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Highlights: 

 Hexaferrite based materials can be applied as microwave absorbers (anti-radar). 
 Substitution of Ba atoms and/or Fe atoms can increase reflection loss (RL) and 

bandwidth. 
 Solid-state reaction synthesis by mechanical alloying with high energy milling is 

relatively cheap and easy compared to other methods. 

Abstract. In this study, hexaferrite Ba0.95La0.05Fe12-2xZnxTixO19 (x = 0; 0.5; and 
1.0) was synthesized and characterized, which can be applied as microwave 
absorber in the X-band frequency range. It is a potential candidate for a radar 
absorbing material for microwave absorption, particularly for use in anti-radar 
paint in the defense sector. Samples were prepared using solid state reaction 
synthesis with high energy milling. After sintering at the right temperature, the 
samples were characterized using an X-ray diffractometer (XRD), a scanning 
electron microscope (SEM), a vibrating-sample magnetometer (VSM) and vector 
network analysis (VNA). The XRD characterization results indicated that all 
samples were in phase and had a hexagonal lattice structure with a P63/mmc space 
group and a crystallite size between 38 and 45 nm. The surface morphology of the 
characterization results using SEM showed a heterogeneous particle shape with 
particle sizes ranging from 140 to 200 nm. Substitution of Ti4+ ions for Fe3+ ions 
by Zn2+ ions resulted in a decrease of the magnetic saturation (Ms), the magnetic 
remanence, and the sample’s coercivity field. With a sample thickness of 1.5 mm, 
the VNA results confirmed that the ability to absorb microwaves and bandwidth 
will increase along with increase of the substitution value x. The reflection loss 
value was about -13.3 dB at a frequency of around 11 GHz, with a bandwidth of 
1.4 GHz for the sample with x = 1.0 composition. 

Keywords: Ba0.95La0.05Fe12-2xZnxTixO1; broadband; hexaferrite; high energy 
milling; microwave absorber; X-band.  
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1 Introduction 

Hexaferrite-based materials are of great interest to many researchers [1-8]. This 
is because they are very useful for many different uses, for example for 
microwave absorption [1-5,9-17] or electromagnetic interference (EMI) 
shielding [2,9,12]. Hexaferrite-based materials also have high permeability 
[6,12,18-19] and a high Curie temperature (Tc ≈ 723 K) [12]. Previous research 
hasfound that barium-strontium hexaferrite is very applicable as a microwave 
absorber in the X-band frequency range from 8 to 12 GHz [20-23]. A problem 
that is still faced is that the bandwidth is narrow: around 1 GHz for a value of RL 
< -10 dB. Therefore, it is necessary to look for materials that can produce wider 
bandwidths.  

Several different sample-making processes have been carried out, including:  

1. Sol-gel the process of forming hexaferrite phase through a chemical reaction 
from nitrate-based raw material in a solution at low temperatures [1,3-
6,9,18].  

2. Hydrothermal – hexaferrite phase formation via a solution reaction-based 
approach in a range from room temperature to very high temperatures 
[10,13,17]. 

3. Sonochemical – hexaferrite phase formation by using strong ultrasonic 
radiation [11]. 

4. Solid-state reaction a chemical decomposition reaction of a heated mixture 
of solid compounds to produce a new solid composition [12,16,19,24].  

5. Electrospinning – the best method for producing nanofibers due to their 
versatility and easy sustainable production of nanofibers from a wide variety 
of materials [14]. 

6. Co-precipitation – the classical and simplest method for synthesizing 
nanoparticles of oxide materials [15]. 

 
Combining barium/strontium hexaferrite-based microwave absorbers with rare 
earth metals is an interesting approach, mainly studied at the end of the previous 
decade. This is done by substitution in the position of Fe [1,3-5,10-11,13,18,24], 
in the barium/strontium position [14,16,19], or even at the same time in the 
position of Ba/Sr and Fe [6,9,15,17]. This is done to increase their capability as 
microwave absorber with a wide bandwidth but with the dimensions of the 
sample as thin as possible so that the sample will be as lightweight as possible. 
Mohammed, et al. obtained bandwidth values of 1.7 GHz (between 15.7 and 17.4 
GHz) with a chemical composition of Ba1−xCoxFe12−x−yDyxLayO19 and 3-mm 
sample thickness, for x = 0.3 and y = 0.6 [9]. With the same thickness 
BaLaxGdxFe12-2xO19 actually has no bandwidth [4].  
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Zhao, et al. [3] varied the thickness of a BaFe11.92(La, Nd)0.04O19-
TiO2/MCNTs/poly (3-methyl thiophene) composite sample to widen the 
bandwidth. The bandwidth increased with a sample thickness of 2 to 2.5 mm, 
whereas it decreased with a sample thickness of more than 2.5 mm. The largest 
bandwidth was 0.5 GHz and 1.0 GHz for the samples with a composition of 0.2: 
0.25: 1.0, and 0.2: 0.20: 1.0, respectively. Goel, et al. obtained a bandwidthof 
2.94 GHz for BaFe11.96Nd0.04O19 with a thickness of 2.2 mm [5]. Some of the 
aresearch results above still leave problems regarding the smallest possible 
sample thickness with the greatest possible bandwidth. Because of this, the search 
for other compositions is still wide open. 

