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Preface

There are unwanted external electromagnetic (em) waves from various
wireless sources, which not only interfere with other communication
devices, but have detrimental effects on device performance. Effectively
minimizing the electromagnetic radiations has become mandatory for
reliable communication of information. The challenges lie in achieving
sufficiently good absorption over a broad range of frequencies. In this
dissertation, shields are developed to effectively suppress leakages in X-
band i.e. 8.2-12.4 GHz. For effective absorption of incident
electromagnetic wave- firstly, the em wave should enter the absorber
matrix and then effectively attenuate within the matrix. An impedance
matching at air-absorber interface will minimize the reflections and lossy
material will effectively reduce the amplitude within the shield. For metal
back absorbers, a thickness of A/4 will give a destructive interference
condition at the interface thus further reducing the reflected em wave.
Considering applications in airborne and handheld devices light weight
and thin absorbers are desired.

In this work magnetic absorbers are developed, considering the fact that
permeability of magnetic material gives better impedance matching
condition and reduces thickness. M type nanosized barium ferrites
(BaFe12019) with high saturation magnetization and high crystalline
anisotropy are synthesized as the magnetic inclusions and incorporated
in different weight ratios in novalac polymer resin (NPR). The size of
inclusions are verified from XRD and TEM and uniformity of distribution
in matrix by SEM. BaFe12019 is substituted with aluminium and
strontium to enhance anisotropy and hence absorption. The crystallite
size of barium ferrite and substituted barium ferrite at 900°C annealing
temperatures are found to be in nanometer range. The use of nanosized
ferrite material reduces the weight of absorber and increases the
interacting surface for em wave within the absorbing material. The

ferrite-NPR nanocomposite is characterize for other relevant properties



for absorbers viz. thermal stability, density, water absorbance and

saturation magnetization.

The two critical material properties for design of absorbers are complex
permittivity and permeability. Nicolson Ross method is used to determine
complex permittivity value and permeability value over the X-band, the

results are verified using cavity perturbation technique.

Using the complex permittivity and permeability values, design
optimization is carried out for a conductor backed single layer microwave
absorber, over the X-band, using transmission line model (TLM).
Thickness optimization is further carried. Absorber with optimized
thickness is fabricated and reflection loss is mea'sured using free space
technique. Single layer BaFe12010-NPR nanocomposite with 50 wt. %
shows a maximum reflection loss of -37.06 dB at 9.5 GHz with -10 dB
bandwidth of 2.05 GHz and -20 dB bandwidth of 0.60 GHz.

A three layer design using the best performance single layer of BaFe12019-
NPR nanocomposite and Al¥* and Sr?* ions substituted BaFei2019-NPR
nanocomposite is designed using TLM, where optimization of the total
and individual thickness of the layers and possible compositions of the
layers are carried out to achieve broad band absorption.

Field distribution in the single layer BaFe12019-NPR absorber is analyzed
using a full wave FDTD modeling algorithm.
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1.1 INTRODUCTION

There are unwanted external electromagnetic (em) waves from various wireless
sources, which not only interfere with other communication devices, but have
detrimental effects on device performance [1]. For reliable communication and
detection of information, minimizing the electromagnetic radiations is
mandatory.

Electromagnetic interference can be minimized by either shielding the device by
placing it inside a reflecting enclosure or absorbing the incident em radiations.
The former way of shielding can cause secondary interfering reflections affecting
other devices in vicinity and hence studies on EMI shields of absorber type are
chos‘%n (throughout the thesis EMI shields will refer to only absorption type) [2].
Absorption mechanism works on the principle of conversion of the interfering

wave energy into thermal energy [3].

Essentially two important conditions in an absorber are to be satisfied to
suppress electromagnetic radiations - firstly, minimum reflection at the air-
absorber interface and secondly, sufficient attenuation of the incident wave

energy within the absorber, refer to figure 1.1 [4].
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Figure 1.1 Absorption mechanism in single layer absorber

Reduction of reflection at the interface can be obtained by taking the conditions

of impedance matching at the air-absorber interface i.e. Z,; = Z;;, and thereafter,
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attenuation within the absorber matrix using lossy material. The two conditions
can be tailored by complex permittivity, &;=¢,’-je;” and complex permeability, y-
=ur- ju." of the absorbing material at the desired frequency. Absorption shields
are generally fabricated as composites, using dielectric or magnetic lossy
materials as inclusions in an insulating polymer matrix [5, 6]. The two main loss
mechanisms for dielectric materials are conduction and dielectric losses. High
condﬁcﬁvity leads to conduction losses and dipolar losses are due to polarization
effects. On the other hand, magnetic composite absorption depends on magnetic
hysteresis effect of the magnetic inclusions incorporated into the matrix [7-9].
Permeability and permittivity of magnetic inclusions gives the matching
condition and &" and p" accounts for the microwave energy loss in the materials.

Absorber research took a major lunge with World War II, where stealth
mechanism was used to avoid radar detection of airborne vehicles and missiles.
First reported absorption EMI shields dates back to 1936, when a quarter-wave
resonant absorber based on carbon black and titanium dioxide was developed
and patented in Netherlands [10]. During World War II, America developed
“Halpern Anti Radiation Paint (HARP)” used on airborne and seaborne vehicles
for stealthing from radar detection with 15-20 dB absorption in the X-band.
Absorbing paint was made using rubber filled with carbon black, disc shaped
aluminum flakes and barium titanate [11, 12]. During the same time Germans
developed “Wesch” material and also produced Jaumann absorbers, a multilayer
structure of alternating resistive sheets and rigid plastics [13]. In 1952, another
narrow band resonant absorber Salisbury screen was patented, consisting of

resistive sheet placed at odd multiple of ¥4 wavelengths from a metal plate.

Most of the absorbers developed were dielectric absorbers. In year 1952, first
Dallenbach layer magnetic absorber, using ferrite materials was patented [14]. G.
Rado and his group from Naval Research Laboratoy, USA [15] investigated
extensively mechanisms of absorption in magnetic ferrites and alloys based

“absorbers. Thin absorbers developed by this group were extensively used as
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prototype stealth treatments for missile-like drones, aircraft, and ships, by the
Joint Cruise Missile Program Office and the other services.

Kunihiro Suetake, in 1969, patented thin microwave absorbing wall using
magnetic materials [16]. A pyramidal structure using nickel-zinc ferrite [17] was
developed which showed a broadband absorption. A group from Tokyo Institute
of Technology extensively studied ferrite absorbers with matching thickness and
frequency [18].

Subsequently a lot of work was carried out on absorbers with magnetic
inclusions [19-29]. Iron fillings were used as magnetic inclusions for EMI shields
by many research groups [30, 31]. In spite of being an efficient absorbing
material, iron metal was prone to corrosion and was heavy in weight. References
[32-35] report use of the metallic magnetic powders, Fe-Si-Al alloy, Fe, Co or Ni
and their permalloys as magnetic inclusions in absorbing materials. Alternately,
magnetic inclusions like iron oxide and carbonyl iron have been widely used by
G. Viau, et al. and S. Sugimoto et al. [35, 36]. The electric conductivity of these
materials are generally high and at high frequencies the permeability decreases
rapidly and becomes less as compared to permittivity [36, 37], thus the resonance

frequency is low.

Ferrites because of its high corrosion resistance, high value of complex
permeability, good resistivity and good chemical stability are good candidate for
magnetic absorbers [38]. Ni- Zn, cobalt ferrite and other substituted spinel ferrite
have been used as magnetic inclusions in references [39-41]. However, use of
spinel ferrites get limited to lower frequencies, as the complex permeability drops

at higher frequency, given by Snoek’s limit [42].

Hexagonal ferrites has high crystalline anisotropy, high natural resonance
frequency (not limited by Snoek’s limit) and high saturation magnetization and
has been extensively studied in past few decades as inclusions for develc;pment
of magnetic absorbers for frequency applications >1GHz [43-47]. M-type barium

hexaferrites have been extensively used as microwave absorber material [48, 49].
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It is well known that the dielectric and magnetic properties can be modulated by
substituting Fe3* and Ba?* with other ions [50, 51]. Fe3* ions substituted with AP*
ions in barium and strontium ferrites have been reported [52] with enhanced
absorption. Absorption properties of M-type barium ferrite have been further
tuned at higher frequencies by varying particle size, shape and sintering
temperature [53].

The density of the magnetic materials is too high to use them in large quantity aé
filler in polymer matrix, as it increases the weight of absorber. Absorbers are
increasingly being used in airborne and handheld devices and reducing the
weight of the absorbing material is an important concern for applications in

defense and commercial purpose [54].

Nanosized materials are reported to have low density and high surface to volume
ratio [55-57]. Hence, nanosized inclusions in polymer matrix reduce the weight
of absorber and also increase the interacting surface for em wave within the
material. Carbon nanotubes (CNT) [58, 59] and expanded graphite nano flakes
was used by different groups [60] as nano inclusions for developing light weight

em shields.

Nanosized ferrites as inclusions have also shown promise for development of
light weight and thin magnetic shields. During 2000 to 2014, lots of work on
absorbing material using nanosized ferrites and iron oxides were reported. FesOs
nanoparticles and ferrite nanoparticles were used for development of magnetic
absorbers in references [61, 62]. In 2000, Shengping Ruan and his group studied
microwave absorption of ZnCo-substituted W-type barium nano hexaferrite. An
enhancement of absorption from -17 dB to - 28.5 dB was observed with a -10 dB
bandwidth of 5 GHz, with reduction of particles size from 5 pm to 65 nm [63].
Vladimir B. Bregar conducted a comparative study on iron nanocomposite and
ferrite nanocomposites and ~-29 dB absorption peak was observed for nanosized
ferrite inclusions while nano iron inclusions showed ~-11 dB absorption peak
[64]. Study of absorption with Co, Mg and Cu doping in NiZn spinel ferrite

nanocrystals in thermalplastic polyurethane (TPU) elastomer was carried out in
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the reference [65] and reported an enhancement of absorption with doping and
reduction in size of inclusions. Investigation on absorption properties of nano
sized barium ferrite prepared by ball milling process was carried out by Jianxun
Qiu and his group in 2005 [66]. The absorption was studied with different ball
milling time and found that nanoscale milled barium ferrite improves microwave
loss by 8 dB in comparison to the bulk and broadens the frequency bandwidth
with loss above 10 dB, by 5.3 GHz. Microwave absorbing properties on doped Z-
type barium hexaferrites (BasCo13Zno3Cuo4Fe21041)/ poly-chloroprene (CR)
nanocomposites was reported by Caffarena et al. [67]. The nanocomposite
showed use as potential absorbers in X/Ku bands, with absorption band of < - .
10 dB at 10.0-12.5 GHz for absorber thickness of 2.5 mm and bandwidth of 13.0-
16.0 GHz for 2.0 mm thick absorber. In 2008, Anil Ohan et al. studied barium
ferrite nano inclusions in conducting polymer from 12.4 GHz to 18 GHz, a high
shielding effectiveness of 28.9 dB was reported [68]. Dhawan et al. reported
improvement of the magnetic and dielectric properties of polymer matrix by
incorporating nanosized barium ferrite or Fe;Os particles in the polymer matrix
[69, 70]. Esmail Kiani et al. reported a study on effect of doping on microwave
properties of SrFeiz-2xLax(MnosZros)xO19 nanoparticles [71]. Seyed H. Hosseini
and M. Moloudi’s study on strontium substituted barium ferrite nanocomposite
(BaxSr1-xFe120n9/ FesO4/PAA nanocomposites), showed a reflection loss <-9 dB
[72].

Achieving sufficiently good absorption over a broad range of frequencies is
desired for many applications. Bandwidth of absorption can be enhanced by
multilayering the shield structure. In 1984, a two layer absorber design with a
ferrite layer at the air/absorber interface and a layer containing ferrite and short
metal fibres as the absorber/metal interface was developed by K. Hatakeyama
and T. Inui [73] with absorption of -20 dB over 8-12 GHz for a thickness of
46 mm. A double layer absorber using nanosized strontium ferrite and iron
microfiber was developed and its thickness optimization was carried out by Wei

Chun-Yu, Shen Xiang-Qian, and Song Fu-Zhan from China [74], with a
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maximum absorption of -63 dB for thickness of 2 mm. Several works on
multilayer microwave absorber for bandwidth enhancement had been reported
by M. R. Mesharam and his group [25, 75]. A three layer absorber with samples
of M-type hexagonal ferrite powders, namely Ba(MnTi)xFei2xO19, with
x=1.6,1.7,1.8 was developed and maximum absorption of 10 dB is observed from

12.5 to 18 GHz.

Another aspect to be considered while fabricating microwave absorbing material
is the polymer base matrix Several reports on choice and influence of polymer
matrix is reported in literature. Use of epoxy resin and conducting polymer as
matrix was reported for development of EMI shields in [68, 70]. Reference [76]
reports, that the use of phenolic resin matrix in carbon black composite instead of
epoxy resin matrix enhances the electrical properties of the composite. NPR being
good heat resistance has dimensional stability, flame and chemical resistance as
well as low cost [77] can be used as base matrix while developing microwave

absorbing materials.

The challenge lies in developing light weight, thin, corrosion resistant shields

having sufficiently good absorption over a broad range of frequencies.
1.2 ELECTROMAGNETIC THEORY FOR MAGNETIC ABSORBER

Before designing absorbers, it is important to understand the mechanism of
absorption. The absorption of microwaves in magnetic medium depends on the
material’s complex permittivity and permeability. The mathematical formulation
of this Joss mechanism can be obtained using Maxwell’s wave equations [78].

The modified curl equations in phasor form are

VxH=]+jwD (1.1)

VXE =—jwB (1.2)
where, D = ¢E, (1.3)
B =uH (1.4)
J=o,E (1.5)
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D is the electric flux density and ¢ = &,¢, is the permittivity and B is the magnetic
flux density and u = pgu, is the permeability. J is the conduction current density,
caused by application of an external field and o, the conductivity. Since in this

work ferrite-polymer composites have been used i.e. 0s~0, conductivity term can

be neglected in equation 1.1.
Thus equation 1.1 becomes,
VX H = jweye E (1.6)

where, ¢, , is the permittivity of free space (g,= 8.86 x 1012 F/ m) and ¢, , the
relative permittivity of the medium is a complex quantity expressed as

' "

& = & — j&, 1.7y .

where, ¢, is the real part of complex permittivity and &/ is the effective relative

dielectric loss factor [79].

Similarly, equation 1.2 gives,
VXE =—jopop,H (1.8)
where, ug, ié the permeability of free space (uy = 47 x 107"H/ m) and u, , the
relative permittivity of the medium is expressed as
Hr = U = jlr'
where, u, is the real part of complex permeability and u; is the effective relative

magnetic loss factor [79]. «

When an oscillating electric field interacts with the dipole, the dipole rotates to
align itself according to the polarity. During the alignment the energy is lost
through the generation of heat (friction) and the acceleration and deceleration of
the rotational motion. The degree to which the dipole is out of phase with the
incident electric field is a characteristic to the material and depends on frequency
of the oscillating electric field, which determines the magnitude of the imaginary
part of the permittivity. The larger the imaginary part, more the energy is being
dissipated through the alignment motion and hence, less energy is available to

propagate past the dipole. Thus, the imaginary part of the relative permittivity

directly relates to loss in the system.
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Similarly, in case of magnetic materials, the field interacts with the magnetic
dipoles. There are three main loss mechanisms for magnetic materials, viz.

hysteresis, eddy current and residual loss. Residual losses include the resonance

losses which dominate at high frequencies.

The equation, (1.5) is given as
Vx H = w( —je )E (1.9)
Vxﬁ.—.jwe'(1—ji—'f)1§ (1.10)

The term tand, = ¢ / € describes the amount of energy supplied by an external

electric field that gets dissipated in alignment motion of dipole and heat which is

more evident in dielectrics.

The phasor form'(frequency domain) of wave equations are

V2E = us(Jw)’E (1.11)
V2H = ps(jw)?H
= —o?euH (1.12)
Let, —afeu=p . (1.13)
The equations (1.11) and (1.12) reduce to
V2E - 2E =0 (1.14)
VZH-y#H=0 (1.15)

where, y= /=aen 5 joeoioVETy = j ey = o+ jB (1.16)

7, is the propagation constant, a, is the attenuation constant which defines the rate
at which the fields of the electromagnetic wave attenuates as the wave
propagates and f, is the phase constant defining the rate at which the phase

changes as the wave propagates.

If the electromagnetic wave propagates through the absorber in y-direction
(figure 1.2), the uniform plane wave has only z-component of the electric field

and x-component of the magnetic field which are both functions of y only.
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Figure 1.2 Uniform plane wave propagating in y-direction within an absorber block

The wave equations for the two field components (£,,/, ) are

d?E, =
dyz #E; =0 (117)
d?H, =
o2~ VHe=0 (1.18)

~ The general solution to the wave equations (1.17) and (1.18) are

E,(y) = E,e” + E;e™?”
= E,e@B)Y 4 E,e~(@*iB)y
=E,e™elBY 4 E,e= Ve IBY (1.19)
and H,(y) = Hie” + Hye™?”
= H,e@IB)Y 4 H,e~(@+iB)y

= HeVelPY + Hye~ e iBY (1.20)
Assuming the uniform plane wave as travelling in +y direction, the electric field

E=E,a, = Ee ", (1.21)

The corresponding magnetic field, found from the source free Maxwell’s

equations
VxE = —joufl (1.22)
7 1 UxE = 1 aEza 9E,
T jou T Tjoplay T ax ®
1 14 R
= ~ o @(Eoe ”)ax]

1
= "o (—vEoe™7)d,
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= ij#Eoe'Wﬁx = H,d, (1.23)

The intrinsic impedance (1) of the wave is defined as the ratio of the electric field
and magnetic field phasors (complex amplitudes)

E Epe™" jw jw ’
n= _ﬁi - 0 _ Jwou __ JWho Uy (124)
X

LEe W~y T jofeonoVeis

=
n= e e (125)

where, 1, is the characteristic impedance of free space.

Intrinsic impedance of the medium determines the amount of electromagnetic
wave which will get reflected at the air-absorber interface and the amount which
will propagate through the medium. Once the incident wave enters the absorbing
material, the wave should exponentially decay with distance, y, by the factor,e ™
where a is the attenuation constant as shown in figure 1.3. Expanding equation

(1.15), @ can be expressed [80] as

‘/E o u v W R T w ot
o x \/(ﬂrgr — &) + \/(//‘rer - luTET)Z + (&rur + erﬂr)z (1- 26)

(o

HANV VY

0 1 5 3 2 s
DEPTH INTO MATERIAL

ELECTRIC FIELD STRENGTH

Figure 1.3 Progressive attenuation of electnc field strength into the depth of the absorber

It is seen from the above equation that larger the values of complex permittivity
and permeability, larger will be the attenuation of the microwave energy.
However, larger value of complex permittivity and permeability results in more

reflection due to impedance mismatch at the absorber interface thus restricting
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the electromagnetic wave from entering the media [81]. Thus, a compromise has

to be worked out while choosing the material for the absorber.

Design of absorbers is critical in development of shields which can effectively
soak the em wave incident on it. Transmission line model (TLM) is used for
designing of absorbers [82]. The theory of TLM is discussed in the following

section.
1.3 TRANSMISSION LINE ANALOGY FOR MICROWAVE ABSORBER

Plane electromagnetic waves propagating in bulk slabs can be modeled by
transmission line equations [82]. TLM is a numerical technique based on
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.

1.3.1 Transmission line modeling for 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

Iz

L_L R
ST —MWW =

Vs E Ve
C G -

- I

= ' ; =1

Figure 1.4 A circuit representation of a transmission line

Y = G + jwC per unit length [7] as shown in figure 1.4.

The voltage and current distribution along the transmission line are functions of
both time and position and are mainly determined from the shape, dimension

and the properties of the conductors and dielectrics [83]. For a uniform

Microwave Absorbers using M-type Barium Hexaferrite-Novolac Phenolic Resin Nanocomposite in X-band -
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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
v ai =
5L tRI=0 (1.27)
ol v ~
5 TCo TGV =0 (1. 28)

If the voltages and currents vary sinusoidally with time, the phasor notation of
equations (1.27) and (1.28) become

Z—; + (R +jwl) =0 (1. 29)
g—; + (G +jwC)V =0 (1. 30)

The analogous relation between electric and magnetic field components of plane

OHy

6y+

wave to the transmission line parameters are given as %@yz + jouH, = 0 and
(05 + jwe)E, = 0.

Differentiating equations (1.29) and (1.30) with respect to x and combining gives

OV _ (R +jwL)(G + jwC)V =0 (1.31)

2y
ay?
821 . .
37 (R+jwl)(G + jwC)I =0 (1.32)
A possible solution for these equations is of the form

Vorl=Ae ™" + Be"” (1.33)
where, y%2=(R+ jwl)(G + jwC) (1.34)

When the variation with time is expressed explicitly, the first term of the
expression (1.33) 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 (1.31) and (1.32) are
V = A coshyy + Bysinhyy (1.35)
I = Aycoshyy + Bysinhyy (1.36)

Considering the location of the terminating impedance Zg the reference point

(v = 0), the other end is left of this reference point, i.e. in the -y direction as_
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shown in figure 1.4. Solving the constants, A1, Bi, Azand B2 and wﬁtingl = -y,
equations (1.35) and (1.36) becomes
© Vs =Vgcoshyl + Zylg sinh yl (1.37)
I = Ipcoshyl + ‘;—’;sinh 17 (1.38)
The general expression for the input impedance of the transmission line is

obtained by dividing equation (1.37) by equation (1.38) i.e.

Vs _ Vgcoshyl+Zylg sinhyl

Zin =
in Ig Igcosh yl+‘;—§sinh yl (139)

or

Zin=12 ZR+Zotanh yl (1.40)

0 zo+zgptanhyt
The expression (1.40) gives the input impedance of the transmission line

terminated by a load, Zz. The input impedance of a single layer absorber can be

expressed as,
Zin = Zotanh ) (2"f Yo)vim] (1.41)

where, & (=¢'-j&"), is the complex permittivity, u, (=p:"- ju"), is the complex
permeability, and, I, is the thickness of the absorber and, f, is the incident
microwave frequency [84].The reflection coefficient and the reflection loss in dB

is expressed as,

=Zin~% (1.42a)
Zin+ZO
RL = 20log|T| = 20log |22 (1.42b)
in 0

1.3.2 Transmission line modeling for multilayer absorber
The transmission line section in figure 1.4 is extended to multi section as shown

in figure 1.5 then the input impedance at the i layer is given as

_ Zi_4+Zyitanh vili
Zin = Zyi . (1.43)
Zoi+Zi_stanhyl;

Where Z,; is the characteristic impedance of the it layer.
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Figute 1.6 Distubuted parameters of a multilayer absorber structure
Similar to equation (1.43), the input impedance of a plane wave incident normal
to the surface of a absorber or composite substrate backed by a metal as shown in
figure 1.6, can be expressed as

_ . Ziatmtanhy,d,
Zm =T o ranhyd, (1.44)
N tétannya,

where, 1, is the intrinsic impedance of the 1* layer and is calculated from n = \/SE,

(Equation (1.24)).
For free space medium, u=p, =4n x1077(N /A?) and & =g, = 8.8541 x
107*2F /m, so the value of n = 17y ~ 377 Q.

For a three layer absorber, i=3,

Zy+nstanh ysds

L=
3 rl3 T]3+Zzta'ﬂ.h. }’3d3

(1.45)

The reflection coefficient and reflection loss in dB, of the normal incidence plane
wave 1s expressed [81, 85] as

_ 23-377
T Z3+377

(1.46a)

Zin=Zo

ZintZg

RL = 20log|T'| = 20log

(1.46b)
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1.4 PROBLEM DEFINITION

Considering the fact that EMI shields are finding numerous applications in
military and commercial devices, and the background analysis of absorbers has

brought in some important aspects:

1. Minimum reflection of the incident em wave is required at the air absorber
interface.

2. Maximum attenuation of the em wave within the absorber.

3. Absorber should be thin

4. Reduction in weight of the absorber

5. Corrosion resistive with low water absorbance and thermally stabile absorbers

6. Absorption over a broad frequency range and
7. Lastly, ease of processing and overall cost of development of the absorber.

The leakages in X- band can be generated from widely used sources like precision
approach radar (PAR) (9.0-9.2 GHz), military communication satellites (7.9 to 8.4
GHz for uplink & 7.25 to 7.75 GHz for downlink), terrestrial communication and
networking (10.15 to 10.7 GHz), motion detectors (10.525 GHz), traffic light
crossing detectors (10.4 GHz), weather radars (9.3-9.5 GHz) [86-91] and many
other local area networking or wireless devices. The thesis problem focuses on
developing em shields that can effectively reduce leakages in the X-band i.e. 8.2-
12.4 GHz.

Based on the requisites discussed above the research work is focussed on
developing- microwave absorbers using nanosized M-type barium hexaferrite
and substituted barium ferrite in NPR matrix. Design considerations will be
carried out to reduce the thickness enhanced bandwidth of absorption for X-band
applications.
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Thus, the research is essentially directed towards:

e Synthesis and development of the nanosized ferrite and composite
materials.

e Investigation of other necessary factor requirements of microwave
absorber applications like homogeneity of filler in the base matrix, light
weight, thermal, electrical, magnetic and environmental inertness.

e EMI shielding/microwave absorber having the desirable microwave
permittivity, permeability, dielectric and magnetic loss properties for
application over the X-band frequency.

¢ Design, thickness optimization and fabrication of single layer microwave
absorber using developed magnetic composites in X-band.

e Design optimization and development of multilayer microwave structure
for enhancing the absorption bandwidth.

e Analysis of field distribution within the absorber using finite difference
time domain (FDTD) Technique.

1.5 THESIS STRUCTURE AND OUTLINE

The thesis structurally consists of seven chapters and four appendixes. A
thorough understanding of electromagnetic wave propagation through the
absorber and its equivalent Transmission line model is discussed in chapter I.

M-type nanosized barium hexaferrite as reinforcers in novolac phenolic resin
matrix is developed as magnetic absorber material and is dealt in chapter II. The
synthesis of substituted barium ferrite compositions with AP* replacing Fe3* and
Sr?* jons substituting Ba?* ions, is also discussed. The chapter also. includes
microstructural studies conducted for structural, size of the synthesized ferrite
particles and ascertaining the homogeneous composite formation. Other essential
properties required for absorbers like thermal stability, density, water
absorbance, in - plane dc conductivity and saturation magnetization are included

in chapter II.
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Chapter IIl includes studies on complex permittivity and permeability of the
ferrite composites at microwave frequencies for different weight percentages of
unsubstituted and substituted ferrite-NPR compositions. Nicolson-Ross
technique is used for determining the complex permittivity and permeability
values. The values are substantiated by cavity perturbation technique.

