.

Results and Discussions

The phase development in the annealed samples was analyzed by XRD and the results are presented
in Figure 1. All samples show a single-phase powder diffraction pattern. No secondary reaction
phases such as PbO, Pb-based compounds, unreacted oxide and so on, are observed in the pattern.
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Figure 1 (a) XRD patterns of 0.7PZT-0.3PZN annealed samples at various temperatures for 4 h,
* (b) XRD pattern of the (1 1 1) peak, (c) XRD pattern of the (2 0 0) peak.

After annealing, a significant change in the crystal structure was observed, especially above an
annealing temperature of 1,000°C, where the crystal structure changes from pseudo-cubic to
tetragonal and rhombohedral. On the basis of XRD and dielectric experiments, we have identified
the MPB in the (1 — x)PZT—xPCoN system from our previous work. The MPB resides at around x ~
0.2, separating the tetragonal phase for x <0.2 from the rhombohedral phase for x >0.3. In this
study, the XRD data show that splitting of the (200) and (111) peak is not observed in ceramic
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samples annealed at temperatures below 1,000°C. These results indicated that the major phase in
this ceramic sample had pseudo-cubic symmetry. Splitting of the (200) peak becomes more
pronounced as the annealing temperature approaches 1,100°C, thus indicating stabilization of the
tetragonal phase. Furthermore, the unambiguous splitting of the (111) peak indicated the
coexistence of the rhombohedral and tetragonal phase. The co-existence of the tetragonal and
rhombohedral phase is seen clearly when the XRD profile peak splits with increasing annealing
temperature. From these results, it is clear that the composition of the annealed sample has shifted
very closely to the MPB.
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Figure 2 Variation of the dielectric constant (¢,) and loss tangent (tan ¢) with different annealing
temperatures at 10 kHz.
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Figure 3 SEM photographs of 0.7PZT-0.3PCoN ceramics (a) as-sintered samples (b) annealing at
1,100°C.

Figure 2 shows the dielectric constant (&) at 10 kHz versus the temperature for 0.7PZT-0.3PCoN
ceramics annealed at different temperatures for 4 h. After annealing, a significant improvement in
the dielectric constant was observed, especially near the temperature of the maximum dielectric
constant (€y), where the improvement was up to 200%. This change in behavior might be due to a
shift in a chemical composition close to the MPB, caused by thermal annealing. This behavior is
consistent with the conclusions of Randall er al. [9]and Leite ez al. [10] in the PMN-PT system.
Figure 3 shows scanning electron microscopy (SEM) images of the fractured surfaces of 0.7PZT-
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0.3PCoN ceramics before and after annealing at 1,100°C. There was no change in the grain size.
The density of the samples decreased from 8.120 to 8.015 g/cm’ after annealing at 1,100°C for 4 h.
Obviously, the decrease in density did not lead to an improvement of electrical responses.

Summary

The dielectric properties of 0.7PZT—0.3PCoN ceramics, formed via the solid state reaction, were
investigated. Thermal annealing was seen to be effective at improving the dielectric and
piezoelectric responses of PZT-based ferroelectric ceramics. The annealing time was found to have
an effect on the electrical properties. After annealing at 1,100°C for 4h in a PbO-rich atmosphere,
0.7PZT—-0.3PCoN ceramics with &, 14,400 were achieved in this study. The large improvements in
dielectric properties after annealing were attributed to a shift in the phase composition to the MPB
composition.
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Abstract. A corundum-type structure of cobalt niobate (CosNb,Oy) has been synthesized by a solid-
state reaction. The formation of the CosNb,Qg phase in the calcined powders was investigated as a
function of calcination conditions by differential thermal analysis (DTA) and X-ray diffraction
(XRD) techniques. Morphology and particle size have been determined by scanning electron
microscopy (SEM). It was found that the minor phases of unreacted Co304 tend to form together
with the columbite CoNb,Og phase at a low calcination temperature and short dwell time. It seems
that the single-phase of CosNb,Og in a corundum phase can be obtained successfully at the
calcination conditions of 900°C for 60 min, with heating/cooling rates of 20 C /min.

Introduction

A variety of microwave dielectric ceramics have been utilized for microwave dielectric applications
including the filters and resonators in the wireless communication system [1]. There are three
important properties required, i.e., a high dielectric constant &, high quality factor O x fand low
temperature coefficient of resonant frequency 7, in order to miniaturize the size of the microwave
dielectric resonator and reach suitability for application at high frequency, and the resonant
frequency must be stable at various operating temperatures. A high Q x f value of more than
30,000 GHz is required to withstand high electric loads, especially for microwave dielectric
ceramics used in the base stations of mobile phones. However, still higher Q X f — value materials
are required for new digital systems [2]. Over the past few years, the demand for smaller, lighter and
temperature stable devices has increased. Cobalt niobate CoNb,Og is one of the best known
microwave dielectric materials, which recently gained considerable attention. In general, production
of single-phase CoNb,Og is not straightforward, as a minor concentration of CosNb,Og sometimes
forms alongside the major phase of CoNb,Og. The crystal structure of CosNb,Og ceramic is known
to have a corundum-type structure. The oxygen ions are located at the lattice sites of a hexagonal
closed-packed unit cell. In the HCP crystal structure, as in the FCC structure, there are as many
octahedral interstitial sites as there are atoms in the unit cell. In recent study, the microwave
dielectric properties of a corundum-type structure such as MgsNb,Og ceramic was reported to have a
high Q x fvalue, which was comparable to that of Al;O3. Thus far, although CosNb,Oy is identical
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in stoichiometry to MgsNb,Oy, it has not been synthesized to the corundum-type structure.
Interestingly, the mixed oxide route for the production of CosNb,O9 powders has not received
detailed attention, and the effects of calcination conditions have not yet been studied extensively.
The objective of this work was to study the reaction between the starting cobalt oxide and niobium
oxide precursors, phase formation and microstructure of corundum-type structure cobalt niobate
powder.

Experimental

Reagent-grade oxides of Co304 (99.99 %, Aldrich, USA) and Nb,Os (99.9%, Aldrich, USA) were
used in this study. CosNb,O9 powders were synthesized by the solid-state reaction of Co3O4 and
Nb,Os powders that were homogenized by ball mlllmg with ethyl alcohol in the required
stoichiometric ratio. The mixed slurry was dried at 80 °C. The reactions of the uncalcined Co4Nb,O9
powder, taking place during heat treatment, were 1nvest1gated by differential thermal analysis (DTA

Perkin-Elmer 7 series) using a heating rate of 10°C /min in air from room temperature to 1,350 "C.

According to the DTA results, various calcination conditions (i.e. temperatures ranging from 700 —
1,100°C and dwell times from 15 to 240 min) were applied, with a heating/cooling rate of 20°C/min
in order to investigate the formation of CosNb,Oy. Calcined powders were subsequently examined
by room temperature X-ray diffraction (XRD; Bruker D8 Advance ) using Ni-filtered CuK,
radiation to identify the phase formed and optimum calcination condition for the formation of
Co4Nb,O9 powders. Powder morphologies and grain size were directly imaged using scanning
electron microscopy (LEO, LEO 1455VP, Cambridge, England).

Results and Discussion

The DTA curve for the powder mixed in the stoichiometric proportions of CosNb,Oo is shown in
~ Figure 1. Three endothermic peaks centered at 121°C, 294°C and 837 C were observed. The first and
second endothermic peaks should correspond to the evaporation of water molecules and
decomposition of the organlc species from the milling process, respectively [3, 4]. The third
endothermic peak, at 837 C was assigned to the formation of CosNb,Oy by combination reactions
of Co3;04 and Nb,Os. Based on the DTA measurements, these data were used to define the range of
calcination temperature at between 700 to 1,100 ‘C for XRD investigation.
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Figure 1. DTA curve for the mixture of Co304-Nb,Os powder.
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XRD patterns of all calcined powders are given in Figure 2. At a clacination temperature as low as
800°C, the strongest reflections were apparent in the majority of the XRD patterns, which indicated
the formation of a columbite phase of CoNb,Os (A) that could be matched with JCPDS file
numbers 32-0304. The minor phase of unreacted cubic-Co3;04 (Y), which could be matched with
JCPDS files No 78-1969, were found. As the calcination temperature increased to 900°C, intensity
of the corundum Co4Nb,Og peaks was enhanced further and became the monophasic phase. This
Co4Nb,09 phase was indexable according to a hexagonal corundum-type structure, with a lattice
parameter of @ = 517 pm and ¢ = 1412 pm, and space group P3cl (no. 165), consistent with JCPDS
file numbers 38-1457. Upon calcinations at 1,000 and 1,100 'C, an essentially monophasic phase of
CosNbyO9 was obtained. However, in this work, there were no significant differences between the
powders calcined at temperatures ranging from 900 to 1,100 C.

26/degrees

Figure 2. XRD patterns of CosNb,Og powder
calcined at various temperatures for 4 h with
heating/cooling rates of 20 C /min.
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Figure 3. XRD patterns of CosNb,Og powder
calg:ined with  heating/cooling rates
20 C /minat 900 C for 15-240 min.

of

After obtaining the optimum calcination temperature, dwell times ranging from 15 min to 120 min,
with a constant heating/cooling rate of 20°C/min were applied at 900 'C, as shown in Figure 3. It
was observed that the single-phase of CosNb,Oy (yield of 100% within the limitations of the XRD
technique) powder was possible in powders calcined at 900°C, with a dwell time of 60 min or more
applied. Observation that the dwell time effect may also play an important role in obtaining a single-
phase product is also consistent with other systems [5, 6].

The average grain sizes were determined from the XRD pattern according to the Scherrer’s
equation

kA
pcosb,

where D is the average grain size, k is a constant equal to 0.89, 65 is the (3 1 1) peak angle, A is the

X-ray wavelength equal to 1.5406 A and B is the half peak width. The average grain size of
Co4Nb,0O9 powders was about 280 nm at 900 OC, with a dwell time of 60 min. The morphology of
the calcined CosNb,Og powders was investigated by scanning electron microscopy (SEM), which is
illustrated in Figure 4(a) and 4(b). In general, the particles are agglomerated and basically irregular
in shape, with a substantial variation in particle size and morphology. The particle size can be
estimated in the range of 300-400 nm from SEM micrographs. A detailed study at higher
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magnification [Fig. 5(b)] shows that the particles had spherical secondary particles, composed of
nano-sized primary particulates.

ENT=2000kV  ScanSpeed=10  Signal A=SE1 Fill= 2680 A EHT=2000kV  ScanSpeed=10  SignalA=SE1 Fill= 2889 A
Mag= 1400KX WD= Smm Spot Size = 300 Mag= 21.00KX WD= Smm Spot Size = 300

Figure 4. Scanning electron micrographs of the CosNb,0 powders calcined at 900 "C for 60 min,
with a heating/cooling rate of 20 C /min.

Summary

The corundum-structure, CosNb,Oo, was synthesized by solid state reaction using oxides as starting
materials. The content of the impurity phases decreased with increasing calcination temperature and
dwell time. Evidence has been obtained of a 100% yield of CosNb,Oy at a calcination temperature
of 900°C for 60 min, with heating/cooling rates of 20°C/minute. XRD showed the compound to
have a corundum structure, with hexagonal lattice parameters of a = 5.1669(+ 0.0014) and
¢ = 14.1248 (£ 0.0072). The particle size can be estimated in the range of 300-400 nm from SEM
micrographs.
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Lead-free piezoelectric ceramics based on (1-=x)Bij/ oNaj;2TiO3 — x Bi(Znj /2
Ti; 2)03 (x = 0.0, 0.02, 0.04, 0.06, 0.08,0.10, 0.20, 0.30, 0.40, and 0.5) were obtained
via solid-state processing techniques. The influence of BZT addition on BNT charac-
teristics, sintering, microstructure and properties was investigated. A single perovskite
phase with rhombohedral symmetry was obtained for Bi(Znj s>Ti; s 2)O3 substitutions
of up to 10 mole%. A small amount of BZT was effective for improving both sintering
behavior and dielectric properties of BNT ceramics. Optimized dielectric properties
were obtained for samples with a maximum density of p = 98.3% for the composition,
x=0.1,
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Introduction

The effects of toxic lead oxide, a major constituent of the most widely used piezoelectric
materials PbZrO;-PbTiO3 (PZT), are considered a danger to nature. For protection of the
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environment, Restriction of Hazardous Substances (RoHS) regulations, European Union’s
Waste Electrical and Electronics Equipment (WEEE) and other requirements have been
established [1, 2]. As of July 1st, 2006, all new electrical and electronic products put on the
European Market and falling under the scope of the European Union directive, RoHS, have
to comply with stated requirements. Every homogeneous material within covered products
is restricted to a maximum concentration of 0.1% by weight of lead, mercury, hexavalent
chromium, PBB and PBDE, and a maximum of 0.01% by weight of cadmium. According to
supporting requirements, there was an increase in the attentiveness of lead-free materials. As
many researches have reported, Big sNag s TiO3; BNT (which was discovered by Smolensky
et al. in 1960 [3]) is one of the most important lead-free piezoelectric materials with a
perovskite structure. BNT possesses strong ferroelectric properties at a relatively high Curie
temperature (7. = 320°C) and phase transition point from ferroelectric to antiferroelectric
(T, = 200°C), with a relatively large remanent polarization (P, = 38 ;2C/cm?) and coercive
field (E. = 73 kV/cm) at room temperature [3-8]. Apart from its strong ferroelectric,
when compared with PZT, BNT-based materials possess high anisotropic electromechanical
coupling properties (k, > 0.48, k, ~0.165-0.255), high frequency constant (N, > 2550 Hz
- m) and lower dielectric constant (£3; & 290-524) [6]. Nevertheless, it is hard to pole pure
BNT for its large coercive field and relatively large conductivity. To improve some poor
properties of BNT, numerous modifications of BNT-based ceramics have been developed.
Many researches have suggested that the improvement of piezoelectric properties can be
achieved by forming solid solution with other perovskite oxides. Several solid solutions of
BNT, with SrTiO;, La;(TiO3)3, NaNbO3, and BaTiO3 have been investigated [4].

Bi(Zn;,Tij/2)O03 (BZT) is a ferroelectric material, which has a Zn** and Ti** complex
on the B-site of the ABO3 perovskite structure, with a tetragonal symmetry [9]. The solid
solution of (x)PbTiO3~(1-x)Bi(Zn;/»Ti;2)O3 has been studied by Suchomel et al.[10].
The (x)PbTiO3 — (1-x)Bi(Zny 2 Ti;2)O3 system exhibits a high ¢/a ratio of 1.11 for x =
0.60. However, there have been no systematic investigations on the solid solution of BNT-
BZT ceramics. In this paper, the preparation of bismuth zinc titanate (BZT) —modified
bismuth sodium titanate (BNT) ceramics, with compositions (1 — x)Biy/»Na; 2 TiO3 — x
Bi(Zn,;Ti;/2)03 (x = 0.0, 0.2, 0.4, 0.6, 0.8, 0.10, 0.20, 0.30, 0.40, and 0.5) ceramics
through the solid-state processing techniques, was investigated. The influence of BZT
addition on the powder; crystal structure, microstructure and dielectric properties was
examined.

