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The main parameters for achieving the optimum microwave dissipation performance in bi-layer absorbers are
micromorphological characteristics, filler content composition, and layer configurations. In this research, two
different doped strontium hexaferrite powders with SrFe;oAl019 (PSrAl) and SrFe;yCoTiO19 (CSrCoTi) chemical
formulas were prepared through a solvothermal method. This study aims to identify optimal absorption con-
ditions for bilayer samples by combining different magnetic compositions with varying ferromagnetic resonance
and diverse morphologies with different layer arrangements. Single layer absorber samples comprising PSrAl
powder with a polygonal pyramidal particle shape displayed dominating dielectric loss behavior and ferro-
magnetic resonance at about 11.6 GHz, according to the findings. On the other hand, absorber samples con-
taining CSrCoTi powder with crochet ball like particle morphology, exhibit dominant magnetic loss behavior in
the studied frequency range, with ferromagnetic resonance around 8.8 GHz. According to the results of bi-layer
absorber samples, superior microwave dissipation performance could be achieved by inserting PSrAl powder in
the top layer as a matching layer with 0.5 mm thickness and CSrCoTi powder as an absorbing layer 2 mm-thick.
For a bi-layer absorber with a 2.5 mm total thickness The EAB (effective absorption bandwidth) is equal to 3.1
GHz at X-band and the minimum reflection loss is equal to —22 dB. The tuning morphology, which improved
impedance matching and absorption properties by increasing the wave propagation path in the sample, syner-
gistic effect between two distinct layers, and overlapping of resonance peaks of two components, is credited with
this remarkable microwave absorption feature.

1. Introduction

Microwave absorbing structures (MAS) act as efficient protection
against electromagnetic interferences [1,2]. MAS designed for stealth
applications reduce the radar cross-section (RCS) of targets assumed to
be metallic: an absorbing shield covering them reduces the signal re-
flected by the target in the direction of the radar [3,4]. This corresponds
to the Salisbury screen configuration, widely used for radar communi-
cations at X band (8-12.4 GHz) [5]. Reflection below —10 dB can be
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achieved by dispersing conductive carbon fillers at different concen-
trations in single as well as multilayer configurations [6,7]. Incorpo-
rating magnetic charges into the composite is a good strategy in order to
counterbalance the reflective effect of highly conductive charges,
[8-11]. An illustration of various research aspects devoted to MAM
absorbers can be found in Refs. [12-16].

In this work two different doped strontium hexaferrite powders,
SrFe pAl2019 (PSrAl) and SrFe;gCoTiOj9 (CSrCoTi), were prepared
through a solvothermal method. In Ref. [17], an iron-strontium
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Fig. 1. a) XRD and b) FTIR analysis results of as-prepared powders.

composite slab shows return loss RL = —23 dB at 9.2 GHz for a thickness
of 3.5 mm and, and a 10 dB effective absorption bandwidth (EAB) equal
to 3.4 GHz. In Ref. [18] hydrothermal method was used to sythezise
ultrathin SrFe;3079 nanosheets. RL reached a minimum value of - 28.6
dB for EAB = 0.92 GHz and a 3.5 mm thickness. In Ref. [19] sol-gel
technique was used to obtain a composite powder with different ratios
of strontium and zinc hexaferrites that reaches minimum RL = —37 dB
for a thickness of 2.2 mm. In Ref. [20] coprecipitation and in situ
polymerization was used for the obtention of reduced graphene oxi-
de/strontium ferrite/polyaniline ternary nanocomposite. The minimum
RL value was —45.00 dB at 16.08 GHz with EAB = 5.48 GHz and
thickness of 1.5 mm. In Ref. [21] sol-gel technique was used to obtain a
composite powder with different ratios of strontium and zinc hex-
aferrites. The minimum reflection loss reaches —37 dB at X band for a
thickness of 2.2 mm. In Ref. [22] combustion was used to prepare a
combination of two ternary composites of SrFel0A12019/MWCNT-
s/polypyrrole and Ni0.5Zn0.5Fe204/MWCNTs/polypyrole. The com-
posite powder in polyester resin reaches RL = —34.5 dB for a thickness
of 3 mm and EAB = 3.05 GHz. In Ref. [23] in situ chemical oxidative
method was used to prepare NiCoTi ferrite, SrCoTi ferrite and copper
microparticles coated with polypyrrole. The absorber with 20% loading
percentage in polyurethane has RL = —24 dB at the matching frequency
9.75 GHz and an EAB = 3 GHz for a thickness of 1.8 mm. Finally, in
Ref. [24] cobalt-based MOF/SrFel0CoTiO19/carbon nanofibers
reached — 19 dB with EAB = 3.9 GHz in the Ku-band with the thick-
nesses of only 2.5 mm.

