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A B S T R A C T

The syntheses of BaFe11.6Mg0.2Al0.2O19 with calcination temperature variations of 900, 1050, and
1200 °C were conducted through a co-precipitation method to be used as Radar Absorbing
Material. The raw materials used in the syntheses were: BaCl2, MgCl2, AlCl3 and natural iron sand
from Kata Beach-Sumatera Barat, Indonesia. The material was characterized using XRD, FE-SEM,
VSM, and VNA. The results confirmed that the structure of the barium hexaferrite crystal did not
change due to the effect of calcination temperature. The optimum conditions properties obtained
for BaFe11.6Mg0.2Al0.2O19 at a calcination temperature of 900 °C, Ms = 20.64 emu g−1, Mr
=9.89 emu g−1, Hc = 1708 Oe, and BHmax = 45800 GOe, respectively. In addition, the max-
imum reflection loss and the microwave absorption values obtained were − 58.60 dB and
99.99% at a frequency of 10.91 GHz.

1. Introduction

The electromagnetic waves are widely used in various technological devices such as the Radio Detection and Ranging (Radar).
This radar is generally used in military and government purposes [1]. The Radar Absorbing Material (RAM) is a coating material used
to reduce the energy of EM received by the target where consist of two main parts: the magnetic and the dielectric components [2].
Barium Hexaferrite (BaFe12O19) can be used as the magnetic component in a RAM and often been used as a microwave absorber
material which has a hexagonal structure with saturation magnetization, uniaxial magnetic anisotropy, high Curie temperature and
excellent chemical stability [3].

According to Li et al. [4], the synthesis of BaFe12O19 through the chemical methods can be conducted by varying the calcination
temperatures, and gave the maximum reflection loss at a calcination temperature of 1100 °C (−29.74 dB at 14.68 GHz). Furthermore,
Bahadur et al. [5] reported that the synthesis of BaFe12O19 using the co-precipitation method suggested that the maximum micro-
wave absorption result was reflection loss of − 26.53 dB at 5.79 GHz. While Tyagi et al. [6] recommended that the calcination
temperature to synthesize BaFe12O19/Ni2Fe2O4 using a co-precipitation method were between 800 °C and 1200 °C. At the calcination
temperature of 1200 °C, Tyagi et al. obtained the microwave absorption of − 27.17 dB at a frequency of 11.79 GHz. Another research
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conducted by Lin et al. [7] in the synthesis of BaFe12O19/Fe3O4 composite using the hydrothermal method showed that a microwave
absorption of reflection loss was − 33.6 dB at 11.6 GHz can be achieved.

During the synthesis of barium hexaferite, the material doping is a vital process that affects the magnetic properties (soft magnet),
and thus increasing its microwave absorption [8,9]. Doping process in BaFe12O19 can be conducted by adding Mg and Al substitution
materials. According to Qiu et al. [10], the synthesis of BaFe12-xAlxO19 using the combustion method suggested that, the optimum
reflection loss of − 34.76 dB (x=1.9) at 14.57 GHz. However Sayed et al. [11] reported that synthesis of BaAlxFe12-xO19 using the
solid state reaction method did not change its microstructure properties. Furthermore, Shaayan et al. [12], reported that the synthesis
of BaFe12-xAlxO19 at a calcination temperature of 1100 °C for 9 h using a mechanical alloying method, resulted in a reflection loss of
−43 dB (x= 2) at 15.70 GHz. Another research conducted by Kumar et al. [13] reported that the synthesis of BaMgxFe(12-x)O19 using
the sol gel method suggested that, the optimum microwave absorption properties at x= 1 with reflection loss was −24.68 dB at
9.04 GHz. Chang et al. [14] was synthesized BaFe12O19 doped with Mg at a calcination temperature of 1030 °C for 12 h using the high
energy milling method. The results showed that, the reflection loss of −41 dB at 4.27 GHz was obtained. Setiadi et al. [15] was
synthesized the barium hexaferrite through the doping of Mg and Al using the mechanical integration method. Rianna et al. [16]
synthesized BaFe12-xMgxAlxO19 at a calcination temperature of 1200 °C for 2 h using a mechanical alloying method where, the
maximum reflection loss was −36.4 dB (x= 0.5) and the microwave absorption was 99.97% at 10.6 GHz.

One of the abundant natural resources in Indonesia is iron sand, that has more than 2 billion tons and spreads along the coast of
Jawa, Sumatera and Nusa Tenggara Barat islands. Iron sand is a potential resource to be used as the magnet-ferrite raw materials and
thus could increase its trading value. Setiadi et al. [17] reported the success in synthesizing the Fe3O4 nanoparticles from natural iron
sand taken from Buaya River in Deli Serdang, Sumatera Utara, Indonesia through the co-precipitation method. Rianna et al. [18] also
reported that the iron sand from Kata beach, Sumatera Barat, Indonesia has Fe content of 55.15%. Based on the previous research
Ferrite-based materials are very effective in absorbing ultrahigh frequencies such as Radar in the GHz frequency range [19,20].