Based on the research results of Taryana, et al. [25], the effect of La substitution 
can reduce the magnetocrystalline anisotropy constant to 1.29 x 105 erg/cm3. The 
single-phase La-doped barium hexaferrite sample had superior microwave 
characteristics over the undoped barium hexaferrite samples in the X-band 
frequency range. Meanwhile, Winatapura, et al. [26] found changes in magnetic 
properties such as magnetic coercivity, remanence, and magnetization saturation, 
which decreased with increased Zn-Ti substitution. The doping effect of Zn-Ti 
could increase microwave absorption at X-band frequencies. A material can only 
be used as a microwave absorbing material if it has both permeability and 
permittivity.  

This is because microwaves have photon energy, which can polarize the magnetic 
and electrical properties of a material through the impedance matching 
mechanism. The magnetic properties of Ba0.95La0.05Fe12-2xZnxTixO19 are affected 
by the magnetic dipole moment of the Fe3+ ions, while the electrical properties 
are controlled by the electric dipole moment of the La3+, Zn2+ and Ti4+ ions. Every 
two Fe3+ ions are replaced by one Zn2+ ion and one Ti4+ ion. This means that the 
contribution of the microwaves to increasing the material permittivity is affected 
by the two ions. Thus, referring to the results of the two previous studies, in this 
paper, a sample of Ba0.95La0.05Fe12-2xZnxTixO19 (x = 0; 0.5; and 1.0) was prepared 
using the wet-milling solid-state reaction method and high energy milling. This 
technique has previously been used to synthesize nanomaterials or nano-
quasicrystallines and is able to form one phase [7-8,20-23,25-26].  

It does not only combine particles but is also able to reduce the particle size 
through a heating process to a point where a single phase can be formed. In 
addition, this milling technique is one of the cheapest available for large-scale 
production of nanoparticle size materials. The effects of the substitution of Zn2+ 
and Ti4+ ions for Fe3+ ions with a thin sample thickness (1.5 mm) will be discussed 
below in terms of the structure, surface morphology, magnetization properties, 
reflection loss (RL), and the bandwidth of its microwave absorption capability. 
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2 Experiment 

With stoichiometric calculations, samples of Ba0.95La0.05Fe12-2xZnxTixO19 (x = 0; 
0.5; and 1.0) were made from a mixture of raw materials of BaCO3, La2O3, Fe2O3, 
ZnO and TiO2. The composition of the research materials was based on and 
improved from the research of Taryana, et al. [25] and Winatapura, et al. [26]. 
Each ingredient used was a product from Merck and had purity > 99%. The 
mixture of these materials was put in a stainless-steel vial together with iron balls 
with a weight ratio of 1:4 between the powder and the balls. The mixture was 
then milled in wet-milling condition at seven hundred and fifty turns per minute 
for 50 hours. The sample was then sintered at 1000 °C in the air for 5 hours.  

The phases formed and the lattice structure were observed using a PAN 
Analytical Empyrean X-ray diffractometer (XRD) (Cu Kα, λ = 1.5406 Å). The 
XRD measurement data were then qualitatively and quantitatively analyzed using 
the GSAS (General Structure Analysis System) software to determine changes in 
the material structure parameters [27]. Characterization of the surface 
morphology using a JEOL JED 2300 scanning electron microscope (SEM) and 
an OXFORD VSM 1.2H vibrating-sample magnetometer (VSM) was done to 
measure the magnetic quantities, such as magnetic saturation (Ms), magnetic 
remnant (Mr), and coercivity field (HC). Anritsu MS46322A type Vector 
Network Analysis (VNA) was used to measure the ability of the sample (1.5 mm 
thick) to absorb microwaves in the X-band frequency range.  

