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ABSTRACT 

MgTiO3 and CaTiO3 microwave dielectrics are known to exhibit opposite 

temperature coefficient of resonant frequency (τf), generally prepared by solid state 

sintering route. In this study Zn/Co doped MgTiO3 and Sr/La doped CaTiO3 and their 

composites were fabricated by chemical synthesis route (polymeric precursor). The 

non isothermal method was applied to study the kinetics and thermodynamics for the 

thermal decomposition of polymeric precursor of representative samples; 

Mg0.95Zn0.5TiO3 and (Ca0.8Sr0.2)0.6La0.267TiO3. Thermo gravimetric-differential 

scanning calorimetry (TG-DSC) was used to analyze the thermal decomposition 

behavior of the precursors. X-ray diffraction (XRD), Fourier transform scanning 

electron microscopy (FE-SEM) and Raman techniques were used to study the phase, 

microstructure and phonon modes of the prepared samples. Vector network analyzer 

and impedance spectrometer were used to measure the electrical properties of sintered 

ceramics. In case of Mg0.95Zn0.5TiO3, three dimensional diffusion reaction (Jander); 

g(α) = [1-(1-α)
1/3

]
2
 was proposed mechanism function for the reaction. By using 

Flynn-Wall-Ozawa (FWO) model values of the average activation energy, pre-

exponential factor and order of the reaction were found to be 129.33 kJ/mol, 1.04 × 

10
8
 min

-1
, and 2.00, respectively. Whereas in the Kissinger-Akahira-Sunose (KAS) 

model corresponding values were 123.88 kJ/mol, 2.95 × 10
7
 min

-1
, and 2.09, 

respectively. The thermodynamic parameters such as enthalpy (ΔH
*
), Gibbs free 

energy (ΔG
*
)
 
and entropy (ΔS

*
) of activation calculated at the peak temperature were 

noted to be 120.46 kJ/mol, 228.69 kJ/mol, and -146.63 J/mol K, respectively.  

In case of (Ca0.8Sr0.2)0.6La0.267TiO3 phase boundary reaction contraction sphere 

is the most probable mechanism function for the reaction. The activation energy for 

thermal decomposition of the precursor was found to be 70.97 kJ/mol and 63.62 



xvii 
 

kJ/mol using FWO and KAS models respectively. The average values of 

thermodynamic parameters were; ΔH
* 

= 120.57 kJ/mol, ΔG
* 

= 282.94 kJ/mol and ΔS
* 

= -223.93 J/mol K. The particle size of the synthesized powder was < 100 nm with 

orthorhombic (Pbnm) symmetry. The sintered ceramic exhibited dielectric constant 

(εr) = 116.2, quality factor (Q × f) = 15730 and temperature coefficient of resonant 

frequency (τf) = +231 ppm/°C. Analysis of impedance data obtained in the 

temperature range 200-500 °C revealed that the ceramic exhibited negative 

temperature coefficient resistor (NTCR) characteristics. 

The composites (1-x)Mg0.95Co0.05TiO3-x(Ca0.8Sr0.2)0.6La0.267TiO3; (1-x)MCoT-

xCSLT and (1-x)Mg0.95Zn0.05TiO3-x(Ca0.8Sr0.2)0.6La0.267TiO3; (1-x)MZT-xCSLT 

microwave dielectric ceramics were successfully synthesized. The calination of (1-

x)MCoT-xCSLT and  (1-x)MZT-xCSLT polymeric precursors at 700 °C yielded 

ceramic powders with nano-sized particles. Rietveld refinement of sintered ceramics 

revealed that the composites composed of rhombohedral (R3) and orthorhombic 

(Pbnm) phases. It was observed that the values of εr increases and Q x f decrease as 

the molar fraction of CSLT increased in both the composites. The comparison reveals 

that, (1-x)MZT-xCSLT bears relative higher Q x f values than (1-x)MCoT-xCSLT 

which may be due to the presence of localized 3d electrons in Co
2+

 and also the ionic 

polarizability of Zn is higher than that of Co resulting in higher atomic vibrations 

causing a decrease in the dielectric loss. The ceramics with the composition 

(0.8)MCoT-(0.2)CSLT sintered at 1200 °C were observed to bear a good combination 

of microwave dielectric properties; εr =  26.13, Q x f = 54,820 GHz and τf = -3.9 

ppm/°C. Similarly, the ceramics (0.8)MZT-(0.2)CSLT  sintered at 1200 °C, was 

observed to possess a εr =  25.17, Q x f = 58,754 GHz and  τf = -5.8 ppm/°C. Finally, 

these compositions are proposed as a suitable candidate for microwave applications. 
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CHAPTER 1 

INTRODUCTION 

Microwave dielectric materials have a broad range of applications in 

microwave communication. They are used in mobile phones, satellite TV, global 

positioning system and satellites for environmental monitoring, etc. The great 

progress in microwave communication in the recent years has resulted in great 

demand for dielectric resonators. A dielectric resonator is an electronic component 

that resonates in a narrow range of frequencies with unique properties. In the past, 

huge bulk metallic cavities were used as resonators, which could not be integrated 

with microwave circuits [1]. A dielectric resonator reduces the size of microwave 

filters and frequency stabilizing element in the microwave components because the 

wavelength of the electromagnetic radiation is shortened to1/√εr [where εr is the 

dielectric constant of the resonator] in dielectrics [2]. A dielectric resonator must have 

dielectric constant [20 < εr < 50] for size reduction, a low loss [Q > 30000 Q at 1 GHz, 

where Q = 1/ tanδ] for higher selection of frequency and minimum attenuation, and a 

near zero τf [temperature coefficient of resonant frequency] for the temperature 

stability of circuit [3]. 

In 1939 Richmeyer, introduced the concept of using dielectric ceramic as 

resonators for the first time [4]. However, it was not possible to realise the potential 

for miniaturization of resonator components until the 1960’s with the measurement 

of the microwave dielectric properties of TiO2 [5]. Until then, large air filled cavities 

were the only available dielectric resonator components. The use of TiO2 allowed a 

size reduction due to the factor that the relative permittivity of TiO2 being 100 times 

that of air [6]. Although TiO2 has a high relative permittivity (r = 100) and low 

dielectric losses (Q x f = 50000 GHz) [7], it cannot be used commercially due to the 
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large positive τf = 450 ppm/˚C. The temperature stability of microwave dielectric 

ceramics can be achieved by the combination of two or more materials with opposite 

values of τf. Early examples of the application of this concept were the combination 

of CaTiO3-CaZrO3 and SrTiO3-SrZrO3 which typically achieved properties of r = 

29-35 and Q x f from 4000 GHz to 13300 GHz [8]. Ceramics materials suitable for 

commercial deployment are listed in Table 1.1.  

 

 

 
  Table 1.1. Microwave dielectric properties of temperature stable ceramics 

 

Composition 

 

εr 

 

Q x f (GHz) 

 

Reference 

 

0.95MgTiO3-0.05CaTiO3 

 

21 

 

56000 

 

[9] 

 

Ba(Mg1/3Ta2/3)O3 

 

24 

 

300000 

 

[10] 

 

Ba(Zn1/3Ta2/3)O3 

 

29 

 

150000 

 

[11] 

 

Ca0.7Nd0.3Ti0.7Al0.3O3 

 

45 

 

45000 

 

[12] 

 

Ba6-3xR8+2xTi18O54 

 

80-90 

 

8000-13000 

 

[13] 
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1.1 Dielectric behaviour 

1.1.1 Polarisation in materials 

An applied electric field causes polarisation of the chemical bonds in the 

materials that exhibit dielectric behaviour [14]. In metallic material the applied 

electric field causes an electric current due to mobile electrons. However, in ionic and 

covalently bonded materials, there could be no current flow because the electrons that 

could occupy the conduction band are in the valence band. The magnitude of the 

distortion of electron clouds in a chemical bond by applying electric field is given 

according to Equation 1.1. 

                                   (1.1) 

where p = polarisation, q = magnitude of charge and x = the distance separating the 

charges. Four mechanisms by which polarisation can occur in oxide materials are 

given below: 

1. Electron cloud distortion which is a small displacement of electrons in an atom 

relative to the nucleus and occurs at frequencies greater than 10
17

Hz  

2. Polarisation of ions which involves the displacement of cations and anions in 

the lattice move to form a dipole  

3. Dipolar polarisation is where molecules are oriented relative to each other and 

form dipoles Increase in temperature tends to oppose the alignment of the 

dipoles in the direction of the applied electric field.  

4. Diffusional polarisation is where charge carriers move through the lattice until 

stopped by defects such as grain boundaries. This mechanism is the slowest 

mode of polarisation and is only important at frequencies below 1kHz  

These polarisation modes are illustrated graphically in Figure 1.1. Each mechanism 

depends on the frequency of the applied electric field and if it’s sufficiently high then  
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Figure 1.1. Polarization mechanisms in dielectric materials [14]. 
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Figure 1.2. Frequency dependence of (a) dielectric polarizability and (b) power loss 

[15]. 
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a particular mechanism of polarisation will stop (Figure 1.2) due to insufficient time 

for the dipole to respond to changes in the electric field. 

1.1.2 Dielectric measurement 

The behaviour of a dielectric ceramic under an applied electric field can be 

measured by considering a parallel plate capacitor (Figure 1.3). When an electric 

field, E, is applied across the two plates, opposite charges separate such that one plate 

becomes positively charged and the other becomes negatively charged. The 

capacitance (C) of a parallel plate capacitor is given by Equation 1.2. 

  
 

 
                                          (1.2) 

(where a q = charge and V = voltage). Equation 2.2 assumes that the capacitor is 

constructed from two parallel metallic plates separated by a vacuum. When a piece of 

dielectric is placed between the two plates, the polarization of the dielectric material 

will increase the charge stored on the plates. The capacitance can then be written in 

terms of Equation 1.3. 

       
 

 
                                         (1.3) 

where εr is the relative permittivity, εo is the permittivity of free space, A is the area 

of the metallic plates and d is the distance between the plates. 

 

 

 

 

 

                                 Figure 1.3. Schematic of a parallel plate capacitor 
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1.1.3 Relative permittivity 

The relative permittivity of a material is how much an electric field can 

penetrate into a material compared to the permittivity of free space and can be defined 

in terms of Equation 1.4. 

   
  

  
                           (1.4) 

where εr is the relative permittivity, εm is the permittivity of material and εo is the 

permittivity of free space (8.85x10
-12 

Fm
-1

). In microwave dielectric materials the 

relative permittivity is important for the miniaturization of the resonator component as 

demonstrated by Equation 1.5. 

   
  

√  
                           (1.5) 

where λd is the wavelength of lattice vibration, λ0 is the wavelength of microwave 

photon and εr is the relative permittivity. 

1.1.4 Quality factor (Q x f) 

The Q x f of microwave dielectric ceramics is measured from the width of the 

resonance peak at 3dB as illustrated in Figure 1.4 [14]. The narrower the peak 

becomes the lower the dielectric losses of the ceramic. The dielectric losses have four 

separate components including heat loss, dielectric loss, conduction loss and radiation 

losses. If a cavity method is used, then the radiation losses can be ignored due to the 

shielding provided by the cavity. Otherwise the total loss is given by Equation 1.6. 

 

  
  

 

  
 

 

  
 

 

  
                                                   (1.6)  

where Qo = total losses, Qd = dielectric losses, Qc = losses by conduction and Qr = 

losses by radiation.   
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Figure 1.4: Measurement of the width of the resonance peak at 3dB [22]. 

 

There are two sources of dielectric losses in ceramics; the dielectric losses of 

the perfect crystal lattice are known as intrinsic losses whilst losses from defects are 

known as extrinsic losses. The intrinsic dielectric losses may be estimated by 

spectroscopic methods such as Fourier Transform Infrared Spectroscopy (FTIR) [16]. 

Important factors that contribute to the extrinsic dielectric losses in materials are 

defects such as point defects, domain boundaries, grain boundaries, porosity, 

impurities and secondary phases [17].  These sources of dielectric loss can be 

minimised by the careful processing of the ceramics. The dielectric losses can be 

described in terms of the resonant frequency of the ceramic according to Equation 1.7 

     
  

  
                               (1.7) 

where tanδ is the damping constant of the infrared active modes, ω is the angular 

frequency and ωT  is the resonance frequency. Analysis of this equation suggests that 
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as the resonant frequency is increased the value of tanδ will decrease. Wakino [18] 

confirmed  this analysis by measuring the frequency dependence the dielectric losses 

of (Zr, Sn)TiO4 and Ba(NiTa)O3-Ba(ZrZnTa)O3 (Figure 1.5).  

 

 

Figure 1.5. Dielectric constants and dielectric losses as a function of frequency for 

(Zr, Sn)TiO4 and Ba(NiTa)O3-Ba(ZrZnTa)O3 [18]. 

1.1.5 Temperature coefficient of resonant frequency 

The temperature coefficient of resonant frequency (τf) shows changes in 

dielectric behaviour with the change in temperature. For a device performance 

temperature stability is important and τf value should be as close to 0 as possible. The 
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τf is related to the temperature coefficient of dielectric constant (τε) and the linear 

thermal expansion coefficient (αL) by Equation 1.8: 

     (
  

    
)                                         (1.8) 

To achieve zero τf one must control αL and  τε which are related to each other by the 

relation. 

                                                (1.9) 

1.2 Approaches in microwave dielectric ceramics 

 
There has been a rapid development in telecommunication in the last decade. 

There are a variety of applications in current communication devices which could 

only be possible due to the materials development that has led to the miniaturisation 

of device components. The miniaturization of device components is one of the 

common field of research in dielectrics now a day. Ohsato [19] plotted the published 

properties of relative permittivity vs. the Q x f and a specification for mobile 

telephone handset, base stations and millimetre-wave value of many of the tungsten-

bronze and perovskite microwave dielectric ceramics (see Figure 1.6). The Q x f 

value for base station should be higher so the relative permittivity of resonator must 

be reduced to ensure the highly selective to the target signal which is usually in the 

900-2200 MHz range [20]. In the handsets of the mobile telephone systems and 

satellite communication system miniaturisation is more important in order to reduce 

the size of the device at the expense of selectivity. For such application a relative 

permittivity requirement is approximately 80 to 100. There are different classes of 

microwave dielectric ceramics to accommodate the different requirements for the base 

stations, handsets and satellites of communications systems. 
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         Figure 1.6. Q x f value vs. relative permittivity [28]. 

 

For the low permittivity, high Q x f ceramics for millimetre wave applications 

examples includes monolithic ceramics such as Al2O3 [21]. Typical properties include 

relative permittivities between 5-10 and high Q x f (150000-600000 GHz). Another 

family of microwave dielectric ceramics with slightly higher permittivity is the 

MgTiO3 ceramics. The typical dielectric properties of MgTiO3 ceramics are εr of 17 

and Q x f of 56000 GHz [9]. Another major class of microwave dielectric ceramics 

that cover a wide variety of microwave dielectric properties are ceramics based on the 

mineral perovskite. The permittivity of such ceramics can range from low-moderate 

of 20 for the rare Earth aluminates [22] up to 180 for CaTiO3 [23]. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Important factors for microwave dielectric properties 

2.1.1 Composition 

The dielectric properties of ceramics at microwave frequencies can be 

controlled by changing composition through an addition of dopants or sintering aids.  

Composite ceramics typically follow linear change in τf as a function of composition 

while solid solutions the change in τf is logarithmic and the new ceramics material can 

be derived if the values of the end members are known. CaTiO3-NdAlO3 an example 

of a perovskite based system that follows a logarithmic relationship between the 

ceramic composition and τf as shown in Figure 2.1 [1]. The τf value initially decreases 

rapidly with the addition of NdAlO3 and then tuning through 0 ppm/˚C. 

 

Figure 2.1. Microwave dielectric properties of CaTiO3-NdAlO3 [1]. 
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2.1.2 Densification  

During the process of densification of ceramics, pores generated both in grains 

and at the grain boundaries of the samples. Porosity reduces the value of εr because 

pores are filled with air has low εr (=1). Hence, it’s important to reduce porosity in 

ceramics to maximize εr. The porosity in the microstructure can be minimised by 

increasing in the sintering temperature and time and by the addition of sintering aids 

or processing by chemical route. The substances with low melting points relative to 

the sintering temperature of ceramics are acting as sintering aids. Sintering aids wet 

the grain boundaries of sample which can quickly pass from grain to grain via the 

network formed by the liquid phase [2]. Common sintering aids used for MgTiO3-

CaTiO3 ceramics are B2O3 [3] and ZnO [4]. 

 

 

 

Figure 2.2. Relative permittivity and Q value as a function of densification [2]. 

 

 



17 
 

2.1.3 Secondary phases 
 

Secondary phases affect the properties of microwave dielectric ceramics. For 

example Ichinose et al. [5] reported the formation of BaTa2O6 as a secondary phase in 

Ba([Mg0.8Zn0.2]1/3,Ta2/3)O3 (BMZT) ceramics fabricated by conventional mixed-oxide 

reaction route. The secondary phase appeared as a result of the vaporization of ZnO 

from BMZT by sintering the sample at high temperature. As the Q x f of BaTa2O6 is 

lower than the BMZT so its presence as a secondary phase reduced the Q x f of 

BMZT (see Figure 2.3). Ceramics based on Ba3(Co0.7Zn0.3)Nb2O9 (BCZN), high 

sintering temperatures are required, resulting in evaporation of Zn
2+

 from the surface 

of the ceramic leading to the formation of Ba8ZnNb6O24 [6]. Further evaporation of 

Zn
2+

 will lead to the formation of another phase Ba4Nb5O15. The presence of these 

phases improved the Q x f of the BCZN ceramics due to the interaction between the 

microwave photon and the lattice occurs. 

 

 

 

Figure 2.3. Dependence of Q x f on the volume of the secondary phase in BMZT [5]. 

 



18 
 

2.1.4 Grain size 

 

The microwave dielectric properties of ceramics depend on the grain size as 

the grain boundary could be expected to scatter phonons. Penn et al. [7] reported that 

the grain size of the alumina was increased when sintered at 1600 °C for 30 h. They 

observed that as the grain size increased, the tan δ decreased due to the reduction in 

the number of grain boundaries per unit volume. Kiran et al. reported to observe 

increased Q x f with increasing grain size by the sintering time of Zn1-xMgxTiO3 

prepared by high energy ball milling method [8]. The Q x f values of single crystal are 

different from that of polycrystalline ceramics becuase of the grain size of the 

materials. In single crystals of Al2O3 the value of Q x f in the direction parallel to the 

[001] direction it is 1890000 GHz and perpendicular to the [001] direction is 1170000 

GHz [9]. The value of Q x f of polycrystalline Al2O3 ceramic is 370000 GHz [10].  

2.1.5 Tolerance factor 

In general, compounds with low permittivity exhibit low temperature 

coefficient of capacitancec) and vice versa. Harrop [11] compared permitivities of 

many paraelectric materials with c as shown in Figure 2.4.. The dielectric constant 

(r) of a material is related to the polarizability (j), by Classius-Mosotti (CM) 

equation [12]. 

jNr
i

r

ε -1 4π
= Σ α

ε -2 3
                       (2.1) 

where Nj is the concentration of atoms.  