Based on the previous review, the synthesis of BaFe12O19 and the usage of Mg-Al substitution material for BaFe12O19 was often
made for microwave absorber applications. However, there has never been a study that used Mg and Al as doping materials and
natural iron sand from Kata beach, Sumatera Barat, Indonesia as a local content material for the synthesis of BaFe12O19 using the co-
precipitation method to be used as a microwave absorber. In this study, the effect of the calcination temperature variations on
microstructure, magnetic properties, and microwave absorption of BaFe11.6Al0.2Mg0.2O19 synthesized from natural iron sand will be
presented.

2. Materials and methods

The natural iron sand material was grinded for 16 h using the Planetary Ball Mill (PBM) without further purification process. The
synthesis of the iron sand into barium hexaferrite was conducted by weighting the iron sand which has been stoichiometries cal-
culated and dissolved in 25ml of HCl (37%), and magnetically stirred for 30min under a room temperature. Then, the iron sand
solution was filtered with a filter paper of Whatmann (Grade 40 Circles). The solution was then mixed with aquadest of 50ml in a
beaker glass and was stirred using a magnetic stirrer at 500 rpm until homogeneous solution obtained. The solution was washed 10
times using distilled water until reached a neutral pH of 7 and was dried in the oven for 15 h at a temperature of 100 °C until the
powder was obtained. The powder was calcinated at temperature variations of 900 °C, 1050 °C and 1200 °C for 2 h with a heating rate
of 10 °C/minute. The final powder properties were analyzed using X-ray diffraction (Rigaku Smartlab), vibrating sample magnet-
ometer (VSM250 Dexing Magnet Ltd), field emission scanning electron microscopy (JEOL), and vector network analyzer (Advantest
R3770). The BaFe12O19 powder was also produced by the same method as a comparison. The samples name for each variation are
shown in Table 1.

3. Results and discussion

The XRD analysis of BaFe12–2xMgxAlxO19 powder at calcination temperatures of 900 °C, 1050 °C, and 1200 °C and at x= 0 and
0.2mol% are shown in Fig. 1(i). The XRD pattern shows that there are two phases, i.e. the primary phase of BaFe12O19 and the
secondary phase of Fe2O3 at the calcination temperature of 900 °C. Then the calcination temperature was increased to 1050 °C and
1200 °C to form the BaFe12O19 phase and to reduce the secondary phase of Fe2O3 [21]. This is due to BaFe12O19 phase transformation
which occurs when the calcination temperature is above 1000 °C [22]. It can also be seen from Fig. 1(i) that a single phase of barium
hexaferrite (BaFe12O19) at x= 0 occurs in all samples, that have with lattice parameters of a = 5.870 Å and c =23.060 Å at the
calcination temperature of 1200 °C.

Table 1
Sample name.

X(%mol) Calcination temperature(°C) Composition Sample Name

0 1200 BaFe12O19 A
0.2 900 BaFe11.6Al0.2Mg 0.2O19 B

1050 C
1200 D
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Fig. 1 (ii) suggested that there is a peak shift from sample A in the field of (114) towards a larger angle of 2θ for samples B, C, and
D. As a result, there is a decrease in the intensity and an increase in FWHM values. In sample D, the lattice parameter decrease to the
values of a = 5.872 Å and c =23.173 Å. This is due to the higher calcination temperature that affects the growth of barium hex-
aferrite crystals and the increase in the crystal diameter from 22.0 to 48.5 nm. The calculated values of crystal size (D), lattice
parameters (a, c) and density (ρcal) are given in Table 2. The increase of the particle size (22.0–48.5 nm), lattice parameters of 'a'
(5.870–5.8585 Å) and 'c' (23.060–23.240 Å) were also observed without material doping, and combining Mg and Al ions against Fe
[12]. The substitution of Mg and Al ions against Fe, will automatically be compensated with an increase in the oxidation number of
Fe. The presence of this unusual valence leads to oxygen vacancy and mobility which causes changes in the magnetic properties of
BaFe12O19 [23]. Fig. 1 (ii) also shows that the increase in the calcination temperature from 900 °C to 1050 °C, and from 2θ (°)
34.278–34.293°, is shifting the peak towards a larger θ angle of 0.015°. The increase in the calcination temperature of 1050–1200 °C,
and from 2θ (°) 34.293–34.224° shifts the peak towards a smaller angle θ which is 0.069°. This occurs because of the addition of the
doping material at x= 0.2, and the increase of the calcination temperature. The lattice parameters increase as a result of the
differences in the radius of Mg (0.72 Å) and Al (0.53 Å) compared to Fe (0.67 Å). The density also increases with the incorporation of
Mg and Al ions [24]. In addition, an increase in the calcination temperature causes the atoms that are formed to experience heat
vibrations thereby decreasing the peak intensity [3].

The morphological analysis of BaFe12O19 with calcination temperature variations as shown in Fig. 2 was characterized using field
emission scanning electron microscopy.