3 Results and Discussion 

The XRD diffraction patterns from the samples without substitution and with 
Zn2+-Ti4+ substitution can be seen in Figure 1(a). The results of refinement using 
the GSAS software are shown in Figure 1(b-d). The refinement results of the 
XRD pattern as shown in Figure 1 demonstrate a balance between the theoretical 
and the experimental data. The suitability parameters that must be met are fit 
criteria (wRp ≤ 0.1) and goodness of fit (χ2 ≤ 1.3) [27].  

All samples were single phase. No other phases were detected. The crystal 
structure of all samples was hexagonal with a P63/mmc space group. The analysis 
results of the structural parameters, namely lattice parameters (a, b and c), unit 
cell volume (V), and atomic density (), are shown in Table 1. From the data, it 
can be assumed that substitution by Zn2+ and Ti4+ does not change the crystal 
structure but rather increases the unit cell volume. This result can be explained 
by the radius of the Fe3+ ion (0.65 Å), the radius of the Zn2+ ion (0.74 Å), and the 
radius of the Ti4+ ion (0.60 Å) [28], resulting in the substitution of Zn2+ and Ti4+ 
ions for Fe3+ ions, causing the lattice volume to increase from 697.2 Å3 to 699.8 
Å3. 
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Figure 1 (a) XRD diffraction patterns for samples x = 0; 0.5; and 1.0 and results 
refined with the GSAS program (b) x = 0; (c) x = 0.5; and (d) x = 1.0. 

Table 1 Lattice parameters of Ba0.95La0.05Fe12-2xZnxTixO19. 

x 
a = b  
(Å) 

c  
(Å) 

c/a vol.  
(Å3) 

ρ 
 (g/cm3) 

0 5.8910(3) 23.199(1) 3.938 697.2(1) 5.773 
0.5 5.8950(3) 23.214(2) 3.938 698.6(1) 5.761 
1.0 5.8985(3) 23.227(2) 3.938 699.8(1) 5.751 

The lattice parameter value c increased from 23.199 Å to 23.227 Å, while the 
lattice parameter a = b remained almost constant. Similar results were also 
obtained by Baniasadi, et al. [29]. Some other studies indicate that the 
substitution of rare-earth metals, Nd3+ [10], and La3+ [14] on Ba2+ do not change 
the crystal structure, i.e., the crystal structure remains hexagonal. The same 
results were obtained when La3+ was substituted with Fe3+ [9]. The heating 
process determines the phases formed. In this study, heating at a temperature of 
1000 °C for 5 hours was able to produce a single phase. This process is more 
effective when compared with that of Ušák, et al. [12] and Guo, et al. [15], where 
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to obtain a single phase, a heating temperature of 1200 °C must be used for 6 
hours and a heating temperature of 1250 °C for 5 hours, respectively. Mahmood, 
et al. [24] detected another phase (multiphase) for heating at 1200 °C for 2 hours.  

The mean crystallite size and lattice strains of the single-phase samples were 
evaluated by means of a Williamson-Hall (W-H) plot of the peak width of the 
XRD pattern. The W-H plot is based on Eq. (1) [30]: 

 cos 4 sin
k

D

        (1) 

where k, λ, θ, D, β, and ε are respectively a constant (0.9), the wavelength of the 
X-ray radiation, the Braggs diffraction angle, the mean crystallite size, a corrected 
value of full wave at half maximum (FWHM), and the lattice strain. The plot β 
cos θ versus sin θ is used to obtain the value of lattice strain and mean crystallite 
size. The lattice strains are calculated from the ordinate interception at sin θ = 0. 
The mean crystallite size was obtained from the slope of the linear graph. The 
results from the analysis using the W-H method showed that the mean crystallite 
size of the samples for x = 0; 0.5; and 1.0 was about 38 nm, 40 nm, and 45 nm, 
respectively. 

The surface morphology of the SEM results can be seen in Figure 2. The granular 
shape is still heterogeneous, with sizes ranging from 140 to 200 nm. This particle 
size was obtained by comparing the particle size with the scale. These results 
confirm that the three samples had a particle size consistency of about 140 to 200 
nm and a crystallite size of 38 to 45 nm. The grain size was obtained by 
comparing the grain size with the scale. Essentially, Ti4+ and Zn2+ substitution 
does not affect the morphology and grain size distribution. Similar results have 
been obtained by Baniasadi, et al. [29]. Grain size is affected by milling time. A 
longer milling time will result in smaller particle sizes [31-32]. For a milling time 
of 16 hours, Mahmood, et al. [24] obtained grain sizes ranging from 200 to 1300 
nm. 