Single layer Dallenbach absorber using ferrite-NPR composite with conductor
backing is designed and fabricated and the thickness is optimized to achieve
minimum reflection loss is discussed in chapter [V. Free space technique is used to
measure the reflection loss.

Chapter V describes enhancement of bandwidth by using multilayer structure
where the thickness of individual layer as well as the total thickness and the layer

combinations is optimized to achieve a broad absorption bandwidth.

Theoretical background of the 3D FDTD technique is discussed in chapter VII. The
technique has been adopted for single layer absorber. MATLAB code has been
developed using the FDTD formulation to determine the field distribution

throughout the absorber and S11 parameters are computed.

Chapter VIl summarizes the suitability of the developed ferrite-NPR
nanocomposites as broadband absorber in X-band. The limitations and future

direction of work that can be incorporated are also highlighted.

Appendix A gives the detail of mathematical formulation for theoretical
thickness limitation for broadband microwave absorption. MATLAB programs
developed for optimizing multilayer microwave absorber parameters are also
discussed in Appendix B. Appendix C gives the detail equations for PML
boundary conditions as applied in the modeling. 3D FDTD code developed in
MATLAB in which E and H updating code modules are given in Appendix D.
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21 INTRODUCTION

As evident from chapter 1, selection of materials for electromagnetic interference
(EMI) shields are critical for effective absorption, keeping in mind that
contradictory material parameters are required for achieving both impedance
matching at the interface and subsequent attenuation in the shields [1]. In
addition, light weight and thickness consideration also plays an important role in

applications of shield in various handheld and combat devices [2, 3].

Material selection, synthesis and preparation of shields are discussed initially in
the chapter, followed by microstructural studies viz. X-Ray diffraction (XRD) and
transmission electron micrograph (TEM); to find the formation, size and shape of
the reinforcers. Homogeneous distribution of inclusions in the shield is found
from scanning electron micrograph (SEM) images. Other properties like thermal
stability, density, behavior of material in humid conditions are deciding factors

for choice of the materials for EMI shields and are studied thereafter.

In-plane dc electrical conductivity [4] and saturation magnetization studies are
also carried out on the developed magnetic material to check the applicability of

the magnetic properties for microwave absorption.
2.2 MATERIAL SELECTION AND SYNTHESIS

Particulate composites give an ease to combine constituent fillers with the host
polymer matrix to achieve desired absorption. Introduction of magnetic materials
reduce the thickness of the absorber [5-7]. Magnetic metal inclusions like Fe,
Fe(CO)s though increases dissipation of electromagnetic (em) wave, are corrosive
in humid environment and heavy. Magnetic ferrites inclusions are more resistive
to environmental variations, but bulk ferrites are mostly dense leading to
increase in weight of the absorber. As reported in [8-13], nano-sized particles
have high interfacial area, which creates a large interaction zone, leading to
enhanced dielectric and magnetic properties and hence increases microwave
absorption. Moreover, low densities of nano-ferrites reduce the weight, without

compromising on the absorption properties.

Microwave Absorbers using M-type Barium Hexaferrite-Novolac Phenolic Resin Nanocomposite in X-Band -
Design, Development and Analysis 31



Matenal Selection, Preparation and Characterization Chapter 11

In the following subsections, choice and synthesis of fillers and polymer matrix

and development of the absorber composite is discussed.
2.2.1 Selection and synthesis of inclusions

At microwave frequencies spinel and hexagonal ferrites are used [14-18].
However, complex permeability of spinel ferrites follows Snoek’s limit [19],
restricting its use in the gigahertz range. M-type hexagonal (MFe120n19) ferrite
with high crystalline anisotropy, high saturation magnetization and chemical
stability finds use as constituent material for development of electromagnetic

wave absorbers [20-22].

Variation in the magnetic properties, viz. saturation magnetization, coercivity,
anisotropy and ferromagnetic resonant frequency, of barium ferrite (BaFe12019)
can be varied by substituting either the Ba?* by Sr2*, La3* and Na* and Fe3* by
APB*, Mn?* and Ti** etc [23-25]. Al-substituted and Sr-substituted M-type
hexagonal ferrite is reported to have larger anisotropy field [26] than BaFe12019,

indicating high attenuation of the electromagnetic wave.

M-type nano barium based hexagonal ferrite (BaFe12019) with substitutions is
used for development of X-band absorbers. The molecular structure of M-type

barium ferrite is shown in figure 2.1.
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Figure 2.1 Molecular structure of M-type barium ferrite

In the present work, following M-type magnetic fillers are synthesized

e BaFe12019, where the size and shape of ferrite particles are studied with three

different annealing temperatures viz. 700 °C, 800 °C and 900 °C.

e BaAlFei2xO19 with stoichiometric substitution of Fe* ions by AP*, with
x=1.0,1.2, 1.4 and 1.6 at 900 °C.

e BaixSrxFe12019 with stoicheometric substitution of Ba?* ions by Sr?*, with

x=0.2, 0.4, 0.6 and 1.0 at 900 °C.

M-type barium ferrite (BaFe12019) particles are prepared from nitrate precursors
using co-precipitation technique. Barium nitrate (>98%) and iron (IlI) nitrate
nonahydrate (>98%) precursors are used as the base materials to which sodium
hydroxide is added dropwise to control the size of the particles. Aqueous
solutions of barium and iron salts are prepared separately by dissolving the salts
in reverse osmosis (RO) deionized water maintaining the molar ratio of barium to
ferric nitrate as 1:12 with constant magnetic stirring condition. Figure 2.2 shows

the flow chart of synthesis of M-type ferrite particles.
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Figure 2.2 Flow chart of synthesis technique of ferrite particles

The iron and barium salt solutions are mixed together and heated at 70 °C with
continuous magnetic stirring for one hour. 4M (25 ml) solution of sodium
hydroxide is prepared separately and slowly added to the salt solution drop
wise. The pH of the solution is maintained to a level of 11-12. A few drops (~ 0.1
ml) of oleic acid (Ci7H33COOH) is added to the solution as a surfactant and
coating material [27]. The system is cooled to room temperature. Subsequently,
the precipitate is washed with distilled water and ethanol to get the precipitate
free from sodium and nitrate compounds. Finally, the precipitate is dried at 100
°C. The dried powder is crumbled and annealed at three different temperatures,
700 °C, 800 °C and 900 °C for two hours to get barium ferrite particles and then

microstructurally analyzed.

BaAlxFe12xO19 (x = 1.0, 1.2, 1.4 and 1.6), is synthesized by adding stoichiometrical
solution of aluminium nitrate (>98%) dissolved in RO deionized water at the
mixing stage. Similarly, strontium substituted barium ferrite is synthesized by
adding solution of strontium (II) nitrate (297%) in stoicheometric ratio at the
mixing stage. The substituted precursor powders are annealed at 900 °C with a
temperature stability of +1 °C for two hours to form substituted barium ferrite.

Annealing temperature of 900 °C is chosen for synthesis of substituted ferrite, as
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all the further studies conducted on BaFe12019 ferrite showed that 900 °C is the

optimum temperature for synthesis.
2.2.2 Selection of host matrix and fabrication of magnetic composite material

Novolac phenolic resins (NPR) are condensed polymerization product of phenol
and formaldehyde with water as byproduct. The polymerization takes place
when the molar ratio of formaldehyde to phenol is less than one and it is brought
to completion using acid-catalysis such z;s oxalic acid, hydrochloric acid or
sulfonate acids. In the initial stage (A-stage), the polymer is of low molecular
mass, soluble and fusible. As the condensation continues more molecules are
involved and resin becomes rubbery, thermoplastic phase, which is only partially
soluble (B-stage). The resin is then cured to fully cross-linked intractable
material(C- Stage). Figure 2.3 shows the structure of NPR. NPR is amorphous
thermoplastics which is solid at room temperature and softens and flows at
temperatures 65 °C - 105 °C. They have good heat resistance, electrical insulation,
dimensional stability and are flame and chemical resistant [28]. The hydroxyl and
methylene linkages present in NPR chemical structure facilitates bonding for

composite formation [29], and hence is selected as the base matrix.
B o
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Figure 2.3 Polymerization of novolac phenolic resin (NPR)
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Novolac type phenolic resin is mixed with 10% hexamethylene tetramine as
harderner. (supplier Pheno Organic Limited, New Delhi). The synthesized ferrite
and NPR powder are. mechanically blended at ~ 15000 rpm for different weight
percentages of filler in the base matrix. Mathematically, if total weight of the
composite is Z grams, X and Y are the weights of filler and polymer matrix,
réépecﬁvel};, ie Z= X +Y, then, for N wt.% of filler-NPR composite, amount of

filler present in the composite is given by

Filler =X= (N/100) x Z grams (2.1)
and amount of NPR present in the composite is given by

Polymer matrix=Y= (Z-X) grams (2.2)

Using the relation (2.1) and (2.2), a uniform mixture of ferrite and NPR powder is
obtained with different wt.% of ferrite nanoparticles. The mixture is placed in a
specially designed three-piece die-mould consisting of a cavity, upper and lower
plunger with spacer and initially heated up to 95-100 °C. A pressure up to 1.5-2
tons is slowly applied and the fixture with the sample is isothermally heated at
150 °C for 2 hours and then allowed to cool at room temperature. The processing

chart is given in figure 2.4.

Inclusions Polymer matrix

Ferri{e Novolac Phenolic
nanoparticles Resin(NPR)

|

) ) FNP:
Different filler ratios (a) BaFezOis

(b) BaAlFei2,019

E {(¢) BaiSr:Fei201

FNP/NPR

Figure 2.4 Block diagram of composite preparation
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Figure 2.5 (a) Three piece die mold and (b) prepared ferrite -NPR nanocomposttes for X-band
characterization
Pellets of different dimensions are molded for different characterization. A three
piece die mould with spacer, with the provision of varying the thickness, d, of the
sample is designed and fabricated for microwave characterization in the X-band

with the sample dimension of 10.16 mm x 22.86 mm x d mm (figure 2.5).

Three wt.% of BaFe12019-NPR composite viz. 30 wt.%, 40 wt.% and 50 wt.% is
prepared. Beyond 50 wt.%, sinkage in filler is observed leading to cracks and

brittleness in the composite.
2.3 MICROSTRUCTURAL STUDIES

The morphology of the synthesized ferrite samples are studied using XRD and
TEM. SEM studies are conducted on developed ferrite-polymer composite to find

homogeneity of filler distribution in the host matrix.

Propagation of electromagnetic wave, passing through the composite material
depends not only on the intrinsic properties of the constituents, but also on the
size of the inclusions and the change in structural configuration of the inclusion
particles in the composite matrix. Microstructural studies gives the complete
picture of the composite deciding its utility as substrate in the microwave
technology. Micro-structural studies of the synthesized nanocomposites

conducted are described in following sub sections.
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Again in all the further studies conducted on BaFe12013-NPR composite system, it
is seen that 50 wt.% gives the best result. Hence, APP* and Sr?* substituted barium

ferrite-NPR composites are only fabricated for the further studies.

2.3.1 X-ray diffraction

X-ray diffraction (XRD) patterns of the ferrite particles are carried using Rigaku,
Miniflex 200 X-ray diffractometer with Cu Ka line of wavelength A= 1.541841 A,
are recorded at 28 values from 10° to 70°. Crystallinity and size of the particles
are calculated from the XRD patterns using Debye-Scherrer's formula [30]. The
lattice parameters for the hexagonal magnetoplumbite phases are computed

using the d-spacings value and the respective (h k I) parameters. Interplanar

distance, d is given by
1 4R +E2+12\ P
P e @)

X-ray diffraction of BaFe;2019 particles

Diffraction patterns of BaFei2O19 particles annealed at different annealing
temperatures, are shown in figures 2.6a, 2.6b and 2.6¢. The reflection planes: (1 0
2),(110),(107),(114),(200),(203),(0010),(205),(1012),(300),(217),(20
11), (22 0), (20 14), (31 6) and (4 0 4) indicate presence of a hexagonal structure.
It is found that all diffraction peaks can be perfectly indexed to the M-type
hexagonal structure, and no characteristic peaks of impurities are detected in the
XRD pattern. The lattice constants, a=5.88 A and ¢=23.22 A matches with those
reported in JCPDS card number 43-0002 for barium ferrite particles. The average
crystalline size is in nanometre range and is found to increase with annealing
temperatures (table 2.1). The size variation can be achieved by the annealing

conditions.
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(2) . (b)

tntonslity {arbitrary unit)

Intensity (arbitrary unit)

Intensity (arbitrary unit)

Figure 2.6 XRD patterns of BaFe2019 particles annealed at (a) 700 °C, (b) 800 °C and (c) 900 °C

Table 2.1 Calculated crystallite size and lattice parameter of BaF201 particles

Average Lattice parameter (A)
crystallite
BaF12019 .

size a c

(nm)
Annealed at 700 °C 18.46 5.87 2317
Annealed at 800 °C 23.80 5.90 23.26
Annealed at 900 °C 26.64 5.87 23.23

X-ray diffraction of BaAl,Fe12-xO19 particleé

XRD pattern of BaAlxFe12xOrg particles with x=1.0, 1.2, 1.4 and 1.6 are shown in
figures 2.7a, 2.7b, 2.7c and 2.7d, respectively. Like BaFe12019, BaAlxFe12xO19 also
shows single phase M- type hexagonal structure. No characteristic plane of Al**

ions is observed confirming that the AP* ions enter the lattice of barium ferrite
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[31]. The lattice constants, a=5.65 A and c=22.89 A corresponds to the JCPDS card
number 43-0002. Table 2.2 shows the lattice parameters and crystalline size.
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Figute 2.7 XRD patterns of BaAlFe2.4O1 (with x =1, 1.2, 1.4 and 1.6) particles annealed at 900 °C

Table 2.2 Average crystallite size and lattice parameters of BaAlFe12Ony ferrite

Ferrites Aluminium Average crystallite | Lattice parameter (A)
composition content size (nm) a c
) BaAlLFennOny 1.0 5.92 5.90 23.23
BaAl, sFe105019 1.2 578 5.89 23.17
BaAl sFer0sOr 14 415 5.87 23.08
BaAl ¢Fe104019 16 3.87 583 .02

The crystallite size of the BaAlFe12.xOn9 particles is in nanorange. It is observed

that with increase in the AB* substitution, the lattice constants a and ¢ decreases.
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X-ray diffraction of Bai-SriFe12019 particles

XRD patterns of BaixSrxFe120n9 particles with x=0.2, 0.4, 0.6 and 1.0 are shown in
figures 2.8a, 2.8b, 2.8c and 2.8, respectively.
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Figure 2.8 XRD patterns of Bay_St,.Fe120n9 (with x =0.2, 0.4, 0.6 and 1.0) annealed at 900 °C

The lattice parameters for BaixSr<Fe12O19 are, a = 5.72 A and ¢ = 22.61 A and
matches with those reported in JCPDS card number 84-1531. The crystallite size

variation is observed as the Sr?* ion substitutes Ba2* (Table 2.3).

Table 2.3: Average crystallite diameter and lattice parameters of strontium substituted barium ferrite

Average Lattice parameter (A)
Strontium
Sample crystallite sizes
content a c
(nm)

Bao_gsrozFel 2019 0.2 104 5.76 22.46
Bao 651' 0.4F 612019 04 9.55 5.74 22.58
Bag.4SroeFe12019 0.6 7.85 5.71 22.61

SrFe2019 1.0 7.90 5.71 22.80
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2.3.2 Transmission electron micrographs of the ferrite particles

Transmission electron microscopy (TEM) is the premier tool for understanding
the internal microstructure of materials at the nanometer level. Electrons have an
important advantage over X-rays in that they can be focused using
electromagnetic lenses. One can obtain real-space images of materials with
resolutions of the order of a few tenths to a few nanometers, depending on the
imaging conditions, and simultaneously obtain diffraction information from

specific regions [32].

Transmission electron micrograph is taken to see the microstructural properties
like shape and size using JEOL JEM-2100 transmission electron microscope
(TEM;Akishima, Tokyo, Japan) operating at an accelerating voltage of 200 kV
(Collidion Coated Copper Grids).

TEM of BaFe1,019 particles

Most of the particles appear hexagonal in shape for all the three annealing
temperatures as seen in TEM images, figures 2.9a, 2.9b and 2.9c. The particle
shape is hexagonal and its size is ~50 nm and ~60 nm for the samples annealed at
temperature, T=700 °C and 800 °C. Extended rod like shape in one direction is
observed for the particles annealed at 900 °C with crystal lattice plane anisotropy
with particle size of ~70 nm and explained in terms of surface energy. The
surface energy of barium 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 [33].
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Figure 2.9 TEM micrographs of BaFe;2O\ particles annealed at (a) 700°C, (b) 800 °C,
and (c) 900 °C
TEM of BaAl:Fei2-xOq9particles
The TEM images of aluminium substituted barium ferrites particles are shown in

show the particle shapes are hexagonal and the average particle size is ~90 nm

(figure 2.10a, 2.10b, 2.10c and 2.10d).

Figure 2.10 TEM micrographs of BaAlFei2 Oy particles with x=1.0 (a), 1.2 (b), 1.4 (c) and 1.6 (d).

Microwave Absorbers using M-type Barium Hexaferrite-Novolac Phenolic Resin Nanocomposite in X-Band -

Design, Development and Analysis 43



Material Selection, Preparation and Characterization Chapter 11

The shape tends to extend like rod in one direction along c-axis. The lattice plane

anisotropy can be observed from the images.
TEM of Bai-xSriFe12019 particles

The TEM images of strontium substituted barium ferrites particles annealed at
T=900°C are shown in figure 2.11(a-d). Hexagonal rod shaped structure with

length ~90 nm is observed.

Figure 2.11 TEM micrographs of Ba; \SrFe12019 particles with x=0.2, 0.4, 0.6 and 1.0
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Figure 2.12 SAED pattern of (a) barium ferrite, (b) aluminum substituted barium ferrite and (c)

strontium substituted barium ferrite particles annealed at 900°C

All the barium ferrite particles along with substitution shows crystalline nature
with double diffraction pattern which can be observed from the selected area

electron diffraction (SAED) patterns in figure 2.12 (a-c).
2.3.3. Scanning electron micrographs of the ferrite composite

Scanning electron microscopy (SEM) of particulate magnetic nanocomposite is
taken by JEOL-JSM-6390. The surface of each samples are platinum coated before
taking the micrographs. The micrographs are taken at 101 A probe current and
20 KV accelerating voltage at different resolutions. Figure 2.13 (a-c) shows the
SEM micrographs of 50wt.% BaFei2019-NPR, BaAlisFe106019-NPR and

BaoSro.4Fe12019-NPR nanocomposite, respectively.

Most of the particles are homogeneously distributed over the matrix as seen from

the SEM images.

Figure 2.13 SEM micrographs of (a) BaFe12019-NPR, (b) BaAli 4Fei9cO10-NPR and (c)

Ba¢Sro4Fe2019-NPR nanocomposites
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2.4 DENSITY AND WATER ABSORBANCE

Light weight microwave absorbers are easy to install and this in turn makes them
suitable for free space applications. Density of a composite gives an idea of the
compactness of the material and its weight. Measurement of density of the
ferrite-NPR nanocomposites is carried out by using Archimedes’s principle [34].
The samples of dimension 10.16 mm x 22.86 mm x 2.0 mm are prepared and
weight is measured in air, Wau. The composite is suspended in water and
apparent immersed weight of the sample is measured, referred as Wiy, Then the

experimental bulk density (ds) of the composite is measured by the Archimede’s

principle and is given by
WalT
ds = W aur—Wapp X Dyater (2'4)
or ds = W,:,lr X Dyater (2.5)
where

War = Weight of the sample in air (gm)
Wapp = Weight of the sample in air - weight of the displaced water (gm)
Duwater = Density of water at room temperature (=0.997 g/cc at 25 °C)

Water absorbance studies of the material help in determining the porosity of the
material in humid and wet environmental conditions in which the system can
work without affecting its microwave performance. The sample is inserted in
water for 72 hours at room temperature. Thereafter pat dried at room
temperature. The percentages of water absorption of the composites are
determined according to the expression

We—Wo

Water absorbance (%) = —— x 100 (2.6)
0

where, Wand W) are the weights of the wet and dry composites respectively.
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2.4.1 Results and analysis of BaFe12019-NPR nanocomposites:

The bulk density of the magnetic nanocomposite increases with increase in the
ferrite content in the NPR matrix (table 2.4). Composites with higher wt.% of
 barium ferrite contain less amount of NPR than composites with low wt.% of
barium ferrite. Decrease of density for composites with higher NPR content is
due to the increase in ultimate weight loss during curing process. Percentages of
water absorbance of the BaFe12019-NPR nanocomposites are tabulated in table
2.4. 1t is found that there is a slight increase of weight gain with increasing
concentration in the composites due to presence of porosity in the samples..’Ihe

maximum weight gain is only ~0.03%.

Table 2.4 Density and percentage Sf water absorbance of BaFe12019-NPR nanocomposites

Sample composition Density (g/cc) (% )Water absorbance

BaFe2015-NPR

=700°C 1.18 0.01
T=800°C 1.14 0.03
T=900°C 1.12 0.02
30wt.% (T=900°C) 1.18 0.01
40wt% (T=900°C) 1.23 0.02
50wt.% (T=900°C), 1.36 0.03

2.4.2 Results and analysis of BaAliFe12xO1-NPR and Ba;xSr<Fei201-NPR

nanocomposites

The bulk density and water absorbance of the 50 wt.% BaAlxFe12xO19-NPR and
Ba1-xSrxFe12019-NPR nanocomposites are tabulated in table 2.5. The bulk density
of the magneto dielectric composite for both AI3* and Sr?* substitution is ~1.22.
Maximum water absorbance of 0.03 % is observed and indicates its use in high

humidity environment, without affecting the performance. The inclusions taken are
annealed at 900 °C.

AN
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Table 2.5 | Density and percentage of water absorbance of 50 wt.% BaAlFe12..Ow-NPR

and Ba1..Sr.Fe12019-NPR nanocomposites

Sample composition Density (g/cé) (% YWater absorbance

BaAlLFe2xO1-NPR
T=900 °C and 50 wt.%

x=1.0 1.14 0.01
x=1.2 1.24 0.02
x=1.4 1.36 0.02
x=1.6 1.15 0.01

BaisSriFe201-NPR
T=900 °C and 50 wt.%

x=02 127 0.01
x=0.4 1.23 0.02
x=0.6 119 0.03
x=1.0 118 0.01

2.5 THERMO GRAVIMETRIC ANALYSIS (TGA)

The thermo gravimetric analysis (TGA) is performed to predict the thermal
stability of a material. The TGA analysis gives the weight loss of the samples in
the temperature range of 50°C to 900°C. The TGA for pure NPR, BaFe12019 and
(30, 40 and 50 wt.%) BaFe12019-NPR composites, 50 wt.% BaAlFe12xO15-NPR
composites with x=1.0, 1.2, 1.4 and 1.6 and BaixSrxFe12019-NPR composites with
x=0.2, 0.4, 0.6 and 1.0 are carried out on Thermal Analyzer, Model STA 6000,
Perkin Elmer.

2.5.1 Result and analysis of BaFe12019-NPR composites

The thermal stability of the prepared samples of BaFe1201s-NPR nanocomposite
is measured in the air atmosphere as shown in figures 2.14a and 2.14b. TGA
curve of NPR shows that there is small weight loss up to 160 °C. The major
weight loss occurs due to growth of volatiles in between the temperature 390-
685 °C [35]. The BaFe12019 pérticles show thermal stability throughout the
temperature range with a very small weight loss after 550 °C. The TGA graph of
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all the three samples with varying weight percentage of ferrite inclusions (30
wt.%, 40 wt.% and 50 wt.%) shows thermal stability up to 400 °C. 30 wt.% and 40
wt.% show continuous weight loss of 28% and 31%, respectively up to 685 °C.
With increase in the BaFe12019 contents in the NPR matrix, thermal stability of the
absorber samples increases. The thermal stability of the BaFei2019-NPR
nanocomposite does not change with the annealing temperature of the ferrite

particles as can be seen from figure 2.14a.

2.5.2 Result and analysis of BaAliFei2xO19-NPR and Ba;xSrxFe12019-NPR

nanocomposites

All the compositions of BaAlFe12xO19-NPR and BaixSrxFei2019-NPR
nanocomposites show thermal stability upto ~ 400 °C, figures 2.15a and 2.15b.
With increase in the aluminium substitution, thermal stability increases and the
major weight loss occur after 744 °C. The thermal stability of Bai-xSrxFe12019-NPR
nanocomposites decreases with increase in the Sr?* substitution in the Bai-
SrxFe12019 particles. The major weight loss occurs at 800 °C and continues upto

896 °C.

105

Waeight loss (%)
Weight loss (%)
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Figure 2.14 Thermo gravimetric analysis (TGA) curves of (a) BalFe2019-NPR nanocomposite

with ferrite particles annealed at T=700 °C, 800 °C and 900 °C, (b) BaF'e;2O3-NPR

nanocomposite with 30 wt.%, 40 wt.% and 50 wt.% and BaFe;2O1y particles

annealed at 900 °C and NPR
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Figure 2.15 Thermo gravimetric analysis (TGA) curves of (a) BaAlFei» O;-NPR composite
with x=1.0, 1.2, 1.4 and 1.6 and (b) Ba Sr,Fe;2019-NPR with x=0.2, 0.4, 0.6 and 1.0

2.6 IN-PLANE DC ELECTRICAL CONDUCTIVITY

In-plane dc electrical conductivity of the ferrite-NPR nanocomposite is measured by two
probe method using Keithley 2400-C source meter interfaced with PC using GPIB port.
Initially, resistance of the samples is calculated from current-voltages (I-V) characteristics
at room temperature. The resistivity of a bulk samples is based on accurate measurement
of resistance and the sample dimensions. For a homogenous bar of length, L and

uniform cross section A, the resistance, R, is related to the resistivity, p by

R = pL/A (2.7)
The reciprocal of p gives the conductivity (c) of the samples given as

P /,0 2.8)

The schematic diagram of in- plane dc conductivity measurement is shown in figure

2.16.

