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2.1 Introduction

Impedance matching at the air-absorber interface and attenuation within the
absorber are the primary requirement for a good absorber. The challenge for the
designer is to minimise thickness even while meeting these requirements for
different applications including the aeronautics industry, radio astronomy and
satellite communications.

M-type strontium hexagonal ferrite (SrFe12019) has higher anisotropy
(anisotropy constant of 3.5 x 10°® erg cm™) as compared to M-type barium hexagonal
ferrite (3.3 x 108 erg cm), high saturation magnetization (74.3-92.6 emu/g), low
density and high chemical stability [1, 2]. Due to the resonance absorption of
moving magnetic domains and spin relaxation at high-frequency electromagnetic
field, SrFe12019 has higher losses [3-5] which enhances the wave-attenuation.
Strontium hexa-ferrite is a good candidate for developing absorbers. Reduced
particle size splits the electronic energy level spacing which lies in the microwave
range [6]. These discrete levels attenuate the impinging em wave more rapidly as
electrons absorb the energy when they move from one level to another. Hence,
nanosized strontium ferrite is selected as magnetic filler in the present investigation.

LLDPE is a co-polymer of ethylene and a-olefin. It has a long linear chain
and homogeneous short side chain branching. Its linearity provides strength, while

the branching provides toughness. The short branches disrupt the uniformity of the
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Figure 2.1 Chemical structure of linear low density polyethylene
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polymer chain to prevent crystalline formation and achieving high density [9-13].
Figure 2.1 shows the chemical structure of LLDPE using 4-methyl-1-pentene
co-monomer. Short side chain branching of LLDPE allows addition of higher
percentage of fillers without making the composite brittle. It also has high tensile
strength (18.8 MPa), low density (0.915 g/cm®) and can be moulded easily into thin
sheets. LLDPE is an inexpensive polymer with good resistance to chemicals [7-10]
and is chosen as matrix to develop composite microwave shields.

The detailed process of synthesis of nanosized filler and fabrication of the
composites is presented in this chapter. Comprehensive microstructural studies of
the synthesized nanoparticles and nanocomposites are given. Complex permittivity
and permeability at microwave frequencies of the composite is measured using the
Nicolson-Ross method [11]. Other relevant characteristics for absorbers like
saturation magnetization, water absorbance and density are also investigated.

A single layer absorber is designed using the transmission line model (TL
model). The thickness of the single layer absorber is optimized so as to achieve
better impedance matching to obtain better absorption. Reflection loss of the

fabricated single layer absorber is measured in the X-band.

2.2 Synthesis and characterizations

Nanosized strontium ferrite is synthesized using the co-precipitation
technique. The comprehensive microstructural details of the synthesized
nanoparticles and nanocomposites as well as the results analysis are given. XRD
and TEM analysis is carried out to determine the crystalline and particle size.
Composites with different wt. % of filler in LLDPE matrix are fabricated and

homogeneity of distributions is ascertained from SEM images.

2.2.1 Material synthesis and composite preparation

Nanosized strontium ferrite is synthesized using the co-precipitation
technique for its use as magnetic filler. Strontium nitrate (> 98% purity, Merck) and
iron (IIT) nitrate nonahydrate (> 98% purity, Merck) precursors are used as the base
materials to prepare M-type strontium ferrite (SrFe12019) particles. The molar ratio
of strontium nitrate to ferric nitrate is taken as 1:12. NaOH is added dropwise to
control the size of the particles. Oleic acid is used as surfactant in order to reduce

inter-particle interaction and prevent agglomeration. Aqueous solutions of
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strontium and iron salts are prepared separately by dissolving the salts in
stoichiometric proportion in deionized water (0.1 M in 100 ml). The precipitate
formed is then washed with a mixture of distilled water and ethanol to remove the
sodium and nitrate compounds followed by drying to remove moisture. The dried
powder is then annealed at a constant temperature for 2 hours. Samples are prepared
at three different annealing temperatures, 650°C, 750°C and 850°C to obtain three
different samples of strontium ferrite powder.

LLDPE powder is sieved to obtain powder with particle size of < 5 um.
Composite specimens of different wt. % are prepared by mechanically blending this
sieved LLDPE powder with SrFe12019 (SrM) powder for about an hour. The
mixture is then put into the die-mould and cured for 2 hours by heating up to 110°C.
Care is taken to keep the thickness uniform while moulding the sample into a
rectangular shape by using fixed spacer in a three piece die mould at a uniform
pressure of 36.5 MPa. The sample is then allowed to cool at room temperature. The
thickness of the sample is measured using, a digital VVernier calliper (Digimatic
Caliper; CD-12”PSX, Mitutoyo Corp., Japan) with a least count of 0.01mm.
Thickness of the sample at four different positions are measured with three sets at
each position and then the averaged, to minimize errors in measurement, if any.

XRD studies of LLDPE and the strontium ferrite prepared at three annealing
temperatures are carried out to determine the crystalline size of samples. FTIR
spectroscopy studies of LLDPE, SrFe12019 and SrFe12019-LLDPE composites are
conducted to obtain information on the bond structure and interactions among the
various constituents in the composites. TEM characterizations of the ferrite and

SEM characterization of the synthesized composite are also carried out.

2.2.2 Microstructural characterizations

X-ray diffraction (XRD) studies

XRD patterns (Rigaku, Miniflex 200 X-ray diffractometer) of the matrix and
synthesized filler material are obtained using monochromatic Cu Ko radiation
(wavelength, 1=1.541841 A) at room temperature over a 26 angle from 20° to 70".
The diffraction peaks at 20 = 21.80" and 24", corresponds to (110) and (200)
diffraction planes of LLDPE respectively [7, 12] which is shown in figure 2.2.
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Figure 2.2: XRD pattern of LLDPE

Diffraction pattern of strontium ferrite samples annealed at 650°C, 750°C and
850°C is shown in figure 2.3. The value of lattice parameters are computed using
d-spacing value and respective (h k I) parameters. Inter-planar distance, d is given
by

1 4 (h2+Kk2%+17 12
] G 21)

a? c?

