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Abstract
The hexagonal ferrites with composition Ba0.9Sm0.1Fe10Al2O19 has been prepared by using
conventional solid state reactionmethod. As prepared samples were then sintered at different
sintering temperatures to analyze the effects onmagnetic and structural properties of Bariumhexa
ferrites. These samples were then characterized by using various techniques. For structural
characterization x-ray diffraction techniquewas used. XRD results confirmed phase pure hexagonal
structure. No impurity peaks were observed. ForMorphological analysis of all the samples Scanning
ElectronMicroscopy (SEM)was utilized. SEMmicrographs suggested the formation of hexaferrites
material with homogenous distribution of particles.Magnetic properties weremeasured by
permanentmagneticmeasuring system.Magnetic conduction ofmaterial was tested under varying
magneticfield of± 30 KOe at room temperature. The saturationmagnetization valuewas observed
48.55 emu g−1 and coercivity 5.01KOe for the sample sintered at 1220 °C.As the sintering temperature
rises, the values formagnetic saturation decreases to 46.24 emu g−1 and coercivity increases up to
5.26 KOe at 1270 °C.

1. Introduction

M-type hexaferrites exhibit remarkable properties [1–3]. Thesematerials arewell known for their high chemical
stability, resistance to corrosion, high electrical resistivity, high saturationmagnetization, low cost and high
Curie temperature [2, 4–6]. From the last few decadesM type hexaferrites of Barium, Calcium, and, Strontium
hexa ferrites are in considerable attention [6–12].M-type hexa ferrites can be used as EMI shieldingmaterials to
reduce electromagnetic interference, as well as inmicrowave absorption device,magnetic recordingmedia, and
permanentmagnets [4, 6–8, 11, 13–15].M-type bariumhexaferrite have general formula BaFe12O19 and is also
referred as BaM [16]. Compared to their counter parts such asW-typeHexaferrites, U-typeHexaferrites, X-type
Hexaferrites, Y-typeHexaferrites andZ-typeHexaferritesM-typeHexa ferrites have gainedmuch attention
owing to their superiormagnetic traits [4–8].

Various synthesis routes have been proposed for the synthesis ofM-typeHexaferrites [6].Mostly used
methods reported in literature are BallMillingmethod [17], Co-precipitation route [18], Sol-Gel auto
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combustion route [19], Solid state synthesismethod [20, 21], and hydrothermalmethod [22]. Comparison of
thesemethods highlights Solid state synthesismethod asmore advantageousmethod andmaterials produced
through thismethod showed high phase purity [23]. Also, solid state reactionmethod involves simple steps and
providesmore control over grain size of particles during synthesis [24]. Thereby, we also utilized solid state
reactionmethod for synthesis of all the nominal samples in this research.

Literature review ofM-typeHexaferritesmaterials confirmed that by carefully substituting various cations at
M2+ or Fe3+ site their properties can be tailored further to achieve highermagnetic features. T. Kaur et al
reported successful synthesis of Gd-Co substitutedM-type bariumhexaferrite, Ba1-xGdxCoxFe12-xO19, This
research demonstrates thatmagnetic properties such asmagnetization saturation and coercivity valueswere
influenced by substitution ofGd-Co [25]. Chemical co-precipitationmethodwas utilized byHabanjar et al to
synthesize BaFe12O19 nanoparticles. Results shows coercivity (Hc) of the samples decreased after Co addition
andwas attributed to reduction inmagnetocrystalline anisotropy [18]. In an another studyM-type strontium
calcium ferrite with the composition Sr0.1Ca0.4La0.5Fe12O19were prepared by utilizing solid-state reaction
method. This study describes the effects of different precursors (Co-, Ni-, Cu-, Zn-, andMg-type) onmagnetic
aswell as on the structural properties [26]. Anotherway to alter themagnetic traits of hexagonal ferrites besides
substitution is controlling the sintering temperature. Few studies published have shown the importance and
effects of sintering temperature onmagnetic and structural properties ofHexa ferrites [27, 28]. In our previous
workwe showed effects of different sintering temperature onmagnetic properties of doped barium
hexaferrites [29].

