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ABSTRACT

Advancements in military and aerospace applications have increased the demand for high

temperature microwave absorbing materials. While current state of the art composite ma-

terial solutions contain strong absorption capabilities,they fail to perform in harsh thermal

environments due to thermal limitations of the composite matrix.

This work focused on fabricating a ferroelectric-ferrite ceramic composite capable of ab-

sorbing electromagnetic energy across a wide range of frequencies and temperatures. The

dielectric properties of A-site non-stoichiometric sodiumbismuth titanate (NBT) were in-

vestigated to determine if electrical losses could be tailored by altering the Na to Bi ratio.

A bismuth de�cient composition resulted in two electrical loss mechanisms at temperatures

above 200°C associated with oxygen ion mobility and polaron hopping between Ti4+ and

Ti 3+ .

Nickel zinc ferrite (NZF) was selected as the second composite component for the 
exi-

bility it provided in both dielectric and magnetic properties based on composition and pro-

cessing conditions. Highly conductive grains and resistivegrain boundaries, attributed to

electron hopping between Fe3+ and Fe2+ , led to an electrical loss mechanism at temperatures

up to 400°C.

The magnetic and dielectric properties of composite samples xNZF + (1- x)NBT were

evaluated at elevated temperatures and frequencies up to 1 MHz to determine the impact

the two phase composite solution had on the individual properties of NBT and NZF. Three

distinct thermally activated loss mechanisms were presentin the composite samples leading

to broadband absorption across the test frequencies of 1 kHz to 1 MHz and temperatures up

to 600°C.

Transmission and re
ection data from X- and Ku-band rectangular waveguides (8-18

GHz) were used to evaluate the magnetic and dielectric properties of the composite samples
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at room temperature. xNZF + (1- x)NBT composites demonstrated signi�cant attenuation

across the microwave frequencies tested. The microwave absorbing capabilities ofxNZF

+ (1- x)NBT composites at elevated temperatures were extrapolatedby combining the ther-

mally activated loss mechanisms studied at frequencies below 1 MHz, with room temperature

electromagnetic properties collected at 8-18 GHz.
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CHAPTER 1

INTRODUCTION

The demand for microwave absorbing materials has increased with advancements in radar

technology as well as consumer and military electromagnetic (EM) shielding communication

needs [1, 2]. Extensive advances in the �eld of microwave absorption have occurred in the

past decade, and many of the new material solutions possess strong absorption capabili-

ties. However, they fail to perform in harsh thermal environments limiting the application

space. In addition to the need for high temperature absorbers, a material solution capable

of performing across a broad range of frequencies also remains elusive [3].

1.1 Fundamentals of Electromagnetic Waves

EM waves are composed of both electric (E) and magnetic (H ) �elds that are perpen-

dicular to each other as well as to the direction in which theypropagate, known as the wave

vector k. The magnitude ofk is inversely related to the wavelength

k =
2�
�

(1.1)

The EM spectrum ranges from gamma rays with very short wavelengths (10� 3 nm) to

radio waves with wavelengths as long as 105 m. Microwave wavelengths range from around

1 m (300 MHz) to 1 mm (300 GHz). The velocity (v) of an EM wave is inversely related

to the permittivity ( � ) and permeability (� ) of the medium through which it propagates.

In the case of an EM wave travelling in a vacuum, the velocity is that of the speed of

light, based on the electric permittivity (� 0) and the magnetic permeability (� 0) of a vac-

uum.

v =
1

p
��

=
1

p
� 0� 0

� 3 � 108ms� 1 (1.2)

The ability of a material to store electrical energy is characterized by permittivity ( � ),

while permeability (� ) characterizes the ability to store magnetic energy. When anEM wave
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propagating in free space encounters a material (characterized by� and � ) energy is re
ected,

transmitted, and/or absorbed. When considering visible light, materials that are capable of

transmitting light with little absorption and re
ection ar e transparent. However, the light

that is transmitted in the material will decrease in velocity and refract at the interface. The

change in light path that occurs at the interface is de�ned bythe index of refraction (� ) and

is the ratio of the velocity in the medium to the velocity in a vacuum

� =
c
v

=
p

��
p

� 0� 0
=

p
� r � r (1.3)

where� r and � r are the relative permittivity and permeability, respectively.

When light passes from one medium to another with a di�erent index of refraction (e.g.,

from air into a solid) some light will scatter at the interface. The larger the index of refraction

di�erence of the two media, the greater the re
ection. Materials interactions with visible

light are dominated by electronic polarization and/or electron transitions because electrons

are small and light enough to keep up with the frequency in which visible light oscillates.

Microwave EM waves have longer wavelengths and are less energetic than that of visible

light. This allows for additional interactions with matter not possible at higher frequencies.

One way microwave energy can be absorbed is by rotating dipoles. A water molecule will

rotate to align its dipole with the oscillating �eld resulting in friction and the heating of

food. Microwaves can also be absorbed by localized ionic motions, electron hopping between

transition metals with di�erent valance states, and precessing spins [4].

Microwave absorbing materials absorb energy from electromagnetic �elds and convert

that energy into heat. As discussed above, when an EM wave encounters a material, the

re
ection, transmission, and absorption at the interface are determined by the permittivity

and permeability of the material. The complex notation for permittivity and permeability,

respectively, are

� r = � 0
r + i� 00

r (1.4)

� r = � 0
r + i� 00

r (1.5)
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The imaginary part, denoted with double prime, accounts forthe dissipation/loss of energy.

For microwave absorbing materials it is the increase in� 00
r and � 00

r that is of interest. The

possible material responses to a propagating EM wave and howthat relates to the complex

permittivity and permeability will be discussed in the following sections.

1.2 Magnetic Properties of Interest for Microwave Absorption

There are �ve basic types of magnetism summarized in Figure 1.1 based on the orien-

tations of the magnetic moments in a material. Materials that possess a single-magnitude

spontaneous magnetization can be either ferromagnetic (ifneighboring sites align parallel to

one another) or antiferromagnetic (if neighboring sites align antiparallel). In ferrimagnetic

materials, magnetic atoms occupy di�erent sublattices in the crystal structure; magnetic

dipoles associated with these di�erent sites are anti-aligned, but because the sublattices

di�er in dipole magnitude, there remains a non-zero spontaneous magnetization. Ferrimag-

netism can be treated as a unique case of ferromagnetism [5].

Figure 1.1: Di�erent types of magnetic behavior. Adapted from[6].

A ferromagnetic material has a spontaneous magnetization resulting from atomic spins

aligned in parallel with one another within a small region ofthe material. These regions

in which the spins are pointed in the same direction are referred to as domains. Domains
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form to reduce the overall energy of the system. Domain wallsseparate adjacent domains of

di�erent magnetization directions.

The energy associated with rotating the magnetization towards the direction of the ap-

plied �eld will heavily depend on the crystal structure of the material. In general, magnetic

materials will have domains in which the magnetization aligns itself along one of the main

crystal directions referred to as the easy direction of magnetization. There exists an energy

di�erence (magnetocrystalline anisotropy energy) for thecases where the magnetization is

aligned in the easy direction versus magnetization alignedalong a hard direction [5].

Under an applied magnetic �eld, the domains aligned with the �eld grow at the expense

of domains that are not aligned. The domain wall motion increases the magnetization in a

given direction and contributes to the overall permeability of a material. The magnetization

of a sample in the presence of an applied �eld is depicted in Figure 1.2 and is known as a

hysteresis loop.

Figure 1.2: Example of a virgin sample with multiple domains,hysteresis loop, and domain
wall motion under an applied �eld. Adapted from [7].

Assuming a virgin sample, the �rst image (denoted by 1) in Figure 1.2 represents a

material with multiple domains whenM and H are both zero. The shaded domain represents

the domain with the magnetization in the direction of the applied �eld. As H increases the

shaded domain grows as seen in the image on the right. This initial growth is reversible and

could be returned if the �eld is removed. The slope increasespast the initial reversible region
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where irreversible domain wall motion occurs until additional magnetization occurs only by

rotation of magnetization towards the direction of the applied �eld. A large amount of energy

is required to rotate the remaining domain magnetization inline with the applied magnetic

�eld. At M s all the domains capable of rotating have done so and the magnetization is

saturated, increasing the applied �eld after this saturation magnetization will not increase

the magnetization.

A remanent magnetization after the removal of the applied �eld exists due to the ir-

reversible domain wall motion (denoted byM r in Figure 1.2). Reversing the applied �eld

will remove the remanent magnetization. The �eld required to completely remove the mag-

netization in the material is the coercive magnetic �eld intensity (Hc). For ferromagnetic

materials an increase in temperature decreases the alignment of magnetic moments until

the thermal agitation at the Curie temperature drives the transition from ferromagnetic to

paramagnetic.

When EM waves interact with a ferromagnetic material there isa frequency above which

the domain wall motion can no longer keep up with the �eld, andmaximum energy absorption

occurs in association with this relaxation. This is seen as apeak in � 00
r and the loss that

occurs is commonly represented by tan� � .

tan � � =
� 00

� 0
(1.6)

At frequencies above the domain wall relaxation, losses aredominated by internal currents

known as eddy currents. This current is due to the voltage that is induced in the material

opposite the voltage producing the magnetizing current andalternating magnetic �eld [2].

The higher the frequency, the larger the induced current, and the greater the losses. The

e�ect of eddy currents is strongly dependent on the resistivity of the material; a highly

resistive material exhibits minimal eddy currents. As the frequency increases the penetration

depth of the applied �eld decreases. Eventually the increased eddy currents shield the inside

5



of the sample from the applied �eld [5]. The depth of penetration of the applied �eld is often

referred to as the skin depth,

s =
1

2�

s
�f
�

(1.7)

At microwave frequencies, domain wall motion is no longer operable, and the additional

loss mechanism beside eddy currents is spin rotation resonance. The high frequency �eld

oscillation acts as a tangential impulse to the spin of an electron and a�ects the angle of

precession. If the frequency of the �eld is in phase with the frequency of precession, they are

said to be in resonance and a maximum transfer/absorption ofenergy takes place [5].

Figure 1.3 shows the frequency dependence of permeability for a hypothetical ferromag-

netic material. At low frequencies there is little change ineither � 0
r or � 00

r . The �rst peak in

� 00is associated with domain wall movement. As discussed above,as the frequency increases

domain wall movement can no longer keep up and a peak in� 00
r occurs. The second peak is

associated with ferromagnetic resonance (spin resonance). For a material to absorb across a

broadband of frequencies numerous loss peaks are desirable.

Figure 1.3: Frequency dependence of permeability for a typical ferromagnetic material.
Adapted from [8].

In the case of a magnetic absorbing material, the dominant loss mechanism(s) are at-

tributed to the permeability of the material. It is important to note that materials classi�ed
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as magnetic absorbers also can contain polarization mechanisms associated with the electric

�eld interacting with the material that will be discussed in the next section.

1.3 Electrical Properties of Interest for Microwave Absorption

The propagating electric �eld induces a polarization basedon numerous mechanisms

that may be active in a given material. Atomic (electronic) polarizability occurs in all

materials and is the origin of the optical refractive index as described in Section 1.1. Electrons

are slightly displaced with respect to the nucleus under an applied �eld as illustrated in

Figure 1.4 and can follow �elds up to frequencies of� 1015 Hz due to their small inertia [4].

Ionic polarizability occurs in ionically bonded materialsin which the cations and anions

are displaced in opposite directions from their equilibrium positions under an applied �eld.

This results in a net dipole moment with compression and expansion of the ionic bonds

holding the material together (Figure 1.4). In both mechanisms the dipoles can be modeled

mathematically as mechanical oscillators. After removal ofthe applied �eld, a restoring

force counteracts the force induced by the �eld leading to a resonance [4]. The resonance

frequency of ionic and electronic mechanisms occur well above microwave frequencies and

therefore were not measured in this work.

Figure 1.4: Atomic (left) and ionic (right) polarization processes. Figure adapted from [9].

Dipolar polarization (Figure 1.5) requires the material to have pre-existing (spontaneous)

dipoles that are reoriented under the application of an electric �eld. The time required for

a dipole to orient with an oscillating �eld is longer than that of an electron or ion and is

strongly temperature dependent. Space charge polarizability is also strongly temperature
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dependent and refers to the movement of unbound charge carriers until they reach a potential

barrier such as a grain boundary or phase boundary. Unlike ionic and atomic polarizability

mechanisms, there are no direct restoring forces for dipolar or space charge polarizability

mechanisms, so they are represented mathematically by Debye-type relaxation processes.

There are a number of di�erent dipolar and space charge type mechanisms grouped under

these labels.

Figure 1.5: Dipolar and space charge processes. Figure adapted from [9].

The dielectric constant of a material is the combination of all the di�erent polarization

mechanisms at a speci�c frequency and temperature. Each mechanism has a di�erent range

of response times, so as the frequency of interacting EM waves increases, the number of

mechanisms contributing to the permittivity is gradually reduced as the slower-responding

mechanisms are unable to keep up with the �eld oscillations.Importantly, when the mea-

surement frequency is relatively close to the maximum frequency at which a given mechanism

can respond, substantial energy dissipation (absorption)occurs. At the frequency at which

a mechanism can no longer keep up with the �eld, an energy dissipation maximum is seen as

a peak in � 00
r as illustrated in Figure 1.6 [4]. This is true for both resonances and relaxation

mechanisms. The loss that occurs is commonly represented bytan � , which is the ratio of

the imaginary to the real permittivity.

tan � =
� 00

� 0
(1.8)
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Figure 1.6: Polarization mechanisms contributions to permittivity.

Some composite ferromagnetic and ferroelectric materialshave shown promise for mi-

crowave absorption due to high dielectric constants acrosswide temperatures and the pres-

ence of multiple loss mechanisms [10{12]. Ferroelectric materials also exhibit domain and

domain walls similar to ferromagnetic materials (Section 1.2) except ferroelectric materials

have a spontaneous polarization, instead of magnetization, with domains and domain walls

separating regions in which the polarization is homogeneous. The spontaneous polarization

is due to dipoles in the material oriented in the same direction. These regions of homoge-

neous polarization can be switched with the application of an electric �eld. Spontaneous

polarization in a material will result in bound surface charges. The accumulation of these

charges generates a depolarizing electric �eld opposite the spontaneous polarization. Do-

mains of alternating polarization (in the case of 180° domains) form to counteract bound

surface charges and reduce the magnitude of the local depolarizing electric �eld within the

material.

Domain walls in a ferromagnetic material can be tens to hundred of nanometers thick

due to the gradual alignment of spins. Ferroelectric domainwalls are generally thinner
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(� few unit cells) due to a strong coupling between polarization and strain in reversing

the polarization as well as the limitation of possible polarization directions based on the

crystal structure. Therefore the energy in a ferroelectric domain wall is more localized and

the domain walls are limited in mobility compared to that of ferromagnetic domain walls.

Analogous to ferromagnets, ferroelectrics also have a Curietemperature associated with a

phase transition beteween centrosymmetric nonpolar (paraelectric) and noncentrosymmetric

polar (ferroelectric) phases.

The hysteresis loop for a ferroelectric material is similarto the hysteresis loop (Section

1.2) for ferromagnetic materials, except the applied �eld is an electric �eld and the material

response is polarization. Table 1.1 compares some of the parameters for magnetic and

dielectric materials.

Table 1.1: Comparison of magnetic and dielectric parameters.

General Magnetic Dielectric
Applied �eld H (A/m) E (V/m)
Material Response M (A/m) P (C/m 2)
Remanent Magnetization, Mr Polarization, Pr

Coercive �eld Hc Ec

For pure electrical absorbers (� r = 1 + i0), conductivity often accounts for the majority

of the dissipation of energy, and therefore it is convenientto express� 00
r in terms of conduc-

tivity [13].

� 00
r =

�
!� 0

(1.9)

where! =2�f is the radial frequency,� is conductivity, and � 0 is permittivity of free space.

When a material containing a number of mobile charge carriers(ni ), each with a charge

(Q) is placed in an electric �eld the conductivity of that material can be expressed as the
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following

� = ni Qu (1.10)

where u is the mobility of the charge carrier. Charge carriers can belumped into three

generic categories of electronic, ionic, and polaron for charge transport.

For semiconducting materials, intrinsic electronic conductivity can occur by excitation

of electrons across the band gap of the material. Excitationof electrons into the conduction

band typically is accomplished by increasing the temperature resulting in an increase in

thermal energy. The excitation of an electron into the conduction band will generate a hole

in the valence band. Extrinsic electronic conductivity canoccur when an impurity/dopant

is incorporated into the material. The dopant is classi�ed as a donor if it has more valence

electrons than the atom it replaced (n-type), or an acceptorif it has fewer valence electrons

(p-type). A donor dopant donates extra valence electrons tothe conduction band while an

acceptor dopant accepts electrons from the valence band.

The e�ect temperature has on the electronic conductivity depends on the material. In

the case of metals, where carrier concentration is essentially independent of temperature, an

increase in temperature decreases the conductivity as it results in lattice atoms oscillating

about their equilibrium position increasing the probability of collisions. Imperfections in

the crystalline material (impurities, grain boundaries, vacancies, etc.) also increase the

probability of collisions. The mentioned imperfections increase the probability of scattering

due to the decrease in mean free time (average time between two collisions). The sum of the

individual scattering processes make up the resistivity (Matthiessen's rule) of a material. In

the case of semiconductors, there are two competing factorsto consider when increasing the

temperature and the e�ect on conductivity. An increase in thermal energy will increase the

number of electrons (excited electrons in conduction band), but decrease electron mobility

due to an increase in lattice vibrations and therefore possible collisions [9]. Because the

temperature dependence of carrier concentration follows Fermi-Dirac statistics, in many

cases, the increase in thermally-activated carriers overwhelms by many orders of magnitude
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the decrease in mobility of each individual carrier and the conductivity of insulators and

semiconductors increases rapidly with increased temperature.

