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Abstract

Strontium substituted M-type Barium hexagonal ferrite Ba;.,SryFe;09 (x= 0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.0) has
been synthesized via Sol-gel autocombustion method. This method has the potential to produce nanoparticle
materials at low temperatures. The thermal decomposition of the autocombustion product verified by
thermogravimetric (TGA) and differential thermal analysis (DTA). To obtain the hexagonal ferrite phase, the
required annealing temperature estimated by TGA analysis. The fine powders produced by autocombustion at
different temperatures (400, 600, and 800 °C) were annealed for three hours. The influence of annealing
temperature on the structural characteristics of Ba-Sr ferrite was investigate in detail by using XRD, and SEM.
The XRD results showed that increasing the annealing temperature leads to a decrease in the proportion of the
intermediate phase such as y-Fe,03, a-Fe,0;, and BaFe,0,4 phases, while increasing the phase ratio of ferrite
BaFe,0,9. Whereas the ferrite phase, BaFe;,0,9, increases and exists as the single-phase at a temperature above
800 °C. The average crystallite size calculated from Debye-Scherer's law lies in the range of (27-46 nm). While
Lattice parameters of Ba-Sr ferrite found to increase linearly with increasing Sr-ion content, whereas the particle
size estimated from SEM it found to increase with increasing Sr-ion concentration in the range of (27-48nm).
Keywords:Ba-Sr nanoferrite, SEM, Nanoparticles (NPs), sol-gel autocombustion, M-type hexaferrites,
crystallite size.

Introduction

Ferrites have been widely used as permanent magnets due to their excellent chemical stability, low
production cost, and acceptable magnetic performance [1]. Hexagonal ferrites (hexaferrite) occupies
an important area of magnetic materials that have a much higher electrical resistance than metallic
ferromagnetic materials, which can attenuate the incident electromagnetic waves and reduce eddy
current losses[2]. M-type hexagonal ferrite belongs to the group of ferrimagnetic oxides and takes the
chemical formula (MFe,0,9) where M refers to divalent cations such as Ba*, Pb** or Sr** [3-5]. M-
type hexagonal ferrite has a dense and compact crystal structure, where small iron ions Fe™ are placed
in the interstitial sites, while the oxygen O, barium Ba™ and strontium Sr** ions are distributed in
sites inside the crystal lattice. Ferrites can be classified into four main groups based on their different
crystalline structures, named; hexagonal [6], spinel [7], orthoferrite [8], and garnet ferrites [9].

According to the chemical formula and crystal structure, Barium hexaferrite (BHF) can be divided
into six types and these types are; M-type (BaFe;,019), Z-type (BazMe,Fe»Oq41), Y-type
(BasMeyFe ,02), W- type (BaMe,Fe cO27), X-type (Ba;Me,Fex046) and U- type (BasMe,Fes;cOq0),
where “Me” can be inserted with the elements of Sr, Co, Ni or Zn [10] .

The manufacture of BHF ceramics requires materials possessing high magnetic anisotropy, high
saturation magnetization, high Curie temperature, and high natural resonance frequency with excellent
ability and corrosion resistance. Due to its intrinsic magneto-crystalline anisotropy field, BHF
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ceramics can be use at much higher frequencies than spinel ferrites and garnets [11-14].

BaFe ;019 has the greatest physical and chemical characteristics permitting it to be use in many
applications, such as microwave device filters [15], magnetic recording materials [16], permanent
magnet [17], and magneto-optics [18]. There are some conditions of the ferrite materials to be use in
such applications, such as chemical stability, natural resonance frequency, ability to attenuate
unwanted signals, high saturation magnetization, and high magnetic anisotropy. Therefore BaFe ;019
has been synthesized by coprecipitation, micro-emulsion, glass crystallization, citrate-precursor,
microwave and hydrothermal, sol-gel, ball milling, and others [19-31].