From the most prominent peaks, the average crystalline size (D) is calculated
using Debye-Scherrer’s equation

_ k'2
- B cos6O

(2.2)

where, k' is Scherrer’s constant, £ is full width at half maximum (FWHM) of the
particular peak. The diffraction peaks at 20 values of 23.15°, 29.06°, 30.34°, 32.31°,
34.15°,35.17°,35.40°,39.06°,41.17°,42.08°,44.93°, 46.85°, 50.24°, 53.91°, 57.18",
58.90°, 60.08°, 64.81°, 63.2°, 64.81°, 68.16° and 69.60° corresponds to the strongest
diffraction planes (006),(106),(110),(107),(114),(200),(201), (0010),
(205),(206),(207),(1011),(21110),(300),(217),(2011),(1014),(219),
(220),(300), (20 14) and (2 0 8) from the matches in JCPDS # 33-1340, indicating
formation of SrFe1,010. The lattice constants, a = 5.887 A and ¢ = 23.047 A
determined from equation (2.1), correspond to hexagonal M-type phase. The

average crystalline size calculated from equation (2.2) is given in table 2.1.
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Figure 2.3: XRD pattern of SrFe12019 annealed at (a) 650°C, (b) 750°C and (c) 850°C

The crystalline size of strontium ferrite is in the nanometer range. The grain size of
ferrite is observed to increase with increase in annealing temperature, a trait similar
to that reported in [13, 14]. At the two lower sintering temperatures studied, i.e.,
650°C and 750°C, additional diffraction peaks are observed at 26.14°,43.52°, 49.48°
and 53.7° corresponding to the planes (0 1 2), (20 2), (0 2 4) and (1 1 6) which is
indexed to Fe (NO3)3.9H,O (JCPDS # 39-1346), showing presence of traces of
precursors. It is noteworthy that these peaks are absent at 850°C, as better crystalline

structure is formed at higher temperature [13].

Table 2.1: Calculated crystalline size (D) and lattice parameter of SrFe12019

Annealin, Average Lattice 1
Ferrite & | crystalline size, D | parameters (A)
temperatures
(nm) a c
650°C 16.69 5.861 23.01
SrFe12019 750°C 24.27 5.875 23.03
850°C 25.8 5.887 23.04
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Composite samples with different wt. % of nanosized SrFe12O19 in LLDPE
matrix is developed using strontium ferrite annealed at 850°C, hereafter referred to

as SrFe12019-LLDPE nanocomposite.

Fourier-transform infrared spectroscopy (FTIR)
Fourier transform infrared spectra (FTIR; IMPACT 410, NICOLET, USA) of
the samples are obtained in a range between 400 cm™ and 4000 cm™.
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Figure 2.4: FTIR spectra (a) SrFe12019 (b) LLDPE and SrFe12019-LLDPE composite

The spectra (Figure 2.4) indicates the characteristic bands of the O—H stretching
vibration of water at about 1500 and 3400 cm™. The powder annealed at 850 °C
reveals absorption bands at 550 cm™ and 590 cm™, which are identified as the
metal-oxygen stretching vibrations of SrM hexaferrite [15]. The IR spectrum of
LLDPE shows two sharp peaks at 2843 cm™ and 2909 cm™ that correspond to the
C-H symmetric and asymmetric stretching. CH; stretching is seen at 1463 cm™. The
hydroxy!l group at 3460 cm™ is the broad peak of the hydrogen bonding in the region
3460 cm™ to 3626 cm™ [16]. The spectrum of the composite shows the presence of
both phases of fillers and the matrix and no new peaks has been observed showing

that the interaction between SrFe12019 and LLDPE is physical in nature.

Transmission electron microscopy (TEM)

TECNAI G2 20 S-TWIN transmission electron microscope (TEM; FEI
Company, USA) operating at an accelerating voltage of 200 kV is used to carry out
TEM analysis. The TEM images of SrFe12019 in figure 2.5 (c) confirms elongated

hexagonal rod like structure with an observed length of ~78 nm.
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(a) (b) (c)

Figure 2.5: TEM images of SrFe12019 at (a) 650°C (50nm) (b) 750°C (20nm) (c) 850°C (20nm)

Extended rod like shape in one direction is observed for the particles annealed at
850°C with crystal lattice plane anisotropy. Particle size distributions were
estimated by counting about 200 strontium ferrite nanocrystals sintered at 850°C,
using ImajeJ software and characterized by a log-normal function. The average
particle size is about 78 nm. The surface energy of strontium ferrite is different
along different directions of the unit cell. The growth of the nanoparticles along
[0001] direction is preferential i.e. the c-axis, as it is energetically favorable due to
minimum surface energy at higher temperature and hence, the elongated rod shaped

nanostructure formation is observed [17, 18].

Scanning electron microscope (SEM)
Scanning electron micrographs (SEM; JSM 6390LV, JEOL, Japan) are taken

at 101t A probe current and 20 kV accelerating voltage at different resolutions.