In ideal perovskite structure (ABO3) cation of A site sits in the centre of the 

unit cell while the cations of B site occupy the corner positions surrounded by six 

oxygen (octahedra). The oxygen octahedra tilting play important role in the dielectric 

properties of pervoskite ceramics as a function of temperature. The major factor that 



19 
 

influences the f was reported to be due to the onset of the tilt transition [13]. In 

pervoskite, tilt transition occurs due to either in-phase or anti-phase rotation of the 

oxygen octahedra around the major axes. Colla et al. [14] reported that the the 

temperature of the onset of octahedral tilt transitions could be controlled by the 

tolerance factor (). They plotted the reported data of  as a function of  for various 

Ba and Sr based complex perovskites (Figure 2.5). 

 

 

 

 

 

Figure 2.4. Plot of c against r for a wide range of paraelectric materials [13]. 
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Figure 2.5. Plot of as a function of at room temperature for A(B
′
B
′′
)O3 (A = Ba 

and Sr, B
′
= Ca, Mg, Ni, Co, Mn, Zn, In, Gd, Nd, and B

′′
= Nb and Ta) 1:1 and 1:2 

complex perovskites [14]. 

 
 

 

2.1.6 Cation ordering 

 

One of the most important factor in the determination of the Q x f of 

microwave dielectric ceramics is probably the cation ordering. The cation ordering 

reduces the internal strain in the lattice because it maximises the distance between 

cations and anions in the structure [15]. The intensity of the peaks associated with the 

formation of a superlattice can be used to measure the degree of ordering. The B site 

cation ordering in perovskites can be determined using Equation 2.2 [16]. 
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100 110,012

100 110.012

I I obs
s =

I I order

  

  

ƒ

ƒ
                                                          (2.2) 

where S is the order parameter, I100, I110 and I012 (obs) are the observed intensities 

for the (100) (110) and (012) diffraction peaks respectively, and I100, I110 and I012 

(order) are the predicted intensities of the same peaks if the lattice is perfectly 

ordered. ABO3 perovskite-structured dielectrics, the cation ordering at the B-site 

could enhance the Q x f value of the ceramic [17]. The cation order parameter 

varies from 1 for a perfectly ordered lattice to 0 for the disordered lattice.  

Perovskite structure is tolerant to substitutions of different sizes and charges 

which provides different mechanisms of achieving ordering of the cations [18]. On 

the basis of the number of ions required to complete the ordered structure the 

ordering in perovskites is often given a notation. For example, a notation of 1:2 is 

given for Ba(Zn1/3Ta2/3)O3 as the ordering is formed by 2 Ta ions for every Zn ion. 

The cation ordering is usually improved by increasing the sintering temperature and 

time, slower cooling rate and by the addition of an annealing process after sintering. 

The perovskites structure can accommodate more than one aliovalent elements for 

both A and B sites and such compositions are called as complex perovskites which 

can be typically represented as A(B′xB′′y)O3 [19]. As cation ordering in the 

pervoskite structure can be realized with either A- or B-site, different cation 

ordering schemes are shown in the Figure 2.6 [20]. 

2.1.7 Synthesis route 

Ceramics materials are fabricated by the conventional solid state sintering 

route from mixed powders at high temperatures (1400-1600°C). Although the solid-

state route is a single process and a low cost technique, there are common problems 

associated with it. In fact, its high calcination temperature leads to the formation of  
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Figure 2.6. Different A-site and B-site cation ordering schemes in AA′B2X6 (right) 

perovskites and A2BB′X6 perovskites (left) [20]. 
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large particle size with high degree of agglomeration and wide size distribution of the 

ceramics. In order to obtain powders with the fine and homogeneous structure, it is 

important to lower preparation temperature. Various chemical methods have been 

proposed to produce high purity fine powders at low temperatures. These include sol 

gel method, hydrothermal processing, spray pyrolysis, citrate route, and a polymeric 

precursor method, etc. Ferreira and Baptista [21] prepared MgTiO3 by Pechini 

method, and found that the grain size of the ceramic was 9.6 μm sintered at 1350 ˚C 

with the εr value of 17.6 and tanδ value of 4.8 × 10
-5

. Gaikwad et al. [22] used co- 

precipitation route for the synthesis of BiNbO4, MgTiO3, and Mg4Ta2O9 and obtained 

the single phase ceramics by calcining precursor at 750 ˚C with submicron particle 

size which were two orders of magnitude smaller compared to the conventional solid 

state material. Miao et al. [23] prepared MgTiO3 by the organic soil gel method. 

Calcining precursor at 700 ˚C, MgTi2O5 phase was completely disappeared. The 

MgTiO3 ceramics sintered at 1200 ˚C showed microwave dielectric properties: εr = 

16.6, Q x f = 42600 GHz and τf = -41 ppm/˚C. Suresh et al. [24] obtained 

0.95MgTiO3-0.05CaTiO3 powders with ~ 65 nm particle size using auto ignition 

citrate route.  They reported the microwave dielectric properties; εr = 20.25, Q x f = 

65110 GHz and τf = 0 ppm/˚C for the ceramics sintered at 1150 ˚C. 

2.2 Reaction kinetics and thermodynamics 

  To understand the mechanism by which material is formed it is important to 

study the kinetics and the thermodynamics of the reactions. Kinetics is the study of 

the various aspects of the chemical reaction such as; the determination of rate of 

reaction as a function of temperature as well as its activation energy and it can give 

information about the reaction mechanism. Kinetic studies provide information on 

phase transformations [25], crystallization of metallic glasses [26], solid state 
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precipitation [27], decomposition [28], quasicrystalline structure of amorphous metals 

and alloys [29] and structural changes associated with nanomaterials [30]. Besides the 

composition, the physical properties of materials also depend on the size and shape of 

the particles [31].  

The rate law of a solid state reaction can be presented by a differential equation given 

below. 

 α

  
  ( )  (α)                  (2.3) 

where k(T) is the temperature dependent rate constant, α is the fractional conversion 

and f(α) is the reaction model. In solid state kinetics, individual reaction steps is often 

difficult to obtain therefore a reasonable reaction model is identified by mechanistic 

interpretations [32]. Based on certain mechanistic assumptions, numerous models 

have been proposed in solid state kinetics. Some of the common models are listed in 

Table 2.1 [33]. Isothermal or non isothermal methods are applied to obtain solid state 

kinetic data In isothermal methods, reactions are monitored at different constant 

temperatures while in nonisothermal methods, reaction are monitored by heating 

samples at one or more constant heating rates. 

On the other hand, thermodynamics of a reaction deal with the energy balance 

between the products and reactants. It can tell which process can principally occur and 

whether it consumes energy (endothermic) or releases energy (exothermic) to the 

surroundings. From the thermodynamic point of view, the sign of the Gibbs free 

energy change (ΔG) of the reaction governs the feasibility of the reaction. 

Merkle and Bertagnolli [34] prepared lead titanate and lead zirconate titanate 

by sol gel method and investigated its kinetics by the isothermal method. They 

reported that formation of both the pyrochlore and the perovskite exhibits Avrami  



25 
 

 

Table 2.1. Solid-state rate expressions for different reaction models [33]. 

 

Models 

 

Differential form 

f (α)=1/k dα/dt 

 

 

Integral form 

g(α)=kt 

 

Nucleation models 

Power law (P2) (2α)
1/2

  (α)
1/2

  

Power law (P3) (3α)
2/3

  (α)
1/3

  

Power law (P4) (4α)
3/4

  (α)
3/4

  

Avarami-Erofeyev (A2)  2(1- α)[-ln(1- α)]
1/2

  [-ln(1- α)]
1/2

  

Avarami-Erofeyev (A3)  3(1- α)[-ln(1- α)]
2/3

  [-ln(1- α)]
1/3

  

Avarami-Erofeyev (A4)  4(1- α)[-ln(1- α)]
3/4

  [-ln(1- α)]
1/4

  

Prout-Tompkins (B1)  α (1- α)  ln(α /1- α)]+ c
b
  

 

Geometrical contraction models 

Contracting area (R2) 2(1- α)
1/2

  [1-(1- α)
1/2

]  

Contracting volume (R3) 3(1- α)
2/3

  [1-(1- α)
1/3

]  

 

Diffusion models 

1-D Diffusion (D1) 1/(2α)  (2α)
2
 

2-D Diffusion (D2) [-ln(1- α)]
-1

 [(1- α)ln(1- α)]+ α  

3-D Diffusion-Jander (D3) [3(1-α)
2/3

]/[2(1-(1- α)
1/3

)]  [1-(1- α)
1/3

]
2
  

Ginstling-Brounshtein 

(D4) 

3/[2((1- α)
-1/3

-1)]  1-(2 α/3)-(1- α)
2/3

]  

 

Reaction-order models 

Zero-order (F0/R1) 1 α 

First-order (F1) (1-α) -In(1-α) 

Second-order (F2) (1-α)
2
 (1-α)

-1
-1 

Third-order (F3) (1-α)
3
 0.5(1-α)

-2
-1 
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exponents of ≈ 1. The activation energy (Ea) for the development of the pyrochlore 

phase was 500 kJ/mol and for the formation of the perovskite phase Ea was 300-350 

kJ/mol. Pela et al. [35] synthesized Bi2O3-ZnO-Nb2O5 (BZN) by the polymeric 

precursor method and studied synthesis kinetics using nonisothermal method. They 

reported that the crystallization of BZN was diffusion controlled which occurred 600 

°C. The activation energy was determined from Ligero (Ea = 242 kJ/mol) and 

Kissinger (Ea = 241 kJ/mol). The Avrami exponent was 1.3 and the frequency factor 

was ~1x10
13

s
–1

. Hu et al. [36] studied the kinetics of solid-state reaction of 

Li4Ti5O12/C in a dynamic nitrogen atmosphere using nonisothermal method. They 

described the reaction mechanism as the three dimensional diffusion (Jander) for the 

formation of Li4Ti5O12/C. The values of average activation energy, frequency factor, 

and reaction order were reported to be 284.40 kJ/mol, 2.51 × 10
18

 min
-1

, and 1.01, 

respectively using Flynn Wall Ozawa method. However, the corresponding values in 

Friedman Reich Levi method were 271.70 kJ/mol, 1.00 × 10
17

 min
-1

, and 0.96, 

respectively. They also evaluated thermodynamics parameters and reported the values 

of enthalpy of activation = 272.06 kJ/mol, Gibbs free energy of activation = 240.16 

kJ/mol, and entropy of activation = 44.24 J/molK at the peak temperature. Recently, 

Sonak et al. [37] fabricated the lithium titanate from lithium carbonate and titanium 

oxide using the solid state route. They applied non-isothermal technique using the 

Flynn Wall Ozawa and Kissinger Akahira Sunose to estimate the kinetic parameters. 

They reported the average activation energy for the formation of lithium titanate to be 

243 kJ/mol. The determined reaction mechanism was three dimensional diffusion 

model by the Malek method. 

2.3 MgTiO3-based microwave dielectric ceramics 

Ilmenite structured MgTiO3 is a promising material with microwave dielectric 
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properties; εr = 17, Q x f = 160000 GHz and τf = -56 ppm/˚C processed by the 

conventional mixed oxide route [38]. This Q x f value can be improved by the 

removal of impurities at the grain boundaries or at the crystal lattice through 

processing by chemical synthesis route. Ferreira et al. [39] reported to improve the Q 

x f value to approximately 166400 GHz without much effect on the relative 

permittivity or the τf of the ceramics prepared by Pechini method. Ferreira et al. [40] 

also reported that the Q x f enhanced from 166400 GHz to 166900 GHz by the 

addition of 1 % Nb
5+

 but the Q x f decreased to 53600 GHz when the concentration 

of Nb
5+ 

increased to 2%. In their study doping of La
3+ 

and Fe
3+

 showed similar 

results. The effect of Ta
5+

 additions on the microwave dielectric properties of 

MgTiO3 ceramics was studied by Kuang et al. [41], and found that the addition of  < 

2mol% of Ta
5+

  increased the Q x f value from 100000 GHz to 110000 GHz. This 

increase in Q x f value was due to compensation of oxygen vacancies by 

incorporation of Ta
5+

.  

Recently, Jo et al. [42] investigated the microwave dielectric properties of 

MgTiO3 ceramics with isovalent substitutions of (Li1/4B3/4)
4+

, (Mg2/3B2/3)
4+

, 

(Al1/2B1/2)
4+

 and (B = Nb
5+

 or Ta
5+

) at the Ti-site. All the substituted 

MgTiO3 ceramics exhibited single phases of ilmenite structure. Samples with B = 

Ta
5+

 showed higher values of Q x f and lower values of εr than those with B = Nb
5+

, 

which was due to the high degree of average covalency in the ceramics. Due to the 

high Ti-site bond strength of (Mg1/3B2/3)
4+

, the Q x f values of ceramic samples 

substituted with (Mg1/3B2/3)
4+

 at the Ti-site were higher than those of other 

substituted MgTiO3. The (Li1/4B3/4)
4+

 substituted at the Ti-site of MgTiO3 ceramics 

showed the largest εr due to the larger dielectric polarisability of the substituting 

species. All the isovalent substituted ceramic samples showed lower values of τf than 
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the pure MgTiO3 ceramics, due to the reason of increased Ti-site octahedral 

distortion. With partial substitution of Mg
2+

 by A (A = Ni
2+

, Zn
2+

, Co
2+

 or Mn
2+

), 

(Mg0.95A0.03)TiO3 ceramics possess a much higher Q x f values (183000–

247000 GHz) than pure MgTiO3 [43]. Li et al [44], reported to achieve very high Q x 

f of 244500 GHz for (Mg0.95Co0.05)TiO3 synthesized by reaction sintering route. 

Mg0.95Zn0.05TiO3 also reported to show similar high values of Q x f [45]. Zhang et al. 

[46] studied the additive effects of Bi2O3–V2O5 on the microwave dielectric 

properties of MgTiO3 ceramics. The sintering temperature of MgTiO3 ceramics 

lowered to 875 °C due to the liquid-phase effect of the Bi2O3–V2O5 addition. The 

addition of Bi2O3–V2O5 strongly affected the microwave dielectric properties of 

MgTiO3. The values of εr decreased while Q x f values improved with the increasing 

V2O5 content, which is due to the variation of the second phases: BiVO4, 

Bi4V1.5Ti0.5O10.85 and Bi2Ti2O7. MgTiO3 with 5.0 mol% Bi2O3–7 mol% 

V2O5 exhibited better microwave dielectric properties: εr = 20.6, Q x f = 65646 GHz. 

The structure of the MgTiO3 is ilmenite with rhombohedral symmetry at room 

temperature and pressure [47]. A common problem that occurs during the fabrication 

of MgTiO3 ceramics by the mixed oxide route is the formation of secondary phases 

due to segregation of the different oxide components in the system [21]. The two well 

identified secondary phases which formed during the fabrication of MgTiO3 are 

MgTi2O5 having orthorhombic Bbmm structure [47] and Mg2TiO4 with Fd3-mz 

structure [48]. The secondary phase MgTi2O5 formed due to the deficiency of MgO 

whilst excess of MgO produces Mg2TiO4.  

2.4 CaTiO3-based microwave dielectric ceramics 

The pervoskite structured CaTiO3 has a high εr of about 170 with good Q x f 

value of about 6000 GHz but its τf is too high (+800 ppm/˚C) for practical 
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applications [1]. The microwave dielectric properties of CaTiO3 can be tuned due to 

fact that its perovskite structure which is known to be tolerant to substitution on both 

the A and B-sites [18]. MacChesney and Sauer [49] first reported the dielectric 

properties of cation deficient rare earth ceramics on the La2O3-TiO2 system. They 

found that the phase of La2/3TiO3 was unstable and decomposed into La2Ti2O7 and 

La4Ti9O24. Later on Suvorov et al. [50] studied the microwave dielectric properties of 

La2/3TiO3 and found that the presence of the La2Ti2O7 and La4Ti9O24 phases greatly 

degrades the properties of the ceramics. To prevent the formation of La2Ti2O7 and 

La4Ti9O24 and to stabilise the La2/3TiO3 phase, a number of additions have been used. 

CaTiO3 is usually used to stabilize La2/3TiO3 phase [51]. 

The crystal structure of Ca(1-x)Ln2x/3TiO3 ceramics have been investigated by 

several researchers. Yoshida et al. [52] reported an orthorhombic Pmmm structure 

based on lattice parameters of a = ac b = ac and c = 2ac for the Ca(1-x)Nd2x/3TiO3 

ceramics. For Nd2/3TiO3 stabilised with NdAlO3 the structures that have been reported 

include orthorhombic Cmmm and monoclinic C12/m [53]. Kagomyia et al. [54] 

investigated the Na(1-x)Nd2x/3TiO3 ceramics and suggested orthorhombic structure 

from the XRD study but did not attempt to assign a space group to this structure. 

Azough et al. [55] studied 0.9La2/3TiO3-0.1LaAlO3 using high resolution TEM and 

synchrotron XRD and described the structure of this ceramic in terms of an 

orthorhombic Cmmm with all three axes doubled due to octahedral tilting. In a later 

investigation [56], it was reported that the mitigation of strain from phase 

transformations in these materials was due to the sharing of the 4g sites. 

For the microwave dielectric properties of other rare earth cation deficient 

materials, there appear a general trend in the position of the peak. The peak in Q x f 

can be found at x = 0.6 for Ca(1-x)Sm2x/3TiO3 with a Q x f of 15000 GHz which rapidly 
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decreases for x > 0.6 [57]. The change in the properties of Ca(1-x)Sm2x/3TiO3 ceramics 

could be described due to the formation of the secondary phase Sm2Ti2O7 at this 

composition. The Ca(1-x)La2x/3TiO3 ceramics showed increase peak in the Q x f 

followed by a region of no change in the Q x f value [51]. The changes in the Q x f 

value for Ca(1-x)La2x/3TiO3 for large additions of La
3+

 could be explained by the 

disorder-order transition [58]. With increase in the order parameter, however, there 

was only a minimal increase in the Q x f. 

The microwave dielectric properties of CaTiO3 can be tuned using 

(Mg1/3Ta2/3) on the B-site of the perovskite structure [59]. As compared to CaTiO3, 

Ca(Mg1/3Ta2/3)O3 (CMT) reported to exhibit a much higher Q x f value of 60000 GHz 

[60]. For the CaTiO3-Ca(Mg1/3Nb2/3)O3 initial addition of 30% CMT caused the Q x f 

to fall to approximately 1000 GHz and then rose to 60000 GHz for pure CMT. The 

rate of increase of the Q x f slowed after additions of 65% CMT. Raman study for 

CMT-CT ceramics revealed that in the same range of compositions there was an 

increase in the ordering of the cations in the lattice, however, it is thought that the 

ordering is still over a short length range. Huang et al. [61] investigated the 

microwave dielectric properties of the similar system CaTiO3-Ca(Mg1/3Nb2/3)O3 but 

did not find the same trend in the Q x f value as Fu et al [60] but did not investigate its 

Raman analysis to compare the two systems. 

Levin et al. [62] investigated the effect of CaTiO3 additions on the structural 

and microwave dielectric properties of Ca(Al1/2Nb1/2)O3. They used high temperature 

diffraction techniques to investigate the order-disorder transitions in the structure. 

They reported that Ca(Al1/2Nb1/2)O3 remained ordered up to 1650 
o
C but the transition 

temperature is rapidly depressed by the addition of CaTiO3. They achieved the 

optimal value of Q x f = 48400 GHz for the composition of 0.33 CaTiO3-
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0.67Ca(Al0.5Nb0.5)O3. The neutron diffraction and Raman analysis revealed that the 

maximum amount of CaTiO3 which can be added to Ca(Al0.5Nb0.5)O3 without 

forming a disordered arrangement of cations in the lattice.  