Experimental Procedure

Bismuth zinc titanate (BZT) — modified bismuth sodium titanate (BNT) ceramics with
compositions (1-x)BijsNa; 2 TiO3 — x Bi(Zn;2Ti;2)03 (x = 0.0, 0.2, 0.4, 0.6, 0.8, 0.10,
0.20, 0.30, 0.40, and 0.5) were prepared by the solid-state processing techniques. High-
purity oxides and carbonates; Na,CO;3 (99.5%), Bi; O3 (99.97%), ZnO (99.9%) and TiO,
(99.9%) were used as starting materials, which had been treated carefully by a special drying
process before use, particularly for sodium carbonates. In the first stage, Bi;O3, Na,CO;
and TiO, were thoroughly mixed in the stoichiometric ratio, and then calcined at 900°C for
24 h to form (Big sNag 5)TiO3; BNT. In the second stage, the precursor (BNT) was mixed in
the stoichiometric ratio with other starting materials. After drying at 80°C for 16 h, powders
were calcined in a closed alumina crucible at 900°C for 4 h, with a heating/cooling rate
of 20°C/min. The calcined powders were then mixed with 5 wt% polyvinyl alcohol (PVA)
and pressed into discs, 1.5 cm in diameter. The green discs were sintered at 1,150°C for 6
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h, with a heating/cooling rate of 5°C/min and covered with calcined powders in order to
protect from the loss of bismuth. Formation of the perovskite phase and crystal structure
of BNT-BZT was examined by room temperature X-ray diffraction (XRD, Advance D8)
using Ni-filtered CuK,, radiation. Morphologies and grain size were imaged directly using a
scanning electron microscope (SEM, LEO1455 VP). Dielectric measurements were carried
out at room temperature by an LCR meter (Hewlett-Packard, 4284A).

Results and Discussion

Figure 1 illustrates the X-ray diffraction patterns of (1—x)BNT-xBZT; x =0.0-0.5 powders
calcined at 900°C for 4 h, with a heating/cooling rate of 20°C/min. At a BZT ratio of up
to 0.10, X-ray diffraction patterns showed that a pure perovskite structure was obtained
with no impurity phases, and/or no individual phases from the precursors were presented.
As the fraction of BZT in the solid solution was increased to above 0.10, the pyrochlore
phase began to develop and increase in intensity with increasing BZT concentration. These
results indicate that the presence of BZT in the solid solution decreases the structural
stability of the BNT perovskite phase. In other words, this result indicates that BZT has
limited solubility in BNT ceramics, which tends to be solved at a concentration of 0.1mol.
In addition, the X-ray diffraction patterns revealed that the crystal structure was influenced
by BZT addition. Without BZT doping, the pure BNT possesses a rhombohedral phase,
with a (110) peak detectable at 32.48° (26), which could be matched with Bij/sNaj /2 TiO3
JCPDS file no. 36-0340. As the BZT content in the compounds is increased, the diffraction
angle of (1 1 1) peaks in the BNT-BZT powders and shifts downwards to lower 26 angles,
as illustrated in Fig. 2(a). This phenomenon indicated that a consecutive increase in lattice
constant is a function of BZT fraction. As we know, the ionic radius of Zn?* (rze+ =
88 pm) is larger than that of Ti** (rgie+ = 74.5 pm), which results in lattice distortion
and an increased lattice constant of the ceramic. The X-ray diffraction patterns of these
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Figure 1. X-ray diffraction patterns of (1-x)BNT-xBZT; x = 0.0-0.5 powders calcined at 900°C for
4 h, with a heating/cooling rate of 20°C/min.
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Figure 2. X-ray diffraction patterns of (1-x)BNT-xBZT; x = 0.0-0.1 powders calcined at 900°C for
4 h, with a heating/cooling rate of 20°C/min.

powders also indicate a phase transition from rhombohedral to cubic, with increasing BZT
concentration. The thombohedral symmetry of BNT ceramics can be characterized at room
temperature by a (2 2 0)/(1 4 0) peak split between 66° and 69°, and a single peak of
(2 0 0) between 45° and 48° [5]. The rhombohedral (2 2 0)/(1 4 0) peak split remains
until x = 0.08 and then combines into a slightly asymmetric peak at x = 0.1[Fig. 2(b)].
The microstructure of the (1—x)BNT—xBZT ceramics sintered at 1,150°C for 6 h, with
a heating/cooling rate of 5°C/min, is presented in Fig. 3. The SEM observation confirms
that the BNT-BZT ceramics are densely sintered. Furthermore, all BNT-BZT samples have
a high density of around 92.5-98.3% of the theoretical density, as reported in Table 1.
The theoretical densities of each composition were calculated based on the rule of BNT
mixture and the theoretical densities of BZT. The microstructure of the ceramics clearly
showed the apparent increase in density, as shown in Fig. 3. The density increased to the
maximum value of 98.3% compared to the theoretical density of 10 mol% BZT. Beyond
10 mol% BZT, a decrease in density resulted. The fracture mode of pure BNT ceramics
was preferentially intergranular, but it became a more transgranular oriented fracture with

Table 1
Physical and dielectric properties of (1-x)BNT-xBZT; x = 0.0 — 0.2 ceramics sintered at
1,150°C for 6 h (P = perovskite, Py = pyroclore, R = rhombohedrol, C = cubic)

Crystal Grain size Density Dielectric
X Phase structure (am) (%) constant tan §
0.00 P R 2.02 £ 0.37 92.5 420 0.73
0.02 P R 1.78 £ 0.26 95.6 750 0.35
0.04 P R 2.35 +0.40 96.1 760 0.42
0.06 P R 1797 £0.32 96.5 710 0.22
0.08 P R 1.83 £0.24 96.6 770 06:17
0.10 P C 2.24 + 0.57 98.3 840 0.04
0.20 P+P, C 2.08 + 0.35 97.6 950 0.28
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Figure 3. SEM micrograph of (1-x)BNT-xBZT; (a) x = 0.0, (b) x = 0.02, (¢) x = 0.04, (d) x =
0.06, (e) x = 0.08, and (f) x = 0.1 ceramics sintered at 1,150°C for 6 h, with a heating/cooling rate
of 5°C/min.

increasing amounts of added BZT. Figure 4 shows the relative permittivity (¢,) and loss
tangent (tan &) at room temperature of (1 —x)BNT-xBZT; x =0.0-0.2 ceramics as a function
of the BZT fraction. The ¢, of pure BNT was only about 420, but it increased significantly
with increasing BZT content to about 750, 760 and 840 for 0.02, 0.04 and 0.10 mol BZT-
doped BNT ceramics, respectively. Moreover, dielectric loss was decreased. The decrement
in dielectric loss is believed to be proportional to the sintered density. However, higher
dielectric loss observed at composition x = 0.2 is due to the formation of the pyrochlore
phase. This was related to the result from the X-ray diffraction technique, which indicated
that pyroclore phases were found in ceramics of BZT mole fractions above 0.10. In addition,
the lower transition temperature of BNT-BZT ceramics may have increased the relative
permittivity.
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Figure 4. Dielectric constant (&,) and loss tangent (tan §) at room temperature of (1-x)BNT-xBZT;
x =0.0-0.2 ceramics sintered at 1,150°C for 6 h, with a heating/cooling rate of 5°C/min in a bismuth
atmosphere.

Conclusion

The microstructure, crystal structure and dielectric properties of (1 — x)Bi;;Na; ;,TiO3 — x
Bi(Zn;,Ti;2)O3 piezoelectric ceramics were investigated with different contents of
Bi(Zn; /2 Ti; 2)O3. A single perovskite phase with rhombohedral symmetry was obtained for
Bi(Zn;,Ti; /)O3 substitutions of up to 10 mole%. A small amount of BZT was effective for
improving both sintering behavior and dielectric properties of BNT ceramics. The density
of BNT ceramics was increased with BZT addition to a relative density of approximately
98.3% for 10 mol% of BZT added.
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Introduction

For almost half a century, lead zirconate titanate (PZT) and PZT-based ceramics have
been widely investigated and used as actuators, sensors, transducers, resonators, surface
acoustic wave (SAW) filters and other piezoelectric devices, due to their excellent dielectric,
piezoelectric and electromechanical properties [1-5]. Lead-based PZT materials contain
more than 60 wt% of lead oxide, which cause various environmental problems and numerous
medical symptoms, i.e. headaches, constipation, nausea, anemia and reduced fertility [6].
In terms of legislation at the EU level, two recent directives have put severe restrictions
on the use of hazardous substances in electronic equipment. According to these, lead and
other heavy metals should have been phased out by 1st July, 2006 [7]. Therefore, lead-free
and/or low-lead-content piezoelectric compositions have been studied and developed for
replacing the lead-based compositions in commercial application [1, 5]. Alkali niobates
of the general form, ANbO; (A: alkali metal), were proposed as alternative piezoelectric
materials [7]. Among various candidates, potassium sodium niobate [(K,Na)NbO3; KNN] is
the most promising one, because of its outstanding piezoelectric and ferroelectric properties.
Although KNN has been studied since the 1950s, research on it has not been intensive. A
recent article in Nature by Saito et al. attracted more attention on this lead-free piezoelectric
ceramic [8]. KNN powders have been prepared by a conventional solid-state reaction
method using oxide or carbonate compound as raw materials [9]. This reaction creates
several problems, which are caused by moisture-sensitive compound [7]. Moreover, high
calcination temperature can lead to the evaporation of volatile compound. It was found that
potassium niobate (KNbO3) powder has been successfully synthesized at a temperature as
low as 500°C through a modified solid state reaction [10] and other compositions such as
NaTaO; powder, which also was synthesized by using this method [11].

Thus, the purpose of this study was to explore a modified solid state reaction method
for the production of K;/;Na;/,NbO3 powder at a low calcination temperature. The phase
evolution, morphology and particle size of the powder calcined at various temperatures
were investigated and discussed.

Experimental Procedure

Potassium sodium niobate (K;/,Na;/;NbO3) powders were prepared by the modified
solid state reaction method. Reagent grade potassium oxalate monohydrate (K,C,04.H,0,
99.9%), sodium oxalate (NayC>04, 99.9%) and niobium oxide (Nb,Os,99.9%), in required
stoichiometric ratio related to reaction bellow, were mixed by the ball-milling method in
isopropanol for 18 h.

0.5K2C204.H20(s) + 0.5N32C204(5) + Nb205(5) 2 OZ(g)
- 2K0_5Na0,5NbO3(s) + ZCOZ(g) + 0.502(3) s 0.5H20(g) (1)

The mixture was dried at 80°C for an approximate length of time. After drying, the reaction
of the uncalcined powders taking place during heat treatment was determined by thermo
gravimetric and differential thermal analysis (TG-DTA, Perkin Elmer). Based on the TG-
DTA results, the mixture was calcined in air at various temperatures ranging from 300°C
to 850°C in a closed alumina crucible in order to investigate the formation of KNN.

All powders were subsequently inspected by room temperature X-ray diffraction (XRD,
Advance D8) using Ni-filtered CuK,, radiation to examine the phases formed and the
optimum calcination condition for the formation of KNN powder. Powder morphologies and
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Figure 1. TG-DTA result of an uncalcined powder mixed in the stoichiometric proportion of
Ki/2Na;,NbO;,

particle size were directly imaged using a scanning electron microscope (SEM, LEO1455
VP).

Results and Discussion

The TG-DTA simultaneous analysis of a powder mixed in the stoichiometric proportions
of K;/;Na,;,2NbOs is illustrated in Fig.1. From Fig. 1, four endothermic peaks centered
at 106, 359, 451 and 508°C are observed. The first endothermic peak is attributed to
the dehydration of potassium oxalate monohydrate with mass loss of 3.4% on the TG
curve [12]. The second endothermic peak can be ascribed to the formation of potassium
carbonate through potassium oxalate decomposition [12]. The third endothermic peak also
results from the formation of sodium carbonate through sodium oxalate decomposition
[13]. The fourth endothermic peak is assigned to the formation of K;,;Naj;2NbO; by
combination reactions of Na, 0, K, O and Nb,Os. In addition, there is an obvious mass loss
of 17.3% during the temperature rise from 460 to 530°C on the TG curve, which indicates
the decarbonation of K,COj3; and Na,COj3. These data were used to define the range of
calcination temperatures for XRD investigation between 300°C to 850°C.

Therefore, to investigate the effect of calcination temperature on the phase develop-
ment, the mixed powders were calcined for 2 h in air at various temperatures up to 850°C,
followed by phase analysis using XRD. Figure 2 shows the XRD pattern of the KNN
powders calcined at different temperatures for 2 h. It can be seen that fine KNN crystallites
were developed in the powder at a calcination temperature as low as 350°C, accompanied
by Nb,Os, K,CO; and Na,CO3. Upon calcinations at 400°C, an essentially monophasic
of perovskite phase (yield of 100% within the limitations of the XRD technique) was
observed. This phase was indexed based on a simple orthorhombic perovskite cell, as pro-
posed by Stannek [14]. However, for the composition, K;/;Na;/;NbO3, a JCPDS-ICDD
powder diffraction card did not exist. The material was orthorhombic and isostructural
with orthorhombic KNbO3, with a unit cell derived from the simple perovskite cell by
rotating two axes by 45°[15, 16]. We successfully synthesized the single perovskite phase
by firing at a low temperature of 400°C. The results of the X-ray diffraction measurement
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Figure 2. XRD patterns of K;,,Na,;;NbO; powder calcined at various temperatures for 2 h with
heating/cooling rates of 20°C /min.

support the DTA observation (Fig. 1) that the perovskite phase is formed at a temperature of
~400—500°C. This temperature was more than 350°C lower than the ordinary synthesis
temperature of solid state reaction.