T ——ar -
20kV  X5,000 5pm 0000 .08 36 SEI 20kV  X4,000 5pm 10000 1035 SEI

() (b)
Figure 2.6: SEM images of 60 wt. % of SrFe12019-LLDPE composite

Figure 2.6 shows the SEM micrographs of 60 wt. % SrFe12019-LLDPE

nano-composite at different magnification. It is seen that there is no agglomeration

Department of ECE, Tezpur University 27



Strontium hexaferrite-LLDPE composite for design of single layer absorber Chapter 11

of the filler particles in the matrix and the distribution is uniform in general, thus

assuring uniform propagation of em wave.
2.2.3 Physical, thermal and magnetic characterizations

Density and Water absorbance

Density measurement of the SrFe12O19-LLDPE nano-composite samples are
carried out using Archimedes’ principle [19]. If weight of the substrate measured in
air is We;,- and W, is the apparent immersed weight when suspended in water,

then the experimental bulk density (d) of the LLDPE substrate is found as follows

Wair

ds = X Dyater (2.3)

Wair_Wapp
where, D, q:er 1S density of water at room temperature (= 0.997 g/cc at 25°C)

High moisture or humidity conditions can alter the material properties which
can affect the absorber performance. The sample is tested for water absorbance by
soaking in water for 72 hours at room temperature. Thereafter the samples are
pat-dried. The weight of the sample is measured before and after soaking and % of
water absorbed is calculated. The percentage of water absorption is determined

from the following expression

We—Wo
Wo

Water absorbance (%) = x 100 (2.4)

where, W, and W, are the weights of the material, after and before soaking in water
respectively.

Table 2.2 shows the density and water absorbance of 10 to 70 wt. % of
SrFe12019-LLDPE nano-composites. There is marginal increase in density of the
nano-composite with increase in the ferrite content. The composite shows negligible
water absorption. The nominal increase in water absorbance could be due to

increase in porosity of the samples with increasing filler concentration.

Thermo Gravimetric Analysis (TGA)

The thermo gravimetric analysis (TGA) is performed to predict the thermal
stability of a material in the temperature range of 50°C to 700°C. The TGA for
SrFe12010-LLDPE composites is carried out in the air atmosphere using Thermal
Analyzer (TGA-50, SHIMADZU) and is shown in figure 2.7.
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From the curves, it can be seen that the decomposition temperature (onset of
inflection) of the composite is around 400°C with weight loss of 5%. The major
weight loss occurs due to growth of volatiles in between the temperature 410-700°C.
Thus, TGA curve shows that the developed composite is stable almost upto 400°C

before they undergo thermal degradation.
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Figure 2.7: TGA curve of SrFe12019-LLDPE nanocomposite

Saturation Magnetization
The magnetic field (B) or magnetic induction is given by (in cgs units);

B=H + 4xM; (2.5)
where, Ms is the magnetization produced when magnetic field H is applied to the
material.

Magnetic properties of the nanoparticles are characterized by using vibrating
sample magnetometer (VSM, LakeShore Model 7410) by performing magnetic
hysteresis loops (M-H) at room temperature of SrFe12019 nanoparticles sintered at
850°C as shown in figure 2.8.

Magnetization properties of the nano-composites are studied at room temperature
using Pulsed Field Magnetometer developed at RRCAT, Indore, India. The
saturation magnetization measurements are carried out for SrFei2O1e-LLDPE
composites. The applied field is 2.5 kOe. The saturation magnetization values of the

composites are given in table 2.2.

Department of ECE, Tezpur University 29



Strontium hexaferrite-LLDPE composite for design of single layer absorber Chapter 11

15

10 4

. /

=10 4

Moment/ Mass
o

-8(';00 I -6(';00 I -4600 I -2(';00. 0 . ZUIOO . 4UI00 . GUIOO . BUIOU
H (Gauss)
Figure 2.8: Hysteresis loop of SrFe12019 nanoparticles sintered at 850°C
It is seen that saturation magnetization increases with increase in wt. % of the
SrFe12019 in LLDPE composite. The saturation magnetization of the composite is
due to the net magnetic moment which depends on the wt. % of magnetic filler in

the composite [20].

Table 2.2: Density, water absorbance and saturation magnetization of SrFei12019-LLDPE
composite with varying wt. %

wt. % Density Water 47tMs
70 (g/cc) | absorbance (%) | (G)
0 wt.% 0.93 0.01 -
10 wt.% 1.10 0.01 84
20 wt.% 1.12 0.01 90
30 wt.% 1.16 0.01 99
40 wt.% 1.24 0.02 106
50 wt.% 1.30 0.02 117
60 wt.% 1.36 0.03 128
70 wt.% 1.41 0.05 133

2.3 Microwave characterization of the developed composites
Relative permittivity (&, =¢ —je,) & permeability (g, = — ji.)
measurements for all the wt. % of SrFe12010-LLDPE nano-composite are carried

out in the frequency range of 8.2-12.4 GHz.

2.3.1 Nicolson-Ross Technique for determination of complex permittivity and

permeability

Nicolson-Ross technique is a non-resonant, broad band technique based on
transmission/reflection method [11, 21-28]. Figure 2.9 shows the measurement

configuration for a transmission/reflection method. Let Zo be the characteristic
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impedance. A rectangular cuboid shaped sample of thickness, t is inserted into a
segment of transmission line.
The new characteristic impedance of the segment with the sample is Z, given as,

7= /“T/gr Z, (2.6)

where, relative permeability and permittivity, u, and ., respectively of the material

are complex quantities.

Sy Si
Z, l T
T TN Bl A
Eﬁ;, Spsnistahh R , %’ % SRR
P Waveguide t Eagen .‘"\”“‘i’ﬂ%’?g’
MG RS ! %ﬂﬁ@‘g G ;
Sample under test l
ZO
e
¥ S
511
(a) (b)

Figure 2.9: (a) Sample inside a waveguide

(b) A schematic diagram of transmission/reflection method with rectangular
shape material inserted

For t— oo, the reflection coefficient, 77, at the air-sample interface A is given as;

Er_y
r=2%z% _ \/; (2.7)

Cz+Zy [Ery,
&r

If t is finite, the transmission coefficient, T, through the segment AB is given as

T = exp|~j (%) Virert] (28)

where, w = 2I1f, fand c being the frequency of operation and speed of light in free
space.