Zheng et al. [63, 64] studied the ordering in a variety of CaTiO3 based solid 

solutions with additions of Sr(Mg1/3Nb2/3)O3, and other ceramics using Raman 

spectroscopy. At room temperature Sr(Mg1/3Nb2/3)O3 has a hexagonal structure with 

an 1:2 ordered arrangement of the Mg
2+

 and Nb
5+

 cations showing 9 modes in the 

Raman spectra. The width of the mode at 825cm
-1

 increased by additions of CaTiO3 

indicating a disruption in the long range ordering of the cations. It was concluded that 

the degradation of the Q x f value could be due to the disruption of the long range 

ordering and the subsequent presence of short range. Kipokoech et al. [65] studied the 

effect of CaTiO3 additions on the microwave dielectric properties of La(Mg1/2Ti1/2)O3. 

A complete solid solution was observed across the whole composition range, but the 

presence of 1:1 ordering of the Mg/Ti ions was only detected for up to 30% additions 

of La(Mg1/2Ti1/2)O3. Hsu and Chang [66] studied the effect of Zr on the dielectric 

properties of Ca0.8Sr0.2TiO3 ceramic. The substitiutaion of Zr on the Ti site were found 

to effect the different phase change and Q x f and τf were improved. Muhammad and 

Iqbal [67] investigated the effect of Nb0.5Ga0.5 on CaTiO3 and found that the Q x f 

increased while εr and tf decreased with the doping. 

2.5 MgTiO3-CaTiO3 ceramics 

CaTiO3 can be used as a component to tune the τf of MgTiO3 through zero and 

to increase the εr. In MgTiO3-CaTiO3 (MCT) there is a composite microstructure 

containing two or more separate phases due to the reason that the crystal structure of 

MgTiO3 is rhombohedral R3, while that of CaTiO3 is orthorhombic Pbnm. Most of 

the work has focused on reducing the sintering temperature of the ceramics. Huang et 
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al. [4] investigated the effects of ZnO on the phase, microstructures and microwave 

dielectric properties of MCT ceramics. They found that the sintering temperature can 

be lowered due to the liquid phase effect to 1300 °C for the ZnO-doped 0.95MgTiO3–

0.05CaTiO3 ceramics and also formation of second phase MgTi2O5 can be effectively 

restrained. They reported the microwave dielectric properties ɛr = 20, a Q × f  = 65000 

GHz and a τf = −5.8 ppm/°C for the 0.95MgTiO3–0.05CaTiO3 ceramics with 1 wt% 

ZnO addition sintered at 1300 °C. Huang et al. [68] also studied the addition of 

V2O5 to lower the sintering temperature and reported that the small addition lowered 

the firing temperature of 0.95MgTiO3–0.05CaTiO3 to 1250 °C. The addition of V2O5 

prevent the formation of second phase MgTi2O5. A maximum Q × f value of 

69000 GHz with an ɛr of 18.9 and a τf value of −10.65 ppm/°C, was attained for 

0.25 wt% V2O5-doped sample sintered at 1300 °C. Sanoj and Verma [69] investigated 

the effect of addition of glasses on the sinterability and microwave dielectric 

properties of MCT. The addition of 15 wt% 60ZnO–30B2O3–10SiO2 glass lowered 

the sintering temperature of MCT from 1275 to 1050 ◦C, with microwave dielectric 

properties; ɛr = 17.7, Q x f = 29000 GHz, and τf = -10.2 ppm/˚C. The addition of 5 

wt% B2O3 glass also reduced the sintering temperature to 1050 ◦C, having microwave 

dielectric properties; ɛr = 17.5, Q×f = 22000 GHz, and τf = -1.6 ppm/˚C. Xie et al. 

[70] studied the additive effect of WO3 on the phase formation and microwave 

dielectric properties of 0.95MgTiO3-0.05CaTiO3. WO3 not only restrained the 

formation of secondary phase MgTi2O5 but also lowered the sintering temperature. 

Recently Li et al. [71] investigated the effect of Mg2.05SiO4.05 addition on the 

properties of MgTiO3-CaTiO3. This study revealed that the formation of unwanted 

phase MgTi2O5 could be inhibited by this addition. 
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2.6 Objectives  

The synthesis route for MgTiO3-CaTiO3 based microwave dielectric ceramics in 

previously published literature is conventional solid state. The main problems associated 

with afore mentioned method is that, the solid phase reaction needs higher processing 

temperature resulting in abnormal grain growth and formation of secondary phases. 

Polymeric precursor method could reduce the processing temperature of the ceramics and 

produces ultrafine particle with normal and uniform grain growth. Secondly, microwave 

dielectric properties of MgTiO3-CaTiO3 could be enhanced by doping with Co, Zn, Sr and 

La. Keeping in view the above mentioned facts, La/Sr doped CaTiO3 ceramic and Zn/Co 

doped MgTiO3 and their composites ceramics will be fabricated by a polymeric precursor 

method. Furthermore, Non isothermal kinetics for the thermal decomposition of 

polymeric precursor could be very useful to understand the reaction mechanism and 

optimization of reaction parameters. In the course of this investigation, TGA/DSC will be 

used for thermal degradation and kinetics study of polymeric precursor. The structural 

properties and phonon modes of the ceramics will be determined using X-Ray Diffraction 

and Raman spectroscopy. In order to make correlations between the microstructure and 

the microwave dielectric properties, scanning electron microscopy will be used. 

Network analyzer and impedance spectroscopic techniques will be tested for the 

measurement of electrical properties. 
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CHAPTER 3 

EXPERIMENTAL 

3.1 Ceramics preparation 

All the powders were prepared by polymeric precursor (PC) method. PC 

method is based on polymerization of metal citrates using ethylene glycol. Polymeric 

precursors are made from metal salts, hydrocarboxylic acid and ethylene glycol by 

treating at low temperature. In PC method citric acid is more widely used as 

compared to the majority of the acids because of its high stability. The stoichiometric 

compositions can be achieved by the PC method when the metal cations mixed at a 

molecular level and citric acid chelating the metal ions in solution. The strong 

coordination of the citrate ion to the metal cation involving two carboxyl groups and 

one hydroxyl group leads to the stable metal complexes as shown in Figure 3.1 [1].  

 

 

 

Figure 3.1. Schematic illustration of the reaction in polymeric precursor method [1]. 
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The addition of ethylene glycol leads to the condensation reaction and the 

formation of a polymeric ester. The heat treatment promotes condensation and 

polymerization reaction. Among various chemical methods polymeric precursor is 

simple and can produce nano-sized multicomponent ceramics [2, 3]. This is due to 

the reduction of segregation of different metal ions in the metal chelate complexes. 

Immobolization of metal chelate complexes in such a rigid organic polymer net can 

reduce segregation of individual metals during pyrolysis. There are several 

advantages of polymeric precursor method such as; high purity, homogeneous 

compositions, low cost and low temperature heat treatment.  

All the powders in the present study were prepared by polymeric a precursor 

method using starting materials listed in Table 3.1. The titanium citrate solution was 

obtained by first dissolving stoichiometric amount of titanium isopropoxide in 

ethylene glycol followed by the slow addition of citric acid in a beaker with stirring 

for 30 min. The other metal citrate solutions were obtained by dissolving metal 

nitrate in deionized water followed by the addition of citric acid. Both the citrate 

solutions were mixed slowly while stirring at 60 °C until it became transparent. To 

promote polymerization the clear solution was kept overnight in an oven at 120 °C. 

The solution became viscous with the loss of excess solvent and finally brown resin 

was obtained. To remove excess organic residue, the resin was heated at 250 °C for 3 

h. The resulting black solid mass (precursor) was pulverized with pestle and mortar. 

The precursor was thermally treated at 500, 600, 700 and 800 °C to obtain various 

ceramic powders given in Table 3.2. The systematic sketch of the procedure is given 

in Figure 3.2. 
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Table 3.1. A list of the chemicals used in the ceramics preparation. 

 

Reagent Name 

 

Chemical Formula 

 

Supplier 

 

Purity 

 

Calcium nitrate tetrahydrate 

 

Ca(NO3)2.4H20 

 

Scharlau 

 

≥ 99 % 

 

Strontium nitrate 

 

Sr(NO3)2 

 

Scharlau 

 

≥ 99 % 

 

Lathanum nitrate hexahydrate 

 

La(NO3)2.6H20 

 

Scharlau 

 

≥ 99 % 

 

Magnesium nitrate hexahydrate 

 

Mg(NO3)2.6H20 

 

Scharlau  

 

≥ 98 % 

 

Zinc nitrate hexahydrate 

 

Zn(NO3)2.6H20 

 

Scharlau 

 

≥ 99 % 

 

Cobalt nitrate hexahydrate 

 

Co(NO3)2.6H20 

 

Scharlau 

 

≥ 99 % 

 

Titanium isopropoxide 

 

Ti(C3H7O)4 

 

Aldrich  

 

≥ 97 % 

 

Ethylene glycol  

 

C2H6O2 

 

Scharlau  

 

≥ 99 %) 

 

Citric acid monohydrate 

 

C6H8O7.H2O 

 

Scharlau  

 

≥ 99 % 

 

Triply deionized water 

 

H2O 

 

Millipore 

Corporation 

 

Type 1 
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Figure 3.2. Preparation procedure of ceramics powders. 
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Table 3.2. A list of the compositions prepared. 

 

 

Compositions 

 

Calcination 

temperature 

/˚C 

 

Sintering 

temperature 

/˚C 

(Ca0.8Sr0.2)0.6La0.267TiO3 500-800 1100-1250 

Mg0.95Zn0.05TiO3 500-800 1100-1250 

0.9Mg0.95Zn0.05TiO3-0.1(Ca0.8Sr0.2)0.6La0.267TiO3 800 

 

1200 

0.85Mg0.95Zn0.05TiO3-0.15(Ca0.8Sr0.2)0.6La0.267TiO3 800 

 

1200 

0.8Mg0.95Zn0.05TiO3-0.2(Ca0.8Sr0.2)0.6La0.267TiO3 800 

 

1100-1250 

0.75Mg0.95Zn0.05TiO3-0.25(Ca0.8Sr0.2)0.6La0.267TiO3 800 

 

1200 

Mg0.95Co0.05TiO3 500-800 

 

1100-1250 

0.9Mg0.95Co0.05TiO3-0.1(Ca0.8Sr0.2)0.6La0.267TiO3 800 

 

1200 

0.85Mg0.95Co0.05TiO3-0.15(Ca0.8Sr0.2)0.6La0.267TiO3 800 

 

1200 

0.8Mg0.95Co0.05TiO3-0.2(Ca0.8Sr0.2)0.6La0.267TiO3 800 

 

1100-1250 

0.75Mg0.95Co0.05TiO3-0.25(Ca0.8Sr0.2)0.6La0.267TiO3 800 

 

1200 

 

 

3.2 Sintering 

The heating of a compact body to a dense mass below melting temperature, is 

referred to as solid state sintering. In the compacted body, grain particles are in contact 

with one another at many sites leaving large number of unfilled spaces. Generally, the 

sintering proceeds in three stages. In the first stage, the pores among the interconnected 

particles become rounded in shape and the particle surfaces become smooth. In the 

second stage, along many three grain junctions a continuous pore channels is formed and 

when densities become greater than 92%, these channels form closed pores. In the last 

stage of sintering, the elimination of isolated pores occurs by the process of mass 
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transport from the grain boundaries [4].  

In the present study, green pellets of various compositions were placed on a ZrO2 

plate and sintered at a heating rate of 3°C/min for 4h in a furnace (Nabertherm GmbH, 

Germany). Prior to the pressing the calcined powders were ball milled in polyethylene 

mill jars for 8 h using ZrO2 balls as grinding media and deionized water as lubricant. 

The samples were dried overnight in a drying oven at ~ 100°C. Pellets with ~ 11 mm 

diameter and ~ 5 mm height were obtained by uniaxilly pressing the powders at 2000 

Kg/cm
2
 pressure. 

3.3 Characterization  

3.3.1 Thermal analysis 

Thermal analysis is a technique in which the changes in the properties of a 

material with temperature can be measured. In solid state science, there are many 

applications of thermal analysis, such as; study of thermal decompositions, phase 

transitions, study of solid-state reactions and determination of phase diagrams. The 

thermo gravimetric analysis (TGA) and differential scanning calorimetry (DSC) were 

used in the present study [5]. TGA measures the changes in weight of the sample with 

the increase in temperature. This method is used to investigate the transformation of a 

condensed phase sample, which involves absorption or evolution of gases. DSC offers 

information about the heat flow rate (heat exchange) to the sample during the heating 

process [6]. In this study decomposition behaviours of some selected polymeric 

precursors were investigated using a NETZSCH STA 409PC/PG Thermal Analyser. 

In the thermal Analyser, single heating chamber is used having a disk on which the 

specimen and reference pans rest in a platform. To the each platform thermocouple is 

welded for the measurement of temperature difference. The voltage of energy per unit 

time (DSC output) is then obtained by converting the amplified differential 
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thermocouple using computer software [7]. 

In the current TG/DSC study, dried polymeric precursor is placed on a 

crucible. The crucible rests on a high precision balance, in the hot zone of the furnace. 

A thermocouple is in place to monitor the temperature difference of the sample with 

the reference. In all the TG/DSC experiments nearly 10 mg of powder samples was 

taken with the heating rates; β = 5, 10, 15, 20 ˚C/min, up to 800 ˚C at an air flow rate 

of 50 mL/min. 

3.3.2 Density measurement 

The densities of the ceramic pellets were measured by a geometrical method 

including the dimensions and mass of the specimen. The mass was measured using a 

digital balance accurate to ± 0.001g and the dimensions of pellets were measured 

using a micrometer accurate to ± 0.001mm. The density was then calculated using 

Equation 3.1. 

  
 

 
                    (3.1) 

where m is the mass and v is the volume of pellets. Volume of the sample was 

calculated by the formula. 

                             (3.2) 

where r is the radius and t is the thickness of the pellet. Percentage of the theoretical 

density of the samples was calculated by comparing the calculated densities and the 

theoretical densities obtained from the X-Ray diffraction data.  

3.3.3 X-Ray diffraction 

The X-ray diffraction (XRD) is a technique used to determine the structure of 

crystalline materials. In this technique X-rays interact with material and there is 

destructive interference for the majority of scattering angles due to the wave like 

nature of  X-rays. In some cases there are peaks in X-ray intensity on the detector due 
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to the constructive interference from the crystallographic planes. The constructive 

interference will only be possible if the path difference between diffracted x-rays from 

two adjacent planes is an integral number of wavelengths [8]. The path difference 

between the planes (spacing) can be determined by Bragg’s law given in Equation 3.3 

(Figure 3.3). 

                                         (3.3) 

 

 

               Figure 3.3: Schematic diagram of Bragg’s law [9]. 

 

 

where n is the order of the plane, λ is the wavelength of the X-ray, d is the spacing 

between two planes and Ө is the scattering angle and taking into account for the peak 

position. The symmetry, lattice parameters and structure of the crystalline material 

determine the position of the peaks in the diffraction pattern while the intensities of 

the peaks are determined by the scattering power of the atoms. The X-ray diffraction 

patterns of sample can give information about the composition of specimens and the 

structure of the phases. When high energy electrons accelerated by magnetic field 
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strike a metal target, X-rays are produced. In the process, some of the 1s electrons 

from the K shell of the target atom could be knock out by the incident electrons. 

Electron from an outer shell (2p or 3p) immediately falls down to to fill the vacancy 

created in the 1s orbital. Kα-radiation is produced when transition from 2p to 1s shell 

occurs, while the transition from 3p to 1s shell resulted in Kβ-radiations. Kα radiations 

are used in the diffraction experiments due to the higher intensity of Kα radiations 

than that of Kβ radiations.  

The X-ray diffractometer used in this study for room temperature structure 

determination was a Philips Automated Powder Diffractometer (Philips PW1830 

APD) using a Cu X-Ray radiation source with a wavelength of 1.54096Å operating at 

50 kV in the range of 10° < 2θ < 80° with scan step of 0.05
o
 and counting time of 5 

sec/step. 

3.3.4 Rietveld analysis 

The analysis of the structural characteristics of materials by a non-linear least 

squares approach is called and Rietveld analysis [10]. Material Analysis Using 

Diffraction (MAUD) [11] is computer programme based on the principles of Rietveld 

refinement using a graphical user interface (GUI). For the refinement of the 

diffraction spectra, the crystallographic information file (CIF) of structures reported in 

the literature was modified for the input to match the exact nature of the material 

being examined. For example, (Ca0.8Sr0.2)La0.267TiO3 has not been studied in this 

exact form before, so it was required that the CIF file of CaTiO3 was modified to suit 

the purposes of this study. Similarly, a CIF file of MgTiO3 was modified for the 

analysis of Mg0.95Zn0.05TiO3, Mg0.95Co0.05TiO3 and Mg0.95(Co0.025Zn0.025)0.05TiO3. The 

pseude-Voigt (pV) function with asymmetry was assumed to be the peak shape and a 

polynomial function of degree four was used for the background fitting.  
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3.3.5 Electron microscopy 
 

Electron microscopy is a powerful tool for the prediction of many inheriting 

properties of the materials. Scanning electron microscopy (SEM) generate images by 

scanning the surface of a sample with a small electron probe synchronous with an 

electron beam from a source. When the sample is exposed to the beam several 

interactions can occur, including the generation of secondary electrons, electrons 

backscattered from the sample surface and X-rays [12]. The atomic number contrast 

arises due to the backscattered electrons from the sample and hence can be used to 

determine the number of phases because heavier elements will scatter electrons more 

than lighter elements. The secondary electrons are generated only in the upper 2nm of 

the surface of the sample which give topographic contrast mechanism. 

In the transmission electron microscopy (TEM), collimated beams of 

accelerating electrons pass through a thin sample. The passing electrons either 

transmitted unaffected or scattered by the sample. The scattering can be elastic or 

inelastic and the probability is described in terms of the mean free path. The electrons 

that come out of the sample distributed non uniformly and contains all the structural 

information of the sample [13].  

In the present study, the microstructure of calcined powders and sintered 

ceramics were examined using a field emission scanning electron microscope (FE-

SEM Philips XL30). Suspensions from the calcined powders were prepared by 

dispersing a sample in acetone. Suspensions were then dropped onto the stubs and 

then coated to prevent electrostatic charge accumulation. For sintered pellet, sample 

was grounded with 200, 400, 800 and 1200 grades SiC papers, polished with 6 µm 

diamond paste and an oxide polishing suspension and finally thermally etched for 1 

hour at 1100 °C. For TEM study, powder sample of Mg0.95Zn0.05TiO3 was prepared by 
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dropping the powder suspension onto a copper grid (carbon coated). After drying the 

drop naturally in the air, sample was examined using Transmission electron 

microscope (Tecnai F30) operating at 300 kV. 

3.3.6 Raman spectroscopy 

Raman spectroscopy is used for the investigation of the vibrational modes of 

material by the measurement of inelastic scattering of the electromagnetic radiation 

[14]. The electric field component of the photon on interaction with the material will 

distort the electron clouds of the material. As a result of the interaction this distortion 

will only have a Raman active effect if there is a change in the polarizability of the 

material. As the microwave dielectric behaviour involves the vibration of the lattice 

the information that can be obtained from Raman spectroscopy is important for the 

understanding of changes in the properties of the material [15].  