Section 2 in this paper describes the synthesis methods for doped
SrFe;2019 nanocomposites, and their characterization methods. Section
3 presents XDR, FITR, FESEM and VSM results, and the measurement of
their electromagnetic parameters. The reflection losses of SrFe;pAl2019
(PSrAl) and SrFe;(CoTiO19 (CSrCoTi) are estimated as a function of
frequency and for various thicknesses of composite sample and fre-
quency, both for single layer topology or bilayer topology. Section 4
presents the conclusions of the work.

2. Materials and methods
2.1. Synthesis of polygonal-pyramidal shape-like SrFe;pAl2019 (PSrAD

In this research, nitrate salts (Sr(NO3),, Fe(NO3)3.9H0, AI(NO3)3)
were used as raw precursors for synthesizing doped strontium hex-
aferrite with SrFe;gAly019 chemical formula. In a typical synthesis and
based on the chemical composition, an appropriate amount of the ni-
trate salts, were completely dissolved in a mix of deionized water and
pure ethanol in equivalent ratio. Then, 20% of the raw precursors,
ascorbic acid is added to the solution. Following that, the pH is adjusted
to 10 by adding a 10 M KOH solution dropwise into the aforementioned
solution. The resulted solution was sealed in an autoclave followed by
heated in an oven at 200 °C for 15 h. The resulting products were rinsed

several times using ethanol and water before being dried and sintered at
1000 °C for 1 h.

2.2. Synthesis of hierarchical crochet ball-like SrCoTiFe;9O19 (CSrCoTi)

The crochet ball like doped strontium hexaferrite with the chemical
formula SrFe;(CoTiO19 is synthesized using the solvothermal technique.
The stoichiometric quantities of reactants (strontium nitrate, iron ni-
trate, cobalt nitrate, and titanium tetraisopropoxide) were dissolved in
ethylene glycol in the first stage, followed by the addition of urea. The
urea/ions ratio was fixed to 5. After that, the suspension was poured into
an autoclave reactor and heated during 24 h at 210 °C. The precipitate
separated from the suspension and, after washing, was dried and sin-
tered at 1000 °C during 3 h.

2.3. Characterizations

Structural and phase constitution of each powder is recorded and
evaluated via X-ray diffractometer (XRD: Philips -PW1730 in the range
of 20 = 25-65°) and Fourier-transform infrared spectroscopy (FTIR:
Nicolet 380), room temperature magnetic properties is extract via
vibrating sample magnetometer (VSM: ADE EV-11), microstructural
features were characterized via Field emission scanning electron mi-
croscope (FESEM: ZIESS sigma). Microwave absorption performances of
single paraffin layers were measured at X-band frequency using a vector
network analyzer (VNA: MS4644A).

2.4. Fabrication of single layer absorber samples

First of all, paraffin was molted and heated up-to melting tempera-
ture for a moment, and the 20 wt% of the prepared powders were evenly
mixed well in it separately. After preparing a single layer sample, the
electromagnetic parameters were extracted via VNA test and used as
base values for simulating the bi-layer absorber. The best absorption
features achievable by tuning the layer arrangement and changing the
morphology of the particles is investigated.

3. Results and discussion
3.1. Physico-chemical properties

XRD and FTIR spectra results of PSrAl and CSrCoTi powders are
depicted in Fig. 1 (a,b) respectively. The production of a single phase
magnetoplumbite M-type SrFe;30;9 is confirmed by the fact that all
indexed peaks fit well with the standard JCPDS card peaks # 24-1207,
space group: P63/mmc (194) and both powders have almost same
diffraction patterns. No impurity can be retraced. It was important to
note that a little movement of the peaks in both patterns to lower angles
may be attributed to an increase in the lattice parameters. All indexed
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Fig. 2. a) Room temperature magnetic hysteresis loops and b) dM/dH versus H curves of as-prepared powders.
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Fig. 3. FESEM images and elemental mapping analaysis results of CSrCoTi samle.