The scattering coefficient S21 and Si1 are given by the following relations;

1-T3T
Sy1(w) = (1_1,27?2 (2.9)
1-T?)r
Suw) = =25 (2.10)
Let
x=1hk (2.11)
V1=V,
where,
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V1 = 521 + 511 (212)

Vz == 521 - 511 (213)
Using equations (2.9)-(2.13),

r=Xx+vx2-1 (2.14)
For equation (2.14), the appropriate sign is chosen so that |T'| < 1.
Similarly, using equations (2.9)-(2.13),

_ Wn-r

T = = (2.15)

Rearranging equation (2.7), gives
- 14T 2

’:—T = (ﬁ) = ¢,(say) (2.16)

Rearranging equation (2.8), let
1 2

Cy = Up&E = — [ﬁ In (;)] (2.17)
From equations (2.16) and (2.17),

& = z—j (2.18)

Hr =~C1Cy (2.19)

Right-hand side of equations (2.18) and (2.19) are complex terms. Separating real

and imaginary parts, the complex permittivity and permeability values can be

obtained.

The schematic of the measurement set up for characterization of permittivity

and permeability in the X-band is shown in figure 2.10 (a). The setup consists of a
vector network analyzer (Agilent E8362C), Agilent WR-90 X11644A and an

interfacing computer to acquire the data. Figure 2.10 (b) shows the photograph of

the measurement set-up.

The system is calibrated using thru—reflect—line (TRL) method [29, 30]. The

schematic of which is shown in figure 2.11.
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Vector Network Analyzer

Port 1 Port 2

Coaxial to Coaxial to
waveguide waveguide
adapter adapter

Sample under test

(a) (b)
Figure 2.10: () Block diagram

(b) Measurement set up of X-band microwave characterization set up using
transmission/reflection technique
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Figure 2.11: TRL calibration using Agilent WR90-X11644A calibration kit
(a) Thru /Reflect/ Line-calibration/Sample under test and
(b) X-band flange filled with sample of ferrite-LLDPE composite
In the thru calibration, the two ports are connected directly at the desired
reference plane, whereas, for reflect calibration, the ports are terminated with shorts
(figures 2.11 (i) and 2.11 (ii)). The two ports are then connected to a quarter
wavelength segment for in line calibration (figure 2.11 (iii)). After TRL calibration,
the composite of dimension 10.38 mm x 22.94 mm xtmm (t =1, 2, 3...) is inserted

into the sample holder of length 9.78 mm (shown in figure 2.11 (iv)) and mounted
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on the zero reference plane i.e. at the adapter of port 1. The measured scattering
parameters (Si1 and Sy1) are transformed to the sample edges as described in
reference [11].

The transformed Si1 & Sz parameter are substituted in the
equations (2.6) to (2.14) to determine the complex permittivity and permeability of
the composites using Agilent 85071E material measurement software employing
Nicolson-Ross method. The complex permittivity and permeability values of the
composites with SrFe12019 nanoparticles as the ferrite inclusions in LLDPE matrix
are measured in the frequency range of 8.2-12.4 GHz.

Results and analysis of complex permittivity and permeability of the
SrFe12019-LLDPE nano-composites
The frequency plots of &’ and dielectric loss tangent, tan J. (= ilr) for

different wt. % over the X-band are plotted in figures 2.12 (a)-(b) which do not
show any significant variation with frequency. An increase in &' from ~3.8 t0 6.4 is
observed as the amount of filler increases from 10 wt. % to 70 wt. %. Polarization
in ferrites is mainly due to the interfacial polarization and intrinsic electric dipole
polarization of Fe?* ions. Increase in the quantity of ferrite increases easily
polarizable Fe?* ions, thus increasing the overall dielectric constant with increase in
ferrite inclusions [13, 14]. The tan o, values show an increase upto 60 wt. % from
0.03 to 0.4. The larger grain size of nano sized strontium ferrite sintered at 850°C
contributes to dielectric losses because of localized electron hopping [31]. With
further increase in filler content, a decreasing trend is observed. The tan . values
show an increase upto 60 wt. % from 0.03 to 0.4. The larger grain size of nano sized
strontium ferrite sintered at 850°C contributes to dielectric losses because of
localized electron hopping [31]. With further increase in filler content, a decreasing
trend is observed. The SrFe12019-LLDPE composite consists of high permittivity
nano-ferrite particles embedded in low permittivity LLDPE matrix. For lower
concentration of SrFe12019 particles, the electric field lines can pass either through
polymer, path 1 (figure 2.13 (a)) or through SrFe12019-polymer-SrFe12019 path 2
(figure 2.13 (b)). With increase in filler concentration, there is a likelihood of the
field lines taking path 3 as shown in figure 2.13 (c). Further enhancement of filler
in the matrix may lead to a direct path for the field flux through the SrFei2O19
particles (figure 2.13 (d)).
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Figure 2.12: (a) Real part of complex permittivity (¢'),
(b) Dielectric loss tangent (tan &),
(c) Real part of complex permeability (u-),

(d) Magnetic loss tangent (tan 6,) for 10 wt. % to 70 wt. % of SrFe12019-LLDPE
nano-composite

The high value of permittivity of strontium ferrite as compared to LLDPE,
clusters the flux lines into the filler particles as the rf electric field passes through a
heterogeneous system of permittivities. Interfacial theory of polarization, the
relatively free to move polymer chain gets restricted due to the formation of surface
bonds with the inclusion surfaces restricting free movement of em wave through the
composite. This in general leads to non-uniform electric field distribution [32, 33].
So, an increase in permittivity is observed up to 50 wt. % because of increase in
following of path 1 over path 2. From 50 to 60 wt. % the discontinuity in the flow
of electric flux enhances due to increase in the interfacial boundaries between
SrFe12019-LLDPE as the flux lines may follow path 3 (c) more than 1(b), which is
observed with escalated increase of real and imaginary part of permittivity. Beyond

60 wt. %, the em wave faces less constraints due to possible overlaps of filler
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particles, thus reducing the interfacial boundaries and tunnelling the electrons
directly through the filler particles as seen in path 4 (d). This effect is reflected in
both the real part as well as imaginary part of permittivity.

