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ABSTRACT

The two series of nanosized aluminium and cobalt substituted calcium hexaferrites CaxZnzFeso-
xMexO22(Me = Al or Co) have been successfully synthesized by sol-gel auto-combustion route. The structural
characteristics of both series of synthesized samples have been studied by X-ray diffraction (XRD) and
Scanning electron microscopy(SEM). Theacoustic properties of the both series of samples have been
investigated by ultrasonic pulse transmission technique. XRD analysisof both series showed that the
synthesized samples were single phaseY-type hexagonal ferrites. The SEM study showed that the average
particle size of the both series of synthesized samples was found to be in nanorange.The acoustic studies
indicate that the increase in elastic modulii with AI** ions concentration weaken the inter-atomic bonding
between various atoms in the substituted calcium hexaferrite where asthe decrease in elastic modulii with Co®*

ions concentration strengthened the inter-atomic bonding between various atoms in hexaferrite continuously.

Keywords:Y-type hexagonal ferrite, nanoparticles, Sol-gel Auto Combustion route, TEM, acoustic propertiesetc.

1. Introduction
Hexagonal ferrites have been widely used in the field of material science. The elastic constants of the

materials can be determined by studying propagation of ultrasonic waves through those materials. This provides
better understanding of the behaviour of the engineering materials. The elastic constants of the material are
related with the fundamental solid state phenomenon such as specific heat, Debye temperature and Grunesian
parameter. The elastic constants of a material can be determined by measuring the velocity of the longitudinal

(v1) and shear waves (vs)[1].
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The ultrasonic velocities and elastic constants are related to each other[2]. The acoustic Debye
temperature of materials used to explain the well known solid state problem like lattice vibrations is determined

using ultrasonic velocity.

The elastic constants are related to interatomic forces, co-ordination changes, etc; and also the impact
shock, fracture and crack growth [3]. For porous materials like cast metal, ceramics and most composites, the
relation between elastic moduli and velocity are complex. The other microstructural factors such as grain shape,
grain boundaries, texture and precipitates have pronounced effect on the relation between elastic moduli and
velocity [4, 5].

It is essential to understand the relationship between porosity and its elastic behavior in order to improve
the mechanical properties of ceramic materials. The measured elastic moduli do not have much significance
unless they are corrected to zero porosity.

Inthe present work, thetwo series of samples of aluminium and cobalt substituted Y-type calcium
hexaferrite have been synthesized by sol-gel auto-combustion route.The effect of substitution of AI** or Co®*
ion on structural and acoustic properties calcium hexaferrites have been investigated.

2. Experimental
2.1. Sample preparations
The substituted calcium hexaferrites having the following formula CaxZnzFe12.xMexO22 where Me= Al

or Co with x =0 and 0.5 was synthesized sol-gel auto-combustion route. A stoichiometric amount of AR grade
Ca(NO3)24H20, Fe(NO3)3-9H20, and Al(NOs)3.9H20 or Co(NO3)3.9H20 were dissolved in a minimum amount
of deionized distilled water at the temperature of 50 °C under constant stirring. The urea CO(NH,). was added
to the mixed solution as fuel. The homogeneous aqueous solution was then heated in the digitally controlled
microwave oven of 2.45 GHz for 15-20 min so that all water evaporate and leave a viscous dense gel. The final
viscous gel burnt by self propagating combustion reaction evolving large volumes of gases (N2, NHs and
HNCO) and finally gets converted into a fluffy powder. Ultimately, the resulting powder was calcined at 900°C
for 4 hours to form substituted calciumhexaferrite phase [6].

2.2 Characterization
The identification of the crystalline phase was performed using X-ray diffractometer(XRD), model PW

1710(Philips Holand )with Cu-ka radiation source, in the range from 20° to 70° with a step of 0.02° for 1
second..

The morphological properties of the synthesized samples are recorded by using SEM studies using
Scanning Electron Microscope (Model JSM- 7600F) having resolution of 1.0nm (15kV), 1.5nm (1kV)
accelerating voltage 0.1 to 30 kV, magnification X 25 to 1000000.

The acoustic properties of the samples have been investigated by ultrasonic pulse transmission

technique [2]. For ultrasonic measurement of both series of samples, they are made in the form of pellets with
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diameter 15mm and thickness more than 10mm. The radio frequency pulse generated by a pulse oscillator was
applied to quartz transducer and these pulse passes in longitudinally and transverse position of the samples
having specified dimensions at 100 KHz. The longitudinal velocity (vi), transverse velocity (vs) and mean
sound velocity (vm) were calculated.

The elastic constants of a material can be determined by measuring the velocity of the longitudinal (V1)

and shear wave (Vs) [1]. The ultrasonic velocities and elastic constants are related as given by the following

equations.