diffraction peaks located at 30.32°, 31.05°, 32.3°, 34.17°, 35.16°,
37.11°, 38.48°, 40.36°, 42.51°, 50.48°, 53.90°, 55.18°, 56.40°, 60.31°
and 63.12° match well with the (110), (008), (107), (114), (200), (203),
(116), (205), (206), (209), (300), (217), (304), (2,0,12) and (220)
crystal planes diffractions. The FT-IR spectra of PSrAl and CSrCoTi
powders were captured in the 400-4000 cm ™! range using the KBr
technique for determining the bond vibration mode. These spectra are
shown in Fig. 1b. The stretching vibrations modes of metal-oxygen
which correspond to Fe®*-0% bonds in octahedral, hexahedral and
tetrahedral sites in strontium hexaferrite crystal structure were
appeared as absorption peaks at 433, 550 and 594 cm ™! respectively.
These absorptions verify the relevant literature’s findings that a M-type
hexagonal structure formed.

3.2. Magnetic properties

Fig. 2a and b shows magnetizationn hysteresis loops which are

recorded at room temperature within the range of —15000 up to 15000
Oe and interphase exchange for the as-prepared powders, respectively.
The substitution of different cations with Fe3+ ions in the crystal
structure of strontium hexaferrite is responsible for both samples of the
ferrimagentic character and smooth loops in the curves of saturation
magnetization (Ms) and coercivity field (Hc). Ms values of the samples of
CSrCoTi and PSrAl is 50.36 and 33.03 emu/g, respectively. Notably,
both samples’ Ms and Hc values are lower than those expected for M-
type strontium hexaferrites. One of the possible reasons for the decline
in Ms values is the replacement of cations in the crystal structure, which
leads to a weakening of the super exchange interaction. The Hc values of
the CSrCoTi and PSrAl samples are 662 and 4237 Oe, respectively. For
the CSrCoTi and PSrAl samples, respectively, soft magnetic and hard
magnetic nature can be shown, which may significantly alter the
ferromagnetic resonance of each sample. Additionally, the acquired
results in Fig. 2b show that both samples have one strong peak with a
little kink that indicates imperfect magnetization reversal, which is
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Fig. 5. Dielectric and magnetic parameters of single layer PSrAl and CSrCoTi samples, a) €, b) €”, c) tande, d) |, e) p” and f) tans,.

explained by the morphology of the samples.

3.3. Morphological properties

The elemental maps and FESEM images of the CSrCoTi powder are
shown in Fig. 3, where it is evident that the powder has a crochet-like
morphology and a rich porosity structure that enhances multi-
scattering processes in the particles. The spontaneous assembly of
adjacent particles, which leads to the production of three-dimensional

particles, is made easier by the addition of ethylene glycol and urea as
surfactants in the solvothermal method. The findings of the elemental
mapping clearly show that Co, Ti, Sr, and Fe elements are present and
are distributed uniformly throughout the processed sample’s structure
(see Fig. 4).

In Fig. 3, which displays the PSrAl powder’s elemental maps and
FESEM images, it is clear that the powder has a polygonal pyramidal
shape. The results of the elemental mapping conclusively demonstrate
that O, Al, Sr, and Fe elements are evenly dispersed throughout the
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structure of the sample. are much lower. Regarding permeability, bottom row, it is significantly
higher for CSrCoTi, as well as corresponding magnetic losses. A relative
3.4. Electromagnetic parameters maximum is observed at 8.8 GHz in imaginary part and magnetic loss
factor for CSrCoTi, and around 11.6 GHz for PSrAl. In both cases it is

As explained in section 2.3 and 2.4 the electromagnetic parameters attributed to ferromagnetic resonance phenomenon.
are extracted from measurements performed on paraffin single layers As shown in Fig. 6a, the attenuation constant o given by equation (1)
loaded with PSrAl or CSrCoTi powder. It is observed at Fig. 5, top row, follows the increase of dielectric and magnetic losses depicted in Fig. 5.

that real and imaginary parts of permittivity e, are much higher for
CSrCoTi material than for PSrAl material. Reversely the dielectric losses
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On the other hand, the eddy current loss coefficient C, defined by
equation (2) is shown in Fig. 6b.