For ionic charge carriers there must be sites within the lattice for ions to move into to

assist in conduction. The charge mobility will depend on thethe size and charge of the

ion as well as the lattice geometry. The movement of ions is not continuous, but rather

by a series of individual jumps, and the average velocity is determined by the frequency

and distance of the jumps [14]. The ion mobility in Equation 1.10 will depend on su�cient

energy to overcome the energy barrier to exchange sites witha vacancy. This energy barrier

is represented by the activation energy (Ea) in Equation 1.11. The number of charge carriers

will depend on the vacancy or interstitial concentration inthe crystal enabling the ions to

move. As seen in Equation 1.11 increasing the temperature will increase the ion mobility as

it mitigates the energy barrier that must be overcome in order to move.

� = � 0 exp(
� EA

kT
) (1.11)

Without an electric �eld, the movement is random and there is an equal probability of

the jump to occur in any available direction. In the presenceof an electric �eld the barrier

heights are no longer equal and there exists a higher probability for the jump to occur across

the lower barrier following the �eld [15].

Previous discussion on electron charge carriers as it pertained to conductivity was lim-

ited to free electrons in the conduction band or holes in the valence band. Polaron charge

carriers also deal with electrons but instead of free electrons limited by scattering, hopping

of electrons from site to site occurs. Hopping of an electron occurs when an ion of the same

type but di�erent oxidation states exist in equivalent latt ice sites. The discrete jumps are

thermally activated such that the mobility increases exponentially with temperature [14] as

seen in Equation 1.12,

u = u0T � 3=2 exp(
� Eh

kT
) (1.12)
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whereEh is the activation energy of the hopping process. The mobility, much like electron

band conduction, is also decreased by temperature as evident by the �rst temperature term

in Equation 1.12. At low temperatures the hopping mobility is low and increases expo-

nentially with an increase in temperature. A polaron is saidto be a small polaron if the

electron, and the associated lattice distortion due to polarization of the lattice, are limited

to approximately one lattice site and �rst neighbors. Largepolarons are those that extend

beyond one bond length [16].

Conductivity is a primary electrical property of interest for EM absorption, as an increase

in conductivity will increase the imaginary portion of the complex permittivity (see Equation

1.9). As discussed in Section 1.1 the imaginary portion of thecomplex permittivity or

permeability accounts for the dissipation of energy in a material (Equation 1.4, Equation

1.5). An Arrhenius type plot of the conductivity provides insight into the possible conduction

mechanism(s) present and associated activation energies by applying a linear �t to ln � vs

1000/T data.

Understanding the possible dielectric and magnetic loss mechanisms is critical in devel-

oping a material solution for broadband absorption. While multiple loss mechanisms are

highly desirable, there are additional design considerations that also need to be taken into

consideration that will be discussed in the next section.

1.4 Design Considerations for Absorbing Materials

There are two critical design challenges in developing a material to absorb EM energy.

The �rst is to minimize the re
ection that occurs when an incident EM wave interacts with

matter. This can be related back to the index of refraction (Equation 1.3) described in

Section 1.1. The index of refraction can also be described asthe ratio of the wavenumber,

k describing the wave propagation within a material, to the free-space wavenumber. The

wavenumber of a propagating wave has a frequency dependenceas seen below in Equation
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1.14 for the wavenumber of free space,k0.

� =
k
k0

(1.13)

k0 = !
p

� 0� 0 (1.14)

The ratio of the electric (E) to magnetic (H ) �eld of a propagating wave is known as the

wave impedance. In free space the wave impedance,Z0 is approximately 377 
.

Z0 =
E
H

=
r

� 0

� 0
� 377
 (1.15)

The electric (E) and magnetic (H ) �elds of an EM wave in a material medium will di�er

from that of an EM wave in free space due to some amount of energy storage. The amount of

energy stored will depend on the permittivity and permeability of the medium. The intrinsic

impedance of a material (Z i ) is de�ned as follows

Z i = Z0

r
� r

� r
(1.16)

The intrinsic impedance dictates the propagation of EM waves through a material. As an

EM wave propagates from one material to another with a di�erent intrinsic impedance, the

mismatch between the two materials will cause a re
ection atthe interface as discussed

previously based on di�erent indices of refraction. This re
ection can be calculated by �rst

determining the normalized impedance,Zn

Zn =
r

� r

� r
tanh(� ik 0d

p
� r � r ) (1.17)

whered is the thickness of the material and the wave is assumed to be striking the surface at

normal incidence. Once the normalized impedance of the material is determined, the re
ec-

tion coe�cient ( R) at the interface can be calculated using Equation 1.18.

R =
Zn � 1
Zn + 1

(1.18)

The performance of an absorbing material is assessed using two critical parameters, the

re
ection coe�cient ( R) and the absorption coe�cient (A). R is a complex number with
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a magnitude between 0 and 1; however, it is common to drop the phase angle (imagi-

nary part) and to use the amplitude of the re
ection coe�cient to represent the re
ection

in decibels [13]. A value of -10 dB equates to 90% of the incident EM power being ab-

sorbed.

jRj (dB) = 20 log10 jRj (1.19)

The energy transported in an EM wave can be expressed as the cross product ofE and

H . This is known as the Poynting vector, which represents the power 
ux density of an EM

wave with units of watts/meter2. Figure 1.7 illustrates EM waves encountering an absorbing

material. PI represents the power of incident wave, PT is the power transmitted, PR is

the re
ected wave, and PA is the power absorbed by the material. The power absorbed,

transmitted, and re
ected must add up to the incident power.

The second challenge is attenuating the waves once inside the material. This is addressed

with the absorption coe�cient ( A) of the material. The absorption coe�cient, A is the ratio

of the absorbed power (PA ) to the incident power (PI ). The e�ectiveness of a material to

attenuate a wave is dependent upon the permittivity and permeability as seen in Equation

1.21 for the attenuation constant [17].

A =
PA

PI
(1.20)

� =

p
2�f
c

q
(� 00� 00� � 0� 0) +

p
(� 00� 00� � 0� 0)2 + ( � 00� 0+ � 0� 00)2 (1.21)

E�cient microwave absorbing materials should have [18]

ˆ Strong absorbing capability

ˆ Minimal re
ection coe�cient

Designing a material that addresses both getting the incident EM wave energy into

the material (minimal re
ection coe�cient) and attenuatin g the wave (strong absorbing
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Figure 1.7: EM wave propagation through an absorbing material. Adapted from [18].

capability) once inside the material is extremely complicated. If one increases the loss in

a material (� 00
r or � 00

r ) to improve the absorption, the re
ection coe�cient also increases due

to the increase in the overall permittivity (permeability) [13]. To address both issues, the

relative complex permittivity and relative permeability of the material should be close to

one another so that the intrinsic impedance is close to that of free space [2, 19].

1.5 Current Composite Material Approaches

Current research focus areas for composite materials can bebroken into three major

categories of magnetic particles, carbon nanomaterials, and ceramic composites for high

temperature microwave absorption. An e�cient microwave absorbing material with minimal

re
ection coe�cient, wide e�ective absorption bandwidth, and high temperature stability

is highly desirable for multiple applications. A material solution for an e�cient microwave

absorber will require a multiple component approach as no one material can address all three

desired properties simultaneously.
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1.5.1 Magnetic Particles

Magnetic particles for EM absorption can be divided into twocategories, ferrites and

magnetic metal/alloy particles. Ferrites are classi�ed aseither spinel, garnet, or hexagonal

ferrite based on their crystal structure. Garnet ferrites have smaller magnetic losses compared

to spinel and hexagonal ferrite systems and therefore are not optimal for the application of

interest. Spinel ferrites like nickel zinc ferrite have been widely used for both low and high

frequency applications due to their 
exibility in electromagnetic properties by varying pro-

cessing conditions and dopant levels [20]. K. Pubbly et al. [21] recently showed increasing Co

content in spinel ferrite Ni1� xCoxFe2O4 increased absorption in the Ku frequency band (12.4-

18 GHz) due to an increase in saturation magnetization. As the saturation magnetization

increases ferromagnetic/spin resonance (Section 1.2) will shift to higher frequencies.

M-type hexagonal ferrite systems with the general chemicalformula MeFe12O19 (Me=Pb,

Ba, Sr) have had some success in the GHz frequencies. H.H Nguyen et al. [22] deter-

mined SrFe12� xCoxO19 compounds with x= 0.4 and 1 had re
ection loss values below -

20 dB at multiple frequencies between 7.6 and 10.9 GHz due to the coexistence of Fe3+ ,

Fe2+ , and Co2+ resulting in an increase in Ms. Substitution of Ni2+ in U-type hexaferrite,

(Ba0:7Bi0:2)4(Co1� xNix )2Fe36O60 with x= 0.75 showed broadband absorption extending over

9.1 to 17.7 GHz [23]. One challenge limiting the use of hexagonal ferrites is the increase

in conductivity as a result of high sintering temperatures leading to a high re
ection coef-

�cient [24]. Increasing the conductivity will improve the absorption of EM energy, but will

also increase the complex permittivity, leading to an increase in impedance mismatch as seen

in Equation 1.16.

The ability of carbonyl iron powders to absorb EM energy depends on multiple factors

such as the chemical composition, morphology, particle, size etc. [24]. For example, the imag-

inary permeability for sphere-shaped carbonyl iron particles has been shown to increase by

using high energy ball milling to produce nanosized 
akes [25]. However, when incorporated

into a silicone resin matrix the re
ection loss decreases attemperatures above 300°C [26].
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Another challenge associated with metallic magnetic �llerslike carbonyl iron is impedance

mismatch. The impedance mismatch generally occurs when thevolume concentration of the

�ller is above � 33% (percolation volume concentration) [24]. Increasing the particle volume

percent increases the composite conductivity, resulting in a decrease in re
ection loss [27].

1.5.2 Carbon Nanomaterials

One of the most heavily researched composite material solutions involves using carbona-

ceous particles due to the ability to tailor properties based on particle geometry, composition,

morphology, and volume fraction [1, 18]. Recently carbon forms such as graphene aerogels

decorated with cobalt ferrite nanoparticles and zinc oxidenanorods [28], carbon �ber fabric

impregnation in a polyaniline conducting polymer [29], carbon black polypropylene com-

posites [30], and plaid pattern of spinnable multiwalled carbon nanotubes combined with

polydimethysiloxane containing BaTiO3 [31] have been reported in literature as e�cient

material solutions for EMI shielding at frequencies between 8 to 12 GHz. Carbon has a

high electrical conductivity requiring additional materials to minimize EM wave re
ection

(impedance mismatch). Fabricating a microwave absorbing material in which carbon nano-

materials are the primary material while minimizing re
ection of EM waves is still a challenge

that needs to be addressed [32].

In addition to re
ection issues, the carbon �llers listed above still need to be incorpo-

rated into a matrix. Typically, �ller particles are embedded in a polymer matrix and it is

the polymer matrix that limits the operating temperatures that are feasible due to their

decomposition temperatures depending on the polymer selected [33]. Carbon/carbon (C/C)

composites composed of reinforcing carbonaceous matrix with carbon �bers have been re-

searched in an e�ort to address higher operating temperatures. However, carbon materials

alone do not meet EM performances of magnetic alloys and magnetic ferrites [1, 24].
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1.5.3 Ceramic Composites for High Temperature

Ceramic materials, speci�cally SiC-based composites, have received signi�cant attention

as high temperature microwave absorbing materials due to their mechanical properties of

high strength and hardness, low density, and chemical and thermal stability at elevated

temperatures. The absorption capability of SiC compositeshas limited their implementation

in the application space [34]. E�orts to improve the absorption properties have included

covering SiC uniformly with NiO nanorings (increased tan� from 0.21 to 0.59 at 400°C) [35],

chemical deposition of Ni on the surface of SiC powders improved impedance mismatch at

elevated temperatures [36], and doping with Fe increased re
ection loss above 500°C in the

frequency range of 8 to 12 GHz [37].

1.6 Objective of Research

The objective of this research was to formulate a ceramic composite containing multiple

loss mechanisms capable of absorbing EM energy across a widerange of frequencies and

temperatures. While the material solutions discussed in Section 1.5 are often capable of

broadband absorption, their properties deteriorate at elevated temperatures predominately

due to thermal limits of the matrix. A ceramic composite consisting of multiple loss mecha-

nisms discussed in Section 1.1 would address broadband absorption as well as provide high

temperature stability.
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CHAPTER 2

ELECTRICAL CHARACTERIZATION METHODS

Characterizing an absorbing material at elevated temperatures in the microwave fre-

quency range is extremely challenging. While rectangular waveguides have been used for

high temperature measurements [38, 39], the challenges of fabricating a test setup capable

of withstanding elevated temperatures and the complications associated with thermal e�ects

in data analysis were beyond the scope of this work.

Figure 2.1 summarizes the electrical measurements and test samples utilized to character-

ize materials in an e�ort to correlate performance at elevated temperatures and microwave

frequencies. Impedance measurements at temperatures from-120°C to 750°C on test speci-

mens con�gured as parallel plate capacitors were used to determine the dielectric properties

and loss mechanism(s) present in a sample at lower frequencies. At microwave frequencies

the length of the EM wave approaches the dimensions of the test sample (listed in Figure 2.1)

and a direct measurement of impedance is no longer valid. Filled rectangular waveguides

were used to measure the scattering parameters (to be discussed in Section 2.2) from 8.2

to 18 GHz at room temperature to determine the complex permittivity and permeability

of samples. High temperature microwave absorption properties were extrapolated by com-

bining impedance measurements identifying the frequency and temperature dependence of

a dielectric loss mechanism, with room temperature complexpermittivity and permeability

at microwave frequencies. The theory and data analysis for each method in Figure 2.1 will

be discussed in the following sections.

2.1 Impedance Analysis

Impedance data collected at frequencies ranging from 100 to 107 Hz and temperatures

from -120°C to 750°C were used to identify the di�erent polarization mechanisms present

in a sample. An applied AC potential can be represented as a sinusoidal single frequency
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Figure 2.1: Electrical measurements, sample dimensions, and temperatures measured at
di�erent frequency ranges.

voltage, and the current as the change in amplitude and phaseshift, � as seen in Equation

2.1 and Equation 2.2. The impedance of a sample at an angular frequency,! is the ratio of

the applied voltage to the measured current as seen in Equation 2.3.

V(t) = V0 sin(!t ) (2.1)

I (t) = I 0 sin(!t + � ) (2.2)

Z =
V0

I 0
=

V0 sin(!t )
I 0 sin(!t + � )

(2.3)

The impedance is a complex number usually containing both a real part representing the

resistance (R) and an imaginary part for the reactance (X ) as seen in the complex plane

in Figure 2.2. The impedance can be represented in rectangular coordinate form or in the

polar form as seen in Equation 2.4.

Z = R + jX = jZ j6 � (2.4)
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Figure 2.2: Complex plane with impedance vector (Z) consisting of a real part (R) and
imaginary part (X).

It is bene�cial to discuss the RLC (resistor, inductor, and capacitor) circuit components

equations when AC impedance measurements are made as equivalent circuit models to de-

scribe a material performance are often utilized [40]. In the case of an ideal resistor the

imaginary portion is zero, the impedance is simply R, and does not change with frequency

(Equation 2.5). The measured current remains in phase with the voltage across the resistor

and there is no phase shift (� ) in Equation 2.2. The impedance response of an inductor and

capacitor are reactive and therefore purely imaginary.

ZR = R (2.5)

ZL = j!L (2.6)

ZC =
1

j!C
= �

j
!C

(2.7)

As the frequency increases the impedance will increases for an inductor (Equation 2.6).

For a purely inductive circuit the current lags behind the voltage resulting in a phase shift

(� ) of -90°. An alternating current will lead to a change in the magnetic 
ux inside the

inductor. As the current increases, energy is stored temporarily in the magnetic �eld of the

inductor and released when the current decreases. The impedance for a capacitor (Equation

22



2.7) decreases with an increase in frequency. In a purely capacitive circuit the current will

lead the voltage resulting in a phase shift (� ) of 90°. A capacitor will store and release energy

in its electric �eld as the voltage increases and decreases.

For a perfect inductor or capacitor, energy is stored temporarily and then released with

no dissipation of energy. However, in real components some dissipation of energy will occur

leading to phase shift other than� 90°. As discussed in Section 1.1, it is the dissipation of

energy that is of interest in microwave absorbing materials.

The impedance of circuit components in series with one another is the sum of each

individual component impedance. For example, the net impedance of a capacitor in series

with a resistor is determined using Equation 2.8, while the the net impedance of the two

components in parallel is represented in Equation 2.9.

Zseries = ZR + ZC = R +
1

j!C
(2.8)

1
Zparallel

=
1

ZR
+

1
ZC

=
1
R

+ j!C (2.9)

2.1.1 Data Collection and Calculations

The magnitude of Z and phase angle,jZ j-� were collected at frequencies ranging from 1

kHz up to 10 MHz using an Agilent 4294A impedance analyzer at temperatures ranging from

-120°C to 750°C. Additional data at frequencies ranging from 10 mHz to 1 MHz wascollected

using a Solartron ModuLab XM potentiostat at temperatures from -120°C to 200°C. The

following equations were used to relate measurements to intrinsic properties [41].