In the present study, Raman spectra at room temperature of the sintered pellets 

with polished surface were recorded using Renishaw Microscope system (New Mills, 

Wotton-Under-Eagle, UK) with a diode 514 nm excitation laser. Each result was the 

sum of the three spectra collected for 15s over the 150-1500 cm
-1

. 

3.4 Dielectric property measurements 

3.4.1 Microwave dielectric measurement  

There are two commonly used techniques to measure the microwave dielectric 

resonance, the post resonance technique [16], and the cylinder cavity resonance 

technique [17, 18]. In these techniques different geometrical arrangements of metal 

shields to prevent radiation loss are used. A cylindrical dielectric sample with the 

lowest transverse electric (TE) mode is always used in both techniques because 

identification of the resonance peak becomes easier.  

 The post resonance technique was first suggested by Hakki and Coleman in 
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1960 [16]. In this method two parallel metal plates hold a cylindrical dielectric rod 

and two coupling antennae are used which are loosely electromagnetically coupled to 

the system. For the calculation of dielectric properties, the TE011 mode is adopted and 

the resonant frequency (fo), the half power bandwidth (Δf3dB), the insertion loss (S21), 

the thickness and diameter of the specimen are measured. 

In the cylinder cavity resonance technique the specimen is placed on a quartz 

support inside a cylindrical cavity with a height (L) and diemeter (D) (Figure 3.4). 

The TE01δ mode is used the same parameters are recorded as given for first technique. 

In the cylinder cavity resonance technique a slightly smaller specimen size is required 

and more accurate dielectric loss value is obtained than that of the post resonance 

technique. 

 

 

 

Figure 3.4. Schematic diagram for the cylinder cavity resonance technique [19]. 

 

 



55 
 

The εr is determined from the fo and Q from f/Δf where Δf is the 3 dB 

bandwidth. The τf is calculated by measuring the resonant frequency of the sample 

over a range of temperatures, using Equation 3.4. 

   
     

  (  )
                                                                                                               (3.4) 

where f1 and f2 are resonant frequencies at initial and final temperatures respectively, 

and ΔT is the difference in the temperatures. In the present study measurements were 

taken using the cylindrical cavity in the temperature range 20-75 ˚C. 

3.4.2 Impedance spectroscopy 

Impedance spectroscopy is a technique in which the response of a dielectric 

material to an applied voltage is plotted as a function of frequency at given 

temperatures. This technique is generally used to identify the observed relaxation 

effects at the atomic and microstructural levels [20]. The impedance of the specimen 

is measured over a wide range of frequency (10
-2

 to 10
7
 Hz). Real part of the 

impedance (Z′) and imaginary part of the impedance (Z′′) are presented in the form of 

a cole-cole plot. In the cole cole plot, each parallel RC element gives rise to a semi-

circle. The resistant values are obtained from the intercepts on the Z′ axis, while the 

capitance values are aquired by applying the equation, ωmax RC = 1. The obtained 

values of R and C can be assigned to the different regions of the specimen as 

described in Table 3.3. 

A ceramic which shows only a single semicircular arc for only a bulk 

component in cole cole plots is electrically homogeneous. The imaginary impedance 

(-Z′′) and modulus (M′′) plots show a single Debye peak occurring at very similar 

frequencies in each spectrum also indicates the homogeneity of ceramic. In case of 

electrically inhomogeneous ceramic, the cole cole plot exhibits broad and depressed 

single arc. The reson for such responses are due to either bulk response or overlapping  
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Table 3.3. Capacitance and their possible interpretation [21] 

Capacitance value (F) Responsible Phenomena  

10
-12

 Bulk 

10
-11

 Second phase 

10
-11

-10
-8

 Grain boundry 

10
-9

-10
-7

 Surface layer 

10
-7

-10
-5

 Sample electrode interface 

10
-4

 Electrochemical reactions 

 

bulk and grain boundary responses having similar time constants. The -Z′′ and M′′ 

plots show single, but broadened Debye peaks that occur at different frequencies 

forheterogeneous ceramics. Arrhenius equation is used to calculate the activation 

energies associated with bulk and grain boundary conduction processes where 

resistance is plotted against temperature. Generally, there is a correlation between 

microstructure and ac response, therefore, impedance spectroscopy is useful 

technique. 

In the present study, Impedance spectroscopy of the (Ca0.8Sr0.2)0.6La0.267TiO3 

samples sintered at 1200 
o
C was undertaken. Pellet, approximately 11 mm diameter 

and 2 mm thick was gold coated and connected to the Pt wires of the impedance 

analyzer (HP 4192A) and data was collected at temperatures from 200 to 500 
°
C at 

frequencies from 5 Hz to 10 MHz. 
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CHAPTER 4 

CHARACTERIZATION OF Mg0.95Zn0.05TiO3 CERAMIC 

4.1 Introduction  

Temperature compensated bulk dielectrics of MgTiO3 have been frequently 

used in the fabrication of several telecommunication devices such as low insertion 

loss band-pass filters, antenna diplexers, multilayer capacitors, 90° hybrid couplers, 

and planar patch antennas [1]. The partial replacement of Mg
2+

 ions by Zn
2+

 further 

enhances the quality factor of MgTiO3 [2]. Traditionally, MgTiO3-based ceramics are 

prepared by a solid state sintering method, which needs high processing temperature 

[3]. Several other methods (co-precipitation, decomposition of peroxide precursor, 

polymeric precursor, solution deposition technique, chemical vapor deposition, sol–

gel) have been proposed to improve the material properties as well as reducing 

processing temperature [4-9]. Among them polymeric precursor chemistry offers 

unique tools for nanoscale mastering of the multicomponent material preparation [10]. 

Kinetic analysis technique received considerable attention to study the thermal 

decomposition process of substances [11-15]. Study of the kinetics of the reaction and 

mechanism is important because the degree of reaction and controlling step affect the 

final product and hence the performance of the material. Although studies on 

synthesis and dielectric properties of MgTiO3-based ceramics have been reported, 

there have been no studies reported on the kinetic analysis for the thermal 

decomposition of polymeric precursor of MgTiO3-based ceramics. In the present 

study, Zn substituted MgTiO3 was synthesized by polymeric precursor method. TGA-

DSC in the flow of air at different heating rates was employed to study the thermal 

decomposition kinetics of the polymeric precursor. Isoconversional methods (Flynn-

Wall-Ozawa and Kissinger-Akahira-Sunose) were used to estimate the activation 
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energy (Ea), pre-exponential factor (A) and order of the reaction (n). The mechanism 

function of the reaction was deduced using double equal double steps method. 

Thermodynamic parameters (ΔH
*
, ΔG

*
, and ΔS

*
) at the Tp (peak temperature) were 

calculated. Moreover, XRD and TEM techniques were employed to examine the 

phase development and particle morphology respectively. 

4.2 Results and discussion 

4.2.1. Thermal analysis 

Figure 4.1 shows the TGA/DTG/DSC curves of the thermal decomposition of 

the polymeric precursor at different heating rates. The weight loss up to 300 ˚C in all 

the TGA curves is mainly due to the loss of physical and chemically adsorbed water 

and residual organics. The temperature range 300 to 550 ˚C corresponds to a larger 

weight loss due to decomposition of polymer resin and nucleation of metals to form 

crystalline phase. The DTG-DSC curves at different heating rates exhibit three peak 

positions. The DSC shows exothermic peaks at 416.46 ˚C, 483.62 ˚C and 513.22 ˚C at 

a heating rate of 15 ˚C/min which correspond to the breaking of polymer, 

decomposition of complex and nucleation respectively.  

The TG curves show that heating rates also affect the thermal decomposition 

rates of the polymeric precursor. The maximum temperature peak increases with the 

heating rates, while the weight loss rate of the polymeric precursor decreases. Since 

the thermal decomposition of polymeric complex has the following steps [16]. 

(Mg, Zn)Ti(C6H5O7)2 
  (Mg, Zn)TiO(C2O4)2 

  (Mg, Zn)Ti(OH)2C2O4   

Mg,ZnO+TiO2   Mg,ZnTiO3                (4.1) 

These steps overlap one another and one cannot distinguish among them from the TG 

curves. The broaden peak in case of DSC curves is also pointing that more than one 

steps are involved in the thermal decomposition of the polymeric precursor.  
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Figure 4. 1. TGA/DTG/DSC curves of the polymeric precursor for Mg0.95Zn0.05TiO3 

at different heating rates. 
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4.2.2 Phase and microstructure 

Figure 4.2 (a) shows the XRD pattern of the sample at different calcining 

temperatures. As can be seen from the data in Figure 4.2 (a), the sample remains 

amorphous at 500 °C which changes into crystalline form at 600 ˚C. It can be seen 

that intermediate second phase MgTi2O5 disappeared at 700 °C usually due to its 

decomposition to MgTiO3, Moreover, the crystallinity of the sample was further 

enhanced when the temperature was reached to the 800 °C. Figure 4.2 (b) shows the 

XRD pattern of the sample sintered at 1200 °C for 4 h. It was observed that the 

sintered sample is single phase and diffraction peaks can be indexed with JCPDS card 

no 06-0494 which correspond to the hexagonal symmetry with the R-3 space group. 

The TEM image of the powder calcined at 700 ˚C (Figure 4.3 (a)) reveals the well 

crystallized nano-particles with agglomeration which is in good agreement with the 

XRD results (Table 4.1). Figure 4.3 (b) FE-SEM image of sample sintered at 1200 °C 

for 4 h. The microstructure of sintered ceramic reveals rapid grain growth varying in 

grain sizes from 2 to 5 µm. 

4.2.3 Nonisothermal kinetics 

Change in the extent of reaction (α) in solid phase is given by 

0 t

0 f

w

w

-w

-w
                     (4.2) 

where 0w , tw , and  fw  are the initial weight, the weight at time t, and the weight  at 

the end of the reaction. Solid state reaction kinetics will obey the following equations 

if it is assumed that the process is determined by temperature and conversion degree 

[17-20]. 

 
dα

k×f α
dt

                    (4.3) 
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Figure 4.2. XRD pattern of Mg0.95Zn0.05TiO3 sample (a) calcined at different 

temperatures (b) sintered at 1200 °C. 
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Table 4.1. Crystallite size variation of Mg0.95Zn0.05TiO3 with calcining temperatures. 

Sample Calcination 

Temp/ 
o
C 

Crystallite size Crystal structure 

 

Mg0.95Zn0.05TiO3 

600 54 nm  

Hexagonal R3-H 700 72 nm 

800 126 nm 

 

 

 

 

 

 

 

 

 



66 
 

 

 

 

 

Figure 4.3. (a) TEM image of Mg0.95Zn0.05TiO3 sample calcined at 700 
o
C (b) FE-

SEM image of the sample sintered at 1200 °C. 
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ak=Aexp(-E /RT)                   (4.4) 

dT
β=

dt
                               (4.5) 

a
d A

= exp(-E /RT).
dT β

α
f(α)                             (4.6) 

where t is the time, k is the rate constant,  f α is the mechanism function, A is the pre-

exponential factor, Ea is the activation energy and R is the gas constant.  

4.2.3.1 Isoconversional kinetics 

According to the recommendations of the International Congress on Thermal 

Analysis and Calorimetry (ICTAC) [21], one of the main advantages of the 

isoconversional methods is that the activation energy can be calculated very easily. 

The isoconversional methods such as; Flynn-Wall-Ozawa (FWO) [22, 23] and 

Kissinger-Akahira-Sunose (KAS) [24-26] are described below. 

4.2.3.1.1. Flynn-Wall-Ozawa (FWO) model 

Integrating and transforming, Equation 4.6 can be written as follows. 

 
 

a aAE E
logβ=log -2.315-0.4567

g α R RT

 
 
 

               (4.7) 

According to Equation 4.7, plot of logβ  vs. 1/T for the same degree of conversion 

gives the straight line and slope can be used to calculate the value of the activation 

energy (Ea). The value of A can be obtained from the intercept when the proper 

mechanism function  g α is known. 

4.2.3.1.2. Kissinger-Akahira-Sunose (KAS) model  

Kissinger-Akahira-Sunose model is obtained by transforming Equation 4.6. 
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a a

2

β AE E
In =In -

T g α R RT

  
  

   

                 (4.8) 

In terms of KAS model, plot of log β/T
2
 vs. 1/T for the same conversion degree gives 

the straight line and slope can be used to calculate the value of Ea. The value of A can 

be obtained from the intercept when the proper mechanism function  g α is known.  

4.2.3.2 Mechanism function estimation  

The activation energy of a reaction with unknown mechanism can be 

calculated using FWO and KAS methods. But for the calculation of pre-exponential 

factor the reaction mechanism functions must be determined. To process the kinetic 

data Zhang et al. proposed double equal double steps method [27, 28]. 

 
a aAE E

log g α =log -2.315-0.4567 -logβ
R RT

 
 
 

              (4.9) 

Eleven different relevant mechanism functions are estimated utilizing the 

values of conversion degree (α) at the same temperature in the different TG curves 

(shown in Table 4.2). Linear regression of log  g   vs. log β gave a slope (kx), 

correlation coefficient (r), and intercept (c). The most probable mechanism function is 

taken when the linear regression of log g (α) vs. log β gives the best value of r and kx 

is closest to -1. The degrees of conversion (α) at different β are shown in Table 4.3. 

The double equal double steps method is applied at four temperatures (350, 400, 450 

and 500 ◦C) as the differences in the α at these temperatures are more evident. By 

comparing different mechanism functions, Jander; D3 spherical symmetry equation 

(f(α) = 3/2(1-α)
2/3

[1-(1-α)
1/3

]-1, g(α) = [1-(1-α)
1/3

]
2
)  is proposed as the probable 

mechanism function for the thermal decomposition of polymeric precursor. 
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Table 4.2. Classification & data of kinetic mechanism functions and relevant 

parameters for thermal decomposition of the polymeric precursor for 

Mg0.95Zn0.05TiO3. 

T °C Mechanism Function kx c r 

 

350 

400 

450 

500 

 

Parabola rule D1 

 

-0.6548 

-0.6283 

-0.5294 

-0.2739 

 

-0.7794 

 -0.1838 

  0.1833 

  0.191 

 

0.9681 

0.9993 

0.986 

0.9417 

 

350 

400 

450 

500 

 

Valensi D2 

 

-0.6797 

-0.6869 

-0.6575 

-0.4411 

 

-1.0251 

 -0.3584 

  0.1477 

  0.2887 

 

0.9679 

0.999 

0.9813 

0.9666 

 

350 

400 

450 

500 

 

Jander D2 

 

-0.6929 

-0.7204 

-0.7478 

-0.6315 

 

-1.2974 

-0.5895 

 0.01745 

 0.3432 

 

0.9677 

0.9987 

0.9779 

0.9856 

 

350 

400 

450 

500 

 

Jander D3 

 

-0.1765 

-0.1883 

-0.2086 

-0.2056 

 

-0.0452 

-0.2183 

 -0.0423 

  0.0858 

 

0.9676 

0.9985 

0.9751 

0.9933 

 

350 

400 

450 

500 

 

Jander D3 spherical 

symmetry 

 

-0.7059 

-0.8432 

-0.8344 

-0.8222 

 

-1.621 

-0.8731 

 -0.1694 

  0.3431 

 

0.9676 

0.9985 

0.9951 

0.9933 
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350 

400 

450 

500 

 

Ginstling- Brounshtein 

D3 

 

-0.6884 

-0.7089 

-0.7154 

-0.5556 

 

-1.6592 

-0.9655 

-0.3949 

-0.1449 

 

0.9678 

0.9988 

0.9791 

0.9795 

 

350 

400 

450 

500 

 

Avrami-Erofeev 

A2 

 

-0.1831 

-0.2055 

-0.2574 

-0.3362 

  

-0.1522 

  0.0558 

  0.2866 

  0.5486 

 

0.9673 

0.998 

0.9697 

0.9996 

 

350 

400 

450 

500 

 

Avrami-Erofeev 

A3 

 

-0.2442 

-0.274 

-0.3432 

-0.4882 

 

-0.2029 

 0.0744 

 0.3822 

 0.7315 

 

0.9673 

0.998 

0.9697 

0.9996 

 

350 

400 

450 

500 

 

Mampel power 

R1 

 

 

 

-0.3274 

-0.3141 

-0.2647 

-0.137 

 

-0.3897 

-0.0919 

  0.0917 

  0.0955 

 

0.9681 

0.9993 

0.986 

0.9417 

 

350 

400 

450 

500 

 

Phase boundary reaction 

contraction cylinder 

 

-0.3464 

-0.3602 

-0.3739 

-0.3157 

 

-0.6487 

-0.2948 

  0.0088 

  0.1716 

 

0.9677 

0.9987 

0.9779 

0.9856 

 

350 

400 

450 

500 

 

Phase boundary reaction 

contraction sphere 

 

-0.3529 

-0.3766 

-0.4172 

-0.4111 

 

 

-0.8105 

-0.4365 

-0.0847 

  0.1716 

  

 

0.9676 

0.9985 

0.9751 

0.9933 
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 Table 4.3 Values of conversion degree (α) at different TG curves for thermal 

decomposition of the polymeric precursor for Mg0.95Zn0.05TiO3. 

Temp °C 5 ˚C/min 10 ˚C/min 15 ˚C/min 20 ˚C/min 

300 0.15 0.12 0.13 0.11 

350 0.24 0.18 0.17 0.15 

400 0.48 0.39 0.34 0.31 

450 0.81 0.65 0.59 0.56 

500 0.98 0.93 0.86 0.81 

550 0.99 0.99 0.99 0.99 
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4.2.3.3 Activation energy and pre-exponential factor calculation  

Figure 4.4 shows the linear plots of FWO and KAS, which are obtained using 

equations 4.7 and 4.8. Table 4.4 shows the corresponding values of Ea and A, which 

were observed to increase from α = 0.2 to 0.4 and then decrease by both methods. The 

KAS method shows slightly lower values of Ea and A as compared to the FWO 

method. Conversion degree after 0.20 represents the main reaction with large weight 

loss, which is due to the decomposition of the polyester and nucleation of the 

Mg0.95Zn0.05TiO3 by solid phase thermal decomposition reaction. The average 

calculated values of the Ea and A for α = 0.20 to 0.95, in the FWO model, were 

129.33 kJ/mol and 1.04 × 10
8
 min

-1
, respectively. However, in the KAS model the 

corresponding values of Ea and A were calculated to be 123.88 kJ/mol and 2.95 × 10
7
 

min
-1

, respectively.  

4.2.3.4 Calculation of the order of reaction 

  The order of reaction (n) is generally calculated using the Carne formula, 

which is given by [29-31]. 

 
p

P

d β E
2T

d 1 T nR

In
                  (4.10) 

If E/nR >>2Tp, then after integrating the Carne formula Equation 4.10 can be 

transformed into its linear form.  

P

E 1
β

nR T
In C                       (4.11) 

The plot of ln β vs.1/Tp gave a straight line according to the Equation (4.11) with a 

correlation coefficient (r) > 0.96 (Figure 4.5) and the values of n determined from the 

slopes are listed in Table 4.5. The three peaks in the DSC curve and the values of n  
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Figure 4.4. Linear plots using (a) FWO and (b) KAS models for thermal 

decomposition of the polymeric precursor for Mg0.95Zn0.05TiO3. 
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Table 4.4. Activation energies and frequency factors for thermal decomposition of the 

polymeric precursor for Mg0.95Zn0.05TiO3 based on FWO and KAS methods. 