> )
In-plane s

Figure 2.16 Schematic diagram of plane of dc conductivity measurement
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2.6.1 Results and analysis of BaFe12019-NPR nanocomposites

The in-plane I-V characteristics of BaFe12019-NPR composites with barium ferrite
particles annealed at 700 °C, 800 °C and 900 °C and with varying weight% (30
wt.%, 40 wt.% and 50 wt.%) of barium particle in the NPR matrix are shown in
figure 2.17a and figure 2.17b respectively. From equation (2.7) and (é.8), the in-
plane conductivity of the composites is calculated and tabulated in table 2.6. Pure
NPR shows insulating behaviour. Figures 2.17a and 2.17b show the variation of
in-plane electrical conductivity of the BaFe12019-NPR nanocomposite with
increasing annealing temperature of the BaFe12019 particles and with increasing
BaFe12019 particles in the NPR matrix, respectively. The dc conductivity of the
composite samples increases with increase in the annealing temperature and
increase in the ferrite contents. The electrical conductivity in ferrites is due'to the
electron hoping mechanism that takes place between FeZ* and Fe?* ions in the
octahedral sites [36]. The increase in the annealing temperature and

concentration increases the number of free Fe2* ions which lead to an increase in

the dc conductivity.
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Figure 2.17 Measured in—plane dc conductwity of BaFe;:01-NPR composite (a) with annealing
temperatute of the ferrite inclusions, (b) with percentage of BaFe;2Ov9 ferrite

content
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2.6.2 Results and analysis of BaAlsFer2xO15-NPR and Bai.«Sr«Fe12015-NPR

nanocomposites

The in-plane I-V characteristics of BaAlxFe12xO19-NPR nanocomposites with
x=1.0, 1.2, 1.4 and 1.6 and Ba1+SrxFe12019-NPR nanocomposites with x=0.2, 0.4,

0.6 and 1.0 are shown in figure 2.18a and figure 2.18b, respectively. AP*

substitution decreases the conductivity as the number of Fe?* ions decreases in

the octahedral sites. Moderate increase in conductivity is observed in case of Sr?*

substitution.
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Figure 2.18 Measured in — plane dc conductivity of (a) BaAlFe2.4O19-NPR nanocomposite with
x=1.0, 1.2, 1.4 and 1.6, (b) Bai,St:Fei2019-NPR nanocomposite with x=0.2, 0.4, 0.6

and 1.0

Table 2.7 shows that the maximum dc electrical conductivity of BaAlxFe12xOns-

NPR nanocomposite and Ba1xSrxFe12019-NPR nanocomposite are 2.12 x 10°S/cm

and 1.06 x 107 S/cm, respectively.

Table 2.6 In plane dc electrical conductivity of BaFe12019-NPR nanocomposttes
Annealing
In plane dc In plane
Sample temperature Sample Wt.% of
. conductivity conductivity
composition of BaFe12019 composition BaFe2019
. . S (Sfcm) sin (S/cm)
ferrite particles
Pure NPR 24E-11
700 °C 5.04E-09 30 wt.% 3.34E-09
30 wt.% BaFe2019-NPR
800 °C 6.62E-09 40 wt.% 3.86E-09
BaFequ-NPR
900 °C 6.93E-09 50 wt.% 5.03E-09
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Table 2.7 In plane dc electrical conductivity of BaAlFei240O19-NPR and Ba;«Sr:Fe12019-NPR

composites with 50 wt.%

In plane In plane
Sample Al> Sample Sr2*
. conductivity conductivity
composition | content composition | Content
sin (S/cm) $m (S/cm)
x=1.0 2.12E9 x=0.2 7.56E-8
BaAlFei2xO19-| x=1.2 1.68E-9 Bai.SrFeinOro- | x=0.4 2.89E-8
NPR x=1.4 9.4E-10 NPR x=0.6 4.27E-8
x=1.6 9.01E-10 x=1.0 1.06E-7

2.7 SATURATION MAGNETIZATION STUDY OF THE COMPOSITE
MATERIAL

Magnetization properties of the magnetic nanocomposites have been studied

using Pulsed Field Magnetometer indigenously developed in RRCAT, Indore.

2.7.1 Theory of operation of pulsed field magnetometer for magnetization
study

The system consists of a solenoid and a pick up coil assembly. A furnace made
with platinum wire wound on a quartz tube is placed in the pickup coil. A
magnetic sample can be inserted in the furnace and a resistance thermometer is
placed in contact with the sample to read its temperature. The schematic of the

measurement set up is shown in figure 2.19.
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Figure 2.19 Pulsed —field magnetometer measurement set up

A pulsed magnetic field of sinusoidal shape is generated in the solenoid of the
order of 2.5 kilo oersted (KOe) using a solid state relay circuit. The pickup coil
detects the magnetization signal of the sample. The signal is processed to
produce a steady output to be read on a digital meter. The temperature of the
sample is controlled by a programmable temperature-controller. The
magnetization signal and the temperature signal are digitized by a micro-
controller at regular intervals and the data is sent to a computer. A special

software is designed to plot the graph of magnetization at different temperatures.
2.7.2 Results and analysis

The saturation magnetization (47M;) measurements are carried out for different
(30-50) wt.% of the barium ferrite nanoparticles, annealed at 900 °C, reinforced in
NPR matrix and AP* and Sr?* substituted barium ferrite nanocomposites with 50
wt.% at room temperature. The applied field is 2.5 KOe. The 4zM; values of
barium ferrite and substituted barium ferrite nanocomposites are given in table

2.8 and 2.9.

Microwave Absorbers using M-type Barium Hexaferrite-Novolac Phenolhic Resin Nanocomposite m X-Band -
Design, Development and Analysis 54



Matenal Selection, Preparation and Charactenzation Chapter Il

Table 2.8  Results of saturation magnetization of BaFe12019-NPR nanocomposites with 30 wt.%,

40 wt.% and 50 wt.%
Sample
wt.% 4nM; (G) .
composition

30 wt.% 96.85

BaF [S4] 201 9-NPR
40 wt.% 99.92

50 wt.% 114.29

Table 2.9 Results of saturation magnetization of BaAlFe12,019-NPR and Ba,.St.Fe2019-NPR

nanocomposites with 50 wt.%

4nM, 4nM,
Sample Al content Sample Sr2* content
(G) (G)
x=1.0 113.39 x=0.2 104.20
x=1.2 110.34 x=0.4 103.08
BaAlFe12xO19 Bai.xSriFeiOng
x=14 102.31 ‘ x=0.6 102.92
x=1.6 96.14 x=1.0 85.20

The saturation magnetization of M- type hexaferrite depends on the electronic
configuration and the distribution of the substituted ions at different sites in the
crystal structure. For 30 wt.% BaFe12019-NPR nanocomposite, the 47M; is found
to be 96.85 G and with increase in the barium fe\rrite inclusions, 47M; increases
upto 114.29 G. The lower value of saturation magnetization is observed for lower
wt.% of the barium-NPR nanocomposites. Ferrite nanoparticles dispersed in the
NPR matrix in lower wt.% have large surface-to-volume ratio and less magnetic
moment. This led to reduction of net magnetic moment and hence the smaller

saturation magnetization.

The BaAlFe11019-NPR nanocomposite shows a 4zM; value of 113.39 G and the
saturation magnetization reduces with increase in the AP* substitution. The
lowest value of 47M; for this series is 96.14 G with x=1.6. For substitution of
A3*<1.9, the contributions to the anisotropy constant of Fe3* ions on 4f2, 24, and

4f1 are relatively small as the Fe3* ions on a 12k site have a negative effect on
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anisotropy constant, thus reducing the overall anisotropy effect [38]. The
substitution of Fe3* ions by AI¥* ions leads to a slight increase in the magneto
crystalline anisotropic field and subsequently, reduction in saturation
magnetization. BaFe12019 induced low anisotropy in the composite before Sr2* ion
substitution in Bai«Sr«Fe12019. However, in the series of BaixSrxFe12019-NPR
nanocomposites, with increase in the Sr?* substitution from 0.2 to 1, saturation
magnetization decreases due to relatively high induced anisotropy. The 4zM;
values vary from 10420 G to 8520 G for the Ba1xSrxFe12019-NPR

nanocomposites.
2.8. CONCLUSIONS

Barium ferrite nanoparticles with aluminium and strontium substitution are
synthesized from nitrate precursor by co-precipitation technique. Formation of
single phase M-type barium ferrite is confirmed from XRD pattern. The average
crystalline size of barium ferrite particles is in nanometre range and is found to
increase with annealing temperatures. The size variation and control can be
achieved by the annealing conditions. Barium ferrite particles with aluminium
and strontium substitution also form single phase M-type hexagonal ferrite. TEM
analysis of barium ferrite shows that the ferrite nanoparticles appear hexagonal
in shape for all the three annealing temperatures. The size is ~50 nm and ~60 nm
for the samples annealed at temperature, T=700 °C and 800 °C, is observed.
Extended rod like shape in one direction is observed for the particles annealed at
900 °C with crystal lattice plane anisotropy with particle size of ~70 nm. The
density measurement shows that compactness of both composite system
increases with percentage increase in weight. The TGA curve shows that the
developed composite is thermally stable up to 400 °C. DC conductivity increases
with annealing temperature and wt. % of the ferrite nanoparticles. Aluminium
substitution decreases the conductivity due to decrease in the Fe3* ions but an
increase in the conductivity results are observed for strontium substitution. The
magnetic measurements confirm the magnetic nature of the composites at room
temperature. The comparatively high values of saturation magnetization confirm

its applicability as magnetic absorbers at microwave frequencies.
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3.1 INTRODUCTION

Extent of absorption within an absorber depends on electromagnetic wave
interactions with the material properties, viz. complex permittivity (&=¢&-j&")
and complex permeability (4, =y, — ju,). Accurate measurement of complex
permittivity and permeability can help in accurate designing of absorber and

hence its performance over a range of frequency band.

There are several methods reported on study of the material parameters at
microwave frequencies based on transmission lines and resonant structures
developed from transmission lines [1-7]. Nonresonant methods can be employed
for broadband characterization of the dielectric and magnetic properties of
material [8]. Resonant techniques generally determine complex permittivity and

permeability at one spot frequency [9-11].

Complex permittivity and permeability of the barium hexaferrite-novolac

phenolic resin composites over the X-band frequency are determined using
Nicolson-Ross transmission/reflection (TRL) technique [1-5, 12}. Dielectric and
magnetic loss tangent are calculated from the measured values of complex
permittivity and permeability. Complex permittivity and permeability
measurements are further verified using cavity perturbation technique [2, 9, 13]

and is discussed later in the chapter.

3.2 NICHOLSON-ROSS TECHNIQUE FOR COMPLEX PERMITTIVITY
AND PERMEABILITY DETERMINATION IN X-BAND

Nicolson-Ross technique is a non-resonant, broad band technique based on
transmission/reflection line structure [1-8, 12]. Figure 3.1 shows a typical
measurement configuration for a transmission/reflection method. Let the
segment (shaded region in figure) has characteristic impedance Zo A rectangular
shaped sample of thickness, d, permittivity, ¢ = gy¢, and permeability, u = pou, is
inserted into a segment of transmission line. The new characteristic impedance of

the segment with the sample be Z.
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Figure 3.1 A schematic diagram of transmission/reflection method with

rectangular shape material inserted
gu p

Then,

7= flur/gr Zi (31)

where, relative permeability and permittivity, u, and ¢,, are complex quantities,
if the material is lossy in nature. For d—o, the reflection coefficient, I, at the air-

sample interface A is given as,

=25 J& (3.2)

I = —
Z+2Zy ﬂ_’_l
&r

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

T =exp [—j (%) md] (3.3)

where, w and c is the frequency of operation and speed of light in free space.

The scattering coefficient S21 and Si1 are given by following relations

a-rHr

Sy1(w) = == (3.4)
1-T%H)T
Si1(w) = (T—?T% (3.5)
Let
_1-Wiy
=, (3.6)
where,
Vi =382 +S511 (3.7)
Vo =521 =51 (3.8)

Using equations (3.4)-(3.8),
r=x+vx2-1 (3.9)

For equation (3.9), the appropriate sign is chosen so that [I'| < 1.
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Similarly, using equations (3.4)-(3.8),

v,-T

= (3.10)
-l
Rearranging equation (3.2), gives
= 14T 2
l:——r = (E) = C1(5a}’) (311)
Rearranging equation (3.3), let
12
¢, = gy = — [ In(3)] (3.12)

From equations (3.11) and (3.12),

&y = \E (3.13)
Hr = V€162 (3-14)

Right-hand side of equations (3.13) and (3.14) are complex terms. Separatiﬁg real
and imaginary parts, the complex permittivity and permeability values can be

obtained.

3.2.1 Measurements of complex permittivity and permeability

The schematic diagram of the measurement set up for X-band permittivity and
permeability characterization is shown in figure 3.2a. The setup broadly consists
of an Agilent E8362C vector network analyzer, Agilent WR-90 X11644A and an
interfacing computer to collect the data. Figure 3.2b shows the photograph of the

measurement set-up.

Vector Network Analyzer
Portl Port2
Cuaihl to Coaxial to
waveguide waveguide
adaptor adaptor
1 A
L
a b
( ) Sample under test ( )

Figure 3.2 (a) Block diagram and (b) measurement set up of X-band microwave

characterization set up using transmission/reflection technique
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Prior to measurements, the system is calibrated, using thru-reflect-line (TRL)

method [14, 15]. Schematic representation is shown in figure 3.3.

In the thru calibration, the two ports are connected directly at the desired
reference plane, whereas, for reflect calibration, the ports are terminated with a
load such that high reflection occurs (figures 3.3a and 3.3b). The two ports are
connected by a quarter wavelength segment in line calibration (figure 3.3c). After
TRL calibration, the ferrite-NPR nanocomposites of dimension 10.38 mm x 22.94
mm x 2.0 mm (chapter II, Section 2.2.2) are inserted inside the sample holder of
length 9.78 mm (shown in figure 3.3d) and mounted on the zero reference plane,

i.e., at the adapter of port 1.

Thru

.
>

Reflection

A/4 Line

Figure 3.3 TRL calibration using Agilent WR90-X11644A calibration kit (a) Thru-cahibration,
(b) reflect-calibration and (c) Line-calibration and (d) X-band flange filled with

sample of ferrite-NPR composite for X-band characterization
Scattering parameters (S11 and S21) measured, are transformed to the sample

edges, as described in reference [12].
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The transformed Si1 and Sz parameters are substituted in the equations (3.6 to
3.14) 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 BaFe12019, BaAlFe124O19 and Bai«SrxFei2019 nanoparticles as the ferrite

inclusions in NPR matrix are measured in the frequency range 8.2 GHz-12.4 GHz.

3.3 RESULTS AND ANALYSIS OF COMPLEX PERMITTIVITY AND
PERMEABILITY OF BaFe1201o-NPR NANOCOMPOSITE

Complex permitti{/ity and permeability of BaFe12019-NPR nanocomposite is first
studied for BaFei2019 particles annealed at 700 °C, 800 °C and 900 °C. The
parameters are initially studied for 30 wt% composition. Higher wt.%
compositions, viz. 40% and 50% are further studied for the best complex

permittivity and permeability readings obtained.

3.3.1 BaFe;2019 annealed at 700 °C, 800 °C and 900 °C

The complex permittivity and dielectric loss tangent spectra for 30 wt.%
composite of BaFei20wy fillers, annealed at T=700 °C, 800 °C and 900 °C, are
plotted in figure 3.4a, 3.4b and 3.4c.
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Figure 3.4 Complex permittivity of 30 wt.% BalFe12019-NPR nanocomposite with BaFe12On
annealed at, T=700 °C, 800 °C and 900 °C, (a) real part (b) imaginary part and (c)

dielectric loss tangent
The plots show that the composite reinforced with barium ferrite at 900 °C has
higher values for both real (¢, ") and imaginary (&, ") part of complex permittivity.
The grain size of 900 °C barium ferrite, as seen from the TEM images [chapter II,
section 2.3.2] are larger than others annealed at lower temperature. Larger grain
size leads to high polarizability, as the developed opposing effect to electric field
component in the material decreases. Also, at higher annealing temperatures, the
number of Fe?* ions increases by conversion of Fe3* into Fe?* leading to high
polarization [16]. The tand, spectra of the BaFe12019-NPR nanocomposites with
varying annealing temperature show increase in the values with annealing
temperature. tané, varies from 0.32 to 0.39 with annealing temperature, from 700

°C-900 °C.

The complex permeability spectra, as depicted in figures 3.5a and 3.5b, show
higher value of permeability, #" and magnetic loss, 1" for higher annealing
temperature. As the size of the BaFei2O19 particles increase, the domain wall
length increases which lead to greater domain wall vibration and hence greater

value of ¢ and u" is obtained [17].
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Figure 3.5 Complex permeability of 30 wt. %o BaFe;2O19-NPR nanocomposite with BaFei2O19
annealed at, T=700 °C, 800 °C and 900 °C, (a) real part (b) imaginary part and (c)

dielectric loss tangent

The magnetic loss tangent spectra of the BaFe12019-NPR nanocomposite show
resonance, figure 3.5c. The maximum tand, of 0.5 at 9.54 GHz is obtained for
annealing temperature, 900 °C. A shift in the resonance frequency towards the

lower frequency side is observed with annealing temperature.

High value of dielectric loss and magnetic loss, as seen from equation 1.26,
chapter I, leads to higher absorption [18]. Henceforth, NPR filled with BaFe12019

annealed at 900 °C is used for higher wt% compositions.
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3.3.2 BaFe12019 annealed at 900 °C with different weight %

BaFei12019 particles annealed at 900 °C, henceforth mentioned as BaFe12019
particles, are incorporated in NPR matrix to prepare the magnetic composite with
30 wt.%, 40 wt.% and 50 wt.%. The maximum wt.% is kept as 50% due to
practical limitations in preparation of composite, as mentioned in chapter II. The
real (¢,") and imaginary part (¢, ) of the relative complex permittivity (&= & -jer ")
of the BaFei201o-NPR nanocomposites in the frequency range 8.2 GHz to
12.4 GHz are shown in figure 3.6a and 3.6b. Both the dielectric constant (¢,') and
loss (¢-"") are almost constant over the X-band for all the three weight ratios. The

dielectric constant increases with increase in ferrite contents.
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Figure 3.6 Complex permittivity of Bale;2O19-NPR nanocomposite with 30 wt.%o, 40 wt.% and 50

wt.%, (a) real part (b) imaginary part and (c) dielectric loss tangent
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The maximum complex permittivity is observed for the BaFei2O19-NPR
nanocomposite for 50 wt.%. & increases from ~6 to ~6.52 and & " from ~ 1.88 to
~1.95 as weight % increases from 30 wt.% to 50 wt.%. The dielectric properties
increase due to the interfacial polarization and intrinsic electric dipole
polarization [19, 20]. The polarization in ferrites is mainly due to the presence of
Fe2* ions. Since, Fe?* ions are easily polarizable, with increase in the number of

Fe2* ions, the dielectric constant increases with increase in ferrite inclusions [19].

The frequency dependent tand, variation of BaFei2019-NPR composites with
varying wt.% is shown in figure 3.6c. The dielectric loss tangent shows slight

variation over the frequency range. 50 wt.% shows the least value of ~ 0.3.
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Figure 3.7 Complex permeability of Bal'e;2O19—NPR nanocomposite with 30 wt.%, 40 wt.% and

50 wt.%, (a) real part (b) imaginary part and (c) dielectric loss tangent
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The complex permeability spectra for 30 wt.%, 40 wt.% and 50 wt.% composite are
shown in figure 3.7a and 3.7b. The dispersion of complex permeability in the
magnetic polymer composite is primarily due to the resonance of oscillating
domain walls and the resonance of precessing magnetic moments in the domains,
which is known as natural ferromagnetic resonance [17]. The peak in x4, and u."”
corresponds to natural resonance frequency (f;) and shifts to lower frequencies
with higher weight percentage. The maximum complex permeability is observed

for 50 wt.% BaFe12019-NPR nanocomposite.

All the three wt% BaFei2019-NPR nanocomposites show magnetic loss
tangent, tand, resonance peak (tigure 3.7c). tang, values increase with increase in

the barium ferrite inclusions in the polymer matrix.

3.4 COMPLEX PERMITTIVITY AND COMPLEX PERMEABILITY OF Al
AND Sr2* SUBSTITUTED BaFe12019-NPR NANOCOMPOSITE

The studies conducted on BaFe12019-NPR nanocomposite shows that 50 wt.%
composite with BaFe12019 annealed at 900 °C, shows the best permittivity and
permeability results. So the AP* and Sr?* substituted BaFei2019-NPR
nanocomposite are prepared with 50 wt.% using the filler annealed at 900 °C. The
complex permittivity and permeability are studied with stoichiometric variation

of substitutions.

3.4.1 Results and analysis of complex permittivity and complex permeability

of the BaAliFe12xO19-NPR nanocomposite

The real and imaginary part of the relative complex permittivity (&=&"-j&"), for
50 wt.% BaAlxFe12xO19-NPR nanocomposite is studied in the frequency range 8.2
GHz to 12.4 GHz. The aluminium content is varied as, x=1, 1.2, 1.4 and 1.6. The
spectra are shown in figures 3.8a and 3.8b. Both ¢ and & increases with increase
in AP ion substitution. The maximum &;" is observed for the BaAlxFe12xO19-NPR
composite with x=1.6. In BaAlFei2xO19, AP* replaces the Fe3* mostly in the
octahedral sites (12k, 4f2, 2a), for x less than 1.9 [21]. With increase in the AP+
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ions, Fe3* reduces and hence the dielectric properties increase. The number of free
Fe2* ions increases in comparison to Fe’* jions, thus leading to increase in complex

permittivity values. [19].
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Figure 3.8 Complex permittivity of BaAliFer (O1-NPR (x = 1, 1.2, 1.4 and 1.6) composite, (a)
real part (b) imaginary part and (c) magnetic loss tangent

Some fluctuations are observed in ¢" over the X-band frequency range for all the

samples. Electrons in a dielectric molecule, considered to be situated at different

locations, experience different natural angular frequencies and damping.

If f; is the bounded electrons, with frequency @i, mass m and damping y in each
molecule, interact with the electromagnetic wave of angular frequency o, then the

polarization P for a system with N molecules per unit volume, is given by [22]
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P=Re(P")=Re| M|y /. E* (3.15)

2 2 .
1t i wi —@ ‘]}lla)

When pumped with microwave power with varying o, the dipole moment and
hence, the polarization of the molecules fluctuates in accordance with equation

3.15. Now, the relative complex permittivity is determined by relation

2
‘o /. (3.16)

2 2 .
mey T o —0” - jye

where, complex permittivity, £=e(1+y.") and complex polarization, P*=gy.'E",
and y." and E"is the complex susceptibility and field, respectively. From equation
3.15, both real and imaginary part of relative complex permittivity of the system

will vary with the frequency of pumped electromagnetic wave.

BaAlxFe12xO19 in composites will also have electrons having different locational
natural frequencies and damping, hence, different interacting frequency with

pumped microwave, leading to variation in &' values of the composites.

The resonant behavior in the relative complex permeability (u=u,-ju,;"") is
observed due to natural resonance phenomenon that takes place in the magneto-

dielectric composite in the GHz range and plotted in figures 3.9a and 3.9b.
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Figure 3.9 Complex permeability of BaAlFe;2,O-NPR (x = 1, 1.2, 1.4 and 1.6) composite, ()
real part (b) imaginary part and (c) magnetic loss tangent.
As reported by Jianxun Qiu et. al. [21], for substitution of AI**<1.9, the
contributions to the anisotropy constant of Fe** ions on 4f;, 22, and 4fi are
relatively small as the Fe3* ions on a 12k site have a negative effect on anisotropy
constant, thus reducing the overall anisotropy effect. Thus, substitution of Fe*
ions by AP** ions leads to increase in the magneto crystalline anisotropic field.
The ferromagnetic resonance frequency, f; of the composites follows the relation

[23],

fr =—H, (3.17)
Where, y is the gyromagnetic ratio, Ha is the crystal anisotropy field.

Thus, the natural resonance frequency (fy), corresponding to peak in x," and u,”’,
shifts towards higher frequency side. The value of x,” and u,"" increases with

increase in the AI>* in the BaAlxFe12.x«O19-NPR nanocomposite.

Dielectric and magnetic loss tangent of the BaAlFe12xO19-NPR nanocomposites
are shown in figure 3.8c and 3.9c. BaAlxFe12xO19-NPR nanocomposite with x=1.4
shows maximum value of dielectric loss tangent of ~0.30 while, x=1.6 shows
minimum tand, of ~0.28. tand, shows resonance and the resonance frequency

shifts towards higher frequency side. The tand, intially increases with the AIP*
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substitution from x=1.0 to 1.2 and then decreases and the composite with x=1.6

gives the minimum value of resonant tand,,.

3.4.2 Results and analysis of complex permittivity and complex permeability

of the Bai-xSrxFe12019-NPR nanocomposite

The real (e:") and imaginary part (e:"") of the relative complex permittivity of
50 wt.% BaixSrxFe12019-NPR (x= 0.2, 0.4, 0.6 and 1.0) composite in the frequency
range 8.2 GHz to 12.4 GHz, is shown in figures 3.10a and 3.10b. Both & and &
are almost independent of frequency for all the samples. A marginal increase in
& and &' is observed with increase in Sr?* jons. The maximum complex
permittivity with &'~8 and &:"'~3, is observed when Sr?* completely replaces Ba2*

ions in Bai-xSrxFe12019-NPR composite i.e. for x=1.0.
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Figure 3.10 Complex permittivity of BaiSr.Fe12010-NPR (x = 0.2, 0.4, 0.6 and 1.0) composite,

(a) real part (b) imaginary part and (c) dielectric loss tangent
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Dielectric loss tangent, tané,, increases from ~0.30 to ~0.40 as Sr2* ions increases
from x= 0.2 to 1.0 in BaiSrxFe12019-NPR composites. Figure 3.10c shows the loss

plot with frequency.

Natural ferromagnetic resonance phenomenon is observed in ferrites at
frequencies in gigahertz range. The resonance frequency (fr) corresponds to the
peak value of real (u,’) and imaginary part (u,”") of permeability. The variation of

real and imaginary part of complex permeability with frequency is shown in

figures 3.11a and 3.11b.
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Figure 3.11 Complex permeability of BaiSriFeinO19-NPR (x = 0.2, 0.4, 0.6 and 1.0) composite, (a)
real part (b) imaginary part and (c) magnetic loss tangent

A shift of f; towards higher frequency side is observed with increase in the Sr?* in
the Bai1xSrxFe12019-NPR composite [24, 25]. Substitution of Ba?* ions by Sr?* ions

lead to an increase of magneto crystalline anisotropic field from 17.6 kOe to

Microwave Absorbers using M-type Barium Hexaferrite-Novolac Phenolic Resin Nanocomposite in X-Band - Design,

T

Development and Analysis



Microwave Characterization of M-Type Ferrite-Novolac Phenolic Resin Composite Over the X-band Chapter 111

19 kOe [25], hence from equation 3.17 the ferromagnetic resonance frequency of

the composites increases.

