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Abstract

Cadmium substituted magnesium ferrites were synthesized by a low-cost solid-state method. The cubic structure in
homogenous state was realized by X-ray diffraction analysis. The Fourier transform infrared spectra of the films exhibited two
absorption bands which illustrated the formation of the ferrite phase. The force constants for tetrahedral and octahedral sites were
determined. The composition dependent changes in Young’s modulus, rigidity modulus, bulk modulus, micro-strain, Debye
temperature, dislocation density, transverse wave velocity, and longitudinal wave velocity were noticed. A Williamson-Hall plot

and texture analysis studies of the samples were also conducted.
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1. Introduction

Ferrites have a broad practical application in tech-
nology, due to the electrical and magnetic properties. Ferrites
are technologically substantive materials that are used in the
fabrication of electronic, microwave, and magnetic devices
(Goldman, 2006). Ferrites are a class of oxides with remark-
able magnetic properties and have been under investigation
for five decades. Their applications encompass an impressive
range extending from millimeter wave integrated circuitry to
power handling, for instance, simple permanent magnets,
transformer cores, antenna rods, memory chips, high-density
magnetic recording media, transducers, activators, memory-
devices, and computer components. Ferrites are widely used
in drug delivery systems, microwave devices, and hyper-
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thermia for cancer treatment (Challa, Kumar, & Faruq
Mohammad, 2011; Snelling, 1969; Soohoo, 1960; Valenzuela,
2001). These applications are based on the basic properties of
ferrites which are significant saturation magnetization, high
electrical resistivity, low electrical losses, and very good
chemical stability.

The soft magnetic Mg-ferrite (MgFe20a) is an n-
type semiconducting material, which possesses numerous at-
tractive attributes such as high catalytic activity, high magne-
tic permeability, and humidity and gas sensing. Mg-ferrite has
high resistivity, high Curie temperature, and it is environ-
mentally stable which makes it a most worthy candidate for an
extensive range of applications (Deraz, Omar, & Abd-Elkader,
2013). It was observed that cadmium (Cd*?) doped Mg-ferrites
were attractive due to increased saturation magnetization,
magnetic moment, remanent magnetization, and coercive
force. Cd*? is a non-magnetic divalent ion which occupies
essentially tetrahedral A-site when substituted in ferrites
(Ashok et al., 2012). Coercivity and saturation magnetization
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exhibits particle size dependent behavior. The reduction in the
grain size compared to un-doped samples improves the mag-
netic properties. The dc resistivity decreases with temperature
and increases with Cd*2 content. These values are higher than
those obtained from the ceramic method (Gadkari, Shinde, &
Vasambekar, 2013).

Several ferrites are being studied and processed by
various techniques such as co-precipitation method, sol-gel
combustion, modified oxidation process, forced hydrolysis,
hydrothermal process, ball-milling, aerosol method, and the
solid state method (Batoo & Ansari, 2012; Hanh, Quy, Thuy,
Tung, & Spinu, 2003; Maria, Choudhury, & Hakim, 2013; Pa-
til, Rendale, Mathad, & Pujar, 2015; Yattinahalli, Kapatkar,
Ayachit & Mathad, 2013). Since no reports are available in
the literature on the elastic properties of Mg-Cd ferrites, the
present communication is an attempt to synthesize Mg1-xCdx
Fe204 (where x = 0.2, 0.4, 0.6, and 0.8) by the simple solid
state method. We investigated the influence of Cd*? substitu-
tion on the structural and elastic properties of magnesium
ferrites. We systematically report for the first time the in-
fluences of Cd*? substitution in lattice constant (a), texture
coefficient TC(hkI), and elastic properties of Mg-ferrite.

2. Experimental Techniques

Mg-Cd ferrites with the stoichiometric formula,
Mgix Cdx Fe20s (where x = 0.2, 0.4, 0.6, and 0.8) were
synthesized by the low cost solid state method. The composi-
tional weights of the powders were mixed physically and
blended in an agate mortar in an acetone medium. All samples
were pre-sintered at 800 °C for 10 h keeping them in separate
alumina crucibles in a muffle furnace. The pre-sintered pow-
ders were subjected to a hard milling process in acetone me-
dium for a few hours. The pellets were then subjected to final
sintering by keeping them on an alumina plate separately at
1000 °C for 15 h and the furnace was then cooled at the rate of
about 80 °C/h. The schematic flowchart of the aim of the work
is shown in Figure 1. The ferrites were subjected to X-ray
diffraction on a PHILIPS-PW-3710 diffractometer with Cu-
Ko-radiation (1= 1.542A°). IR-absorption spectra were re-
corded between the wavenumbers of 300 and 1000 cm™ on a
Perkin Elmer (Spectrum-2000) Fourier transform infrared
(FTIR) spectrophotometer.