Although the pure perovskite phase was obtained at a low temperature of 400°C, broad-
ening of the XRD peaks was observed at temperatures between 400-550°C. This indicated
that the KNN powder at 400-550°C was not a good homogeneous solid solution phase.
Any spatial variations in the Na and K ratios, due to imperfect mixing and incomplete reac-
tion, would produce a series of K(;_y)Na,NbOj3 solid solution compositions with differing
values of x, in different regions of the sample. Because of the small shifts in d-spacings
with changing composition reported for intermediate values of x, an overlap of XRD peaks
from compositionally inhomogeneous regions would occur, and result in single broad peaks
for temperatures < 550°C, as shown in Fig. 2. As calcination temperatures increased from
600° to 850°C, the KNN solid solution became more homogeneous, XRD peaks became
narrower, and a pattern similar to that expected for orthorhombic K;/;Na;,,NbO3 was
achieved after 600°C, as indicated by the separate peaks of 0 2 2 and 2 0 O in Fig. 3.
Estimated lattice parameters were a = 5.56 A, b =15.70 A, and ¢ = 5.62 A for powder
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Figure 3. XRD pattern of the K ,;Na;,NbO; powder, showing doublets (2 2 0) and (0 0 2).

that was calcined at 600°C; which is close to the values reported in the literature [17]. This
study also shows that crystalline orthorhombic KNN is the only detectable phase in the
powder, after calcinations in the range of 600-850°C. The experimental work carried out
here suggests that the optimal calcination conditions for the single orthorhombic phase,
Ki/2Na;2NbO3 (with impurities undetected by the XRD technique), is 600°C for 2, with
heating/cooling rates of 20°C/min. Moreover, the formation temperature and dwell time
for the production of K,,,Na,,;NbO3 powders observed in this work are also lower than
those reported by Ichiki et al. [18] (950°C for S h) and Singh et al. [19] (900°C for 1 h).
The morphology evolution and particle sizes can be directly investigated using scanning
electron microscopy (SEM). Micrograph of KNN powders calcined at 400°C for 2 h, with a
heating/cooling rate of 20°C/min. is displayed in Fig.4(a) and 4(b). In general, the particles
are conglomerated and irregular in shape and the morphology of the calcined powders are

Figure 4. Scanning electron micrograph of the K;,Na, ,NbO; powders calcined at 400°C for 2 h,
with a heating/cooling rate of 20°C/min. (a) low magnification and (b) higher magnification.
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about the same. The range of particle size was found to be about 70 to 300 nm. No evidence
of secondary phase was found. This observation was in good agreement with the evidence
suggested from the XRD technique. A detailed study at higher magnification [Fig. 4(b)]
showed that the smallest particle size estimated from SEM micrographs was ~40 nm.

Conclusions

In summary, we have exploited a simple method to synthesize perovskite-type
K /2Na,; 2NbO3 powder, with high crystallinity at a lower temperature. A pyrochlore-free
perovskite K;/,,Na;/;NbO; phase was obtained in this study by using potassium oxalate
monohydrate and sodium oxalate as a source of potassium and sodium, respectively, to-
gether with a careful calcination treatment. The perovskite phase was successfully synthe-
sized at the low temperature of 400°C. As calcination temperatures increased from 600° to
850°C, the KNN solid solution became more homogeneous, XRD peaks became narrower,
and a pattern similar to that expected for orthorhombic K /,Na; ,NbO3 was achieved after
600 °C, as indicated by the separate peaks of 0 2 2 and 2 0 0. The resulting KNN powders
consisted of agglomerated particles of 70 to 300 nm in size. As a final remark, the present
method could also be applicable to the preparation of other materials such as KNbOs,
NaNbO; etc.
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Abstract A modified solid-state reaction was applied to
produce lead-free piezoelectric sodium niobate (NaNbO3)
powders. The mixture of Na,C,0,4 and Nb,O5 was identi-
fied by thermo gravimetric analysis (TGA) and differential
thermal analysis (DTA). The powders were characterized
using a scanning electron microscope (SEM) and the X-ray
diffraction technique (XRD). The SEM image suggested
that the particle size of the powders obtained ranged from
180 to 360 nm. The XRD pattern showed that the pure
perovskite phase of NaNbO; could be synthesized at the
low temperature of 475 °C for 1 h, with an average crys-
tallite size of 31.45 + 5.28 nm. This temperature  was
about 300 °C lower than that when using the conventional
solid-state method with Na,COj as reactant, which resulted
in a cost-, energy-, and time-saving method.
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Introduction

Alkaline niobate materials are considered a lead-free can-
didate for the substitution of widely used commercial lead-
based piezoelectric material, based on the aim to avoid
highly harmful lead compounds [1-4]. Among several
compounds, sodium niobate (NaNbQO3) has attracted con-
siderable attention because of its unique properties [3] and
high dielectric constant (2000-3000) at Curie temperature
[5]. Unlike most oxidic perovskite, NaNbO; possesses six
phase transitions from the ferroelectric phase at low tem-
perature (rhombohedral) to the antiferroelectric room
temperature phase (orthorhombic) and non-polar cubic
structure at 640 °C [6]. It can form solid solution with
other niobate compounds, such as LiNbO3; and KNbO3, to
acquire good ferroelectric and piezoelectric properties
[7-10]. Traditionally, alkali metal niobate powders have
been synthesized via the solid-state reaction of alkali metal
carbonates and Nb,Os [3, 11]. This method requires a high
calcination temperature (about 750 °C or more) for a long
period of time, possibly causing volatilization of the alkali
metal and leading to poor compositional homogeneity
[3, 4, 11]. The powders can be agglomerated during heat-
ing, which affects their properties [3, 12]. Thereafter,
powders with high sinterability and stoichiometric control
are necessary for developing NaNbO;-based piezoelectric
ceramics. Numerous alternative methods are used to pre-
pare NaNbO; such as hydrothermal [13], chemical [12],
and polymeric precursor processes [14], and the mecha-
nochemical process [3, 15, 16]. Although NaNbO; was
performed by mechanochemical activation after thermal
treatment of a stoichiometric Na,CO3/Nb,Os mixture at
600 °C, this procedure required a long operational period
of up to 30 days [3]. Moreover, NaNbO; was also obtained
at a low temperature (450 °C) by the wet-chemical method
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using a water-soluble malic acid complex [17]. However,
most chemical techniques require specialized experimental
apparatus and high purity reactant, which are more
expensive. Interestingly, sodium tantalate (NaTaO3) pow-
der, with high crystallinity has been successfully synthe-
sized at 600 °C through a simple method called modified
solid-state reaction or combustion synthesis, in which urea
plays an important role. Unusual starting material
(Na,C,0, instead of Na,CO3/Na,O) has been described.
This method was found to produce NaTaO; as a general
route at the lower temperature of ~ 500-600 °C, when
compared with conventional solid-state reaction [18]. On
the other hand, urea, which was added as fuel in order to
achieve the final product, could cause problems in this
method, due to risks if performing on a large scale.
Nonetheless, the aim of the present study was to produce
NaNbO; using a simple, rapid, low cost, and environment
friendly route, such as a solid-state reaction of Na,C,04
and Nb,Os without the addition of any fuel.

Experiment

NaNbO; was synthesized by a solid-state reaction method.
Reagent grade sodium oxalate (Na,C50,4, 99.9%) and nio-
bium oxide (Nb,Os, 99.9%) were employed as raw material.
Firstly, starting materials were weighed according to the
required stoichiometric ratio that related to the reaction
below.

N32C2O4(s) + szos(s) ~5 2NaNb03(s) + ZCOZ(g) (1)

Then, raw materials were mixed together by ball-milling
in ethyl alcohol using partially stabilized zirconia balls for
18 h. After drying on a hot plate by regularly stirring at
about 80 °C for an approximate period, the thermal
behavior during heat treatment was determined by thermo
gravimetric analysis (TGA, Perkin Elmer) and differen-
tial thermal analysis (DTA, Perkin Elmer). According to
TG-DTA results, the mixture was subsequently placed in
a closed alumina crucible and calcined for different
periods of time in air at various temperatures, ranging
from 300 to 600 °C, in order to investigate the formation of
NaNbOs;.

Afterward, calcined powders were subsequently inspec-
ted by room temperature X-ray diffraction (XRD, Advance
D8), using Ni-filtered Cu K, radiation, to examine the effect
of thermal treatment on phase development and the opti-
mal calcination condition for the formation of crystalline
NaNbO; powders. Powder morphologies and particle size
were figured directly using a scanning electron microscope
(SEM, LEO1455 VP).

@ Springer

Results and discussion

The TGA and DTA of a powder mixed in the stoichiom-
etric proportions of NaNbOj; are illustrated in Fig. 1. The
TG curve accordingly revealed a weight loss of 16.8%,
occurring during the temperature rise from 400 to 500 °C.
This observation corresponded to the endothermic peak of
the DTA curve, which cantered at 484.8 °C. This endo-
therm may be related to the decomposition of Nay,C,0, to
Na,CO3, which lies on the temperature of 450-550 °C, and
abruptly to the decomposition of Na,CO; to Na,O
(decomposition temperature in the range of 400 °C) before
releasing CO and CO, molecules, as revealed below [19].

Na,C,04 — Na,CO; + CO (2)
Na,CO3 — Na,O + CO, (3)

It is interesting to note that there was no weight loss or
thermal effect at a temperature of about 100 °C, at which no
decomposition occurrence was indicated. The endothermic
peak correlates at the range of 100 °C with the release
of water molecules. This confirmed that non-absorptive
Na,C,04 raw material contrasts with Na,CO; because
Na,CO; is the hygroscopic compound which can lead to the
erroneous stoichiometric ratio. Therefore, powders with
good compositional homogeneity, when comparing with the
conventional solid-state method with Na,CO; as reactant,
may possibly be produced via this solid-state reaction.

Thus, based on TG-DTA data, the powders were cal-
cined at temperatures ranging from 300 to 600 °C for 4 h
in order to investigate the calcination temperature outcome
in the development phase. The mixture of starting material
was calcined in air using the steady heating/cooling rate of
20 °C at wvarious temperatures, and followed by phase
analysis using the XRD technique. Figure 2 shows the
XRD pattern of the NaNbO3z powders calcined at different
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Fig. 1 TG-DTA result of an uncalcined powder mixed in the
stoichiometric proportion of NaNbO5
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Fig. 2 XRD patterns of NaNbO; powder calcined at various
temperatures for 4 h with a heating/cooling rate of 20 °C/min

temperatures for 4 h. It can be seen that fine NaNbO;
crystallites were developed at a calcination temperature as
low as 400 °C, accompanied by the phase of unreacted
Nb,0O5 (JCPDS file no. 30-0873) and Na,C,04 (JCPDS file
no. 20-1149). This observation suggests that nucleation of
the perovskite NaNbO; phase did occur. In addition, the
minor phase of Nb,Os and Na,C,0, was also decreased
with escalating calcination temperature, and disappeared
completely after the powders were calcined at the calci-
nation temperature of 500 °C for 4 h. Whereas, the inten-
sity of the perovskite NaNbO; peak was enhanced further
and an essentially monophasic NaNbO; perovskite phase
(vield of 100% within the limitations of the XRD tech-
nique) was observed. This NaNbOj phase could be indexed
according to an orthorhombic structure with the space
group Pbma (no. 57), which was consistent with JCPDS
file No. 33-1270. Although the calcination temperature
rose at 550 and 600 °C, the monophasic NaNbO3 perov-
skite phase was also obtained. There was no evidence of
the pyrochlore diffraction peak. This result also correlates
with the TG-DTA analysis shown above. As the calcination
temperature increased, so too did the amount of the NaN-
bOj; crystallite phase, and this can be seen as intensity of
the amplified peak. Since the diffusion coefficient is a
temperature dependence parameter, the higher temperature
has the most intense effect on the rate of diffusion [20], and
can enhance higher atomic mobility [11].

As the finest calcination temperature was established at
500 °C, a dwell time ranging from 15 min to 4 h was
applied at 475 °C (instead of 500 °C). This temperature
was preferred because of the rapid diffraction peak change

¥=NaNbO, JCPDS file no. 33-1270
T V=Nb,0, JCPDS file no. 30-0873
®=Na,C,0, JCPDS file no.20-1149
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-
e
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raC_L L

2
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Fig. 3 XRD patterns of NaNbO; powder calcined at the calcination
temperature of 475 °C for various dwell times with a heating/cooling
rate of 20 °C/min

of the powder calcined at 450 and 500 °C. The XRD pat-
tern of the NaNbO; powders, which were calcined at
475 °C with different dwell times, is shown in Fig. 3. It
was found that the single-phase of NaNbO; powder was
also successfully synthesized at the calcination temperature
of 475 °C, with a dwell time of 60 min or more applied.
The increase in crystallinity of the NaNbO; phase was seen
to relate with the escalation of dwell time. Although the
calcination temperature of 475 °C was higher than the
nucleation temperature of the powder obtained by a poly-
meric precursor [14], this was a single-step and low-cost
starting material method that could save time, energy, and
cost. Likewise, this temperature was much lower than the
conventional solid-state reaction process with Na,COj3 as
reactant, which was in the range of 750 °C [3]. This
observation indicated that calcination temperature and
dwell time might play an important role in evolution of the
pure phase product and also be consistent with other sys-
tems [21].

The volume fraction of the perovskite phase formation
was considered at various calcination temperatures and
dwell times. These relative amounts of perovskite,
Na,C,0, and Nb,Os phases, were approximated by cal-
culating the ratio of the main X-ray peak intensities of
perovskite NaNbO;, Na,C,0,, and Nb,Os phase using the
following equation [22]:

1 perov

x 100 4
Iperov <+ 1Na:C:04 + INb205 ( )

Wt% perovskite =

where /.00, INayc0,» and Inp,05 Stand for the intensities
belonging to the strongest reflection peak of (002)
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Table 1 Fraction of perovskite phase formed as a function of calci-
nation temperature and dwell time

NaNbO; Calcination temperature (°C)

300 350 400 450 500 550 600
%Perovskite 0 0 3542 62.86 100.00 100.00 100.00
NaNbO; Dwell time (min) at 475 °C

15 20 30 40 60 120 240

%Perovskite 41.89 60.56 89.13 97.00 100.00 100.00 100.00

perovskite, (111) NayC,0,, and (180) Nb,Os, respectively.
A volume fraction increase of the perovskite NaNbO;
phase formation of the calcined powders, resulting from the
calcinations process at various temperatures and dwell
times, is shown in Table 1. As the calcination temperature
rose, the yield of the perovskite phase increased signifi-
cantly until the temperature reached 500 °C, and a pure
phase of NaNbO; was established. Likewise, in observing
powders calcined at 475 °C for different dwell times, the
NaNbQ; phase was enlarged as the dwell time increased up
to 60 min, and the monophasic phase of NaNbO; was seen
to form.

Accordingly, the Johnson-Mehl-Avrami, or JMA equa-
tion was used in the present study. This equation was found
appropriate for describing a wide variety of isothermal
solid-state transformations [23, 24]. It was used to study

' the kinetic of the reaction and mechanism involving

nucleation and growth, and has the general form of:

x(t) =1 — exp[—(kr)"]. (5)

where x is the volume fraction of the perovskite phase
formed, k the reaction rate constant, ¢ the calcination time,
and n the Avrami exponent. For analyzing the results,

the relation of In [In 1/(1 — x)] versus In ¢ was plotted.

Figure 4 shows a good linear fit of the Avrami plot for
NaNbO; powders calcined at 475 °C. This shows that the
isothermal formation of the perovskite phase can be
described accurately by the theory of phase transformations.

The constant n, which can be calculated from the slope of

this Avrami plot, was found to be 1.79. This indicated that
the reaction of solid solution formation is diffusion con-
trolled (n is less than 2.5) [25]. The beginning stage of
transformation is a fixed number of perovskite nuclei [26].