Hexagonal M-type ferrite have been prepared with nanosize particles in order to increase the specific
surface area of the particles and improve the absorption capacity per unit mass, which is suitable for
practical application in absorbent materials and microwave protection[15]. Thus, increasing the
volume/area ratio will greatly improve the physical and chemical properties of nanometer-sized
materials, which differ significantly from those of micron-sized materials. Therefore, investigation of
the dielectric properties and electrical conductivity at different frequencies will give useful data about
the mechanism of conduction in ferrite [32].

A number of studies have been investigated on the partial substitutions were done for the cation in the
M-type hexaferrite in order to improve the electrical and magnetic properties, and a result to improve
the microwave frequency characteristics in these materials. Many divalent cations such as Co*™?, Mn*,
Cu*, Zn*, Ni*? and tetravalent cations such as Ti**, Zr™, Ir™, Ru** were used either separately or in
the form of multi-cations substitutions[33-37].

In in the present work, we have synthesis the Ba;(SriFe ;0,9 with (x = 0.0, 0.1, 0.3, 0.5, 0.7, 0.9, and
1.0) nano-hexaferrites by using sol-gel autocombustion technique, which is an efficient cost effective
process over other conventional preparation methods, with short synthesis time and results single
domain nanosize particles. In addition to that, an effect of Sr** concentration on the morphological
and structural properties of Ba;,SryFe;;0Oj9 nanomaterials were investigate. The structural and
morphological properties of the ferrite nanoparticles can studied by using XRD, and SEM analyses.

Experimental

The M-type of Strontium substituted Barium hexaferrite Ba;..SryFe 2019 nanoparticles (were, x= 0.0,
0.1, 0.3, 0.5, 0.7, 0.9, 1.0) were synthesized via sol-gel autocombustion technique. The starting
materials were taken as Analytical grade of barium nitrate Ba(NOj3), (99% Merck, India), strontium
nitrate Sr(NO3)> (99% Merck, India), iron nitrate Fe(NO3); .9H,O (98%Merck, India), citric acid
CsHgO7. H,O (99% Merck, India), and Ammonia solution. Iron, barium, and strontium nitrates are
mixed and dissolve it in an appropriate amount of distilled water to make a mixture of nitrates
solution with stoichiometric proportions and mole ratio Fe/(Ba + Sr) of (12:1). Afterward, Citric acid
was dissolved in a distilled water and added dropwise into the metallic nitrates solution to chelate
Ba*, Sr** and Fe* ions in the solution with constant magnetic stirring at 300 rpm. The metal nitrates
to citric acid mole ratio were kept at 1:1, then the pH of the final mixed solution kept at (7) by adding
ammonia solution in the form of drops with continuous stirring, as a result we observed the formation
of a homogenous brown colored solution. The final solution was vaporize to dryness during the
heating in the range of 90-100 °C on a hot plate with continuous stirring. When the water evaporated,
the solution became viscous gel and convert to a viscous brown gel. Yellow combustion flame has
appeared when the temperature reaches 180 °C. Increasing the temperature to 200-220 °C leads to the
ignition of the dried gel. The dried gel burnt by autocombustion until fully complete to form a brown-
colored loose powder. The as-burnt ashes collected and ground to be ready for subsequent heating
treatment. Depending on the decomposition pattern TG/DTA, all the resultant fine powders were
calcined at different temperatures 400, 600, and 800 °C for 3h in muffle furnace in order to obtain the
M-type of Ba-Sr hexaferrite phase. Figure (1) shows a flow chart of the synthesis procedure leading to
the formation of Ba-Sr hexaferrite nanoparticles. Thermal decomposition behavior of the as prepared
nanopowders studied using the simultaneous TG/DTA analysis as shown in figure (2). The phase of
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the gel precursor, the as-burnt and calcined powders were investigated using X-ray diffraction (XRD)
using Cu Ka radiation (A = 1.5405 A®). The average crystallite size of the powders was measured by
the X-ray line-broadening technique employing the Debye- Scherrer equation, which used the FWHM
of the (114) intense peak. The particle morphology and particle size distribution examined by SEM
techniques.
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Figure 1: Flow chart of sol-gel autocombustion technique Ba- Sr M-type hexaferrite nanopowders.
Result and Discussion
Thermal Decomposition

