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Citrate precursor technique has been used to synthesize strontium hexaferrite and reported here. The crys-
tallization process for ferrite phase formation has been investigated by TG/DTG/DTA for three different heating
rates in air atmosphere. The thermal process mainly consists of three essential steps; first removal of water
residues; second decomposition of organic compound and the third step is crystallization of StF;,Oys. The
activation energy of reaction is, 157 KJ/mole, evaluated using non-isothermal kinetic model. The precursor
and crystallized SrF,O samples have been characterized for structural, chemical, morphological, dielectric
and magnetic properties using x-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), field
emission scanning electron microscopy (FESEM), inductance capacitance resistance (LCR) meter bridge and
vibrating sample magnetometer (VSM) respectively. The degree of crystallization of SrF,Oy¢is the key factor
for the dilution and enhancement of morphological and magnetic properties. The thermal, morphological and
magnetic analysis confirms the formation of single phase of magnetoplumbite strontium ferrite at 1200°C.
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1. INTRODUCTION

The strontium hexaferrite (SrFe-O1) is a hard magnetic
material with magnetoplumbite structure."! This material has
attracted much attention in past few decades due to their
scientific and technological applications in the region of
microwave to radio frequencies. This is due to high mag-
netocrystalline anisotropy, high Curie temperature, high
electrical resistivity, high dielectric constant as well as high
saturation magnetization and coercivity.”” The dielectric
and magnetic properties of ferrite materials in the nanore-
gime are significantly different from their bulk counterparts.
M-type SrFe;Oy0 has a space group P6s/mmc and often
expressed as RSR*S*. The S and R block stands for spinal
and hexagonal structure. R* and S* are the blocks obtained
by 180° rotation of R and S with respect to c-axis having
equivalent atomic arrangements.'*” The hexagonal hard fer-
rite contains two 64 ions per unit cell on 11 different sites.
The Fe' ions are distributed over five distinct crystallo-
graphic sites, three octahedral sites (12k, 2a, 4f), one tetra-
hedral site (4f)) and trigonal bipyramidal site (2b).*' These
crystallographic sites are coupled by O* ions to form col-
linear ferrimagnetic order and superexchange interaction
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between Fe'-O*-Fe’". The superexchange interaction and
magnetocrystalline anisotropy are strongly depends upon the
site occupation and different crystallographic site construct
different role to dielectric and magnetic properties.

In this research work, citrate precursor technique for the
synthesis of SrFe;,Oy9 nanoparticles has been used. This
method allows the subsequent crystallization to occur at low
temperature, leading to formation of nanoparticles due to
intimated mixing of staring materials on ionic levels and low
cost technique for the mass production. The reaction kinetics
for the prepared SrFe;;O,9 nanoparticles has been examined
through differential thermal analysis using non-isothermal
model. The effect of calcination temperature and crystallin-
ity on the structural, morphological, dielectric and magnetic
properties has been examined. Various parameters such as
activation energy, particle size, dielectric constant, saturation
magnetization and coercivity have been calculated.

2. EXPERIMENTAL PROCEDURE

Synthesis of strontium hexaferrite nanoparticles was
accomplished in an aqueous reaction matrix containing fer-
ric nitrate nonahydrate and strontium nitrate in the ratio Fe/
Sr=12. The pH of bath is adjusted to 6.5 with the help of
ammonia solution. This ratio is according to composition of
strontium ferrite, metal nitrates and citric acid monohydrate



596 A. Thakur et al.: Crystallization Kinetics of Strontium Hexaferrite

were dissolved in the molar ratio 1.57. The precursor solu-
tion was evaporated at 70°C - 80°C for several hours under
controlled and continuous magnetic stirring. The light
weight brown colored powder was obtained during heating
the viscous residual at 180°C. The obtained powder was fur-
ther calcined at different temperatures for the formation of
ferrite phase.