The average crystallite size of the powders obtained can
be determined from the XRD pattern according to Scher-
rer’s equation [27]:

ki

~ Pcosbp

(6)

where D is the average crystallite size, k a constant equal to
0.89, 4 the wavelength of X-ray radiation, f the full width
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Fig. 4 Johnson—-Mehl-Avrami for the formation of perovskite phase
in NaNbO; powders isothermally heat treated at 475 °C

at half maximum (FWHM), and 60p the diffraction angle.
The average crystallite size of powders calcined at 475 °C
for 15 min to 4 h was found to be from 21.52 to 35.56 nm,
and that of powders calcined at the optimum condition
(475 °C for 60 min) was about 31.45 nm. The increase in
crystallinity of the NaNbOj; phase was affected by
increasing dwell time. This may confirm that the dwell
time also plays an important role in development of the
pure phase creation.

SEM micrographs of the powder calcined at 475 °C for
60 min are given in Fig. 5. The particle size, which can be
estimated from these micrographs, was found to be in the
range of 180 to 360 nm. This value is greater than the
average crystallite size calculated from XRD patterns.
The inconsistency value could point out the agglomeration

200 nm
e

Fig. 5 SEM micrographs showing NaNbO; powders synthesized at
475 °C for 60 min, with a heating/cooling rate of 20 °C/min
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of the calcined powders. No evidence of difference phase
or pyrochlore phase was found. This outcome relates to the
XRD result, in which the monophasic perovskite phase of
NaNbO; can be established after calcination at 475 °C for
60 min.

Conclusion

Crystalline powders of sodium niobate NaNbO; were syn-
thesized from a modified solid-state reaction of Na,C,0,
and Nb,Os. This method is an excellent, simple and cost
effective way to prepare stoichiometric, homogeneous, and
fine powders. The perovskite phase of NaNbO; was suc-
cessfully synthesized at the low temperature of 475 °C for
1 h, with an average crystallite size of 31.45 £+ 5.28 nm.
This temperature is about 275 °C lower than that used in the
conventional method, which lies in the 750 °C range. As
dwell time increased, XRD peaks became narrower, and a
pattern similar to that expected for orthorhombic NaNbO;
was achieved, as indicated by the separate peaks. The
resulting NaNbO3; powders comprised agglomerated parti-
cles of 180 to 360 nm in size.
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ARTICLE INFO ABSTRACT

Article history: Nano-crystalline sodium niobate (NaNbO3) powder was synthesized by the solution combustion syn-
Received 20 July 2010 thesis of sodium nitrate (NaNO3) and Nb,Os using glycine as the fuel. The chemical reaction, nucleation
Received in revised form 27 October 2010 mechanisms and influence of the fuel-to-oxidizer ratio to phase formation were studied. The precursor
Accepted 8 November 2010

and product powders were characterized, using thermo gravimetric analysis (TGA), differential thermal
analysis (DTA), the X-ray diffraction technique (XRD), scanning electron microscope (SEM) and Fourier
transform infrared (FTIR) spectroscopy. As-prepared powder possesses an orthorhombic crystal struc-
ture with an X-ray diffraction pattern that could be matched with the perovskite, NaNbO3; JCPDS no.
82-0606. Perovskite NaNbO3 phase, with a mean crystalline size (calculated by X-ray line broadening)
ranging from 44.51+11.99 nm (ratio of 0.7) to 26.11 + 13.69 nm (ratio of 2.0) was obtained. The SEM
image shows polyhedral-shaped powder with a mean particle size of 137 + 52 nm and 226 + 46 nm for

Available online 13 November 2010
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as-prepared and calcined powder, respectively.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Sodium niobate (NaNbO3) is a perovskite with an inorganic
complex oxide and the empirical formula, ABOs. It is among the
candidates for lead-free substances that avoid toxicity of lead-
based piezoelectric materials (e.g. PZT [1,2]), and is concerned
about the environment. NaNbO3 has been studied widely for its
unusual structural transition series [3-7]. It has a ferroelectric
rhombohedral phase below —100°C, and is antiferroelectric with
orthorhombic symmetry between —100°C and 640 °C [4]. Finally,
it possesses cubic paraelectric above 640°C [5], and in addition,
its antiferroelectric, perovskite-type nature can transform into a
ferroelectric one by chemical doping, i.e. K* [6,7] and Li* [8].

Generally, alkali niobate powders are synthesized by conven-
tional solid state reaction, where alkali metal carbonate or oxide
compound of starting materials are heated at high temperature
(800°C or above) for a long duration [8,9]. High calcination tem-
perature can cause volatilization of alkali metal, thus causing this

* Corresponding author at: Department of Chemistry, Faculty of Science, King
Mongkut's Institute of Technology Ladkrabang, Bangkok 10520, Thailand.
Fax: +66 2 326 4415.

E-mail address: naratipcmu@yahoo.com (N. Vittayakorn).

0925-8388/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.jallcom.2010.11.043

classical method difficulty in achieving a homogeneous mixture
of the component [8-10]. Powder agglomeration can occur dur-
ing heating, which could affect properties such as low surface area
and low sinterability [10]. Thus, this method does not always allow
for the production of dense, homogeneous single phase ceramics.
Therefore, development of alternative methods that can produce
powder with high sinterability and controlled stoichiometric com-
position is necessary. In recent years, ultra fine ceramic powder,
which is synthesized using mechanochemical synthesis [11], poly-
meric precursors [12], and hydrothermal and polymerized complex
methods [13], has been described in the literature to enable produc-
tion of desired compositions. While synthesizing powder rapidly,
with the desired composition, high porosity and high sinterability
remains a challenge, combustion synthesis (CS) has been found as
a potential solution for this problem.

Combustion synthesis (CS) or self-propagating high tempera-
ture synthesis (SHS) is an effective, low-cost method for producing
various industrially useful materials. It has been introduced as a
quick, straightforward preparation process for producing homoge-
neous, very fine, crystalline and unagglomerated multicomponent
oxide ceramic powders, without intermediate decomposition
and/or calcination steps [14,15]. The combustion synthesis tech-
nique begins with a mixture of easily oxidized reactants (such as
nitrates) and a suitable organic fuel (such as urea [16], tartalic acid



2446 N. Chaiyo et al. / Journal of Alloys and Compounds 509 (2011) 2445-2449

[17], alanine [18], glycine [19], etc.), which acts as a reducing agent.
The mixture is then heated until it ignites, which is when the tem-
perature of rapid exothermal chemical reaction commences, and a
self-sustaining combustion reaction starts. This highly exothermic
reaction produces a high temperature and duration long enough
for the synthesis to occur, even in the absence of an external heat-
ing source [20]. Ultrafine nano-sized powder also can be prepared
by releasing a large amount of gas from the system. This process
results in a dry, fluffy, crystalline, unagglomerated and fine oxide
powder. Metal nitrate was found to be the salt preferred, due to
its water solubility, and homogeneous solution could be achieved
easily by melting at a low temperature [16].
owever, it was reported that an exothermic redox reaction
(oxidation and reduction reaction taking place simultaneously)
could be initiated only when the oxidizer and fuel are mixed inti-
mately in a fixed proportion. The basis of the combustion synthesis
process derives from the thermochemical concepts used in pro-
pel Emt chemistry [21,22]. The method consists of establishing a
simiple valency balance, irrespective of whether the elements are
present in the oxidizer or fuel components of the mixture, and
then calculating the stoichiometric composition of the starting mix-
ture, which is equivalent to the release of maximum energy. The
assumed valencies, which are presented as usual products of the
combustion reaction, consist of CO,, H,0 and N,. Therefore, carbon
and hydrogen are considered as reducing elements with the corre-
sponding valencies of +4 and +1, whereas oxygen is thought to be an
oxifizing agent with a valency of -2, and nitrogen a valency of 0. To
extrapolate the concept of combustion synthesis of ceramic oxide
means considering metals as reducing agents with their valencies in
the corresponding oxide or nitrate, i.e. +2 for magnesium (oxide),
+3 for cerium (nitrate) and +4 for cerium (oxide). In the case of
multiple valence elements, the final product is used for calculation.
The elemental stoichiometric coefficient, ¢, which is the ratio
between the total valencies of fuel (glycine; NH>CH;COOH) and
that of the oxidizer (sodium nitrate), can be calculated following
the method proposed by Jain et al. [21]:

’ _‘ n(O(N) +2 x Iy +4c) +2 x Iy + 4(c) — 2(0) — 2.0y + 1)
1(Na) 8 O(N) +3 x —2(0)

(1)

where n is the mole of glycine. According to the propellant
chqmistry for stoichiometric redox reaction between fuel and an
oxidizer, the ¢ ratio should be united (stoichiometric). A ¢<1
means oxidant-rich condition and ¢ > 1 means fuel-rich condition.
To satisfy the principle in the present system, the sodium nitrate
(oxidizing valency=5-) to glycine (reducing valency =9+) molar
ratio was found to be 1:0.56. The comprehensive reaction that
formed NaNbOj3 can be written as:

36NaNO3; + 18Nb05 + 20NH,CH,COOH — 36NaNbO3 + 50H,0
+ 28N> +40C0, (2)

it should be noted that various fuel-to-oxidizer ratios should be
carried out for investigating and comparing the effect of fuel-
rich/fuel-lean mixtures on the synthesis of sodium niobate powder.
In this study, sodium niobate powder was synthesized via the com-
bustion synthesis technique for the first time. This process used
sodium nitrate and niobium pentoxide as starting materials, and
glycine was used as fuel. The different fuel-to-oxidizer molar ratios
such as fuel-deficient (<0.56), equivalent stoichiometric (0.56) and
fuel-rich (>0.56) condition were applied.

2. Experimental procedure
For the combustion synthesis of perovskite sodium niobate powder, AR grade

sodium nitrate (NaNO3 99.5%) and niobium pentoxide (Nb,Os 99.95%) were used
as the oxidizer, and glycine (NH,CH,COOH 99.7%) as fuel. The appropriate amount

200 400 60 800
Temperature (°C)

Fig. 1. TG-DTA curves of the precursor mixed in the stoichiometric proportion of
NaNbO;.

of starting materials was weighed, mixed with de-ionized water in a glass beaker
and stirred regularly for 30 min. The fuel (glycine) was then added and the mixture
stirred for 30 min. After that, the solution precursor was boiled on a hotplate and
then evaporated. Once the solution had thickened and begun to dry, the ignition took
place when the temperature rapidly increased, which resulted in self-sustaining
combustion with rapid evolution of a large volume of gas products, and formation
of voluminous powder. For investigating thermal behavior of the precursor, the mix-
ture of starting material was determined using thermo gravimetric analysis (TGA)
and differential thermal analysis (DTA). The X-ray diffraction (XRD, Advance D8)
technique was carried out on the combustion synthesized powder, using Ni-filtered
CuK, radiation for phase identification and mean crystalline size estimation. The
final powder product was characterized by using the Fourier transform infrared
(FTIR) technique and scanning electron microscope (SEM, Hitachi S4700).

3. Results and discussion

Fig. 1 shows the TG/DTA plots of the stoichiometric precur-
sor for NaNbO3 powder synthesis. From observations of the TGA
curve, there appeared to be three-stages of weight loss from room
temperature to 800 °C. The definition of initial temperature (T;,) is
when the sample weight starts changing rapidly during the chemi-
cal reaction [23]. As the precursor was heated, a significant weight
loss was observed as the temperature reached 170°C, indicating
that the T;, was around this heat. The weight loss did not stop until
the temperature reached 480°C. It was indicated clearly that this
reaction belongs to a multi-stage reaction. The overall weight loss
was found to be about 40%, which is close to the theoretical value
of 36.87% that corresponds to the release of 50 mol H,0, 28 mol N;
and 40 mol CO, related to Eq. (2). This outcome supported our con-
ception that a hotplate can be used as a heating source because it
is capable of initiating the combustion reaction at a temperature as
low as that of the Tjj,.

The evolution XRD pattern of the combustion synthesized
ceramic powder, with the fuel-to-oxidizer molar ratio, is illustrated
in Fig. 2. The fuel-deficient (0.5) and equivalent stoichiometric ratio
(0.56), were found (according to experimental observation) to have
no ignition and combustion reaction in those compositions. Their
XRD patterns correlated to detection results of the diffraction peaks
of NbyOs (@) (JCPDS file no. 30-0873) and NaNOs (M) (JCPDS file
no. 85-0859) starting materials, with no evidence of perovskite
NaNbOj3 phase found. Although the equivalent stoichiometric ratio
(0.56) was calculated for maximum energy release, auto-ignition
did not occur in this study. This could indicate that oxygen defi-
ciency in the system and its environment might lead to combustion
reaction and fail to follow the theory. The fuel-to-oxidizer molar
ratio was increased by using the fuel-rich condition (>0.56), which
was found to produce the perovskite NaNbO3 ceramic powder, due
to its diffraction peaks being detected for all different fuel contents
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Fig. 2. X-ray diffraction patterns of NaNbOs; powder obtained from various fuel-to-
oxidant molar ratios.

(fuel-to-oxidizer molar ratio ranging from 0.7 to 2.0). This NaNbQ;
phase (v) was consistent with JCPDS file no. 82-0606, which corre-
sponded to an orthorhombic structure with the space group, P2;ma
(26). For a fuel-rich condition (fuel-to-oxidizer molar ratio of 0.7,
0.8 and 0.9), the NaNbO3 phase (v) was detected with the accom-
panying pyrochlore phase of Na;NbsO;1 (#), which matched JCPDS
file no. 20-1145. No evidence of unreacted Nb,Os and/or NaNO3
diffraction peak was found. As fuel content increased from the fuel-
to-oxidizer molar ratio of 1.0-2.0, unreacted Nb,0s (®) (JCPDS file
no. 30-0873) was found together with a majority of NaNbQO;3 diffrac-
tion peaks. From the reflection peak, the average crystalline size (D)
of NaNbO3 powders was considered as a function of fuel content
by using X-ray line broadening through Scherrer’s equation [24]:

kA
1 3en 3)

where D is the average crystalline size, k a constant taken as 0.89,
A the wavelength of X-ray radiation, g the full width at half maxi-
mum (FWHM) and 6 the diffraction angle. The consequent values
are reported in Table 1. As the fuel content increased, the average
crystalline size (D) was found to decreased from 44.51 + 11.99nm
(ratio of 0.7) to 26.11 £ 13.69 nm (ratio of 2.0). This suggested that
elevated fuel content could lead to the production of a smaller crys-
talline size (related to a small particle size) of powder. Nevertheless,
as a consequence of additional cost and more carbon residual, an
extremely high fuel-to-oxidizer molar ratio (fuel-rich ratio) did not
always result in the desired production of powder [25].