Longitudinal modulus L = p(V)?> (1)

Rigidity modulus G =p(V)2 L ()

Bulkmodulus B=L—2G6 3)
3B—2G

Poisson’sratio0 = ——— 4)
6B+2G

Young’s modulus E=(to)2¢ B H.'" 8 "B ®#%» @& 000 ... (5)

The acoustic Debye temperature of materials used to explain the well known solid state problem like

1

. (6)

Where h is the Planck’s constant, ks Boltzmann constant, Na Avogadro number, V volume calculated

. . . . . ] . . . . . h [3N4P
lattice vibrations is determined using ultrasonic velocity. The relation is given as 8 = P ﬁ
B

from the effective molecular weight and the density (i.e. M/p), P the number of atoms in the molecular formula

1

2 19~
S —3] 3
v vy

and Vm the mean sound velocity defined by the relationv,, = [ 5

3. Results and discussion
3.1. XRD analysis

XRD patterns of aluminium substituted calcium hexaferriteand cobalt substituted calcium
hexaferrite(x=0, 0.5 and 1) are shown in Fig. 1.The XRD data analysis was done using computer software
PCPDF Win, Powder-X and fullproof software suite. The XRD pattern of both series of samples confirms that
the synthesized samples are found to have Y-type hexagonal structure belonging to the space group R3m (no.
166).
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Fig. 1(a): X-ray diffraction spectra of sample CazZnzFe12-xAlxO2
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Fig. 1(b). X-ray diffraction spectra of sample CazZnzFe12.«C0x022

The lattice constants a and ¢, X-ray densities, bulk densities and porosity of the both series of samples at

room temperature are given in the Table 1.

Table 1:Lattice constants (a) and (c), cell volume (V), X-ray density (px-ray), bulk density (pm) and porosity (P)

of samples
Sample a(A) c(A) | VA Pxray pm(gm/c P
(gm/cmg) m3) (%)
CaxZn;Fe202; 5.0390 | 44.1072 | 1249.27 | 4.2239 3.0982 26.67
CazZn;Fe115Al05022 5.0452 | 44.2512 | 1245.11 4.1507 2.7761 33.11
CazZnyFenAlOy; 5.0446 | 44.2056 | 124489 | 4.1067 3.1255 33.90
CazZnoFe15C00502 | 5.0418 | 44.1876 | 124293 | 4.2168 2.9268 30.60
CazZn,Fe1Co02, 5.0274 | 44.0628 | 1232.32 4.2583 2.1634 49.20

The cell volume of calcium hexaferrites samples decreases after being doped with AI®* ion and

increases after being doped with Co®* ion for Fe3* ion. These results agree well to that reported by Kuhikarand
Kulkarni[7],Salunkhe[8] and Moharkar [9].

The lattice parameter ‘a’ and ‘c’ and ‘V’ slightly changes with substitution of AI** ion in calcium

hexaferrite sample. This is due to relatively large ionic radius of AI** ion (0.53 A) comparing to that of Fe3* ion

(0.64 A) for six fold coordination. As a result, the cell volume of the samples of hexaferrite decreases after
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being doped with AI®* ions. The decrease in X-ray density and bulk densities on substitution of AI** ion in
hexaferrite samples is due to the smaller molar masses of the substituted ion. The X-ray density is higher than
the bulk density (pm) Which indicates the presence of pores in the synthesized samples. The porosity increases
with increase in the AI** ions content in calcium hexaferrites. These results agree well to that reported by P. R.
Moharkar [9], M. B Solunke [10]. It was seen that density and porosity are inversely varies with dopent
concentration. This behaviour may be attributed to the fact that introduction of Co*® ions in hexagonal ferrites
may affect the grain size development during firing process and decrease the porosity Hemeda and Hemeda
[11]. Thus it can be concluded that substitution enhance the firing process and increase the grain size to leading

to decrease of porosity.

3.2 SEM analysis

Fig. 2shows SEM photographs of aluminium substituted calcium hexaferrite and cobalt substituted
calcium hexaferrite. From SEM photograph, it can be confirmed that samples exhibit relatively well defined,
hexagonal like grains with average size of less than 80nm. The similar results was reported by Thompson [12].

Fig.2 (b): SEM photographs of samplesCa,Zn;Fe12.«Cox O

3.3. Acoustic studies
The values of ultrasonic wave velocity and Debye characteristic temperature of the both series of
synthesized samples are summarized in Tables 2. Table 3 depicts the values of longitudinal modulus,

bulk modulus, Young’s modulus, rigidity modulus and Poisson’s Ratio with Al content (x).
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Table 2: Longitudinal Velocity (V)), Transverse Velocity (Vs), Mean Sound Velocity (Vm), Mass Density (d),
Vi/d (Kg*m?s™), Vs/d (Kgtm?*s™) and Debye Temperature (8) of the both aluminiumand cobalt substituted
calcium hexaferrite samples.