ˆ The complex impedance is calculated from the measured magnitude and phase using

the following relations

Zreal = Z 0 = jZ j cos� (2.10)

Z imag = Z 00= jZ j sin� (2.11)
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ˆ The complex permittivity using the complex impedance is calculated using the follow-

ing equations assuming an RC circuit

� 0 =
t

!A� 0
�

Z 00

Z 02 + Z 002
(2.12)

� 00=
t

!A� 0
�

Z 0

Z 02 + Z 002
(2.13)

wheret and A are the thickness and the area of the sample

ˆ The bulk AC conductivity from the complex impedance measured values is

� AC =
t
A

�
Z 0

Z 02 + Z 002
(2.14)

The above mentioned AC impedance spectroscopy can be used toanalyze the dielectric

performance of a material for low frequencies (10 mHz-10 MHz) due to the sample dimensions

being signi�cantly smaller than the EM wavelength at the test frequencies [42]. The bulk

sample can be treated as a lumped element, and direct measurements by the impedance

analyzer are utilized to determine the dielectric properties with the equations listed above.

At microwave frequencies the dimensions of the sample are close to that of the wavelengths

being tested. The phase delay in the sample is not negligible, and the sample cannot be

represented by lumped elements [42, 43]. Techniques applicable for microwave frequencies

will be discussed in the next section.

2.2 Microwave Measurement and Materials Characterization

Microwave methods for the characterization of materials fall into two di�erent broad

categories of resonant and nonresonant methods. Resonant methods focus on a speci�c

frequency to get accurate material properties and generally apply to characterization of low

loss materials, while nonresonant methods are used to obtain less precise material properties

over a broad frequency range [8].

Broad frequency range properties are essential to characterize EM absorption perfor-

mance, and therefore nonresonant techniques are required.Nonresonant methods use the
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impedance and wave velocities in a material to deduce material properties and mainly con-

sist of re
ection and transmission/re
ection (TR) methods. Re
ection methods measure the

re
ection coe�cient from a material of interest, and as suchonly can determine the per-

mittivity or permeability of a material based on a �xed assumption of the other due to the

limitation on the number of independent re
ection measurements and number of unknowns

to solve. Since the properties of interest for this work are both the complex permittivity and

permeability, the measurement technique required for nonresonant data collection is TR.

2.2.1 Theory of Transmission/Re
ection Measurements

EM absorbers are classi�ed based on the dominant loss mechanism as either a dielectric

or magnetic absorber. The complex permittivity and permeability of a material is needed to

characterize the loss mechanism(s) present. A common method to obtain the electromagnetic

properties for bulk samples in the microwave frequency range is with small sections of a

transmission line. While transmission line theory has been utilized for over 50 years to

determine EM properties of materials, there still exist numerous challenges in data analysis.

For TR measurements the material of interest is placed in either a coaxial line or waveg-

uide and exposed to an incident EM �eld as seen in Figure 2.3. Rectangular waveguides

were used to determine EM properties for this work. The waveguide is necessary to direct

EM energy at the material of interest. The propagation of this directed EM wave down the

waveguide is represented by the propagation constant,



 = � + i� (2.15)

where the real part � is the attenuation constant, and the imaginary part� is the phase

constant. The propagation constant represents the change in amplitude and phase of the

EM wave as it propagates. The propagation constant as an EM �eld travels in one direction

down a uniform waveguide will vary with respect to time and distance along the line.

ej!t � 
z (2.16)

25



Figure 2.3: Example electromagnetic waves transmitting through and re
ected from a sample
in transmission line. Adapted from [8].

The �eld dependence on distance traveled down the waveguidecan be written as such

e� �z e� j�z (2.17)

The re
ection and transmission of the incident EM wave at thematerial interface is

measured in order to determine the complex permittivity andpermeability of the sample.

The propagation of the directed EM wave is in the z direction as depicted in Figure 2.4 and

the cross section of the waveguide is perpendicular to the direction of wave propagation.

Waveguides are limited in the frequencies that can be measured based on the dimensions

of the waveguide. The cuto� frequency is a lower bound on the frequency that can be

transmitted in the guide without introducing higher/evanescent modes. The electric and

magnetic �elds in the waveguide can be decomposed into transverse, denoted byE T and H T ,

and axial components, denoted byE z and H z. The di�erent modes possible in a rectangular

waveguide are described below based on what �eld is transverse to the propagation of the
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Figure 2.4: Rectangular waveguide with dimensions a and b. EMwave propagation is in the
z direction.

wave.

ˆ Transverse electric (TEmn ) mode, E z=0

ˆ Transverse magnetic (TMmn ) mode, H z=0

The cross section of the waveguide must be large enough to �t one complete wavelength

of the signal. The cuto� wavenumber,kc is dependent upon the dimensions of the waveguide

(a and b) and the mode indexesm and n as seen Equation 2.18.

kc =

r

(
m�
a

)2 + (
n�
b

)2 (2.18)

The values form and n represent the number of half cycle variations of the �elds inthe x

(width of waveguide) direction and y (height of waveguide) direction respectfully. Figure 2.5

shows the electrical �eld for TE modes TE10 and TE20 in a rectangular waveguide.

The dominant or fundamental mode refers to the mode that results in the lowest cuto�

frequency the waveguide is capable of supporting. For the TEdominant mode, TE10, where

m = 1 and n = 0, one half a sinusoidal wave exists along the width of the waveguide

(Figure 2.5), where the electric �eld reaches the maximum at the middle of the waveguide

width and is zero along the walls. A value ofn = 0 means no �eld variation exists along
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Figure 2.5: Rectangular waveguide TE modes TE10 and TE20.

the height of the waveguide. The cuto� wavelength,� c can be calculated from the following

equation

� c =
2�
kc

(2.19)

The phase constant,� in a rectangular waveguide is dependent upon the wave vector, k

and the cuto� wave number,kc (Equation 2.20) and can be written in terms of the waveguide

dimensions and the medium �lling the waveguide by substituting in the expressions fork

and kc.

� =
p

k2 � k2
c =

r

! 2�� � (
m�
a

)2 � (
n�
b

)2 (2.20)

The phase constant represents a traveling wave as long as� is a real quantity. If the

angular frequency (! ) in the �rst quantity ( ! 2�� ) in Equation 2.20 is smaller than the

second two quantities (dependent upon dimensions and mode ofthe waveguide),� becomes

imaginary and the quantity e� j�z no longer represents a traveling wave. When� is imaginary

the EM wave is an exponentially decaying wave that will ceaseto propagate along the
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waveguide. The test frequencies must be high enough that� remains a real quantity to

ensure wave propagation within the guide. The frequency in which the quantity � transitions

from a real quantity to imaginary is the cuto� frequency for that mode. Di�erent values

of m and n (mode indexes) will result in di�erent cuto� frequencies. The dominant mode

as discussed above resulting in the lowest cuto� frequency used for rectangular waveguides

operating in the TE mode is TE10 since TE01 results in a higher cuto� frequency due to the

convention that a > b for a rectangular waveguide.

The cuto� frequency, f c, for di�erent modes can be calculated with Equation 2.21. The

dominant mode TE10 cuto� frequency reduces to Equation 2.22.

f c;mn =
1

2�
p

��

r

(
m�
a

)2 + (
n�
b

)2 (2.21)

f c;10 =
1

2a
p

��
(2.22)

For an empty waveguide the cuto� frequency is simply the speed of light, c, divided by twice

the length of a. Figure 2.6 shows the magnetic and electric �eld lines in the TE10 mode in

a rectangular waveguide. The wavelength of a wave propagating in a rectangular waveguide

can be related to an unguided wavelength by Equation 2.23.

� g =
� 0q

1 � ( � 0
� c

)2
(2.23)

When a sample is placed in the waveguide, the unguided wavelength will shorten based

on the permittivity and permeability of the sample. At one half wavelength (Figure 2.6) the

electric �eld is zero, resulting in poor re
ection data. Foroptimal measurements the sample

thickness should be close to one fourth the wavelength. Whilechallenges in data analysis

arise when samples are one half wavelength, thinner samplescan also introduce uncertainties

in measurements. Due to the expected permittivity of some samples, thin sample holders

were utilized in an e�ort to optimize data collection. Table2.1 summarizes the rectangular

waveguides and sample holder thickness (L) used in this work.
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Figure 2.6: Electric (red) and magnetic (blue) �eld propagation in a rectangular waveguide.

Table 2.1: Waveguide speci�cations for X- and Ku-band measurements.

Waveguide Frequency a b f c L
(GHz) (mm) (mm) (GHz) (mm)

X-band WR-90 8.2-12.4 22.86 10.16 6.56 1.60
Ku-band WR-62 12.4-18.0 15.80 7.90 9.49 1.27
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Waveguide test frequencies are generally determined such that one band starts where the

previous band ended, the lower operating frequency is approximately 25% higher thanf c,

and the upper bound is approximately 5% lower than the next higher order mode.

Figure 2.3 represents a sample in the waveguide with three sections EI , EII , and EIII

identi�ed. The following expressions can be written for an incident wave in the three regions

identi�ed propagating in the z direction.

E I = e(� 
 0z) + C1e(
 0z) (2.24)

E II = C2e(� 
z ) + C3e(
z ) (2.25)

E III = C4e(� 
 0z) (2.26)

The constants (C1,C2,C3, and C4) can be solved based on the boundary conditions for the

electrical and magnetic �elds at the interface. For the electric �eld the boundary condition

is continuity in the tangential component at the interfaces.

E I jz= L 1 = E II jz= L 1 (2.27)

E II jz= L 1+ L = E III jz= L 1+ L (2.28)

L1 and L2 are the distances from the calibration reference planes to the sample interface and

L is the sample length. The boundary conditions on the magnetic �eld are that the �eld

remains continuous across the interface and no surface currents are generated.

1
� 0

�
@EI
@z

jz= L 1 =
1

� 0� r
�

@EII
@z

jz= L 1 (2.29)

1
� 0� r

�
@EII
@z

jz= L 1+ L =
1
� 0

�
@EIII

@z
jz= L 1+ L (2.30)

The propagation constant for a sample in the waveguide is denoted by 



 = j

s
! 2� r � r

c2
� (

2�
� c

)2 (2.31)
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and the propagation constant for the transmission line �lled with free space,
 0


 0 = j

r

(
!
c

)2 � (
2�
� c

)2 (2.32)

For test frequencies in the microwave region, scattering parameters are measured and

a scattering matrix is generated to relate the voltage wavesincident on the ports to those

re
ected at the ports. A two port network and a vector network analyzer were used to

measure the scattering matrix directly as seen in Figure 2.7.

Figure 2.7: Scattering parameters for two port network. Adapted from [44].

The scattering matrix for a two port network is
2

6
4

S11 S12

S21 S22

3

7
5

where each S-parameter in the matrix has both a magnitude andphase, since scattering

parameters are complex numbers. Figure 2.7 shows S11, which is the re
ection coe�cient

seen by a wave incident to port 1. S21 is the transmission coe�cient from port 1 to port

2. The additional two S-parameters in the matrix come from data collected from the signal

generated at port 2.
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The scattering parameters are obtained by solving Equations 2.24-2.26 with respect to

the boundary conditions, Equations 2.27-2.30 [8].

S11 = R2
1 �

�(1 � T2)
1 � � 2T2

(2.33)

S22 = R2
2 �

�(1 � T2)
1 � � 2T2

(2.34)

S21 = R1R2 �
�(1 � T2)
1 � � 2T2

(2.35)

R1 and R2 are the reference plane transformations at port 1 and 2 respectfully

Ri = e(� 
 0L i ) ; (i = 1; 2) (2.36)

T is the transmission coe�cient

T = e(� 
L ) (2.37)

� is the re
ection coe�cient

� =
( 
 0

� 0
) � ( 


� )

( 
 0
� 0

) + ( 

� )

(2.38)

The above equations are used by multiple di�erent algorithms to solve for the complex

permittivity and, where applicable, the complex permeability. The combined Nicolson, Ross,

Weir (NRW) algorithm, the new non-iterative (NNI) conversion method, and nonlinear least-

squares approach were all utilized in this work and will be discussed in the following sections.

2.2.2 Nicolson, Ross, Weir Algorithm

The combined Nicolson and Ross [45] with Weir [46] method is the most well-known

method in retrieving the complex permittivity and permeability of samples from given S-

parameter data [47]. The method relies on the complex scattering parameters S11 (for the

re
ection coe�cient seen by a wave incident to port 1) and S21 (the transmission coe�cient

from port 1 to 2), to calculate the complex permittivity and permeability as depicted in

Figure 2.7. Equation 2.33 and Equation 2.35 were combined to �nd formulas for permittivity
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and permeability. The Nicholson, Ross, and Weir (NRW) algorithm is applied to collected

data to determine intrinsic material properties via the following steps

ˆ Using S11 and S21 to calculate the re
ection coe�cient, �

� = X �
p

X 2 � 1 (2.39)

X =
S2

11 � S2
21 + 1

2S11
(2.40)

ˆ Using the condition that j � j< 1 to �nd the correct root, calculate the transmission

coe�cient

T =
S11 + S21 � �

1 � (S11 + S21)�
(2.41)

ˆ The complex permeability is then extracted

� r =
1 + �

�(1 � �)
q

1
� 2

o
� 1

� 2
c

(2.42)

where� o is the free space wavelength and� c is the cuto� wavelength of the transmission

line

1
� 2

= � (
1

2�L
ln

1
T

)2 (2.43)

and L is the length of the sample

The equation above has an in�nite number of roots since

ln
1
T

= j (� + 2�p ); p = 0; � 1; � 2::: (2.44)

ˆ The permittivity is extracted with the following

� r =
� 2

o

� r
(

1
� 2

c
� [

1
2�L

ln
1
T

]2) (2.45)

The correct root for � is selected by assuming the material under test is passive, meaning

the sample has no gain, only loss, and therefore the resistive component of impedance must be
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positive. The ambiguity in Equation 2.43 is due to the fact that the transmission coe�cient,

T, does not change when the sample under test length is increased by a multiple wavelength.

To resolve the ambiguity, the group delay through the material should be calculated and

compared to the measured group delay to determine the correct root. The calculated group

delay

� g;p = L
d
df

(
� r � r

� 2
0

�
1
� 2

c
)1=2

p (2.46)

is compared to the measured group delay

� g = �
1

2�
�

d�
df

(2.47)

where� is the phase (rad) ofT. The correct value ofp can be found when

� g;p � � g � 0 (2.48)

2.2.3 New Non-Iterative Algorithm

The new non-iterative (NNI) algorithm [48] modi�ed the NRW approach for non-magnetic

materials. The NNI method relies on the re
ection and transmission coe�cient (Equation

2.39 and Equation 2.41) calculated in NRW and introduces an intermediate step with e�ective

electromagnetic parameters (� �
ef f , � �

ef f ). The complex permittivity can be determined via

the following steps

ˆ Using the re
ection coe�cient, � and � from NRW calculate � �
ef f and � �

ef f

� �
ef f =

� 0g

�
(
1 � �
1 + �

) (2.49)

� �
ef f =

� 0g

�
(
1 + �
1 � �

) (2.50)

where� 0g is the wavelength in the empty cell

� 0g =
1

q
1

� 2
0

� 1
� 2

c

(2.51)
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ˆ Calculate the complex permittivity with new expression

� r = (1 �
� 2

0

� 2
c
)� �

ef f +
� 2

0

� 2
c

1
� �

ef f

(2.52)

ˆ Assume non-magnetic material (� r = � �
ef f = 1), the e�ective complex permittivity

reduces to the following

� ef f = � �
ef f (� �

ef f )p = (
1 � �
1 + �

)p� 1(
� 0g

�
)p+1 (2.53)

wherep is a positive or negative real number

The NNI method has been shown to produce stable extracted permittivity values over

the entire frequency range of interest and does not require an initial estimate for permittivity

to converge on the solution.

2.2.4 Nonlinear Least-Squares Solution

The nonlinear least-squared approach [49] uses a nonlinearregression technique based

on the fact that a causal, analytical function can be represented by poles and zeros. This

technique has been proven to accurately extract values for high and low permittivity dielec-

tric and magnetic materials of either high or low loss. This approach allows for the \best

�t" of the scattering parameters using a Levenburg-Marquardt nonlinear least-squares solu-

tion and accounts for variations in sample and reference position lengths that attribute to

measurement errors.

To acquire the \best �t" of the scattering parameters, the model assumes a series of poles

of �rst and second order for the frequency dependent forms ofthe complex permittivity and

permeability

� �
R(! ) = A0 +

X

i

A1i

1 + jB 1i !
+

X

i

A2i

(1 + jB 2i ! )2
(2.54)

� �
R(! ) = D0 +

X

i

A3i

1 + jB 3i !
+

X

i

A4i

(1 + jB 4i ! )2
(2.55)
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Initial estimates of � �
R and � �

R are necessary to determine the initial values for Ai and Bi .

The additional parameters are initialized to zero for the initial �t. The initial values of � �
R

and � �
R from the NRW algorithm are used for initial estimates. The complex permittivity

and permeability values from the model predictions comes from inserting Equation 2.54 and

Equation 2.55 into the scattering equations below to �nd theunknown coe�cients in the

equations for� �
R and � �

R that produce the least-square error.

S11 = R2
1 �

�(1 � T2)
1 � � 2T2

(2.56)

S22 = R2
2 �

�(1 � T2)
1 � � 2T2

(2.57)

Air gaps, half-wavelength resonances, and overmoding are the main measurement problems

with all transmission line test setups. Sources of error in determining the combined permit-

tivity and permeability speci�cally for rectangular waveguide TR measurements can come

from the following [50]

ˆ Air gaps between the sample and the sample holder

ˆ Variations in sample holder dimensions

ˆ Uncertainty in reference plane positions

Using the nonlinear least-squares approach allows for optimization of some of the known

errors in measurements such as variations in sample holder dimensions and uncertainty in the

reference plane positions. The sample is typically placed in the sample holder such that the

sample is 
ush with the end of the holder which coincides withthe the calibration reference

plane. Variances in sample thickness and dimensions were known problems resulting in

positioning errors. A slight reference plane positioning error can introduce large uncertainties

in the re
ection coe�cients S 11 and S22 [51]. The model addresses uncertainty in position

of the sample during testing with additional optimization parameters � L 1 and � L 2 in the

equations for the reference plane transformations (Equation 2.36).