Here we report successful synthesis ofM-typeHexaferrite with the nominal composition
Ba0.9Sm0.1Fe10Al2O19. For synthesis of all the samples we used solid state reactionmethod. To analyze sintering
effects, we sintered synthesized sample at different temperatures. Structural analysis andmorphological results
confirmed the stability and phase dominance ofmaterial. Othermicro parameters showed consistent behavior.
Influence of variation in sintering temperature on themagnetic properties is discussed. The result suggests
Ba0.9Sm0.1Fe10Al2O19 hexaferrites can be a stable and economicalmaterial formagnetic applications in vast
range of temperature.

2. Synthesis and characterizations

2.1.Material synthesis
Conventional solid state ceramic route was employed for synthesis. The stoichiometric amounts of starting raw
materials Fe2O3 (Aldrich 99.9%), BaCo3 (Aldrich 99.9%), Al2O3 (Aldrich 99.9%), and Sm2O3 (Aldrich 99.9were
taken and ballmilled for 20 h in ethanol using steel jars. The resultant composition Ba0.9Sm0.1Fe10Al2O19were
obtained by drying the ballmilled solid solution. Furthermore, sintering of powderwas carried out at different
sintering temperatures from1210 °C–1290 °C for 5 h in high temperature furnace. At the end, thematerial is
used for further characterizations.

2.2. Characterization techniques
Field emission scanning electronmicroscopy (FE-SEM) (HITACHI S-4800)were used formorphological
purposes. Structuralmeasurements were carried out by Powder x-ray diffraction usingCuKα (λ= 1.5406 Å)
radiation.Magnetic properties weremeasured by permanentmagneticmeasuring system (NIM-2000HF,
China).

3. Results and discussions

3.1.Morphological analysis
Firstly,morphological studies of the Ba0.9Sm0.1Fe10Al2O19 sintered at different temperatures were carried out by
using scanning electronmicroscopy. The SEMmicrographs suggested the formation of hexaferritesmaterial
with homogenous distribution of particles throughout the solid state solution. There is only aminor increase the
grain sizewas observedwith the increasing sintering temperature. SEM images also suggest that thematerial is
free of secondary phases. However, at higher temperatures small agglomeration in the particles were found.
Morphological images of the Ba0.9Sm0.1Fe10Al2O19were shown in figure 1. Furthermore, investigation on
structure were carried out using x-ray diffraction analysis.

3.2. Structural investigations
The properties of thematerial strongly depend on the crystal structure and purity of thematerial [30].
Figure 2(a) illustrate the x-ray diffraction patterns of the Ba0.9Sm0.1Fe10Al2O19 hexaferrites against different
sintering temperatures. The diffraction peaks could bewellmatchedwith the hexagonal structure P63/mmc and
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Figure 1. SEM images of Ba0.9Sm0.1Fe10Al2O19 sintered at different temperatures.

Figure 2 (a))XRDpatterns of Ba0.9Sm0.1Fe10Al2O19 sintered at different temperature. (b)Reitveld refinement profile of
Ba0.9Sm0.1Fe10Al2O19 sintered at 1270 °C.Red line represents the observed data, while Pink line represents the calculated fitting data.
Red bottom line shows the difference alongwith black vertical symbols represents the Braggs peak position.
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follow the JCPDS#43-0002. The results showedminor change in the intensity also upon the introduction of
dopant [31–33]. Lattice parameters were obtained using reitveld refinement analysis. Figure 2(b) showed the
refinement profile of Ba0.9Sm0.1Fe10Al2O19 hexaferrites against 1270 °C. The refinements were carried out using
themain sites occupied by the Iron (Fe) including one trigonal bypyramidal site 2b, one tetrahedral site 4f1, and
threemore octahedral sites 2a, 12K and 4f2 respectively [34]. The calculate lattice parameters were shown in
figures 3(a)–(b).

Lattice constant a and c both showed increasing trendwith increasing sintering temperature confirming the
expansion in longitudinal as well as along the c-axis at the same time.However, the increasing trend suggest the
positive deviation of Vegard’s Law [35, 36]. The expanding lattice ofmaterial with increasing temperature is
quite interesting for the observation ofmagnetic outcomes. The formation of theM-type hexaferrites was
further confirmed by calculating the c/a ratio for thematerial against different sintering temperature. The
results below 3.98 is another indicator for thematerials stability in the sameM-type hexaferrites state through all
temperatures. However, the changes in lattice dynamics suggest the strong influence of sintering temperature
[37–41].