Magnetic loss tangent, tané,,, spectra peaks between 10 -10.5 GHz and composite

with x=0.4 shows maximum value of 0.62, figure 3.11c.

3.5 CAVITY PERTURBATION TECHNIQUE FOR DETERMINATION OF
COMPLEX PERMITTIVITY AND PERMEABILITY

Cavity perturbation method is an accurate resonant method for evaluation of
complex permittivity and permeability but is generally limited to single
operational frequency [9, 13].

A TE103 cavity resonator designed at 9.9 GHz and TEi02 resonator at 9.86 GHz, are
employed for complex permittivity and permeability measurements,
respectively, shown in figures 3.12a and 3.12b. The iris hole diameter for critical
coupling in both the cavities is found to be 8.42mm. A tuning screw is
incorporated into the cavity to handle frequency shift (both +ve and -ve) from the
design frequency due to mismatch when the cavity is perturbed. It is placed
subsequent to the iris coupling so as to adjust the (Q of the incoming
electromagnetic wave. The tuning screw has the ability to adjust the frequency
shift by + 5%, which is generally observed during the investigation. The loaded Q

of the cavity is calculated using the formula given by

_ Resonant frequency  f,
3dB band width (fz - f])

0 (3.18)

where, f; is the resonant frequency, f; and f; are the frequencies corresponding to

3 dB point and f; being the higher frequency.

Microwave Absorbers using M-type Barrum Hexaferrite-Novolac Phenolic Resin Nanocomposite m X-Band - Design,
Development and Analysis 78



Microwave Characterization of M-Type Ferrite-Novolac Phenolic Resin Composite Over the X-band Chapter 111

Tuning screw Iris hole

Figure 3.12 (a) TL; and (b) TE 02 rectangular resonant cavities with tuning screw and iris hole

The sample is mounted using Teflon sample holder at the point of maximum
electric field and minimum magnetic field, i.e. at the centre of a TE103 rectangular
cavity, for permittivity measurements. The test samples, used for the
permittivity measurement, are of Tmm x Imm x Imm. Complex permittivity is

determined from the following equations referred in [26],

’ 2_f2
g =141 (3.19)
2 v,
v Ve[fsf1 1
At ]
s U \Qx o (3.20)

where,
frand foare the resonant frequencies with and without the samples,
Vsand V.are the volume of the sample and the cavity,
Qo and Q) are the Q-factor of the cavity without and with the sample.

For complex permeability, TEi02 cavity resonator designed at 9.86 GHz is used.
The sample is placed at the centre of the TEin2 cavity having maximum magnetic
field and minimum electric field. The samples are spheres of 1-2 mm diameter.
Complex permeability is calculated from the relations [2],

! 1 Ve (fo—f-
g =1 +;V—S(°f—11) (3.21)
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. (L _ L)
H KVs \2Q1  2Qo (3.22)

2
where, K = a—i% ,and a and | are the broad dimension and length of the

rectangular waveguide, respectively.

Figure 3.13 Complex permittivity and permeability measurement setup using cavity perturbation

technique

3.5.1 Results and analysis of the complex permittivity and permeability
values from cavity resonator technique

The frequency response of the two cavities is shown in figures 3.14a and 3.14b.

Using equation 3.18, the Q for the TEi3 reflection cavity is found to be 1833 and

for TE102 reflection cavity is found to be 1401.
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Figure 3.14 Resonant cavity plots for empty cavity (a) TE10; and (b) TE102

The €1 and &” and y, and u” of different ferrite nanocomposites are determined
using equations 3.19-3.22. The results for BaFe12019-NPR are tabulated in table 3.1
and table 3.2, BaAlFe12xO19-NPR and Bai-xSrxFe12019-NPR nanocomposite are

tabulated in table 3.3 and table 3.4, respectively.

Table 3.1  Complex permittivity of developed BaFe12019-NPR composite at 9.9GHz

At9.9 GHz %discrepancy
Sample Cavity perturbation Nicolson Ross
technique technique

& I & ] tand, £, l £ I tand, & & tand,
BaFe201e-NPR composite (T=900°C)
30wt.% 583 | 173 0.297 6.07 | 1.87 0311 | 39 74 4.5
40wt. % 592 { 175 0.295 6.08 | 1.90 0.312 26 7.8 5.4
50wt.% 701 | 181 0.258 653 | 1.93 0.296 7.3 6.2 12.8

Table 3.2  Complex permeability of developed BaFe12019-NPR composite at 9.86 GHz

At 9.86GHz %discrepancy
Cavity perturbation Nicolson Ross
1
Sample technique technique
‘up | wp | tandm wp [ w [ tande [ w [ w [ tanda

BaFe12019-NPR composite (T=900°C)
30wt.% 2.73 0.51 0.187 2.84 0.47 0.165 3.8 8.51 13.2
40wt. % 2.95 043 0.146 3.09 0.49 0.159 45 12.2 8.1
50wt. % 3.01 0.78 0.259 3.24 0.85 0.262 7.0 8.2 1.1
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Table 3.3 Cormplex permuttvity of developed BaAlFei2 O19-NPR and BaixSr.Fe201-NPR
compostte at 9 9GHz

At9.86 GHz %discrepancy
Sample Cavity per‘turbation Nicolso? Ross
technique technique
g I g I tand. £l J £ I tang, E] g | tande
BaAlee1 2.XO19-NPR

x=1.0 614 | 154 0.251 6.37 1.83 0.287 3.6 158 | 125
x=1.2 682 | 1.69 0.247 6.79 1.92 0.283 0.5 119 | 127
x=1.4 641 195 0.304 6.88 214 0.311 6.8 8.8 2.25
x=1.6 699 | 178 0.255 7.55 2.08 0.275 74 144 | 7.27
BajxSryFe;2019-NPR
x=0.2 645 193 0.299 6.64 1.80 0271 286 | 722 | 1033
x=0.4 627 | 204 0.325 6.96 215 0.309 991 | 511 | 5.17
x=0.6 731 210 0.287 7.11 218 0.307 281 | 366 | 6.51
x=1.0 738 | 254 0.344 7.64 298 0.390 34 147 | 11.7

Table 3.4 Complex permeabiity of developed BaAlFeis «O19-NPR and Bay xSr,Fe12019-NPR
nanocompostte at 9.86 GHz

At9.86 GHz %discrepancy

Cavity perturbation Nicolson Ross

Sample . .
technique technique -

m | w [ tande | w [ u | tandm ur H | tandm
BaAlFe12xO19-NPR
x=1.0 167 059 | 0353 | 1.82 | 057 | 0313 8.2 35 12.7
x=1.2 199} 064 | 0322 | 218 | 059 | 0.271 8.7 84 18.8
x=1.4 248 | 060 | 0242 | 283 | 063 | 0223 12.3 4.8 8.5
x=1.6 314 | 058 | 0185 | 3.09 | 0.62 | 0.201 1.6 6.4 7.9
Ba1J<erFe12019—NPR
=02 031 0.134 215 | 028 0.130 79 10.7 3.07

2.32

x=0.4 245| 040 | 0.162 | 271 | 041 | 0151 9.5 244 73
x=0.6 316 | 053 | 0167 | 3.21 | 055 | 0171 1.6 3.6 234
x=1.0 359 098 | 0272 | 375 | 111 | 0.296 42 11.7 8.1

The results are compared with the values obtained from Nicolson Ross method at
the same frequency. The values from both the techniques agree well with

% discrepancy and therefore, corroborate each other’s accuracy.
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3.6 CONCLUSIONS

Microwave characterization of ferrite-NPR nanocomposites are performed over
the X-band. The complex permittivity and permeability are computed from
measured values of Sz1 and S11 using Nicolson Ross method. The results obtained
ffom this method are substantiated by cavity resonator method and found to be

in close proximity.

The BaFe12019-NPR nanocomposite with ferrite particles annealed at 900 °C gives
the best microwave properties in comparison to the other annealing temperature.
Weigﬁte variation is carried out using BaFe12019 particles annealed at 900 °C and
50 wt.% shows a high permittivity of ~6.55 and permeability of ~3.59 and
dielectric and magnetic loss tangent ~0.3 and ~0.26, respectively among the three
compositions studied. 50 wt.% aluminum substituted barium ferrite-NPR
nanocomposites show enhancement of complex permittivity and permeability
values. As Sr2*substitutes Ba?* in the ferrite composite, both the complex
permittivity and permeability increases. Out of the three ferrite éompositions in
NPR matrix, studied, strontium substituted shows maximum loss tangent with

SrFe12019-NPR nanocomposite, showing the maximum value of ~0.4 and ~0.35.

From the dielectric and magnetic loss spectra for the composites it is seen that the
developed ferrite-NPR nanocomposites have the potential characteristics for

microwave absorption.
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41 INTRODUCTION

Absorption shields for electromagnetic (em) waves essentially require two
conditions- firstly, low reflection at the air-absorber interface for maximum entry
of the incident em wave and secondly, sufficient attenuation of the incident

signal within the absorber matrix [1].

Practical absorber should have impedance matching with air at the interface, to
fulfill the first requirement. Hence, from the transmission line theory, discussed
in chapter I, section 1.3, for a single layer absorber backed by a perfect electric

conductor (PEC) (figure 4.1), input impedance, Z,,is given [2-5] as

Zin = 1o\l / & tanh (j2rf /)iy & d (4.1)
where, ng = 377 Q (4.2)
y =Jj@nf /[ cWurer 4.3)
pe=w, =i, (4.4)
g =¢&,—je, (4.5)

Realization of impedance matching condition between the absorbing material
and the free space interface can be achieved, if the ratio of y,/&" should approach

to unity [1].
The reflection loss (dB) of the single layer absorber is found from the expression

Zin—1y

RLC = 2010g _Zano (46)
or
’#T/Er tank (j2nf/c) fur, £rd—1
RL, = 2()log| 4.7

,ﬂr/“:r tank (2nf/c) fil grd+1

Equation (4.7) shows that calculated reflection loss value, RL. can be determined
from the complex permittivity, permeability, frequency of operation and

thickness of the composite material.

The second condition can be realized by using lossy material to achieve high

attenuation [6-8] of em wave. Within the absorber, microwave energy decays
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exponentially with distance x, as e”**, and the attenuation factor, o, is given by

the analytical equation,

= \/(ﬂrgr - ﬂrgr) + J(#v-gr - ﬂrgr)z + (gr#r + Erﬂr)z (48)

c
where, f is the frequency of operation and c¢ is the velocity of light.

Large attenuation in a smaller thickness can be obtained with large «, which
implies that ¢," and y," must be large. Paradoxically, a large impedance mismatch

at the air-absorber interface is observed for high lossy material [9].

Further, reduction in power of incident wave can be carried out by applying
condition of destructive interference i.e. the path traversed by the wave is
integral multiple of A/2. Hence, minimum thickness of the absorber for

destructive interference is d=A/4 (refer to the figure 4.1).

Thickness

Incident rd

wave ——

. Reflected wave «—Metal plate
—| “PEC
Reflected wave ™ ::::::::: et \

Abserber sheet

Figure 4.1 Design structure of conductor backed single layer absorber

In this chapter single layer Dallenbech structure is designed using transmission
line model for all the ferrite-NPR nanocomposite systems. Reflection loss,
complex input impedance and attenuation is calculated using the measured
values of complex permittivity and permeability, studied in chapter III. Prior to
fabrications the absorbers are optimized with thickness and absorption
performance. Reflection loss measurements are carried out using free space
measurement technique developed in-house, which is discussed in the section

which follows.
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4.2 FREE SPACE REFLECTION LOSS MEASUREMENT USING FOCUSING
LENSES

The microwave power incident on the absorber sample is partly reflected from
the interface surface and partly absorbed [10, 11] as shown in figure 4.2. Thus
Pin="Pr + Pa (49)

where, Pin is the incident power density on the sample, Pr is the reflected power

density and Pa is the absorbed power by the test sample.

—_——
incident Wave

Reflected Wave

[¢¥— Metal back

Microwave absorber sheet

Figure 4.2 Schematic representation of microwave absorption measurement

If RLn and A, are the measured reflection loss and the absorption loss in decibels

(dB), respectively, then
RLm =10 log Pr/Pin (4.10)
A=10 IOg P/\/Pin (411)

Thus, larger the absolute value of RLn higher the microwave absorption

efficiency.
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Free space technique is generally applied for broadband transmission /reflection
absorption measurements [12]. The set-up requires large open space with no
objects in vicinity to reflect em wave and also samples of fairly large dimensions.
In laboratory, absorption measurements can be carried out using anechoic
chambers [13]. Alternately, free space measurement system can be developed
using horn antennas with spot focusing lens as described in schematic, as shown
in figure 4.3. The arrangement can be confined to smaller space in laboratory

with smaller sample dimensions.

A pair of spot focusing horn lens antenna focuses the microwave radiation to a
single spot at the focal point of the lens, so a sample situated at the focal point of
the spot focusing lens is sufficient to carry out the microwave absorption testing.
In addition, the use of lens also reduces the edge effect from the samples during
the measurement. A plano-convex lens is designed based on the application of
phase equivalence to a generally curved aperture connected to a planar surface.
Polyethylene with refractive index (n=1.5 or €' = 2.25) is used to make the lens
with a focal length and diameter (f;), kept at 30.5 cm. The schematic diagram of
free space absorption measurement using spot focusing horn lens is shown in
figure 4.3. The photograph of free space microwave measurement set up is
shown in figure 4.4. The required dimension of the absorber sheet for this
measurement set up for free space studies is, 152 mm x 152 mm x 2 mm. The set
up consist of two spot focusing horn lens antennas connected to Agilent E8362C
vector network analyzer using extendable cables and a sample holder between

the lens to hold the absorber.
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Spot focusing polymer Spot focusing
lens (diameter polymer iens
30.5cms, focal length (diameter 30.5cms,

30.5cms) focal length 30.5cms)

[some ] A =T

~N LT ~_-"‘-p
l 30.5cm 30.5cm l
Transmitting . A I ¢ Receiving horn

horn antenna e

e antenna

Figure 4.3 Schematic diagram of free space microwave absorption measurement

using spot focusing horn lens antenna

Figure 4.4 I'ree space microwave absorption measurement setup of single layer ferrite-

NPR composites over the X-band
The conductor backed ferrite-NPR sample is placed at the focal point of the lens
system at a height of 15.25 cm from the base. The system is calibrated using thru-
reflect-line (TRL) method [14, 15]. The reflection loss of the designed absorbers is

measured using the expression (4.10).
4.3 DESIGN AND FABRICATION OF THE ABSORBER

The single layer Dallenbach absorber is designed based on transmission line
theory [2-5]. A MATLAB program is developed using equations 4.1 - 4.7, to

estimate the RL. value of all the ferrite-NPR composites over the X-band. Design
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optimization is carried out with minimum RL, least thickness and maximum

-20 dB bandwidth of absorption. Algorithm of the program is given below,

Gp 1: Read data from file. \

Step 2: For each frequency from 8.2 GHz to 12.4 GHz at the step size of

0.02 GHz, calculate RL. for each frequency for a fixed thickness.
Store data and calculate RL, for the other frequencies of the same
thickness.

Step 3: Repeat step 2 for other thickness and store the data.

The flowchart of the program is given in figure 4.5.

Read ¢,, 1, and f values from the data files

¥y

Optimize the thickness of the absorber from 1- 4
mm with a step of 0.5 mm

3

For each frequency from 8.2- 12.4 GHz at the step of
0.02 GHz, calculate the RL:

¥

Store the values of RLc, Z,,, and Z;,, to the data files

T

Figure 4.5 Flow chart of single layer absotber program

Based on the theoretical results, a practical conductor backed single layer
microwave absorber with dimension of 152 mm x 152 mm and thickness d mm is
fabricated using the ferrite nanoparticles in NPR matrix. The ferrite-polymer
mixture is placed in a three-piece die-mould consisting of a cavity, upper and
lower plunger with spacer (figure 4.6a). The fixture with the sample is initially

heated up to 95-100 °C. A pressure up to 1.5-2 tons is slowly applied and then
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after the system is isothermally heated at 150 °C for 2 hours and allowed to cool

at room temperature. Prepared samples are shown in figure 4.6b.

Figure 4.6 (a) Three-piece die-mould and (b) prepared samples, for free space measurement

The thickness of the nanocomposite is varied within 1 mm to 4 mm in steps of
0.5 mm using spacers. The step limit of 0.5 mm is kept taking into account that

while fabrication, samples less than this breaks and become brittle.

The theoretical limit of total thickness for a broadband response for multilayer

magnetic absorber structure [16] is given by inequality
|fy InlR(A)IdA] < 2m° 5 psidi (4.12)

where, R is the reflection coefficient, 4 is the wavelength and the pg; is the static
permeability and d; is the thickness of the ith layer. Equation 4.12 can be

modified for single layer, i.e. i=1, as

/s In[R(D)|dA| < 2m2pd (4.13)
As reflection, RL:=20log(R), the above equation reduces to

J2.303 RL.(A) dA / 40m? < ud (4.14)

For frequency range 8.2-12.4 GHz, the wavelength difference d2=12.39 mm. For
absorption level of -30 dB in the X-band, the minimum thickness of the absorber
from equation (4.14) ranges from 0.5 mm, for #=4.4 to 1.03 mm, for 4=2.1. The u
values are the practical maximum and minimum values observed for the ferrite -
NPR nanocomposite system (refer to Chapter Ill, section 3.3.2). The minimum

thickness of the ferrite composite is kept as 1 mm, taking into account the limit
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that the sample breaks easily and difficult to handle. Strategic defense,
applications require thickness of absorber not to exceed 4 mm [17], hence the
maximum thickness is limited to 4 mm. The detail derivation is given in

Appendix-A.
4.4 ABSORPTION STUDIES

Absorption studies are carried out over the X-band for all barium ferrite-NPR
nanocomposite system and aluminium and strontium substituted barium ferrite-
NPR nanocomposites. In absorption studies - calculated and measured reflection
loss, real and imaginary input impedance and attenuation constant, are

determined for all the samples.
4.4.1 Absorption studies of BaFe12019-NPR nanocomposites

Absorption studies is carried out for BaFe1201o-NPR nanocomposites with

30 wt.%, 40 wt.% and 50 wt.% of BaFe12019in NPR matrix.
Calculated reflection loss and complex input impedance

The calculated reflection loss (RL.) spectra, real and imaginary input impedance,
determined using equation 4.1 to 4.7, for 30 wt. %, 40 wt. % and 50 wt. %
BaFe12019-NPR nanocomposites are shown in figures 4.7(a-c), 4.8(a-c) and 4.9(a-

c), respectively.
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Figure 4.7 Calculated (a) reflection loss (b) real input impedance and (¢) imaginary input impedance

of 30 wt.% Bale12019-NPR nanocomposite with thickness from 1 mm to 4 mm
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Figure 4.8 Calculated (a) reflection loss (b) real input impedance and (c) imaginary input impedance

of 40 wt.% BaFe12019-NPR nanocomposite with thickness from 1 mm to 4 mm
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Figure 4.9 Calculated (a) reflection loss (b) real input impedance and (c) imaginary input impedance
of 50 wt.% BaFexO,y-NPR nanocomposite with thickness from 1 mm to 4 mm
It is seen from the RL. spectra, that all the compositions with thickness 1 mm has
an absorption peak <-15 dB. The real (Zix') and imaginary (Z:,") input impedance
for 1 mm thickness composites, at the absorption peak frequency, as seen from
tigures 4.7(b-c), 4.8(b-c) and 4.9(b-c), do not match with the free space real and
imaginary impedance of 377 Q and 0 Q, respectively. Thicknesses greater than
1 mm upto 3 mm show a shift of the absorption peak towards the lower
frequency side, while 3.5 to 4 mm thickness, the shift is towards higher frequency
side and Z;,' and Z;" approaches the desired values of 377 QO and 0 Q at these

frequencies.

The calculated reflection loss, -20 dB bandwidth and real and imaginary input
impedance values with varying thickness of the composite is tabulated in table

4.1.
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Table 4.1 Reflection loss of 30 wt. %, 40 wt. % and 50 wt. % BaFe;2019-NPR nanocomposite with

varying thickness

BaFe;;019-NPR 4 RL.(dB) | f.(GHz) 208 Zin' (Q) Zin" (Q)
(mm) BW
1.0 -9.72 12.40 - 189.85 369.17
1.5 -23.73 12.40 1.00 714.16 9.60
2.0 -27.15 10.18 404 431.71 -49.82
30 wt.% 2.5 -27.36 820 2.80 549.93 166.38
3.0 -24.38 820 1.16 290.09 -187.31
35 -21.87 12.40 0.60 198.30 81.98
4.0 -33.03 12.40 1.91 284.01 84.38
1.0 -10.37 12.40 - 227.98 409.36
1.5 -23.85 12.40 1.30 686.86 -97.76
20 -30.73 10.06 4.00 372.15 -81.81
40 wt.% 2.5 -25.71 8.20 2.70 501.22 -217.00
3.0 -22.85 8.20 0.82 263.26 -177.04
35 -24.73 12.40 1.30 229.54 101.41
4.0 -40.39 1240 2.75 316.31 69.96
1.0 -12.56 12.40 - 273.79 385.77
1.5 -27.25 12.40 2.80 582.02 -138.82
2.0 -41.05 9.95 420 389.70 -11.93
50 wt.% 2.5 -25.71 8.20 2.50 399.73 -222.90
3.0 -21.06 820 0.34 22232 -151.05
3.5 -28.24 12.40 3.00 244.95 83.95
4.0 434 12.40 3.30 360.74 29.12
RLc=Maximum calculated reflection loss, =thickness of the absorber,
fr=frequency of maximum absorption, BW=bandwidth,
Zin'=real input impedance and Zin"=imaginary input impedance

The BaFe12019-NPR composites with 2 mm and 4 mm thickness show RL: >
-27 dB, for all the compositions. For these thicknesses, the Zi,' and Zi," show the
closest value to the free space value, as seen from table 4.1. Samples with d=2
mm, shows a -20 dB reflection loss bandwidth > 4 GHz, almost covering the
whole of X-band. Therefore, 2 mm thickness is selected as the optimized
thickness for fabrication of the BaFei2019-NPR nanocomposites and free space

reflection loss study is carried out.
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Measured reflection loss

Figure 4.10a shows the measured reflection loss (dB) spectra for 2 mm thickness
30 wt.%, 40 wt% and 50 wt.% BaFei2019-NPR nanocomposite. Measured
reflection loss (RLm) of -24.61 dB is observed at 10.26 GHz for 30 wt. % composite.
40 wt. % and 50 wt. % shows RLm of -28.39 dB at 9.98 GHz and -37.06 dB at 9.5

GHz, respectively.

s
3 &

Reflection loss (dB)
Reflection loss (dB)
N
L

Frequency (GHz) Frequency (GHz)
Figure 4.10 Reflection loss parameter of Bale;2019-NPR composite with 30 wt. %, 40 wt. %0 and 50
wt. % of BalFe120101n NPR, (a) measured and (b) calculated
Increase in ferrite concentration increases the scattering centres, subsequently
reducing the em wave reflected from the composite system, hence increase in

absorption (figure 4.11a and 4.11b) is observed for 50 wt.% of BaFe12019-NPR

nanocomposite.
(a) Ferrite Absorbing (b) Ferrite Absorbing
Incomingem -___5 parlticles Composite  Incomingem - parlticles Compos:'te
wave i ! wave i

Figure 4.11 Scattering mechanism of em wave within a composite material with

(a) lower wt.” and (b)higher wt.% of inclusions
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The measured -20 dB bandwidth for 30 wt. % is 0.36 GHz, for 40 wt. % is
0.48 GHz and for 50 wt. % is 0.60 GHz. 50 wt % BaFe12019.NPR composite shows
a dual -10 dB bandwidth (i.e., over 90% microwave absorption) of 1.04 GHz and
1.01 GHz. RL, spectra for d=2 mm for all the three compositions is given in figure
4.10b. The measured and calculated reflection loss shows close proximity in
absorption peak and frequency, but -20 dB bandwidth in measured spectra is less
than the calculated.

Attenuation constant

The attenuation constant (a) of the developed BaFei2019-NPR nanocomposites is
calculated in the frequency range 8.2-12.4 GHz from &, and u, values of the

composites using equation 4.8.

The variation of attenuation constant with frequency of BaFe12019-NPR
nanocomposites with 30 wt.%, 40 wt.% and 50 wt.% of BaFe12019 in the NPR
matrix is shown in figure 4.12. Increase in the number of ferrite particles in the
composite increases the dielectric and magnetic losses resulting in increase of
attenuation constant. 50 wt. % of BaFe12019-NPR nanocomposite shows
maximum attenuation ranging from 15.5dB/cm to 24.5dB/cm over the frequency
range 8.2 to 12.4 GHz. The attenuation spectra follow the resonant behaviour of

complex permeability of the ferrite.

Attenuation constant (dB/cm)

L
8 9 10 1 12
Frequency (GHz)

Figure 4.12 Attenuation constant spectra of BaFe2O1-NPR nanocomposites with 30 wt.%o,

40 wt.% and 50 wt.%
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Analysis

The BaFei12019-NPR nanocomposites with 50 wt.% shows maximum reflection
loss for 2 mm thickness. Attenuation constant increases with increase in the
barium inclusions in the composite and it is maximum for 50 wt.% of the
BaFe12019-NPR nanocomposites. Therefore, for all the substituted barium ferrite

compositions, investigated hereafter, 50 wt.% composition is selected.
4.4.2 Absorption studies of BaAl,Fei2.xO19-NPR nanocomposites

Transmission line theory is used to design 50 wt.% of BaAlFe12xO19-NPR
composites as single layer absorber with x=1.0, 1.2, 1.4 and 1.6. Thickness
optimization is carried out using the MATLAB program discussed in section 4.3.
Composite with best performance and least thicknesses are fabricated into sheets

for reflection loss measurement (section 4.3).
Calculated reflection loss and complex input impedance

The input impedance and reflection loss of the designed single layer absorber is
optimized with thickness for all the stoichiometric composition of 50wt.%
BaAlxFe12xO19-NPR nanocomposites. The thickness of the absorber sample is
varied from 1 mm-4 mm in step of 0.5 mm. All the four BaAlFei2xO19-NPR
composites for d >1 mm, show -10 dB reflection loss bandwidth over the X-band,
as seen from the RL. spectra figures 4.13a, 4.14a, 4.15a and 4.16a. Sample with
thickness 2 mm shows absorption > -20 dB, over the X-band for all the

compositions.