The thermal analysis for reaction kinetics and crystalliza-
tion process of pure SrFe;O;9 was performed by DTA
(EXSTAR TG/DTA 6300), with a precursor sample placed
in ALOj; crucibles in the temperature range 30°C - 1430°C at
three different heating rates. The crystal structure of pre-
pared nanoparticles were analyzed with X’Pert Pro diffracto-
meter in the range from 5° to 80° operating at 45 kV and
40 mA using a Cu-K,, radiation of wavelength 1.54 A. The
impact of heat treatment on structural morphology of pre-
pared sample was probed by field emission scanning elec-
tron microscopy operating at an accelerating voltage of
20 kV. The FTIR-spectrometer (RZX-Perkin Elmer) was
used for the detection of impurities and for the identification
of metal oxygen stretching vibrations of hexaferrite. The
FTIR-spectra of prepared samples were recorded in mid-
infrared range (400 - 4000 cm™") by KBr method. The cal-
cined powder sample was crushed and compressed using
hydraulic compressor (10 ton) to form circular disc shaped
pellet of the diameter 13 mm and thickness 1 mm. The
dielectric measurements were performed on the pellet in the
frequency range 100 to 10° Hz at room temperature using a
HIOKI 3532-50 HITESTER LCR meter. The magnetic
properties of samples were determined at room temperature
from hysteresis loop using a vibrating sample magnetometer
(Lakeshore 7410).

3. RESULTS AND DISCUSSION

3.1 Thermal analysis

The trace of DTA/DTG/TG for a precursor powder at the
heating rate of 5 K/min in air atmosphere has been shown in
Fig. 1(a). During the thermal analysis, it has been seen from
the TG-curve that the weight loss of a precursor happens in
three distinct steps in the temperature range from room tem-
perature to 1430°C. The steps occurred at 74°C - 184°C,
330°C - 409°C and 640°C - 942°C respectively. The precur-
sor exhibited a rapid weight loss up to 400°C indicating the
hydroscopic nature. This weight loss can be attributed to the
removal of water residues from macro and meso pores.”
From 400°C to 942°C temperature range an additional
weight loss (few amount) of a precursor has been observed.
This can be credited to the combustion and decomposition of
citrate precursor, and to the reaction of intermediates.!'"""

The DTA-curve in Fig. 1(a) depicts both exothermic and
endothermic effects of a precursor in the temperature range
of 25°C - 1430°C. The DTA results are consistent with the
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Fig. 1. TG/DTG/DTA curves of the precursor of strontium hexaferrite
at different heating rates (a) 5 K/min, (b) 10 K/min, and (c) 50 K/min.

results of TG/DTG. The existence of an exothermic peak at
the point of maximum weight loss i.e. 336°C (DTG) is
related to decomposition of a precursor composed of citrate-
nitrate gel. The formation of hexaferrite phase is not the sin-
gle step reaction as observed in the case of spinal ferrite.
Thermal analysis reveals that the formation takes place in
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steps by means of endothermic reaction.!"” The existence of
an endothermic peak at 824°C corresponds to the formation
of SrF1,0y9 as well as intermediate phase. This has also been
confirmed by the XRD analysis of a precursor powder
calcined at 700°C and 800°C in air atmosphere. Above the
second endothermic peak no further weight loss will be
observed in TG-curve indicating the completion of reaction."”!

To aid the further investigation of crystallization process,
similar analysis have been carried out under same conditions
except the heating rates, 10 and 50 K/min presented in Figs.
1(b) and 1(c) respectively. Similar behaviour has been
observed for all the measurements with slight shift of DTA
peaks to upward direction. It is concluded that for the differ-
ent heating rates, there are different temperatures for the
completion of reaction. The lower the heating rate; lower
will be the reaction temperature. The present thermal inves-
tigations of a precursor powder at different heating rates will
aid in the selection of reaction temperature with proper heat-
ing rate for formation of single phase strontium hexaferrite
nanoparticles.