-2
Co=p'y f'= 2”#00d2 2

For both samples C, > 0 as p” > 0 in Fig. 5e, and is roughly constant
above 10 GHz. Assuming that eddy current losses are responsible for the
magnetic losses, the Cy values remain constant versus the frequency
[15], as shown in Fig. 6b. It has been also noted that dips are present in
both Co and « curves at ferromagnetic resonance frequencies of 11.6 and
8.8 GHz for respectively PSrAl and CSrCoTi single layer samples.

Fig. 6¢ and d shows the Cole-Cole (CC) representation of the
permittivity for each sample analyzed in Fig. 5. The imaginary part
noted €” is represented versus the real part ¢’, the frequency being an
implicit variable.

For each sample a series of circles or semicircles are observed. There
are typical of interfacial polarization effects occurring in the nano-
composite. Each interface between hexaferrite powder and neat paraffin
is the site of accumulation of polarized charges, while neat paraffin
separating hexaferrite inclusions act as an electrical capacitor. The
resulting distributed RC network is responsible for the formation of
(semi-) circles in the Cole-Cole representation [25]. However, circles are
deformed with respect to perfect hemi-circles associated to RC parallel
circuits in impedance spectroscopy theory. The deformation of the cir-
cles is associated to distributed circuits having different time constants
[26,27], and mimicking the dispersive and disordered nature of the
material, along with spatial inhomogeneity, dipole polarization, as will
be illustrated later in Fig. 10 concluding the paper. The comparison of
CC plots reveals that CSrCoTi (Fig. 6¢) shows more expanded circles
indicating more disorder in the composite system, and interfacial po-
larization associated to crochet-ball structure.

3.5. Microwave absorption in single layers

Return losses (RL) associated to Salisbury configuration, i.e. when
the sample layer is backed by a metallic plate, evaluates the attenuation
capability of a material: if RL is minimized, the signal is absorbed and no
signal is reflected back towards input interface of the absorber. The
reflection coefficient depends on the input impedance Zj, in Salisbury
configuration [28]:

Zin — Zo
RL=201 -
0810 (Zm T Zo) 3
_ | H
Zin= . Z, tanh(y d ) 4
where }/:jZﬂf\/e(l—j tanég)y(lfjtanﬁﬂ)/co 5)

¢, is the light velocity in air, Z, is the 377 Ohms free-space imped-
ance, f is the frequency, d is the thickness of the layer and &, p, tand,,
tand, are measured permittivity, permeability and associated loss
tangent factors given in Fig. 5, respectively.

Equations (3) and (4) reveals that when the imaginary part of Z;,
cancels, RL is minimum and absorption is maximum: this situation ap-
pears at frequencies f, for thicknesses d that are multiples of a quarter
wavelength A/4:

d:n%:an/(4f\/s/4)—>f0:ncg/(d4\/s"ﬁ) (6)