This can also explain the fact that the percentage increase of &' from 50 to 60
wt. % is about 42% whereas it is only about 3.33% when the wt. % of strontium
ferrite increases from 60 to 70. A similar trend is observed for imaginary part of
permittivity with enhancement of loss from 50 wt. % to 60 wt. % while a decrease
from 60 wt. % to 70 wt. %.

/\/ Electric field line

LLDPE

Electric field line
SrFe12019

LLDPE

Figure 2.13: Schematic diagram of em wave propagation within the composite system

The frequency plots for ' and magnetic loss tangent, tan J, <= ZL,) for

10 wt. % to 70 wt. % of SrFe;2019-LLDPE nano-composite is given in
figure 2.12 (c)-(d). ' and tan 6, show a similar trend as for &' and tan J,
respectively, not showing much variation with frequency. With increase in filler
content g increases from 0.98 to 1.26 while tan ¢, changes from 0.003 to 0.142.
The dispersion of complex permeability in a magneto-dielectric polymer composite
is primarily due to the resonance of oscillating domain walls and the resonance of
magnetic moments in domains which is known as natural ferromagnetic
resonance [3, 34, 35]. For single domains, the domain wall oscillations do not occur,

and hence the permeability of the ferrite can be attributed to the resonance
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phenomenon. The ferromagnetic resonance frequency (fr) follows the relation, f, =

%Ha , Where vy is the gyromagnetic ratio and Ha is the anisotropy field. Also, it is

reported that strontium ferrite shows natural resonance peak at high microwave
frequencies [36]. The main contributing factors for magnetic losses is the high
anisotropy of the M-type strontium ferrite [3]. Thus, with increase in the weight
percentage of SrFe:;2O19 in the composite the overall permeability increases
accordingly.

Suitability of SrFe12019-LLDPE nano-composites for absorber design

Due to the high values of permittivity, permeability as well as both dielectric
and magnetic losses, SrFe12019-LLDPE nano-composites are suitable material for
absorber design. The composite remains light weight as the density increases only
marginally with increase in filler percentage up to 70 wt. %. Performance of
absorbers using these nano-composites can be expected to be unaffected by
moisture as water absorbance is found to be negligible. The nanosized strontium
ferrite blends uniformly in LLDPE matrix assuring uniform propagation of
electromagnetic wave in all directions. All the composites from 10 wt. % to
70 wt. % are designed and studied as single layer absorbers and are presented in the

following section.

2.4 Design of a single layer absorber using transmission line model

Plane electromagnetic waves propagating in bulk slabs can be modeled by
transmission line equations [37-40]. Numerical technique is applied for analysing
wave propagation in the absorber based on TL model using temporal and spatial
sampling of electromagnetic fields. The transmission lines are simulated as
propagation domain, where the electric and magnetic vectors of propagating
electromagnetic wave are made equivalent to voltages and currents on the network

respectively.
2.4.1 TL model for a single layer absorber

A transmission line carrying TEM wave is represented as distributed
elements in a network having series impedance Z = R + jwL and shunt admittance

Y =G + jwC perunit length [41, 42] as shown in figure 2.14.
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1. Incident wave
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C % G Reflected wave \

* I I u Metal back (PEC)
| '
y=- 14 \=0

Ho, €0

Z.

in

() (b)

Figure 2.14: (a) A circuit representation of a transmission line

(b) A metal-backed single layer absorber

The voltage and current distribution along the transmission line are
functions of both time and position and are mainly determined from properties of
the conductors and dielectrics [19].

For a uniform transmission line having the constants R, L, C and G per unit

length, the voltage and current equations can be written in the differential form as;
av al .
oy Tl tRI=0 (2.20)
al av ~
£+CE+GV_O (2.21)

If the voltages and currents vary sinusoidally with time, the phasor notation
of equations (2.20) and (2.21) become;

Z—Z +(R+jowl)[ =0 (2.22)
j—; + (G + jwC)V =0 (2.23)
The analogous relation between electric and magnetic field components of

o . 0E, | .
plane wave to the transmission line parameters are given as a_yz + jouH, = 0 and

aH" + (05 + jwe)E, = 0.

Differentiating equations (2.22) and (2.23) with respect to x and combining
gives;

a—V —(R+jwL)(G + jwC)V =0 (2.24)

3— —(R+jwL)(G+jwC)I =0 (2.25)

Department of ECE, Tezpur University 38



Strontium hexaferrite-LLDPE composite for design of single layer absorber Chapter 11

A possible solution for these equations would be of the form

Vorl=Ae ™ + Be?Y (2.26)

where, y2 = (R + jwL)(G + jwC) (2.27)

When the variation with time is expressed explicitly, the first term of the

expression (2.26) represents a wave travelling in forward direction and the second
term represents a wave travelling in reverse direction.

In hyperbolic function form, the solutions to equations (2.24) and (2.25) are

V = Ajcoshyy + Bysinhyy (2.28)
I = Aycoshyy + Bysinhyy (2.29)

Considering the location of the terminating impedance Zy the reference
point (y = 0), the other end is left of this reference point, i.e. in the —y direction as
shown in figure 2.14 (a). Solving the constants, A1, B1, A2and B2 and writing [ =
—y, equations (2.28) and (2.29) becomes

Vs = Vgcosh yl + Zylg sinh yl (2.30)
Is = Izxcoshyl + ‘;—';sinh yl (2.31)

The general expression for the input impedance of the transmission line is
obtained by dividing equation (2.30) by equation (2.31) i.e.

