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Chapter 11

SYNTHESIS AND STRUCTURAL ANALYSIS
SECTION A: SYNTHESIS OF ME COMPOSITES

2A.1 Introduction

There are various methods for synthesis of magnetoelectric composites
such as sol-gel method [1], weight chemical method [2, 3], ceramic method [4, 5,
6] etc. Among these the ceramic method is widely used.

The magnetoelectric effect is a structure dependent property [1]. For
effective coupling between ferrite and ferroelectric phases which causes to get
effective ME output, the careful preparation should be done. The ceramic method
is easier and cheaper than other methods. In this method we have the choice of
mole ratio of constituent phases, starting material, sintering temperature and time,
sintering atmosphere etc. The porosity, density and microstructure of the sample
which affect the material properties can be controlled by this method. In ceramic
method the component phases attain homogeneity during solid state reaction at

high temperature [7, 8].

2A.2 Ceramic method

The method includes following steps.
1) Mixing

Mixing of starting materials in appropriate proportions is done to maintain
the composition of the final product.
2) Presintering

It involves heating of mixture to decompose carbonates and higher oxides
in order to reduce the evolution of the gases during final sintering. During this

stage, the raw materials partly react to produce the final compound. Presintering
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helps in homogenization of the material and to reduce shrinkage during the final
sintering.
3) Shaping

The presintered powder is then ground to fine powder to reduce the
particulate size and to mix the un reacted oxides. The dried powder is then pressed
into required shape using the binder (1% polyvinyl alcohol) in a die, applying
pressure of 5-6 ton by means of a hydraulic press.
4) Final sintering

In this stage heating of the pelletized samples at high temperature takes
place. In this stage the density of the final product increases which in turn reduces
the porosity. As a final major step in the preparation of ceramic products, the
sintering temperature and time are also important factors to complete solid state

reaction.

2A.3 Solid state reaction

As the formation of composites as well as its constituent phases takes place
via the mechanism of solid state reaction. The ferrite MFe,0, formed by the
diffusion of metal oxide (MO) and iron oxide (Fe,0;). Before sintering there is
only one phase boundary between the two rezactants. During diffusion there are
two more phase boundaries one between MO and MFe,0, and second between
Fe,O; and MFe,04. According to Wagner [9] the three possible transport

mechanisms of reactant through the ferrite phase are as follows,

1) The counter diffusion in which oxygen ions remains stationary and only cation
can migrate in opposite directions.

2) Diffusion of cations with associated flux of migrated anions

3) Diffusion of Fe** ion through the ferrite layer. During this process the oxygen
ion is given off at MFe,04-Fe,0; interface and taken up at MO- MFe, 0, interface.
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2A.4 Flowchart for preparation of ferrites, ferroelectrics and ME composites
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2A.5 Actual method of preparation

In the present work, the ME composites contain two phases viz. ferrite and
ferroelectric. Here Co,..CdFe,O4 (x = 0.1, 0.2, 0.3) is used as ferrite phase. For
the preparation of ferrite A. R. grade CoCO;, CdCO; and Fe;O; were taken in
molar proportions. The mixture was ground thoroughly for 3h and presintered at
900°C for 10h. PbZr, 5,Tig 4305 was chosen as ferroelectric phase. This phase was
prepared through the solid state reaction method using A. R. grade PbO, ZrO, and
TiO, in molar proportions. The mixture was ground to fine powder for 3 h. It was
sintered at 1150 °C for 4h. After presintering the two phases were ground to fine
powders. The ME composites were prepared by thoroughly mixing 15, 30 and 45
mole % of ferrite phase with 85, 70 and 55 mole % of ferroelectric phase
respectively. The fine powder of composites was then pressed into pellets of
thickness of about 2-3 mm and diameter of about 15mm by applying a pressure of
7 tons/ square inch using a hydraulic press for 7-10 minutes. All the pelletized
samples were finally sintered at 1000°C for 10h and naturally cooled to room
temperature. The samples prepared for present work are as under -
(y) Cog9Cdy | Fe,O4 + (1-y) PZT where y = 0.15, 0.30, 0.45 mole %
(y) Cog7Cdy3Fey0,4 + (1-y) PZT where y = 0.15, 0.30, 0.45 mole %
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SECTION B: STRUCTURAL ANALYSIS
X-RAY DIFFRACTION

2B.1 Introduction

X-ray diffraction technique is well established, widely used, versatile
analytical technique for the characterization of composite materials [10]. It
provides information about amorphous content of sample, crystallite size, crystal
imperfections etc. This technique also gives the knowledge of atomic structure
within the crystal which helps to understand the physical properties of material.