α FWO method 

Ea (kJ/mol)             log A (min
-1

) 

KAS method 

Ea (kJ/mol)          log A (min
-1

) 

0.2 114.00 6.87 109.63 6.38 

0.3 143.03 9.17 139.68 8.84 

0.4 153.82 9.96 148.83 9.51 

0.5 148.51 9.45 144.34 9.04 

0.6 145.43 9.12 140.44 8.67 

0.7 139.76 8,65 133.97 8.12 

0.8 123.86 7.49 116.40 6.78 

0.9 101.51 5.96 94.66 5.20 

0.95 94.06 5.50 87.01 4.68 

Average 129.33 8.02 123.88 7.47 
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Figure 4.5. Linear plot of In β vs. 1000/Tp for thermal decomposition of the polymeric 

precursor for Mg0.95Zn0.05TiO3. 
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Table 4.5. Ea, A, and n for thermal decomposition of the polymeric precursor for 

Mg0.95Zn0.05TiO3 . 

 Ea (kJ/mol) log A (min
-1

) n 

FWO method 129.33 8.02 2.00 

KAS method 123.88 7.47 2.09 

Average 126.60 7.74 2.04 
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obtained from both the models (FWO and KAS) indicated that thermal decomposition 

of the polymeric precursor is a complex process.  

4.2.4 Determination of thermodynamic parameters 

The spontaneity of a reaction can be determined by thermodynamic 

parameters (ΔH
*
, ΔG

*
, ΔS

*
). The following equations were applied to calculate 

thermodynamic parameters of activation [32]. 

*
pa

p

T-E -ΔG
Aexp exp

RT RT

bk

h

  
   

   
                         (4.12) 

*
a pΔH E RT                  (4.13) 

* * *
pΔG ΔH T ΔS                  (4.14) 

where ΔG
*
, ΔH

*
, and ΔS

* 
are the Gibbs free energy, enthalpy and entropy of activation 

at the Tp, respectively. kb and h are the Boltzmann and the Planck constant, 

respectively. The ΔH
*
 shows the energy difference between precursor and activated 

complex while ΔG
*
 shows the total energy gain of the system. Table 4.6 shows the 

values of the thermodynamic parameters calculated at the Tp, are ΔH
*
 = 120.46 

kJ/mol, ΔG
*
 = 228.69 kJ/mol, and ΔS

*
 = -146.63 J/molK. According to the transition 

theory [33], a negative value of ΔS
* 

indicates that the activated complex is highly 

ordered and the degrees of freedom of rotation and vibration are lesser than the non 

activated complex. The negative value of ΔS
*
 illustrates that the formation of 

Mg0.95Zn0.05TiO3 from its complex precursor is a non-spontaneous process at room 

temperature. 

The kinetic analyses have been implemented on other titanates synthesized by 

the solid state route also follow diffusion as the most probable mechanism function. 

Sonak et al. [34] recently studied the reaction between Li2CO3 and TiO2 to synthesize  
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Table 4.6. Thermodynamic parameters for thermal decomposition of the polymeric 

precursor for Mg0.95Zn0.05TiO3. 

β 

(K/min) 

ΔH
*
 

(kJ/mol) 

ΔG
*
 

(kJ/mol) 

ΔS
* 

(J/mol K) 

Tp (
o
C) 

5 120.58 226.63 -146.47 450.86 

10 120.47 228.52 -146.62 463.71 

15 120.40 229.79 -146.72 472.40 

20 120.40 229.82 -146.72 472.63 

Average 120.46 228.69 -146.63  
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Li2TiO3 by non-isothermal TG technique and the average activation energy of the 

reaction evaluated by the Malek’s method was reported to be 243 kJ/mol. They found 

that three dimensional diffusion model (D3) was the most probable mechanism 

function for the reaction. Hu et al. [35] also investigated the kinetics of solid state 

reaction for Li4Ti5O12/C and observed Jander D3 as the most probable mechanism and 

the average value of the activation energy for the system was 278 kJ/mol using FWO 

and FRL (Friedman-Reich-Levi) method. 

4.2.5 Microwave dielectric properties 

Figure 4.6 (a) shows the changes of bulk densities and corresponding relative 

densities with sintering temperature for the ceramics sintered from 1100 to 1250 °C 

for 4 h. The theoretical density of Mg0.95Zn0.05TiO3 calculated from the XRD results 

was observed to be 3.956 gm/cc. As can be seen, the bulk density of the ceramic 

increases with increasing sintering temperature up to 1200 °C and above this sintering 

temperature no appreciable change is observed. Figure 4.6 (b) also shows the 

dielectric constant and quality factor of the ceramics as a function of sintering 

temperature. It is well known that the dielectric constant and the quality factor of a 

ceramics increases as bulk density increases because both the parameters are closely 

related to the bulk density. At 1200 °C as it reaches 92.3% of theoretical density, the 

ceramic exhibits microwave dielectric properties; εr = 16.18, Q x f = 163,480 and τf = 

−66.1 ppm/˚C. In the present study the microwave dielectric values are not very high 

as compared to the ceramic prepared by solid state sintering method in the previous 

reports [2], which is most probably due to its low bulk density and porosity. As 

reported elsewhere, the extrinsic loss affects the quality factor values of microwave 

dielectric ceramics [36]. As such the observed extrinsic loss is associated with 

microstructural defects, impurities, grain boundaries, porosity, and microcracks.  
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Figure 4.6. (a) Dielectric constant and quality factor (b) densities of Mg0.95Zn0.05TiO3 

ceramic sintered at different temperatures for 4 h. 
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4.3 Conclusions 

The Mg0.95Zn0.05TiO3 polymeric precursor decomposition reaction was studied 

by TG-DSC at different heating rates in the flow of air. The DSC results show three 

exothermic peaks, the two peaks are assigned to the thermal decomposition of 

polyester and the third one is assigned to Mg0.95Zn0.05TiO3 nucleation and crystal 

growth. This study suggests that the reaction follows spherically three dimensional 

diffusion reaction mechanism functions (f(α) = 3/2(1-α)
2/3

[1-(1-α)
1/3

]-1, g(α) = [1-(1-

α)
1/3

]
2
). According to FWO model, the values of kinetic parameters are; Ea = 129.33 

kJ/mol, A = 1.04 × 10
8
 min

-1
, and n = 2.00. The corresponding kinetic parameter 

values in the KAS model are Ea = 123.88 kJ/mol, A = 2.95 × 10
7
 min

-1
, and n = 2.09. 

Moreover, the thermodynamic parameter values at the peak temperature are observed 

to be ΔH
*
 = 120.46 kJ/mol, ΔG

*
 = 228.69 kJ/mol, and ΔS

*
 = -146.63 J/molK. The 

thermodynamic parameters suggest that the thermal decomposition of polymeric 

precursor to Mg0.95Zn0.05TiO3 is non-spontaneous process at room temperature. The 

XRD results revealed pure single phase ceramic with hexagonal symmetry having R-3 

space group. The microwave dielectric properties at optimal sintering temperature 

were; εr = 16.18, Q x f = 163,480 and τf = −66.1 ppm/˚C. 
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CHAPTER 5 

CHARACTERIZATION OF (Ca0.8Sr0.2)0.6La0.267TiO3 CERAMIC 

5.1 Introduction 

Partial substitution of divalent Ca ions by lanthanide trivalent ions such as Nd, 

Sm and La were reported to form single phase Ca1-xLn2x/3TiO3 ceramics. The crystal 

structure was also reported to transform from orthorhombic to tetragonal double 

layered pervoskite with an increase in x. The values of εr and τf were reported to 

decrease while Q×f increased with increasing concentration of La ions. Similarly, Ca1-

xLa2x/3TiO3 was reported to exhibit reasonable εr =109 and Q×f = 17600 GHz at x = 4; 

however, its τf (= +213 ppm/°C) was too high for practical applications [1]. Ceramics 

sample of Ca1-xSm2x/3TiO3 and Ca1-xNd2x/3TiO3 also showed similar trends. Yoshida 

et al. [2] fabricated Ca1-xNd2x/3TiO3 with x = 0 – 1 which exhibited orthorhombic 

symmetry with a GdFeO3–type structure at x = 0 – 0.69 while a La2/3TiO3–type 

double layered pervoskite structure at x = 0.78 – 0.93. The optimum microwave 

dielectric properties (εr =108, Q×f = 17200 GHz) were reported for the x = 0.39 

composition. Kim et al. [3] studied the structure and microwave dielectric properties 

of Ca1-xSm2x/3TiO3 (x = 0 – 0.8). The structure of compounds was reported to 

transform from orthorhombic at x = 0 to tetragonal at x = 0.6. As the concentration of 

calcium vacancy increased with the increased of Sm
3+

 concentration, the Q value 

increased up to x = 0.6 and then decreased due to the formation of Sm2Ti2O7 as a 

secondary phase. This study reported εr =101 and Q×f = 14090 GHz for Ca1-

xSm2x/3TiO3 at x = 0.4. Like CaTiO3, SrTiO3 also exhibits a high positive τf (= +1100 

ppm/°C) and Q×f (= 4200 GHz). Wise et al. [4] investigated the microwave dielectric 

properties of Ca1-xSrxTiO3 and reported εr = 181, Q×f = 6100 GHz and τf = +991 

ppm/°C at x = 2. In spite of the high positive τf, Ca0.6La0.267TiO3 and Ca0.8Sr0.2TiO3 
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are still considered as potential candidates for microwave dielectrics as they can be 

combined with negative τƒ materials to form thermally stable compounds [5-7]. 

Although both the compositions (Ca0.6La0.267TiO3 and Ca0.8Sr0.2TiO3) have already 

been investigated, but the microwave dielectric properties of their solid solutions have 

not been described. 

In the present study, a new (Ca0.8Sr0.2)0.6La0.267TiO3 (CSLT) ceramic sample was 

synthesized by partial substitution of Sr for Ca in 0.8 : 0.2 ratio through a polymeric 

precursor route and its reaction kinetics and mechanism were investigated. The iso-

conversional methods of FWO and KAS were used to obtain the kinetic parameters 

such as activation energy (Ea), pre-exponential factor (A) and order of the reaction 

(n). The mechanism function of the reaction was deduced using double equal double 

steps method. Thermodynamic parameters (enthalpy ΔH
*
, Gibbs free energy ΔG

*
, and 

entropy ΔS
*
) at the Tp (peak temperature) were calculated. Crystal structure, 

microwave dielectric properties, impedance characteristics and microstructure were 

investigated.  

5.2 Results and discussion  

5.2.1. Thermogravimetry 

Figure 5.1 shows the TGA curves for thermal decomposition of the polymeric 

precursors recorded at different heating rates. All the TG curves showed weight losses 

at three different temperature regions. For example, at a heating rate of 15 °C/min, the 

first weight loss (7.8 %) observed at temperatures up to 250 °C may be due to the loss 

of water, residual organic constituents and decomposition of NO3
- 

absorbed on the 

surface of the resin. The second weight loss (54.7 %) observed at 250-570 °C may be 

attributed to the decomposition of polymeric precursor and nucleation of metal ions to 

form the crystalline phase.  
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Figure 5.1. TGA curves for thermal decomposition of the polymeric precursor for 

(Ca0.8Sr0.2)0.6La0.267TiO3 at different heating rates. 
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Figure 5.2. DTG and DSC curves for thermal decomposition of the polymeric 

precursor for (Ca0.8Sr0.2)0.6La0.267TiO3 at different heating rates. 
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The third weight loss (2.5 %) at temperatures up to 750 °C is assigned to the 

release of CO2 as a result of the reaction between traces of metal carbonates and TiO2. 

Figure 5.2 shows the DTG and DSC curves recorded at different heating rates. At a 

heating rate of 5 °C/min, DSC showed a single major peak while at higher heating 

rates i.e. 10, 15 and 20 °C/min, the DSC profiles split into two peaks. For instance, at 

a heating rate of 15 °C/min, the DSC showed two exothermic peaks at 476.51 ˚C and 

520.84 °C corresponding to the breaking of polymeric precursor and nucleation, 

respectively. For the same heating rate, a small endothermic dip observed at 722.63 

°C was related to the decomposition of the intermediate metal carbonates and 

formation of the crystalline phase. This indicated that the thermal decomposition of 

the polymeric precursor occurred in several steps, [8], given by the following 

reactions. 

(Ca,Sr,La)Ti(C6H5O7)2 (Ca,Sr,La)TiO(C2O4)2   (Ca,Sr,La)Ti(OH)2C2O4         (5.1) 

These steps overlap one another and not clearly visible on the TG curves and DSC 

results due to peak broadening. During decomposition of the polymeric precursor, 

some amount of metal carbonates and TiO2 are also formed which react at higher 

temperatures, given by Equation 5.2. 

(M)CO3 +TiO2   MTiO3 + CO2                 (5.2) 

The TG curves demonstrated that the heating rates affected the thermal decomposition 

rates. The maximum temperature peak (Tp) increased in height with increasing 

heating rates, while the rate of weight loss of the polymeric precursor decreased. 

5.2.1.1 Kinetics and thermodynamics 

Data analysis using Equation 4.10 showed that the decomposing step was best 

described by the; phase boundary reaction contraction sphere; g (α) = 1-(1-α)
1/3

. The 

degrees of conversions (α) at different heating rates are shown in Table 5.1.  
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Table 5.1. Values of (α) at same temperatures at different TG curves for thermal 

decomposition of the polymeric precursor for (Ca0.8Sr0.2)0.6La0.267TiO3. 

Temp °C 5 
o
C/min 10 

o
C/min 15 

o
C/min 20 

o
C/min 

300 0.11 0.10 0.11 0.09 

350 0.18 0.14 0.14 0.11 

400 0.48 0.26 0.22 0.18 

425 0.82 0.39 0.31 0.25 

450 0.92 0.61 0.45 0.36 

475 0.93 0.79 0.61 0.49 

500 0.94 0.91 0.74 0.62 

550 0.95 0.95 0.95 0.82 

600 0.96 0.96 0.96 0.96 
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Table 5.2. Classification & data of kinetic mechanism functions and relevant 

parameters for thermal decomposition of the polymeric precursor for 

(Ca0.8Sr0.2)0.6La0.267TiO3. 

 

T °C 

 

Mechanism 

Function 

 

kx 

 

c 

 

r 

 

400 

425 

450 

475 

 

Parabola rule D1 

 

-1.3336 

-1.6756 

-1.3217 

-0.9027 

   

0.2569 

  0.9576 

  0.8682 

  0.6200 

 

0.9701 

0.9814 

0.9971 

0.9358 

 

400 

425 

450 

475 

 

Valensi D2 

 

-1.4292 

-1.9139 

-1.6091 

-1.1608 

   

  0.1000 

  0.9908 

  0.9893 

  0.7428 

 

0.9675 

0.9743 

0.9999 

0.9573 

 

400 

425 

450 

475 

 

Jander D2 

 

-1.4808 

-2.0687 

-1.8220 

-1.3661 

  

 -0.1220 

  0.9005 

  0.9853 

  0.7528 

 

0.9661 

0.9693 

0.9995 

0.9713 

 

400 

425 

450 

475 

 

Jander D3 

 

-0.3828 

-0.5545 

-0.5068 

-0.3910 

 

 -0.0991 

  0.1881 

  0.2301 

  0.1754 

 

0.9647 

0.9650 

0.9978 

0.9797 

 

400 

425 

450 

475 

 

Jander D3 spherical 

symmetry 

 

-1.5314 

-2.2181 

-2.0273 

-1.5640 

 

 -0.3964 

  0.7525 

  0.9204 

  0.7016 

 

0.9647 

0.9650 

0.9978 

0.9797 
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400 

425 

450 

475 

 

Ginstling-Brounshtein 

D3 

 

-1.4632 

-2.0141 

-1.7447 

-1.2904 

 

 -0.5011 

  0.4744 

  0.5262 

  0.2876 

 

0.9666 

0.9711 

0.9999 

0.9665 

 

400 

425 

450 

475 

 

Avrami-Erofeev 

A2 

 

-0.4091 

-0.6365 

-0.6254 

-0.5083 

   

0.1796 

  0.5376 

  0.6319 

  0.5879 

 

0.9620 

0.9561 

0.9917 

0.9915 

 

400 

425 

450 

475 

 

Avrami-Erofeev 

A3 

 

-0.5455 

-0.8486 

-0.8338 

-0.6778 

  

0.2394 

 0.7168 

 0.8425 

 0.7838 

 

0.9620 

0.9561 

0.9917 

0.9915 

400 

425 

450 

475 

Mampel power 

R1 

-0.6684 

-0.8378 

-0.6608 

-0.4513 

  0.1285 

  0.4788 

  0.4341 

  0.3100 

0.9701 

0.9814 

0.9971 

0.9358 

 

400 

425 

450 

475 

 

phase boundary 

reaction 

contraction cylinder 

 

-0.7404 

-1.0343 

-0.9110 

-0.6830 

 

 -0.0610 

  0.4502 

  0.4927 

  0.3764 

 

0.9661 

0.9693 

0.9995 

0.9713 

 

400 

425 

450 

475 

 

phase boundary 

reaction contraction 

sphere 

 

-0.7657 

-1.1091 -

1.0137 

-0.7820 

 

 

-0.1982 

  0.3762 

  0.4602 

  0.3508 

  

 

0.9647 

0.9650 

0.9998 

0.9797 
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Table 5.3. Activation energy, frequency factor and order of reaction for thermal 

decomposition of the polymeric precursor for (Ca0.8Sr0.2)0.6La0.267TiO3 based on FWO 

and KAS methods. 

Models Ea (kJ/mol) log A (min
-1

) n 

FWO method          70.97 4.24 1.3 

KAS method          62.63 3.13 1.48 

        Average          66.8 3.68 1.39 
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Figure 5.3. Linear curves using (a) FWO and (b) KAS method for thermal 

decomposition of the polymeric precursor for (Ca0.8Sr0.2)0.6La0.267TiO3. 
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Figure 5.4. Linear curve of In β vs. 1000/Tp for thermal decomposition of the 

polymeric precursor for (Ca0.8Sr0.2)0.6La0.267TiO3. 
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Table 5.4. Thermodynamic parameters for thermal decomposition of the polymeric 

precursor for (Ca0.8Sr0.2)0.6La0.267TiO3. 

β 

(
o
C/min) 

ΔH
*
 

(kJ/mol) 

ΔG
*
 

(kJ/mol) 

ΔS
* 

(J/mol K) 

Tp 

(
o
C) 

5 120.87 274.96 -223.52 416.22 

10 120.64 281.20 -223.85 444.11 

15 120.43 286.80 -224.13 469.12 

20 120.35 288.81 -224.23 478.10 

Average 120.57 282.94 -223.93  
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As the difference in (α) in the temperature range 400-500˚C is the most 

prominent so Equation 4.10 is tested in this range (i.e. at 400, 425, 450, 475 °C) and 

the results (shown in Table 5.2) revealed that the phase boundary reaction contraction 

sphere was the most probable mechanism function (r = 0.999) having a slope -1.013 

(closest to -1) at 450 °C. Equations 4.7 and 4.8 were used to calculate the activation 

energy (Ea) and pre-exponential factor (A) at constant conversion degrees (α) which 

are listed in Table 5.3. The plots of log β vs. 1000/T and log (β/T
2
) vs. 1000/T 

corresponding to several conversion degrees (0.2-0.9) were constructed (Figure 5.3). 