R1 = e(� 
 0 [L 1+ � L 1 ]) (2.58)
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R2 = e(� 
 0 [L 2+ � L 2 ]) (2.59)

and the length of the actual test sample L is determined by

L = Lair � (L1 + L2 + � L 1 + � L 2) (2.60)

The model can also take into account inaccuracies/variations in sample holder dimensions

by optimizing the cuto� wavelength, � c in a similar manner as above for the length of the

sample by adding an additional optimization parameter� 
 .

In the case of air gaps, variations in sample holder dimensions, and inconsistencies in

sample length lead to undesirable higher order modes especially for high permittivity mate-

rials. Air gaps, speci�cally along the wide side (a) of the waveguide, have the most impact on

the calculated permittivity due to the higher electric �eld present as seen in Figure 2.6. This

will create a series capacitance resulting in a severe bias in the calculated permittivity [52].

The sample imperfections can lead to evanescent waves at theinterface that may propagate

in the material and are noticeable when they resonate, but will decay exponentially outside

of the specimen [53].

To resolve the issue of air gaps in the measurement either precise measurement of the

gaps and a correction model must be applied or the air gaps canbe �lled with a conductive

material such as a conductive paint, indium-gallium solderalloy, or a conducting grease.

While the application of conducting material changes the line impedance and line loss, the

line impedance change is minimal in comparison to the improvements in the dielectric and

magnetic property measurements [50].

2.2.5 Methods Utilized for Analysis

For this work all three of the methods discussed above were necessary to accurately de-

termine the complex permittivity and permeability of samples. For non-magnetic materials,

both NRW and NNI algorithms were used to provide initial values for � �
R and � �

R needed for

the nonlinear least-squares solution.
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The extraction of initial values for � �
R and � �

R often requires determining the correct value

for p (referred to as branch) due to the high probability of existence of higher modes. Higher

modes are known to occur when the test frequencies approach integral multiples of one-half

wavelength of the sample as discussed in Section 2.2.1. High-dielectric constant materials

are known to contain both fundamental and higher mode responses due to the change in

cuto� frequency (Equation 2.22) [50]. There will always be ambiguity in the data due to

phase wrapping that occurs due to a change in phase of the transmitted �eld (S 21). When

the phase change exceeds 2� the actual phase is

� actual = � measured + 2p�; p = 0; 1; 2::: (2.61)

For determining the propagation constant, the attenuationconstant, � is independent of the

phase wrapping and only the value for phase constant,� is a�ected [54].

� = �
ln jTj

L
(2.62)

� m = �
� T + 2p�

L
(2.63)

jTj and � T are the magnitude and phase of the transmission coe�cient,L is the sample

length, and p is an integer (branches).

The ambiguity in the phase constant will also a�ect the determination of the complex per-

mittivity and permeability. Typically the group delay comparison discussed in Section 2.2.2

is used to determine the correct branch, however this methodfails at high frequencies be-

cause the branches are very close together. Applying Kramers-Kronig (KK) relations, which

require that a material response to an applied �eld be causal, has also been implemented to

determine the correct branch [54, 55].

To determine the correct branch, a rational �t model that is KK compliant was utilized

to �t the propagation constant, 
 for branchesp=-2,-1,0,1,2. The model �ts the real and

unambiguous� in Equation 2.62 and the ambiguous� in Equation 2.63 separately. The

correct branch �ts both � and � signi�cantly better than any other branches. The model
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used in MatLab [56] obeys the KK relations. S-parameter dataon a sample of polytetra
u-

oroethylene (PTFE), with relatively stable dielectric properties (� � 0=2.1, tan � =0.0004)

across a wide range of frequencies, was tested before collecting data on samples of interest.

Figure 2.8 is 
ow diagram of the steps taken to determine the complex permittivity

and permeability using the three methods discussed in the previous section. The following

discussion steps through the process in detail with PTFE.

Figure 2.8: Flow diagram for the algorithms and models used in determining the complex
permittivity and permeability from S-parameter data for X- and Ku-band.
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PTFE is a non-magnetic material, so either NRW or NNI algorithm isapplicable. Fig-

ure 2.9 shows the rational �t of the propagation constant forPTFE. Only branch 0 �ts both

the attenuation constant (� ) and phase constant (� ).

Figure 2.9: Rational �t of the unambiguous attenuation constant, � and ambiguous phase
constant, � for a sample of PTFE.

In addition to ambiguity in the phase constant, variations in sample dimensions and sam-

ple positioning during testing can drastically a�ect the extracted parameters. As discussed

in Section 2.2.4, the values of� �
R and � �

R from NRW (or NNI in the case of a non-magnetic

material) provide the initial estimates to the model necessary for �tting. If the initial values

of � �
R and � �

R provided to the model are inaccurate, �tting of the originalS-parameter data

and extracted parameters by the model is poor. The NRW algorithm only usesS11 and S21

in Figure 2.7 to determine the permittivity and permeability of a sample and assumes that

S11 and S22 are the same. This assumption requires accurate sample positioning and sample

length. From the S-parameter data in Figure 2.10, it is evident that this assumption is

invalid for the PTFE sample and variability in sample thickness, sample dimensions, sample
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holder and positioning within the transmission line all cancontribute to the di�erences in

measured re
ection coe�cients at port 1 and port 2.
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Figure 2.10: Real and Imaginary S11 and S22 for PTFE.

While the nonlinear least-squares approach allows for optimization to account for the

errors in measurement that often occur, it was determined that for the samples tested in

Chapter 7 the di�erence in S11 and S22 had a drastic e�ect on the initial values extracted

from NRW or NNI for � �
R and � �

R . These initial values are used to estimate the initial values

A i and B i (Equation 2.54 and Equation 2.55). Inaccurate extracted parameters from NNI

or NRW made it impossible for the model to converge or accurately �t the data since the

model attempts to �t both S 11 and S22.

To improve the extracted parameters from NNI or NRW, S11 and S22 were incorporated

together to determine the values forL1 and L2 (Figure 2.3) that match S11 and S22 as close

as possible. The new values based on the optimized values forL1 and L2 are then used to

extract initial � �
R and � �

R . Figure 2.11 shows the extracted� �
R and � �

R for the known PTFE

sample without optimizing the length.

Figure 2.12 shows the extracted� �
R and � �

R for PTFE after optimizing the length. The

sample PTFE still contained air gaps within the sample holderand the length of the sample

was slightly (1.9 mm instead of 1.6 mm) too long for the sampleholder. The PTFE sample

had a signi�cantly better �t than the ceramic samples testedin Chapter 7, and yet optimizing
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Figure 2.11: Extracted� �
R and � �

R for PTFE using NNI algorithm with no length optimiza-
tion.

the length of the PTFE sample still had a signi�cant impact on the extracted values of� �
R

and � �
R . As seen in Figure 2.11 the extracted value for� 0 oscillates around 1.8 (known value

of 2.1) and� 00values dip below zero at some points. After optimizing the length the extracted

� 0 value oscillates right around the known value of PTFE and can be used as an initial input

into the nonlinear least-squares model.

After determining the correct branch and optimizing for the position and length of the

sample, an initial �t of 1st order poles from the provided� �
R and � �

R values can be obtained.

For non-magnetic samples both NRW and NNI were utilized to compare algorithms.

To optimize parameters extracted using NRW for non-magneticsamples the number of

poles for� �
R were set to zero and only the poles for� �

R were utilized. The extracted values

from NRW and the model values can be seen in Figure 2.13. By setting the poles for� �
R to

zero and one pole for� �
R the values from the model resulted in values close to the expected

values of PTFE. The �t to the raw S-parameter data for the sample using NRW as initial

values can be seen in Figure 2.14.
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Figure 2.12: Extracted� �
R and � �

R for PTFE using NNI algorithm with length optimization.
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Figure 2.13: Complex permittivity and permeability for PTFE using NRW algorithm as
initial values for nonlinear least-squares model optimization.
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Figure 2.14: Model �t of raw S-Parameters for PTFE using NRW algorithm as initial values
for nonlinear least-squares model optimization.

For non-magnetic samples,� �
R and � �

R can be extracted using the NNI algorithm discussed

in Section 2.2.3. As seen in Figure 2.12 the extracted values for mu are already set to

� 0=1 and � 00=0, and the permittivity values are close to the known valuesof PTFE after

length optimization. The extracted values from NNI and the model values can be seen in

Figure 2.15. One pole for� �
R resulted in model values close to the expected values of PTFE.

The model �t to the raw S-parameters are plotted in Figure 2.16. The nonlinear least

squares model resulted in values matching the expected values for PTFE after optimizing

the length of the sample. Both extracted NRW and NNI values were used as initial estimates

for the model and resulted in good �ts for the raw S-parameterdata (Figure 2.14 and

Figure 2.16) and expected values for the complex permittivity and permeability (Figure 2.13

and Figure 2.15).
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Figure 2.15: Complex permittivity and permeability for PTFE using NNI algorithm as initial
values for nonlinear least-squares model optimization.
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Figure 2.16: Model �t of raw S-Parameters for PTFE using NNI algorithm as initial values
for nonlinear least-squares model optimization.
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CHAPTER 3

CERAMIC COMPOSITE COMPONENTS

A ceramic oxide composite composed of sodium bismuth titanate and a known mag-

netic absorber nickel zinc ferrite was fabricated in an e�ort to address both the desired

elevated operating temperatures and broadband absorption. The incorporation of the two

material candidates into one composite solution combines multiple absorption mechanisms

across di�erent frequencies and addresses thermal stability concerns at elevated temperatures

associated with other options.

3.1 Sodium Bismuth Titanate

Sodium bismuth titanate (NBT) has been researched predominantly as a lead-free piezo-

electric material to replace lead zirconate titanate (PZT). NBT has been considered as a

possible replacement to PZT predominantly due to its high Curie temperature (� 325� C),

remanent polarization (38� C cm� 2) and piezoelectric constant (d33 � 73 pCN� 1) [57, 58].

Extensive research has focused on improving the piezoelectric properties of NBT, speci�-

cally reducing its high conductivity that leads to large loss tangent and leakage currents at

elevated temperatures. It is this behavior which is undesirable for piezoelectric applications

that can be exploited for high temperature microwave absorption.

3.1.1 Crystal Structure and Phase Transitions

NBT is a perovskite (ABO3) where Na and Bi co-occupy the A sites and Ti occupies the

B sites. A large number of studies have reported di�erent crystal structures for NBT since its

�rst discovery in 1961. The local and average structure deviations at room temperature [59]

along with di�use phase transitions at elevated temperatures [60] make it challenging to

isolate phase transitions and speci�c crystal symmetries.Figure 3.1 below summarizes the

di�erent phases for NBT and temperature ranges that have beenreported.
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Figure 3.1: Reported phases in NBT and temperature ranges for possible phase transi-
tions [61{66]. The double arrows indicate large temperature hysteresis, adapted from [67].

3.1.2 Di�erent Types of Electrical Conduction

Attempts to improve the piezoelectric properties of NBT uncovered three di�erent types

of electrical conduction. Yang et al. [68] have categorizedthe three di�erent behaviors as

types I-III below.

ˆ Type I oxide-ion conduction

ˆ Type II mixed ionic-electronic

ˆ Type III insulating/dielectric

Type I oxide-ion conduction, while undesirable for piezoelectric applications, is a desirable

electrical behavior for absorbing materials as it can enhance loss tangent and dissipation of

EM energy at elevated temperatures. One means to tune the di�erent conduction behavior

is by varying the sodium to bismuth ratio.

ˆ Na/Bi � 1 exhibits high oxide-ion conductivity
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ˆ Na/Bi < 1 suppresses the oxide-ion conductivity

The high oxide-ion conductivity is attributed to the loss ofbismuth oxide during process-

ing. The volatility of bismuth during ceramic processing leads to the generation of oxygen

vacancies according to the following defect reaction equation [68]

2Bi�Bi + 3O �
O �! 2V000

Bi + 3V O + Bi 2O3 (3.1)

The transition from oxide-ion to electronic conduction is associated with a low level of A-site

nonstoichiometry (� 2 at.%) [69]. A very small concentration of oxygen vacanciesis created

when varying the Na to Bi ratio, and to have such a high oxide-ion conductivity implies

the oxygen ion mobility in NBT is very high [60, 68]. The anion conduction pathway in

perovskites is known to occur by a hopping mechanism where anions migrate through a

saddle point formed by a triangle of two A-site cations and oneB site cation. The lowest

energy barrier calculated for oxygen ion migration occurs between the Bi-Bi-Ti ions, while

Na-Bi-Ti saddle points have the highest energy barrier and therefore are considered the rate-

limiting step in oxide ion migration [58, 70, 71]. The oxygenvacancies as well as the high

oxide ion mobility due to the saddle point created from the highly polarizable Bi3+ and weak

Bi-O bonds are responsible for the high oxide-ion conductivity exhibited in type I NBT [72].

Increasing the Bi to Na ratio decreases the oxide-ion conductivity. The increase compen-

sates for Bi loss during ceramic processing and decreases the oxygen vacancy concentration

resulting in a transition from type I oxide-ion conduction to type III electronic conduction.

If the ratio of Bi to Na is increased further, a type II behaviorconsisting of a mixture of

oxide-ion and electronic conduction occurs [68].

It is also possible to increase the conductivity of NBT by acceptor doping either the

A-site to replace Bi3+ or the B-site to replace Ti4+ in an e�ort to create additional oxygen

vacancies and enhance the oxide-ion conductivity. See defect equations below [68]

A-site

Ak2O
Bi 2O3���! 2Ak00

Bi + 2V O + O �
O (3.2)
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2AnO
Bi 2O3���! 2An0

Bi + V O + 2O �
O (3.3)

where Ak(alkali metal)=K and An(alkaline earth metal)=Ca, Sr, Ba for example

B-site

CO
TiO 2���! C00

Ti + V O + O �
O (3.4)

D2O3
TiO 2���! 2D0

Ti + V O + 3O �
O (3.5)

where C=Mg,Zn and D=Sc,Al,Ga for example

While acceptor doping did increase the conductivity compared to that of bismuth de�cient

NBT with the creation of additional oxygen vacancies, the maximum increase in conductivity

was less than an order of magnitude greater than that of undoped NBT [73, 74]. R. A. de

Souza [75] determined in similar ABO3-type perovskites that despite the number of oxygen

vacancies, there exists a fundamental limit to the oxygen di�usivity in the ABO 3 perovskite

lattice. A theoretical upper limit in conductivity was calculated and the bulk conductivity

in both Sr and Mg doped NBT samples approached this limit. Thissigni�ed that the

optimization of oxide-ion conductivity may have been achieved. Based on the theoretical

limit and minor improvement in the bulk conductivity by A-sit e and B-site doping, focus

here was placed only on acceptor doping by varying the Na to Bi ratio in an e�ort to increase

the bulk conductivity and loss of NBT for EM absorption applications.

3.2 Nickel Zinc Ferrite

NZF, a known ferrimagnetic material, was selected as a possible additive to NBT for

the 
exibility it has in both its dielectric and magnetic properties [76]. NZFs are soft

magnetic materials (easy to magnetize and demagnetize) with large magnetic permeability,

high permittivity, and high Curie temperature. The hysteresis loop (Section 1.2) is small for

soft magnets due to a lower coercive �eld compared to the coercive �elds required for hard

magnets. However, substitution, doping, as well as the method in which NZF is fabricated

can have a drastic impact on the properties [77{79].
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3.2.1 Crystal Structure

The crystal structure for NZF is a mixed spinel ferrite with a formula of AB2O4. The

unit cell consists of 8 formula units of the form (ZnxFe1� x )[Ni1� xFe1+ x ]O4. NZF contains

two di�erent cation sites

ˆ A-sites (tetrahedral coordination)

ˆ B-sites (octahedral coordination)

Zn ions prefer the tetrahedral A-sites, Ni ions prefer octahedral B-sites, and Fe ions are

partially in A- and B-sites [80]. The ferrimagnetism is derived from the magnetic moments

of the cations in the A- and B-sites aligning parallel with respect to their own sites and

antiparallel between sites. Since there are twice as many B-sites occupied compared to the

A-sites, there exists a net moment of spins resulting in ferrimagnetic ordering [81].

3.2.2 Di�erent Types of Electrical Conduction

NZF is a semiconducting material with dispersion in dielectric response where�
0

and

tan � decrease with increasing frequency. The equivalent circuit model in Figure 3.2 was

originally used to model the dispersion with two parallel capacitor and resistor equivalent

circuits in series [82]. The barrier layer between the electrode/ceramic interface was ruled

out as a possible explanation in material response when decreasing sample thickness did not

show a signi�cant change in dielectric response [82, 83].

NZF can be modeled (Figure 3.2) as a solid separated into two di�erent layers, the second

layer representing conducting grains and the �rst layer representing poorly conducting grain

boundaries. Space charge polarization occurs at lower frequencies due to the heterogeneity

of grains and grain boundaries where accumulation of charges occurs leading to high permit-

tivity values in NZF. The decrease in�
0
and tan � with an increase in frequency is attributed

to the electrical charge carriers inability to keep up with the oscillating �eld at the higher

frequencies as discussed in Section 1.3 [84]. NZF is usually sintered at high temperatures

(> 1100°C) leading to oxygen vacancies that are compensated by Fe2+ .
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Figure 3.2: Equivalent circuit model for low conductivity grain boundaries (gray) and highly
conductive grains (blue) for NZF.