In x-ray diffraction technique, x-ray radiation is allowed to fall on certain
crystal planes containing atoms. When Bragg’s diffraction condition is satisfied
the x-rays get diffracted. According to Bragg, the diffraction is possible only when
the wavelength of x-rays is comparable to interplaner distance (d) of the planes.
Bragg’s diffraction condition is,

2d Sin © = nA - (1)
where n = order of diffraction, d = interplaner distance, © = angle of diffraction,
A = wavelength of monochromatic x-ray.
For the cubic structure a = b = ¢ (where a, b, ¢, are lattice constants,
= interplaner distance) and the miller indices (hkl) of reflecting planes are
related by [11, 12],
d=a/®*+K+1H)"? e ()
Various sets of planes in a lattice have various values of interplaner spacing [13].
From different values of © the value of s = (h* + k* + I) is determined. Using this
value the indices ‘hkl’ of each plane can be determined [14]. For tetragonal system

the relation between the interplaner spacing and lattice constants is,

1/d? = [(2+ k) / a%] + (1 SC)

Using Bragg’s law and rearranging the terms transform into equation,

Sin0=a(h*+k?+C P - (4)
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i»

where a = A%/4a and ¢ = 1>/ 4ac?
To determine the values of A, putting 1 = 0, equation becomes,
Sin"0=a (h*-k% .. (5)
The allowed values of (h® + k%) are 1, 2, 4 etc. The value of lattice
parameter ‘c’ can be determined from other hkl planes if the value of ‘a’ is known
[13]. Hull and Dave [15] have studied graphical methods of indexing the powder

patterns of tetragonal crystal structure in details.

2B.3 Experimental technique

The x-ray diffraction patterns of the samples were taken on Philips x-ray
diffractometer (Model PW 1710) using Cu Ko Radiation (A = 1.5418 A) at CFC,
Shivaji University, Kolhapur. The indexing was done by comparing the observed
x-ray data with the standard ASTM data for ferrites with cubic structure and

ferroelectrics with tetragonal perovskite structure.

- 2B.4 Results and discussion
Figs. 2.1 to 2.4 show the XRD patterns of ferrites, ferroelectrics and their
composites. The XRD patterns of all the composites as well as ferrite and
ferroelectric phases have no any additional impurity peaks. The ferrite phase has
cubic spinel structure and ferroelectric phase has tetragonal perovskite structure.
The calculated and observed‘d’ values are given in the Tables 2.1 to 2.9. They are

in good agreement for all indexed planes.
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Table 2.1- Miller indices and interplaner spacings for Cog9Cdg |Fe,O4

Planes Observed Calculated
(hkl) ‘d’ ‘d’
Value, A Value, A
(220) 2.97 2.96
(311) 2.53 2.53
(400) 2.08 2.09
(511) 1.61 1.61
(440) 1.48 1.48

Table 2.2 - Miller indices and interplaner spacings for Cog7Cdo 3Fe;04

Planes Observed ‘d’ | Calculated (d)
(hkl) Value, A Value, A
(220) 2.97 2.97
(€20)) 2.53 2.53
(400) 2.08 2.10
(511) 1.61 1.62
(440) 1.48 1.49
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Fig.2.2 XRD pattern of PbZl'o,szTio_4303

Table 2.3 - Miller indices and interplaner spacings for PZT

planes Observed ‘d’ Calculated ‘d’
(hkl) Value, A value, A
(001) 4.14 4.14
(100) 4.03 4.03
(101) 2.89 2.88
(111 2.35 2.35
(002) 2.07 2.07
(200) 2.01 2.01
(102) 1.84 1.84
(201) 1.81 1.81
(112) 1.67 1.67
21D 1.65 1.65
(022) 1.44 1.44
(221) 1.35 1.35
(103) 1.30 1.30
(310) 1.28 1.27
(312) 1.09 1.09
(321) 1.08 1.08
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(015) C00.7Cd0_3F6204 + (085) PZT

Planes Observed Calculated
(hkl) 1 d? 6d9
Value, A Value, A
(220) - 2.97 2.99
(101) * 2.89 2.89
(311) - 2.53 2.55
(111) * 2.35 2.35
(200) * 2.01 2.01
(201) * 1.81 1.82
(211) * 1.65 1.65
(511) 1.61 1.63
(440) « 1.48 1.49
(022) * 1.44 1.44
(221) * 1.35 1.35