The apparent activation energies obtained by KAS model were lower than that of 

FWO model. The average Ea and log A were 70.97 kJ/mol and 4.24 min
-1 

(FWO) and 

62.63 kJ/mol and 3.13 min
-1

 (KAS), respectively. The value of the order (n) of 

thermal decomposition of polymeric precursor was calculated using Equation 4.11.  

Figure 5.4 shows a plot of In β vs. 1/Tp, which is a straight line with r = 0.9914. The 

value of (n) was derived from the slope by linear regression method and found to be 

1.3 (FWO) and 1.48 (KAS). The thermodynamic parameters were calculated using 

Equations. (4.13-4.15) and listed in Table 5.4. The average values of enthalpy, 

entropy and Gibbs free energy of activation were 120.57 kJ/mol, -223.93 J/molK and 

282.94 kJ/mol, respectively. The negative value of entropy indicated that the thermal 

decomposition of polymeric precursor was thermodynamically non-spontaneous at 

room temperature. 

5.2.2 Phase and microstructure 

Figure 5.5 shows XRD patterns of CSLT heat treated at different calcination 

temperatures, which confirmed the TG-DSC results, for example, at 500 ˚C, XRD 

showed the presence of amorphous phase while at 600 °C crystallization of the 

samples could be observed.  
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Figure 5.5. XRD patterns of (Ca0.8Sr0.2)0.6La0.267TiO3 obtanined by calcining the 

precursor at different temperatures. 
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Table 5.5. XRD results of (Ca0.8Sr0.2)0.6La0.267TiO3 powders obtained by calcining 

precursor at different temperatures. 

Calcining temperature Crystallite size (nm) Structure 

600 
o
C 36  

Orthorhombic 

(Pbnm) 700
 o
C 42 

800
 o
C 59 
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Figure 5.6. Rietveld refinement results of (Ca0.8Sr0.2)0.6La0.267TiO3 ceramic sintered at 

1200 
o
C. 
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Table 5.6. XRD refinement results of the (Ca0.8Sr0.2)0.6La0.267TiO3 ceramic sintered at 

1200 
o
C. 

Atom Site x y z Occupancy 

Ca/Sr/La 4c 0.00475 0.01242 0.25 0.48/0.12/0.267 

Ti 4b 0.0 0.5 0.0 1 

O1 4c 0.02763 0.4908 0.25 1 

O2 8d 0.7351 0.2653 0.0310 1 

Cell parameters a = 5.458805 Å             

b = 5.459306 Å 

c = 7.712558 Å 

rms strain             0.0000107,  

Density                 4.688596 g/cm
3 

 

Rwp (%) = 10.823235, Rp (%) = 8.110078, Rexp (%) = 7.135041, GoF = 

1.516912 

 

 

 

 



104 
 

 

 

 

 

 

Figure 5.7. FE-SEM images of the (Ca0.8Sr0.2)0.6La0.267TiO3  powder (calcined at 800 

˚C) and ceramic (sintered at 1200
 o
C). 
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Moreover, the concentration and size of the crystals increased (Table 5.5) with 

further increase in temperature to 800 °C. The XRD pattern of the sample sintered at 

1200 °C was refined by the Rietveld method as shown in Figure 5.6. For the 

refinement, CIF file obtained from the Inorganic Crystal Structure Database (ICSD) 

Card # 62149, corresponding to the orthorhombic structure of CaTiO3, was used. The 

occupancy factors for Ca, La and Sr were fixed at the given stoichiometric 

composition. The current refinement results revealed that the compound was a single 

phase with orthorhombic (Pbnm) symmetry and the refined lattice parameters were a 

= 5.458805 Å, b = 5.4593067 Å and c = 7.712558. The refinement produced 

satisfactory agreement factors; Rwp (%) = 10.823235, Rp (%) = 8.110078, Rexp (%) 

= 7.135041, and goodness of fit = 1.516912. The XRD peaks were observed to shift 

slightly towards lower angels, which may be due to the larger size of the Sr
2+ 

and La
3+ 

than Ca
2+

. The refined crystallographic data of CSLT sintered at 1200 ˚C are given in 

Table 5.6. Figure 5.7 shows the FE-SEM images of CSLT powder calcined at 800 °C 

and ceramics sintered at 1200 °C. The powders appeared slightly agglomerated with a 

particle size < 100 nm, consistent with XRD results. The SEM image of the sintered 

ceramics showed single phase grains with no indication of any abnormal grain 

growth. The average grain size was 1-3 µm, smaller than the grain size of ceramics 

obtained via solid state sintering route [1]. 

5.2.3 Microwave dielectric properties 

For the relative density measurements, the theoretical density (4.688 gm/cm
3
) 

derived from XRD refinement results was used. Table 5.7 shows the bulk density, 

dielectric constant and quality factor of the CSLT ceramics as a function of sintering 

temperature. The dielectric constant and quality factor increased with an increase in 

bulk density, indicating their strong interdependence.  
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Table 5.7. Microwave dielectric properties of the (Ca0.8Sr0.2)0.6La0.267TiO3 ceramic 

sintered at different temperatures. 

Sample Sintering 

Temperature/ 
o
C 

Density 

g/cm
3
 

Theoretical 

Density / 

% 

εr Q x ƒ 

(GHz) 

τƒ 

ppm/
o
C 

 

CSLT 

1100 

1150 

1200 

1250 

3.984 

4.292 

4.526 

4.496 

84.9 

91.5 

96.5 

95.8 

87 

98.4 

116.2 

115.3 

7654 

11209 

15730 

15120 

- 

- 

+231 

- 
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The samples sintered at 1200 °C exhibited the highest εr (= 116.2) as its 

density reached 96.5% of the relevant theoretical density. The εr of the CSLT 

improved as compared to that of the Ca0.6La0.267TiO3 which may be attributed to the 

larger ionic polarizability of Sr
2+

 than that of Ca
2+

 and La
3+

 while quality factor 

decreased. The τƒ value of CSLT sintered at 1200 
o
C was observed to be +231 

ppm/°C. 

5.2.4 Impedance studies 

Figure 5.8 shows the Nyquist plots (Zʺ vs. Zʹ) of CSLT ceramics at different 

temperatures. The total resistance was calculated by polynomial fitting from the 

intersection of the fitted circle along x-axis. A complex impedance plot of sintered 

CSLT samples measured in air at 500 °C (Figure 5.9 inset) comprised of two 

semicircles or arcs, the larger semicircles could be attributed to the bulk response 

while the relatively smaller semicircles could be assigned to the grain boundaries [9]. 

The bulk response predominated as the temperature was decreased and only bulk 

response was observed at temperatures below 450 °C. The radius of semicircles 

decreased as the temperature was increased, which may be due to the decrease of the 

bulk resistance and increase in conduction. Bradha et al. [10] reported that the 

conduction in A1-xLa2x/3TiO3 (A = Ca, Sr) was due to the oxygen vacancies (Vo) 

behaving as mobile charge (electron or ion) carriers which play a key role in the 

conduction of this type of pervoskites. These electrons are responsible for the space 

charge polarization which would reduce Ti
+4

 to Ti
+3

 via the following reactions.  

Oo ↔ Vo + ½ O2                           (5.11) 

V′o ↔ V′o + e′                             (5.12) 

Ti
4+

 + e′ ↔ Ti
3+

                                      (5.13) 
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              Figure 5.8. Nyquist plot of (Ca0.8Sr0.2)0.6La0.267TiO3 sintered ceramic. 
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Figure 5.9. Frequency dependence of dielectric constant at different temperatures for 

(Ca0.8Sr0.2)0.6La0.267TiO3 sintered ceramic. 
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The bulk resistance values estimated from the intercept of the arc on the x-axis 

were of the order of 1.19 ×10
-5

 to 3.7 ×10
-5

 Ohm and the corresponding capacitances 

were in the range of 4-5 pF. Figure 5.9 shows the variation in the dielectric constant 

of CSLT ceramics as a function of frequency in the temperature range 200-500 ˚C. 

The dielectric constant decreased to a constant value from larger dispersion at lower 

frequencies and became temperature independent at higher frequencies. This 

phenomenon can be explained by the Maxwell-Wagner type relaxation and Koop’s 

phenomenological theory, often occurring in heterogeneous dielectrics [11, 12]. 

According to the Maxwell-Wagner theory, electric currents pile up surface charges at 

the interfaces resulting in the interfacial polarization at the boundaries of two different 

dielectric media, due to their different conductivities. These space charges align at 

lower frequencies with the applied electric field but the dipoles cannot synchronize at 

high frequencies resulting in the low dielectric constant values. According to the 

Koop’s phenomenological theory, grains of high conductivity are effective at high 

frequencies which explain the observed decrease in dielectric constant. One of the 

suitable method of determining the nature of dielectric relaxation is the Cole-Cole 

plots between ε′′ (imaginary part of a relative permittivity) and ε′ (real part of relative 

permittivity) [13]. To examine the effects of distribution of relaxation times, we have 

drawn Cole-Cole plots between ε′′(f) vs. ε′(f) of the sample. In the Debye type process 

the Cole-Cole plot is a semicircle with the centre lying on ε′ axis. It is clear from the 

representative plot of the sample at 500 ˚C (Figure 5.9 inset) that Cole-Cole curves do 

not fit into complete semicircles. This type behaviour in the Cole-Cole plots may be 

ascribable to the presence of sufficient DC conductivity in specimen [14], because of 

this the low frequency parts of the Cole-Cole plots start losing their distinctive shapes 

and begins acting like an asymptotic curve. Therefore, the high-frequency capacitance 
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is the potential reason for non-semicircles observed in the Cole–Cole plots. 

Furthermore, it also shows the distributed relaxation times present in the specimen 

[15].  

Both the impedance parameters, Zʹ and Zʺ, can be characterized according to 

their behaviour in the frequency domain. The Zʹ monotonically decreased with 

increasing temperature and frequency, and merged at a point at a higher frequency 

(shown in Figure 5.10a) and became independent of temperature, exhibiting the 

typical behavior of the negative temperature coefficient resistors (NTCR) [16]. The Zʺ 

peak position was observed to shift to higher frequencies with a decrease in peak 

broadening. The dielectric relaxation phenomena can also be characterized in the form 

of electric modulus M* (reciprocal of the complex permittivity) which corresponds to 

the relaxation of the electric field in the specimen at constant electric displacement. 

The plot of the real part of the modulus, M′, against the frequency at different 

temperatures is shown in Figure 5.10 (b). The values of M′ move towards zero at 

lower frequencies for all the studied temperatures. This is may be due to reason that 

the contribution of electrode polarization towards M′ is almost negligible [17]. With 

increasing the frequency, M′ shows a gradual increase and reaches to maximum 

values above 10
6
 Hz for all the temperatures. The dispersion region of M′ is clearly 

observed with the increase in the temperature, more prominently within the frequency 

region 10
4
–10

6
 Hz and by increasing temperature the dispersion shifts to the higher 

frequency. Furthermore, it can be seen that M′ decreases with rising temperature in 

the applied frequency range. 

Figure 5.11 shows the plots of Zʺ and Mʺ versus frequency. Zʺ spectra 

broadened on the low frequency region of the maxima and the peak maxima of Zʺ and 

Mʺ were not frequency co-incident. Such behavior is regarded as a demonstration of 
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Figure 5.10. Dependence of Zʹ and M′ on frequency at various temperatures for 

(Ca0.8Sr0.2)0.6La0.267TiO3 ceramic 



113 
 

 

 

 

 

 

 

 

 

Figure 5.11. Dependence of Zʺ and Mʺ on frequency at various temperatures for 

(Ca0.8Sr0.2)0.6La0.267TiO3 ceramic. 
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inhomogeneity in the electrical microstructure of the sample. The position of the peak 

of the imaginary part of the modulus, M′′, at different temperature shifts towards the 

higher frequency with the increase in temperature and the intensity of the peak of M′′ 

increases. This indicates the occurrence of thermally activated dielectric relaxation, 

where the charge carrier is predominant due to hopping process [18]. The depressed 

peak of M′′ is also observed in the higher frequency side. The presence of two peaks 

of M′′ show that two relaxation phenomena occur in the specimen, where the high 

frequency peak can be assigned to the high frequency dipolar polarization, and the 

lower frequency peak is attributed to low frequency dipolar polarization [19]. For 

each temperature, the frequency region below the peak of M′′ correspond to the range 

in which the charge carriers are mobiles over long distances [20], whereas above the 

peak, the frequency region show the range in which the charge carriers are restricted 

to the potential wells [21]. 

Figure 5.12 shows the Arrhenius type DC conductivity dependence on 

temperature given by the relation (5.14).  

d
d 0 exp c
c

E

kT
 




 
 
 

                                                                                                                       (5.14) 

The DC conductivity (δdc) can be obtained using the sample dimensions and the 

resistance obtained from the intercept on the real axis. In the present study, the 

calculated δdc was 0.24 eV in the temperature range 300-450 
o
C, suggesting the 

semiconducting nature of the sample in the given temperature range. 
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Figure 5.12. Variation of DC conductivity with the inverse of the temperature for 

(Ca0.8Sr0.2)0.6La0.267TiO3 sintered ceramic. 
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5.3 Conclusions 

(Ca0.8Sr0.2)0.6La0.267TiO3 powders with particle size < 100 nm have been 

synthesized successfully by a polymeric precursor method. TGA/DTG/DSC at 

different heating rates were used to calculate the kinetic and thermodynamic 

parameters by non-isothermal kinetic method. The activation energy of the thermal 

decomposition of polymeric precursor was found to be 70.97kJ/m ol and 63.62 kJ/mol 

by FWO and KAS respectively, while the order of the thermal decomposition was 1.3 

(FWO) and 1.48 (KAS). The most probable mechanism function was determined to 

be phase boundary reaction contraction sphere g(α) = 1-(1-α)
1/3

. The average values of 

thermodynamic parameters were; ΔH
* 

= 120.57 kJ/mol, ΔG
* 

= 282.94 kJ/mol and ΔS
*
 

= -223.93 J/mol K. The XRD refinement results showed that the materials formed 

single phase ceramics with orthorhombic (Pbnm) symmetry. Ceramics sintered at 

1200 °C had density > 95% with microwave dielectric properties:  εr = 116.2, Q×f = 

15730 (GHz) and τf = +231 ppm/°C. Ac impedance studies at 200-450 °C showed 

single semicircles or arcs attributed to bulk response while at 500 
o
C, the observed 

additional small arcs corresponded to the grain boundaries. Impedance responses 

revealed the composition exhibited negative temperature coefficient resistor (NTCR) 

characteristics with inhomogeneity in the electrical microstructure. The Edc calculated 

by using the Arrhenius equation was 0.24 eV in the temperature range 300-450 °C 

suggesting the semiconducting nature of the sample in the given temperature range. 
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CHAPTER 6 

CHARACTERIZATION OF (1-x)Mg0.95Co0.05TiO3-

x(Ca0.8Sr0.2)0.6La0.267TiO3 CERAMICS 

6.1 Introduction 

With the partial replacement of Mg
2+

 by Co
2+

, Mg0.95Co0.05TiO3 has shown an 

improved Q × f  value than that of pure MgTiO3 [1, 2] but due to its negative value of 

temperature coefficient of resonant frequency, it could not be used practically. To 

achieve near-zero τf value, dielectric ceramics having a larger positive τf  are usually 

selected as a compensator [3-5]. We also observed that the composite ceramic 

(Ca0.8Sr0.2)0.6La0.267TiO3 synthesized by polymeric precursor method showed good 

microwave dielectric properties; εr =116.2, Q×f = 15730 GHz  and τf  = 231 ppm/˚C 

[6]. In this study, (1-x)Mg0.95Co0.05TiO3-x(Ca0.8Sr0.2)0.6La0.267TiO3 hereafter referred 

as (1-x)MCoT-xCSLT microwave dielectric ceramics synthesized by polymeric 

precursor method, have been described. 

6.2 Results and discussion  

6.2.1 Thermogravimetry 

Figure 6.1 (a and b) show TGA/DSC curves for thermal decomposition of the 

MCoT and (1-x)MCoT-xCSLT polymeric precursors. TG curves indicate two 

decomposition steps, a minor weight loss (~ 8 %) with the weak endothermic peak on 

DSC curve, from room temperature up to 250 °C. This may be due to the loss of 

water, residual organics and decomposition of NO3
- 

absorbed on the surface of the 

resin. Although the precursor had been charred at 250 °C, but during cooling down to 

room temperature some moisture may be re-adsorbed. The second weight loss (~ 55 

%) in the range 250-570 °C in the TGA curves is attributed to the decomposition of 

polymeric precursor and nucleation of metal ions to corresponding metal oxide 

crystalline phase [7, 8]. The DSC profile splits into three peaks for the corresponding  
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.  

 

 

Figure 6.1. TG/DSC curves for thermal decomposition of the polymeric precursor for 

(a) MCoT (b) 0.8MCoT-0.2CSLT. 
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weight loss in both the cases, since the thermal decomposition of polymeric precursor 

has several steps [9]. 

(Mg/Co/Ca/Sr/La)Ti(C6H5O7)2 (Mg/Co/Ca/Sr/La)TiO(C2O4)2

(Mg/Co/Ca/Sr/La)Ti(OH)2C2O4                                                                                 (6.1) 

DSC profile is broadened because of the above mention steps, but in TG curves these 

steps overlap one another and not clearly seen. In case of (1-x)MCoT-xCSLT,  the 

third small weight loss (~ 2.5 %) up to 750 °C  (Figure 6.1b) can be assigned to the 

release of CO2 as a result of the reaction between traces of metal carbonates (MCO3) 

and TiO2 at higher temperatures as described in section 5.2.1.  

5.2.2 Phase and microstructure 

Figure 6.2 shows the XRD patterns of MCoT powders calcined at different 

temperatures. The amorphous form of the sample was changed into crystalline MCoT 

at 600 °C with small amount of second phase; MgTi2O5, which further augment the 

conclusions drawn from the TGA/DSC study. Moreover, the crystallinity of the 

sample was further increased when the temperature was reached to the 800 °C and 

MgTi2O5 disappeared. Figure 6.3 shows the XRD patterns of (1-x)MCoT-xCSLT  

ceramic sintered at 1200 °C for 4h. The XRD patterns showed only single phase for 

MCoT while for  (1-x)MCoT-xCSLT two-phase system with an rhombohedral R3 

structured MCoT (indexed with ICDD-PDF # 00-006-0494) and an orthorhombic 

Pbnm structured CSLT (indexed with ICDD-PDF # 00-022-0153).  In the system (1-

x)MCoT-xCSLT  beside the two main phases there appears third impurity phase of 

with an orthorhombic symmetry (indexed with ICDD-PDF #00-035-0792), which is 

usually formed as an intermediate phase. The Rietveld method was used to refine 

structural properties of (1-x)MCoT-xCSLT ceramics sintered at 1200 °C (Figure 6.4).  
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Figure 6.2. XRD patterns of MCoT powders obtained at different calcining 

temperatures. 
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       Figure 6.3. XRD pattern of (1-x)MCoT-xCSLT ceramics sintered at 1200 
o
C. 
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For the refinement using mixture model, CIF files corresponds to 

rhombohedral MgTiO3, orthorhombic CaTiO3 and rhombohedral MgTi2O5 had been 

taken. The occupancy factors for Mg, Co and Ca, Sr, La have been fixed at the given 

stoichiometric composition. The refined crystallographic data of (1-x)MCoT-xCSLT 

sintered at 1200 ˚C are listed in Table 6.1. Successful refinement produced 

satisfactory agreement factors (Rwp, Rp, Rexp and goodness of fit). The XRD peaks 

of MCoT are shifted toward lower angles as compared to MgTiO3 [10] with Co 

substitutions. This results in the increase of lattice parameters, which is due to the fact 

that the ionic radii of Co
2+

 (0.745 Å) is larger than that of Mg
2+

 (0.720 Å) and by 

substituting a larger ion, the unit cell expands in all directions [11]. Similarly, the 

XRD peaks of CSLT are shifted slightly to lower angels as compared to CaTiO3 [12], 

which is due to larger sizes of Sr
+2 

(1.16 Å) and La
+3 

(1.06 Å) than Ca
+2

 (1.00 Å) [11]. 