There are several models available for calculation of acti-
vation energy of crystallization process based on isothermal
and non-isothermal processes. In present work we report, the
kinetics of crystallization based on non-isothermal kinetic
models i.e. Kissinger’s method, Augis and Bennett’s approx-
imation and Matusita-Sakka’s theory."*'® The Kissinger
expressed the activation energy of the crystallization process
of the prepared sample at crystallization temperature for the
particular heating rates following equation using the Arrhe-
nius and rate of crystallization equation:

E AR
n8 =L ;4R
T:

RT. E M

where £ is the heating rate (K/min), 7¢ is the maximum peak
temperature of DTA curve, E is the activation energy for the
crystallization process, R is the universal gas constant (8.314
Jmole 'K ™) and 4 is the pre-exponential factor.

The plots of In(A/T%) against In(1000/7) at different heat-
ing rates gives a straight line known as Kissinger’s plot (Fig.
2(a)). Thus, the activation energy value has been obtained
from slope of the straight line of these plots. The calculated
value of activation energy for crystallization process of
SrFe ;019 is, 157 KJ/mol. Activation energy have been veri-
fied by employing Augis-Bennett’s approximation (Fig.
2(b)) Matusita-Sakka’s theory (Fig. 2(c)) and non-isothermal
kinetic models. The activation energy values determined

Table 1. Kinetic properties of SrFe;»Oo.
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Fig. 2. (a) Kissinger’s plot for the crystallization process of SrFe >0,
(b) Augis and Bennett’s plot for the crystallization process of
SrFe;019, (c) Matusita-Sakka’s plot for the crystallization process of
SI'FC]20]9.

Sample Heating rate Tc E E E

(K) (K) (Kissinger) /kJmol™  (Matusita) /kJmol”"  (Augis and Bennett) /kmol™
SI'Fe]zolg 5 1448 152 170 183

10 1589

50 1692

Electron. Mater. Lett. Vol. 8, No. 6 (2012)



598

from these models are in close resemblance to each other as
shown in Table 1.

3.2 X-ray diffraction

Crystallization process has been interpreted by means of
x-ray diffraction studies; for this the precursor powder (4o)
has been further calcined for different temperature 700°C
(41), 800°C (4,) and 1200°C (45) at the heating rate of 5 K/
min. The x-ray diffraction patterns of precursor and calcined
powder A;have been presented in Fig. 3(a)-(b). The diffrac-
tion pattern of a precursor (Fig. 3(a)) shows broad peaks,
indicating the presence of nanocrystalline phase. This can be
attributed to the existence of organic compounds in precur-
sor powder."” As the calcination temperature of precursor
powder increases, the diffraction peak becomes narrower
and intense representing enhancement of crystallite size and
crystallinity respectively. The diffraction patterns of (not pre-
sented here) 4; and 4, samples shows the formation of ferrite
phase along with the presence of secondary phases such as
a(»)-Fe,0; and SrFe,0,."**" The existence of secondary
phases indicates the incomplete reaction between Fe’* and
Sr*" under these synthesis conditions. The presence of a-
Fe,Osphase, means the system need longer and high calcina-
tion temperature for the completion of reaction. This is
because, the crystal structure of o-Fe,Os is orthorhombic
hexahedron and difficult to convert into ferrite phase as com-
pared to -Fe,05.*"! The sample 45 (Fig. 3(b)) represents the
sharp, intense and narrower diffraction peaks, and disappear-

(b)

(a)

Intensity (a.u.)

Fig. 3. X-ray diffraction patterns of (a) precursor powder and powder
calcined at (b) 1200°C.
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Table 2. Variation of crystallite size with calcination temperature.

Sample 26(°) Crystallite size (nm)
700° 34.08 26.80
800°C 34.13 30.77

1200°C 34.32 69.28

ance of secondary phase indicating the formation of single
phase M-type hexaferrite with high crystallinity. All the
apparent peaks (110), (114), (107), (203), (205), (206),
(208), and (303) in diffraction pattern have been similar to
standard (JCPDS: 80-1198) diffraction pattern of hexagonal
ferrite.