Table 2.5 - Miller indices and interplaner spacings for

(0.30) Cog; Cd ¢ sFe,0, + (0.70) PZT

Planes Observed Calculated
(hkl) ‘d’ ‘d’
Value, A Value, A
(220) - 2.97 2.99
(101) * 2.89 2.88
(311) - 2.53 2.55
(111) * 2.35 2.35
(200) * 2.01 2.02
(201) * 1.81 1.82
(112) * 1.67 1.66
Q11) * 1. 65 1.63
(440) - 1.48 1.49
(531) - 1.42 1.43
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Table 2.6 - Miller indices and interplaner spacings for
(0.45) Cog7Cd ¢3Fex04 + (0.55) PZT

Planes observed Calculated
(hk1) ‘d’ value, A ‘d’, A
(220) « 2.97 2.99
(101) * 2.89 2.88
(3l 2.53 2.55
(111)* 2.35 2.35
(400) » 2.08 2.11
(200) * 2.01 2.03
(201) * 1.81 1.82
(112) * 1.67 1.66
A 1.65 1.63
(440) « 1.48 1.49
(531) - 1.42 1.43
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Table 2.7 - Miller indices and interplaner spacings for
(0.15) Cog9Cdyp 1Fe;04 + (0.85) PZT ME composites

Planes Observed Calculated
(hkl) ‘d’ ‘d’
Value, A Value, A
(100) * 4.03 4.05
(101) * 2.89 2.89
@Bll)» 2.53 2.53
(111) * 2.35 2.35
(200) * 2.01 2.01
(112) * 1.67 1.67
(440) « 1.48 1.49
(022) * 1.44 1.44
212) * 1.36 1.36
(533) » 1.28 1.28

Table 2.8 - Miller indices and interplaner spacings for
(0.30) Cog9Cdg 1Fe 04 + (0.70) PZT composites

Planes Observed Calculated
(hkl) ‘d’ ‘d

Value, A Value, A
(100) * 4.03 4.04
(220) » 2.97 2.97
(101) * 2.89 2.88
(Bl 2.53 2.53
(111)* 2.35 2.35
(200) * 2.01 2.01
(201) * 1.81 1.81
(112) * 1.67 1.67
(5i1)- 1.61 1.61
(440) « 1.48 1.48
(022) * 1.44 1.44
(302) * 1.13 1.13
(Bl12)* 1.09 1.03
(044) * 1.03 1.04
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Table 2.9 - Miller indices and interplaner spacings for
(0.45) Cog9Cdy ;Fe,04 + (0.55) PZT ME composites

Planes Observed Calculated
(hkD) ‘d’ ‘d’
Value, A Value, A
(100) * 4.03 4.05
(220) - 2.97 2.92
(101) * 2.89 2.89
(3l1) - 2.53 2.53
(111)* 2.35 2.35
(400) » 2.08 2.10
(200) * 2.01 2.01
(201) * 1.81 1.81
(511) - 1.61 1.61
(440) « 1.48 1.48
(300) * 1.35 1.35
(312) * 1.09 1.09

Data on lattice parameters and c/a ratio for all composites is given in Tables

2.10 and 2.11. The lattice parameters are found to be varying slightly with change

in mole % of either phase. The intensity and number of ferrite peaks increase with

increase in mole % of ferrite phase in the composites. It is reported [16] that the

ionic radius of Co?" ions is 0.82 which is smaller than that of Cd** ions so that the

lattice parameter must be increase with increase in Cd content. From the table it is

clearly seen that the lattice parameter of Cog;Cdy3;Fe,O, is greater than that of

Cog9CdyFe;,04 A similar increase in lattice parameters of the ferrites is found in

all the composites.
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Table 2.10 — Structural data (y) Cog7Cd ¢3Fe;04 + (1-y) PZT ME

composites
Composition Lattice Lattice . claratio
) parameter | parameters for
for ferrite ferroelectric
A) A)

0.00 - a=4.03 1.02
c=4.14

0.15 a=845 a=4.02 1.03
c=4.15

0.30 a=8.44 a=4.07 1.01
c=4.10

0.45 a=8.44 a=4.06 1.00
c=4.08

1.00 a=8.40 - -

Table 2.11 — Structural data of (y) CogoCd ¢ 1Fe 04 + (1-y) PZT ME

composites
Composition | Lattice Lattice c/a ratio
) parameter | parameters for
for ferrite ferroelectric
A) A)