The thermal decomposition, stability, and the temperature of phase formation study of Co-Ni ferrite
powders with chemical composition of as-burnt BagsSrysFe;»019 hexaferrite nanopowders is carried
out by TG-DTA. The relative weight variations associated with the entropy variations during the
heating of the nanopowders under air are shown in figure (2). Therefore, there is no weight increase
observed, thus no oxidation process takes place under air for the prepared powder. Data is collected
from the heating process at temperatures in the range of (25-1000 °C) with heating rate of 10 °C/min.
Figure (2) shows the TG /DTA traces of the as-burnt powders. The DTA diagram shows four peaks,
the endothermic peak at around 95 °C with a minor weight loss (1%), could correspond to the
dehydration of the absorbing water of the as-burnt powders. The first exothermal peak at about 260 °C
with a weight loss of 3% could be due to the decomposition of the unreacted citric acid that remained
after combustion. The second exothermal peak at 685 °C with a weight loss of 3% might be attributed
to the decarboxylation of BaCO3; formed during combustion, which has been reported to take place at
680 °C for pure carbonate and at around 700 °C for a mixture of carbonate and an iron oxide [38].
This peak also could be assigned to simultaneous formation of mono-ferrite (BaFe,O,). The last
broadened exothermic peak at 796 °C with very small weight loss (<0.1%) could be considered as a
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solid-state reaction attributed to the gradual formation of barium hexaferrite. Chemical and structural
changes, and the desired crystal phases present in the materials during combustion and annealing
processes could be observed by characterization using different kind of spectrometers. This may be
helpful in understanding the combustion reaction mechanism.
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Figure 2: TG-DTA, decomposition pattern of the as-burnt Ba,.
SrxFe 019 M-type hexaferrite nanopowders.

X-ray Diffraction analysis

Figure (3) illustrates the powder XRD patterns of as prepared sol-gel combustion product (as burnt)
of BaM ferrite nanopowders, and subsequently annealed at different temperatures 400, 600 and 800
°C for three hours. The standard XRD pattern of BaM phase is present at the bottom side of the figure
(3). The annealing temperatures influence the crystallinity and phase purity of the powders.

The XRD pattern of as-burnt powders (Figure 3) clearly indicates that the expected BaFe;,O;9 phase
disappears in the combustion process. At the same time, it indicates the presence of y-Fe,Os3 as a
major phase and some other minor phases. As temperature increases to about 400°C, the y-Fe,O3
phase converts into a-Fe,O3 as the dominant phase.

By increasing the annealing temperature to about 600°C, most of a-Fe,O3 pattern peaks disappear and
the BaFe;;0;9 appears (because of the reaction between the BaFe,O4 and a-Fe,O; phases) as a
dominant phase over the other phases. BaFe;,0;9 peaks indexed to the (110), (114), (108), (2011) and
(220) planes, while only one peak of the BaFe,O4 phase remains at the angle of 28.55°. However,
when the annealing temperature increases to about 800°C, it improves and grows the crystalline
nature of BaFe ;0,9 ferrite as a complete single phase with peaks indexed to the (102), (104), (110),
(107), (114), (108), (203), (205), (206), (1011), (209), (217), (2011), (220), (2014), and (1116) planes
at angles in the range of (18-73°). While the main intense peak of the resulting ferrite is (114) at an
angle of 34.38°, as shown in figure (3).