Therefore, from findings on the fine nucleation condition of
monophasic NaNbO3 phase, the fuel-to-oxidizer molar ratio of
1.0 was selected to investigate the effect of calcination tempera-
ture. From this ratio, the volume fraction of the perovskite phase
formation (%perovskite) of as-prepared powder was found to be
as high as 93%. This relative value was considered by approxi-
mately calculating the ratio of the main X-ray peak intensities of
NaNbO3 and Nb,Os5 phases [26], according to the following equa-
tion; % perovskite = (lperovskite/(’perovskite + Isz 0s5)) x 100. Thus,
the as-prepared powder was calcined at different temperatures for
4 h with a heating/cooling rate of 20 °C/min. The X-ray diffraction
(XRD) patterns of sodium niobate (NaNbO3) powder, calcined for
4h at different temperatures, are illustrated in Fig. 3. As the XRD

Fig. 3. X-ray diffraction patterns of NaNbO; powder (obtained from the fuel-
to-oxidant molar ratio of 1.0) calcined at various temperatures for 4h with a
heating/cooling rate of 20 °C/min.

pattern of as-prepared powder was composed of a slight NbyOs
(®) (JCPDS file no. 30-0873) phase, the intensity of that phase
was found to decrease with increasing calcination temperature.
The diffraction peak corresponded to the Nb,0Os, which disap-
peared after calcination at 400°C for 4 h, whereas monophasic
perovskite NaNbO3 phase was obtained. This result suggested that
the perovskite NaNbO3 powder could be synthesized by using the
combustion synthesis process and calcinations at 400°C for 4h.
This process was found to be a simple, rapid and cost-effective
method when compared with the traditional solid-state reaction,
which takes longer time and requires higher temperature [8,9].
In addition, the mean crystalline size (D), which is reported in
Table 1, was not significantly varied between as-prepared pow-
der (29.28 + 5.29nm) and increasing calcination temperatures of
up to 400°C (27.84+7.12nm). It can be suggested that calcina-

1.00 (calcined at 400°C)

1.20

0.70

Transmittance (a.u.)

0.56

precursor

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 4. FT-IR spectra of the precursor mixed in the stoichiometric proportion of
NaNbO; powder obtained from various fuel-to-oxidant molar ratios and after the
calcination step.
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Table 1

Mean crystalline size, D, of NaNbO3; powder obtained from various fuel-to-oxidant molar ratios.

Fuel-to-oxidant molar ratios

j 0.7 0.8 0.9 1.0 1.2 1.4 1.6 1.8 2.0
As-prepared 4451+11.99 4259+11.54 37.31+8.54 29.09+5.29 27.45+5.86 26.29+5.97 2440+492 23.79+5.52 26.12+13.69

; Calcination temperature (°C)

" 200°C 300°C 400°C 500°C 600°C 700°C 800°C 900°C
Calcined powder 29.95+4.51 31.51+4.02 27.84+7.12 30+82+543 38.84+8.09 60.72 +8.09 70.87 £9.22 85.27 £ 15.65

Fig. 5. SEM micrograph showing as-prepared NaNbO; powder synthesized using the fuel-to-oxidant molar ratio of 1.0 (a) and powder calcined at 400°C for 4 h (b).

tions at this low temperature also produced a lower crystalline
size when compared with the traditional solid state reaction
method.

Fig. 4 shows the FT-IR spectroscopic studies of the crystalline
NaNbO; obtained after combustion synthesis, its precursor with-
out heat treatment and powder calcined at 400°C for 4 h. For all
powder, an IR band of around 3400cm-! was assigned to O-H
asymmetric stretching (v3) [27], and on observation, it related to
the moisture content of KBr. Regarding the precursor of NaNbO3
powders without heat treatment, and as-prepared powder with a
stoichiometric ratio (0.56), the IR spectrum indicated peaking of the
characteristic band at ~1612, ~1385 and ~890 cm™~!, which corre-
sponded to the anti-symmetric carboxyl group stretching vibration,
anti-symmetry NO3~! stretching and bending vibration, respec-
tively [28]. This result proved existence of the carboxyl and NO3~!
group (belonging to the starting material) in those samples. With
regard to fuel-rich ratios (0.7 and 1.2), the new broad absorp-
tion bands appeared after combustion at a low wave number of
~673cm~!, suggesting that the Nb-O bond formation did occur.
This Nb-O bond was believed to be the vibration (v3) mode in the
corner-shared NbOg octahedron, according to reported IR spectra
of niobate glass ceramics [28]. This resuit led to the assumption
ithat the perovskite NaNbQO3; phase was synthesized (which corre-
lated to XRD analysis). However, the IR band of anti-symmetric
COO~ and that of anti-symmetry NO3~! stretching vibration also
were observed. This clearly indicated traces of existent carboxyl
group and nitrate in as-prepared NaNbO3; powder, which cannot
be detected when using the XRD technique. For powder calcined
at 400°C for 4 h, the spectra band of vibration (v3) mode belong-
ing to the Nb-O bond was found without observation of any
starting material band. This can indicate that monophasic per-
ovskite NaNbOs3 has been synthesized successfully after calcination
at a temperature as low as 400°C for 4h. Fig. 5 shows an SEM
mick‘ograph of the as-prepared NaNbO3; powder using the fuel-to-
oxidizer molar ratio of 1.0 (a) and powder calcined at 400°C for
4h (b). The powder was found to be polyhedral in shape, with uni-

1

form features. No evidence of a different or pyrochlore phase was
found, which suggested the homogeneous character of the pre-
pared powder. The average particle size, which can be estimated
from micrographs, was found to be 137+ 52 nm and 226 + 46 nm
for as-prepared and calcined powder, respectively. These particle
size values are greater than the average crystalline size calculated
from X-ray line broadening because a particle can be formed gen-
erally of many crystallites [29-31]. The particle growth for calcined
powder seemed to be detected. It can be said that the firing pro-
cess tends to produce agglomerated particles and grain growth, as
reported by other works [32,33].

4. Conclusions

Crystalline NaNbO3; powder, with a volume fraction of the
perovskite phase formation (% perovskite) as high as 93%, was syn-
thesized directly via the solution combustion process using NaNOs,
Nb,0s5 and glycine. Monophasic perovskite NaNbO3 powder was
obtained after calcination at 400°C for 4 h. The fuel-to-oxidizer
molar ratio was found to affect the combustion reaction and char-
acter of the powder obtained. The average crystalline size (D)
was found to decrease from 44.51+11.99nm (ratio of 0.7) to
26.11 +13.69 nm (ratio of 2.0). This method is a simple, rapid, cost-
and time-saving way of synthesizing stoichiometric, homogeneous
and fine NaNbO3; powder with a low calcination temperature. The
powder obtained was found to be a uniform soft agglomerated
particle.
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Abstract Crystalline lead-free piezoelectric potassium
niobate (KNbO3) powders have been synthesized through a
modified solid-state reaction method. The thermal behavior
of the K,C,0,4-H,0 and Nb,Os raw material mixture was
investigated by thermogravimetric analysis (TGA) and dif-
ferential thermal analysis (DTA). The X-ray diffraction
technique (XRD) was used to investigate the phase forma-
tion and purity. The morphology of the powder obtained was
characterized using a scanning electron microscope (SEM).
The XRD pattern showed that the monophasic perovskite
phase of KNbO; could be synthesized successfully at a
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temperature as low as 550 °C for 240 min, with an average
crystallite size of 36 £+ 8 nm. The SEM images suggested
that the average particle size of the powder obtained was
278 + 75 nm.

Introduction

Lead zirconate titanate (PZT) ceramics are used widely in
piezoelectric applications, due to their superior piezoelectric
properties near the morphotropic phase boundary (MPB) [1,
2]. However, more than 50% of the lead-based piezoelectric
material contains poisonous lead, which is a major draw-
back [3]. It has been reported that the use of lead-based
ceramics causes serious environmental problems and
numerous physical symptoms [3]. Furthermore, EU legis-
lation will enforce draft directives for waste from electrical
and electronic equipment (WEEE), and restrictions on the
use of certain hazardous substances in electrical and elec-
tronic equipment (RoHS) and end-of life vehicles (ELV) [4—
6]. According to these issues, lead and other heavy metals
should be phased out, and alternative lead-free piezoelectric
materials are receiving considerable attention.

Among various alternative families, perovskite type
(ABO3;) ceramics have attracted much consideration.
Among alkali metal niobates, potassium niobate (KNbO3)
is a well-known perovskite oxide that possesses attractive
physical and piezoelectric properties [6-9]. Furthermore,
the electromechanical coupling factor of the thickness-
extensional mode, k,, was reported to reach as high as 0.69
for the 49.5°-rotated X-cut on the Y-axis. This value of k, is
the highest among current lead-free piezoelectrics [10].
However, the main hindrance regarding this alkali niobate-
based material lies in the difficulty of preparing dense and
stoichiometric controlled ceramics using the conventional
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solid-state reaction and ordinary air sintering methods
[11, 12]. These difficulties are caused by potassium vola-
tility at high temperatures and excessive reactivity with
moisture [13, 14]. Thus, different additive methods, hot
pressing and spark plasma sintering have been used to
improve ceramic densification [12, 15-19].

Several alternative ways for preparing alkali niobates
have been investigated and developed: the hydrothermal
[20] and hydrothermal-assisted sol-gel method [22], and
glycothermal [23], nitrate—tartarate precursor technique
[21], etc. However, most chemical synthesis routes require
high purity reactants, which are more expensive and
demand complicated procedures and specific apparatus.
A modified solid-state reaction method has been used to
synthesize the NaTaO; perovskite type material success-
fully, with reduced reaction temperature [24]. In this
method, the carbonate compound was replaced by oxalate,
and the addition of urea played an important role. Recently,
this method also has been applied to synthesize lead-free
sodium niobate (NaNbO3) powders (without fuel) [25]. By
replacing sodium carbonate using oxalate as the raw
material, a lower calcination temperature and fine powders
with an average crystallite size of 31.45 £ 5.28 nm were
achieved.

In this study, a modified solid-state reaction method,
with an expected lower reaction temperature, was used to
synthesize KNbO; particles, using potassium oxalate as
raw material without the addition of any fuel. Effects of the
calcination conditions on the KNbOj; phase development
were investigated by the X-ray diffraction technique
(XRD) and a scanning electron microscope (SEM).

Experiment

KNbO; was synthesized by a modified solid-state reaction
method. Reagent-grade potassium oxalate monohydrate
(K,C,04-H,0, 99.9%) and niobium oxide (Nb,0Os, 99.9%)
were employed as the starting material. The raw materials
were weighed in stoichiometric quantities following the
equation below.

K>C,0y4 - HzO(S) + Nb205(s) — 2KNb03(5) + COz(g)
i CO(g) + H,0 (1)

These starting materials were mixed by the ball-milling
method using ethyl alcohol and partially stabilized zirconia
balls for 18 h. Then, the mixture was dried on a hot plate
with regular stirring for a suitable period. After drying, the
precursor mixture was determined by thermo gravimetric
analysis (TGA, Perkin Elmer) and differential thermal
analysis (DTA, Perkin Elmer) for investigating the thermal
behavior during heat treatment and finding the appropriate

| @ Springer

calcination temperature. Based on TG-DTA results, the
mixture was placed subsequently in a closed alumina
crucible, and calcined for different periods of time at
various temperatures ranging from 300 to 700 °C, to
investigate formation of the KNbOj; phase.

Subsequently, calcined powders were inspected by room
temperature X-ray diffraction (XRD, Advance D8), using
Ni-filtered CuK,, radiation to examine the effect of thermal
treatment on the phase development and optimal calcina-
tion condition of crystalline KNbO3; powder formation. The
room temperature FTIR spectra were recorded in the range
of 4,000-400 cm™' (Perkin-Elmer, Spectrum GX spec-
trometer), with eight scans and a resolution of 4 cm™'
using KBr pellets. Powder morphologies and particle size
were figured directly using a scanning electron microscope
(SEM, Hitachi S4700).

Results and discussion

Figure 1 shows the TG-DTA curves of the stoichiometric
precursor of KNbQOj;. The thermogravimetric (TG) curve of
the KNbO; precursor shows three stages of weight loss
from room temperature to 1,300 °C. Four endothermic
peaks at 123, 398, 524 and 1,066 °C were observed in the
differential thermal analysis (DTA) curve. Three weight-
loss steps were observed in the ranges of 50-121, 121-172,
and 416-532 °C. The corresponding weight losses seen
were 3.92, 1.07, and 16.00%. The overall weight loss was
found to be about 21%, which is close to the theoretical
value of 20.01%, and corresponds to the release of 1 mol
H,0, 1 mol CO, and 1 mol CO, related to Eq. 1. In the
temperature range from 50 to 121 °C (first stage), the ini-
tial weight loss of 3.92% showed decomposition of the
oxalate molecule releasing water molecules (0.98 mol

565.2°C

1066.5°C

AT (°C/mg)
(%) ssof 1qsapy

123.3°C

v T T T T T T
200 400 600 800 1000 1200
Temperature (°C)

Fig. 1 TG-DTA curves of an uncalcined powder mixed in the
stoichiometric proportion of KNbO3
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H,0), which concurred with the theoretical value for
releasing 1.00 mol H,O (4.00%). This weight-loss corre-
sponded to the endothermic peak, centered at 123 °C.

The second and third weight-loss steps illustrated the
highest weight loss (~17%), which indicated a large
elimination of organic compound that could be related to
the release of CO and CO, by combustion reactions
according to Egs. 2 and 3 (16% theoretically). In the
temperature range from 121 to 532 °C, the DTA curve
shows corresponding endothermic peaks (398 and 524 °C)
that agree with the TG result.

K,C,04 — K,CO3 + CO (2)
K,CO; — K;0 + CO, (3)

However, an exothermic DTA peak was found centered
at 565 °C. This implied that the third decomposition stage
could lead to the formation of potassium niobate
compound, which could be expected from the exothermic
peak at 565 °C (as confirmed by XRD analysis in Fig. 2).
As the temperature increased to 695 °C, weight loss was
found to start again in the TGA curve, which could be
correlated to the decomposition of the activated-K,CO;
residue. It is well known that K,C,O, decomposes to
K,CO; at a higher temperature; however, this carbonate
residue could decompose at a lower temperature when its
degree of arrangement is lower than its initial state [26].
When heating further, an endothermic peak (without the
observed weight-loss stage) could correspond to the phase
transformation at 1,066 °C. Therefore, temperatures from
the above TG-DTA analysis, which ranged from 300 to
700 °C, were selected for calcinations and investigation of
the phase formation. The mixture of raw materials in the

©=K,C,0,'H,0 JCPDS no.22-1232
v @=Nb,0,JCPDS no0.30-0873
v v=KNbO, JCPDS no.32-0822
v
v 'v y v, ¥ J 700°C
A { Vv vy Y%
i Mo N .
;'\ .,J_‘L,_..._..._‘Jg_ L5 _.__.,’\-‘\..__N,_v A ,__/\_,A__f??;g
& J‘. g g g ., e
é‘ i I 550°C
E DEICe TS N SN i
,ﬂé L 2l = 500°C
35 J —JIL A L J_A._M.__N_,\A__.,—.Aoig
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Fig. 2 X-ray diffraction patterns of KNbOj3 powder calcined at
various temperatures for 4 h with a heating/cooling rate of 20 °C/min

required stoichiometric ratio was calcined in air using a
heating/cooling rate of 20 °C/min at various temperatures
and followed by the phase analysis using an X-ray diffrac-
tometer.