The real part of input impedance, Z:', is plotted in figures 4.13b, 4.14b, 4.15b,
4.16b and imaginary part, Z;,, in figures 4.13c, 4.14c, 4.15¢, 4.16¢. The calculated
reflection loss (RL.) with -20 dB bandwidth, real and imaginary input impedance

for all the compositions with varying thickness is given in table 4.2.
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Figure 4.13 Calculated (a) reflection loss

, (b) real input impedance and (c) imaginary input

impedance of BaALFe2 Oy — NPR nanocomposite for x = 1.0 with thickness from

1 mm to 4 mm
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Figute 4.14 Calculated (a) reflection loss,

(b) real input impedance and (c) imaginary input

impedance of BaAllFe O19-NPR nanocomposite for x = 1.2 with thickness from

1 mm to 4 mm
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Figure 4.15 Calculated (a) reflection loss,

(b) real input impedance and (c) imaginary input

impedance of BaAlFei» (O-NPR nanocomposite for x = 1.4 with thickness from

1

mm to 4 mm
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Figure 4.16 Calculated (a) reflection loss, (b) real input impedance and (c) imaginary input
impedance of BaALFei2O1p—NPR nanocomposite for x = 1.6 with thickness from

1 mm to 4 mm
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Table 4.2 Reflection loss and mput impedance of BaAlFe2 (O1-NPR nanocomposite (x=10, 1.2,
1.4 and 1 6) with varying thickness

-20dB
BaALFe12,010-NPR 4 Rl 4 band | Zu' (Q) Zin”
(mm) (dB) (GHz) width ()
1.0 -10.94 9.95 - 160.64 266.09
1.5 -27.66 12.40 28 582.02 -138.82
20 -32.85 9.96 40 416.48 -137.00
x=1.0 25 -25.13 9.99 14 241.78 -128.33
3.0 -21.35 9.95 11 187.16 -57.57
3.5 -2851 124 29 245.55 8394
4.0 -43.53 124 34 307.30 35.84
1.0 -141 124 - 333.06 396.96
1.5 -28.25 10.00 3.0 592.95 97.01
20 -2825 10.04 39 29549 -144.18
x=1.2 25 -27.67 10.04 1.2 189.79 -96.06
3.0 -19.9 12.40 0.2 182.58 6547
3.5 -32.64 12.40 22 267.76 73.46
4.0 -42.85 1212 33 298.99 2146
1.0 -11.8 124 - 194.30 303.93
1.5 -32.64 124 26 560.72 0.25
20 -37.07 1021 40 390.84 -112.60
x=1.4 25 -35.99 10.00 233 241.15 -132.00
3.0 -21.98 9.95 0.7 171.54 -65.46
3.5 -21.62 12.40 0.4 189.89 58.06
40 -29.95 12.40 19 247.38 53.63
1.0 -11.56 124 - 167.42 270.87
1.5 -3224 124 25 539.63 8543
20 -4541 10.0 4.0 451.43 -19.70
25 -37.88 8.2 30 489.93 -73.12
x=1.6 30 -26.86 82 - 293.69 -155.10
35 -18.66 100 1.1 167.41 -39.48
4.0 -25.39 9.99 1.5 169.37 -0.45
RLc=Maximum calculated reflection loss, d=thickness of the absorber,
f=frequency of maximum absorption, BW=bandwidth,
Z,7’=real input impedance and impedance Zin”=imaginary input
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As seen from table, Z..' and Z..", of the BaAlxFe12xO19 -NPR nanocomposites
with 2 mm thicknesses is closer to the complex impedance of free space, thus
reducing reflection at the air absorber interface. Hence, a broad -20 dB absorption
bandwidth of ~ 4 GHz with absorption of ~- 30 dB is seen for 2 mm thickness for
all the compositions. An increase in the absorption with increasing AP* ions in
the BaAlFe12xO19 compositions is observed. Maximum absorption of -41.42 dB
with -20 dB bandwidth of 4 GHz is obtained for BaAlxFei2x019-NPR composite
with x=1.6 for 2 mm thickness among all the other combinations of thickness as

well as compositions.
Measured reflection loss

Measured reflection loss, RLn (dB) versus frequency for 2 mm thick
BaAlxFe12xO19-NPR nanocomposites with x=1.0, 1.2, 1.4 and 1.6 in the range 8.2-
12.4 GHz is shown in figure 4.17a. The spectra show that the composite with
x=1.0 shows RL, of -27.56 dB at 9.99 GHz. With increasing Al’** ions in the ferrite
composition, the absorption increases. Rl for x=1.2, 1.4 and 1.6 of BaAlxFe12xO19 -
NPR nanocomposite are, -29.99 dB at 11.65 GHz, -32.28 dB at 9.54 GHz and -
40.06 dB at 9.56 GHz, respectively. The maximum absorption is obtained for the
reported samples with x=1.6 with -10 dB bandwidth of 4.0 GHz i.e. more than
90% of absorption of the incident wave, over the entire X-band and -20 dB
bandwidth of 0.84 GHz. All the four samples show dual absorption band nature.
BaAlxFe12xO19-NPR nanocomposite with x=1.2 shows the maximum absorption
of - 29.99 dB at 11.65 GHz i.e. in the higher frequency side. Figure 4.17b shows
the RL. spectra for d=2 mm for the BaAlxFe12xO19-NPR nanocomposites with

x=1.0,1.2,1.4 and 1.6.

Microwave Absorbers using M-type Barium Hexaferrite-Novolac Phenohic Resin Nanocomposite in X Band -Design,
Development and Analysis 107



Design, Fabrication and Absorption studies of Single Layer Magnetic Microwave Absorber Chapter 1V

-5
1(b)
-10
i
-15 4

§ a.; -20 A . .,D‘ o»“'.‘.ﬁ"
- - - o YL
2 8 -25 4 l’;'..'l' P oo’ “u‘l"’.‘“‘.‘A‘ =
o 4 o° 1o Xxx I.‘."'ﬂ‘\ ‘...- “_‘4 vr'ﬁ
< < Yoo -‘ o* PO v
g § a0 "oty \ s v
$ ] “Y 5 ’00%‘*4 2 ‘_,r'
% -30 ﬂ 3 P é 35 V\ Y p, ('.V —s—x=1.0
= 1 ‘! 1’ —8—x=1.0 & p \ L N af ‘_,v’ —o—x=1.2

-35 4 1 ; *—x=1.2 40 - 7’ —h—x=1.4

"J A—x=14 ] ‘\ v —v—x=1.8
401‘ v —v—x=1.6 45 "/
g o y T ’ T 7 ¥ 7 v Y T
9 10 1 12 9 10 1" 12
Frequency (GHz) Frequency (GHz)

Figure 4.17 Reflection loss parameter of BaAlFe;; O1-NPR (x = 1, 1.2, 14 and 1.0)

nanocomposite with 2 mm thickness, (a) measured and (b) calculated

Attenuation constant

The variation of attenuation constant with frequency of BaAlFei2xO19-NPR
composites with x=1.0, 1.2, 1.4 and 1.6 is calculated using equation 4.8 and shown
in figure 4.18. Increase in the AI’* ions in the ferrite composition, BaAlxFe12xOno,
shows an enhancement in dielectric and magnetic losses, (Chapter III, Section
3.4.1) which results in increase in the attenuation. Increase in attenuation constant
with frequency in the X-band is observed for all the composites. The attenuation
peak is obtained for the BaAlxFei2xO19-NPR composite with x=1.6 is 23.89 dB/cm
at 10.99 GHz, 22.46 dB/cm at 10.99 GHz and 21.51 dB/cm at 9.47 GHz. BaAlxFei2-
xO19-NPR composite with x=1.2 shows attenuation peaks of 21.82 dB/cm and
24.69 dB/cm at 10.03 GHz and 11.65 GHz, respectively. For x=1.0 and 1.4, the

maximum attenuation constant is 20.33 dB/cm at 11.05 GHz and 22.32 dB/cm at
11.60 GHz, respectively.
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Figure 4.18 Attenuation constant spectra of BaAlFe2 «O19—NPR (x = 1, 1.2, 1.4 and 1.6)
Analysis

A slight frequency shift is observed in all the compositions for calculated and
measured results. Attenuation constant and impedances justify the maximum
absorption of the BaAlFe12xO19-NPR composites. The lower absorption peak of
BaAli6Fe104019-NPR composite could be due to mismatch in the matching
thickness, d,, of the absorber. For x=1.2 composition an absorption peak of -
29.96 dB is observed at 11.65 GHz (Figure 4.17a), this can be due to large
attenuation peak of 24.69 dB/cm at the same frequency and corresponding
calculated reflection loss notch of -20.58 dB at the same frequency. While the
lower absorption peak for x=1.2, of -10.24 dB (~90% absorption) is observed at
10.01 GHz corresponding to the calculated absorption peak of -27.25 dB and
attenuation of 21.82 dB/cm at 10.00 GHz.

4.4.3 Absorption Studies of BaixSrxFe12019-NPR nanocomposites

Theoretical and measured absorption studies are carried out on single layer 50

wt.% Bai1-xSrxFe12019-NPR nanocomposites with x=0.2, 0.4, 0.6 and 1.0.
Calculated reflection loss and complex input impedance

The RL. spectra for 50wt.% Bai-xSrxFe12019-NPR nanocomposites with x=0.2, 0.4,
0.6 and 1.0 is shown in figure 4.19a, 4.20a, 4.21a and 4.22a, respectively. All the
four strontium substituted Bai«SrxFe12019-NPR nanocomposites show -10 dB

reflection loss bandwidth over the X-band with thickness, d >1.5 mm. The
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complex input impedance of the composite for all the four compositions are

calculated and shown in figure 4.19(b-c), 4.20(b-c), 4.21(b-c) and 4.22(b-c).
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Figure 4.19 Calculated (a) reflection loss, (b) real input impedance, (c) imaginary input impedance of
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Reflection loss (dB)

—=—d=1.0mm |
—o—d=1.5mm |
—A—d=2.0mm |
—y—d=2.5 mm
—¢—d=3.0mm |
—4—d=3.5mm |
—p—d=4.0 mm |

13

Microwave Absorbers using M-type Barium Hexaferrite-Novolac Phenolic Resin Nanocomposite in X Band -Design,

Development and Analysis

110



Design, Fabrication and Absorption studies of Single Layer Magnetic Microwave Absorber Chapter IV
1000 (b) =
A § -

g A \ i ) .--'"",
£ 800 . N 7Y
o M oodosa g\ - "

< =¥ St ¥ vel_s—c=10mm| 2 , .
; h i |—e—d=15mm| & 3 h‘.' —a—d=1 Omm
§ 600 l —a—0=20mm| & A i{( > Sorrrres>rPeas, b g | —8— 0=15mm
'§ [Fe—d=25 | E \ ‘\\‘, ’:«««‘«««‘ —A— =2 0mm
3 9 3 1 + 6=30mm| °j 1% \X e cosseet o** | —w—¢=2 5mm
£ 400 > WA s —4—d=35mm| a xS ‘).’:X gooest? \' +— d=3 Omm

W A Raaas —»—d=40mm £ J qreerrt et e vvrr ¥ | 0=35mm
Z‘ — ; 400 « Y™ -":\,..,,v'"" »— ¢=4 Omm
= = 1 o i a X B
- o 200 . E | L Ve
H z -J{ o\ J Lo, aans
-300] w
-1 T T T ] '
13 3 9 10 1 12 13
Frequency (GHz) Frequency (GHz)

Figure 4.20 Calculated (a) reflection loss, (b) real input impedance, (c) imaginary input impedance of

Ba,..SriFe12x019-NPR nanocomposite for x = 0.4 with thickness from 1 mm to 4 mm
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Figure 4.21 Calculated (a) reflection loss, (b) real input impedance, (c) imaginary input impedance of

Bai«Sr«Fei2x019-NPR nanocomposite for x = 0.6 with thickness from 1 mm to 4 mm
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Figure 4.22 Calculated (a) reflection loss, (b) real input impedance, (c) imaginary input impedance of

Bai.SrFe12«O19-NPR nanocomposite for x = 1.0 with thickness from 1 mm to 4 mm

The details of maximum calculated reflection loss, -20 dB bandwidth and real and

imaginary impedance of the BaixSrxFe12019-NPR composites with varying

thickness are given in table 4.3.
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Table 4.3 Reflection loss of Bai.Sr«Fe12.Os-NPR nanocomposite (x=0.2, 0.4, 0.6 and 1.0) with

varying thickness
f |-20dB
BagsSroaFe2010NPR | d (mm) | RL (dB) Ziw () Zin” (Q)
(GHz) | BW
10 -6.13 1004 | - 68.22 160.49
1.5 -21.32 1216 | 03 708.10 -192.35
20 -43.05 1002 |17 424.12 153.67
x=0.2 25 -38.33 1004 | 05 355.61 -139.12
3.0 -21.64 1005 | 04 198.82 -134.68
3.5 -1641 1004 | 06 138.84 -72.57
4.0 4428 1198 | 16 381.59 118.18
1.0 -14.83 1021 | - 148.64 156.06
1.5 -33.20 1020 | 1.6 324.32 126.51
20 -5259 1030 | 42 363.36 -34.34
x=0.4 2.5 -27.70 1022 | 20 254.05 -93.43
3.0 -2221 1021 | - 203.30 -70.45
35 -21.37 1021 | - 183.78 -40.90
4.0 -33.60 124 29 296.69 100.50
1.0 -19.68 1021 | - 270.87 240.84
1.5 -35.58 1021 | 08 473.87 1.28
20 -43.53 9.96 42 376.27 -125.12
x=0.6 25 -25.68 1021 |17 22582 -75.56
3.0 -25.68 1021 | 045 214.11 -24.26
3.5 -31.53 124 2.29 275.37 98.09
4.0 -46.96 1191 |30 320.72 3421
1.0 -26.19 1013 | 03 566.88 198.19
1.5 4391 9.97 2.8 442.39 -54.35
20 -61.22 9.81 42 283.67 -124.12
25 -47.31 1232 | 27 405.05 7027
x=1.0 30 -57.99 1164 | 27 371.33 0.65
3.5 -56.41 1014 | 4.2 324.39 27.32
4.0 -52.55 9.04 42 385.08 58.55
RLc=Maximum calculated reflection loss, d=thickness of the absorber,
ffrequency of maximum absorption, BW=bandwidth,
Zw’=real input impedance and Zin”=imaginary input impedance

From the table 4.3, it is observed that for composite with 4= 2 mm and 4 mm,

both Zin' and Zn" approaches to the free space impedance, 377 Q and 0 Q at the
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maximum absorption peak. The sample with d=2 mm shows better -20 dB
bandwidth as compared to 4 mm thickness for all the compositions. Fabrication is
carried out for all strontium substituted barium ferrite-NPR nanocomposite with

thickness of 2 mm.
Measured reflection loss

The RL, for 2 mm thick 50wt.% Bai-«SrxFei1201¢-NPR nanocomposites with x= 0.2,
0.4, 0.6 and 1.0 are shown in figure 4.23a. Bai1xSrxFe12019-NPR nanocomposite
with x=0.2 shows -34.27 dB at 10.00 GHz. As Sr?* substitutes Ba2* ion in the ferrite
nanocomposite, absorption increases and the absorption peak shows a shift
towards lower frequency side. SrFei2019-NPR nanocomposite (x=1.0) shows
maximum RL,, value of - 43.06 dB at 9.70 GHz with -10 dB bandwidth of 1.8 GHz
and -20 dB bandwidth of 0.40 GHz.

Composite system with strontium substitution of x=0.4 shows five absorption
peaks > -20dB spread over the X-band at 915 GHz 928 GHz,
10.37 GHz,11.46 GHz and 11.7 GHz. . Figure 4.23b shows the RL: spectra for
d=2 mm for the Bai1-xSrxFe12019-NPR nanocomposites with x= 0.2, 0.4, 0.6 and 1.0.
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Figure 4.23 Reflection loss parameter of Baj SrFe;2Ow—NPR (x = 0.2, 04, 06 and 1.0)

nanocomposite with 2 mm thickness (a) measured and (b) calculated
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Attenuation constant

Using equation 4.8, attenuation constant for strontium substituted barium ferrite-
NPR nanocomposite is determined. Figure 4.24 shows the attenuation constant
plots with frequency. The attenuation constant increases with x in Bai-
«SrxFe12019-NPR  nanocomposites. The frequency of attenuation peak
corresponds to the complex permeability peak observed in Chapter III, Section
3.4.2. Maximum attenuation of 45.53 dB/cm is observed for x=1.0 at 9.82 GHz.
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Figure 4.24 Attenuation constant spectra of Bai.SrFe2O10-NPR (x = 0.2, 0.4, 0.6 and 1.0)
composite

Analysis

Ba1xSrxFe12019-NPR nanocomposites show an enhancement in the absorption
results with substitution of Ba?* ions by Sr2*. SrFe12019-NPR composite with
2mm thickness gives a wide -10 dB absorption bandwidth in X-band with
maximum absorption. The impedance matching condition and maximum

attenuation is achieved for the SrFe12019-NPR composite with 2 mm thickness.

4.5 DISCUSSIONS

The absorber thickness relates to the frequency of operation in a single layer
absorber which is basically resonant in nature [18]. Maximal microwave
absorption occurs at matching thickness, d,,, when d. equals to an odd multiple
of Ay / 4, where, \p, = Ao / ( |£r||pr|)1/2, the condition for phase cancellation [19].

The absorption studies carried out on single layer conductor back ferrite
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nanoparticles in NPR matrix, shows that 2 mm layer thickness shows better
results as compared to 1 mm, 3 mm and 4 mm for all the compositions. A slight
deviation in the calculated and measured reflection loss values for all the ferrite-
NPR nanocomposites is observed. TLM models voltage and current distribution
within absorber with the shape, dimensions and the properties of the material.
Thus the calculated reflection loss from equation 4.7, is determined from overall
scattering parameter values. Thus, the approximations in TLM may lead to
deviation of maximum absorption frequency and the absorption peak as
compared to the measured reflection loss values. Moreover, for fabricated

Ag .
Ty, is not

absorber the condition of thickness for destructive interference, d,, =
fulfilled throughout the frequency range and consequently measured bandwidth
reduces. Increase in attenuation can be attributed to dielectric relaxation and
interfacial polarization [10, 19]. Dielectric relaxation occurs because of the

orientation polarization of intrinsic dipoles.
The measured reflection loss using free space technique for 50 wt.%, is tabulated
in table 4.4 for all the compositions with 2 mm thickness.

Table 4.4: RLm results for 50 wt %o BaFe1201-NPR nanocomposite and ADP* and Sr2* substituted

bartum ferrite-NPR nanocomposite for 4=2 mm

Ferrite Composition | RLm (dB) | f. (GHz) | -20 dB BW | -10 dB BW
BaFe;,01-NPR - -37.06 95 0.60 2.05
x=1.0 -27.56 9.99 0.29 0.77
BaALFe2.xOno- x=1.2 -29.99 11.65 0.36 12
NPR x=1.4 -32.28 954 0.37 0.9
x=1.6 -40. 06 9.46 0.78 4.0
x=0.2 3427 10.00 0.20 1.0
Bai.Sr.Fe,Oro- x=0.4 -34.58 11.69 051 13
NPR x=0.6 -36.91 9.80 0.28 0.5
x=1.0 -43.06 9.70 0.40 18
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As aluminium replaces the magnetic ion in BaAlFe12xO19 -NPR composite,
anisotropy increases which results in increase of absorption. As can be seen for
BaAlxFe12xO19-NPR nanocomposite with x=1.6 showing a maximum absorption
of -40.06 dB at 9.56 GHz with -10 dB bandwidth of 4.0 GHz and -20dB
bandwidth of 0.78 GHz. Strontium is also reported to have higher anisotropy
than barium, hence increase in Sr?* ion enhances absorption. Maximum
absorption of -43.06 dB is obtained at 9.70 GHz with -10dB bandwidth of 1.8 GHz
and -20 dB bandwidth of 0.40 GHz for the Bai1xSrxFe12019-NPR composite when

x=1.0 i.e. with SrFe12019 inclusions.

The above discussions corroborate the effect of thickness parameters in designing
a single layer absorber is very crucial. Barium ferrite-NPR nanocomposites and
APB* and Sr?* substituted barium ferrite nanocomposites show a potential to be
developed as thin single layer absorber in X-band. Single layer absorbers are
limited in use over a broad frequency range because of the impedance matching
taking place at one frequency. Enhancement of bandwidth can be achieved by
multilayering and choosing the right combination of single layer ferrite

nanocomposites to give a better matching and attenuation condition.
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5.1 INTRODUCTION

Military and civil applications require absorbers which can absorb em wave over
large bandwidth. Single layer absorbers, however, are restricted to a narrow
frequency of operation. In addition, thickness and light weight are other issues to
be considered while designing the absorber [1]. For single layer absorbers, it is
usually hard to simultaneously meet the requirement of broad absorption

frequency range with reduced thickness [2].

Magnetic single layer absorbers, studied in chapter IV, are of thickness 2 mm and
give good absorption peak >-30dB at single frequencies in X- band, but-20 dB
absorption bandwidth is ~ <1 GHz and -10 dB bandwidth is not spread over the
X-band. '

Wide absorption band can be obtained by multilayered shields [2-7].
Multilayering reduces the reflection by gradually tapering the impedance from
that of free space to a highly lossy state. Controlling the magnetic and dielectric
loading of individual layers can lead to enhanced absorption bandwidth. Double
layer microwave absorber reported in [8-10] shows enhancement of bandwidth.
Three layered absorber gives a larger option to manipulate layer configuration,
its thickness and material properties to obtain the matching condition over the

band [11-13].

Bandwidth of the microwave absorber can be further enhanced by augmenting
number of layers without compromising on the total thickness of the absorbing
structure [14]. A three layer structure is designed using transmission line model
to achieve absorption over the frequency range 8.2 to 12.4 GHz. [15, 16]. The
layers are chosen from the single layer absorption studies conducted on barium
ferrite and substituted barium ferrite nanocomposites from chapter IV.
Optimization of layer arrangements, thickness of individual layers and overall
thickness of multilayer structure is carried out to achieve broadband absorption.
The best design results are fabricated as conductor backed Dallenbach three
layered structure and tested for free space microwave absorption over the X-

band.
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5.2 DESIGN AND THICKNESS OPTIMIZATION OF THREE LAYERED
ABSORBER

The schematic diagram of a conductor backed three layered absorber is shown in
figure 5.1 The input impedance, Z;,, and computed reflection loss, RL., are
determined for the conductor backed multilayer magnetic absorber discussed in
chapter I, subsections 1.3.2. For a three layered structure, Z;, and RL., are as
below

N1 tanhyqdq+ntanhypdy
123, 4m1 tanh (y1dy)tanh (vadg)

N1 tanhyjdi+natanhy,d;

n3+772 h d h d
n2+n1 tanh (y1dq)tanh (yzdz)

+nstanh y3ds

5.1

Z3 =13

tanh yzds

nqtanhyjdq+nytanhypdy
123,47 tanh ’(lylddl)tanh (y;;ldz)d o
Ny tanhyjdy+natanhyad;
RL, = 20log |— 2zt fanh Gy dyJranh (rzdg) ™" V343 (5.2)
c 1nq tanhyqidqy+natanhy,dy e e :
23,4 n; tanh (y1d;)tanh (yzdz) ' 134 Y393
11 tanhyjdy+nztanhyady
134023, 0, tanh (v1dy)tanh (y2dz)

+n3tanhyszds

+70

tanhyszds

where, 11 = 1o\/ir1 / 1 (53)
N2 = NoHlr2 / &2

(
N3 = on/m (
v1 = Jj@nf [ Vg (5.6)
V2 = J@nf [ OVirEr (
va = j@rf / \Hraers (

3rd znd _lsl j———— Layer 3 (J,.€.,1..7,.0,)

| . (b) /~—— Layer 2 (p..c.n..7,.4,)

(a) 4 * ~ Layer 1 (p.,n.v,,d.)
Incident d Plane Wave

wave n
n,.| 2| n, = Metal Plate
Y, Met
Reflected | Y3 Y, Reflected Wav
—— plate
Hy | By | Ko
£, £, £,

Figure 5.1 A schematic diagram of ferrite NPR graded triple layer absorber
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The layer 1 with thickness d7 and material parameters &1, ty1,71,¥1 18 In vicinity
to the metal plate, layer 2 with thickness d> and material parameters &, , 4,2, 12, ¥2
is the sandwiched layer and layer 3 with thickness d; and material parameters
€r3, 3,13, Y3 is the interface layer. Thus, the composition (intrinsic properties),
and the total layer thickness, d, as well as individual layer thickness is optimized

to achieve the best performance i.e. minimum RL, and broad bandwidth.

The broad bandwidth desired is that -10 dB absorption bandwidth should cover
the entire frequency range from 8.2 - 12.4 GHz. Considering this, from the single
layer ferrite-NPR nanocomposites studied in the last chapter table 4.4, the

following single layers are chosen and tabulated in Table 5.1.

Table 5.1 Selection of ferrite-NPR nanocomposttes for three layer design combinations

f:rrnn;zsition Designation (Gjlc'h) KL (4B -1?333“, B‘."z’?cdgz)
i)pzt. %, BaFe12019- A 9.5 -37.06 2.05 0.60
Iliap./;h 2Fe1080n9- B 11.65 -29.99 1.2 0.36
Ilialg I(;Sro 4Fe1Oro- C 11.70 -34.58 1.3 0.51

BaFe12019-NPR nanocomposite with 50 wt.%, designated as layer A, is chosen as
it shows maximum absorption of -37.06 dB at 9.65 GHz, as compared to other
weight % barium ferrite-NPR series and -10 dB bandwidth of 2.05 GHz. 50 wt.%
of BaAlxFei2xO19-NPR composite with x=1.2 (layer B) shows a maximum
absorption of -29.99dB at 11.65 GHz. This composite is chosen as it shows
absorption at higher frequency side in X-band. Layer C is designated to 50 wt.%
BaixSrxFe12019-NPR with x=0.4. A reflection loss of >-20dB is observed for this
single layer absorber spread over the X band with multiple absorption peaks at
9.15 GHz (-23.54 dB), 9.28 GHz (-22.03 dB), 10.37 GHz (-24.70 dB), 11.46 GHz
(-34.46 dB) and 11.70 GHz (-36.08 dB).
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Design optimization is carried out for three layered absorber taking following

considerations:;

e All possible combinations of the three layers are considered as shown in table
5.2. The nomenclature of the layers are carried out according to their
compositions e.g. the combination ABC corresponds to A assigned to layer 1
i.e. the layer adjacent to metal backing, B is assigned to the middle layer 2
and C is the absorber layer 3 at the interface with air.

e Total thickness, d, where, d = d, + d, + d3, is combination of d,,d, and d;
is the thickness of layers 1, 2, 3, respectively (refer to figure 5.1b).

e A variation in d, ,d, and d; are carried out for fixed d value. The thickness
combinations are shown in table 5.3.

e The choice of final combinations for fabrication is made considering least

thickness, maximum absorption and broad -20 dB bandwidth.