Vs __ VRcoshyl+Zylg sinh yl

Ly = 2.32
m Is Igcosh yl+‘;—’;sinh vl ( )
or
ZR+Zgtanh yl
Zip = ZRFZotanh ye (2.33)

0 Zo+Zgtanh yl
The expression (2.33) gives the input impedance of the transmission line
terminated by a load, Z;. The input impedance of a single layer absorber can be

expressed as,

. (2mft
Zin = Zytanh [] ( nf /c) \/,urer] (2.34)
where, & (= &r'~jer"), is the complex permittivity, ur (= we'™- jur"),the complex
permeability, t, thickness of the absorber and f, the incident microwave

frequency [34]. The reflection coefficient is expressed as

_ Zin—Zp
ZintZo

(2.35)

The reflection loss, RL, for a single layer absorber is given by
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Zin—Zo (2.36)

Zin+ZO

RL = 20log

Equation (2.36) can be rewritten as

Jur/ertanh|[(j2rf /O ur/ert]—1 (2.37)

RL = 20log Jur/ertanh|(j2nf /)iy /ert] +1

2.5 Absorption studies

Theoretical computation of reflection loss of 10 to 70 wt %
SrFe1201o-LLDPE nano-composites are carried out for thickness optimization in
each composition. Based on the computed results, a single layer metal backed
absorber is fabricated and tested for microwave absorption over the X-band.

2.5.1 Computed microwave absorption using TLM
The thickness of the absorber sample is varied from 1 mm to 4 mm in steps of
0.5 mm for 10 wt. % to 70 wt. % SrFe12019-LLDPE nano-composites.

Table 2.3: Calculated reflection loss (RLc) of SrFe12019-LLDPE nano-composites with varying
thickness and wt. % from 10 wt. % to 70 wt. % using TL model

10 wt.% 20 wt.% 30 wt.% 40 wt.% 50 wt.% 60 wt.% 70 wt.%

(mm) RLc ﬁ RLC ﬁ RL(; fr RLc ﬁ RLc ﬁ RLc ﬁ' RLc ﬁ'
(dB) |(GHz)| (dB) |(GHz)| (dB) |(GHz)| (dB) |(GHz)| (dB) |(GHz) (dB)|(GHz)| (dB) |(GHz)

1.0 |-0.10 | 12.4 |-0.15 | 12.4 |-0.17 |12.4 |-0.16 |12.4 |-0.17 | 124 | -1.0/ 124 | -0.40 | 124

1.5 |-1.24| 124 |-1.36 |12.4 |-1.29 | 124 |-1.62 |12.4 |-1.90 |12.4 | -45/12.4 | -1.78 | 124

2.0 [-1.32| 124 |-1.43 | 124 |-1.26 | 124 |-1.38 | 12.4 |-1.98 | 12.4 |-13.5|12.4 | -6.50 | 12.4

25 [-141| 124 |-1.28 | 124 |-1.34 | 124 |-1.95 | 12.4 |-2.56 | 12.4 |-40.4|12.1 |-1640 | 12.4

3.0 |-146| 10.3 |-1.51 |10.2 |-1.53 | 10.5 |-2.84 | 10.3 |-6.59 | 10.3 |-40.2| 10.5 |-18.80 | 11.2

3.5 [-1.09| 95 |-1.16 | 9.5 |-1.46 | 9.1 |-1.98 | 9.1 |-230 | 9.0 |-49.6| 9.0 |-23.00 8.2

40 |-1.11| 9.1 |-1.24 | 82 |-1.30 | 82 |-1.86 | 8.2 |-1.15 | 8.2 |-40.0| 8.2 [-22.00 8.2

Table 2.3 shows the calculated reflection loss (RLc) values with varying
thickness of the composite. Corresponding resonant frequency (fr) is also included.
From table 2.3 it is observed that 10 wt. % to 50 wt. % SrFe12019-LLDPE
nano-composites do not show significant reflection loss. 60 wt. % and 70 wt. % of

SrFe12019-LLDPE composite, however, show appreciable reflection loss.

From Fig. 2.12 (a-d), referring to the values of &', 1" and loss tangent spectra, the
real part of complex permittivity and permeability for these two weight fractions
show higher values than the rest of the compositions and the losses are also

relatively high. As significant improvement in absorption is seen when the wt. %
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increases from 50 wt. % to 60 wt. %, samples with 55 wt. % and 65 wt. % are also
fabricated & characterized. The real part of the complex permittivity, &' & tan J,
for 55, 60, 65 & 70 wt. % of the SrFe12019-LLDPE nano-composite over the X-band
are plotted in figure 2.15 (a)-(b). The frequency plots for the real part of the complex
permeability, 4, and tan o, for 55, 60, 65 and 70 wt. % of nano-composite are
given in figure 2.15 (c)-(d). 65 wt. % and 70 wt. % composites show lower values
of dielectric loss which is explained by the interfacial theory of polarization and the

tunneling theory mentioned earlier.

7.0 0.50
------- 55wt 55 wt. %
—4— 60 wt. —a— 60 wt. %
6.54 65 wt. % 0.454 65 wt. %
e *o 0090000004 +444, 70 wt. % +— T0wt. %
o o 0000000009900000,, 0.40 b
¥ -““““‘MM.‘ v
6.0 AAAd b adibssbbbsbidsbibabibiiig,
) oo 0354
- 5.5 é
0.30
LT ¥ B i
454
4‘0 L ) T T T T T 0.15 U T L T T T
8.2 88 94 10.0 10.6 1.2 1.8 124 8.2 88 94 10.0 106 1.2 18 124
Frequency (GHz) Frequency (GHz)
(a) (b)
0.30
20 SSwL % 5wt %
—a— 60 wt. % —h— 60 wt. %
65 wt. % 0.25- o 65 wt. %
+— 70wt % |70 wt. %/
154
0.20-
[, ahhidsdadbdiidgdiadiddhada
- 1.0 w® 0.154
Ey = LesaaetPPPE PP HIEEII 004 40000000000000 00000400000
10 LR 00000002000 ¢ 0000000000
0.5
0.05-
0.0 . T . T . . 0.00 T T T T T T
82 88 94 100 106 12 118 124 82 88 94 100 106 12 118 124
Frequency (GHz) Frequency (GHz)
() (d)

Figure 2.15: (a) Real part of complex permittivity ('),
(b) Dielectric loss tangent (tan &),
(c) Real part of complex permeability (1",

(d) Magnetic loss tangent (tan 6,) for 55 wt. %, 60 wt. %, 65 wt. % and 70 wt. % of
SrFe12019-LLDPE nano-composite

Using equation (2.34), complex input impedance, Zn, is calculated.