The predominant conductivity mechanism in ferrites is electron hopping (n-type) between

Fe2+ and Fe3+ ions [83{87]. The hopping that occurs between ions leads to adisplacement of

electrons in the direction of an applied �eld and an increasein polarization. Increasing the

concentration of Fe2+ increases the conductivity with more electron hopping taking place. In

the case of NZF, there also exists a hole transfer between Ni3+ and Ni2+ ions at the B sites

that also contributes to electrical conduction [84, 86]. P-type holes will cause displacement

and polarization to occur in the opposite direction of the �eld. The mobility for p-type

carriers is typically lower than that of n-type, and the contribution of p-type carriers to

the polarization decreases more rapidly than that of n-typecarriers with frequency [84, 88].

The low conductivity of grain boundaries in NZF is thought to be a result of reoxidation

after sintering [83, 89], as the grain boundaries easily reabsorb oxygen, decreasing the Fe2+

concentration and conductivity [5, 84, 86].

The composition of Ni and Zn in NZF determines whether the majority of charge carriers

are n-type or p-type. For compositions rich in Ni, the majority charge carriers are holes (p-

type). Substituting Zn ions that prefer A-sites for Ni that prefer B-sites in NZF forces some

Fe that partially occupies both A- and B-sites to move from A- toB-sites. Replacing Ni

with Zn will increase the concentration of Fe2+ as seen Equation 3.6. Increasing the hopping

that occurs between Fe ions also increases the displacementof electrons under an applied

52



�eld, increasing both �
0

and tan � [84, 87, 90].

Ni2+ + Fe3+ *) Ni3+ + Fe2+ (3.6)

Both �
0

and tan � increase with an increase in temperature. As discussed in Section 1.3,

space charge (interfacial) is a relaxation processes that is strongly temperature dependent.

The hopping of electrons in NZF is a thermally activated process in which an increase in

temperature increases the drift mobility of the charge carriers (Equation 1.10), increasing

the conductivity, and the polarization.

The conductivity of NZF also depends on processing conditions (grain size, density

etc.) [78, 87, 91]. Higher sintering temperatures resulted in Zn loss due to volatilization,

increasing the concentration of Fe2+ ions and conductivity. Higher sintering temperatures

also increased grain size and density contributing to higher conductivity values [85]. Samples

with smaller grain size (� 3 � m) had resistivities � 108 
 cm due to a greater number of

grain boundaries hindering charge carrier 
ow, as well as a reduction in the formation of

Fe2+ ions with smaller grains re-oxidizing faster [85].

3.2.3 Magnetic Properties

There are three di�erent mechanisms contribute to the permeability of ferrites

ˆ Spin rotation

ˆ Domain wall motion

ˆ Eddy current loss

Domain wall motion (Section 1.2) is the dominant mechanism for the magnetization

process at low frequencies (below� 100 MHz) and the resultant high value for permeability.

At higher frequencies, the domain wall motion lags far behind and can no longer follow

the oscillating AC �elds. This also causes a drop in the magnetic loss values, which are

dependent on domain walls as well. Therefore, the losses at high frequency are associated

with spin rotation resonance and eddy currents and not domain wall motion [92].
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The Curie temperature (Section 1.2) at which NZF transitionsfrom ferrimagnetic to

paramagnetic decreases with an increase in Zn concentration. The Curie temperature ranges

from � 540°C for Zn content of 0.1 down to� 275°C for Zn content of 0.5 [87, 90]. Zn is

a non-magnetic ion that prefers A-sites in the crystal structure. By increasing Zn the Fe

(occupies both A- and B-sites) is redistributed and the A-B interaction is weakened resulting

in an decrease in Curie temperature [78].

NZF has been utilized heavily as an EM absorber in the high MHz region and can

be modi�ed to increase absorption performance into the low GHz range. The complex

permeability of NZF is not only dependent upon the chemical composition but also heavily

on the �nal microstructure [77]. Decreasing the particle size is one method to increase EM

energy absorption in the GHz range due to size and shape anisotropy e�ects [80]. In addition

to particle size, doping with rare earth ions broadened the hysteresis loop, increasing the

loss, decreased the real permeability, and pushed the imaginary permeability maximum to

higher frequencies [44].

3.3 Ceramic Composite Approach to Broadband Absorption

A ceramic composite composed of NBT and NZF with both dielecticand magnetic loss

mechanisms could potentially combine multiple absorptionmechanisms across a wide range

of temperatures and frequencies. In Chapter 4 the impact of varying the Na/Bi ratio had on

the electrical properties of NBT was investigated, a composition was selected for a composite

matrix, and the possible loss mechanisms and their temperature and frequency dependence

were identi�ed.

The e�ect of processing conditions on the electrical and magnetic properties of NZF were

explored in Chapter 5. After determining the temperature andfrequency dependency of the

multiple loss mechanisms for each of the individual material candidates, composite samples

containing the two individual phases of NZF and NBT were fabricated and evaluated in the

same manner as the individual components.
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CHAPTER 4

PROCESSING AND COMPOSITION MODIFICATION OF NBT

Other ceramic ferroelectrics such as barium titanate (BT) and lead zirconate titanate

(PZT) have been considered as possible broadband absorbingmaterials due to their high

dielectric permittivity ( � 0 = 103-104) and high dielectric losses (tan� = 0.1-0.6) in the mi-

crowave region [19]. A very thin layer of these materials would ensure a strong absorption

of EM energy, however they would have a high re
ection coe�cient due to impedance mis-

match at the interface. BT has a low Curie temperature ( 125°C), and PZT contains lead.

NBT has a relative permittivity maximum ( � 3000 at 1 MHz) [73] which is far higher than

air but less than that of BT or PZT, potentially simplifying i mpedance matching with addi-

tional �ller composite materials. NBT was selected as a possible composite matrix material

based on high dielectric losses and the ability to tune multiple conduction (loss) mechanisms,

moderately high permittivity, and an even higher Curie temperature than that of BT.

As discussed in Section 3.1.2, NBT compositions that have a Na/Bi ratio greater than or

equal to 1 have been shown to have type I electrical behavior (oxide-ion conduction). The goal

was to �nd a composition of NBT that had a high tan � across a wide range of temperatures.

Once the composition was identi�ed, isolating the loss mechanism(s) associated with the high

tan � values was necessary to determine the feasibility of using NBT as a composite matrix

at high temperature and microwave frequencies.

4.1 Solid State Processing

Single phase NBT has only been obtained in the past with small levels of Bi-excess [68].

The amount of excess Bi required is dependent on processing conditions. Any slight de-

viation in A-site nonstoichiometry results in orders of magnitude di�erence in electrical

properties [73]. Both Bi and Na volatilization during sintering of NBT and the extreme

hygroscopic behavior of Na2CO3 had to be taken into account [57, 73].
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Polycrystalline samples were fabricated using the solid state reaction of Na2CO3 (99.5%

Fischer Chemical), Bi2O3 (99.9% Sigma-Aldrich), and TiO2 (99.5% Alfa Aesar). All precur-

sors were dried for 24 hours at 250� C, weighed, and planetary milled with Y2O3-stabilized

ZrO2 media at 30 Hz in isopropanol and for 2 hours. The resulting mixture was dried and cal-

cined at 800� C for 2 hours. The calcined powders were planetary milled again for 2 hours in

isopropanol and calcined an additional time at 850� C for 2 hours. Dense ceramic pellets were

fabricated by forming the dried powder into discs approximately 13mm in diameter, which

were then covered using powder of the same composition to combat sodium and bismuth

volatilization and sintered in air for 2 hours at 1150� C.

4.2 Composition Modi�cation

Due to the known processing complications with both Na2CO3 and Bi2O3 initial batch

processing was focused on synthesizing Na0.5Bi0.5TiO 3 with the processing parameters pre-

viously listed. Stoichiometric amounts of each of precursor resulted in a composition that

was de�cient in Na with a Bi rich phase (Bi2Ti 2O7) as evident from the XRD pattern in

Figure 4.1 below.

Eventually a single phase NBT composition, as determined by XRD (Figure 4.2), was

achieved by increasing the Na content. As the Na content increased, the secondary bismuth

rich phase seen in previous compositions disappeared. Detecting small variations in A-site

nonstoichiometry with conventional analytical methods ischallenging; therefore a combina-

tion of XRD and electrical measurements was utilized to isolate the composition-property

relationships of NBT [93].

Continuing to increase the Na content in a Bi de�cient composition should start to

decrease the total number of oxygen vacancies according to the defect equation below.

2V000
Bi + 3V O + Na 2O �! 2Na00

Bi + O �
O + 2V O (4.1)

As the Na �lls the Bi vacancies there also should be an increase in overall resistivity. However,

as con�rmed with AC conductivity measurements (Section 4.2.1) the resistivity decreases as
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Figure 4.1: XRD patterns for reference NBT, experimental as batched Na0.5Bi0.5TiO 3, and
Bi2Ti 2O7 reference secondary phase. As batched Na/Bi ratio of 1 resulted in a composition
de�cient in Na and rich in Bi.

Figure 4.2: XRD patterns of as batched NBT compositions varyingNa/Bi ratio with sec-
ondary bismuth phase identi�ed in Na/Bi 1 pattern.
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the Na content increases. The excess Na is not incorporated in the lattice but rather it forms

a Na rich secondary phase as evident in Figure 4.3. The bulk NBT phase is still Bi de�cient

leading to oxygen vacancies and type I oxide-ion conductivebehavior [68, 94].

Figure 4.3: ESEM backscatter image of composition with batched Na/Bi ratio of 1.44.
Darker regions match previous reports [68, 94] of a Na,Ti-rich phase undetected by XRD.

4.2.1 AC Conductivity

The AC conductivity for compositions with varying Na/Bi rati o was calculated from

impedance measurements discussed in Section 2.1 using Equation 2.14. Conductivity at

temperatures ranging from room temperature up to 750°C and frequency sweeps from 100

Hz to 1 MHz of compositions varying the Na/Bi ratio were used for Arrhenius type plot to

decipher the impact of varying A-site stoichiometry on the overall electrical conductivity.

From Figure 4.4 and Table 4.1, it is evident that as the Na content increases, the overall

conductivity increases, con�rming that excess Na does not enter the lattice and oxygen

vacancies are still generated, assuming the conductivity is dominated by oxygen vacancy

concentration. Li et al. [95] ruled out any signi�cant contribution from Na+ ions or electronic

conduction to the measured conductivity for type I NBT with 18O tracer di�usion and

electromotive force (EMF) measurements.
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Figure 4.4: AC conductivity at 1 MHz versus temperature for various as batched Na/Bi
ratios.

Table 4.1: AC conductivity values at selected temperatures.

Na/Bi Conductivity S cm� 1

500°C 300°C 150°C
1 1.6� 10� 5 9.3� 10� 6 1.5� 10� 5

1.12 2.7� 10� 5 9.3� 10� 6 1.7� 10� 5

1.44 1.6� 10� 3 3.1� 10� 5 2.6� 10� 6

1.51 2.8� 10� 3 4.4� 10� 4 1.4� 10� 5

1.56 2.8� 10� 3 8.3� 10� 5 2.6� 10� 6
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As the Na content continues to increase, the bulk conductivitydrops at lower tempera-

tures suggesting the secondary Na-rich phase is prevalent enough to inhibit the mobility of

oxygen ions.

4.2.2 Dielectric Properties

The a�ect of increasing the Na content in NBT on the complex permittivity with respect

to temperature and frequency was investigated with impedance data collected at room tem-

perature up to 650°C and frequency sweeps from 1 kHz to 1 MHz. The dielectric constant

increases in magnitude and eventually shifts the Tm (temperature of peak value in dielectric

constant) value to lower temperatures as represented in Figure 4.5. Na/Bi batched ratios>

1.51 show a drop in maximum permittivity and a shift in Tm back to higher temperatures.
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Figure 4.5: E�ect of varying as batched Na/Bi ratio on the dielectric constant at 1 MHz
with respect to temperature.

Increasing the Na content also shifted the increase in tan� to lower temperatures until

Na/Bi batched ratios > 1.51 where the increase in tan� shifted back to higher temperatures

(Figure 4.6). The increase in tan� is a result of an increase in conductivity (Figure 4.4). As

discussed in Section 1.1, an increase in conductivity will increase the imaginary permittivity
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and tan� (Equation 1.9).
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Figure 4.6: E�ect of varying as batched Na/Bi ratio on dielectric loss tangent at 1 MHz with
respect to temperature.

As discussed in Section 1.3, an increase in tan� is desirable in NBT as it represents the

ability to absorb EM energy. The second critical design consideration for absorbing materials

is the ability to attenuate the wave once inside the material. The early onset of an increase in

tan � made Na/Bi batched ratio of 1.51 optimal for the intended application as an absorbing

material.

4.3 Possible Polarization Mechanism(s)

The as batched composition of Na/Bi 1.51 was used as the baseline NBT for all further

electrical testing/characterization and for incorporation into composite samples. In the next

section the as batched composition of Na/Bi 1.22 was used to compare the electrical perfor-

mance to that of the baseline NBT. The as batched composition of Na/Bi 1.22 is referred to

as stochiometric NBT in the following sections as it was the �rst composition to show single

phase NBT in Figure 4.2.
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4.4 Permittivity as a Function of Temperature and Frequency

Figure 4.7 shows the temperature dependence of the dielectric constant for stoichiometric

NBT. The �rst peak identi�ed as Td represents the thermal depoling temperature associated

with the ferroelectric to antiferroelectric transition. The second peak (Tm ) in Figure 4.7 is

associated with the Curie point for NBT, signifying the transition from high-temperature

cubic phase to tetragonal [58]. The dielectric constant forbaseline NBT (Na/Bi of 1.51)

increased for all frequencies compared to stoichiometric as evident in Figure 4.8.

Figure 4.7: Frequency dispersion in permittivity of stoichiometric NBT with respect to
temperature.

4.5 Dielectric Loss as a Function of Temperature and Frequency

The frequency and temperature dependence of tan� for stoichiometric and baseline NBT

can be seen in Figure 4.9 and Figure 4.10 respectfully. Stoichiometric NBT has a low tan �

(< 0.05) at temperatures below 300°C.

In contrast to stoichiometric NBT, the baseline NBT has a sharprise in tan� at � 200°C.

As frequency increased the peak in tan� shifted to higher temperatures. This behavior con-
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Figure 4.8: Frequency dispersion in permittivity of baseline NBT with respect to tempera-
ture.

�rms the polarization mechanism(s) present in baseline NBT is temperature and frequency

dependent. The baseline NBT has a suspected increase in oxygen vacancies and a high

oxygen ion mobility compared to stoichiometric as discussed in Section 4.2. The oxygen

ions accumulate at grain or other potential boundaries leading to space charge polarization

(Section 1.3). A peak in the loss tangent occurs when the ionsare unable to keep up with

the �eld resulting in a maximum in energy absorption/dissipation.

NBT also has a reported di�use phase transition (Section 3.1.1) as seen in Figure 4.7.

Impedance data was collected at lower frequencies (down to 10 mHz) and temperatures (down

to -120°C) on the baseline NBT samples to isolate the suspected oxygenion contribution

from that of the di�use phase transition.

From Figure 4.11 a maximum in dielectric loss tangent for the baseline NBT exists at

room temperature and� 1 kHz and shifts to lower frequencies with a decrease in temperature.

The shift in dielectric loss tangent to lower frequencies with a decrease in temperature aligns

with the assumption that the peak in tan� is predominately due to space charge polarization
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Figure 4.9: Dielectric loss tangent for stoichiometric NBT with respect to temperature.
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Figure 4.10: Frequency dispersion in loss tangent of baseline NBT with respect to tempera-
ture.
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of oxygen ions. As temperature decreases the movement of oxygen ions will be hindered and

the response time to an oscillating �eld will increase.
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Figure 4.11: Loss tangent for baseline NBT at low temperatures.

To con�rm that the dielectric loss dispersion in Figure 4.10 is predominately due to

oxygen ion accumulation at grain boundaries and not a di�usephase transition, the peak in

tan � was traced by increasing the temperature as seen in Figure 4.12.

Figure 4.12 con�rms the peak in tan� at elevated temperatures can be traced back to

a polarization mechanism at lower temperatures and frequencies. This con�rms that while

the known di�use phase transition in NBT does contribute to anincrease in permittivity,

the majority contribution comes from accumulation of oxygen ions at grain boundaries.

Additionally, increasing the temperature and comparing stoichiometric NBT to the baseline

composition, the tan� is almost an order of magnitude higher in the baseline composition

compared to stoichiometric (Figure 4.13).

An additional polarization/loss mechanism exists in the baseline NBT at elevated tem-

peratures and frequencies as evident by a second peak in tan� (Figure 4.13(b)). The increase
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(a) Baseline NBT tan � at low frequency and increasing temperatures

(b) Baseline NBT tan � at elevated temperatures

Figure 4.12: E�ect of increasing temperature on dielectric loss tangent for baseline NBT
with respect to frequency.
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(a) Stoichiometric NBT dielectric loss tangent at elevated tempera-
tures

(b) Baseline NBT dielectric loss at elevated temperatures

Figure 4.13: Comparison of dielectric loss tangent at elevated temperature in stoichiometric
and baseline NBT.
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in dielectric loss at high temperatures indicates a change in conduction mechanism. Barium

strontium titante (perovskite ferroelectric) exhibited asimilar dielectric response for stron-

tium de�cient compositions. The oxygen vacancies compensating for the strontium de�ciency

led to partial state change of Ti4+ to Ti 3+ resulting in the defect complex (Ti3+ -VO-VA ) [96].