Table 5.2 Design combinations of fernite-NPR nanocomposttes for three layer configuration

Air-absorber interface layer SI?IT- 11)11: lca(;ii
A-interface CBA
BCA
B-interface ACB
CAB
C-interface ABC
BAC

A MATLAB program is developed for carrying out design optimization, taking
into consideration equations 5.1 to 5.8. The total thickness, d, of the absorber is
varied from 2 mm to 4 mm in step of 0.5 mm. Minimum thickness of the
individual layer is taken as 0.5 mm considering the limitation in fabrication of the

absorber.
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Table 5.3 Three layer design combination: individual thickness optimization

Total Thickness of individual Total Thickness of individual
thickness, layers (mm) thickness, d layers (mm)
d (mm) di d> ds (mm) dq d> ds
0.5 0.5 1.0 0.5 0.5 2.0
2 0.5 1.0 0.5 0.5 1.0 1.5
1.0 0.5 0.5 0.5 1.5 1.0
0.5 0.5 15 0.5 2.0 0.5
0.5 1.0 1.0 3.0 20 0.5 0.5
25 0.5 1.5 0.5 15 0.5 1.0
1.5 0.5 a.5 1.0 0.5 1.5
1.0 1.0 05 1.0 1.5 0.5
1.0 0.5 1.0 1.5 1.0 0.5
0.5 0.5 25 0.5 0.5 3.0
0.5 1.0 2.0 0.5 1.0 25
0.5 1.5 15 0.5 15 2.0
0.5 2.0 1.0 0.5 2.0 15
0.5 25 0.5 0.5 25 1.0
1.0 2.0 0.5 0.5 3.0 0.5
15 1.5 0.5 1.0 25 05
35 2.0 1.0 0.5 4.0 1.5 20 0.5
2.5 0.5 0.5 20 1.5 0.5
2.0 0.5 0.5 25 1.0 0.5
15 0.5 1.0 3.0 0.5 0.5
1.0 05 15 25 0.5 1.0
- - - 20 0.5 1.5
- - - 15 0.5 20
- - - 1.0 0.5 25
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The algorithm of the program for three layer absorber design is given as below
followed by flowchart in figure 5.2.

Step 1: Read data (&1, &2 &3 pr1, prz, pr3 f) from files.
Step 2: Every combination vary the total thickness from 2 mm to 4

mm in step of 0.5 mm.

Step 3:  For every given thickness d, vary the individual thickness of
the three layers (>= 0.5 mm) for all possible layer
configurations.

Step 4: Determine the RL.(min), Zrea, Zimag, -20 dB bandwidth and
-10 dB bandwidth.

@ 5: Store data.

Read ¢,, p, and f values from the data files

B!

For each combination, vary the total thickness, d, ranging from 2-4 mm, optimize
the individual thicknesses, d1, dz, and d; of the single layers, as d= d1+dz2+d3

3

Optimize the total thickness of the three layered absorber, from 1-4 mm in a step
of 0.5 mm with individual thickness optimizations

'

For each frequency from 8.2- 12.4 GHz at the step of
0.02 GHz, calculate the RL,, Z,, and Z,,

3

Store the values of RLc, Z;,, and Z;,, to the data files

Figure 5.2 Flow chart of three layer absorber design optimization
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5.3 CALCULATED REFLECTION LOSS FOR THREE LAYERED MAGNETIC
ABSORBER

Three layered design results i.e. calculated RL: and -20 dB bandwidth, for all the
six combinations given in table 5.2 with all possible thickness combinations given
in table 5.3, where total thickness, d varies from 2 mm - 4 mm, in step of 0.5 mm

are discussed in the sections below.

5.3.1 ABC layer combination

The RL: plots for ABC combinations with varying thicknesses are plotted in
figures 5.3(a-e).
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Figure 5.3 Reflection loss of three layered ferrite-NPR nanocomposite for ABC combinations with
total thickness (a) 2.0 mm, (b) 2.5 mm, (c) 3.0 mm, (d) 3.5 mm, and (e) 4.0 mm

Microwave Absorbers using M-type Barium Hexaferrite-Novolac Phenolic Resin Nanocomposite in X Band - Design,

Development and Analysis 130



Three-Layer Microwave Absorber: Design Optimization, Fabrication and Reflection Loss Measurement Chapter V

The maximum absorption peak, -20 dB and -10 dB absorption bandwidth for
varying individual layer thickness is tabulated in table 5.4. Maximum absorption
row for all thicknesses are shaded. The three layered absorber with d=2 mm with
layer thickness, A=0.5 mm, B=1.0 mm and C=0.5 mm, shows a maximum
absorption of -40.01 dB at 9.9 GHz with -20 dB bandwidth of 4 GHz.

Table 5.4 Performance parameters of the designed ABC triple layer absorber with different
thickness of the layers

Thickness of Thickness of
d individual layers RLc f '?&B (m‘in) individual layers RLc 1 'ZBO;B
(mm) (mm) (dB) | (GHz) (GHz) (mm) (dB) | (GHz) (GHz)
d | d; d; d; d; | ds

05 ) 05| 1.0 | -39.60 9.9 4.2 0.5 0.5 | 2.0 | -20.62 8.2 0.2
2 05|10 | 05 | -40.01 9.9 42 05 | 10| 15| -2190 | 8.2 0.5
1.0 | 0.5 0.5 | -34.95 9.9 4.2 0.5 1.5 | 1.0 | -21.90 8.2 0.3
0.5 ) 05 1.5 | -29.51 8.2 2.7 0.5 20} 05 | -21.90 8.2 0.4

05 | 1.0 1.0 | -32.07 8.2 2.7 3.0 2.0 05 | 05| -17.83 | 10.2 -

58 05 15| 05 | 3230 8.2 2.7 1.5 05 | 10| -17.6 9.7 -

15 { 0.5 0.5 | -24.74 8.2 1.6 1.0 05 | 1.5 { -19.54 9.7 -

1.0 | 1.0 | 0.5 | -27.20 8.2 2.0 1.0 15 | 0.5 | -19.10 8.2 -

1.0 | 0.5 1.0 | -27.21 8.2 2.0 15 1.0 | 0.5 | -17.56 | 10.2 -

05 (05| 1.0 | -22.03 124 0.7 0.5 0.5 | 3.0 | -34.10 124 | 2.3
05 )10 | 05 | -22.03 124 0.8 0.5 1.0 | 2.5 | -35.27 124 24
1.0 | 0.5 0.5 | -20.80 12.4 0.3 0.5 15 | 2.0 | -34.74 124 23
05 | 0.5 15 | -18.94 10.21 - 0.5 2.0 | 1.5 | -30.58 12.4 2.3
05 | 1.0 1.0 | -18.50 10.21 - 0.5 25 | 1.0 | -26.75 12.4 14
05 | 15 0.5 | -18.50 10.21 - 0.5 3.0 | 0.5 | -25.15 12.4 1.3
15105 | 05 | -17.98 10.22 - 1.0 25 | 05 | -26.01 124 1.4
35 1.0 | 1.0 { 0.5 | -18.93 12.4 - 4.0 1.5 20 | 0.5 | -25.47 12.4 1.3
1.0 | 05 1.0 | -20.85 12.4 - 2.0 1.5 | 0.5 | -25.37 124 13
05|05 | 1.0 | -18.93 124 - 25 1.0 | 0.5 | -26.75 124 15
05 (10 05 | -20.12 12.3 - 3.0 05 | 0.5 | -30.58 124 2.7
1.0 | 05 0.5 | -22.03 12.4 0.7 25 0.5 | 1.0 | -28.56 124 29
2.0 05 | 1.5 | -30.58 124 2.0
1.5 0.5 | 2.0 | -35.27 12.4 19
10 | 05 | 25 | -37.33 124 23

Li = Total thickness, RLc = Reflection loss, f, = Resonant frequency, BW=Bandwidth
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5.3.2 ACB layer combination

The RL. plots for ACB combinations with varying total thickness from 2 - 4 mm,
is plotted in figure 5.4(a-e). The maximum absorption peak, -20 dB and -10 dB
absorption bandwidth are tabulated in table 5.5.
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Figure 5.4 Reflection loss of three layered ferrite-NPR nanocomposite for ACB combinations with
total thickness (a) 2.0 mm, (b) 2.5 mm, (c) 3.0 mm, (d) 3.5 mm, and (e) 4.0 mm
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Table 5.5 Performance parameters of the designed ACB triple layer absorber with different

thickness of the layers

Thickness of Thickness of
4 | individuallayers | Ric 5| 204 4 ) ndividuallayers | gre | g | 209B
(mm) (mm) (dB) (GHz) (g:;lz) (mum) (mm) (dB) | (GHz) ( g:{vz )
d | d; d; d; d; | d;
05 | 05| 1.0 | -40.57 10.23 4.2 05 |05 |20 | -20.34 8.2 0.1
2.0 05| 10| 05 | -39.24 10.20 4.2 0.5 1.0 | 1.5 | -19.18 8.2 -
1.0 | 05| 05 | -33.74 10.00 4.2 0.5 15 | 1.0 | -19.02 8.2 -
05|05 | 15 | -26.54 8.2 2.0 0.5 20 | 05 | -19.05 8.2 -
05 | 1.0 1.0 | -24.75 8.64 19 3.0 2.0 0.5 ] 0.5 ) -18.64 8.2 -
- 05 | 15 0.5 | -24.66 8.96 2.1 1.5 0.5 | 1.0 | -18.83 8.2 =
15 | 05| 05 | -24.60 8.2 1.5 1.0 05 | 1.5 | -18.30 8.2 ]
1.0 | 1.0 | 0.5 | -25.35 8.2 1.7 1.0 15 | 0.5 | -19.23 8.2 -
1.0 | 0.5 1.0 | -25.39 8.2 1.7 15 1.0 | 0.5 | -18.78 8.2 -
05 | 0.5 1.0 | -19.80 124 - 0.5 05 | 3.0 | -27.98 124 1.6
05| 1.0 | 0.5 | -19.69 12.4 - 0.5 1.0 | 2.5 | -27.46 124 1.5
1.0 { 0.5 | 0.5 | -20.54 12.4 0.2 0.5 1.5 | 2.0 | -27.71 12.4 1.6
0.5 | 0.5 1.5 | -22.55 124 0.7 0.5 20 | 15 | -30.13 124 2.1
05 | 1.0 1.0 | -23.75 12.4 1.2 0.5 25 | 1.0 | -35.13 124 24
05|15 05 | -24.43 124 1.3 0.5 3.0 | 0.5 | -39.53 12.4 24
15|05 )| 0.5 | -23.85 10.22 1.2 1.0 25 | 0.5 | -40.82 124 25
3.5 1.0 | 10| 05 | -23.31 124 0.8 4.0 1.5 2.0 | 0.5 | -41.29 124 25
1.0 | 0.5 1.0 | -24.10 12.4 1.1 2.0 15 | 0.5 | -39.46 12.4 23
05 | 0.5 1.0 | -22.11 12.4 0.6 25 1.0 | 0.5 | -37.11 124 23
05|10 | 0.5 | -20.69 12.3 0.3 3.0 0.5 | 0.5 | -36.41 12.4 29
1.0 | 05| 0.5 | -20.14 12.4 0.1 2.5 05 | 1.0 | -33.11 124 2.3
2.0 0.5 | 1.5 | -30.03 124 1.8
15 0.5 | 2.0 | -28.36 124 1.6
10 | 0.5 ] 25| -28.03 124 1.6
d = Total thickness, RLc = Reflection loss, f, = Resonant frequency, BW=Bandwidth

The three layered absorber for ACB configuration, d=2 mm with interface layer
B= 0.5 mm, sandwich layer C= 0.5 mm and layer near to metal A =1.0 mm ,
shows a maximum absorption of -40.57 dB at 10.23 GHz with -20 dB bandwidth
of 4.2 GHz.

5.3.3 BAC layer combination

The RL, plots for BAC combinations with varying total thickness and individual

layer thickness is shown in figures 5.5(a-e).
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Figure 5.5 Reflection loss of three layered ferrite-NPR nanocomposite for BAC combinations with

rotal thickness (a) 2.0 mm, (b) 2.5 mm, (c) 3.0 mm, (d) 3.5 mm, and (e) 4.0 mm

The maximum absorption peak, -20 dB and -10 dB absorption bandwidth and

optimized individual layer thickness is tabulated in table 5.6.

The three layered absorber for BAC configurations, d=2 mm, with interface layer
C= 0.5 mm, sandwich layer A= 0.5 mm and layer near to metal B =1.0 mm shows
a maximum absorption -of -39.24 dB at 10.05 GHz with -20 dB bandwidth of
4.2 GHz.
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Table 5.6 Performance parameters of the designed BAC triple layer absorber with different

thickness of the layers

Thickness of Thickness of
d individual RLe | £ -?;B d individual | RIc 5 ‘2];"‘:,3
(mm) layers (mm) (dB) |(GHz) (GHz) (mm) layers (mm) (dB) (GHz) (GHz)
d | d2 | ds d | d: | ds
05|05 | 10| -41.02 [1005| 4.2 05|05 |20 |-2095 | 82 |02
20 [05]10|05(-3536 | 996 | 4.2 05| 10 | 15| -2028 | 82 |01
1.0 | 05| 05 | -37.76 |10.04| 4.2 05| 15|10 |-1998 | 82 |-
05]|05]15(-2930 | 8.2 2.8 05| 20|05 ][-2072 | 82 |02
05|10 10| -2862 | 82 2.6 30 (20|05 |05 |-2731 | 82 |21
05 (1505 |-2744 | 8.2 2.6 15( 05 | 1.0 [ -2535 | 8.2 | 1.2
25 15|05 ]| 05| -3527 | 82 3.6 10| 05 | 1.5 | -2339 | 8.2 |07
1.0 | 10|05 |-3099 | 8.2 3.4 10| 1.5 | 05 | -2229 | 8.2 | 038
1.0 |05 [ 1.0 | -33.01 | 8.2 34 15| 1.0 | 05 | -2594 | 8.2 |19
05)05) 10/ -2055 |124 ]| 02 05) 05 |30 -3192 | 124 | 24
05|10 o05]|-2016 [124 | 0.1 05)] 1.0 | 25 | -32.05 | 124 | 2.2
1.0 | 05| 05| -19.59 | 12.4 = 05| 1.5 | 20 | -30.72 | 124 | 2.2
05|05|15]-2021 [124 | 01 05| 20 | 1.5 |-29.77 | 124 | 2.2
0510|110 -2268 | 124 | 1.0 05| 25 | 1.0 | -30.56 | 124 | 2.7
051505 |-2211 [124 | 09 05) 30 | 05 |-30.04 | 124 | 3.0
15|/05|05|-2279 |124 | 14 1.0| 25 | 0.5 | -32.08 | 12.4 | 3.0
35 (10| 10| 05| -2281 124 | 20 40 |15 2.0 | 05 | -3214 | 124 | 29
1.0 | 05| 1.0 [ -20.40 [10.22| 0.4 20| 15 | 05 |-33.49 | 124 | 3.0
05|05 (1.0(-2036 [ 9.6 0.3 25| 1.0 | 05 | -32.71 | 12.4 | 3.0
0510 05]|-2027 [9.72 | 0.2 30| 05|05 |-27.81 | 124 | 24
10|05 | 0.5 | -20.07 | 124 = 25| 05 | 1.0 | -28.99 | 124 | 2.7
20| 05 | 15| -29.49 | 12.4 | 2.2
1.5} 05 )| 2.0 | -2968 | 12.4 | 2.2
10| 05 | 25 | -30.32 | 124 | 2.2
il = Total thickness, RLc = Reflection loss, f; = Resonant frequency, BW=Bandwidth

5.3.4 BCA layer combination

The RL. plots for BCA combinations with varying total thickness from 2 mm -

4 mm, is plotted in figure 5.6 (a-e).
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Figure 5.6 Reflection loss of three layered ferrite-NPR nanocomposite for BCA combinations with
total thickness (a) 2.0 mm, (b) 2.5 mm, (c) 3.0 mm, (d) 3.5 mm, and (¢) 4.0 mm

The maximum absorption peak, -20 dB and -10 dB absorption bandwidth and
optimized individual layer thickness is tabulated in table 5.7. The three layered
absorber for BCA configuration, for =2 mm, with interface layer A= 0.5 mm,
sandwich layer, C= 1.0 mm and layer near to metal plate, B=0.5 mm, shows a
maximum absorption of -57.18 dB at 10.22 GHz with -20 dB bandwidth of
3.8 GHz.
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Table 5.7 Performance parameters of the designed BCA triple layer absorber with different

thickness of the layers

. 11:::\:(1?;:1 (l)iyers RL gl : Tmh;f:(ll:xsasl " L
(mm) [ oo e AT 2] tyers o | i

dq d; ds d; d, | d3

05105 |10 | -4280 | 10.21 | 3.8 05105 |20 |-22851}10.21 2.0

20 105110} 05 |-5718 | 1022 | 3.8 05}110}115) -245 11021} 2.0

10 | 05| 05 | 4227 | 10.21 | 41 05} 15 ] 1.0 | -23.69 | 10.21 24

05105 | 1.5 | -27.56 | 10.21 | 3.2 051]20]05)-2331] 8.2 2.0

05 | 1.0 | 1.0 | -31.84 | 10.21 | 3.8 30 |20)05] 05 |-30.28 | 8.2 2.0

25 05 |15]| 05 |-3009| 89 |38 1.5 ] 05 | 1.0 | -30.28 | 8.2 4.2

1.5 1 05| 05 | -36.64 | 84 |42 1.0 | 05 | 1.5 | -26.63 | 8.2 4.2

1.0 | 1.0 ]| 05 | -3347 | 86 | 4.2 1.0 | 1.5 ] 05 | -274 8.2 25

10 | 05| 1.0 | -31.26 | 8.8 | 4.2 1.5 | 1.0 | 0.5 | -29.84 | 8.2 3.3

05 | 05| 1.0 | -25.07 | 124 | 2.5 05 ] 05|30 |-3810 | 124 3.2

05 | 1.0 05 |-2527 | 124 | 25 05| 1.0 | 25 | -38.12 | 124 3.2

1.0 | 05| 0.5 | -26.09 | 124 | 3.3 05| 15| 20 | -3858 | 124 3.2

05 | 05| 1.5 | -25.6 124 | 2.5 05|20 15 |-41.00| 124 3.4

05110 1.0 | -2266 | 124 | 1.3 05| 25|10 |-39.73 | 124 3.4

05115 05 |-2340| 124 | 15 05]30105](-3920| 124 2.8

15 105 05 | -2388 | 124 | 1.7 10125105 |-358 124 2.8

35 | 10 [1o]o5[-2292] 96 [15 a0 |15]20] 053289 ] 124] 28

10 ] 05] 1.0 | -2084| 96 |08 20} 15)05 | -3420 ] 124 21

05 | 05| 1.0 | -2556 | 124 | 4.0 25]11.0)] 05 | -30.85 | 124 29

05 10| 05 |-2711 | 124 | 4.2 3.0 1 05| 05 | -27.39 | 124 1.9

1.0 | 0.5 05 | -25.6 124 | 4.2 25105 | 1.0 | -35.7 124 31

20| 05|15 |4100| 124 | 42

1.5(05 (20 |-3812 | 124 42

1.0 1 051 25 | -36.24 | 124 3.4

i = Total thickness, RLc = Reflection loss, f; = Resonant frequency, BW=Bandwidth

5.3.5 CAB layer combination
The RL. plots for CAB combinations with varying total thickness from 2 mm -

4 mm, is plotted in figures 5.7(a-e).
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Figure 5.7 Reflection loss of three layered ferrite-NPR nanocomposite for CAB combinations with
total thickness (a) 2.0 mm, (b) 2.5 mm, (c) 3.0 mm, (d) 3.5 mm, and (e) 4.0 mm

The maximum absorption peak, -20 dB and -10 dB absorption bandwidth and

optimized individual layer thickness is tabulated in table 5.8.

The three layered absorber with CAB configuration, for d=2 mm, with interface
layer B= 1.0 mm, sandwich layer, A= 0.5 mm and layer near to metal plate, C
=0.5 mm shows a maximum absorption of -64.58 dB at 10.22 GHz with -20 dB
bandwidth of 3 GHz.
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Table 5.8 Performance parameters of the designed CAB triple layer absorber with different

thickness of the layers

Thickness of Thickness of
4 | individual layers | RLc f otk d individual RLc 7 -20dB
(mm) (mm) (dB) (GHz) (g}\;lz ) (mm) layers (mm) (dB) | (GHz) ( g}:\'z )
d; d, | ds di | d» | d;
05 |05 |10 | 4627 [10.21] 3.4 05|05 |20 |-1933| 1021 -
2 05 | 10} 05 | 4073 |10.21) 33 0.5 ) 1.0 | 1.5 | -18.50 | 10.21 -
1.0 {051 05 | -64.58 {10.22{ 3.0 05| 15| 1.0} -18.71 | 10.22 -
05 (05 15 |-2575 [10.21| 1.9 05]|20(05(-2013|1021| 0.2
05 | 10| 1.0 | 2437 [10.20] 1.8 30 |20| 05| 05| -23.11|1025| o4
- 05 |15} 05 | -25.18 |10.19] 1.8 15|05 10| -2237 | 1023 | 03
15 1 05| 05 | -31.58 |10.29{ 1.8 10|05 15| -21.06 | 1021 0.2
10 (1.0 | 05 | -29.89 [10.21] 1.7 10( 15|05 |-2281 (1021 0.4
10 | 05| 1.0 | -28.83 [10.21] 1.7 15|10|05|-2432|1021| 04
05 | 05| 1.0 | -19.10 12.4| - 05|05]|30]|-2785| 124 14
05 )10} 05 |-1871 | 124 - 05)10)25)-27234| 124 14
1.0 | 05| 05 | -19.13 | 12.4 05|15(20(-2705| 124 14
05 |05 15 |-2144 | 124 |04 05|20 (15(-2853 | 124 16
05 | 10| 10 |-2543 | 124 |12 05| 25| 10|-3267| 124| 26
05 |15 05 )-2464 | 12415 05|30 05)-4004| 124 3.0
15 (05) 05 |-2484 | 12415 10{25)05|-39.76 | 124 3.0
10 (1.0 | 05 | -2565 | 124 | 1.6 15(20|05(-3889 | 124 3.0
35 10|05 10 ]-2493 | 12417 40 | 20| 15|05 |-39.61| 124 3.0
05| 05| 1.0 |-2162 | 12407 251005 |-4293| 124 | 30
12.4
05]10]05]-1903 | |- 3.0 |05 | 05 | -43.99 29
10 | 05| 0.5 | -18.89 - 25| 05 | 1.0 | -34.42 124 24
10.22
20|05)|15|-2836| 124| 15
1505 )20 |-2641 ) 124| 14
10| 05) 25| -2669 | 124| 13
i = Total thickness, RLc = Reflection loss, f, = Resonant frequency, BW=Bandwidth

5.3.6 CBA layer combination

The RL. plots for CBA combinations with varying total thickness and individual
layers are plotted in figures 5.8(a-e), respectively.

The maximum absorption peak, -20 dB and -10 dB absorption bandwidth and
individual layer thickness is tabulated in table 5.9. The three layered absorber

with CBA configuration, with d=2 mm, d;=1.0 mm, d>=0.5 mm and d5=0.5 mm,
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shows a maximum absorption of -84.14 dB at 10.21 GHz with -20 dB bandwidth
of 3.6 GHz.
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Figure 5.8 Reflection loss of three layered fernite-NPR nanocomposite for CBA combinations with
total thickness (a) 2.0 mm, (b) 2.5 mm, (¢) 3.0 mm, (d) 3.5 mm, and (e) 4.0 mm
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Table 5.9 Performance parameters of the designed CBA triple layer absorber with different

thickness of the layers

i ) T.hi'ckness of . T.hicl.atess of -
individual layers | RLc¢ £ d individual RLc f
(mm) (mm) (dB) (GHz) (g:; ) (mm) layers (mm) (dB) | (GHz) ( (1::;;)
d; d | d; di | d2 | ds
0.5 05 | 1.0 | -45.20 |10.21| 3.8 0.5 |05 | 2.0 | -23.54 10.21] 1.9
2.0 05110} 05 | -5164 |10.21] 3.9 05|10} 15| -2490 | 10.21 2.2
10 |05 | 0.5 | -84.14 |10.21| 3.6 05|15 | 1.0 | -25.29 8.2 2.1
05 | 05| 15 | -31.15 |10.23| 2.8 0.5 ]| 20| 0.5 | -24.66 8.2 1.9
05 | 10| 1.0 | -33.74 |10.21| 3.2 3.0 20|05 )] 05| -23.21 | 10.21 0.6
25 05 |15 05 |-33.18 (10.21] 2.8 15105 | 1.0 | -26.50 | 10.21 0.6
15 | 05| 05 | -33.18 [10.29( 2.1 1.0 | 05 | 1.5 | -26.70 | 10.21 1.7
1.0 | 1.0 | 0.5 | -3438 |[10.21| 2.1 1.0 | 1.5 | 0.5 | -24.45 | 10.21 1.3
1.0 | 05| 1.0 | -36.32 (10.21| 2.1 15 ] 1.0 | 0.5 | -24.21 | 10.21 0.9
05 | 0.5 | 1.0 | -25.69 124 | 2.6 05 ] 05 | 3.0 | -40.20 124 | 3.1
05 | 10| 0.5 | -26.30 124 | 3.0 05| 1.0 | 2.5 | -40.90 12.4 3.2
1.0 | 0.5 | 0.5 | -26.00 124 | 3.0 05|15 | 2.0 | -42.90 12.4 34
05 (051 15 | -22.90 124 | 1.7 05141201} 15| -40.10 124 3.2
05|10 1.0 | -20.17 |10.21] - 05|25 | 10 | -32.74 124 29
05|15 | 0.5 | -21.50 |10.21| 0.3 05| 3.0 0.5 | -27.50 12.4 1.6
15 | 05| 05 | -21.95 |10.21| 0.3 1.0 | 25 | 0.5 | -27.60 124 3.1
35 1.0 (10| 05 | -21.40 |10.21| 0.4 4.0 15| 2.0 0.5 | -27.61 12.4 1.6
1.0 | 0.5 | 1.0 | -21.88 124 | 0.4 20| 15| 05 | -27.95 12.4 1.6
05|05 | 1.0 | -23.79 |10.21| 1.7 25|10 | 05 | -30.75 12.4 25
05 | 10| 0.5 | -25.74 2.6 3.0 | 05| 0.5 | -35.50 124 2.6
10.20
1.0 | 0.5 | 0.5 | -26.09 12.4| 2.6 25| 05| 1.0 | -36.87 12.4 3.0
20| 05| 1.5 | -40.70 124 3.1
15|05 | 20| 43.20 | 124 3.1
1.0 | 05 | 25 | -42.75 124 31
il = Total thickness, RLc = Reflection loss, f, = Resonant frequency, BW=Bandwidth

From the above results, it is seen that all the six layer combination with varying
thickness, the absorbers with total thickness of 2 mm is giving the maximum
absorption with broad bandwidth of absorption.