The XRD patterns of the hexaferrite powders BaSryFe;;09 (x = 0.0, 0.1, 0.3, 0.5, 0.7, 0.9 and 1)
annealed at 800°C for three hours are shown in Figure (4). It should be noted that no a-Fe,Os phase
was detected. All the major peaks in the diffraction patterns indexed to various (hkl) planes (102),
(006), (110), (107), (114), (108), (203), (205), (206), (209), (2010), (2011), (218), (220), (313), and
(228) at angles in the range of (18-73°). This figure shows that the intense main peak (114) has a wide
FWHM of the Ba; ,Sr«Fe ;09 samples, which indicates the shift of the XRD peak (114) towards the
higher angles, with increasing strontium content. Displacement of the peaks is due to the reduction in
the lengths of the Fe—O bond, the angle of the Fe—O—Fe bond and the volume of the elementary cell.
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All samples showed well-defined Bragg peaks, intense and sharp, indicating the crystalline nature of
the samples.

Phase identification of Ba-Sr hexaferrite nanopowders is carried out by XRD with Cu-Ka radiation (A
=1.54056 A) in 20 range 15-80°.

The Bragg's law is written as:
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Figure 4: XRD patterns of the Ba;«SrxFe;,019
ferrite nanopowders annealed at 800°C for
different Sr-ion concentrations (x= 0.0 to 1.0)

nA=2dsin@ .................. )

where, d is the spacing between the atomic planes, 4 is the half-value of the diffraction angle, n is the
order of the reflection.

The value of the full-width at half-maximum of the strongest intensity diffraction peak (114) was used
to calculatethe crystallites size using Debye-Scherer s equation;

kA (2

- B cos6
Where, [ is integral breadth (in radians), and K is Scherer’s constant its value is 0.9 [39];
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The lattice parameters a and c are calculated using the following equation [40]:

dhkl= (

where djy; is the crystal face distance and (hkl) are the Miller indices.

4(R?+hk+k?) | 12
T 32 Ta
3a c

)Yz (3)

The unit cell volume for barium hexaferrite can be estimated using the lattice parameters a and ¢ from
the

following relation (41):

v="a .. 4)

The theoretical (X-ray) density (dx) of the prepared powders are determined by applying the equation:
_ ZMy

dy = Ny e 5)

where Z = 2 indicating 2 formula units M,,; is material molecular weight and N4 is Avogadro’s
number.

All the above X-ray characteristic parameters of the Ba;,SriFe;;0;9 hexaferrite nanoparticles
calcined at 800 °C are listed in table (1), and were calculated using the standard relations shown in
equations (1-5).

Table 1: X-ray parameters; (Lattice parameters a and c),
t (crystallite size), dx (x-ray density), For Ba;SriFe 2019

hexaferrites at deferent Sr- ion concentrations

g 28 erystallite| lattice lattice X-ray
§ % 2 | (degree) size constant | constant | c/a |density dx
o5 S T | peak 114 | t (am) a (°A) c (PA) (g/em?)

51

0 34.332 31.63 5.844 23.222 (3.974 5.376

0.1 34.341 27.72 5.845 23.174 | 3.965 5.360

0.3 34.424 46.20 5.835 23.069 |[3.954 5.355

0.5 34.344 46.19 5.844 23.185 [ 3.968 5.264

0.7 34.402 34.65 5.856 22003 [3.926 5.236

0.9 34.327 31.63 5.854 23.084 |3.944 5.172

1 34.430 | 31.62 | 5.840 | 22973 [3.934| s.198

As shown in Table 1, the lattice constants of Ba;SrFe;;09 were found in the range of (5.835-
5.856/&) for (a), and (22.97-23.22 A) for (c) parameter. The variation of lattice constants (a) and (c) as
a function of the Sr-ion concentration are shown in figure (5). The values of lattice constant (a) are
slightly increasing while those of (c) are slightly decreasing with increasing of Sr-ion concentration
and tgis can be attributed to the smaller ionic radius of Sr* (1.18A) as compared with that of Ba*™
(1.35A).
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Figure (6) illustrates the crystallite size and x-ray density variations with Sr-ion concentration of the
Ba-Sr ferrite nanopowders. The crystallite size of Sr-ferrite is similar to that of Ba-ferrite, but the
increase in the Sr-ion concentration increases the crystallite size of Ba;(SryFe 2019 while it reaches its
highest value (46 A) at x=0.5, due to the presence of the strontium ion next to the barium, which
accelerates the growth of crystallite sizes. While X-ray density decreases linearly with increasing Sr-
ion concentration. This is due to the ionic radius Sr** is smaller than that of Ba** ion, since the X-ray
density is directly proportional to the molecular weight of the ferrite sample.
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Fig. 6: x-ray density and crystallite size versus Sr-ion