Figures 2.16-2.19 show the plots of real (Zin") and imaginary (Zin”) values of input
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impedance for 55 wt. % to 70 wt. %. It is observed that the input impedance for all

the percentages matches the free space impedance values for t = 3mm.

55 wt. %

55wt. %
1050 t=1mm 600
—*—t=1.5mm
*— t=2mm 450 <
=2.5mm
=3mm 3004
----t=3.5mm
= | —4— t=4mm | 7 150
£ E
= = \
2 s o
- a fa
N N 150
-3004
-450
-150 T T T T T T 600 T
82 8.8 94 10.0 106 1.2 11.8 124 8.2 8.8
Frequency (GHz)
(@)

T T T T
9.4 10.0 10.6 1.2 118 124
Frequency (GHz)

(b)

Figure 2.16: Calculated input impedance for t=1 mm to 4 mm, 55 wt. % of SrFe12019-LLDPE

nano-composite
(a) Real part of input Impedance (Zi"),
(b) Imaginary part of input Impedance (Zin"”)

60 wt. %

60 wt. %
1050 t=lmm
+— t=1.5mm
900 +— t=2mm
t=2.5mm
750 4 ——t=3mm
===={=3.5mm
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=
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N
S R 300+
.
o Jrsmsn T e 50
-150 T T T T T T -600 T
8.2 :X:] 94 100 10.6 "2 1.8 124 8.2 88
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Figure 2.17: Calculated input impedance for t=1 mm to 4 mm, 60 wt. % of SrFe12019-LLDPE

nano-composite
(a) Real part of input impedance (Zi"),
(b) Imaginary part of input impedance (Zin")

T T T T
9.4 10.0 10.6 12 118 12.4
Freauency (GHz)

(b)
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Figure 2.18: Calculated input impedance for t=1 mm to 4 mm, 65 wt. % of SrFe12019-LLDPE
nano-composite

(a) Real part of input impedance (Zi"),
(b) Imaginary part of input impedance (Zin")

70 wt. %
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Figure 2.19: Calculated input impedance for t=1 mm to 4 mm, 70 wt. % of SrFe12019-LLDPE
nano-composite

(a) Real part of input impedance (Zin'),
(b) Imaginary part of input impedance (Zin")

RL. is determined using equation (2.37) for different thicknesses of the
absorber for 55, 60, 65 and 70 wt. % composite over the X-band and figure 2.20
gives the values of RL. for SrFe12019-LLDPE composites with thickness varying
from 1 mm to 4 mm. The results are given in table 2.4.
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Figure 2.20: RL. of SrFe12019-LLDPE composite with thickness varying from 1mm to 4mm
(a) 55 wt. % (b) 60 wt. % (c) 65 wt. % (d) 70 wt. % (Calculated)

From the plots in figure 2.20, it is observed that the -10 dB calculated
absorption bandwidth (BW.) is better for t >2.5 mm for all wt. % as compared to
those for t < 2.5 mm. 60 wt. % composites with t =3 mm shows a maximum -10 dB
absorption bandwidth as well as peak RL value. It is interesting to see that the
corresponding real (Zix") and imaginary (Zin"") values of the input impedance are
together closest to the free space real and imaginary impedance values of 377 Q and
0 Q, respectively, for all the wt. percentages that are fabricated.

Single layer sheets of thickness, t =3 mm & dimension 10.38 mm x 22.94 mm
are fabricated using SrFe12019-LLDPE composites with wt. % of 55, 60, 65 and 70.
The sample is placed inside an X-band sample holder (WR-90 X11644A) of length
97.8 cm mounted on the zero reference plane terminated by a short. S11 parameter

is measured in the frequency range of 8.2-12.4 GHz.
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Table 2.4: Input impedance (real and imaginary), calculated reflection loss (RLc) of
SrFe12019-LLDPE composite with varying t & wt. % from 55 wt. % to 70 wt. %
using TL Model

SrFe2010-LLDPE | . ¢ | zw(®) | zu) | Bl Jr -11;)1/1(;3
rrei2019 (mm) m( ) in ( ) (dB) (GHZ) (GHZC)
1.0 382 | 109.78 | -037| 1240 -
15 1721 | 20000 | -1.42| 1240 | -
2.0 82.73 | 39020 | -455| 1240 | -
55 wt.% 25 | 62830 | 600.62 | -11.88 | 12.40 | 0.58

3.0 380.20 | -200.24 | -17.08 9.37 | 4.20
3.5 25741 | -237.60 | -16.40 | 11.07 | 2.64
4.0 690.40 | -380.54 | -20.85 887 | 2.90

1.0 11.04 | 106.33 -1.09 | 1240 -
1.5 50.00 | 205.20 -3.85 | 12.40 -
2.0 200.23 | 308.30 | -12.62 | 1240 | 0.58
60 wt.% 2.5 450.48 92.41 | -3940 | 1240 | 3.36
3.0 440.32 -1.91 | -39.70 | 10.30 | 4.20

3.5 402.34 | -67.63 | -48.60 887 | 3.52
4.0 390.64 | -101.06 | -39.00 8.20 | 4.20