In the case of NBT, oxygen vacancies are the defect compensation mechanism for cation

vacancies created during processing (Section 4.1). NBT baseline composition increased the

concentration of oxygen vacancies with deliberate Bi de�ciency during batching. As discussed

in Section 4.2.1 increasing the Na content in the Bi de�cient NBT did not compensate for the

oxygen vacancies as additional Na did not enter the lattice but rather formed a secondary

Na rich phase. The additional conduction mechanism at elevated temperatures is associated

with polaron hopping as a result of some Ti4+ transitioning to Ti 3+ as an additional charge

compensating mechanism. The proposed defect model for the baseline NBT composition is

(Ti 3+ -VO-VA).

Figure 4.14: Frequency dependence of dielectric loss of baseline NBT composition at elevated
temperatures.

68



The second peak in tan� occurs at higher frequencies and the magnitude increases with

an increase in temperature as evident in Figure 4.14. The broad relaxation type peaks shift to

higher frequencies with an increase in temperature. The material response supports polaron

hopping and the proposed defect model in baseline NBT. Activation energies are calculated

in the next section to support the identi�ed polarization mechanisms in NBT.

4.6 Activation Energies for Baseline NBT

Activation energies for the baseline NBT composition at high,medium, and low temper-

ature regimes were estimated from the Arrhenius-type plot byapplying a linear �t to ln � AC

vs 1000/T (K) data. The slope of the linear �t in each of the temperature regimes was used

to calculate the activation energy from Equation 1.11.

Figure 4.15 is the Arrhenius-type plot for baseline NBT at selected frequencies and tem-

peratures ranging from room temp to 730°C. Figure 4.16 is the Arrhenius plot for baseline

NBT with the activation energies calculated for the multipletemperature regimes at 1 MHz.

Figure 4.15: Arrhenius plot of AC conductivity for baseline NBTat multiple frequencies.

69



Figure 4.16: Arrhenius plot for baseline NBT with activation energies calculated for high,
medium, and low temperature regimes at 1 MHz.

As discussed in Section 4.5 the suspected polarization mechanisms for NBT of space

charge polarization and polaron hopping overlap with the known di�use phase transition.

The activation energies for the di�erent temperature regimes are likely a combination of

more than just one mechanism. The possible overlap is highlighted in Figure 4.17 of the loss

tangent versus temperature of NBT. The nonsymmetric peaks occur in the same temperature

region associated with the beginning of the di�use phase transition. The activation energy

calculated by applying a linear �t at di�erent temperature r egimes does not represent the

activation energy for an isolated loss mechanism as desired.

An overlap in di�erent loss mechanisms across a wide temperature range is highly desir-

able from an application stand point. However, individual activation energies are necessary

to con�rm the suspected loss mechanisms of polaron hopping and oxygen ion mobility in

the baseline NBT. The activation energies calculated at multiple frequencies in the di�er-

ent temperature regimes can be found in Appendix A.1 (Figure A.1 to Figure A.3) and are
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summarized in Table A.1.

Figure 4.17: Dielectric loss versus temperature at multiplefrequencies for the baseline NBT
composition approaching the di�use phase transition.

An additional approach to calculating the activation energies was necessary to isolate

the di�erent polarization mechanisms present in NBT. The activation energy for a thermally

activated relaxation process is related to the relaxation time, � as seen in Equation 4.2. The

activation energy is obtained by determining� at multiple temperatures for the suspected

loss mechanism. A plot of the imaginary portion of the impedance (Z 00) versus ln! was

used to obtain the relaxation times at multiple temperatures using the condition that at

the frequency of maximum loss,! max � = 1. An Arrhenius-type plot of the relaxation time

versus temperature using Equation 4.2 was used to obtain an activation energy of the loss

mechanism(s).

� = � 0 exp (
Ea

kB T
) (4.2)

Impedance data below 200°C and frequencies ranging from 10 mHz to 250 kHz were

used to separate the di�use phase transition and the presumed loss mechanism associated

with oxygen ion mobility identi�ed in Figure 4.11 and Figure 4.12. Figure 4.18 was used

to determine ! max at multiple temperatures in order to calculate the relaxation time and
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activation energy. An activation energy of 0.77 eV aligns with previous activation energies

associated with oxygen ion di�usion in NBT [69, 97].

Figure 4.18: Z 00versus ln! and Arrhenius plot of relaxation time versus temperature for
NBT with an E a of 0.77 eV.

At elevated temperatures and frequencies an additional loss mechanism associated with

polaron hopping occurs as evident in Figure 4.14. Both the activation energy for the re-

laxation process that occurs at lower frequencies (identi�ed as region I in Figure 4.19) and

higher frequencies (identi�ed as region II) were calculated in the same manner as discussed

above. The activation energy for region I is attributed to both the di�use phase transition

and oxygen ion mobility while the activation energy for region II of 0.55 eV is associated

with polaron hopping of Ti4+ and Ti3+ as discussed in Section 4.5.

The polarization mechanisms for the baseline NBT composition based on activation en-

ergies are as follows

ˆ Space charge polarization associated with oxygen ion di�usion, Ea 0.77 eV

ˆ Polaron hopping between Ti4+ and Ti3+ , Ea 0.55 eV

The loss mechanisms present in the baseline NBT composition are signi�cant at tempera-

tures greater than 200°C. To address broadband absorption at a wide range of temperatures

72



Figure 4.19: Z 00versus ln! and Arrhenius plot of relaxation time versus temperature for
NBT with an E a of 1.15 and 0.55 eV.

additional loss mechanisms at lower temperatures are desirable.
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CHAPTER 5

PROCESSING AND CHARACTERIZATION OF NZF

As discussed in Section 4.6, the loss mechanisms identi�ed for NBT are only signi�cant

at temperatures greater than 200°C. NZF not only can contribute an additional polarization

loss mechanism (space charge polarization due to highly conductive grains and resistive grain

boundaries), but it is also a magnetic absorbing material with ferromagnetic resonance and

eddy current losses in the lower GHz. However, the compositionand processing conditions

signi�cantly impact the electrical and magnetic properties.

Nakamura [77] determined the magnetization for NixZn1� xFe2O4 increased with an in-

crease inx and reached a maximum aroundx= 0.6 (� 420 emu/cc). The resonance frequency

for the permeability of NZF shifts to higher frequencies withan increase inx as well. Since

the dominant loss mechanism for NZF at higher frequencies is attributed to spin rotation

and not domain wall motion (Section 3.2.3), separating the contribution of spin rotation

from that of domain wall motion to the complex permeability was of interest. At frequencies

above 100 MHz the complex permeability of NZF is from the spin rotational component and

eddy current losses only.

Polycrystalline NZF with x= 0.5 shifted the spin resonance to the highest frequency mak-

ing it the ideal composition for microwave absorption [77].Commercial Ni0.5Zn0.5Fe2O4

powders of less than 100 nm particle size were purchased for incorporation into NBT in

addition to in house fabricated powders.

5.1 Solution Chemistry Approach for NZF

In addition to solid state synthesis, methods such as coprecipitation, hydrothermal, sol-

gel, and organic-metallic precursors have all been successfully used to produce �ne (10-

100 nm) ferrite powders [98]. Wet chemistry approaches for fabrication can produce high

purity powders with remarkable chemical homogeneity and generally require lower calcine
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temperatures compared to solid state processing. This is especially important in the case of

NZF where chemical composition and microstructure can have a drastic e�ect on the �nal

properties and performance (Section 3.2.2 and Section 3.2.3).

Microwave absorption via domain wall motion has been shown toimprove with nanoscale

particles. The ability to absorb at higher frequencies (lowGHz) is attributed to an increase

in the number of particles with a single domain since there isa critical particle size diameter

(� 10-100 nm) in which only one domain can be supported [99]. Theincrease in performance

with single domain particles is believed to be a result of disordered surface spins leading

to exchange coupling between the surface and core. This variation in spin distribution

within a particle results in high hysteresis loss and an increase in absorption [80]. The wet

chemical approaches listed above give rise to the synthesisof ferrite nanopowders. The new

solution chemistry approach developed in this work for in house NZF powders was focused

on making a gel instead of nanopowders. The objective of thisapproach was to develop an

NZF precursor gel to coat other possible microwave absorbingmaterials.

In house NZF powders were produced using a facile solution chemistry approach in which

0.5 M solutions of Ni(CH3COO)2 ·4 H2O (99+% ACROS Organics), Zn(CH3COO)2 (99.99%

Sigma-Aldrich), and Fe(NO3)3 ·9 H2O (99.95% Sigma-Aldrich) were all dissolved individually

in DI water under constant stirring at 60°C. Once dissolved, all three cation solutions were

mixed together for 30 minutes. A 4 wt% polyvinyl alcohol in DIH2O solution was heated

(� 65°C) until fully dissolved before adding the cation solution.The mixture was continuously

stirred for an additional 2 hours before allowing to dry for 24 hours at 175°C. The dried

powder was calcined at 750°C for 2 hours with a 1 hour hold at 400°C to burnout any

remaining organics.

In house solution-derived and commercial NZF samples were fabricated by forming the

powder into discs approximately 13 mm in diameter. The pellets were then sintered in air

for 2 hours at 1150°C. Figure 5.1 con�rms cubic spinel phase of NZF in addition to excess

Fe2O3 present for the in house approach.
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Figure 5.1: XRD pattern for solution-derived NZF cubic spinel phase with Fd3m space group
symmetry. Additional peaks attributed to excess Fe2O3 identi�ed.

5.2 Microstructures of Solution-Derived and Commercial NZF

Figure 5.2 shows images of solution-derived and commercial NZF pellets collected using a

FEI Quanta 600i Environmental Scanning Electron Microscope(ESEM) under high vacuum.

The samples were polished down to a 6� m diamond polish and thermally etched at 1035°C

for 30 minutes.

5.3 Dielectric Properties

Polycrystalline samples of both commercial and in house NZF samples were fabricated

for material characterization prior to incorporating into NBT. Characterizing the dielectric

properties of NZF prior to incorporation into NBT is critical in isolating the polarization

mechanisms from the individual components and those that derive from the composite ma-

terial. The complex permittivity (Figure 5.3) and dielectric loss (Figure 5.4) for samples

fabricated from the in house and the commercial powder alignwith literature in that they

both decrease with an increase in frequency. The high permittivity values are linked to charge
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(a) Solution-derived NZF (b) Commercial NZF

Figure 5.2: ESEM images of solution-derived and commercial NZF.

accumulation at grain boundaries. The decrease in permittivity with an increase in frequency

is attributed to the electrical charge carriers inability to keep up with the oscillating �eld at

higher frequencies (Section 3.2.2 and Section 1.3).

The complex permittivity of samples fabricated from both NZFpowders increases with

an increase in temperature. The predominant charge carriermechanism in NixZn1� xFe2O4

with x � 0.5 is electron hopping between Fe2+ and Fe3+ [90]. As discussed in Section 1.3

the hopping mobility is low and increases exponentially with an increase in temperature

(Equation 1.12). As the charge carrier mobility increases, the space charge polarization

and permittivity increase as evident in Figure 5.3. The solution chemistry approach for

NZF powders yielded lower complex permittivity values (Figure 5.3(a)) compared to that

of the commercial NZF (Figure 5.3(b)). However, the dielectricloss for the solution-derived

powder (Figure 5.4(a)) was higher compared to that of the commercial NZF (Figure 5.4(b)).

As discussed in Section 3.2.2 the processing conditions of NZFas well as the composition

has a drastic impact on the dielectric properties.

The resistivity of NZF can vary up to 8 orders of magnitude [86,89] depending on the

ratio of Ni to Zn. The loss of zinc during processing increasesthe conductivity by increasing

the concentration of Fe2+ ions allowing for more electron hopping and n-type conduction.
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(a) Frequency dispersion in permittivity of solution-derived NZF at various temper-
atures.

(b) Frequency dispersion in permittivity of commercial NZF at variou s temperatures.

Figure 5.3: Complex permittivity of solution-derived and commercial NZF at various tem-
peratures.
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(a) Frequency dispersion in dielectric loss tangent of solution-derived NZF at various
temperatures.

(b) Frequency dispersion in dielectric loss tangent of commercial NZF at various
temperatures.

Figure 5.4: Dielectric loss tangent of solution-derived andcommercial NZF at various tem-
peratures.
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Figure 5.5 compares the conductivity for both the solution-derived NZF and commercial

fabricated pellets. The AC conductivity for samples from the solution-derived NZF is higher

than that of the samples fabricated from commercial NZF untiljust under 400°C. The higher

conductivity in solution-derived NZF explains the higher tan � values compared to that of

commercial NZF seen in Figure 5.4 (Equation 1.9) at 350°C and below.

Figure 5.5: Arrhenius plot of AC conductivity at 1 MHz for commercial and solution-derived
NZF.

The activation energies for both solution-derived and commercial NZF pellets were cal-

culated in the same manner as previously discussed in Section 1.3 and Section 4.6 using

the Arrhenius-type plot of bulk conductivity. Figure 5.6 displays both activation energies

for solution-derived and commercial NZF for the linear �t of the conductivity between the

temperatures of 350°C and 200°C.

The Curie temperature of NZF varies with Ni and Zn content as discussed in Section

3.2.3. At the Curie temperature a change in slope may occur inan Arrhenius-type plot due to

di�erences in activation energy between the ferrimagneticand paramagnetic region [90, 100].

The change in slope associated with the Curie temperature at� 500°C for the solution-derived
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Figure 5.6: Arrhenius plot of AC conductivity at 1 MHz with activation energies included
for solution-derived and commercial NZF.

NZF aligns with previous assumptions made that the solution-derived NZF is de�cient in

Zn content. An increase in Ni content has been shown to increases the Curie temperature

(Zn=0.1, Curie temperature 525°C) [87, 90].

The temperature dependence of conductivity of the sample fabricated from commercial

NZF powder likely includes contributions from both the thermally activated conductivity

and the phase transition from ferrimagnetic to paramagentic. To isolate the possible loss

mechanism(s), the same approach of determining the relaxation time to �nd the activation

energy (Section 4.6) for NBT was applied to the commercial NZF .

Figure 5.7 shows the activation energy for the commercial NZF in the ferrimagnetic

region. The calculated activation energy of 0.36 eV for commercial NZF and 0.33 eV for the

in house powders align with previously reported literaturevalues for NZF in the ferrimagnetic

region [90].

Di�erent processing conditions can have a drastic e�ect on the dielectric properties of NZF

as evident from the discussion above. The commercial composition of Ni 0:5Zn0:5Fe2O4 led to
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Figure 5.7: Z 00 versus ln! and Arrhenius plot of relaxation time versus temperature for
commercial NZF with an Ea of 0.36 eV.

a decrease in conductivity compared to the solution-derived NZF. The higher conductivity

of the solution-derived NZF in the ferrimagnetic region is attributed to the loss of zinc

during processing, resulting in stoichiometric deviations and the formation of Fe2+ ions to

compensate for cation vacancies. The commercial NZF powder was used as a composite �ller

with NBT in an e�ort to extend the temperature and e�ective absorption region of NBT. NZF

adds an additional dielectric loss mechanism associated with electronic conduction, leading

to space charge polarization (highly conductive grains/poorly conducting grain boundaries).

5.4 Magnetic Properties

In addition to the dielectric loss mechanisms discussed in Section 5.3, NZF has multiple

magnetic loss mechanisms previously discussed in Section 3.2.3. The magnetic properties

of the commercial and solution-derived NZF were characterized in a SQUID magnetometer

(MPMS3 by Quantum Design) operating in DC scan mode. Figure 5.8 shows the room

temperature magnetic hysteresis loop for commercial and solution-derived NZF. Table 5.1

summarized the magnetic properties of commercial and solution-derived NZF.
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Figure 5.8: Room temperature magnetic hysteresis loops comparing commercial and
solution-derived NZF.

Table 5.1: Magnetic properties of commercial and solution-derived NZF at room tempera-
ture.

Sample Mr Hc Ms

(emu/g) (Oe) (emu/g)
Commercial 0.9 30 77
Solution Chem 1.6 27 78
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CHAPTER 6

CERAMIC COMPOSITE OF NZF AND NBT

Ceramic composites composed of NBT and NZF were fabricated in an e�ort to address

broadband absorption across a wide range of frequencies andtemperatures. Figure 6.1 shows

the dispersion in� 0 for NBT and NZF with respect to temperature at selected frequencies,

and Figure 6.2 shows the dispersion in� 00. The peak in � 0 for NBT is signi�cantly larger in

magnitude compared to the peak in NZF across all frequencies.Both NBT and NZF dielectric

constant decreases with an increase in frequency. There aretwo loss mechanisms for NBT

as discussed in Section 4.4 attributed to oxygen ion accumulation at grain boundaries (space

charge) and polaron hopping at elevated temperatures.

NZF has one peak in dielectric constant attributed to space charge polarization associ-

ated with charge accumulation at grain boundaries (Section3.2.2). The dielectric constant

decreases signi�cantly with an increase in frequency and the peak also shifts to higher tem-

peratures.

Composite samples varying the NZF content were fabricated inan e�ort to take advantage

of the low temperature loss mechanism and magnetic properties of NZF with the multiple

loss mechanisms of NBT at elevated temperatures and frequencies.