Fig. 7 illustrates very well equation (6). The contour maps (top row)
are drawn by inserting measured values for € and p into equations (4)
and (5) giving the input impedance, and varying the frequency from 8 to
12.4 GHz and d from 0 mm to 3 mm. The normalized impedance Z;,/Z,
contour maps in Fig. 7 (a, b) show a value close to 1 corresponding to
matching and maximal absorption function of thickness d and
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Table 1
Performances for the two bilayer configurations as well as the single layer ones.
Total Lower layer/ fo | RL | EAB FOM = RL
thickness upper layer (GHz) (dB) (GHz) x EAB
(mm) (mm)
Configuration n°1: Bilayer of Fig. 8
Upper layer: PSrAl/lower layer: CSrCoTi
2 0.5/1.5 8.9 5 / /
1/1 8.9 7 / /
1.5/0.5 11.4 13.5 2.3 315
2.5 0.5/2 11.4 12 2.4 28.8
eddy current effect 1/1.5 11.4 13 3.8 49.4
1.5/1 8.9 18 3.8 68.4
2/0.5 8.9 22 3.2 70.4
3 0.5/2.5 8.9 13.5 2.4 32.4
1/2 9.0 16 2.4 38.4
1.5/1.5 8.9 17 2 34
2/1 9.2 14 1.8 25.2
2.5/0.5 8.9 10 1.3 13
Fig. 10. Mechanisms involved in attenuation/absorption process. Configuration n°2: Bilayer of Fig. 9
Upper layer: CSrCoTi/lower layer: PSrAl
2 0.5/1.5 11.2 15 2.8 42
frequency, by virtue of (6). Thicknesses and frequencies where Z;,/Z, 11 11.6 12 5 24
are closest to unity are represented by green areas in the maps, going 1.5/0.5 11.6 11 1.2 13.2
from 8 GHz for d = 2.5 mm to 12.4 GHz for d = 2.0 mm. 2.5 0.5/2 9.0 16 2 32
A good absorber must achieve RL < — 10 d B. This criterion is reached 1/ 51/f g'é 12 Z 22 .
at d = 2.5 mm in both samples, see Fig. 7c and d. Best minimum value of 2/0.5 10.8 11 24 242
RL = —12 dB is observed at 11.6 GHz with an effective absorption 3 0.5/2.5 /
bandwidth (EAB) equal to 1.9 GHz for sample PSrAl, while for sample 1/2 /
CSrCoTi RL reaches —17.9 dB at 9 GHz with associated EAB equal to 2 L5/1.5 /
GHz, showing thus the best performance for single layer absorber. 3/51 05 ;
0.5/1.5 8.9 10 1.2 12
. . e g Monolayer of Fig. 7
3.6. Microwave absorption capability in bilayers Best performances
2.5 (CSrCoTi) 11.6 12 1.9 12
CSrCOTi and PSrAl material layers, can be combined into 2 bilayer 2.5 (PSrAl) 9 17.9 2 35.8

configurations. Configuration 1 considers PSrAl material as upper layer
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stacked with CSrCoTi material as bottom layer backed by a metallic
plane in order to reproducing the RCS Salisbury configuration. The
signal is incident to upper PSrAl layer. In configuration 2 the order of
upper and lower layers is reverted, and signal is incident to CSrCoTi
layer. Fig. 8 presents RL curves simulated using Matlab software for
configuration 1, while Fig. 9 shows simulations for configuration 2. For
both configurations, three total thicknesses are considered: 2, 2.5 and 3
mm.

Table 1 gives the performances for the two bilayer configurations as
well as the single layer ones discussed in Section 3.5. EAB is the effective
absorption bandwidth, corresponding to RL < - 10 dB. The figure of
merit FOM = EAB x |RL|; it means that we want the lowest reflection
losses RL over the highest possible frequency range.

From Table 1 it is concluded that bilayer configuration n°1 having
upper layer PSrAl shows the best performances in terms of RL and EAB,
since a FOM as high as 70.4 is obtained for a 2.5 mm global thickness,
spreading into 0.5 mm for upper PSrAl layer followed by CStCoTi layer
of thickness 2 mm. The upper PSrAl layer having the lowest dielectric
constant acts thus as matching layer favoring the penetration of the
signal in the bilayer, while lower CStCoTi layer act as absorbing layer.

Fig. 10 summarizes the different mechanisms involved in the atten-
uation process, as discussed in this section and in section 3.4 and Fig. 6c,
d.

4. Conclusions

In this research, two distinct magnetic powders with SrFe;pAl2O19
(PSrAl) and SrFe;pCoTiO19 (CSrCoTi) chemical formulas with crochet
ball like and polyginal pyramidal shapes were synthesized through the
solvothermal method. The single layer absorber samples, which contain
20 wt% of PSrAl (RL: 12 dB, EAB: 1.9 GHz, thickness: 2.5 mm) and
CSrCoTi (RL: 17.9 dB, EAB: 2 GHz, thickness: 2.5 mm), exhibit moderate
microwave absorption features. The resonance frequency peak of a
sample with PsrAl and CSrCoTi powders is located around 11.6 GHz and
8.8 GHz, respectively. By architecting a bi-layer absorber in which PsrAl
powder is placed in the matching layer with a 0.5 mm thickness and
CSrCoTi powder is placed in the absorbing layer with a 2 mm thickness,
we reached the lowest reflection loss value of —22 dB with a EAB = 3.1
GHz. The major criteria for improving the absorption feature were
tuning the filler content composition, morphological characteristics, and
layer arrangement. It is possible to improve the interfacial polarization,
improve impedance matching, and ultimately increase the reflection
loss properties by overlapping the ferromagenetic resonance peaks,
generating synergistic effects across layers, and multiscattering the
waves between particles.
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