The X-ray diffraction (XRD) patterns of potassium
niobate (KNbO3) powders, calcined for 4 h at different
temperatures, are illustrated in Fig. 2. The diffraction pat-
tern of the powder calcined at 300 °C suggests a compo-
sition of potassium oxalate (&) (JCPDS no.22-1232) and
niobium oxide (@) (JCPDS no.30-0873) raw materials. No
evidence of the KNbO; perovskite phase was found. As
calcination temperatures increased to 500 °C, diffraction
peaks of un-reacted raw materials were also found, but with
lower intensity. This could demonstrate that the completed
reaction cannot occur at such a low temperature range. As
the diffusion coefficient is a temperature dependent
parameter, the rate of diffusion is affected greatly by higher
temperatures [27], which also could improve higher atomic
mobility [28]. Nonetheless, the powders calcined from 550
to 700 °C showed diffraction peaks that could correspond
to the orthorhombic potassium niobate perovskite phase
(KNbO3) JCPDS no0.32-0822 (V). Amplified peak inten-
sities can be seen after calcinations at increased tempera-
tures. However, this result indicates the formation of
KNbQj; perovskite phase powder, which passes through the
calcination temperatures from 550 to 700 °C in 4 h. These
temperatures were lower than those in the chemical syn-
thesis of KNbQO3, which used the polymerized complex
method (PC method). This technique achieved the KNbO;
compound after the calcination step at 900 °C [29], or once
the citrate precursor route had obtained KNbO; nano-
powder after heat treatment at 800 °C [30]. In addition,
other chemical methods always require high purity
reagent, which is more expensive, and involves complex
procedures.

For a verdict on fine KNbO; nucleation condition, a
temperature of 550 °C was chosen to find the effect of
calcination dwell time. The mixture of raw material pow-
der was calcined at 550 °C for 15-360 min. The XRD
analysis of calcined powder, with a different dwell time
(Fig. 3), revealed an amorphous phase for a calcination
period of 15 min, and no distinct crystalline phase could be
detected. The absence of reflection peaks that correspond to
K,C,04-H,0 and Nb,Os indicated the amorphous nature of
the powder obtained. The presence of reflection peaks for
the XRD pattern of powder calcined at 550 °C for 20 min
or longer could be ascribed to the crystalline phase of the
sample. The different diffraction pattern of the powder,
calcined for 20 min, suggests the nucleation condition of
the KNbO; phase, which was confirmed by further soaking
time. After the calcination step at 550 °C for 20 min or
longer, the powder showed an XRD pattern that could be
matched with the perovskite potassium niobate (KN) phase

@ Springer



1588

J Mater Sci (2011) 46:1585-1590

v=KNbO, JCPDS n0.32-0822
v
v
¥ v
v 360 min
v v v v
s 5 _*,JL_ L] SR G & ! _!__...
o i S e 240 minl
\g _)L a 25 A 120 min
i S SN L.
-
'E .dL, _.._J L_.__._.._.__.}"L_.,/\__-.}\_.._A _..A__M
.J\_,...__._.J L_.__._.._-_._JL_._.A_ __JL ..... /\-_N._}-?\HE
i J,L 20 min
15 min
20 3'0 4‘0 5’0 6’0 TI:) 80
26/degrees

Fig. 3 X-ray diffraction patterns of KNbO; powder calcined at the
calcination temperature of 550 °C for various dwell times with a
heating/cooling rate of 20 °C/min

JCPDS no.32-0822. These XRD analyses agreed with the
TG-DTA analysis, in which crystallization of the KNbO;
phase was found around the previously mentioned tem-
perature range. During the course of calcinations, the rise
in calcination temperature and dwell time resulted in
increased diffraction peak intensities, which related to
higher crystallinity of the powder. This was supported by
the increase in lattice parameters and average crystallite
size, as revealed below. Nevertheless, it has been con-
firmed that this modified solid state reaction method can
synthesize pure KNbO; phase powder by using potassium
oxalate monohydrate as starting material at the calcination
temperature of 550 °C for 20 min. This calcination tem-
perature is much lower than that used in a mixed oxide
powder process, which lies in the range of 800 °C [9, 11,
13, 31, 32], or solution process (sol-gel and precipitation

methods) that requires calcination temperatures of over
600 °C [33, 34]. Since XRD analysis suggested an ortho-
rhombic crystal structure for preparing KNbO; powder,
lattice parameters of the sample could be deliberate by
means of the UnitCell program package (ftp://rock.esc.
cam.ac.uk/pub/minp/UnitCell/). The corresponding cell
parameters, which are close to those reported from JCPDS
file No0.32-0822 (a = 5.695 nm, b = 5.721 nm, and ¢ =
3.973 nm) are given in Table 1. The suggested ortho-
rhombic crystal structure, obtained from matching with the
JCPDS file, could be supported by this correlation of lattice
parameters.

The average crystallite size of KNbO; powders was
considered as a function of calcination temperature, and
time for broadening the X-ray line of the reflection peak
using Scherrer’s equation [35]: D = kA/fcosOg, where D is
the average crystallite size, k a constant taken as 0.89, 4 the
wavelength of X-ray radiation, f the full width at half
maximum (FWHM), and 0y the diffraction angle. The
corresponding values are reported in Table 2. The average
crystallite size of powders, calcined from 550 to 700 °C
for 4 h, was found to be about 36 + 8 to 58 & 6 nm. As
the dwell time increased, it was found that the average
crystallite size of calcined powders was increasing from
33 + 9 to 36 £ 8 nm. The low D values suggest that the
surface area of calcined powder was high enough to sup-
port high sinterability sufficiently [36]. The increase in
crystallinity of the KNbO; phase was affected by increas-
ing dwell time and calcination temperature. This conse-
quence may confirm that the dwell time and calcination
temperature also play an important role in developing the
pure phase creation.

Figure 4 shows the FT-IR spectroscopic studies of the
crystalline potassium niobate (KNbO3) before and after the
calcination step. The IR band for the uncalcined precursor
was observed at 3,253 cm™ ', due to O-H asymmetric

Table 1 Lattice parameters of

the KNbO; powder calcined at KIS0y

Calcinations temperature (°C)

various calcination temperatures  Lattice parameter 550 600 650 700
for 4 h
a 5.6929 £ 0.0005 5.6876 £ 0.0070 5.7019 + 0.0022 5.6952 + 0.0028
5.6989 + 0.0080 5.6994 + 0.0048 5.7153 + 0.0108 5.6980 + 0.0060
3.9802 £ 0.0005 3.9768 + 0.0006 3.9912 + 0.0155 3.9777 + 0.0030
Table 2 Mean crystalline size, TR 5
D, of the KNbO, powder KNbO; Calcination temperature (°C)
calcined at different 550 600 650 700
temperatures for 4 h and for a
different dwell time at 550 °C D 36.40 + 8.25 41.46 + 8.84 53.59 + 6.56 57.81 %631
550 °C  Dwell time (min)
20 30 40 60 120 240
D 33.15+£9.22 3436 £7.92 34.54 + 8.128 35.30 + 8.30 35.97 + 647 36.40 £ 8.25

‘ @ Springer
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Fig. 4 FT-IR spectra of an uncalcined powder mixed in the
stoichiometric proportion of KNbO; and KNbOj particles calcined
at 550 °C

stretching (v3), which related to the moisture content of the

KBr pellet and scissor bending mode (v,) of HO-H at

1,600 cm™" and 1,310 cm™'. When KNbO; powders were

calcined at 550 °C for 4 h, the absorption of bands at a low

wave number range of 620 cm™" suggested occurrence of

Nb-O bond formation, which was believed to be the
- vibration (v3) mode in the corner-shared NbOg octahedron,
according to the reported IR spectra of niobate glass
ceramics [37]. This result shows that the perovskite KNbO;
phase was synthesized, which correlated with other results.
The TG result indicated that the mass loss in the TG curve
at around 700 °C could be the result of the K,CO5 residue
decomposition, however, the FTIR band corresponding to
the C-O stretching mode of carbonate at 1,450 cm ™" [38]
was not found in KNbO3; powders calcined at 550 °C for
4 h. This observation could be described as the effect of
dwell time.

Figure 5 shows SEM micrographs of KNbO;3; powder
prepared using a modified solid state reaction method at
550 and 700 °C for 240 min. The KNbO3 powder was
found to be polyhedral in shape, with uniform features. The
secondary phase could not be observed, which suggested
the homogeneous character of the powder prepared. The
mean particle sizes, which can be estimated from the
micrographs, were found to be 278 + 75 and 341 + 80 for
powder obtained at 550 and 700 °C, respectively. Particle
growth was detected in powder calcined at a higher tem-
perature. This value is greater than the average crystallite
size, calculated from X-ray line broadening. It was
believed that this contradictory value could indicate the
agglomerate of the calcined powders. As reported by other
studies [39, 40], the firing process tends to produce
agglomerated particles and grain growth. No evidence of a
different or pyrochlore phase was found. This outcome
relates to the XRD result, in which the monophasic
perovskite phase of KNbO; can be established after cal-
cinations at 550 °C for 240 min.

Conclusion

Crystalline KNbO3; powder was prepared from a modified
solid state reaction of K,C,04-H,0 and Nb,Os. The final
product was confirmed by XRD and SEM techniques. This
is a simple cost- and time-saving method for synthesizing
stoichiometric, homogeneous, and fine KNbO3 powder,
with a low calcination temperature of 550 °C for 240 min.
This temperature is about 250 °C lower than others used,
even in conventional methods. The powder obtained was
found to be a uniform agglomerated particle that possesses
an average crystallite size (defined by XRD) of between
36 £ 8 and 58 + 6 nm, and a mean particle size (defined
by SEM micrograph) of 278 + 75 nm.

Fig. 5 SEM micrographs showing KNbO; powder synthesized at 550 °C (a) and 700 °C (b), for 4 h with a heating/cooling rate of 20 °C/min
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Nanocrystalline perovskite sodium niobate, NaNbQ; (NN), was prepared by means
of the glycine-nitrate combustion process (GNP). This was achieved by using sodium
nitrate and niobium pentoxide as starting materials. The X-ray diffraction technique
(XRD) was used to investigate the phase formation and purity of synthesized powder.
The morphology of the powder obtained was characterized using a scanning electron
microscope (SEM). The amount of glycine in the starting solution was found to have
significant influence on the combustion process and the final phase purity. The fuel-rich
ratio (fuel-to-oxidant molar ratio of 1.0) was found to produce NaNbO; powder of an
average crystalline size (defined by XRD) of 31.31 £ 4.37 nm. Calcination at 400°C
for 4 h produced single phase NN with an average crystalline size of about 26.60 to
37.14 nm.

Keywords Sodium niobate; glycine-nitrate combustion process; combustion method

1. Introduction

Sodium niobate, NaNbO3, is a well known lead-free piezoelectric material, which has
attracted considerable attention due to its unique and environmentally friendly properties
[1, 2]. Unlike other oxide perovskites, NaNbO3 undergoes six phase transitions from the
ferroelectric phase at low temperature (rhombohedral) to the antiferroelectric room temper-
ature phase (orthorhombic) and non-polar cubic structure at 640°C [2, 3]. When NaNbO3
is antiferroelectric at room temperature, it can be induced to ferroelectric via solid solutions
combined with Li- or K- based niobates [4]. The production of NaNbOs by traditional solid
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state reaction, with high temperature and long duration, provides volatilization of alkali
metal, which results in stoichiometric controlled problems [5, 6]. Moreover, agglomerates
can occur during heating [6]. These can affect the piezoelectric and physical properties
of synthesized powders and ceramics. Thus, alternative processes have been developed to
fabricate alkali niobate powder with a controllable condition.

Combustion synthesis (CS); called ‘self-propagating high-temperature synthesis
(SHS)’, is known as a novel process for synthesizing very fine crystalline multi com-
ponent oxide powders without intermediate decomposition and/or calcination steps [7]. In
CS, the energy released by highly exothermic chemical reaction (simultaneous oxidation
and reduction reaction between oxidizer and fuel), which is very rapid and self-sustaining,
can drive the chemical reaction itself without an external source [8, 9]. The simple nature
of CS results in low operational costs and energy efficiency. Solution combustion synthesis
is one of many CS categories. Advanced materials with nanoparticles have been prepared
through the redox mixture solution of metal nitrate and fuel [8—10]. Numerous fuels, such
as urea, glycine, alanine, etc., have been used.

An efficient solution combustion method is the glycine-nitrate combustion process
(GNP), which uses metal nitrate and glycine as starting material and fuel, respectively
[11, 12]. Glycine is among the cheapest amino acids that can act as a complexing agent,
since it has a carboxylic acid group at one end and amino group at the other [13]. This
molecular characteristic is known as zwitterionic; an effective complex with metal ions of
various ionic sizes.

In this study, NaNbO3 powder was prepared via the solution combustion method
or GNP, using sodium nitrate, Nb,Os and glycine. In order to explore the possibility of
preparing nano-crystalline NaNbO3 powder by a combustion technique, a composition of
sodium and niobium was fixed. Also, different fuel-to-oxidant molar ratios and calcination
temperatures were used to investigate the effect of fuel content on the combustion process
and powder characteristics.

2. Experiment

Nanoparticles of NaNbO3 were synthesized by a solution combustion technique. The pre-
cursor of the composition, NaNbO3, was prepared by mixing AR grade sodium nitrate
(NaNO3 99.5%) and niobium pentoxide (Nb,Os 99.95%) in stoichiometric proportions.
The starting materials were mixed with de-ionized water in a glass beaker, and then a stoi-
chiometric amount of glycine (NH,CH,COOH 99.7%) was added into the mixed solution
with regular stirring for 30 min. Different fuel-to-oxidant molar ratios were applied. The
mixture in the glass beaker was heated on a hotplate until the ignition and self-sustaining
combustion took place, resulting in a fluffy powder. Then, the powder was calcined at differ-
ent temperatures ranging from 300°C to 900°C for 4 h. As-prepared and calcined powders
were subsequently inspected by room temperature X-ray diffraction (XRD, Advance D8),
using Ni-filtered CuK,, radiation to examine the effect of fuel content, and thermal treat-
ment was given for the combustion process and phase development of crystalline NaNbO;
powders. Powder morphologies and particle size were figured directly using a scanning
electron microscope (SEM, Hitachi S4700).

3. Results and Discussion

In order to alter the properties of synthesized NaNbO; powder, the fuel-to-oxidant mo-
lar ratio was systematically varied. On the principle of propellant chemistry [14], the
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stoichiometric redox reaction between fuel and oxidizer could be assumed by estimating
the ratio of the net reducing valency of the glycine (9+) to the net oxidizing valency of
sodium nitrate (5-), which should be united. In this case, the stoichiometric ratio of the fuel-
to-oxidant molar ratio was found to be 0.56, which could represent combustion reaction as
follows:

36NaNO; + 18Nb,Os + 20NH,CH,COOH — o
36NaNbO3 + 50H,0 + 28N; + 40CO,

In this study, the powder synthesis was studied in detail by varying the fuel-to-oxidant

molar ratio on either side of this ratio, i.e. fuel-deficient composition as 0.3 and 0.5, and

fuel-rich composition as 1.0 and 2.0.