Furthermore,materials properties were further explored by investigatingmicrostructure. Firstly, Bulk
density(db) and x-ray density (dx)were calculated. Afterward Porosity (P) of the Ba0.9Sm0.1Fe10Al2O19 sintered at
different temperature were calculated from the diffraction data respectively. The average crystallite sizewas also
measures by using Scherermethod [42]. The crystallite size showed an increase with increase in sintering
temperature and in agreement tomorphological analysis. The formulas and equations used for calculations
could bewell studied from literature [43, 44].The obtainedmicrostructural parameters were shown in
figures 4(a)–(b). db and dx showed an increase with increasing sintering temperature, which could beweel-
linked to the expansion of lattice with increasing temperature. X-ray density is greater than bulk density,
suggesting the vacant sites as well as effective sintering temperature. This was further confirmed by calculation of
dislocation densityD from crystallite size [45, 46]. Normally as the temperature increases, sometimes it causes
agglomeration and unification of crystallites, lead to dislocation in the crystal structure. Figure 4(b) clearly
showed a overall decrease in porosity and dislocation ofmaterial as the sintering temperature increases. These
variation inmicro-parameters are co-related with the changes in themagnetic properties ofmaterial [47, 48].

3.3.Magnetic properties
Magnetic conduction ofmaterial was tested under varyingmagneticfield of± 30 KOe at room temperature.
Magnetic loops of hexaferrite Ba0.9Sm0.1Fe10Al2O19 sintered at different temperatures, were shown infigure 5.
The decrease in themagnetic saturationwas observedwith increasing temperature up to 1270 °C.However, is
small rise inmagnetic saturationwas observed at 1290 °C.On the other hand, coercivity increases with increase
in sintering temperature up to 1250 °C and started decreasingwith further increase in sintering temperature.
The obtainedmagnetic parameters were shown infigure 6.Magnetic remanance showed a comparative
behavior like saturationmagnetization. The saturationmagnetization valuewas observed 48.55 emu g−1 and
coercivity 5.01KOe for the sample sintered at 1220 °C.As the sintering temperature rises, the values formagnetic
saturation decreases to 46.24 emu g−1 and coercivity increases up to 5.26 KOe at 1270 °C.

The values are quite comparable to the already reported values for undopedM-type hexaferrites. Somehow
minor variations can be there and link to the synthesis conditions respectively [37, 43, 49–51].Mr/Ms values are
greater than 0.5 also indicate the existence of single anisotropy and domain structure ofmaterial [52, 53].

Figure 3. (a)) Lattice parameters of Ba0.9Sm0.1Fe10Al2O19 sintered at different temperature. (b)Volume and the ratio(c/a) versus
different temperatures.

4

Phys. Scr. 98 (2023) 065905 BHAlshammari et al



The variation inmagnetic parametersmay be due to the behavior of super exchangemagnetic interactions
disturbed by the sintering temperature [53–55]. Furthermoremagnetic anisotropic constant Kwas found by
using theMs andHc and shown infigure 6(c). Results showedThat there is negligible change in themagnetic
anisotropic constant Kwith the sintering temperature suggesting strongmagnetic isotropic behaviour. However
noteworthy and cyclic behavior ofmagnetic properties inmaterial suggest that thematerial copiously well-
suitedwith the common ferrite applications. The results also suggest thatmaterial is a good applicant under
range of temperature formagnetic applications such as transformer and inductor cores,microwave devices,
recording heads, andmagnetic shielding.

4. Conclusions

M-typeHexaferrite Ba0.9Sm0.1Fe10Al2O19 prepared by solid state reactionmethod and afterward sintered at
different temperatures. Structural anaylsis andmorphological results confirmed the stability and phase
dominance ofmaterial. Othermicro parameters showed consistent behaviour. Firstly, coercivity increases and
magnetic saturation increasedwith increasing temperature. themaximumwas observed at 1270 °C.No

Figure 4. (a)Plots of dx and db for different doping concentrations for Ba0.9Sm0.1Fe10Al2O19 sintered at different temperatures. (b)
Porosity and dislocation density versus sintering temperature. The inset shows variation of crystallite size (D) against sintering
temperatures.

Figure 5.M-H loops for Ba0.9Sm0.1Fe10Al2O19 sintered at different temperatures.
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significant effects were observed formagnetic anisotropic constant k. The trend shifted toward opposite above
this temperature. The result suggests Ba0.9Sm0.1Fe10Al2O19 hexaferrites can be a stable and economicalmaterial
formagnetic applications in vast range of temperature.
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