I Ferric oxide I .
[ Odec ]I oxide I

MIXED IN STOICHIOMETRIC FORM IN AGATE MORTER,
GRIND THOROUGHLY 4 HOUR FOR HOMOGENIZATION

U

PRE-SINTERED AT 800°C FOR 10 HOUR
FINAL SINTERING AT 1000°C FOR 15HOUR

+“*Cubic spinel structure
«+Absorption bands
++Stiffness constants
“+Elastic wave velocity
“Rigiditymodulus(G)
++ Poisson'’s ratio(o)
“+Young's modulus

Figure 1. Block diagram of cadmium substituted Mg-ferrites.

3. Result Analysis
3.1 Structural studies

Figure 2 shows the X-ray diffraction patterns of the
Mg-Cd ferrites. The main reflection planes are exhibited at
220, 311, 400, 422, 511, 333, and 440. In general, the diffrac-
tion patterns confirmed that the prepared samples crystallized
into a cubic structure without any impurity phase (JCPDC
card #00-001-0114). The broadening of the 311 peak was
noticeable in the diffraction patterns of all samples which
indicated the nano-size nature of the samples. The crystallite
size is a measure of the size of a coherently diffracting do-
main. The average crystallite size for the different composi-
tions was calculated by the Debye -Sherrer’s formula (Mathad
& Puri, 2014):

092
p.cosf

@

where, P is the full width at half length of maxima and A is the
wavelength of X-ray radiation. The crystallite size lies in the
range of 41-56 nm. In accordance with Vegard’s law, the lat-
tice parameter (a) increased from 8.526 to 8.7499A as the
Cd*? content (x) increased. The increase in the lattice para-
meter with Cd*? doping was due to the larger ionic radius of
Cd?* (1.03 A% compared to Mg?* (0.78A°). The overall in-
crease in the unit cell volume was due to the increase in the
cell parameter (lattice parameter) of approximately 0.0262 to
0.0808%. The grain growth follows a regular trend with Cd*?
content, which is attributed to larger atomic weight of Cd*2
that favors grain growth. The lattice strain and average crys-
talline size were calculated using the Williamson-Hall equa-
tion (Kulkarni & Mathad, 2017):

Bua cosH:KT%+4gsin0 @

where ¢ is the lattice strain, D is the average crystallite size, A
is the wavelength of X-ray used, B is the full width half
maximum, and 0 is Bragg’s angle. The graph of Bcos0 versus
sinf is shown in Figure 3 and lattice strain (¢) was found in
the range 0.288 to 1.238 and the crystallite size was found in
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Figure 2. X-ray diffractgrams of ferrites.
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the range 10-19 nm. Figure 4 shows the spherical shape of the  increases as the Cd*? doping increases and the average particle
micro-crystallites of the Mg-Cd ferrites observed with scan-  sizes are in the range of 0.38-0.80 um. The grain size of x =
ning electron microscopy. It is noticeable that the grain size 0.2 i50.38 um and x = 0.8 is 0.80 um. Since every particle is
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Figure 3. Williamson-Hall plot of Mg-Cd ferrites.
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Figure 4. Scanning electron microscopy images of Mg-Cd ferrites.
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aggregation of a number of crystallites or grains, the grain
formed by the sizes are relatively larger than estimated by the
Scherer formula due to instrument errors that were not taken
into account. It is observed that the average grain size in-
creases with the increase in Cd?* content. This increase in
grain size with increasing Cd?* content is due to higher mobi-
lity of Cd?* ions induced in the liquid phase sintering (Re-
zlescu, Sachelarie, Popa, & Rezlescu, 2000). This means grain
growth follows a regular trend with Cd*? content. This is
attributed to the larger atomic weight of Cd*2 that favors grain
growth (Gadkari, Shinde, & VVasambekar, 2010).

3.2 Texture analysis

XRD patterns indicate the presence of random
orientation of crystallites, which have predictable relative
peak intensities. Quantitative data concerning the preferential
crystal orientation were calculated from the texture coefficient
(TC) defined as

1 (hkl)
TC(th):ﬁO(hlklh)ﬂy ©)

N <~ 1,(hkl)

where | (hkl) is the measured intensity, lo (hkl) is the ASTM
intensity and N is the reflection number. The texture analysis
enunciates the physical and mechanical properties of the
material. The texture in the polycrystalline samples signified
the distinct spatial orientation of the individual crystallites
within the material (Mathad & Puri, 2013). The lack of grain
orientation in these planes (0<TC(hkl)<1) indicated the lack of
grains oriented in that direction. The preferential orientation
of the 311 plane found the abundance of grains increased as
the Cd*? content (TC[hkl]=2.6598).The abundance grain
growth also found for the 440 plane for the sample x=0.8. It
was observed that preferential orientation (abundance of
grains) in all planes of Cd*2 content is tabulated in Table 1.