The X-ray diffraction (XRD) patterns of the powder synthesized from various fuel-to-
oxidant molar ratios are illustrated in Fig. 1. In the ratios (0.3 and 0.5) of the fuel-deficient
composition, no ignition or combustion reaction was found, according to experimental
observations. The XRD patterns belonging to those sample compositions showed that
phases of Nb,Os (e) (JCPDS file no. 30-0873) and NaNO; (M) (JCPDS file no.85-0859)
starting materials were detected without evidence of a perovskite NaNbOj phase. These
XRD patterns corresponded with those of the precursor mixture without the combustion
process. This observation suggests that the nucleation of the perovskite NaNbO; phase did
not occur without the ignition and exothermic chemical reaction, which was an important
source of energy for driving the formation reaction. On the other hand, it can be noted
that the ignition did not take place when low fuel content or fuel-deficient composition
was applied [9, 15]. As fuel content increased, it could be seen clearly that the perovskite
NaNbO3 phase (¥) was obtained by the GNP when using fuel-rich ratios. The volume
fraction of the perovskite phase formation was considered at various fuel-rich ratios. These
relative amounts of perovskite NaNbOs phase were approximated by caleulating the ratio

W=NaNO, JCPDS no.85-0859
@®=Nb,0; JCPDS no.30-0873
WV=NaNbO; JCPDS file no.82-0606

ratio = 0.3

ratio = 0.5

ratio = 1.0
Yy v

Intensity (a.u.)

ratio = 2.0

l ] NaNbO, JCPDS file no.82-0606
. . ! | ! Lo
20 30 40 50 60 70 80
20/degrees

Figure 1. X-ray diffraction patterns of NaNbOj; powder obtained from various fuel-to-oxidant molar
ratios.
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of the main X-ray peak intensities of NaNbO; and Nb,Os phases [16], according to
the following equation; %perovskite = Ieroyskite /Uperovskire + INb,05) % 100. The volume
fractions of the perovskite phase formation (%perovskite) were found to be 93% and 63%
for the fuel-to-oxidant molar ratio of 1.0 and 2.0, respectively. This outcome could support
the advantages of the GNP by proposing that this method is a simple, rapid and cost
effective way to fabricate perovskite NaNbO;3 ceramic powder. This NaNbO; phase could
be indexed according to an orthorhombic structure, with the space group P2, (26), which
is consistent with JCPDS file no. 82-0606. However, that perovskite NaNbO3 phase was
found to accompany the phase of unreacted Nb,Os (e) (JCPDS file no. 30-0873) starting
materials in slight content.

In order to observe the morphology and microstructure of the synthesized perovskite
powder, a scanning electron microscope (SEM) was used. Figure 2 shows an SEM mi-
crograph of perovskite NaNbO3; powder prepared by using the fuel-to-oxidant molar ratio
of 1.0. The synthesized powder was found to be cubic in shape, with uniform features.
The other unexpected phase could not be observed, which suggested the homogeneous
character of the as-prepared powder. The mean particle size of the primary particle, which
can be estimated from SEM micrographs, was found to be 74.56 & 24.99 nm. This value
was found to be about 5 times less than that used in a solid-state reaction method or alter-
native methods previously reported [17, 18]. This mean particle size was greater than the
average crystalline size (31.31 & 4.37), which was calculated from X-ray line broadening
using the Scherrer’s equation [19]; D = kA/Bcosfl, where D is the average crystallite size,
k a constant equal to 0.89, X the wavelength of X-ray radiation, 8 the full width at half
maximum (FWHM), and 6 the diffraction angle. The inconsistency value could indicate
the agglomerate of the synthesized powders. However, these observations indicated that
the nano-sized powder could be obtained by this proposed method, as previously reported
[20].

A

TMEC 10.0kV 9.2mm x150k SE(M) 008 15.08 300nm

Figure 2. SEM micrograph showing as-prepared NaNbO; powder synthesized using the fuel-to-
oxidant molar ratio of 1.0.
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The combustion synthesis has been known and reported as the synthesis process
without a calcination step, nevertheless, in this case, those observations suggested that
monophasic perovskite NaNbO3z powder could not be synthesized completely through the
GNP, which is concordant to the literature [10, 21]. Hence, to investigate the phase formation
of monophasic perovskite NaNbO3 powder, the as-prepared powder obtained from the GNP,
with a fuel-to-oxidant molar ratio of 1.0, was selected for further calcination steps. As-
prepared NaNbOj; powder, with a fuel-to-oxidant molar ratio of 1.0, was calcined at different
calcination temperatures that ranged from 300°C to 900°C. Figure 3 shows the XRD pattern
of the NaNbO3 powder calcined at different temperatures for 4 h, with a heating/cooling rate
of 20°C/min. The X-ray diffraction patterns of the powder calcined at low temperatures of
200°C and 300°C suggests existing composition of perovskite NaNbO3 phase (¥) JCPDS
file no. 82-0606, accompanied by the phase of Nb,Os (e) (JCPDS file n0.30-0873). As
the calcination temperature increased, the refection peaks of unreacted starting material
decreased and disappeared when using a calcination temperature of 400°C. In comparison
with a solid-state reaction method [22] and other processes [23], this temperature was
quite low. In addition, based on the average crystalline size (D) considered by Scherrer’s
equation, using X-ray line broadening, no significant difference was found between D of the
powder calcined at 400°C for 4 h (27.84 + 7.12) and as-prepared powder (31.31 & 4.37).
This outcome demonstrated that this relatively low calcination temperature was suitable
for producing a nano-sized particle and could avoid particle growth. These results have
led the combustion synthesis into being a cost- and time-saving process. However, when
the calcination temperature was increased further to 900°C, the crystallinity of synthesized
powder was amplified, which could be noticed by higher intensity of the refection peak.

B=NaNO, ICPDS no.850859
v ®=Nb,0, JCPDS no.30-0873
W=NaNbO; JCPDS file n0.82-0606

v 900°C

‘VV

o e o= =y
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Intensity (a.u.)
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Al W, WERRSSD e RN
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26/degrees

Figure 3. X-ray diffraction patterns of NaNbO; powder (obtained from the fuel-to-oxidant molar
ratio of 1.0) calcined at various temperatures for 4 h with a heating/cooling rate of 20°C /min.
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Figure 4. SEM micrographs showing NaNbO; powder (obtained from the fuel-to-oxidant molar
ratio of 1.0) calcined at 400°C for 4 h with a heating/cooling rate of 20°C /min.

Since the increase in calcination temperature affected the increase of crystalline size [24],
atomic mobility could be improved, based on the diffusion coefficient being a temperature
dependent parameter, with higher temperatures having an extreme effect on the rate of
diffusion [25, 26]. A high crystallization temperature leads to a large particle size powder,
which can be obviously demonstrated by the increase in average crystalline size (D) from
28 nm (when calcined at 400°C) to 85 nm (when calcined at 900°C).

The SEM micrograph of powders calcined at 400°C for 4 h, with a heating/cooling rate
of 20°C/min is illustrated in Figure 4. After the calcination step, the NaNbOz powder was
found to be polyhedral in shape, with uniform features. The other secondary phase could
not be observed, which suggested the homogeneous character of the prepared powder. Its
particle size, which was estimated from the SEM micrograph, was found to be about 196.48
=+ 55.12 nm. This value was found to be higher than the average crystalline size (D) of
27.84 &+ 7.12 nm (calculated by Scherrer’s equation using X-ray line broadening). The
contradictory value could indicate the agglomerate of the calcined powders.

4. Conclusion

Crystalline NaNbO; powder was successfully synthesized through the glycine-nitrate com-
bustion process (GNP) for the first time. Glycine was used as fuel according to its combus-
tion and complexation nature. The final product was confirmed by XRD and SEM tech-
niques. This method is a relatively simple, rapid and straightforward preparation process for
producing homogeneous, very fine, crystalline and unagglomerated NaNbO3 powders, with
93% of phase purity in the as-prepared powder. Monophasic perovskite NaNbO3 can be
obtained at a relatively low calcination temperature of 400°C for 4 h. The powder obtained
(ratio of 1.0) was found to be a uniform particle that possessed an average crystalline size
(defined by XRD) of 27.84 4 7.12, and a mean particle size (defined by SEM micrograph)
of 196.48 + 55.12 nm. This method is expected to be suitable for mass production of other
niobate-based powder.
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Abstract The thermal transformation of Na,C,0, was
studied in N, atmosphere using thermo gravimetric (TG)
analysis and differential thermal analysis (DTA). Na,C,04
and its decomposed product were characterized using a
scanning electron microscope (SEM) and the X-ray dif-
fraction technique (XRD). The non-isothermal kinetic of
the decomposition was studied by the mean of Ozawa and
Kissinger—Akahira—Sunose (KAS) methods. The activation
energies (E,) of Na,C,0, decomposition were found to be
consistent. Decreasing E, at increased decomposition
temperature indicated the multi-step nature of the process.
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The possible conversion function estimated through the
Liging—Donghua method was ‘cylindrical symmetry (R, or
Fi2)" of the phase boundary mechanism. Thermodynamic
functions (AH*, AG* and AS*), calculated by the Acti-
vated complex theory and kinetic parameters, indicated
that the decomposition step is a high energy pathway and
revealed a very hard mechanism,

Keywords Sodium oxalate - Decomposition - Ozawa
method - Kissinger—Akahira—Sunose method

Introduction

Thermal analysis (TA), e.g., thermogravimetry (TG), dif-
ferential thermal analysis (DTA), and differential scanning
calorimetry (DSC) have been used widely for scientific and
practical - purposes [1, 2]. These techniques provide
important information about physico-chemical parameters,
kinetic analysis, polymorphic forms, stability of material,
etc., which are reliable and necessary [3]. Thus, the out-
comes obtained through this basis can be applied directly in
material science for studying thermal behavior, thermal
character, and the mechanism and kinetic of solid state
reaction. The interpretation of data obtained from these
methods, use of various mathematical models and calcu-
lation procedures are quite useful. For gaining value of the
apparent activation energy, E,, and pre-exponential factor,
A, which is the most probable mechanism function g(x) of
the reaction, various equations and methods were described
such as the Coats and Redfern equation [4], and iterative
procedure, i.e., the Ozawa equation [5], Kissinger—Akah-
ira-Sunose (KAS) equation [6], Senum and Yang approx-
imation formulae [7], etc. The mathematical apparatus and
calculation procedures used are related to the mathematical
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analysis of thermogravimetric curves. The calculations,
based on multiple rates of thermogravimetric curves, are
so-called iso-conversional calculation procedures [3].

Thermal decomposition of metal oxalates has been the
subject of many researches for more than a century [8].
Decomposition and its non-isothermal kinetics, belonging
to some of the oxalates (AgyCy04 NiC,04, MnC,0y,,
HgC,0,4, PbC,0,, and SrTiO(C,04),-4H,0), were reported
later [3, 8-10]. The dehydration kinetics of CaC,04-H,0
were deduced from the multiple rate iso-temperature
method, and the apparent activation energy, E,, was
obtained from the Ozawa and KAS method [6]. The kinetic
triplet, the activation energy, E,, the pre-exponential factor,
A, and the mechanism functions, fla), of MgC,04-2H,0
were obtained by analyzing the TG-DTG curves of their
thermal decomposition using the Popescu and Flynn—-Wall-
Ozawa method [11]. Furthermore, the decomposed prod-
ucts, e.g., oxide or metal, which possess pores, lattice
imperfections and both characteristics, were determined,
and the results are necessary data for their function and
further study. Although there has been increasing interest
in the study of experimental factors and processing
parameters, especially in determining the kinetics of ther-
mal decomposition reactions, many features of oxalate
decomposition still remain unclear.

In a previous paper, we presented results on the prepa-
ration of lead-free piezoelectric sodium niobate (NaNbQO3)
powders [12]. The use of Na,C,0, as starting material
~ (instead of NayCO;) resulted in a low-temperature solid-
~ state reaction. In general, the sodium oxalate, Na,C,0j,
serves as a metal cleaning preparation in the textile, leather
and tanning industries; potassium oxalate cleans natural
fibers in photography, and both of them are used in ana-
lytical and solvent extraction chemistry (sodium oxalate as
primary volumetric standard for manganometry and aci-
dimetry) [13]. As starting material for versatile industries,
it is very important to determine its thermal decomposition
mechanism, kinetics and thermodynamic parameter for
advantages in cost and time management for industrial
production. Many works on the isothermal kinetic of
thermal decomposition of oxalate compounds have been
published, but there are no reports on the thermal decom-
position kinetic of Na,C,0, in the literature.

In this work, the thermal decomposition of Na,C,0,4 was
investigated using non-isothermal thermogravimetry—dif-
ferential thermal analysis (TG-DTG/DTA), X-ray powder
diffraction (XRD), and scanning electron microscopy
(SEM). Thus, the non-isothermal kinetics analysis for
the decomposition of this compound was carried out, based
on the iso-conversional techniques of the Ozawa and
Kissinger—Akahira—Sunose (KAS) methods. Possible conver-
sion functions have been estimated by the Liqing-Donghua
method [6], combined with 35 algebraic expressions of the

@ Springer

conversion functions, g(«). The activation energy, E, and
pre-exponential factor, A, were estimated. The transition
state thermodynamic functions, AH*, AG* and AS*, were
calculated via the activated complex theory.

Experimental procedure
Materials and measurement

Sodium oxalate, Na,C,04 (>99.0% (RT) 71801, Fluka),
was used without further purification. Thermal behavior of
Na,C,0, was investigated using TG-DTA (Perkin Elmer).
Initial experiments were conducted with a heating rate of
15, 20, 30 and 40 K min~" in a temperature range from
room temperature to 1,573 K in N, atmosphere at a rate of
100 cm® min~'. Then, decomposition of the sample was
carried out at 873 K in a furnace for 4 h using a heating/
cooling rate of 10 K min~'. Na,C,0, and its thermal
transformation products were investigated further. The
phase formation was studied by room temperature X-ray
diffraction (XRD, Advance D8), using Ni-filtered CuK,
radiation. Sample scanning was done between the angles of
20-80°. Diffraction peaks were analyzed and indexed
according to the diffracting planes of different phases. The
morphology of samples was examined using a scanning
electron microscope (SEM, Hitachi S4700) after gold
coating.