5.4 DESIGN RESULTS FOR THREE LAYERED FERRITE-NPR COMPOSITE
FOR d=2 mm

Table 5.10, tabulates maximum Rl and -20 dB bandwidth, for d=2 mm with

corresponding real impedance, Zi, and imaginary impedance, Zin . Figures
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5.9 (a~c) show the RL. and real and imaginary input impedance plots for all the

combinations, for 2 mm thick three layered absorber.
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Figure 5.9  Comparative results of three layered ferrite-NPR nanocomposites with different layer

combination with total thickness, =2 mm

Table 5.10 Comparative results of three layered ferrite-NPR nanocomposites with different layer

combination with total thickness, /=2 mm

Design di | d> d; | Maximum | Resonant | -20dB Real Imaginary

combination Reflection | frequency | bandwidth | impedance, | impedance,
loss (dB) (GHz) (GHz) Zin (Q) Zin (@)

ABC 05|10 |05]-3999 9.97 42 420.37 -105.55

ACB 05|05 | 10| 4057 10.23 42 390.56 -104.54

BAC 05]05 |10 | -41.02 10.05 42 427.82 -105.53

BCA 05|10 |05 |-5718 1022 3.8 405.46 -29.04

CAB 10|05 |05 |-64.58 1022 3.0 388.07 -31.32

CBA 1005 |05 -8414 10.21 3.6 380.10 1312
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From table 5.10, it can be seen that both Z,, and Z,, , corresponding to the
maximum absorption peak frequency of 10.2 GHz, approaches to impedance
matching condition of free space. Layer combination CBA ie. with
Bao 6510 4Fe12019-NPR as the first layer and, BaFe12019-NPR as the interphase layer
and thickness ratio, 1.0:0.5:0.5 shows the closest value of 380 Q and 13.12 Q
approaching to the free space values of 377 ( and 0 Q and absorption of -84.14 dB
with -20 dB bandwidth of 3.6 GHz. The combination BCA (BaAl ¢Fe104019-NPR
as the first layer and BaFei2019-NPR as the interphase layer) and BAC
(Bao6Sro4Fe12019-NPR as the interphase layer and BaAl 6Fe104019-NPR as the first
layer), shows sufficiently good absorption peak with a broad -20 dB absorption
bandwidth. BCA shows maximum absorption of - 57.18 dB with a -20 dB
bandwidth of 3.8 GHz. BAC show absorption of -41.02 dB with a -20 dB
bandwidth of 4.2 GHz. ACB is also showing a comparable absorption of
-40.75 dB with -20 dB bandwidth of 4.2 GHz. But while comparing the -30 dB
bandwidth with the BAC design, it is seen that BAC is showing a much broader
bandwidth than the ACB design. The -30 dB bandwidth for ACB is 0.6 GHz and
that is for BAC is 1.7 GHz. CBA shows maximum absorption of -84.14 dB at
10.21 GHz with -20 d B bandwidth of 3.6 GHz.

Layer configuration BCA, BAC and CBA are chosen to be fabricated as three
layer sheet for measuring reflection loss using free space technique. The choice is
done taking maximum absorption peak followed by maximum -20 dB

bandwidth.

5.5. RESULTS AND ANALYSIS OF MEASURED REFLECTION LOSS VALUE
OF THREE LAYERED MICROWAVE ABSORBER

The three layered absorbers with layer configurations, BCA, BAC and CBA are
fabricated with dimensions 152 x 152 mm and thickness 2 mm. The individual
layers with thickness, di, d> and d;, as mentioned in table 5.10, is made seperately
by mechanical mixing and thermal treatment method and then combined using
the thermal treatment at 150 °C such that keeping the layer configuration in mind
e.g. for BCA combination the layers B ie. 50 wt.% BaAlisFe104019-NPR
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nanocomposite is next to the metal plate and 50 wt.% BaFei2019-NPR
nanocomposite as the air-absorber interfacing layer and 50 wt.% Bao.6Sro4Fe12019-
NPR nanocomposite as the sandwiched layer. The free space microwave
absorption measurement is performed similar to single layer absorption using
Agilent E8362C VNA and spot focusing horn lens antenna system described in
Chapter IV. The RL,, for BCA, CBA and BAC three layered absorbers are plotted
with frequency in figure 5.10.

154
.20 -
25 4

-30 -

Reflection loss (dB)

-35

-40 -

1 —A— CBA
45 - T — — T T

9 10 11 12
Frequency (GHz)

Figure 5.10 Measured reflection loss value of designed triple layer absorbers

Table 5.11 RL.m, -20dB and -10dB bandwidth for BCA,BAC and CBA three lavered absorber

Performance BCA BAC CBA
of absorption
RL,, (dB) -32.8 dB (9.12 GHz) -25.9dB (9.13 GHz) | -42.1 dB (9.12 GHz)
atf, (GHz) -40.2dB (10.31 GHz) | -36.1 dB (10.33 GHz) | -33.4 dB (10.29 GHz)
-31.1dB (11.51 GHz) | -35.7 dB (11.55 GHz) | -29.2 dB (11.48 GHz)
-20dB (9.00-9.3) GHz (9.00-9.20) GHz (8.9-9.30) GHz
bandwidth (10.10-10.42) GHz (10.20-10.50) GHz (9.9-10.5) GHz
(11.31-11.64) GHz (11.23-11.76) GHz (11.2-11.70) GHz
-10 dB (8.5-9.5) GHz (8.8-9.5) GHz (8.2-12.4) GHz
bandwidth (9.7-10.9) GHz (9.8-12.4) GHz
(11.1-12.4) GHz

The reflection loss values with corresponding frequencies and -20 dB and -10 dB

bandwidth of the three layered absorber with BCA, BAC and CBA confurations
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are given in table 5.11. All the three absorber samples show three maximum
absorption peaks. The BCA, BAC and CBA design absorber show overall -20 dB
absorption bandwidth of 0.96 GHz, 1.03 GHz and 1.5 GHz, respectively and
overall -10 dB absorption bandwidth for the same layer combinations as 3.5 GHz,
3.3 GHz and 4.2 GHz, respectively. The maximum absorption peak obtained for
CBA is -42.10 dB at 9.10 GHz, for BAC is -36.10 dB at 10.31 GHz and for BCA is
-40.20 dB at 1031 GHz. Table 5.12 gives the measured and calculated
performance of three layer absorber. Though the maximum absorption values
and - 20 dB bandwidth values differes, a close proximity is found for -10 dB

bandwidth and the frequency corresponding to the maximum absorption peak.

As mentioned earlier the absorber is modeled as transmission line using some
approximations, which may effect the computed values of microwave
absorption. The fabrication limitations may reduce the absorption of the layered
absorber. The measured reflection loss value of the three layer design structure
shows that absorption frequency band can be enhanced and tuned by proper

selection of the ferrite-NPR nanocomposition.

Table 5.12 Performance comparson of calculated and measured RLc with -10 dB and -20 dB

bandwidth of three layer microwave absorber

Three Calculated Measured
layer
combinati
on
RLcmax fr -10dB | -20dB | RLmma | fr -10dB | -20dB
(dB) (GHz) | BW BW (dB) (GHz)| BW BW
(GHz) | (GHz) (GHz) | (GHz)
BCA -57.17 11022 42 3.8 -40.20 10.31 | 35 0.96
CBA -64.58 | 10.22 42 3.0 -42.10 910 |42 1.50
BAC -39.24 | 10.05 4.2 4.2 -36.10 10.31 | 3.3 1.03

5.6 CONCLUSIONS

The best performance of ferrite-NPR nanocompositions for single and three
layered structure in the X-band range is compared, table 5.13. Considering the
fact that thickness of both the structure is same, an enhanced -10 dB bandwidth is

observed for the layered structures almost covering the entire X-band.
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Table 5.13 Performance comparison of conductor backed single, double and triple layer microwave

absorber

Performance Single layer absorber Three
parameters layered(CBA)absorber

BaFeuO19- BaAh 5Fe1o 4019- SI‘FeuO19-

NPR NPR NPR
MinRL(dB) at -37.06 dB -40, 06 dB -43.06 dB -42.10 dB
GHz (9.5 GHz) (9.46 GHz) (9.70 GHz) | (9.10 GHz)
-10dB
absorption 20GHz |4.0GHz 1.8 GHz é’zb_;“z“i Gl
bandwidth ) ’
-20dB
absorption 0.60 GHz | 0.78 GHz 0.36 GHz 1.5 GHz
bandwidth

The CBA layer combination shows -42.10 dB aborption with -20 dB bandwidth of
1.5 GHz and -10 dB bandwidth i.e. 90% of incident power being absorbed over
the whole X-band. The results shows that three layer ferrite-NPR nanocomposite

systems can be used as an efficient broad band absorber over the entire X-band.
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6.1 INTRODUCTION

Kane Yee in 1966 [1] was first to develop the algorithm for finite-difference time-
domain method to determine initial boundary value problems involving
Maxwell's equations in the isotropic media. The descriptor "Finite-difference
time-domain" and its corresponding "FDTD" acronym originated by Allen Taflove
in a 1980 [2]. The FDTD method discretizes the time dependent Maxwell's
equation vector components using central difference approximations for space
and partial derivatives for time. The EM wave solution in FDTD is found in space
grid. The time-stepping algorithm, often called as leap frog arrangement is
followed, in which at any point in space - the updated value of the E-field in time
is dependent on the stored value of the E-field and the numerical curl of the local
distribution of the H-field in space and similarly the updated value of the H-field
in time is dependent on the stored value of the H-field and the numerical curl of
the local distribution of the E-field in space. The method can solve Maxwell's
equations on any scale with almost all kinds of environments [3-6]. FDTD has
inherent advantage being simple and versatile [7], and allows the user to specify
the material properties at all points within the computational domain. Thus,
FDTD scheme has been extensively applied to anisotropic materials and also to
dispersive materials [8-10]. However for electromagnetic interference shielding
materials, different approaches have been adopted. Jianfeng Xu et. al. reported a
study on full wave analysis of magneto dielectric absorbing sheets [11], in this
approach a microstrip line is specially designed on the absorbing sheet for the
FDTD analysis. Pyramidal absorbers were modelled using FDTD technique by A.
Khajehpour and S. A. Mirtaheri employing Debye model [12]. A study on ferrite
absorber implementing FDTD technique was carried out by Youji Kotsuka,
Mitsuhiro Ammo [13]. Approximations were made to achieve the matching

characteristic by punching out small holes in the conventional rubber ferrite.

The 3D FDTD formulation is developed here, for the em wave progressing

through a single layer metal backed magnetic absorber using BaFei2019-NPR
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nanocomposite. Since there is no external electric or magnetic field perturbation
and the magnetic substrate used is homogeneous as depicted from figure 2.13
[section 2.3.3 of chapter II], the permittivity and permeability properties are taken

as isotropic.

The chapter initially explains FDTD method to simulate wave propagation in the
nanocomposite systems. The implementation of numerical features like the
computational domain, stability criteria, boundary conditions, subsequent
gridding and time stepping for updating for electric and magnetic fields is
discussed consequently. The material properties, €, and y,, of the BaFe120O19-NPR
nanonanocomposites with 50 wt.%, measured and analyzed in chapter III, is used
for the simulation. The propagation and attenuation of the source pulse within
the material is investigated from the scattering parameter study. The FDTD
results are compared with experimentally obtained reflection loss results

discussed in chapter IV.

6.2 PROBLEM FORMULATION FOR ABSORBER

The FDTD method provides a direct time domain solutions of Maxwell's
equations in differential form by discretizing both the physical region and time

interval using a uniform grid (figure 6.1a). An electromagnetic wave interaction
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Figure 6.1 (a) Three dimensional gridding in FDTD (b) Basic Yee cell in three dimensions
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structure is mapped into the three dimensional space lattice by assigning
appropriate values of permittivity to each electric field component, and
permeability to each magnetic field component, known as Yee cells and shown in

figure 6.1b.

The general form of Maxwell’s equation for the magnetic media having isotropic

permittivity and permeability [14] is given as,

ap

= =VUxH : (6.12)

D (w) = gy, E(w) (6.1 b)
aH

-u-{f:Vx_E_ 6.1¢)

where, E is the electric field, H is the magnetic field & relative complex
permittivity and &pis the free space permittivity. u is the permeability and is
expressed as u = uou, where py is the free space permeability and u,is the

relative complex permeability of the medium.

The computational domain for em wave interaction with absorber is defined in
figure 6.1a. In this problem, the magnetic ferrite nanocomposite layer with a
metal backing is placed at the +ve X-direction, with a radiétix}g source, shown as
shaded region in the Y-Z plane. The numbers of cells in the direction of
propagation i.e. along +ve X-direction are kept more than the Y- and Z- direction.
Again, the number of cells in free space within the computational domain, is kept
larger as compared to the number of cells in the absorber layer and the metal
backing. This formulation approximates the far field source and normal incidence

of the em wave on the absorber surface.

The 3D FDTD scheme for the magnetic absorber can be realized in two modules:

a) Maxwell's curl equations are expressed in terms of partial differential
forms.
b) These scalar equations are expressed in finite differential form in spatial

and temporal coordinates
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¢) The electric field and magnetic field gets updated, both at every space grid

coordinates and time stepping.

6.2.1 Expression of E and H curl equations in partial differential form

The Maxwell’s curl equations 6.1 (a) and (c) are quite similar. As ypand & differ
by several orders of magnitude, £ and # also differ by several orders of

magnitude. This is circumvented by normalizing the Maxwell’s curl equations

considering the following change of the variables as

E= Ji—zg 6.2)
- \/fzg 63)
Ho

All the E and H components of isotropic magnetic systems from the Maxwell’s

equations 6.1 (a) and 6.1 (c) can be expressed in scalar form as,

oD, _ 1 (@H, aHy} (64 a)
ot Jeou, \ Oy oz

oD, 1 (6H, oH, ] (6.4 b)
ot */Eo/‘o oz Ox

oD, _ 1 (aHy dH, ] (6.4 ¢)
o \Jeuu, \ & Oy

OH, _ -1 (0B, 0E, (6.5 a)
at lur V 80#0 ay 32

oH, -1 (% 2 (65b)
o p \/Eo/lo oz Ox

OH, _ -1 (OE, 0E, 6.50)
at ﬂrJEO#O ax @1
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6.2.2 Expression of E and H partial differential equations in finite differential

form in spatial and temporal coordinates

P . : /,

P !W -./' ;
;

T

Edij+1120) i_lij;*—]/),ji-i/lk) .
e Bty B Skt li X

Ve

(ij.h)" — -
Efi+1/2jk)

Figure 6.2 Yee’s mesh
Finite difference approximation solution of the Maxwell's partial differential
equations 6.4 (a-c) and 6.5 (a-c) are found by discretizing the problem space over
a finite three dimensional computational domain in spatial and temporal

coordinates in accordance to the Yee's mesh as shown in figure 6.2 and is written

as
Nt 1 1
R G
Eotbo 2 2
1.1 At 1 1
-Hli+— Hli+—, jk+=|-H)|i+—,jk——
(l 2/ )] Az e, [ ( ! 2) y( 2 2)] (6.6 2)
AP IS s | At ('l _l]
D, 2[1,/+2,k) D, (1,/+2,k)+m[ﬁ (1/+ A+ = ) H] 1,/+2,k )

At 1 1 1 1
| H]|i+—, .k i~ j+=.k 6.6 b
Ax. 80;10[ ;[1+2 ]+2 ) [l 2j+2 ):l ( )
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:+/(ljk+ ) D /(z Jok+ ) ;A—I——[H;(i+l,j,k+l)
2] Ax- 50/‘0 2 2
—H;’( 1,],k+l) ( —k+ j H;’(i,j—-l-,k+—]-J (6.6 c)
2 Ay- ,/6‘0 272

The modified finite difference equations for the scalar equations 6.5(a) through
6.5(c) are,

"*}’( ]+— P ) H:_%(i,j+l,k+l)————A—t———{Ez"(i,j+l,k+-1-)
2 2) My pAEots 2
1 At 1 1
_E:(i’j,k+_H+____—-—[E;'(i,j+—,k+1]~E;’[i,j+-—,k)]
2)} Azpfeus 2 2 (6.7 a)

”*/ T =H, V( k+= j A g
) s> E + N ,k+1
( 2 J 2 2 / 2) Dz p\ep, : 2/

1 At 1 1
_ Ef(z‘+ —,j,k)] +——-——[Ez"(i +1, 7,k +—) - E;’(i,j, k +—)]
2 Ax - p1,\Eothy 2 2 (6.7 b)

"*/(+ s k) H"%(H] I k) o E”(i 4 )
- Ak | Bl ok
AR R U ALY IRy vl o G

Y Y. 1
_ E"(z‘,j+—,k)]+—-—————[E,"(i+—,j+ 1, k) E”(z +— ,],k)]
' 2 Ay - 1\ Eok 2 2 (6.7 ¢)
6.3 CRITERIA FOR FDTD IMPLEMENTATION

At first the computational domain is to be defined, over which the FDTD will be
implemented. Figure 6.3 shows the computational domain. The gridding of the
3D structure (figure 6.1 (a)) is carried out considering the stability conditions. The
geometry of the concern structure is expressed in terms of material properties.
Perfectly matching layer (PML) boundary conditions are initially defined within
the actual computational domain. A Gaussian pulse is applied as the input
stimulus and at discreet time steps, the E and the H field components are

updated in leap frog manner. The spatial field distribution can be visualized from
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the simulated E components in three dimensions. To extract the scattering

parameters, Fourier transformation of the transient response is taken.

Y Free Space
Z Absorber
Metal Back
X €
Excitation at
source, E;, v

ja——gjj00 AU

¥

Figure 6.3 Three dimensional problem cell

Important numerical features viz. stability criteria, absorbing boundary
condition, source consideration and frequency dependent parameters, required
for the 3D FDTD scheme implementation are described in the following sub-

sections.
6.3.1 Stability criteria in FDTD

In order to ensure that the central-difference algorithm is numerically stable,
there exists a maximum value for the time step and also space discretization
which can be used. An electromagnetic wave propagating in free space cannot go

faster than the speed of light. To propagate a distance of one cell of dimension
Ax, minimum time required is Af = Ax/ Cmax- Kunz and Luebbers [15] recommend

that to ensure stability, there should be at least four cells per minimum
wavelength. For good stability, some particularly sensitive problems [6], up to
twenty cells per wavelength are required at the frequency of interest in order to
get the required accuracy. Depending on the cell size, the size of the time step, Af,
can be determined from the Courant's stability criterion. For the three

dimensional case, the Courant’s stability criterion is defined as [7, 15-17]
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1

Ar < '
— (6.8)
Cmoy 2 Ay? A

where, cmix is the maximum velocity of light within the computational volume.
Typically, cmx is taken as the velocity of light in free space unless the entire
volume is filled with magnetic material. Ax, Ay and Az are the Cartesian space
increments which must be within an order or magnitude of each other. In n
dimensional simulation, the maximum time step can be defined in simplified
form as

A= (6.9)

‘/-’;'cmax

6.3.2 Absorbing boundary conditions

Effective absorbing boundary conditions (ABC) are required for truncation of an
infinite or unbound simulation region. A two dimensional boundary condition,
called the perfectly matched layer (PML) was proposed by Berenger in 1994. This
condition enables efficient absorption of outgoing radiation [18, 19]. Katz et al.
reported that the PML ABC is easily extensible to three dimensions [20].
Implementation of PML ABC was demonstrated by Saario in his Ph. D. thesis,
-considering the issues such as problem definition, efficient memory utilization
and execution speed [17].

The basic scheme of the PML is that if a wave is propagating in medium A and it
impinges upon medium B, the amount of reflection is dictated by the intrinsic

impedances of the two media, 74 and 75 (figure 6.4)

r="14"78 (6.10)
Nat7Np
Where,
n=J2 (6.11)
£

and are determined by the permittivity £ and permeability /4 of the two media.
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Figure 6.4 The reflection at the iterface of two media

The propagating pulse in the absorbing medium covering the computational
domain should die out before it reaches the external boundary. For this
“fictitious” dielectric constant and permeability of the absorbing media is
considered to be lossy and is added to the implementation codes. Thus, the flux

density formulations of the Maxwell’s curl equations with “fictitious” & and u

are,

v (6.12)

D(@)=¢" (w)E(@) (6.13)
+ OH

HF o =VXE (6.14)

There are two conditions to formulate a PML [21, 22]:
1. The impedance going from the background medium to the PML must be

constant,

0 =1m = |2 =1 (6.15)
Erx

The impedance is one because of our normalized units (free space).
2. In the direction perper.ldicular to the boundary (the X direction, for instance),
the relative dielectric constant and relative permeability must be the inverse

of those in the other directions, i.e.,

£ = — (6.16 a)

.

E Fy

(r = (6.16 b)

g
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The 3D PML ABC [16] is included in developing the algorithm for the absorbing
boundary treatment and the detail formulation is given as Appendix C.

6.3.3 Source considerations

The excitation can be of any shape, but, normally a Gaussian pulse is considered.
This type of pulse has a frequency spectrum that is also Gaussian and thus
provides frequency domain information from dc up to a desired cut-off
frequency by adjusting the width of the pulse [23, 24]. In order to simulate a
voltage source excitation, from a far field source, the pulse is initiated as vertical
electric field, E;, in a rectangular region at a far distance from the problem
geometry, as shown in figure 6.3. The form of the input signal in a continuous
form is
-1}

E =fl)=e | (6.17)
where, T is the current time-step, Ty the pulse delay time-step and T the width of
the pulse in time-steps. The width of the Gaussian pulse sets the required cut-off
frequency. The pulse width is normally chosen to have at least 20 points per
wavelength at the highest frequency, significantly represented in the pulse. The
numerical dispersion and truncation error is minimized. Initially, in the
simulation, all the electric and magnetic fields are set to zero. The Gaussian pulse
applied at the source has only a field component, i.e. E,. A change in the electric
field at the source with respect to time causes a change in the magnetic field in

the y-direction.
6.3.4 Frequency dependent parameters

The final transient E field values, obtained after the FDTD simulation, are used to
get wide band frequency response. The Fourier transform of the E field E(¢) at a

frequency f1is done by the equation [16]

14
E(f)= fE(t)-e‘fz”'fl‘dt (6.18)
0
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The lower limit of the integral in equation (6.18) is 0, because the FDTD program
assumes all casual functions. The upper limit is tr, the time at which the FDTD
iteration is halted. Equation (6.18) can be rewritten in a finite difference form as
T - (
E(fl): ZE(n-At).e—J 7 fi(n-4t) (6.19)
n=0
where T is the number of iterations and At is the time step and hence tr =T. At.
Equation (6.19) is now divided into its real and imaginary parts as
T T
CE(f)= 3 Eln- Ar)-cos(afy - Ac-n)- j 3 E(n- Ar)-sin(2af; - Ar-n) (620 )
n=0 n=0

= E(fi)=Re(E)-Im(E) (6.20 b)
6.4 IMPLEMENTATION IN COMPUTER PROGRAM

The existing finite difference approximation equations for single layer BaFe12010-
NPR nanocomposite is used for developing the code. Performance of absorber is
analysed by Si11 parameter at different time steps. In the formulation, focus is
made on the reflection loss in terms of Si1 parameter and internal field
distribution. The single layer absorber is modelled with a metal backing. As Su1
parameter depends on the geometry and material parameters of the absorber,
thus, different cell dimensions in different directions are used.

The materials are defined in the FDTD code with their relative permittivity and

permeability. From equation 6.1 (a), the electric field in the media is given by

expressions,
E [i, j.k] = gaxi, j,k]* D,[i, j, k] (6.21 a)
E [i, jk]=gayli, j,k1* D,li, j, k] (6.21b)
E {i, jk] = gadi, j,k1* D,[1, j, k] (6.21¢)
where,

gax[i,j, k] = /¢, (6.22 a)
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gaylij k] =1/ " (6.22b)

gazli,j,k] = 1/, (6.22¢)

where, ¢ is the relative complex permittivity of the media. The metal backing can
be modelled by considering gax, gay and gaz to be zero at the PEC, in the

propagation direction.

The complete flowchart for FDTD algorithm is shown in figure 6.5, highlighting
the electric field and magnetic field updating modules. A MATLAB program is
developed to implement this algorithm for study of single layer absorber and E
and H updating code modules are listed in Appendix D. Other considerations in
the algorithm for implementation in the code are summarised in the following

sub-sections.

Iiubstrate parameters [===y

wide band

frequency
response

Figure 6.5 Main modules of 3D FDTD simulation algorithm
6.4.1 Stability criteria
The absorber nanocomposite, fabricated using BaFe12019-NPR nanocomposite of

dimension, 22.86 mm x 10.16 mm x 2 mm. The Yee’s mesh is generated for the

geometry by dividing the geometry into grid of different dimensions in different
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directions in the computational domain. The computational volume is only
partially filled with the nanocomposite material. In choosing the time step, the
smallest grid dimension (Ax, Ay or Az) is used in the Courant stability criterion,
given by equation 6.8. Table 6.1 gives the time steps for different element sizes

modelled.
6.4.2 Source consideration

The width of the Gaussian pulse for the specified cut-off frequency is determined
from the equation 6.17. The pulse delay, Ty, is set at 50 time steps. The width of
the pulse, T3, is set as 20 time-step in order to achieve larger bandwidth. This
pulse width of 20 time step and At = 0.031 picoseconds, gives a 15 GHz

bandwidth.
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0.05 |-

0.04 | /

0.03 +

Incident wave pulse

3

[ !

& 0.02

w Reflected wave
0.01
o‘oo 1 il L e 1 A L )

{ %0/ 200 300 400 500 600

001} Time steps

Figure 6.6 Gaussian pulses applied at the input source
The Gaussian pulse has optimum pulse-width and desired cut-off frequency and

is used as excitation. The radiating source is excited with an E; component in the

Y-Z plane, as shown in figure 6.3.

6.4.3 PML terminating condition

The PML ABC is employed in the current program. Figure 6.7 illustrates the
effectiveness of a 15 point PML with the source offset of one cell from the centre

in the x, y and z directions. The RHS PML in the X-direction is replaced by a
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perfectly electric conductor (PEC) plate and the propagated em wave is truncated
at the termination end, figure 6.3. The outgoing pulse gets partially reflected
when the pulse gets within fifteen points of the edge, which is inside the PML,

where the distortion starts to occur.