Table 1.  Texture coefficients TC for significant (hkl) planes.

Planes Texture coefficient TC(hkl)

(hkd) x=0.2 x=0.4 x=0.6 x=0.8
220 0.7866  0.7899  0.4504 0.2255
311 0.8989 0.9829 0.5785 2.6598
400 0.7495 1.5154 0.3125 0.1776
422 1.2069 0.7763  0.2118 0.1941
511 1.0401 0.8775 0.4679 2.7431
440 1.3178 1.057 3.9788 1.8616

Table 2. Absorption band maxima and force constants.

995
3.3 Vibrational studies (FTIR studies)

Figure 5 shows the FTIR absorption bands of Mgi-x
Cdx Fe204 (with x=0.2, 0.4, 0.6, and 0.8) ferrite systems,
which were recorded at room temperature in the wavenumber
range of 400-1000 cm™. FTIR spectroscopy is a significant
and non-destructive tool which furnishes qualitative informa-
tion regarding structural details of crystalline materials. Ac-
cording to group theoretical considerations of Waldron (Wald-
ron, 1955), there exist four fundamental I.R. active vibrational
modes in the spinal structure. The first absorption band at the
wavenumber (vi=600 cm™) is attributed to the intrinsic vi-
brations of the tetrahedral complexes corresponding to the
highest restoring force (Patil, Mahajan, Ghatage, & Lotke,
1998; Raju & Murthy, 2013; Shanmugavel, Gokul Raj, Raja-
rajan, & Ramesh Kumar, 2014; Shanmugavel, Gokul Raj,
Rajarajan, Ramesh Kumar, & Boopathi, 2015).

The higher frequency absorption band (v1) is caused
by scratching vibrations of the tetrahedral metal-oxygen bond
and lower frequency absorption band (v2) is caused by metal-
oxygen vibrations in octahedral sites (Gadkari et al., 2010).
The absorption band edges, tetrahedral (Kt) and octahedral
sites (Ko) force constants of the samples are tabulated in Table
2. According to Waldron’s method, the force constants are
calculated using the following equations:

octahedral site force constant
(Ko)=0.942128 M1 v2?/ [Ma+32] @)

where Ma is the molecular weight on A-site;

tetrahedral site force constant
(Ky)=0.04416 Mg v 12[V /V+3] (5)

where Mg is themolecular weight on B-site.
V=[64 - (2 MaU)]/Ms and U =2K/(Mg v1?-2Ko) (6)
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Figure 5. FTIR spectrogram of Mg..«Cd«Fe,O4 (x = 0.2, 0.4, 0.6, and

0.8) ferrites.

Absorption band edges (Wave number) in cm*

Force constants in dynes / cm

Composition
X
) Vi Vo Kt X10° Ko X10°
0.2 590 410 2.70 0.946
0.4 580 420 2.95 0.991
0.6 575 475 2.58 1.23
0.8 560 450 2.34 1.07
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The bond lengths (Ra-o and Re-0) and ionic radii (ra
and rg) on tetrahedral (A) and octahedral (B) sites are
calculated using the relations (Yattinahalli, Kapatkar, &
Mathad, 2014). The calculated values of bond lengths and
ionic radii on A-site and B-site are depicted in Figure 6.

A-O=(u-1/4)aJ3 @
B-0=(5/8-u)a ®)
r, = (u—1/4)ay3 —r(0%*) )
r, =(5/8-u)a-r(0%) (10)
0.8 2.4
075 L.s —p —ao -=bo 2.3
5:: o7\ 0 — 22 .:E
= 065 21 £
3 IS
= 06 2 =
= £
g oss Lo &
0.5 18
0.2 0.4 0.6 0.8

Composition (x)

Figure 6. Variation of ionic radii and bond lengths with cadmium
content (x).

It can be seen that the bond lengths (A-O, B-0O) and
ionic radii (ra, rs) increase with the increase in Cd*? content in
the system, which in turn causes the lattice constant to in-
crease with the increase in Cd*? content. It can be concluded
that the tetrahedral substitution plays the dominant role in
influencing the value of the lattice constant. The correlation
between the ionic radius and lattice constant is well known.
Composition dependence represents the bond lengths and ca-
tion radii in spinel ferrites which has been reported by various
researchers (Kambale, Shaikh, Bhosale, Rajpure, & Kolekar,
2009; Raghasudha, Ravinder, & Veerasomaiah, 2013; Suren-
der Kumar, Shinde, Vasambekar, 2013). The interatomic dis-
tances like tetrahedral bond length (dax), octahedral bond
length (dex), shared tetragonal edge (daex), shared octahedral
edge (dexe) and unshared octahedral edge (dexeu) were calcu-
lated (Patil, Rendale, Mathad, & Pujar, 2017).

d, =a(u-1/4)V3 (11)

d,, =al3u’ —%u Jrg]”Z (12)

d,.. —a(2u —%)ﬁ (13)

dge =al—2u)y/2 (14)
11

Oge, =a,/[4U* —3u + E] (15)

The variations in edge lengths & bond lengths as
Cd*2 content changes were found to systematically increase
linearly (Figure 7).