6.1 Solid State Processing

Composite samples were prepared by mixing commercial Ni0:5Zn0:5Fe2O4 (99% Sigma-

Aldrich) and baseline NBT powders (see Section 4.1). Composite powders of 20, 30, and

40 mol% NZF were planetary milled with with Y2O3-stabilized ZrO2 media at 30 Hz in

isopropanol and for 2 hours. The resulting mixtures were dried and fabricated into discs

approximately 13 mm in diameter, covered with baseline NBT powder to combat precursor

volatilization, and sintered in air for 2 hours at 1150°C. Figure 6.3 con�rms coexistence of

NZF (cubic spinel phase with Fd3m space group symmetry), and NBT (rhombohedral with
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(a) NBT

(b) NZF

Figure 6.1: Real part of permittivity (� 0) for NBT and NZF with respect to temperature at
selected frequencies.
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(a) NBT

(b) NZF

Figure 6.2: Imaginary part of permittivity ( � 00) for NBT and NZF with respect to temperature
at selected frequencies.
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R3c space group symmetry) in all samples. The intensity of NZFpeaks increases with an

increase in percentage of NZF in the composite.

Figure 6.3: XRD patterns for compositexNZF+(1- x)NBT.

6.2 Microstructures of Composites

Figure 6.4 shows images ofxNZF+(1- x)NBT composites collected using a FEI Quanta

600i Environmental Scanning Electron Microscope (ESEM) under high vacuum. The backscat-

ter detector was used as a quick means to con�rm the coexistence of NBT and NZF phases

in the composite samples. The samples were polished down to a3 � m diamond polish and

thermally etched at 1035°C for 30 minutes. ESEM images con�rmed two distinct phases in

the composite samples compared to the NBT only images in Figure6.5.

6.3 AC Conductivity and Activation Energies

Figure 6.6 shows the bulk AC conductivity for NBT, NZF, and the composites at multiple

frequencies. At 1 kHz NZF has the highest conductivity at all temperatures. At the lower

temperatures the composite samples with the higher NZF content have a higher conductivity
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(a) x=20

(b) x=30

(c) x=40

Figure 6.4: ESEM images of compositexNZF+(1- x)NBT.
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Figure 6.5: ESEM images of NBT.

as well and NBT has the lowest conductivity. Above 400°C NBT has the highest conductivity

compared to composite materials. It is di�cult to determine the major loss mechanism

present in the di�erent temperature regions with AC conductivity alone.

The activation energies were calculated for the composite samples using the relaxation

time as discussed in Section 4.6 and can be found in Appendix A.2(Figure A.4 to Figure A.9).

Table 6.1 summarizes the activation energies for NBT, NZF, and the composite samples.

The activation energies calculated for the composite samples likely contain multiple loss

mechanisms. Additional analysis of the composite dielectric properties were necessary to

determine the dominant loss mechanism at a given temperature and frequency.

Table 6.1: NBT, NZF, and composite activation energies using relaxation times.

Sample Low temp Med-High temp
NBT 25-200°C 0.77 eV 500-600°C 1.15 eV 0.55 eV
NZF 30-200°C 0.36 eV

20NZF 50-200°C 0.94 eV 450-600°C 0.82 eV 0.41 eV
30NZF 25-200°C 0.48 eV 500-575°C 0.91 eV 0.74 eV
40NZF 25-100°C 0.5 eV 500-625°C 1.04 eV
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(a) 1 kHz (b) 10 kHz

(c) 100 kHz (d) 1 MHz

Figure 6.6: Arrhenius plot of AC conductivity at selected frequencies.
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6.4 Dielectric Properties

A comparison of the dielectric constant at 1 MHz for the composite samples as well as

NZF and NBT can be seen in Figure 6.7. The addition of NZF to NBT lowers the dielectric

constant peak and stretches the maximum out over a wider temperature range. The dielectric

constant with respect to temperature for all three composite samples at selected frequencies

as well as with respect to frequency at selected temperatures can be found in Appendix A.3

(Figure A.10 and Figure A.11).

Figure 6.7: Dielectric constant for NBT, composites, and NZF with respect to temperature
at 1 MHz.

The suppressed peak in dielectric constant for all composite samples at elevated tempera-

tures is initially attributed to the decrease in NBT content. Compositex=20 had the highest

dielectric constant peak of all of the composite samples andsuggests the dielectric response is

still predominately determined by the NBT phase at low levelsof NZF and elevated temper-

atures. The dielectric response in ferroelectric BT and NZF composites resulted in a similar

response in which the dominant polarization mechanism in the multiphase composite was
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attributed to space charge polarization and the dielectricresponse for low NZF content was

mainly determined by the BT phase [101]. Increasing the NZF content to x=30 continued

to decrease the peak dielectric constant as evident in Figure6.7.

It is important to note that at x=40 the peak in dielectric constant increases above that

of x=30 NZF. The additional number of boundaries between NZF and NBT (Figure 6.4) for

di�erent charge accumulations to occur increases, which increases the amount of interfacial

polarization possible, resulting in an increase in dielectric constant. Increasing the more con-

ductive NZF phase (see Figure 6.6) also may support the formation of continuous networks

(as evident in Figure 6.4) allowing for charges to percolate contributing to the increase in

dielectric constant compared tox= 30.

Figure 6.8 shows the loss tangent with respect to frequency atselected temperatures

for x=20. At temperatures below 250°C the loss tangent remains relatively low compared

to higher NZF content composites. This behavior aligns with the dielectric response being

dominated by the NBT phase with low loss tangent at temperatures below 200°C reported

in Figure 4.10 for baseline NBT samples.

Figure 6.9 and Figure 6.10 forx=30 and x=40 shows an increase in loss tangent at

temperatures below 250°C while a decrease at elevated temperatures compared to thatof

x=20 composite. Increasing the NZF content increases the losstangent at low temperatures

while decreasing the loss tangent at elevated temperaturesin which NBT dominates the loss

mechanism(s) as expected.

The loss tangent with respect to frequency at 200°C, 350°C, and 500°C for the com-

posite and NBT samples were evaluated to con�rm the e�ect of adding NZF to NBT on

the polarization/loss mechanisms. At 200°C and below NBT has relatively low loss tan-

gent (Figure 4.10). From Figure 6.11 inset, increasing the NZF content increases the loss

tangent at 200°C. The space charge relaxation process at lower frequenciesfrom NZF due

to highly conductive grains separated by poorly conductinggrain boundaries dominates the

loss mechanism of the composite samples in the lower temperature regime.
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(a) Frequency dispersion in loss tangent for 20 NZF at low temperatures.

(b) Frequency dispersion in loss tangent for 20 NZF at elevated temperatures.

Figure 6.8: E�ect of increasing temperature on loss tangent for 20 NZF.
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(a) Frequency dispersion in loss tangent for 30 NZF at low temperatures.

(b) Frequency dispersion in loss tangent for 30 NZF at elevated temperatures.

Figure 6.9: E�ect of increasing temperature on loss tangent for 30 NZF.
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(a) Frequency dispersion in loss tangent for 40 NZF at low temperatures.

(b) Frequency dispersion in loss tangent for 40 NZF at elevated temperatures.

Figure 6.10: E�ect of increasing temperature on loss tangentfor 40 NZF.
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Figure 6.11: Loss tangent comparison for NBT, composites, andNZF with respect to fre-
quency at 200°C

At 350°C there are multiple expected polarization mechanisms contributing due to the

space charge accumulation of both NZF and NBT and the di�use phase transition of NBT.

Figure 6.12 shows the �rst peak in loss tangent present in NBT previously associated with the

di�use phase transition and oxygen ion accumulation at grain boundaries has the highest

loss tangent followed by 20, 30 and 40 NZF. At higher frequencies NZF loss mechanism

appears to dominate again as the loss tangent increases withan increase in NZF content.

The conductivity of NZF at elevated temperatures is higher than that of NBT and could be

responsible for the loss tangent at higher frequencies.

At 500°C the high frequency loss appears to be dominated by NBT again and is at-

tributed to predominately polaron hopping between Ti4+ and Ti3+ discussed in Section 4.5.

Decreasing the NBT content decreases the amount of polaron hopping as evident at high

frequencies in Figure 6.12.
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(a) Loss tangent comparison for NBT and composites with respect
to frequency at 350°C.

(b) Loss tangent comparison for NBT and composites with respect
to frequency at 500°C.

Figure 6.12: E�ect of increasing temperature on loss tangentfor NBT and composite samples.
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6.5 Magnetic Properties

The magnetic properties of the composite pellets were characterized in a SQUID mag-

netometer (MPMS3 by Quantum Design) operating in DC scan mode and compared to the

commercial NZF. The composite samples saturation magnetization (M s) increased gradually

as the NZF content increased as seen in Figure 6.13 and summarized in Table 6.2. An increase

in magnetic saturation with an increase in NZF content is expected as the nonmagnetic NBT

content decreases.

Figure 6.13: Room temperature magnetic hysteresis loop for Ni0:5Zn0:5Fe2O4 and composite
samples.

The coercive �eld, Hc increases in the composites compared to the coercive �eld ofNZF.

The non-magnetic NBT phase sits in between NZF grains as evident in Figure 6.4. The

existence of NBT in between NZF can pin domain walls which increases the coercivity seen

in the composite samples. An increase in coercive �eld was also noted in other ferroelectric-

ferromagnetic composites with an increase in the ferroelectric phase [102] and attributed to

pinned domain walls.
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Table 6.2: Magnetic properties of NZF and composite samples at room temperature.

Sample Hc Ms

(Oe) (emu/g)
NZF 30 77
x=40 33 22
x=30 35 16
x=20 35 8
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CHAPTER 7

WAVEGUIDE DATA

At microwave frequencies, lumped element impedance analysis is no longer valid (Section

2.1) and S-parameter waveguide data was necessary to characterize the EM performance of

NBT and composite samples. One challenge of collecting S-parameter data is determining

the sample length, and thus the waveguide test shim length, that avoids one half wavelength

resonance and overmoding discussed in Section 2.2.1. This requires prior knowledge of the

complex permittivity and permeability values at the test frequencies for the material of

interest. Permittivity values for bulk NBT samples in X- and Ku-band have not been reported

in literature. Low temperature data were used to estimate the complex permittivity of NBT

at room temperature and microwave frequencies to compare toextracted values from S-

parameter data.

Equation 7.1 is the Debye relationship for the complex permittivity with respect to

temperature and frequency, where� 0
r 1 is the dielectric constant at! !1 , � 0

rs is the dielectric

constant at ! ! 0, and � (T) is the relaxation time.

� r (!; T ) � � 0
r 1 =

� 0
rs � � 0

r 1

1 + i!� (T)
(7.1)

Decreasing the temperature will increase the relaxation time (Equation 4.2). The mobility

of the thermally activated relaxation loss mechanisms in NBTassociated with oxygen ion

di�usion and polaron hopping decreases. This will limit thecharge accumulation at grain

boundaries and result in a decrease in complex permittivity. At room temperature and

microwave frequencies the charge accumulation at grain boundaries of the above mentioned

mechanisms will also be limited due to an increase in frequency (! ), decreasing the complex

permittivity as evident in Equation 7.1.
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7.1 Estimated Room Temperature Dielectric Constant for NBT

Impedance data were collected using a Solartron ModuLab XM potentiostat at tempera-

tures down to -120°C and frequencies ranging from 10 mHz to 1 MHz. Figure 7.1 shows the

dielectric constant for NBT at low temperatures. The relaxation time of the temperature

dependent polarization mechanisms of NBT will slow down signi�cantly with a decrease in

temperature simulating the response expected at higher frequencies. At the lowest temper-

ature of -120°C the dielectric constant decreases from 285 to 223 at high frequencies. The

data in Figure 7.1 provided insight into the possible room temperature dielectric response

of NBT at microwave frequencies.

Figure 7.1: Low temperature dielectric constant for NBT.

7.2 Sample Processing and Preparation

Baseline NBT pellets were pressed into large 38 mm in diameterdiscs, covered with the

same powder to combat precursor volatilization, and sintered in air for 4 hours at 1150°C.

Composite powders were mixed in the same manner as describedin Section 6.1, pressed into
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38 mm diameter discs, covered with NBT powder and sintered in air for 4 hours at 1150°C.

An initial rough cut was made using a low speed saw to obtain an X-and Ku-band sample

from the large disc. Each sample was then shaped using a grinding wheel in an attempt to

�t the tight tolerances of the waveguide test shim dimensions (see Table 2.1).

7.3 Extracted Parameters and Model Fits

Extracting the parameters for NBT and composite samples followed the same process

outlined in Figure 2.8. Only the extracted complex permittivity and permeability and model

�t of the raw S-parameter data used for evaluating the performance in Section 7.8 is provided

in the following sections. All additional �ts can be found in Appendix B.

7.4 NBT Fit

Since NBT is non-magnetic, the complex permittivity could beextracted using either

the NRW or NNI algorithm. The extracted values and �nal model �ts for NBT using the

NNI algorithm can be seen in Figure 7.2 for X-band data. With the NNI algorithm, the

complex permittivity is set to � 0=1 and � 00= 0. Figure 7.3 shows the model �t of the raw

S-parameter data. The extracted permittivity values from the NNI algorithm were relatively

smooth after the correct branch (p = 1) and sample length were optimized.

The extracted values and �nal model �ts for NBT using the NNI algorithm can be seen

in Figure 7.4 for Ku-band data. The extracted permittivity from the NNI algorith m had

multiple oscillations after the correct branch (p = 1) and the sample length were optimized.

As the sample dimensions and length decreased, it became increasingly more di�cult to

fabricate samples that met the tight tolerances for Ku-band data collection (Table 2.1).

Sample position and uniform length were signi�cant concerns in addition to air gap issues.

Errors in sample length and position are evident with the di�erence in S11 and S22 raw data

(discussed in Section 2.2.5) in Figure 7.5.

A �t of the raw S-parameter data was still possible with the extracted permittivity values

from the NNI algorithm as seen in Figure 7.5. The model permittivity for both the real and
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Figure 7.2: Extracted and model �t of permittivity and permeability for NBT X-band.

Figure 7.3: Model �t of raw S-parameter NBT X-band data.
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imaginary increased compared to the data in X-band for NBT. Imperfections/air gaps can

lead to errors in the calculated permittivity for reasons discussed in Section 2.2.4.

Additional extracted and model �ts of NBT using both NNI and NRW can be found in

Appendix B (Figure B.1 to Figure B.8).

Figure 7.4: Extracted and model �t of permittivity and permeability for NBT K u-band.
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Figure 7.5: Model �t of raw S-parameter NBT Ku-band data.

7.5 20 NZF Fit

Only the NRW algorithm was used to extract the complex permittivity and permeability

for the composite samples due to the presence of magnetic NZF. The extracted values and

�nal model �ts for 20 NZF using the NRW algorithm can be seen in Figure 7.6. The extracted

values for permittivity and permeability from the NRW algorithm had oscillations/resonance

that decayed as the test frequency increased. The sample length was optimized but did not

improve the extracted values. The best �t of the propagationconstant (Section 2.2.4) was

p = 0 and a change in branch was not necessary. Air gaps in the sample likely contributed

to the extracted permittivity and permeability. While the extracted values were poor, the

model was able to �t the raw S-parameters as shown in Figure 7.7.

The extracted values and �nal model �ts for 20 NZF Ku-band data is in Figure 7.8 and

Figure 7.9. The best �t of the propagation constant was withp = 0. The sample length was

optimized and slight oscillations in data remained due to air gaps.
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Additional extracted and model �ts of 20 NZF can be found in Appendix B (Figure B.9

to Figure B.14).

Figure 7.6: Extracted and model �t of permittivity and permeability for 20 NZF X-band.
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Figure 7.7: Model �t of raw S-parameter 20 NZF X-band data.

Figure 7.8: Extracted and model �t of permittivity and permeability for 20 NZF K u-band.
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Figure 7.9: Model �t of raw S-parameter 20 NZF Ku-band data.

7.6 30 NZF Fit

Figure 7.10 has the extracted values and �nal model �ts for 30 NZF using the NRW algo-

rithm for X-band data. The model �t of the raw S-parameter datais shown in Figure 7.11.

The base branchp = 0 was the best �t of the propagation constant and sample length was

optimized due to slight deviations in S11 and S22 raw data.

Figure 7.12 shows the extracted values and �nal model �ts for 30 NZF for Ku-band and

Figure 7.13 for the model �t of the raw S-parameters. Signi�cant oscillations in the extracted

values from NRW remained withp = 0 and sample length optimization. As discussed above,

the air gaps and sample positioning were signi�cant problems with Ku-band samples.

Additional extracted and model �ts of 30 NZF can be found in Appendix B (Figure B.15

and Figure B.16).
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Figure 7.10: Extracted and model �t of permittivity and permeability for 30 NZF X-band.

Figure 7.11: Model �t of raw S-parameter 30 NZF X-band data.
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Figure 7.12: Extracted and model �t of permittivity and permeability for 30 NZF K u-band.

Figure 7.13: Model �t of raw S-parameter 30 NZF Ku-band.
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7.7 40 NZF Fit

The extracted values and �nal model �ts for 40 NZF using the NRW algorithm can be

seen in Figure 7.14 for X-band data. The model �t of the raw S-parameter data is shown in

Figure 7.15. The best �t of the propagation constant resultedin no change in branchp = 0

and the sample length was optimized again to address S11 and S22 raw data slight deviations.

Figure 7.16 shows the extracted values and �nal model �ts for 40 NZF for Ku-band and

Figure 7.17 for the model �t of the raw S-parameters. Additional extracted and model �ts

of 40 NZF can be found in Appendix B (Figure B.17 to Figure B.22).

Figure 7.14: Extracted and model �t of permittivity and permeability for 40 NZF X-band.
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Figure 7.15: Model �t of raw S-parameter 40 NZF X-band data.

Figure 7.16: Extracted and model �t of permittivity and permeability for 40 NZF K u-band.
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Figure 7.17: Model �t of raw S-parameter 40 NZF Ku-band data.