The diffraction peak broadening technique has been
employed for most intense (114) peak to calculate the crys-
tallite size. The crystallite size for SrFe;»O,9 nanoparticles
has been calculated using Scherrer’s formula:*>*

D = kA/fcosb 2)

where D is crystallite size, £ is the full width at half maxima,
@ 1is the angle of diffraction, £ is the shape factor (0.9) and 4
the wavelength of x-ray (1.5406 A for Cu-Ka). The calcu-
lated crystallite size has been shown in Table 2 and it can be
seen that the crystallite size increases with the increasing cal-
cination temperature in the direction parallel to c-axis (114).
The sample A; stands for maximum crystallite size but still
smaller than the single domain crystal particle size ~270 nm
as reported earlier.”**”' The crystallinity and crystal growth of
nanoparticles are closely related to calcination. The growth of
crystallite size with increasing calcination temperature can be
accredited to the fusion of nanoparticles with each other by
melting their surfaces. The fusion of nanoparticles well below
their melting point is owing to weak binding of surface atoms
result in sharp decrease of surface melting point.***”!

3.3 Field emission-scanning electron microscope

The FESEM micrographs of sample calcined at different
temperatures have been depicted in Fig. 4(a)-(c). The aver-
age grain size of strontium hexaferrite estimated from
FESEM micrograph to be ~100 nm. FESEM micrograph for
precursor has been presented in Fig. 4(a). It can be seen from
the micrograph that the particles are embedded in a sheet like
structure due to the presence of impurities or incomplete
reaction in sample as confirmed from x-ray diffraction anal-
ysis. Small size particles are formed due to fragmentation of
sheet like structure with the increase of calcination tempera-
ture may be the calcination is responsible for this. It is
known that the microstructure of nanoparticles can be influ-
enced and improved by heat treatment.”® The sample cal-
cined at 700°C becomes plate or needle like shape (Fig.
4(b)). This can be attributed to increase in crystallinity of
particles, but morphology of particles still not flawless. It has

Electron. Mater. Lett. Vol. 8, No. 6 (2012)
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Fig. 4. FESEM micrographs of (a) precursor powder, (b) powder cal-
cined at 700°C and (c) powder calcined at 1200°C.

also been observed from the micrograph that the particles
exhibit porous and agglomerated microstructure. The igni-
tion of sample causes evolution of large amount of gases
during combustion or decomposition process and magnetic
nature of particles has been responsible for high porosity and
agglomeration respectively.”*” The calcination tempera-
ture mends the crystallinity of ferrite phase and can be
describe in terms of Ostwald ripening.”"! Ostwald ripening is
a process in which large number of nano particles are formed
initially, but later only few of them remain which grow in
size at the cost of smaller ones. The ultrafine and homoge-
neous particles have been formed with immaculate and well
resolved hexagonal structure for the sample calcined at
1200°C (Fig. 4(c)).

[ (d)

Transmittance (%)
G)

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber {cm'l)

Fig. 5. FTIR-spectra (a) precursor powder and powder calcined at (b)
700°C, (c) 800°C, (d) 1200°C.

3.4 Fourier transform infrared spectroscopy

The FTIR-spectra of a precursor and calcined powder are
shown in Fig. 5(a)~(d). FTIR-spectrum of a precursor in Fig.
5(a) shows that the characteristic bands have appeared in the
range of 3200 - 3270 cm™ and 1638 cm ™. These bands are
assigned to be hydroxyl and carboxyl group of citric acid
respectively.”>**! The absorption peak at 1059 cm™ corre-
sponds to C-O stretching vibration of C-O-H band. Fre-
quency bands near 1460.37 cm™, 1383.59cm™ and
858.82 cm ™' are attributed to nitrate ions.”"! After the calci-
nation of precursor at 700°C, peak appears at 1465.72 cm™'
in Fig. 5(b) and is ascribed to absorption of strontium car-
bonate bands.”**" The observed absorption bands in the
range 400-800 cm™' are due to iron oxide.”™" The
absorption band at 2916.52 cm™" arise from Fermi resonance
between stretching vibration of O-H band and combination
of frequency of stretching vibration of C-O and bending
vibration of C-O-H band."" The metal-oxygen stretching
bands are prominent and other bands start decreasing but still
persist (Fig. 5(c)) after heating the precursor powder at
800°C. Characteristic bands of CO, group and NO;™ ions
have been diminished after heating the sample to 1200°C
which shows the completion of redox reaction in which cit-
rate ions act as reductant and nitrate ions as oxidant.”>**! A
new set of completely resolved bands have been appeared
(Fig. 5(d)) at wavenumber of 435.05, 551.04 and 594.26 cm™"