Fig. 2(i) showed that the particles in samples A and B are agglomerated with random particle sizes, while samples C and D have
uniform particle sizes with an average size of ~0.5 µm and homogeneous distribution. This is due to the effect of increasing the
calcination temperature which speeds up the thermal densification process. The particle size distribution shown in Fig. 2 (ii) that
sample B tends to have a narrow peak range, which is 80–200 nm. Based on the histogram, it can be deduced that the increase in the
calcination temperature could shifted the peak to smaller particle sizes (i.e. 133 nm, 112.4 nm and 92.5 nm) for samples B, C and D,
respectively. Therefore, it can be concluded that increasing the calcination temperature reduces the average particle size. Besides
that, higher calcination temperature could affects, faster diffusion of the atoms, and thus accelerating the rate at which the particles
crystallize [3]. Due to this fact, the particle size growth was conducted at various calcination temperatures. High calcination

Fig. 1. XRD Pattern: (i) Powder of samples A, B, C and D (ii). Magnification of the XRD patterns in the fields of (114).

Table 2
Parameters of the crystal samples A, B, C and D in the crystal plane (114).

Sample 2θ (deg.) FWHM (deg.) a (Å) c (Å) D (nm) ρcalc (g/cm3) Lattice Strain

A 34.09 0.38 5.87 23.06 22.0 5.30 0.54
B 34.28 0.29 5.88 23.17 28.4 5.31 0.42
C 34.22 0.25 5.89 23.24 33.5 5.35 0.35
D 34.30 0.17 5.87 23.17 48.5 5.39 0.24
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temperatures of 900 °C, 1050 °C, 1200 °C tends to enhance its size with the increasing on the number of oxygen vacancies. This affects
the substituents of Mg and Al that have larger ionic radius and smaller valence than Fe and causes an oxygen vacuum [25]. Shi et al.
[26] reported the formation of larger particle sizes when the calcination temperature is increased at 1200 °C.

Fig. 2. (i) FE-SEM characterization of samples A, B, C and D, (ii) Histograms for most of Particle Size Distribution of samples A, B, C and D.
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The hysteresis curve and the magnetic characteristic values of BaFe11.6Mg0.2Al0.2O19 (900 °C, 1050 °C, and 1200 °C) are shown in
Fig. 3 and Table 3.

Based on Table 3, the values of coercivity, saturation magnetization, and remanence magnetization rise with the increase in the
calcination temperature [27]. Furthermore, increasing the calcination temperature causes the change in the particle sizes [28,29].
The product energy (BHmax) in the external field is proportional to the particle size through the number of molecules in a magnetic
domain. Therefore, saturated magnetic values rise with the increasing of the particle size due to the surface effects obtained from the
limited-size scale of the nano crystal [30] and the distortion due to the interaction of the transition metal ions in spinel lattices with
oxygen atoms, which reduce the magnetic movements in particles [31].

The microwave absorption test of BaFe11.6Mg0.2Al0.2O19 at calcination temperatures of 900 °C, 1050 °C, and 1200 °C are shown in
Fig. 4. The samples ability to absorb microwaves is indicated by the reflection loss reflection loss value. The results suggested that the
material of BaFe11.6Mg0.2Al0.2O19 has a microwave absorption in the frequency range of 8–12 GHz. The optimum conditions obtained
in the sample that was calcinated at the temperature of 900 °C are the reflection loss of−58.60 dB at the frequency of 10.91 GHz, and
an absorption frequency width of 0.2 GHz, which absorb microwaves up to 99.99%. The sample at the calcination temperature of
1050 °C produced a reflection loss of−53.37 dB at a frequency of 10.92 GHz and absorbs microwaves as high as 99.99%. Meanwhile,
the sample with the calcination temperature of 1200 °C produced a reflection loss of −42.43 dB at a frequency of 10.88 GHz with
99.98% microwave absorption. Chang et al. [14], reported that Mg substitution in barium hexaferrite produced an optimum re-
flection loss of −41 dB at a frequency of 4.27 GHz. On the other hand, Rianna et al. [16] suggested that the substitution of Mg and Al
in barium hexaferrite produced a maximum reflection loss value of−36.4 dB at a frequency of 10.6 GHz and a microwave absorption
of 99.97%. Shayan et al. [12] also reported that the substitution of Al3+ produced a reflection loss of −43 dB at a frequency of
15.7 GHz while Kumar et al. [13] reported a reflection loss of −24.86 dB obtained at a frequency of 9.04 GHz.

4. Conclusion

BaFe11.6Mg0.2Al0.2O19 was successfully synthesized from the natural iron sand of Kata Beach-Sumatera Barat, Indonesia through a
co-precipitation method for a microwave absorption application. The calcination temperatures were varied: 900 °C, 1050 °C and
1200 °C for 2 h. The optimum condition was obtained at the calcination temperature of 900 °C with the primary phase of BaFe12O19

and the secondary phase of Fe2O3. The magnetics behavior of the samples suggested that the values are Ms = 20.64 emu g−1, Mr
=9.89 emu g−1, Hc =1708 Oe, and BHmax = 45800 GOe, respectively. On the other hand the reflection loss was −58.60 dB at the
optimal frequency of 10.91 GHz. The magnitude of the reflection loss was able to absorb microwaves as much as 99.99%.
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