0.00 - a=4.03 1.02
c=4.14

0.15 a=842 a=4.04 1.01
c=4.12

0.30 a=8.41 a=4.04 1.01
c=4.10

0.45 a=8.41 a=4.04 1.01
c=4.08

1.00 a=8.37 - -
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SECTION C: MICROSTRUCTURAL CHARACTERIZATION
SCANNING ELECTRON MICROSCOPY

2C.1 Introduction

The scanning electron microscopy (SEM) is an important tool used to study
the morphology of the sample at higher magnification, higher resolution and depth
of focus compared to optical microscope [17]. It has assumed much importance
because it helps to determine the grain size, imperfections etc. The properties of
composites as well as the constituent phases depend on the microstructure. It is a
well known fact that the properties of ferrite materials are strongly influenced by

their composition and microstructure [18].

2C.2 Effect of microstructure on properties

The factors such as phase composition, homogeneity, microstructure,
defects, domain wall motion and electric field not only contribute to the material
properties but also in many cases actually control material responses [19, 20].
Some magnetic properties such as coercive field, low density, permeability and
magnetic losses are linearly or inversely dependent on grain size [21]. Patankar et
al. have concluded that the dielectric behavior of the composites mainly arises
from the grain structure, porosity etc. [22]. The dependence of resistivity of
ferrites on porosity has been studied by Naik and Powar [23]. To have minimum
loss, there should be uniform grain growth. The decrease in the grain size
enhances porosity which decreases conductivity [24]. The domain wall motion is
dependent on grain size [25]. As the grain size increases the domain wall oscillates
more freely while domain wall relaxation frequency and magnetic losses decrease
with increase in grain size [26]. Finer the grain size larger is the retentivity and
coercivity. Many researchers have studied the dependence of dielectric constant on
grain size [27, 28, 29]. The behavior of grain growth reflects the competition
between the driving force for the grain boundary and the retarding force exerted
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by pores. During the sintering process, the thermal energy generates a force that
drives the grain boundaries to grow over pores, thereby decreasing the pore
volume and densifying the material. When the driving force of the grain boundary
in each grain is homogeneous the sintered body attains a uniform grain size
distribution, in contrast abnormal grain growth occurs if this driving force is
inhomogeneous. Moreover the strength of the driving force depends upon the

diffusivity of the individual grains, sintering temperature and porosity [30].

2C.3 Experimental

The micrographs of all the samples of composites as well as of their
constituent phases were taken with the help of Scanning Electron Microscope
(JEOL JSM 6360), at Department of Physics, Shivaji University, Kolhapur.
Calculation of grain diameter was done using Cottrell’s method [31]. Number of
intercepts of grain boundary per unit length Pl and total number of intercept (n) are

related as;
PL = (n/27r) ... (6)

where M is magnification,
r = radius of circle

Using P, Grain diameter (L) can be calculated as
L=1/P-1) .7

2C.4 Results and discussion

The scanning electron micrographs of the ferrites Co,.,CdFe,0y,
ferroelectric PZT and the composites with (y) Co;CdFe,O4 + (1-y) PZT where
x=0.1,0.3 and y = 0.15, 0.30, 0.45 are as shown in Figs. from 2.5 to 2.8. From the
micrographs of ferrites and ferroelectric it is clearly seen that the grain size of the

Coy,Cdy3Fe,04 1s (1.81 um) is greater than that of the ferroelectric phase
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(0.52um). From the micrographs of the composites it is seen that there is uniform
distribution of the ferrite and ferroelectric phases through out it which may help to
enhance the ME effect. The micrographs of composites (y) Cog7Cdy3Fe,04 + (1-
y) PZT show well developed grains and homogeneous formation of composites.
The grain growth in composites is attributed to the presence of inclusions and
pores in the solid solutions that migrate to grain boundaries. The micrographs also
show the presence of two phases in the composites indicating that grains of one of
the phases have higher permeability of growing and hence they grow at the
expense of small grains [31].The calculated average grain sizes for all the
composites as well as their individual phases are listed in Table 2.12. It is noted

that as the Cd content in ferrite phase increases the grain size increases.
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Table 2.12 - Average grain size of the composites and their constituent phases

(y) CogCdo.1Fe;04 (1-y) PZT ME composites

Composition (y) Grain size (um)
0.00 0.52
0.15 1.16
0.30 2.61
0.45 1.51
1.00 1.81

(y) Cop+CdosFe,04 (1-y) PZT ME composites

Composition (y) Grain size (um)
0.00 0.52
0.15 1.16
0.30 2.61
0.45 1.51
1.00 1.81
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