1.0 442 | 109.20 -043 | 1240 -

1.5 20.94 | 200.46 -1.73 | 1240 -

2.0 114.64 | 383.45 -5.92 | 12.40 -
65 wt.% 2.5 813.48 | 355.65 | -15.83 | 1240 | 1.43

3.0 264.08 | -190.78 | -19.71 9.54 | 4.20
3.5 708.86 | -244.78 | -20.00 | 11.39 | 3.40
4.0 713.34 | -169.08 | -20.70 820 | 3.17

1.0 410 | 113.13 -0.40 | 12.40 -

1.5 22.11 | 212.02 -1.78 | 12.40 -

2.0 145.78 | 410.73 -6.50 | 12.40 -
70 wt.% 2.5 964.43 | 230.83 | -16.40 | 12.40 | 1.60

3.0 487.70 | -260.00 | -18.80 | 1139 | 4.10
3.5 737.65 | 282.45 | -23.00 9.20 | 3.78
4.0 520.22 | -277.90 | -22.00 820 | 2.90

2.5.2 Measured microwave absorption

The measured reflection loss (RLm) spectrum and calculated reflection loss
(RL¢) using TLM for the same thickness t = 3 mm, for 55, 60, 65 and 70 wt. %
composites in the X-band is given in figure 2.21.

The measured and calculated values of reflection loss, resonant frequency
and -10 dB absorption bandwidth are given in table 2.5. From the table, it can be
seen that 60 wt. % composite shows maximum RLy, of -22 dB and -10 dB absorption
bandwidth (BWm) of 3.36 GHz (8.53 GHz-11.89 GHz) amongst all the wt. %.
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Figure 2.21: Measured and calculated RL of SrFe12019-LLDPE composite with t= 3mm
(a) 55 wt. % (b) 60 wt. % (c) 65 wt. % (d) 70 wt. %

The resonant frequency of RLm, and RL. are in close proximity; the small shift

in frequency could be due to fabrication tolerance. The transmission line model used

to

calculate reflection loss having its attendant approximations, gives loss

estimations generally on the higher side as compared to measured results [13].

Practically, the absorber is designed for specific thickness satisfying the condition

of

destructive interference at a particular frequency.

Table 2.5: RL, -10 dB absorption bandwidth and resonant frequency for 55, 60, 65 and

70 wt. % of SrFe12019-LLDPE for t = 3mm

Measured Calculated
SrFe1019-LLDPE | gL, | fn -10dB RL. fre -10 dB
(dB) | (GHz) | BWm (GHz) (dB) (GHz) | BW:(GHz)
55 wt.% -12.07 9.40 1.6 -17.08 9.37 4.2
60 wt.% -22.19 10.20 3.3 -39.70 10.30 4.2
65 wt.% -12.87 9.46 1.9 -19.71 9.54 4.2
70 wt.% -12.48 11.30 0.6 -18.80 11.39 4.1
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The attenuation constant (a) of the SrFei;2O1-LLDPE composite is
determined using equation (1.16) from the measured complex permittivity (&r) and
complex permeability (ur) values of the composites for X-band. Figure 2.22 shows
the variation of attenuation constant with frequency. The maximum attenuation is
obtained for the composite with 60 wt. % of SrFe;2O1-LLDPE varying from
85.0 dB/cm at 8.2 GHz to 131.5 dB/cm at 12.4 GHz over the frequency range.

140

55 wt. %
130 4 oA | —a— 60 wt. %
65 wt. %
120 —+— 70 wt. %

110 4
100 4
90
80

70 "
so'w..»""““” e aan s o

Attenuation constant (dB/cm)

50+

L) J T T
8.2 88 9.4 10.0 10.6 1.2 11.8 12.4
Frequency (GHz)

Figure 2.22: Attenuation constant of SrFei2019-LLDPE for 55, 60, 65 and 70 wt. % for
t=3mm

In case of 60 wt. % it is observed that the real and imaginary part of complex input
impedance together is much closer to the free-space impedance then the complex
input impedance values of other weight percentages (Table 2.4), leading to more
penetration of the incident wave into the material. The total loss is an aggregate of
dielectric and magnetic losses [43]. In the 60 wt. % composite, the dielectric loss is
higher than other compositions (figure 2.15 (b)).

Absorption performance of some of the reported works, in X-band, using

strontium ferrite as filler is presented in table 2.6 along with the present work.

Table 2.6: Comparison of microwave absorbing properties of recent reported single-layer

absorbers
-10dB
Material Thickness Max RL (dB) bandwidth
composition (mm) (GHz)
Theor. Exp. Theor. | Exp.
SrF and ZnFe204in 29 -37.0 - 2.21 -
paraffin wax [44]
SrF & carbon black in 5.0 . -16.0 - 2.6
nitrile rubber [45]
srie1010 in LLDPE 3.0 -39.70 | 2219 | 42 |[3.36
(Present work)
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2.7 Conclusion

In this chapter, nano sized strontium ferrite is synthesized and included in
LLDPE matrix in different weight ratios. Since LLDPE as matrix doesn’t allow
breakdown of the bonds, filler content up to 70 wt. % can be included in the matrix.
3 mm thick single layer composite of 60 wt. % SrFe12019-LLDPE shows -10 dB
absorption bandwidth of 3.36 GHz (8.536 GHz-11.896 GHz) and maximum
attenuation. Use of LLDPE also offers the added benefit of relatively lighter
absorber weight and lower thickness. The prepared SrFe1.O19-LLDPE absorber is
resistant to water. The overall density of the developed composites do not increase
significantly owing to the lower density of the synthesized nano magnetic fillers.
Consequently, increase of weight of developed composite absorber does not
become a concern due to the addition of strontium ferrite as filler.

For further studies, 60 wt. % composite is used in the subsequent chapters.
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