From refinement results of (1-x)MCoT-xCSLT it is concluded that there was no 

significant change in the lattice parameters,which confirms the formation of MCoT 

and CSLT as two separate phase system .  

Figure 6.5 (a and b) show the FE-SEM images of MCoT and (1-x)MCoT-

xCSLT powders calcined at 700 °C. The preliminary particles of MCoT and (1-

x)MCoT-xCSLT exhibited particle sizes <100nm. The preliminary particle in both the 

samples were agglomerated but the agglomeration in (1-x)MCoT-xCSLT was found 

to be high. The FE-SEM image of the sintered MCoT ceramics (Figure 6.5c) shows 

single phase, normal uniform grain growth. The image of the sintered (1-x)MCoT-

xCSLT ceramics reveal two phases (Figure 6.5d). The small grains of CSLT are 

embedded among the larger MCoT grains. The average grain sizes of sintered 

ceramics synthesized by the polymeric precursor method are observed to be smaller 

than the grain size of ceramics MgTiO3-CaTiO3 obtained by the solid state route [13] 
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Figure 6.4. Rietveld refinement of (a) MCoT (b) 0.8MCoT-0.2CSLT, sintered 

ceramics  



127 
 

Table 6.1. Refinement data of (1-x)MCoT-xCSLT ceramics sintered at 1200 ˚C. 

 

Sample 

Mg0.95Co0.05TiO3 (Ca0.8Sr0.2)0.6La0.267TiO3 

x = 0 x = 0.1 x = 0.15 x = 0.2 x = 0.25 x = 0.1 x = 0.15 x = 0.2 x = 0.25 

a Å 5.0558 5.0532 5.0530 5.0545 5.0513 5.4650 5.4674 5.4689 5.4651 

b Å 5.0558 5.0532 5.0530 5.0545 5.0513 5.4720 5.4629 5.4712 5.4678 

c Å 13.9104 13.9038 13.9050 13.9070 13.8999 7.7259 7.7312 7.7262 7.7212 

Structure Hexagonal Orthorhombic 

Space group R-3:H Pbnm:cab 

Crystallite 

size (nm) 

492 394  344 300 271 ----- 266 255 231 

rms strain 0.00058 0.00049 0.00056 0.00056 0.00049 ----- 0.00059 0.00051 0.00049 

density 
(gm/cc) 

3.9446 3.9505 3.9505 3.9476 3.9545 4.6642 4.6667 4.6613 4.6706 

x (Mg,Zn) 

/(Ca,Sr,La) 

0 0 0 0 0 -

0.0011 

0.0099 0.0012 -0.0028 

y (Mg,Zn) 

/(Ca,Sr,La) 

0 0 0 0 0 0.0122 0.0042 -0.0007 0.0116 

z (Mg,Zn) 

/(Ca,Sr,La) 

0.3561 0.3566 0.3597 0.3582 0.3559 0.25 0.25 0.25 0.25 

x Ti 0 0 0 0 0 0 0 0 0 

y Ti 0 0 0 0 0 0.5 0.5 0.5 0.5 

z Ti 0.1447 0.1457 0.1477 0.1467 0.1450 0 0 0 0 

x O1 0.3207 0.3196 0.3241 0.3251 0.3203 0.0135 -0.0396 -0.0636 -0.0397 

y O1 0.0238 0.0289 0.0329 0.0284 0.0272 0.5096 0.5534 0.4141 0.5114 

z O1 0.2452 0.2464 0.2481 0.2471 0.2465 0.25 0.25 0.25 0.25 

x O2 ----- ----- ----- ----- ----- 0.7673 0.7473 0.7665 0.7674 

y O2 ----- ----- ----- ----- ----- 0.3001 0.2854 0.2433 0.2272 

z O2 ----- ----- ----- ----- ----- 0.0330 -0.0315 -0.0294 -0.0335 

Sample x = 0 x= 0.1 x= 0.15 x= 0.2 x = 0.25 

Rwp (%) 11.6227 10.1411 9.0803 9.4483 9.1063 

Rp (%) 8.8029 7.2948 6.7337 6.9305 6.8663 

Rexp (%) 6.9530 6.8190 7.0796 6.6786 7.0592 

GoF 1.6715 1.4871 1.2825 1.4147 1.2299 
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Figure 6.5. FE-SEM images of as prepared powder calcined at 700 °C (a) MCoT (b) 

0.8MCoT-0.2CSLT, and ceramics sintered at 1200 °C (c) MCoT (d) 0.8MCoT-

0.2CSLT. 
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6.2.3 Raman studies 

In the Figure 6.6 the Raman spectra of (1-x)MCoT-xCSLT ceramics sintered 

at 1200 °C shows a good agreement with previous reports [14, 15]. The MCoT having 

ilmenite structure shows 10 Raman active vibrational modes (5Ag + 5Eg). The 

antisymmetric breathing vibration Eg mode of the oxygen octahedron appeared at 

280.37 cm
-1

. The Eg (326.12 cm
-1

) and Eg (351.66 cm
-1

) modes are related to the 

twisting vibrations while the Eg mode at 484.68 cm
-1

 appeared due to the 

antisymmetric breathing vibration of the Mg and Ti atoms with O octahedron parallel 

to the xy plane. The Eg anti-symmetric twisting vibration associated with the Ti–O 

stretch appeared at 640.04 cm
-1

. The Ag (223.97 and 304.84 cm
-1

) modes are related 

to the vibrations of Ti and Mg/Co atoms along the z-axis. The others Ag modes 

appeared at 396.38, 496.39 and 713.47 cm
-1

 are associated with the vibrations of O 

atoms. The breathing like vibrations with different directions of O atoms in octahedra 

resulted in the appearance of Ag modes at 496.39 and 713.47 cm
-1

. For the 

orthorhombic symmetry having space group Pbnm, there are 24 Raman- active modes 

i.e. 7Ag + 5B1g + 7B2g + 5B3g [16, 17]. Only three weak Raman modes (160.32, 

205.5, and 252.7 cm
-1

) can be seen for CSLT which are assigned to O–Ti–O bending 

vibrations. In the Figure 6.6 the other Raman bands cannot be seen in this spectrum, 

may be due to the low polarizability and less intensity of CSLT.  

6.2.4 Density and microwave dielectric properties 

The mixing model can be used to calculate the theoretical density of 

composite sample having two phases [18].  

 

1 2

11 xx

  


                                                                                                                              (6.2) 
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         Figure 6.6. Room temperature Raman spectra of (1-x)MCoT-xCSLT ceramics. 
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where x is the molar fraction of second phase, ρ1 and ρ2 are the theoretical densities of 

phase 1 and phase 2  respectively; these values have been computed from the 

refinement results. The data shown in Figure 6.7 shows the bulk density, dielectric 

constant and quality factor of the (1-x)MCoT-xCSLT ceramics (x = 0.2) as a function 

of sintering temperature. The dielectric constant and quality factor increase as the 

bulk density increases because both the parameters of microwave dielectric ceramics 

are dependent on the bulk density. Sintered at 1200 °C the (1-x)MCoT-xCSLT  (x = 

0.2) ceramic exhibits highest εr = 26.13 and Q × f = 138,766 GHz as it reaches 92.6% 

of theoretical density. Figure 6.8 (a) shows the dielectric constant of the (1-x)MCoT-

xCSLT ceramics increased as the y value increased. At 1200 °C for 4h, the dielectric 

constant of the (1-x)MCoT-xCSLT ceramics increased from 16.47 to 28.15 with the 

increase of x content from 0.0 to 0.25. Based on the effective medium models, the 

theoretical dielectric constants of composite ceramics can be calculated using 

following different mixing formulae. 

Series mixing model [19]: 

 

1 2

11

r r r

x x

  


                                                                                                                             (6.3) 

Parallel mixing model [20]: 

 
1 2

1r r rx x                                                                                                                           (6.4) 

Lichtenecker empirical logarithmic model [21]: 

 
1 2

ln 1 ln lnr r rx x                                                                                                             (6.5) 

 where x is the molar fraction of CSLT phase, εr1 and εr2 are the dielectric constants of 

phase 1 and phase 2 respectively. Figure 6.8 (a) shows the experimental as well as  
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Figure 6.7. Apparent density, dielectric constant  and quality factor of composite 

0.8MCoT-0.2CSLT ceramics, as a function of sintering temperature. 
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calculated εr results of (1-x)MCoT-xCSLT ceramics sintered at 1200 °C using 

different models. It was observed that using series mixing model (Equation 6.3), the 

calculated data were found to be small as compared to the experimental results, while 

using parallel mixing model (Equation 6.4) the calculated results were overestimated. 

The experimental and the calculated data using Equation 6.5 (Lichtenecker empirical 

logarithmic model) was comparatively closer to each other. The deviation of 

experimental results from the calculated one may be due to the porosity in the sintered 

ceramics and dissimilar microstructural shapes of two phases. Figure 6.8 (b) shows 

the quality factor of the (1-x)MCoT-xCSLT ceramic sintered at 1200 °C. At 

microwave frequencies the quality factor of a material is sensitive to density, second 

phases, porosity, grain boundaries and inclusions in real homogeneous ceramics 

[38,39]. The Q × f of the (1-x)MCoT-xCSLT decreased with increasing CSLT content 

because of its higher dielectric constant, CSLT represent a higher polarizability which 

results in a lower Q × f. As the y content was increased from 0.00 to 0.25, the Q × f 

decreased from 138,766 to 39,180 GHz. Figure 6.8 (c) shows the temperature 

coefficients of the resonant frequency τf of the (1-x)MCoT-xCSLT ceramic system 

sintered at 1200 °C. The τf depends on the composition, additives, and secondary 

phases of the materials. A general mixture rule [22] can be used to calculate the τf of 

the mixture phases which is given below:  

τf  = (1-x)τf1+xτf2                                                                                                                                                     (6.6) 

where x is molar fraction of the CSLT phase, τf1 and τf2 are temperature coefficients 

resonant frequencies of  phase 1 and phase 2 respectively. As expected, by increasing 

the CSLT content causes the τf values of the mixture ceramics to become more 

positive. It is also evident from Fig. 8(c) that the experimental values of τf slightly 



134 
 

 

 

 

 
 

 



135 
 

 

 

 

Figure 6.8. Microwave dielectric properties of (1-x)MCoT-xCSLT ceramics sintered 

at 1200 ˚C. 
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Table 6.2. Microwave dielectric properties of (1-x)MCoT-xCSLT ceramics sintered at 

1200 °C. 

x 

value 

Density (gm/cc) 

 

εr Q×ƒ  

(GHz) 

τf 

(ppm/˚C) 

theoretical  experimental   relative % 

     

0 3.944 3.652 92.6 16.47 138,766 -60.6 

0.1 4.011 3.709 92.4 21.16 78,543 -30.2 

0.15 4.043 3.766 93.1 23.01 62,550 -20.6 

0.2 4.072 3.773 92.6 26.13 54,820 -3.9 

0.25 4.112 3.803 92.5 28.15 39,180 13.62 
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deviate from the calculated values obtained from Equation 6.6. This also indicates that 

a zero τf can be achieved by properly adjusting the content of CSLT in the (1-

x)MCoT-xCSLT. Infact, at y = 0.2 , a near-zero τf value  (-3.9 ppm/°C) was achieved 

for the (1-x)MCoT-xCSLT ceramic sintered at 1200 °C for 4h. This provides another 

good candidate material for commercial applications. 

6.3 Conclusions 

(1-x)MCoT-xCSLT powders with particle size in nano-meters have been 

synthesized successfully by polymeric precursor method. The XRD refinement 

showed that the composite was a mixture of rhombohedral MCoT phase with R3 

symmetry and orthorhombic CSLT phase with Pbnm symmetry. The dielectric 

constant and τf values were found to increase with an increase in the y content. 

However, the Q x f value decreased with increasing y content. The composite 

ceramics (0.8)MCoT-(0.2)CSLT sintered at 1200 °C, was observed to have a good 

combination of microwave dielectric properties; εr = 26.13, Q x f =  54,820 GHz and 

τf = -3.9 ppm/°C. From the discussion above, it is inferred that the (0.8)MCoT-

(0.2)CSLT ceramics behaved as a promising material for microwave dielectric 

applications.  
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CHAPTER 7 

CHARACTERIZATION OF (1-x)Mg0.95Zn0.05TiO3-

x(Ca0.8Sr0.2)0.6La0.267TiO3 CERAMICS 

7.1 Introduction 

The partial replacement of Mg
2+

 by Zn
2+

, Mg0.95Zn0.05TiO3 has shown an 

improved Q×f  value than the pure MgTiO3 [1] but due to its negative value of 

temperature coefficient of resonant frequency, could not be used practically. To 

achieve near zero τf value, dielectric ceramics having a larger positive τf are usually 

selected as a compensator [2-4]. In chapter 6 it has been discussed that the ceramic 

(Ca0.8Sr0.2)0.6La0.267TiO3 having positive τf  = +231 ppm/˚C could produce temperature 

stable ceramics with Mg0.95Co0.05TiO3 [5].The purpose of this study is to achieve 

temperature stable ceramics in the system (1-x)Mg0.95Zn0.05TiO3-

x(Ca0.8Sr0.2)0.6La0.267TiO3 at a low sintering temperature utilizing polymeric precursor 

method [6-8].   

7.2. Results and discussion  

7.2.1. Thermogravimetry 

 TG/DSC curves of (1-x)MZT-xCSLT polymeric precursors are shown in 

Figure 7.1. The first weight loss (~ 8 %) was observed from room temperature to ~ 

250 °C accompanied by an associated small endotherm on DSC curve at 108 °C. This 

weight loss may be attributed to the removal of adsorbed water from atmosphere, 

decomposition of NO3
- 

absorbed on the surface of the precursor and burnng of 

residual organics. A drastic weight loss (~ 66 %) was observed in the temperature 

range 250-550 °C, which may attributed to the decomposition of citrate complex and 

nucleation of metal ions into metal oxides. The DSC profile for the second weight 

loss appeard split into three peaks (400.4, 471.7 and 513.8 °C), corresponding to the  
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Figure 7.1. TG/DSC curves for thermal decomposition of the polymeric precursor for 

0.8MZT-0.2CSLT. 
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combustion of the citrate complex and phase formation. Thermal decomposition of 

citrate complex occurs as follows [9,10]: 

(Mg/Zn/Ca/Sr/La)Ti(C6H5O7)2 (Mg/Zn/Ca/Sr/La)TiO(C2O4)2  

(Mg/Zn/Ca/Sr/La)Ti(OH)2C2O4                                                                                      (7.1) 

The small weight loss (~ 1.2 %) observed at temperatures up to 700 °C could 

be assigned to the solid state reaction of residual metal carbonates and TiO2 associated 

with very small endothermic peak on DSC at 635 °C.  

7.2.2. Phase and microstructure 

XRD patterns of the (1-x)MZT-xCSLT samples calcined in air atmosphere  at 

different temperatures at 500, 600, 700 and 800 °C are shown in Figure 7.2. No XRD 

peaks indicative of crystallization could be seen on the XRD pattern of the sample 

calcined at 500 ˚C. The emergence of all the peaks matching the relevant PDF files 

for the (1-x)MZT-xCSLT sample calcined at 600 °C indicated the crystallization of 

the final phases as identified by the TGA and DSC profiles. XRD pattern of the 

sample calcined at 600 °C revealed the formation of MZT as major phase along with 

the minor CSLT phase and impurity MgTi2O5 (MTO5) phase. When the calciniation 

temperature was increased to 800 °C, the observed increase in the intensity of peaks 

due to MZT and CSLT, indicated an increase in the crystallinity of these a decrease in 

the intensity of peaks due to MTO5 indicated a decrease in the amount of this phase. 

Figure 7.3 shows the XRD patterns of (1-x)MZT-xCSLT (x = 0 - 0.25) ceramics 

sintered at 1200 °C. As expected, all the XRD peaks and relevant intensities recorded 

for the x = 0 sample matched PDF# 00-006-0494 for MZT with rhombohedral (R3) 

symmetry as the major phase. With an increase in x to 0.1 peaks due to CSLT with 

orthorhombic (Pbnm) symmetry (PDF # 00-022-0153) emerged and persisted 

throughout the employed composition range. A single low intensity peak matching  



144 
 

 

 

 

 

 

 

 

 

Figure 7.2. XRD patterns of (1-x)MZT-xCSLT powders at different calcining 

temperatures. 
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        Figure 7.3. XRD patterns of (1-x)MCoT-xCSLT ceramics sintered at 1200 
o
C. 
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PDF# 00-035-0792 for the impurity phase MTO5 was observed on the XRD patterns 

for all the samples except x = 0.  

Figure 7.4 shows the Rietveld refinement results for the x = 0 and 0.2 

compositions. These refinements produced good agreement factors; Rwp = 11.08-

8.69, Rp = 8.28-6.40, Rexp =  7.19-6.63 and goodness of fit = 1.49-1.23. The refined 

crystallographic data for (1-x)MZT-xCSLT (x = 0, 0.1, 0.15, 0.2, 0.25) ceramics are 

listed in Table 7.1. As evident from the Table 7.1, there was no significant change in 

the lattice parameters, with an increase in CSLT which demonstrated the formation of 

composite ceramics without any diffusion of CSLT into MZT. An appropriate 

increase in the XRD peak intensity of CSLT phase was observed, consistent with the 

increase in the amount of CSLT from x = 0.1 to 0.25. Furthermore, the slight shifting 

of diffraction peaks positions of MZT and CSLT towards lower angles than those of 

MgTiO3 and CaTiO3 respectively, might be due to the larger that the ionic radius of 

the constituent Zn
2+

 than that of Mg
2+

 for the same coordination number 6. Similarly, 

the ionic radii of Sr
2+ 

and La
3+ 

are larger than that of Ca
2+

 [11].  

Figure 7.5 (a-b) shows the FE-SEM images of (1-x)MZT-xCSLT (x =0 and 

0.2) powders calcined at 700 °C. A close inspection of these images demonstrated 

agglomeration of the relatively smaller (<100nm) particles. Figure 7.5 (c-d) shows the 

FE-SEM images of sintered (1-x)MZT-xCSLT ceramics. The microstructure of the 

single phase MZT ceramic sample (i.e. x = 0 sintered composition) comprised densely 

packed grains of size ranging from 3-5 µm with no variation in contrast. On the other 

hand, the microstructure of the CSLT added sintered composition comprised 

relatively smaller grains with further smaller grains at tripple junctions, demonstrating 

the multi-phasic nature of the sample. 
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Figure 7.4. Rietveld refinement of (a) MZT (b) 0.8MZT-0.2CSLT, sintered ceramics  
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Table 7.1. Refinement data of (1-x)MZT-xCSLT ceramics sintered at 1200 ˚C. 