The sample hysteresis curve of Ba0.95La0.05Fe12-2xZnxTixO19 with x = 0; 0.5; and 
1.0 can be seen in Figure 3. It appears that with the increase in the value of x, the 
magnetic saturation (Ms), magnetic remanence (Mr), and the coercivity field (Hc) 
decrease. The full results can be seen in Table 2. The decline in magnetic 
properties happened because the cations Ti4+ and Zn2+ are non-magnetic. Thus, 
this substitution will weaken the exchange interaction between the Fe3+ cations 
[29]. 
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(b) 

 

(c) 

Figure 2 Surface morphology of SEM results for Ba0.95La0.05Fe12-2xZnxTixO19 
samples (a) x = 0, (b) x = 0.5, and (c) x = 1.0. 
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Figure 3 Hysteresis curve of sample Ba0.95La0.05Fe12-2xZnxTixO19. 

Table 2 Summary of magnetic properties data Ba0.95La0.05Fe12-2xZnxTixO19. 

x Ms 
 (emu/g) 

Mr  
(emu/g) 

Hc 
 (T) 

0 50.76 28.83 0.18 
0.5 43.04 24.85 0.16 
1.0 41.08 23.95 0.16 

Generally, hexagonal ferrite is hard magnetic: it has a large amount of anisotropic 
energy. The energy from microwaves alone is not able to polarize magnetic spin 
moment the way hexagonal ferrite-based materials can. Because of this, material 
engineering is required so that the material’s anisotropic field can be downsized 
into a semihard magnet but with a magnetic saturation that remains high. For this, 
the magnet’s property changes need to be observed using VSM equipment. When 
material engineering is conducted, there are factors that affect microwave 
absorption. These factors are divided into intrinsic and extrinsic factors. Intrinsic 
factors include the internal factors of the material: the material has a complex 
permeability and permittivity. External factors include those that affect the effect 
of microwave propagation on the sample’s geometric parameters (the particle’s 
thickness, distribution, and size).  
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To show the absorption properties of a microwave, the reflection loss (RL) value 
is calculated based on Eqs. (2) and (3) [32]: 

 𝑅𝐿 (𝑑𝐵) =  20 𝑙𝑜𝑔 ቚ
(𝑍௜௡ − 1)

(𝑍௜௡ + 1)൘ ቚ    (2)    

   𝑍௜௡ =  ൫
𝜇௥

𝜀௥
ൗ ൯

ଵ
ଶൗ

 tanh ቂ𝑗൫(2𝑛𝑓𝑑)/𝑐൯(𝜇௥𝜀௥)
ଵ

ଶൗ ቃ    (3)  

where Zin is the input impedance of the absorber, µr and εr are the permeability 
and relative permittivity of the medium, respectively, f is the frequency of the 
microwaves, d is the thickness of the absorber, and c is the speed of light. 

Microwave propagation can be determined based on the value of the S-parameter. 
When the wave arrives, it hits the sample via a pair of adapters and the microwave 
will be reflected (S11) and transmitted (S21). S11 shows that the incoming waves 
from port 1 are reflected back to port 1, while S21 shows that the incoming waves 
from port 1 are transmitted and received by port 2. The microwave propagation 
equation uses the Nicholson-Ross-Weir (NRW) mathematical model [32-34]: 

22
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21

22
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11

1

)1(
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









S

S

 

(4) 

where  and T are the reflections of the transmission coefficient, respectively. 
Meanwhile, the percentage of microwave absorption can be determined as 100 
(1-2) (%). 

Table 3 Summary of Ba0.95La0.05Fe12-2xZnxTixO19 microwave absorption. 