Sample X Vi Vs Vm | vild(Kg™m?* | vs/d(Kg™ 0
(m/s) | (m/s) | (m/s) s7) ms?) (K)
CarZmFenOn 0 | 2333 | 1700 | 1600 0.75 0.50 2141.25
CasZmFensAlosO, | 05 | 2636 | 1503 | 1833 0.94 0.65 | 2695.14
CarZFesAlOn 1 | 2894 | 2210 | 1600 0.92 0.65 2703.78
CaxZn,FeisC00s0 | 0-2 | 2500 | 1860 | 1714 0.85 0.58 2222.54
CaxZnyFe1Co02 1 2750 | 2126 | 1964 1.27 0.90 1222.63

Table 3: Longitudinal Modulus (L), Bulk Modulus (B), Rigidity Modulus (G), Young’s Modulus
(E) and Poisson’s Ratio (o) of the both aluminiumand cobalt substituted calcium hexaferrite

Sample X L B G E c
(GPa) | (GPa) | (GPa) (GPa)
CaxZnyFe1202; 0 16.86 6.87 7.49 16.47 0.10
CazZnyFe115Alp5022 0.5 19.14 6.99 9.11 19.05 0.04
CaxZnyFenAlO2; 1 26.17 8.89 12.96 26.16 0.01

CazZn;Fe115C005022 0.5 18.21 6.83 8.59 18.15 0.05

CazZn,Fe11Co0;, 1 16.36 5.24 8.34 17.01 0.01

It can be seen from the Table 3 that, the longitudinal modulus, bulk modulus, Young’s modulus and
rigidity modulus increases with increase in Al content (x) following Wooster’s work [13], the variation of
elastic constant with increase in Al concentration of CaxZnoFe1oxAlxO2. Superconducting system may be
interpreted in term of inter-atomic bonding. Thus, it can be inferred from the increase in elastic moduli with
concentration (x) that the inter-atomic bonding between various atoms is being strengthened continuously. The
strength of inter-atomic bonding and type of cations are involved in bonding formation. When Fe*? ions is
replaced by Al ions in CaxZnyFeio«AlxO2, system, it improves the elastic behaviour of the system. This
finding can be explained on the basis of change in length of inter-atomic bonding. When Fe*® ions with ionic
radius (0.64A) are replaced by AlI*3 with smaller ionic radius (0.53A), it decrease the bond length and as a result
strength of inter-atomic bonding is expected to increase and in turn elastic moduli values. The values of
Poisson’s ratio varies between 0.01 to 0.10 for all composition, this values in the range from -1 to 0.5 which is

in conformity with the theory of isotropic elasticity.

It can be seen from the Table 2 that, the longitudinal modulus, bulk modulus, Young’s modulus and
rigidity modulus decreases with increase in Co*® ions concentration (x) following Wooster’s work [13], the

variation of elastic constant decrease with in Co*® ions concentration for Fe™ in CaxZn,Fe12xCoxOz.
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Superconducting system may be interpreted in term of inter-atomic bonding. When Fe*3ion is replaced by Co*®
ions in CaxZnoFe12.xCoxO22 system, it improves the elastic behaviour of the system. This finding can be
explained on the basis of change in length of inter-atomic bonding. When Fe*® ions with ionic radius (0.64A)
are replaced by Co*® ion with larger ionic radius (0.68A, it increase the bond length and as a result strength of

inter-atomic bonding is expected to decrease and in turn elastic moduli values.

The observed increase in Debye temperature (0) (Table 2) with AI®* ions concentration suggested that
the lattice vibrations are decrease due to aluminium ions substitutionswhere as the observed decrease in Debye
temperature (0) (Table 2) with Co®* ions concentration suggested that the lattice vibrations are increase due to
cobalt ions substitutions.. The magnitude of elastic constants and Debye temperature are constant with other

Bi2212 based superconducting systems.

4. Conclusion

The aluminium and cobalt substituted calcium ferrites were synthesized by sol-gel auto-
combustionroute. The X-ray diffraction studies of both series confirm the formation of monophaseY-
typehexagonal ferritesand the values of a and ¢ of the sample supports thisconfirmation. The space group for
the both series of samples was observed to be R3m (SG no. 166).

The SEM study of the both series of sample showed that the average particle sizeis found to be in nano-
range. The acoustic studies indicate that the increase in elastic modulii with AI** ions concentration weaken the
inter-atomic bonding between various atoms in the substituted calcium hexaferritewhere as the decrease in
elastic modulii with Co®" ions concentration strengthened the inter-atomic bonding between various atoms in

hexaferrite continuously.
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