Sample Mg0.95Zn0.05TiO3 (Ca0.8Sr0.2)0.6La0.267TiO3 

x = 0 x = 0.1 x =0.15 x = 0.2 x =0.25 x = 0.1 x = 0.15 x = 0.2 x = 0.25 

a Å 5.0554 5.0564 5.0545 5.0550 5.0540 5.4681 5.4682 5.4681 5.4700 

b Å 5.0554 5.0564 5.0545 5.0550 5.0540 5.4607 5.4675 5.4702 5.4677 

c Å 13.9070 13.9109 13.9073 13.9076 13.9056 7.7248 7.7247 7.7254 7.7253 

Structure Hexagonal Orthorhombic 

Space group R-3:H Pbnm:cab 

Crystallite size 
(nm) 

483  468  454 444 441 ----- 285 311 335 

rms strain 0.00043 0.00052 0.00044 0.00040 0.00045 ----- 0.00042 0.00040 0.00045 

density (gm/cc) 3.9566 3.9540 3.9579 3.9571 3.9592 4.6718 4.6660 4.6633 4.6640 

x (Mg,Zn) 

/(Ca,Sr,La) 

0 0 0 0 0 0.0010 -0.0054 0.00047 -0.0052 

y (Mg,Zn) 
/(Ca,Sr,La) 

0 0 0 0 0 0.0116 0.0105 0.0134 0.0114 

z (Mg,Zn) 

/(Ca,Sr,La) 

0.3586 0.3579 0.3565 0.3561 0.3574 0.25 0.25 0.25 0.25 

x Ti 0 0 0 0 0 0 0 0 0 

y Ti 0 0 0 0  0.5 0.5 0.5 0.5 

z Ti 0.1462 0.1453 0.1443 0.1446 0.1452 0 0 0 0 

x O1 0.3218 0.3214 0.3201 0.3238 0.3219 0.0152 0.0388 0.0339 0.0463 

y O1 0.0288 0.0294 0.0259 0.0263 0.0295 0.5049 0.4982 0.5106 0.5020 

z O1 0.2454 0.2445 0.2457 0.2448 0.0245 0.25 0.25 0.25 0.25 

x O2 ----- ----- ----- ----- ----- 0.7917 0.7636 0.7334 0.7339 

y O2 ----- ----- ----- ----- ----- 0.2768 0.2146 0.2720 0.2844 

z O2 ----- ----- ----- ----- ----- 0.0360 0.0424 0.0382 0.0282 

Sample x = 0 x = 0.1 x = 0.15 x = 2 x = 0.25 

Rwp (%) 11.0833 10.5570 8.6930 8.6709 8.9167 

Rp (%) 8.2861 8.1149 6.4078 6.4814 6.4925 

Rexp (%) 6.9359 7.0833 6.6903 6.7084 7.1983 

GoF 1.5979 1.4904 1.2993 1.2925 1.2387 
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Figure 7.5. FE-SEM images of as prepared powder calcined at 700 °C (a) MZT (b) 

0.8MZT-0.2CSLT, and ceramics sintered at 1200 °C (c) MZT (d) 0.8MZT-0.2CSLT. 
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7.2.3. Raman studies 

Raman spectra of the sintered (1-x)MZT-xCSLT  samples are shown in Figure 

7.6, revealed that there are 10 Raman active vibrational modes [12,13]. The vibrations 

of Mg/Zn and Ti (Ag modes) along z axis appeared at 223.97 and 304.84 cm
-1

. The 

others Ag mode associated with the vibrations of O atoms were observed at 396.36, 

496.31 and 714.54 cm
-1

. The Raman mode observed at 279.3 cm
-1

 may be due to the 

Eg mode, an anti–symmetric vibration of the oxygen octahedron. The Raman modes 

observed at 325.06 and 350.60 cm
-1

 may be due to the twisting vibrations of the 

oxygen octahedron with Mg/Zn and Ti atoms while the mode observed at 483.62 cm
-1

 

may be associated with the anti-symmetric vibration of the Mg/Zn and Ti atoms with 

the O octahedra, and the Eg mode at 640.05 cm
-1

 may arise from the anti-symmetric 

vibration of the Ti–O stretching region.  

There are 24 Raman- active modes for orthorhombic (Pbnm) symmetry i.e. 

7Ag + 5B1g + 7B2g + 5B3g [14, 15]. Three weak Ag Raman modes at 161.09, 205.9, 

and 256.06 cm
-1

 related to the bending vibration of O–Ti–O can be seen for the CSLT 

phase. As described in the chapter 6, It is possible that the other bands predicted for 

CSLT may be overlapped by other intense bands, or many modes have very low 

polarizability so as to prevent their bands from being seen in the spectrum, as reported 

for CaTiO3 [16, 17]. 

7.2.4. Density and microwave dielectric properties 

The values of theoretical densities of both the phases were calculated from 

XRD data. The dielectric constant and quality factor are closely related to the bulk 

density and both are known to increase with an increase density. The apparent 

densities, dielectric constants and quality factors of the 0.8MZT-0.2CSLT ceramics 

sintered at different sintering temperatures are shown in Figure 7.7. 0.8MZT-0.2CSLT  
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Figure 7.6. Room temperature Raman spectra of (1-x)MZT-xCSLT sintered ceramics. 
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Figure 7.7. Relative density, dielectric constant and quality factor of composite 

0.8MZT-0.2CSLT ceramics, as a function of sintering temperature. 
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composition sintered at 1200 °C showed the highest relative density i.e 93.1% of the 

theoretical density and exhibited the optimum microwave dielectric properties; εr = 

25.17 and Q × f = 58,754. Figure 7.8 (a) shows that the dielectric constant increased 

from 16.18 to 27.26 with an increase in x from 0 to 0.25.  

Figure 7.8 (b) shows a comparison of the calculated and experimental values of εr for 

the (1-x)MZT-xCSLT ceramics composites at different x values. In the present case it 

can be seen from Figure 7.8 (a) that the results obtained through the Lichtenecker 

theoretical model were compartivly closer to the experimental values than the other 

two models (Equations 6.3 and 6.4). In microwave dielectrics having two 

components, the Q is predicted by relation (7.2) [18]. 

 

 
 
   

  
 

 

  
                                                                     (7.2) 

where Q1 and Q2  are the quality factors for the component phase 1 and 2, 

respectively. In the present study, the measured Q values were lower than the 

predicted ones. The deviation of the measured values from the predicted values may 

be due to the relatively lower density, porosity and dissimilar microstructures of the 

constituent phases. Figure 7.8 (c) shows the quality factor values of the (1-x)MZT-

xCSLT ceramics as a function of x. The Q × f of the current samples decreased from 

163,480 to 46,465 GHz with an increase in CSLT content from x = 0.00 to 0.25, due 

to the much lower Q × f value of the CSLT phase. The dielectric loss at microwave 

frequencies is governed by density, porosity, second phases, grain boundaries, and 

inclusions in real homogeneous ceramics [19, 20]. Moreover, the higher dielectric 

constant CSLT phase exhibits higher polarizability, resulting in higher intrinsic losses, 

which may be a possible reason for the observed substantial decrease in Q × f. 
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Figure 7.8. Microwave dielectric properties of (1-x)MZT-xCSLT ceramics sintered at 

1200 ˚C. 
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Table 7.2. The microwave dielectric properties of (1-x)MZT-xCSLT ceramics 

sintered at 1200 °C. 

 

x 

value 

 

Density (gm/cc) 

 

 

 

εr 

 

Q×ƒ  

(GHz) 

 

τf  

(ppm/˚C) 

theoretical    experimental    relative % 

     

0 3.956 3.652 92.3 16.18 163,480 -66.1 

0.1 4.015 3.717 92.6 19.63 80,765 -38.2 

0.15 4.050 3.754 92.7 22.77 65,456 -23.3 

0.2 4.080 3.798 93.1 25.17 58,754 -5.8 

0.25 4.114 3.834 93.2 27.26 46,465 7.2 

 

 

 

 

 



157 
 

Figure 7.8 (d) shows the temperature coefficients of the resonant frequency 

(τf) of the sintered (1-x)MZT-xCSLT ceramics. There are several factors which affect 

τf, such as composition of the ceramics, the type and amount of additives, and second 

phase(s). The τf value was observed to change from -60 to 7.2 as the the molar ratio of 

CST was increased from 0 to 0.25. Figure 7.8 (d) also shows that the measured values 

of τf slightly deviated from the predicted values obtained using Equation 6.6. A near-

zero τf value (i.e -5.8 ppm/°C) was achieved for the 0.8MZT-0.2CSLT ceramics 

sintered at 1200 °C. Although, the values of dielectric constant of (1-x)MZT-xCSLT 

ceramics are comparable with that reported for (1-x)Mg0.95Co0.05TiO3-

x(C0.8S0.2)0.6L0.267TiO3: (1-x)MCoT-xCSLT [5], however, the  Qxf values (163,480–

46,465 GHz at x = 0–0.25) of (1-x)MZT-xCSLT achieved in the present study are 

higher than those (138,766–39,180 GHz at x = 0–0.25) reported for (1-x)MCoT-

xCSLT  [5]. The observed improvement may be due to the fact that the ionic 

polarizability of Zn (2.04 Å) is higher than that of Co (1.65 Å) resulting in higher 

atomic vibrations causing a decrease in the dielectric loss [21]. Another reason may 

be the delocalized electrons of Co (3d
7
), which may cause conduction. Recently, a 

study on Ni1−x(Zn1/2Zr1/2)xW1−xNbxO4 showed enhancement of quality factor by 

increasing x value [22]. The reason for this enhancement was explain to be due to the 

decrease in the conductivity of the compound by replacing Ni (3d
8
) ion having 

delocalized electrons with completely filled Zn (3d
10

) and vacant Zr (3d
0
) ions. 

7.3. Conclusions 

(1-x)MZT-xCSLT powders with submicron particle size were successfully 

synthesized by a chemical synthesis route. XRD refinement revealed that in the 

sintered composite CSLT phase (Pbnm symmetry) coexisted with the MZT phase (R3 

symmetry) along with a small proportion of MTO5 as an impurity phase. As 
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expected, the dielectric constant and τf values increased while Q x f value decreased 

with an increase in the amount of CSLT. However, the Q x f value decreased with 

increasing CSLT amount. The 0.8MZT-0.2CSLT composition sintered at 1200 °C, 

exhibited εr = 25.17, Q x f = 58,754 GHz and τf = -5.8 ppm/°C. 
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CHAPTER 8 

SUMMARY AND SCOPE FOR THE FURTURE WORK 

8.1 Summary 

Thermal decomposition reactions of polymeric precursors for the 

Mg0.95A0.05TiO3 (A=Zn, Co) and (Ca0.8Sr0.2)0.6La0.267TiO3  were studied by TG-DSC at 

different heating rates in the flow of air. These studies showed two weight losses in 

the TGA curve. Initial minor losses were assigned to the loss of adsorbed water and 

low molecular weight organic solvents, while the major weight losses were attributed 

to the thermal decomposition of polyester and nucleation of respective metal oxides 

phases. In the DSC results, the major exothermic peaks corresponding to the TGA 

results were assigned to the thermal decomposition of polyester and to the nucleation 

and crystal growth of the phases. Kinetic analysis was performed for the 

Mg0.95Zn0.05TiO3 and (Ca0.8Sr0.2)0.6La0.267TiO3 using Isoconversional methods (FWO 

and KAS).  In case of  the thermal decomposition of polymeric precursor to get the 

end product Mg0.95Zn0.05TiO3, the reaction followed spherically three dimensional 

diffusion reaction mechanism functions (f(α) = 3/2(1-α)
2/3

[1-(1-α)
1/3

]-1, g(α) = [1-(1-

α)
1/3

]
2
). According to FWO model, the values of kinetic parameters were; Ea = 129.33 

kJ/mol, A = 1.04 × 10
8
 min

-1
, and n = 2.00. The corresponding kinetic parameter 

values in the KAS model were Ea = 123.88 kJ/mol, A = 2.95 × 10
7
 min

-1
, and n = 

2.09. While the decomposition of polymeric precursor and formation of 

(Ca0.8Sr0.2)0.6La0.267TiO3 phase, the most probable mechanism function was 

determined to be phase boundary reaction contraction sphere g(α) = 1-(1-α)
1/3

.
 
In this 

case the activation energy of the thermal decomposition of polymeric precursor was 

found to be 70.97 kJ/mol and 63.62 kJ/mol by FWO and KAS respectively, while the 

order of the thermal decomposition was 1.3 (FWO) and 1.48 (KAS). The high values 
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of activation energies for the decomposition of Mg/Zn/Ti-polymeric precursor were 

higher as compared to that of Ca/Sr/La/Ti-polymeric precursor, may be due to the 

reason that the ionic sizes of Mg/Zn are smaller than that of Ca/Sr/La, so more energy 

was needed to break the bond between Mg/Zn and O in the polymer. Moreover, the 

thermodynamic parameter values at the peak temperature were calculated. The 

thermodynamic parameter values for the formation of Mg0.95Zn0.05TiO3 were observed 

to be ΔH
*
 = 120.46 kJ/mol, ΔG

*
 = 228.69 kJ/mol, and ΔS

*
 = -146.63 J/mol K. The 

average values of thermodynamic parameters in case of (Ca0.8Sr0.2)0.6La0.267TiO3 

phase formation were; ΔH
* 

= 120.57 kJ/mol, ΔG
* 

= 282.94 kJ/mol and ΔS
*
 = -223.93 

J/mol K. The thermodynamic parameters suggested that the thermal decomposition of 

polymeric precursor to obtain both the phases is non-spontaneous process at room 

temperature.  

X-ray diffraction technique was used to crystal structure analysis and Retvield 

method was applied to refine the results. The XRD patterns of MZT and MCoT 

showed agreement with JCPDF card no: 06-0494 corresponding to the hexagonal 

symmetry (R-3). The diffraction pattern of MgTiO3 shift toward lower angles with the 

substitutions of Zn and Co. This resulted in the increase of lattice parameters as 

compared to that of reported in literature for MgTiO3. This is due to the fact that the 

ionic radii of Zn
2+

 (0.740 Å) and Co
2+

 (0.745 Å) are larger than that of Mg
2+

 (0.720 

Å) related to the same coordination number of 6. The XRD refinement results for 

CSLT showed that the materials formed single phase ceramics with orthorhombic 

symmetry with Pbnm space group. The XRD analysis for (1-x)MZT-yCSLT and (1-

x)MCoT-yCSLT revealed that CSLT did not form solid solution with Mg0.95A0.05TiO3 

(A=Zn,Co) but formed mixture. 
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FE-SEM technique was used for microstructural analysis. FE-SEM revealed 

submicron particle for the calcined powders, in which CSLT powders showed smaller 

particles sizes as compared to MZT and MCoT particles. The grain size of the 

sintered ceramics showed normal growth with well defined grain boundaries and 

smaller grain sizes as compared to the similar class of ceramics fabricated by solid 

state sintering routes. 

Raman spectroscopy was used to probe the lattice vibration modes. Raman 

study revealed all the 10 typical modes (5Ag + 5Eg) originating from the rotations of 

the oxygen octahedra, and the stretching and torsion of the Ti-O bonds for MZT and 

MCoT, while  the Raman bands for CSLT cannot be seen in this spectrum, may be 

due to the low polarizability and less intensity. As the molar ratio of CSLT in the 

mixture increased, the intensities of Raman peak for MZT and MCoT decreased with 

any significanct shift which also confirm the formation of separate phases in all the 

cases. 

The densities of all the sintered ceramics were calculated by mass and 

dimension method. The effect of sintering temperature on the densification of 

ceramics revealed 1200 ˚C as an optimum temperature which is lower as compared to 

the sintering temperature applied for the same class of the ceramics system fabricated 

by solid state sintering route. Single phase CSLT showed higher relative density as 

compared to single phases MZT, MCoT and the mixture of these with CSLT. One of 

the reasons could be the smaller particle sizes of CSLT. 

The microwave dielectric properties of all specimens studied were found to be 

dependent on density and the phase of ceramics. It was observed that Q x f values of 

MZT and MCoT increased as compared to reported in literature for MgTiO3. This 

may be due to the reason that atomic vibration increases by the doping of Zn
2+

 and 
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Co
2+

 which improves ionic polarizability, resulting a decrease in dielectric loss. CSLT 

ceramic sintered at 1200 °C exhibited microwave dielectric properties:  εr = 116.2, 

Q×ƒ = 15730 (GHz) and τf = +231 ppm/°C. The εr of the CSLT improved as 

compared to that of the Ca0.6La0.267TiO3 which may be ascribed to the larger ionic 

polarizability of Sr
2+

 than that of Ca
2+

 and La
3+

. To study the relaxation phenomena 

and electrical microstructure, ac impedance was carried on CSLT in the temperature 

range 200-450 °C. The modulus study revealed that at least two relaxation phenomena 

happen in the specimen, in which the high frequency peak can be ascribed to the high-

frequency dipolar polarization, while the lower frequency peak is due to low 

frequency dipolar polarization. Furthermore, the composition exhibited negative 

temperature coefficient resistor (NTCR) characteristics with inhomogeneity in the 

electrical microstructure. The Edc calculated by using the Arrhenius equation was 0.24 

eV in the temperature range 300-450 °C suggesting the semiconducting nature of the 

sample in the given temperature range. The impedance data for MZT and MCoT 

could not be obtained in this temperature range because of their higher resistances. 

To obtain a near zero τf composite ceramics; (1-x)MZT-xCSLT and (1-

x)MCoT-xCSLT were fabricated. As expected, the dielectric constant and τf value 

increased with an increase in the x content in all the cases. However, the Q x f value 

decreased with increasing x content. The experimental and the calculated data was 

comparatively closer to each other using Lichtenecker empirical logarithmic model of 

εr and general mixture rule for the τf. The composites 0.8MZT-0.2CSLT and 

0.8MCoT-0.2CSLT sintered at 1200 °C, possessed good combination of microwave 

dielectric properties [0.8MZT-0.2CSLT; εr =  25.17, Qxf = 58,754 GHz and τf = -5.8 

ppm/°C and 0.8MCoT-0.2CSLT; εr = 26.13, Q x f = 54,820 GHz and τf = -3.9 
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ppm/°C]. These compositions are proposed as a suitable candidate for microwave 

applications.  

8.2 Scope of the future work 

1. The high resolution neutron diffraction can be used to obtain accurate bond 

valences, covalency of ions, distortion of BO6 octahedra and tilting angles of 

octahedral for the ceramics. 

2. Sn
4+

, Z
4+

, and Nb
4+

 can be substituted for Ti
4+

 to study their effects on the 

microwave dielectric properties of modified MZT, MCoT and CSLT 

compositions.  

3. Effect of temperature on the local structures of the compositions can be 

studied using Raman spectroscopy in the temperature range 30 to 800°C. To 

comprehend the information of local structure effect on Raman modes, 

detailed studies can be carried out using Extended X-ray Absorption Fine 

Structure (EXAFS).  

4. High Resolution Transmission Electron Microscopy (HRTEM) of samples can 

be carried out to study the relationship between the microwave dielectric 

properties and octahedral tilting. Moreover, anti phase boundaries and its 

relation to dielectric loss may be estimated. 

5. To co-relate the temperature coefficient of resonant frequency with the 

composition and structure, first principle calculations on phonon modes may 

be carried out.  

6. Effect of cooling rate on the phase, microstructure and microwave dielectric 

properties of MZT, MCoT and CSLT could be studied.  

7. Infrared (IR) reflectivity may be used to estimate the intrinsic dielectric 

properties and the B site cation order of the compositions. 