Based on the Nicholson-Ross-Weir equation (Eqs. (2)-(4)), the factor that affects 
the absorption properties of microwaves is the S11 parameter, which is the 
reflection parameter. Parameter S21, the transmission parameter, is not necessary 
in this case. Therefore, to ensure that no transmission factors would affect the 
measurements when conducting the measurement, the sample was placed on a 
metal surface. This meant that only two outcomes could emerge when the 
microwave was administered: the microwave was absorbed by the material or 

X Zm 
(Ω) 

 RL (dB) Absorption 
(%)  

Frequency 
(GHz) 

Bandwidth 
(GHz) 

0 33.2+j13.3 0.274 -11.5 92.5 10.7 0.9 
0.5 31.6+j8.6 0.249 -12.1 93.8 10.9 1.0 

1.0 
34.8+j16.9 0.279 -11.1 92.2 9.3 0.8 
35.1+j9.3 0.216 -13.3 95.3 11.0 1.4 
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was reflected by the metal. The adapter wave guide used had been calibrated with 
an impedance of 50 Ω. Generally, the material’s absorption of the microwaves is 
caused by an impedance match between the microwaves and the material, which 
is achieved through the resonance mechanism. 

 

Figure 4 Reflection loss curve of sample Ba0.95La0.05Fe12-2xZnxTixO19 for 
x = 0; 0.5; and 1.0. 

The RL value produced as a frequency function for all samples of Ba0.95La0.05Fe12-

2xZnxTixO19 (x = 0; 0.5; and 1.0) with a thickness of 1.5 mm in the frequency 
range from 8 GHz to 12 GHz is shown in Figure 4. It can be seen that for the x = 
0 composition, the sample still showed a relatively low absorption characteristic 
for the given frequency. The maximum RL value was only -11.5 dB at a 
frequency of 10.7 GHz with a material impedance of Zm = 33.2+j13.3 Ω and a 
reflection coefficient of 0.274. In addition, the material had a wide frequency 
bandwidth but one that was still relatively low (-8dB at a frequency of 0.9 GHz). 
The composition of x = 0.5 showed a better RL value compared to the x = 0 
composition. With the x = 0.5 composition, the maximum RL value became -12.1 
dB at a frequency of 10.9 GHz, with a material impedance of Zm = 31.6+j8.6 Ω 
and a smaller reflection coefficient (0.249). This variant also had a wide 
absorption that was relatively large (-8.5 dB). However, the absorption frequency 
width relatively remained the same at 0.9 GHz. This means that the Zn2+ and Ti4+ 
elements are able to increase the microwave’s absorption properties. Previous 
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studies featuring other elements achieved similar conclusions [3-5,13]. The x = 1 
composition showed significant absorption changes in two different frequency 
areas in addition to an absorption increasein the same frequency areas as the x = 
0 and x = 0.5 compositions. The maximum RL value increased to -13.3 dB at the 
11.0 GHz frequency with an impedance of Zm = 35.1+j9.3 Ω and a reflection 
coefficient that was also smaller (0.216). The material also had a larger absorption 
area, -10.0 dB, compared to the absorption area of the x = 0.5 composition. The 
frequency bandwidth also became wider (1.4 GHz). However, a second 
maximum RL value of -11.1 dB emerged at a frequency of 9.3 GHz, with an 
impedance of Zm = 34.8+j16.9 Ω, a reflection coefficient of 0.279, and a relatively 
wide absorption bandwidth of -8.5 dB, with an absorption frequency of 0.8 GHz. 
The results of all test samples of Ba0.95La0.05Fe12-2xZnxTixO19 (x = 0; 0.5; and 1.0) 
samples are summarized in Table 3. 

These results indicate that the material Ba0.95La0.05Fe12-2xZnxTixO19 (x = 0; 0.5; 
and 1.0) can be considered a potential microwave absorber, particularly in anti-
radar paintin the defense sector. To act as a radar absorbing material, a material 
should not only have a high absorption, but also absorb in a broad frequency 
range. The material examined fulfills both requirements. This means that if there 
is a material with a high absorption rate and a wide bandwidth, enemy radar of 
any frequency, will be absorbed by the material as long as it is within the range 
of military radar (the X-band). This material was shown to be able to absorb 90% 
of microwaves at frequencies of 8.5 to 9.5 GHz and 10 to 11.5 GHz.  

4 Conclusion 

Ba0.95La0.05Fe12-2xZnxTixO19 samples (x = 0; 0.5; and 1.0) were successfully 
synthesized using the solid-state reaction method with high energy milling. The 
substitution of Zn2+ and Ti4+ ions for Fe3+ ions does not change the crystal 
structure, which is hexagonal. Heterogeneous granules sizes ranged from 140 to 
200 nm. The greater the value of x, the smaller the magnetic properties. With a 
thin sample (about 1.5 mm), the best result was -13.3 dB microwave absorption  
at a frequency of around 11 GHz with a bandwidth of 1.4 GHz, which means the 
material can be applied as a microwave absorber. 
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