6.4.4 Post processing of the results

After completion of the simulation process, the full wave distribution of the E
and H wave can be viewed in all the planes of interest. To calculate the Si,
information at a single point is needed. In this case, the reference point is taken as
the point just adjacent to the interface of the material to free space. After the
simulation is over, the frequency response is calculated over the entire range of
frequencies using Fourier transform. S parameter is calculated by gathering the
voltage information at the point of interest. When the voltage is known, the
values of E; field at the reference point can be found. For first 350 time steps, the
field values at the point are considered as input and the rest is considered as the

reflected signal. The S11 in decibels is then expressed as,

S () =10.10g 2enlS) (623)

E,()

6.5 FULL-WAVE FDTD ANALYSIS OF BaFe;201o-NPR NANONANOCOMPOSITE
ABSORBER

The FDTD full wave analysis is applied to single layer absorbing material
developed using BaFe12019-NPR nanocomposite with a metal backing. The
design parameters used for implementation of FDTD simulation is given in table

6.1. The FDTD simulation implementation realizes as follows:

The FDTD simulation generates data which helps in visualizing the time
' progression of vector fields throughout the three-dimensional solution space. It
gives a physical insight of complex field interactions at different stages of field
propagation. In the present analysis, snap shot of E field distribution is taken at
different time step.

The interaction of the em field with the single layer BaFe12019-NPR
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nanocomposite is analyzed by finding the scattering parameters by taking

Fourier transformation of the transient E field component.

Table 6.1 Cell size in different directions for single layer nanocomposite

Substrate dimension of the nanocomposite Ax Ay Az At
° (Ixbx d) (mm) (mm) | (mm) (mm) | (picosec.
50 wt. %
BaFe,Om in NPR 2286 x 10.16 x 2 0.259 0.285 0.25 0.41

The 3D algorithm applied for the nanocomposite material on substrate is given
by the flow chart shown in figure 6.7.

YES

Define problem geometry

Define PML parameters

v

Initialize parameters

Transient E and H data for post processing

Define incident E field excitation

Calculate D vector

v

Evaluate E field from D vector

v

Record E field data

v

Calculate H field

y

Record H field data

¥

Increment time (n) in step of At

v

n < maximum time step

v NO

Free memory

!

Exit

Figure 6.7 Flow chart of FDTD algorithm
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6.5.1 E; field distribution within the absorber '

Figures 6.9 to 6.12 give the mode of propagation of E. component of electric field
in the X-Y plane ie. along the propagation direction within the problem

geometry at different time steps.
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Figure 6.8 'The FDTD simulated electric field components within the absorber at (a) 400 time
steps and (b) 500 time steps
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Figure 6.9 The FDTD simulated electric field components within the absorber at (a) 600 time
steps and (b) 700 time steps
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Figure 6.10 The FDTD simulated electric field components within the absorber at (a) 800 time
steps and (b) 900 time steps
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Figute 6.11 The FDTD simulated electric field components within the absorber at (a) 1000 time
steps and (b) 1100 time steps
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Figure 6.12 The FDTD simulated electric field components within the absorber at 1200 time steps
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6.5.2 S11 parameter analysis

Si1 parameters of the absorber using BaFei12019-NPR nanocomposite is calculated
in the FDTD program using the equation 6.23. The Si1 obtained at different time
steps are shown in figure 6.13. The Si1 parameters at times step 1100 and 1200 is -
25 dB at 9.5 GHz and -20 dB at 11.9 GHz. The simulated results at time step 1100

is compared with the measured results and shown in figures 6.14a and 6.14b.
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Figure 6.13 Reflection loss (Si1) of the 50 wt.% BaFe2019-NPR nanocomposite at different time
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Figure 6.14 Reflection loss (S11) of the 50 wt.% BaFe12019-NPR nanocomposite from (a) FDTD at

n=1100 and (b) measured
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A comparable reflection loss parameter (S11) of -25 dB is obtained from the FDTD
data analysis at time step=1100, whereas for BaFe12019-NPR nanocomposite with
50 wt.%, the measured reflection loss obtained is -37.06 dB at 9.5 GHz.

6.6 CONCLUSIONS

The FDTD technique is implemented for analysis of single layer absorber using
BaFe12019-NPR  nanonanocomposite, having isotropic permittivity and
permeability over the layer. This technique successfully analyses the full-wave
electric field distribution and reflection loss of absorber. The electric field pattern
shows that due to change in permittivity and permeability values in the magnetic
material, the field distribution changes. A comparable reflection loss parameter is
obtained for both the measured and FDTD results for the BaFei2019-NPR
nanonanocomposite with 50 wt.%. The technique can be implemented for
substituted barium ferrite single layer absorber and multilayer absorber with

parameter modifications.
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Vast use of the gigahertz spectra leads to electromagnetic pollution in the
environment which interference with devices causing problems such as jamming
of signal, inaccuracy in target detection in warfare, difficulty in communication
and also reduced camouflaging. For effective shielding for absorbers, there
should be impedance matching (for zero reflection) at the air-absorber interface,
amplitude attenuation and phase cancellation (thickness dependence). All the
above characteristics are co-related with the material parameter: complex

permittivity, ¢ and permeability, i, and the frequency of operation.

The present research problem concentrated on development of absorbers with
consistent absorption over X-band range, reducing simultaneously both

dimension and weight, making it corrosion resistant and lastly cost effective.

M-type barium ferrite nanoparticles are synthesized from nitrate precursor using
co-precipitation technique. The size variation is achieved by controlling the
annealing conditions, Formation of single phase M-type barium ferrite is
confirmed from XRD pattern. The average crystalline size of barium ferrite
particles is in nanometre range. TEM analysis of barium ferrite shows the ferrite
nanoparticle is hexagonal in-shape. Extended rod like shape in one direction is
observed for the particles annealed at 900 °C with crystal lattice plane of
- anisotropy along c-axis with particle size of ~70 nm. Barium ferrite particles with
aluminium and strontium substitution also form single phase M-type hexagonal
ferrite. Nanosized ferrites are reinforced in novalac phenolic resin (NPR) in
different weight ratios. Density measurements showed the compactness of the
composite system increases with percentage increase in weight, as quantity of
filler increase. The TGA curve shows that the developed composite is thermally
stable up to 400 °C. DC conductivity increases with annealing temperature and
wt.% of the ferrite nanoparticles. The magnetic measurements confirm the
magnetic nature of the composites at room temperature. The comparatively high
values of saturation magnetization confirm its applicability as magnetic

absorbers at microwave frequencies.

Microwave characterization of ferrite-NPR nanocomposites are performed over
the X-band. The complex permittivity and permeability are computed from
measured values of S21 and S11 using Nicolson Ross method. The results obtained

from this method are substantiated by cavity resonator method and found to be
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in close proximity. BaFe12On9 particles annealed at 900 °C and 50 wt.% shows a
high permittivity of ~6.55 and permeability of ~3.59 and dielectric and magnetic
loss tangent ~0.3 and ~0.26, respectively. Out of the three ferrite compositions in
NPR matrix studied, strontium substituted shows maximum loss tangent with

SrFe12019-NPR nanocomposite showing the maximum value of ~0.4 and ~0.35.

The absorber thickness relates to the frequency of operation in a single layer
absorber which is basically resonant in nature with maximal microwave

absorption occurring at matching thickness, dn, when d,, equals to an odd

multiple of A, /4, where, A\, =7,/ (Isrllprl)l/z, the condition for phase
cancellation. The absorption studies carried out on a conductor backed single
layer absorber developed incorporating the ferrite nanoparticles in NPR matrix,
shows that 2 mm layer thickness shows better results as compared to 1 mm,

3 mm and 4 mm for all the compositions.

As aluminium ;eplaces the magnetic ion in BaAlxFe12xO19 -NPR composite,
anisotropy increases which results in increase of absorption and x=1.6 shows a
maximum absorption of -40.06 dB at 9.56 GHz with -10dB bandwidth of 4.0 GHz
and -20 dB bandwidth of 0.78 GHz. Maximum absorption of -43.06 dB is obtained
at 9.70 GHz with -10dB bandwidth of 1.8 GHz and -20 dB bandwidth of 0.40 GHz

for the Ba1«SrxFe12019-NPR composite when x=1.0 i.e. with SrFe;2019 inclusions.

Multilayering shows enhancement of bandwidth with CBA design ie. with
Bao 6Sro4Fe12019-NPR as the first layer and, BaFei;2019-NPR as the interphase
layer, shows -42.10 dB aborption with -20 dB bandwidth of 1.5 GHz and -10 dB
bandwidth i.e. 90% of incident power being absorbed over the whole X-band.

The FDTD technique implemented for analysis of single layer absorber using
BaFei2019-NPR composite, successfully analyses the full-wave electric field
distribution and return loss of absorber. The electric field pattern shows that due
to change in permittivity and permeability values in the magnetic material, the

field distribution changes.

The studies on ferrite nanocomposites developed for X-band absorption
described in references [63, 65, 67, 72, mentioned in chapter I}, show that the
three layered absorbers developed in the present study (table 5.13) has reflection
loss of -42.10 dB with -10 dB bandwidth covering the entire X-band (4.2 GHz)
and has a thickness of 2 mm. Ni-Zn ferrite doped with Co, Cu, or Mg in
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polyurethane [65] reports an absorption of -43.71 dB but the thickness is ~6 mm
with a -10 dB bandwidth of 2.4 GHz. Similar studies, conducted in reference [63]
on Zn Co-substituted W-type barium hexagonal ferrite-rubber composite has a
thickness of 1 mm with -10 dB absorption bandwidth of 5 GHz, however, the
maximum absorption reported is -28.5 dB (at 10.5 GHz). Other absorbers
developed in references [67, 72] show maximum absorption of -14 dB and -9 dB,
respectively. Co, Cu, Zn substituted barium hexaferrite-polychloroprene
nanocomposite reported in [67] has a -10 dB bandwidth of 2.6 GHz with
thickness 6 mm. The results shows that M-type barium ferrite-NPR and Al** and
Sr2* substituted M-type barium  ferrite-NPR nanocomposite system can
effectively be used as an efficient broad band absorber in X-band. The absorbers
are light as compared to their bulk counter parts and thickness of 2 mm is

sufficient to give good absorption.

Moreover, the composite system is sufficiently resistant to change in
environmental conditions like temperature and humidity. The constituents of
composite, viz. nanosized barium ferrite and NPR are corrosive resistant and of
low cost. The synthesizing technique is simple and can be easily incorporated for
mass scale production with some modifications. The cost of development
inclusive of the other expenses like electricity etc. for absorber of 15.2 cm x 15.2
cm with thickness of 0.2 cm is about Rs. 1240/ -($ 20.42). The cost does not include

the measurement equipment and labour cost.

The absorption can further be enhanced and tuned by selecting the various
combinations. The right combinations of layers can be made highly selective

absorber to be used as band stop filter.

EMI shielding materials developed is confined to X-band only, absorber to cover
- Cband and Ku band, has to be developed with enhanced bandwidth, for which
some structural modifications and change in reinforcers have to done. Reducing
the thickness and making the absorber flexible are other issues to be considered.
An absorber with more flexibility and higher tensile strength are to be developed
for use as absorbing and leakage sealing tapes. This can be carried out by using
flexible polymer matrix like e EPDM, LLDPE etc.

Microwave Absorbers using M-type Banum Hexafei11te-Novolac Phenolic Resin Nanocomposite in X Band -Design,
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A. Theoretical thickness limit for broadband microwave absorption in the

frequency range 8.2 GHz to 12.4 GHz

The minimum thickness limit of a dielectric microwave absorber for
broadband absorption in a particular frequency ranges, f;and f;,
corresponding to wavelength, A,;and 4, is given as,

|/, In|R(D)|dA| < 272 %, d; (A1)
Where, d;is the thickness of the i layer of the absorber, R(A4) is the frequency
~ dependent reflectance and dA = 4, — 4,.

Introducing decibel scale of the reflectance i.e. RL=20log|R(4)| and since
In|R(A)| =2.303log|R ()|, the equation (A.1) is modified to

RLc
4072

|y 2303 2% dA| < % poiel (A2)

For RLc =-30 dB absorption over the wavelength ranges 1, = 36.58 mm and
A; = 24.19 mm, the minimum total thickness limit of the absorber is derived

as

RL.

2.303—=5
401

(A4 —42) < pgd (A3)

For a magnetic absorber, ug; > 1.
Hence, for absorption level of -30 dB in the X-band, the minimum thickness of
the absorber can be determined from equation (1.82) and ranges from 0.5 mm

for permeability, psi=4.4 to 1.03 mm for permeability, psi=2.1.
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B. MATLAB program for reflection loss optimization with
varying individual layer thickness of multilayer absorber

system

The input impedance and reflection loss of a conductor backed multilayer microwave

absorber can be calculated using Transmission Line Model. The following program is

developed based on the reflection loss expression for three layer microwave absorber.

load ('C:\ Users\ hp\ Desktop\ trl.txt');

f=trl(:,1);
c=3*10"8;

el=trl(;2);
e2=trl(:,3);
e3=trl(;4);

ell=tr1(:,5);

e22=trl(:,6);

e33=trl(;,7);

ul=tr1(;,8);

u2=trl(;,9);

u3=trl(;,10);

ull=tr1(;,11);

% loading ‘tr1.txt’ file containing
frequency, real and imaginary permittivity
and real and imaginary permeability of
ferrite-NPR nanocompositecomposite

% frequency in X band
% free space microwave velocity

%Real permittivity of 1% layer ferrite-NPR
composite

%Real permittivity of 2" layer ferrite-
NPR composite

%Real permittivity of 1st layer ferrite-NPR
composite

%Imaginary permittivity of 1st layer

ferrite-NPR nanocomposite

%Imaginary permittivity of 2 layer
ferrite-NPR composite

%Imaginary permittivity of 3rd layer
ferrite-NPR composite

%Real permeability of 1 layer ferrite-NPR
composite

%Real permeability of 2! layer ferrite-
NPR composite

%Real permeability of 3r? layer ferrite-
NPR composite

%Imaginary permeability of 1st layer

ferrite-NPR nanocomposite

I



u22=trl(;12);

u33=trl(:13);

d1=1.0*10"-3;
d2=0.5*10"-3;
d3=0.5*107-3;

erl=complex(el,-e11);
url=complex(ul,-ull);
er2=complex(e2,-e22);
ur2=complex(u2,-u22);
er3=complex(e3,-e33);
ur3=complex(u3,-u33);
al=url./erl;
all=sqrt(al);
nl=377*all;
bl=url.*erl;
bl1=sqrt(bl);
b111=2*pi*f./c;
b1111=b111.*b11;
g1=1i*b1111;
a2=ur?./er2;
a22=sqrt(a2);
n2=377*a22;
b2=ur2.*er2;
b22=sqrt(b2);
b222=2*pi*f./c;
b2222=b222.*b22;
82=1i"b2222;
a3=ur3./er3;
a33=sqrt(a3);
n3=377*a33;
b3=ur3.*er3;
b33=sqrt(b3);
b333=2*pi*f./c;
b3333=b333.*b33;
g3=1i*b3333;
Dl1=tanh(gl.*d1);
D2=tanh(g2.*d2);
D3=tanh(g3.*d3);

%Imaginary permeability
ferrite-NPR nanocomposite
%Imaginary permeability

ferrite-NPR nanoconposite

Appendix B

of 2" layer

of 34 layer

%thickness of 1st, 2nd gnd 3rd layer, d;, d;

and d3
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B=n3.*D3;
El1=nl.*D1;
E2=n2*D2;
F=n1.*D1.*D2;
G=E1+E2;
H=G./(n2+F);
A=n2.*H;
C=A"*D3;
K=A+B;
L=n3+C;
M=K./L;
Z3=n3.*M;
Zinr=real(Z3);
Zini=imag(Z3);
R1=273-377;
R2=73+377;
R3=R1./R2;
R4=abs(R3);
RL=20*log(R4);
plot(f,RL)

\Y
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THREE-DIMENSIONAL PERFECTLY MATCHED LAYER (PML)
EQUATIONS

The Maxwell’s equations for TM mode
aD., 1 (aHy _ 8Hx)

o Jeom\ & & (Cla)
D,(w)=¢,(»).E,(0) (C.1.b)
oH, 1 Gk
o e O (C1.0)
0H, 1 Ok,
o e, O (C.1.d)

If a wave is propagating in medium A and it impinges upon medium B, the

amount of reflection can be calculated by the intrinsic impedances of the two

media as,
= Ma—Ms
Nats (C.2)
Where,
n= £
€ (C3)
Now the two dimensional Maxwell’s curl equations ((1.a) to (1.d), in Fourier
domain are,
oH
ja)Dzch{ y_aHx)
& O (C4.a)
D,(0) = &,(»).E, (®) (C.4.b)
ja)Hx = —CO ?i
oy (C4.c)
JoH, =c¢, oF,
2 (C4.d)
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The permittivity ¢ and permeability u is replaced by fictitious dielectric

constant and permeabilities. Thus,

‘ . . OH, 0oH
JoD, £, (x)£R,(y) = CO{F}]'_ ayx J

D, (@) =¢,(0).E, (@)

. . . aEz
.]a)Hx '#I’x (x)'/'ll7x (y) = _CO ay

rd

Ox
The two conditions to form PML:

JOH . pip (%) .par, (¥) = ¢,

(C.5.a)
(C.5.b)

(C.5.0)

(C.5.d)

A. The impedance going from the background medium to the PML must be

constant,

770=nm= ﬁ?x_:—_l
ung

(C.6)

B. In the direction perpendicular to the boundary the &'rx and p’rx must be

inverse of those in the other directions, i.e.

. 1

£ =—

v *
Er
. 1
o =
Fy
Now,
. ag
glv’m = 817m + . D for m=x Ory
JWE,
* G T
Fim = B+ Jor m=x ory
JOH,

The following selection of parameters satisfies equations (A.7.a) and (A.7.b)

gl-"m = /ulm = 1
GDm -

& Mo &

So, equation (A.6) becomes,

. l+o(x)/ joe
Mo =N, = 'Iu_fx‘z —()j & =1
£ 1+o0(x)/ jowe,

O.Hm —

Op

(C.7.a)

(C.7.b)

(C.8.a)

(C.8.b)

(C.9.a) |

(C.9.b)

VI
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Implementing a PML only in the X direction, equations ((C.5.a)-(C.5.d))

. O0H, oH
ij~'8Fz(x):c0 -~ =
, oz ax ay
. . OE,
-]a)Hx 'luF'x (x) = _CO ay

. . O,
JoH .y, (x)=c, Y

And use the values of equations (A.9.a) and (A.9.b),

Jjo 1+0_—D(—JQJDZ =c0{aH" —%]

Jog, & O (C.10.a)
jo 1+-GL(X—)J-‘HX =—c, 9,

Jjawe, oy (C.10.b)
jo| 1 +2f>—(i))Hy —c, 2L

Jjoz ox (C.10.c)

Again to put into the FDTD formulation, following modifications are
performed,

ja)(l + 220 JDZ = job,+22% p,
JWE, )

oD, . p() Dzn+”2(i9j)_Dz"—”2(i3j)+GD(i) D", )+ D" G, )
o g - At £ 2

:D:+1/2(i,j)'1_ 1+GD(I)'At _Dzn—IIZ(i’j)J_ I_O-D(l)’At
At 2g, Ar 2g,

| S|

DI, )= gB3@)-D G, )+
giz(i).o.s.[H;(i+1/2,j)—H;(i—1/2,j)—H;(i,j+1/2)+H;(i,j—l/z)]

(C.11)
Using the Courant stability,
A _MxiQey) L
Ax Ax 2

The parameters are defined as,

VII
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N 1
g0 =17 o, () A2 £,) (C.12.a)
2i3(i) = -0, (1:).At 1(2.84)
1+0,().A/(2g,) (C.12.b)

An identical treatment to equation no (A.10.c) gives,
HM(i+1/2, j) = fi+1/2) H) (i +1/2, j)+ ﬁ2(i+1/2).0.51E;*”2(i+1, N-EM(, j)]

(C.13)

where,
fi2(i+1/2)= - ]

I+O'D(I+I/2).At/(2.€0) (C.l4a)

- j At/(2.
f3(i+1/2) = 1 O’D(l.+1/2) At/(2.4)
Equation (A.10.b) require a somewhat different treatment as,

5)

JoH, = —COFEZ + 9p(%) —1— Ez}

oy g Jo O

H/20: . +H/2,:
OF, _E;""(G,j+D)-E;""(,)) _ cwl_e
Oy Ax Ax

H™M(G, j+1/2)—H!(,j+1/2) g, curl_e op(x) AIZT: curl e

At Ax 80 n=0 Ax
H G j+12) = H G, j+ 172+ 2 curl oy 0B T punay 1y o)

Ax Ax £,
= H:(i,j+1/2)+-cﬂ'A—tcurl_e +G—D("—)’A—’1,",;“2(i,j+1/2)
Ax 2,

Equation (A.10.b) is implemented as the following series,
curl _e =|ET"3 (i, j) - E2 Gy j+1) (C.15.2)
I3, j+112) =152, j+ 1/ 2) +curl _e (C.15.b)
HM (G, j+1/2)=H[(i,j+1/2)+0.5.curl _e+ fil(i).12"2 (i, j+1/2) (C.15.0)

vill



Appendix C

with
o(i).At
€o (C.16)

fil() =

Instead of varying conductivities, we calculate an auxiliary parameter,

o.Af
Xnh=
2.,
Then,
. 3
xn(i) =333 *(l—t—h’——lJ i=12,.....,length _pml
ength_ pm (C.17)
Ji(@) = xn(?) (C.18.a)
gi2(i)= ( . )
1+ xn(i) (C.18.b)
2i3(i) = (1‘_"’7(2)
1+ xn(i) (C.18.0)
Similarly considering y- direction,
oH
jw{1+o-,0(x)J(l+o-_D(y)JDz:co( }'_aij
Jog, N\ JOFs & O (C.19.a)
-1
Jjog, Jog, oy (C.19.2)
-1
jw(l + G.D(x)j[l + Oi’)(y)) H, ICO{QE—ZJ
Jjoe, joe, ). ox (C.19.c)

Equation (A.11) is replaced by the following,
D™"*(i, j) = gi3()-g/3())-D;"" (0. )

+ 120)-g2()-OS) [HIG+1/2, )y~ HIG =112, )= H? (i, j+1/2)+ H (G, j~1/2)]

Hy will be implemented as,
curl_e=|Er"(i+1, /) - EF G, ) (C.20.a)

n+ . . n-1/2 ¢« 4
IHy'/2(1+1/2,]) :]Hy' G+1/2, ) +curl _e (C.20.b)

X



H™(i+1/2,j) = fi3(i+1/2).H (i +1/2, )
— A2 +1/2)0.5).curl _e+ fI()I1"2 (i +172, j)

Finally, H, in the X direction becomes,
curl _e =|Er" (i, j) - E™2 (i, j +1)]
I j+12) =152 j+1/2) +curl _e
H™ @G, j+1/2)= 3+ 1/2).H](i,j+1/2)
+ 20 +1/2).(0.5)curl _e+ filG).I50"2 G, j+1/2)

In three dimensional problem,
-1
oH
ja).(l + O"X(X))[l + ij(y))[l + iF (Z)J DZ = Co{ >~ aHx J
Jjoe, jos, Jowe, Ox 19,%
Rewriting equation (A.22),
oH
jw{l’*'o;X(X)j(l""ojy(y)JDz=co(1+02(2))( )’_aHx)
Jjwe, JwE, Jjwe, o oy
o.(z) 1

—curl_h
& Jjo

=cq,.curl _h+c,.
where,

Iy = —_1—curl_h

Equation (A.23) becomes,
o
ja){] AL J[l LW JDZ = co{curl_h + G’—(Z)’IDZ]
JWE, J @&, &

-

Equation (A.24) is implemented into FDTD as,

. HI(+1/2,j,k+1/2)-H}(i-1/2, j,k+1/2)
curl _h=
- —H] (i, j+1/2,k+1/2)+ H (i,j-1/2,k+1/2)

ID.G, jk+1/2) =157 (iy jk+1/2)+curl_h

D" (i, j,k +1/2) = gi3(1).g3(j).D;"" (i, j k +1/2)

+ 12(1).g72(j).0.5{curl _h-+ gki(k).I%, i, j,k+1/2))

Appendix C

(C.20.c)

(C.21.a)
(C.21.b)

(C.21.0)

(C.22)

(C.23)

(C.24)

(C.25.a)

(C.25.b)

(C.25.¢)

X
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3D FDTD CODE MODULES FOR D., E. AND H, UPDATE FOR SINGLE
LAYER MAGNETIC ABSORBERS

The variables used in the code are defined in chapter VI. After initialization of
variables and specifying the calculation domain, the D,, E; and H: fields are
updated using FDTD update equations. Here the codes for updating D, E-

and H: fields are illustrated in the following sections,

D1. Code for updating D, and Efield

curl_h=(ra_x*(hy(i,j,k)-hy(i-1,j,k}}-ra_y*(hx(i,j,k)-hx(i,j- 1,k)});
dz(i,j,k)=gi3(i)*gj3(j)*dz(i,j,k)+gi2(i)*gj2(j)*.5*(curl_h);

kzh=k-kb;

curl_h=ra_x*(hy(i,j,k]-i1y(i-1,j,k))-ra _y*(hx(i,j,k)-hx(i,j-1,k));
idzh(i,j,kzh)=idzh(i,j,kzh)+curl_h;
dz(i,j,k)=gi3(i)*gj3(j)*dz(i,j,k)+gi2(i)*gj2(j)*.5*(curl_h+gk1(k)*idzh(i,j,kzh));
ez(i,j,k)=gaz(i,j,k)*dz(i,j,k);

D2. Code for updating H: fields

curl_e=(ra_y*(ex(i,j+1,k)-ex(i,j,k))-ra_x*(ey(i+1,j,k)-ey(i,j,k)));
hz(i,j,k)=f3(1)*§3(j) *hz(i,j, k) +fi2(i)*fj2(j)*.5*(curl_e);

kzh=k-kb;

curl_e=(ra_y*(ex(i,j+1,k}-ex(i,j k})-ra_x*(ey(i+1,j,k)-ey(ijk}));
ihzh(i,j,kzh)=ihzh(i,j kzh)+curl_e;

hz(i,j,k)=fi3(i)*f3 () *hz(i,j,k)+fi2(i)*2(j)*. 5*(curl_e+tk1(k)*ihzh(i,jkzh));

Xl
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