Electron. Mater. Lett. Vol. 8, No. 6 (2012)
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Fig. 6. Plot of dielectric constant as function of frequency at room
temperature for powder calcined at 1200°C.

and identified as stretching vibration of metal-oxygen bond
indicating the formation of hexaferrite.”*****"

3.5 Dielectric properties

The principle of parallel plate capacitor has been
employed to calculate the dielectric parameters in the fre-
quency range 100 to 10° Hz at room temperature using fol-
lowing equation:

e=Cd/gA 3)

where C is the capacitance of the pellet, &, is the permittivity
of free space, A is the area of cross-section and d is the thick-
ness of pellet. The variation of dielectric constant (&) with fre-
quency at room temperature has been shown in Fig. 6. ¢ of
SrF12019 has been found to decrease with increasing fre-
quency. This is the normal behavior of ferrite and can be
attributed to surface charge polarization.*'! According to
Maxwell-Wagner and Koops theory, the dielectric struc-
ture of ferrite system can be considered as heterogeneous
system.'*) The heterogeneous system of dielectric materi-
als is assumed to consist of highly conductive layer of grains
separated by poor conductive grain boundaries. In nanomet-
ric dimensions heterogeneous structure of ferrite materials
play a vital role in determining the dielectric properties. The
grain boundaries in sample have been associated with grain
size; small grain size will have large number of grain bound-
aries and vice versa. Dielectric constant (&) of SrF,O ferrite
shows higher value at low frequency and this can be
explained on the basis of crystallite size and defects in sys-
tem. In the present work, the average crystallite size of
SrF 12019 calcined at 1200°C is about 100 nm. This larger
grain size results in fewer grain boundaries. The fewer grain

A. Thakur et al.: Crystallization Kinetics of Strontium Hexaferrite

boundaries and predominance of voids along with disloca-
tions and Fe”" ions in ferrite sample have been found respon-
sible for high dielectric constant value at low frequency.**!

The dielectric polarization in ferrite system is similar to
mechanism of electrical conduction ie. the electronic
exchange between ferrous and ferric ions at the octahedral
sites. The exchange of electron in ferrite system has been
responsible for dielectric polarization i.e. the displacement of
electrons in the direction of electric field. The dielectric
polarization reduces the inside electric field of the ferrite. As
a consequence, the dielectric constant decreases with
increase in frequency. The decrease of dielectric constant is
attributed to the fact that beyond the certain frequency of
external electric field, the electronic exchange between the

ferrous and ferric ions cannot follow the applied electric
field.[**”

3.6 Magnetic properties

The magnetic properties of a precursor and calcined pow-
der have been measured from hysteresis loops and can be
seen in Fig. 7. The magnetic properties of ferrite system are
influenced by chemical composition, calcination tempera-
ture, impurities, and morphology as well as preparation tech-
nique.® The measured values are listed in Table 3. It is
observed from Fig. 7(d) that the magnetic properties perk up
as the calcination temperature increases and the optimum
values for prepared SrFe;;O;9 have been obtained for the
sample calcined at 1200°C. The continuous improvement in
magnetic parameters can be indorsing to the progressive
reaction between un-reacted constituents of iron oxide and
non-ferromagnetic monoferrite to form 100% single phase
hexaferrite, as discussed above the crystallinity increases
with calcination. The low H¢ and Ms value of a precursor
powder corresponds to the presence of <Fe,Os; and non-
magnetic phase of strontium oxide respectively.”” The
improvement in crystallinity, phase homogeneity and
increase in magnetic domain size of particles result in the
alignment of magnetic spins along the direction of applied
field,”® and as a consequence the magnetization and coer-
civity value increases.**"! The obtained optimum results for
sample calcined at 1200°C are consistent with the thermal
analysis indicating the formation of pure magnetoplumbite
phase.