Determination of the most probable mechanism
function

Since the kinetic parameters depend strongly on the
selection of a proper mechanism function for the process,
the following equation was used to estimate the most
correct reaction mechanism, i.e., g(o) function [6]:

=X

e

+ In h(x)

AE X
In g(a) = ln? + In — Inp (1)

0
where A (the pre-exponential factor/min“') and E, (the
activation energy/kJ mol ') are the Arrhenius parameters,
and R is the gas constant (8.314 ] mol~" K™). For deter-
mination, the degrees of conversion o (extent of conver-
sion, o = (m~m,)/(m~-my), where m;, ms and m, are the
initial, final, and current sample mass, respectively, at
moment f), corresponding to four heating rates (ff = 15,
20, 30 and 40 K min~') taken at the same temperature,
were substituted into the left side of Eq. 1, which was
combined with 35 types of mechanism functions [14-16].
Potting In g(«) versus In f and a linear regression of least
square method were conducted. The most probable mech-
anism function was assumed to be the one for which the
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slope of the straight line was closest to —1.0000, and the
linear correlation coefficient 7> should be unity.

Calculation of activation energy by iso-conversional
procedure

In the kinetic study, the first Ozawa equation [5] was used
to calculate the values of the activation energy, E,, of the
decomposition reaction of Na,C,0,, as follows:

0.0048AE

E
=In —————-1.0516— 2
Inf=1In (@R 05 6RT (2)
and Kissinger—Akahira—Sunose (KAS) equation [6]:
p g AE E
B r Bk R 3)

The kinetics of such reactions is described by various
equations, taking into account the special features of their
mechanisms. Data from four TG curves in the decompo-
sition range were used to determine o from experiments at
different heating rates (f = 15, 20, 30 and 40 K min™").
The plots of In B versus 1/7 (Eq. 2) and In (8/T?) versus 1/
T (Eq. 3) have provided evidence of apparent activation
energy values for decomposition at different values of o,
The activation energy, E,, can be estimated from the slope
of these plots. This is a model-free method according to the
reaction mechanism, and the shape of g(a) function cannot
affect this calculation, which was performed without use of
the most probable mechanism function.

Calculation of the transition state thermodynamic
function

The pre-exponential factor, A, can be estimated from the
intercept of the plots from Ozawa (Eq. 2) and KAS (Eq. 3)
through the insertion of the most probable function, g(«), and
the calculated activation energy, E,. According to the theory
of the activated complex (transition state) of Eyring [2, 3,
17], the general equation of A may be written as follows:

(4)

ekaTp AS*

o & exp( R )
where ¢ = 2.7183 is the Neper number; y is the transition
factor, which is unity for monomolecular reactions; kg is
the Boltzmann constant; 4 is Plank’s constant; and Tp is the
average temperature of the TG curves at different heating
rates. Then, the change of entropy may be calculated
according to the formula:

Ah
ekaTp

A

AS' &= Rhn

(5)

Therefore, the changes of the enthalpy, AH*, and Gibbs
free energy, AG*, for the activated complex formation

from the reagent can be calculated using the well-known
thermodynamical equation:

AH* = E — RT»
AG* = AH* — TpAS*

(6)
(7)

Results and discussion

Thermogravimetry—differential thermal analysis curves of
the thermal decomposition of Na,C,0, at a heating rate of
30 K min~' are illustrated in Fig. 1. The TG curve
accordingly revealed a weight loss of ~21%, which
occurred during the temperature rise from 800 to 870 K.
This observation corresponded to the endothermic peak of
the DTA and DTG curve, which centred at 848 and 844 K,
respectively. This decomposition step may be related to the
decomposition of Na,C,04 to Na,CO5 and released CO
because the overall weight loss of ~21% is close to the
theoretical value of 20.9%, which corresponds to the
release of 1 mol of CO. The decomposition reaction is
suggested to be as the Eq. 8:

Na,C,04 — NaCO3 + CO (8)

This decomposition temperature of the decarbonylation
stage was higher than those found in the literature, which
lie on the temperature of 773 K [18].

The XRD patterns of sodium oxalate (Na,C,0,4) powder
and its calcined product (at 873 K) are illustrated in Fig. 2.
The diffraction pattern of Na,C,0, powder could corre-
spond to the monoclinic sodium oxalate (JCPDS file no.
49-1816 (V), space group P2/, (14)). After calcination at
873 K for 4 h, the diffraction pattern suggests an appear-
ance of the monoclinic, y-Na,CO5; [JCPDS no. 72-0628,

Exo
DTA —
| 2
212
Elg
ELO g TEIA === 3
2| 2
DTG —= "
€ T T s T T 4 1 T % T »
400 500 600 700 800 900 1000 1100
Temperature/K

Fig. 1 TGA, DTG, and DTA curves of the thermal decomposition of
Na,C,0, at a heating rate § of 30 K min~"
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¥ Na,C,0, JCPDS no.49-1816
O 7-Na,CO, JCPDS no. 72-0628
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Fig. 2 X-ray diffraction patterns of a Na,C,04 and b its calcined
product heated at 873 K for 4 h with a heating/cooling rate of
10 K min™"

TMEC 5. 0kV 14 4mm x4.0C

Fig. 3 SEM micrographs of Na,C,04 powder (a) and its calcined
product heated at 873 K for 4 h with a heating/cooling rate of
10 K min~" (b)

space group C2/m (12)], accompanied by the cubic NaO,

(JCPDS file no. 77-0207, space group Fm3m) as a minority
phase. This result could be correlated to TGA-DTG/DTA

@ Springer
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Fig. 4 TGA curves of thermal Na,C,0, decomposition at four
heating rates under an N, atmosphere

Table 1 The o-T data at different heating rates for the decomposi-
tion process of Na,C,04

o Temperature at four heating rate (/K min™") T/K
15 20 30 40

0.1« 837.14 838.99 840.93 842.40 839.86
0.2 83943 841.15 843.65 845.23 842.36
0.3  840.95 842.23 844.85 846.54 843.64
04 843.16 844.70 847.15 849.14 846.04
0.5 = 84438 846.00 849.35 851.64 847.84
0.6  846.72 848.48 851.15 852.94 849.82
0.7  848.77 850.68 853.65 855.54 852.16
0.8  849.70 851.67 855.65 858.19 853.80
0.9 | 85192 854.35 858.15 860.95 856.34

T, is the average temperature peak in the DTG curve (K)

analysis, which suggested that the decomposition of
Na,C,0, to Na,CO5 was in the region of this temperature.

The scanning electron micrographs of Na,C,04 powder
and its calcined product (at 873 K) are illustrated in
Fig. 3a, b, respectively. Na,C,0, powder was found to
have uniform morphological features, with a polyhedral
shape and obvious edges. The particle was in the range of
micron size. On the contrary, the micrograph of the parti-
cle’s calcined product (at 873 K) consisted of non-uniform
grain. The macropores and agglomeration, which could
result from the thermal decomposition process, were found.

Figure 4 shows the TG, DTG, and DTA curves in the
decomposition range of Na,C,0,, with four heating rates
of 15, 20, 30, and 40 K min~'. Data of « and T collected
from the TG curves in the decomposition range of
0.1 <2< 0.9 at various heating rates are illustrated in
Table 1, and used to determine the kinetic parameters of
the process in all calculation procedures. According to
Eq. 3 combined with 35 conversion functions, In g(x)
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calculated different o values at the same temperature, and
four heating rates on In 5, must give rise to straight lines, so
the slope and linear correlation coefficient, r2, can be
determined. Table 2 lists the results for all of the 35 types
of mechanism functions. The slope determined from
function no. 18 was found to be the closest to —1.0000 and
the correlation coefficient, 7%, was better than others. This
function was considered to be the most probable reaction
mechanism for the description of Na,C,0, decarbonyla-
tion. Therefore, it can be stated that the mechanism func-
tion for the decomposition of Na,C,0, (splitting of carbon

Table 2 The most probable mechanism function, g(«), slope and
correlation coefficient of the linear regression, r

No. Symbol Slope i

1 Fis —0.9571 0.984568
2 Fss —1.1987 0.980565
3 Fap —1.5708 0.964395
- F, —1.8641 0.956190
5 F; —2.5481 0.946691
6 Psp —1.2699 0.980378
7 P —0.4233 0.980378
8 Pis —0.2822 0.980378
9 P —0.2116 0.980378
10 E, - -

11 A, F —1.3266 0.974513
12 Asp —0.8844 0.974513
13 A, —0.6633 0.974513
14 Ay —0.4422 0.974513
15 Ay -0.3317 0.974513
16 Ay - -

17 Ry, Fo, P, —0.8466 0.980378
18 Rz, Fip —1.0327 0.985949
19 R3, Fo3 —1.1826 0.984293
20 D, —1.6932 0.980378
21 D, —2.1589 0.986125
22 D; —2.26526 0.984293
23 Dy —-1.9923 0.984810
24 Ds —2.9668 0.967651
25 D¢ —1.5714 0.980464
26 D, —1.6103 0.980442
27 Dg —1.4596 0.980466
28 G, —0.6622 0.969938
29 G, —0.5652 0.961585
30 G; —0.5016 0.955476
31 Gy —2.6533 0.974513
32 Gs —3.9799 0.974513
33 Ge —5.3069 0.974513
34 G, —0.5163 0.985949
85 Gg —0.5663 0.984293

monoxide) is the mechanism of phase boundary reaction
(cylindrical symmetry, R, or F,,; model) with integral form
gla) = 1-(1 —a)"? and differential formfla) = 2(1 - a)'2,

Figure 5a, b illustrate the plots of In f versus 1/T (Eq. 1)
and In (B/T°) versus 1/T (Eq. 2) for the decomposition
process of Na,C,0,4 based on the Ozawa and KAS anal-
ysis, respectively. The activation energy, E,, of the
decomposition reaction of Na,C,0, which was calculated
from the slope of these straight lines and their correlation
coefficient, 7%, are tabulated in Table 3a (Ozawa method)
and b (KAS method). The calculated activation energies
obtained from different equations, in which the values
obtained by the KAS method were generally higher, were
found to be consistent. It can be seen that the values of E,,
tend to decrease with the increase of conversion a. It can be
noted also that the E, values are dependent on o, and the
decomposition reaction should be interpreted in terms of a
multi-step reaction mechanism [19]. As the dependence
can disclose the complexity of a process and identify its
kinetic scheme, the shape of the decreasing dependence of
E, on o has been identified from model data [20]. This
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Fig. 5 Ozawa (a) and KAS (b) plots for the decomposition process of

Na,C,0, at four heating rates in various conversions (x = 0.1-0.9,
with 0.1 increment)
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Table 3 Kinetic (E,, A), and thermodynamic (AS*, AH* and AG*) parameters for the decarbonylation of Na,C,0,4 obtained by the Ozawa
(a) and KAS (b) methods

o E,/kJ mol™’ A/min~" AH*/kJ mol ™" AS*/J mol~! K~! AG*/kJ mol ™" 2

(a) Ozawa method
0.1 1051.98 1.3231E+66 1044.9943 1003.9768 201.7900 0.9959
0.2 942.49 1.3766E+59 935.4897 870.2758 202.4000 0.9995
0.3 964.60 4.6238E+60 957.5909 899.4801 198.7519 0.9959
0.4 927.96 1.8404E+58 920.9318 853.5098 198.8303 0.9979
0.5 751.04 7.5773E+46 743.9932 635.5338 205.1614 0.9950
0.6 895.87 1.4111E+56 888.8045 812.9774 197.9180 0.9998
0.7 824.27 3.1738E+51 817.1834 723.9749 200.2424 0.9995
0.8 650.67 2.6314E+40 643.5705 511.8200 206.5770 0.9962
0.9 627.76 8.6070E+38 620.6462 483.3606 206.7244 0.9994
AV. 848.52 + 145.87 1.4701E+65 841.4672 754.9899 202.0440 0.9977

(b) KAS method
0.1 1092.30 1.17385E+-57 1085.3129 830.6884 387.6474 0.9958
0.2 977.12 1.21573E+50 970.1163 696.9493 383.0307 0.9994
0.3 1000.35 4.06853E+51 993.3349 726.1232 380.7471 0.9957
0.4 961.78 1.61107E+49 954.7451 680.1103 379.3461 0.9978
0.5 775.70 6.62753E+37 768.6466 462.1270 376.8362 0.9949
0.6 927.96 1.22539E+47 920.9005 639.5107 377.4298 0.9998
0.7 852.63 2.74479E+-42 845.5462 550.4743 376.4552 0.9995
0.8 670.04 2.27637E+31 662.9459 338.3219 374.0857 0.9960
0.9 645.92 7.40872E+29 638.7983 309.8210 373.4858 0.9994
AV. 878.20 + 153.48 1.30428E+56 871.1496 581.5696 378.7849 0.9976

- study reported that the decomposition reaction was com-
plicated by diffusion. This process is met widely in solids
decomposed in the following way: solid — solid + gas
[21]. In addition, values of the correlation coefficient, 7%,
for all cases of calculation were greater than 0.9949. It can
be seen that the values of E, obtained from the Ozawa and
KAS methods (Egs. 2, 3) are reliable.

On the basis of TG curves at four heating rates and using
Eqgs. 1-3, values of the apparent activation energy, E,,
were calculated, and the most probable reaction mecha-
nism function of the studied reaction was determined.
Based on these results, the pre-exponential factor, A, can be
estimated from intercept of the plots from the Ozawa
(Eq. 2) and KAS (Eq. 3) methods. The related transition
state thermodynamic functions (AS*, AH* and AG*) also
can be calculated according to Egs. 5-7. The correspond-
ing values are shown in Table 3a (Ozawa method) and b
(KAS method). As seen from Table 3a (Ozawa method)
and b (KAS method), the change of the entropy, AS*, for
the decomposition of Na,C,0, is positive and can be
described as corresponding activated complexes that have a
lower degree of arrangement (higher entropy) than the
initial state. Regarding the fundamentals of the activated
complex theory (transition theory) [2, 3, 13, 14], a positive
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value of AS* indicates a malleable activated complex that
leads to very many degrees of rotation and vibration free-
dom, which results in a “fast” stage reaction. On the other
hand, a negative value of AS* suggests that the degree of
structural complexity (arrangement, organization) of the
activated complex is higher than that in the non activated
complex, and may be indicated as “slow” stage [19, 22—
25]. The positive value of the activation enthalpy, AH*,
showed that the decomposition stage is connected to the
introduction of heat, and agrees well with the endothermic
peak in the DTA result. The high AH* value indicated that
this decomposition step needs high energy. The positive
value of Gibbs energy, AG*, suggested that this is a non-
spontaneous process. These results indicated that the
decomposition step of Na,C,0, is a high energy pathway
and revealed a very hard mechanism.

Conclusions

In conclusion, kinetic parameters of Na,C,0, (decarb-
onylation reaction) decomposition can be determined on
the basis of thermogravimetric data. The kinetics of ther-
mal decomposition of Na,C,0, under non-isothermal
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heating was studied using the Ozawa and KAS methods.
The results obtained from these two different calculation
procedures were found to correlate with each other. Values
of the apparent activation energy and pre-exponential
factor, and the change of entropy, enthalpy, and Gibbs free
energy, the most probable mechanisms and characteristics
of the process were reported. These could be the important
data for further studies and synthesis of the materials
involved.
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