concentration of Ba;_,Sr,Fe 1,019 annealed at 800 °C

Scanning Electron Microscopy (SEM)

Lattice constant ¢ (°A)

The SEM images of the synthesized powders of BaFe ;;09, BagsSrosFe 2019 and SrFe ;0 ferrites all
annealed at 800 °C for three hours as a function of Sr-ion concentrations(x) are shown in Figure (7-a,
-b and -c). The Most of grains found to be relatively well-defined semi spherical in shape and are
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homogeneously distributed. All the micrographs are of ultra-fine with the individual particle size less
than 50 nm. Table (2) shows that the average crystallite size as calculated from XRD by Scherer
equation is approximately equal to the average particle size derived from SEM measurements.
Moreover, there is a little difference in the particle size obtained by increasing the Sr-ion
concentration.

SEM MAG: 200 kx Det: inSeam BaFe 2015
WD: 4.92 mm Bi: 7.00 200 nm

SEM MAG: 200 kx Dot: nBeam || | Bap<SrasFe:201a
200 nm -
View field: 1.04 pm  Date{midly): 0310021 800 °C

WO: 4.98 mm 8I: 7.00
View fieid: 1.04 pm  Date{midly): 031021 800 °C

Fig. 7-a: SEM images of BaFel2019 Fig. 7-b: SEM images of Bay 5Sro sFe12019
ferrite nanopowders for annealed at 800°C. ferrite nanopowders for annealed at 800°C.
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View fieid: 1.04 pm  Date{mid/y): 0 10/21

Fig. 7-c: SEM images of SrFe;,0,9 ferrite nanopowders
for annealed at 800°C.
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Table 2: average particle size (tsgv) and average
crystallitesize (txgp) for BaFe;»019, Bag 5Srs5Fe;20;9 and
SrFe;,0 0annealed at temperature 800 °C for 3 hours

. Ayeragg Average Crystallite
Ferrite partlcle s1ze .
I — size (txrp) NM
BaFeuOlg 27-37 31.63
Ba(),5SI'0,5F612019 3948 46.19
SrF612019 26-40 31.62

Conclusions

Barium-Strontium hexaferrite nanopowders with chemical formula of Ba; Sr«Fe ;09 (where, x= 0.0,
0.1, 0.3, 0.5, 0.7, 0.9, 1.0) were successfully synthesized using sol-gel auto combustion method and
annealed at temperatures (as-burnt, 400, 600, 800°C). The thermal decomposition, stability, and the
temperature of phase formation studied by TG/DTA, while the effect of annealing temperatures on
crystallinity, phase composition and morphology was investigate by various characterization methods,
i.e., XRD and SEM respectively. XRD displayed that all samples exhibited the characteristic behavior
of single phase M-type (Ba-Sr) hexaferrite nanoparticle annealed at 800°C, but the annealed powders
at 400 and 600°C consist of several different phases, such as y-Fe,O3 at as-burnt powders, a- Fe,O3
with BaFe,O, phases at 400°C. The hexaferrite phase begins to grow through the reaction of a-Fe,0;
with BaFe,O, phases and clearly appears at 600°C. The crystallite size, lattice parameters x-ray
density found to be dependent on the Sr-ion concentration and annealing temperatures. SEM images
clearly showed that the crystallite size (calculated from the Debye-Scherer's law) and particle size
(measured by SEM) increases as the annealing temperatures increases, while they decreases as the Sr-
ion concentration increases.
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