The variation of coercivity (reverse magnetic field to
demagnetize the nanoparticles) with crystallite size has been
shown in Fig. 8. According to Stoner-Wohlfarth single
domain theory the coercivity for single domain nanoparticles

is approximated by:""

He = 2K/ ptyMg “)

where K is the magnetocrystalline anisotropy and g, is the
permeability of free space. Hc is directly proportional to

Electron. Mater. Lett. Vol. 8, No. 6 (2012)
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Fig. 7. Hysteresis loops for (a) precursor powder and powder calcined at (b) 700°C, (c) 800°C, (d) 1200°C.

Table 3. Magnetic properties of SrFe;,O1o.

Sample Ms (emu/g) He (Oe)
Precursor 25.46 232.8
700°C 30.17 4272.34
800°C 41.98 6235.75
1200°C 57.76 6828.54
energy barrier according to the equation:*!
E,=KVsin’ 0 )

where V' volume of nanopatrticle, £, is the energy barrier and
@ is the angle between the applied field and easy axis of the
nanoparticle. The E is also proportional to /" under the same
magnetization direction and thus, the coercivity of nanoparti-
cles is closely related to crystallite size. The increment in
coercivity of hexaferrite nanoparticles with an increase of
crystallite size can be explained on basis of Herzer theory.””
According to Herzer theory, the coercivity of nanoparticles is
proportional to D® when the crystallite size is within the range
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of single domain size and inversely proportional to D for
multi-domain sized particle.

4. CONCLUSIONS

Hexagonal shaped nanoparticles (69 nm) of SrF;,Oy9 have
been successfully synthesized when the precursor is calcined
at 1200°C for 4 h, using citrate precursor technique. The
morphology and crystallite size are strongly influenced by
the calcination temperature. The DTA technique reveals that
the highly crystalline nanoparticles are formed by the endot-
hermic reaction. The reaction kinetics for the crystallization
process of SrF,0Oy9 yielded overall activation energy of
157 kJ/mole using Kissinger’s non-isothermal model. The
crystallization involves the weight loss of a precursor in
three distinct steps. The intense weight loss in the tempera-
ture range 30 - 400°C indicates the hydroscopic nature. The
formation of ferrite phase was followed by reaction between
intermediates rather than single step formation. The average
crystallite size of SrF;0;9 nanoparticles measured from
FESEM is larger than the crystallite size calculated from x-
ray peak broadening technique. This is attributed that the
SEM gives the size of secondary particles rather than size of
primary particles. The dielectric constant (&) of SrF,09, in
the frequency range of 100 Hz to 10° Hz has studied. The
dielectric constant value is higher at low frequency as com-
pared to high frequency and found to be decrease with an
increase of frequency. The dielectric behaviour of ferrite can
be explained on the basis of Maxwell-Wagner and Koops
Phenomenological theory. The space charger carriers aligned
themselves at the grain boundaries due to the resistance
offered by grain boundaries. The local displacement of elec-
trons resulting in polarization of dielectric medium that leads
to high value of & The magnetic parameters are closely
related to the crystallinity of particles. It is found that the
sample calcined at 1200°C have higher M; and Hc value
while comparing with sample calcined at 700°C. This
improvement in hysteresis is considered to be the progres-
sive reaction of intermediates with the calcination tempera-
ture. The prepared strontium hexaferrite nanoparticles with
preeminent hexagonal crystal structure and size are used as a
dielectric or magnetic filler to minimize the electromagnetic
interference. The high coercivity and single domain sized
nanoparticles can be aid to obtained desired signal to noise
ratio (SNR) which can be used for high density perpendicu-
lar recording media.
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