4 -

——dAx -0-dBx dAxE  -S-dBxE dBxEu

Bond length (A")
(]

—————
0 T T T 1

0.2 0.4 0.6 0.8 1

Composition (x)

Figure 7. Variation of edge lengths with cadmium content (x).

3.4 Elastic properties

The study of elastic properties of ferrites is impor-
tant in industry and is attributable to their extraordinary elastic
behavior which determines the strength of the materials below
versatile strained conditions. The elastic properties of ferrite
systems were technically supported by FTIR spectrum ana-
lyses (Modi et al., 2004). Debye temperature simplifies the
integration of the heat capacity. The Debye temperature indi-
cates the approximate temperature limit below which quantum
effects may be observed. In Debye theory, the Debye tempera-
ture (@) is the temperature of a crystal's highest normal mode
of vibration, i.e. the highest temperature that can be achieved
due to a single normal vibration (Modi et al., 2004). The stiff-
ness constants (for an isotropic material, C11=Ci2), longitu-
dinal elastic wave (V1), the transverse elastic wave (Vt), mean
elastic velocity (Vmean), rigidity modulus (G), Poisson’s ratio
(0), and Young’s modulus (E) have been specified (Hill, 19
86) and tabulated in Table 3.

C,=C, =K, la (16)
C
V, = {2
- a7
Vo ={v, 13} (18)
1/3
Vi =|:Vi3v13 /\/13 +2Vi3} (19)
G=dx.V¢2 (20)
1
B= 5 (Cu + 2012 ) (21)
3B-2G
P_[amze} (22)
E=2G(1+P) (23)
hcv,,
%= ok (24)

From Table 3, it can be understood that the B, E,
and G for the Cd*? content (x), are interpreted in terms of the
inter-atomic bonding (Mazen & Elmosalami, 2011). The
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Table 3.
Young’s modulus (E), and Debye temperature.

997

Stiffness constants, longitudinal elastic wave, transverse elastic wave, mean elastic velocity, rigidity modulus, Poisson’s ratio,

Composition (x)

Various parameters

X Cll B VI Vt Vmean G P E (C]
GPa GPa m/s m/s m/s GPa GPa K
x=0.2 213.88 213.88 6318.27 3647.85 3246.26 71.29 0.35 96.24 345.07
x=0.4 228.91 22891 6540.37 3776.08 3360.26 76.3 0.35 10.30 345.07
x=0.6 219.71 219.71 6409.99 3700.81 3293.34 7324 0.35 98.87 348.67
x=0.8 209.46 209.46 6259.97 3614.19 3216.33 69.82 0.35 9425 345.79
variation of transverse, longitudinal, and mean velocities with References

Cd*2 content (x) is shown in Figure 8. The magnitude of the
velocities are minimum for x=0.8. The magnitude of Poisson’s
ratio (o) were found to be constant (6=0.35) for all samples,
which lies in the range from —1 to 0.5. These Poisson’s ratio
(o) values were consistent with the theory of isotropic
elasticity (Modi, Rangolia, Chhantbar, & Joshi, 2006). It was
found that all elastic parameters and Debye temperature
obtained from FTIR data were in good agreement with
different ferrite systems. (Mazen & Elmosalami, 2011; Modi,
Rangolia, Chhantbar, & Joshi, 2006; Patil, Rendale, Mathad,
& Pujar, 2017; Yattina-halli et al., 2014)

7500 -
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S
T) i B—""__'_—E_'—'_E"‘—'—-E
3 3500 66— o
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Composition (x)
Figure 8. Variation of longitudinal velocity, transverse velocity,

and mean velocity with cadmium variation.

4, Conclusions

In this paper, we have analogized the Cd*? substi-
tuted Mg ferrites by a low cost, simple solid state method. It
was found that the lattice parameter increased from 8.526 A to
8.7499 A as the Cd*2 concentration increased which obeyed
Vegard’s law. The Mg-Cd ferrite powder that was obtained
was highly crystalline and free from any impurities with a
crystallite size range of 41-56 nm. The increases in the unit
cell volumes and cell parameters were approximately 0.0262
to 0.0808%. This grain growth followed the regular trend of
Cd*? content which was attributed to the larger atomic weight
of Cd*? that favors grain growth. The main absorption bands
of spinel ferrite appeared through IR absorption spectra
recorded in the range of 300-1000 cm™!. The elastic properties
of ferrites with Cd*2 were interpreted in terms of binding
forces.
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