7.8 Complex Permittivity and Permeability

The model �t of the complex permittivity for NBT and the composites for both X- and

Ku-band can be seen in Figure 7.18. The dielectric constant for NBT ( � 230 from 8-12.4

GHz) is in the same range as predicted with the low temperature(-120°C) data in Figure 7.1

that varied from 285 to 223. NBT remains relatively linear across the measured frequencies

of X- and Ku-bands which is consistent with low frequency data for NBT below 200°C. As

discussed in Section 7.4 the slight increase in permittivity for K u-band data is associated

with sample positioning and air gaps during testing.

As with the low frequency impedance data discussed in Section6.4, the addition of NZF

decreased the dielectric constant for all composites compared to the dielectric constant of

NBT. At x= 20 the permittivity of the composite is dominated by the NBT phase. The

complex permittivity values at the end of X-band and beginning of Ku-band match well

despite di�erent samples sizes and waveguides for data collection.
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The imaginary permittivity and dielectric loss tangent (Figure 7.21) forx=30 suggest a

peak in loss occurred below the measuring frequency of 8 GHz. For x=40 a peak in dielectric

loss tangent occurred at� 10 GHz. The impedance data for composites with increasing NZF

content also had an increase in loss at lower frequencies andtemperatures associated with

space charge polarization of NZF. The peak in loss tangent forx= 30 also lagged behind

x=40 (Figure 6.11) at 200°C for impedance data collected at lower frequencies.

At the higher K u-band test frequencies, the complex permittivity for the composites are

all relatively constant and align with low frequency data with exception to the imaginary

permittivity of x=40. Unlike the previously tested composites, the complex permittivity

values at the end of X-band testing do not align well with the data at the start of K u-band

testing. This could be an error in data collection for Ku-band or the sharp increase in� 0 and

dip in � 00could be a possible resonance. (For side by side comparison of X- and Ku-band

complex permittivity and permeability see Appendix B.5 Figure B.23 to Figure B.26.)

Figure 7.19 shows the complex permeability for NBT and the composites for X- and Ku-

bands. At microwave frequencies the expected loss mechanisms for NZF are ferromagnetic

resonance and eddy current loss. As discussed in Section 1.2,eddy current losses increase

with an increase in conductivity. Equation 7.2 is used to distinguish if the magnetic loss is

a result of only eddy current or if a combination of loss mechanisms coexist.

C0 =
� 00

� 02f
(7.2)

If eddy current was the only magnetic loss presentC0 should remain constant when

varying the frequency [103, 104]. Figure 7.20 shows a plot ofC0 versus frequency for both

X- and Ku-band composite samples. In the X-band frequency any magnetic loss fromx=20

appears to be from eddy current loss.

Both x= 30 and 40 samples had a natural ferromagnetic resonance in X-band as evident in

the complex permeability data and the non-linearity of C0. The shift in natural ferromagnetic

resonance to higher frequencies with an increase in NZF content could be explained using

114



(a) X-band complex permittivity

(b) K u -band complex permittivity

Figure 7.18: Complex permittivity for NBT and composite samples.
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(a) X-band complex permeability

(b) K u -band complex permittivity

Figure 7.19: Complex permeability for NBT and composite samples.
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Snoek's limit used to estimate the ferromagnetic resonancefrequency, f r (Equation 7.3)

where� is the gyromagnetic ratio and� i is the static permeability (real part of permeability

at a su�ciently low frequency) [77, 105]. M s increases with an increase in NZF content as

summarized in Table 6.2 and explains the increase in resonant frequency for x= 40.

(� i � 1)f r =
1

3�
�M s (7.3)

There exists an additional peak in magnetic loss tangent forx=40 in the K u-band. This is

suspected to be an overlap in testing frequencies between the two bands. The magnetic loss

is still associated with the natural ferromagnetic resonance assumed in X-band data. This

is more clearly visible with the magnetic loss, (tan� � ) in Figure 7.21. The peak in tan� � for

X-band is close to the end of the measuring frequency and continues into Ku frequencies.

Any loss fromx=20 and 30 in the Ku-band are assumed to be eddy current loss based on

Figure 7.20. There is inconsistency in permeability data collected from the end of X-band

and beginning of Ku-band for x= 20, but the tan� � would still suggest there is little magnetic

loss in both X- and Ku-band from x= 20.
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(a) X-band

(b) K u -band

Figure 7.20: Eddy current e�ect for composite samples from 8 to 18 GHz.
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(a) X-band

(b) K u -band

Figure 7.21: Loss tangent (tan� ) and magnetic loss (tan� � ) for NBT and composite samples
from 8 to 18 GHz.
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7.9 Room Temperature Microwave Absorbing Performance

As discussed in Section 1.4, one challenge with designing an absorbing material is atten-

uating an EM wave once inside the material. The attenuation constant, � was calculated

using Equation 1.21 to evaluate the performance of NBT and thecomposite samples ability

to attenuate an EM wave. From room temperature data (see Figure 7.22) it is evident that

attenuating a wave at microwave frequencies is not a concernacross both X- and Ku-band

with exceptions around 9 GHz and 11 GHz forx=30 and 40. The peak associated with fer-

romagnetic resonance also occurs around 9 GHz forx=30 and 11 GHz forx=40, resulting in

an increase in complex permeability. Increasing the permeability will improve the impedance

mismatch (Equation 1.16) as seen in Figure 7.23, but will alsodecrease the absorption as

evident in the decrease in attenuation constant.

Figure 7.22: Attenuation constant for X- and Ku-band data at room temperature.

The other challenge discussed in Section 1.4 deals with the impedance mismatch at the

interface of a material. The re
ection that occurs when an EMwave interacts with a material

will be reduced if the intrinsic impedance,Z i (Equation 1.16) of the material is close to that

of the free space impedance,Z0. The impedance mismatch was evaluated by calculating the

normalized impedance,Zn using Equation 1.17. IdeallyjZn=Z0j=1 to optimize the amount

of EM wave that enters the absorbing material. Figure 7.23 shows the normalized input

impedance for a sample thickness of 5 mm for NBT and the composite samples. While
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changing the thickness of the sample does impact the normalized input impedance (see

Equation 1.17) the broadband values are still signi�cantlylower than the optimal value of

one.

At room temperature the data would suggest NBT and the composite samples have the

ability to attenuate EM waves across the majority of frequencies tested, but the impedance

mismatch is a signi�cant concern. To utilize the absorbing capability of the samples an

impedance closer to that of free space is necessary. Ibrahimet al. [103] have had recent

success in implementing a double-layer approach of carbon black as a matching layer with

NZF nanocomposites as an absorbing layer. The matching layerhas little absorption capacity

but a normalized impedance closer to that of free space allowing for the EM wave to travel

into the absorbing layer under the matching layer.

Figure 7.23: Normalized input impedancejZn=Z0j for X- and Ku-band data.

7.10 Projected High Temperature Performance

As previously discussed in Chapter 2, high temperature microwave frequency data col-

lection was outside the scope of this work. The impedance data at elevated temperatures,

used to isolate the di�erent polarization mechanisms, and the room temperature waveguide

data to determine the complex permittivity and permeability at 8 to 18 GHz was used to

speculate the performance at elevated temperatures.
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The magnetic loss contributions identi�ed in Section 7.8 from NZF dissipates above the

Curie temperature (� 275°C for Zn content of 0.5). The dielectric contribution of NZF at

room temperature aligns with the impedance data in Section 6.4 below 200°C. Composite

x= 30 and 40 dominate the tan� (Figure 7.21) at room temperature for X-band, while

x= 20 aligns closely with NBT. This correlates with the trends inlow frequency elevated

temperature data up to 200°C. The dominant loss tangent mechanism for NZF was attributed

to space charge polarization that increased with an increase in NZF content, and shifted

to higher frequencies with an increase in temperature. Extrapolating that trend to the

microwave region, increasing the temperature would push the peak in tan � (Figure 7.21)

for x=30 and 40 to higher frequencies due to a decrease in relaxation time. The attenuation

constant and impedance mismatch would increase with an increase in dielectric loss at higher

temperatures.

NBT and x= 20 NZF tan � both remain low (� 0.16 and� 0.20) at room temperature

as expected. The loss mechanisms associated with NBT are thermally activated (space

charge polarization and polaron hopping). Based on Figure 6.12, increasing the temperature

will increase the loss associated with the space charge polarization for NBT. Continuing to

increase the temperature will increase the loss associatedwith polaron hopping at higher

frequencies compared to that of space charge polarization.As the dielectric loss increases

at higher temperatures and frequencies the attenuation constant and impedance mismatch

would both increase as well.
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CHAPTER 8

CONCLUSIONS

A ceramic composite composed of NBT with two thermally activated loss mechanisms

and NZF with both dielectric and magnetic loss contributionswas fabricated to address both

broadband and high temperature microwave absorption. Low frequency high temperature

impedance analysis in conjunction with room temperature waveguide data was utilized to

extrapolate high temperature microwave frequency properties.

8.1 NBT as a Ceramic Matrix

A composition containing two polarization loss mechanisms, each with a di�erent fre-

quency and temperature dependence, was formulated by varying A-site stoichiometry in

NBT. The two space charge polarization loss mechanisms in NBT were identi�ed as

ˆ High oxygen ion mobility, Ea � 0.77 eV

ˆ Polaron hopping between Ti4+ and Ti3+ , Ea � 0.55 eV

The individual loss mechanisms and their temperature dependence are depicted in Fig-

ure 8.1. At lower frequencies the predominant loss mechanism is attributed to oxygen ion

mobility. At temperatures above 350°C NBT has two distinct broad absorption regions. The

additional high frequency loss is associated with polaron hopping.

8.2 NZF as a Composite Filler

NZF was selected as a composite �ller material in order to expand the temperature

and frequency range of absorption for NBT. The dielectric andmagnetic absorption loss

mechanisms associated with NZF are as follows

ˆ Hopping between Fe2+ and Fe3+ , Ea � 0.36 eV
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Figure 8.1: High temperature dielectric loss tangent of baseline NBT.

ˆ Eddy current losses

ˆ Ferromagnetic spin resonance

The broad dielectric loss tangent for NZF at lower frequencies can be seen in Figure 8.2.

At temperatures below 200°C NZF has a wide absorption loss associated with highly conduc-

tive grains separated by resistive grain boundaries. The peak in absorption for NZF occurs

at frequencies and temperatures where NBT has a low dielectric loss tangent.
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Figure 8.2: Low temperature dielectric loss tangent of NZF.

8.3 Loss Mechanisms of Composite Samples at Elevated Temperature s

By combining the loss mechanisms of NBT and NZF into one composite solution, absorp-

tion across a wide range of temperatures and frequencies wasachieved. The dielectric loss

tangent for the composite samples compared to NBT at selectedtemperatures can be seen

in Figure 8.3. The peak in tan� can be tuned for a temperature and/or frequency range of

interest by varying the NZF content.
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(a) 200°C (b) 350°C

(c) 500°C

Figure 8.3: Temperature dependence of tan� for NBT and composite samples.
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8.4 Microwave Frequency Performance

The two critical design considerations for microwave absorbing materials are strong ab-

sorption and minimal re
ection coe�cient. The composite and NBT samples showed strong

absorption capabilities with high attenuation constants (Figure 7.22) across both X- and

Ku-band. However, the impedance mismatch will result in a high re
ection coe�cient (Fig-

ure 7.23) for all samples.

8.5 Suggestions for Future Study

Decreasing the dielectric constant of the composite samples will improve the impedance

mismatch and decrease the re
ection at the surface. A matching layer could be added to

the composites as discussed in Section 7.9. This approach would require incorporating both

layers into a resin or polymer matrix, limiting the possibleoperating temperatures of the

material.

An additional approach to decrease the dielectric constant of the composites would be to

incorporate another material with a signi�cantly lower permittivity. The addition of Al 2O3 to

the baseline NBT decreased the permittivity drastically as evident in Figure 8.4. Additional

studies are necessary to determine the impact alumina has onthe NBT loss mechanisms and

if a three phase composite of NBT, Al2O3, and NZF is feasible.
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(a) � 0 for NBT and 25 mol% Al 2O3 with respect to temperature at 1
MHz.

(b) � 00for NBT and 25 mol% Al 2O3 with respect to temperature at 1
MHz.

Figure 8.4: E�ect adding alumina to NBT had on dielectric properties.
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APPENDIX A

ELECTRICAL PROPERTIES

A.1 Activation Energies for NBT

Figure A.1: Arrhenius plot for NBT sample with activation energies calculated for high,
medium, and low temperature regimes at 1 kHz.

Table A.1 summarizes the activation energies for the baseline NBT composition at dif-

ferent temperature regimes and frequencies.
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Figure A.2: Arrhenius plot for NBT sample with activation energies calculated for high,
medium, and low temperature regimes at 10 kHz.

Table A.1: NBT activation energies at selected temperatures and frequencies.

Frequency High Temp Medium Temp Low Temp
1 kHz 635-394°C 0.96 eV 315-227°C 1.04 eV 162-127°C 0.35 eV
10 kHz 747-560°C 0.62 eV 352-253°C 1.10 eV 181-144°C 0.23 eV
100 kHz 747-560°C 0.55 eV 398-282°C 1.01 eV 227-162°C 0.25 eV
1 MHz 747-527°C 0.39 eV 485-319°C 0.70 eV 253-144°C 0.21 eV
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Figure A.3: Arrhenius plot for NBT sample with activation energies calculated for high,
medium, and low temperature regimes at 100 kHz.
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A.2 Activation Energies for Composites

Figure A.4: Z 00versus ln! and Arrhenius plot of relaxation time versus temperature for
20NZF with an Ea of 0.82 eV and 0.41 eV.
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Figure A.5: Z 00versus ln! and Arrhenius plot of relaxation time versus temperature for
2NZF with an Ea of 0.94 eV.

Figure A.6: Z 00versus ln! and Arrhenius plot of relaxation time versus temperature for
30NZF with an Ea of 0.91 eV and 0.74 eV.
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Figure A.7: Z 00versus ln! and Arrhenius plot of relaxation time versus temperature for
30NZF with an Ea of 0.48 eV.

Figure A.8: Z 00versus ln! and Arrhenius plot of relaxation time versus temperature for
40NZF with an Ea of 1.04 eV.
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Figure A.9: Z 00versus ln! and Arrhenius plot of relaxation time versus temperature for
40NZF with an Ea of 0.50 eV.

A.3 Composite Dielectric Properties
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(a) x=20

(b) x=30

(c) x=40

Figure A.10: Dielectric constant for compositexNZF+(1- x)NBT with respect to tempera-
ture.
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(a) x=20

(b) x=30

(c) x=40

Figure A.11: Dielectric constant for compositexNZF+(1- x)NBT with respect to frequency
at selected temperatures.
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APPENDIX B

WAVEGUIDE DATA

B.1 NBT Waveguide Data

Figure B.1: Extracted and model �t of permittivity and permeability for NBT X-band
sample na1 using NNI algorithm.
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Figure B.2: Model �t of raw S-parameter NBT X-band sample na1 using NNI algorithm.

149



Figure B.3: Extracted and model �t of permittivity and permeability for NBT X-band
sample na2 using NRW algorithm.
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Figure B.4: Model �t of raw S-parameter NBT X-band sample na2 using NRW algorithm.
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Figure B.5: Extracted and model �t of permittivity and permeability for NBT X-band
sample na3 using NNI algorithm.
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Figure B.6: Model �t of raw S-parameter NBT X-band sample na3 using NNI algorithm.
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Figure B.7: Extracted and model �t of permittivity and permeability for NBT X-band
sample na4 using NNI algorithm.
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Figure B.8: Model �t of raw S-parameter NBT X-band sample na4 using NNI algorithm.
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B.2 20 NZF Waveguide Data

Figure B.9: Extracted and model �t of permittivity and permeability for 20 NZF X-band
sample z23 using NRW algorithm.
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Figure B.10: Model �t of raw S-parameter 20 NZF X-band sample z23using NRW algorithm.
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Figure B.11: Extracted and model �t of permittivity and permeability for 20 NZF X-band
sample za21 using NRW algorithm.
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Figure B.12: Model �t of raw S-parameter 20 NZF X-band sample za21 using NRW algo-
rithm.
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Figure B.13: Extracted and model �t of permittivity and permeability for 20 NZF X-band
sample za22 using NRW algorithm.
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Figure B.14: Model �t of raw S-parameter 20 NZF X-band sample za22 using NRW algo-
rithm.
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B.3 30 NZF Waveguide Data

Figure B.15: Extracted and model �t of permittivity and permeability for 30 NZF X-band
sample za32 using NRW algorithm.
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Figure B.16: Model �t of raw S-parameter 30 NZF X-band sample za32 using NRW algo-
rithm.
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B.4 40 NZF Waveguide Data

Figure B.17: Extracted and model �t of permittivity and permeability for 40 NZF X-band
sample z41 using NRW algorithm.

B.5 Model Complex Permittivity and Permeability Data
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Figure B.18: Model �t of raw S-parameter 40 NZF X-band sample z41using NRW algorithm.
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Figure B.19: Extracted and model �t of permittivity and permeability for 40 NZF X-band
sample z42 using NRW algorithm.
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Figure B.20: Model �t of raw S-parameter 40 NZF X-band sample z42using NRW algorithm.
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Figure B.21: Extracted and model �t of permittivity and permeability for 40 NZF X-band
sample z43 using NRW algorithm.
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Figure B.22: Model �t of raw S-parameter 40 NZF X-band sample z43using NRW algorithm.

Figure B.23: Model complex permittivity of NBT for X- and Ku- bands.
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Figure B.24: Model complex permittivity and permeability of20 NZF for X- and Ku-bands.
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Figure B.25: Model complex permittivity and permeability of30 NZF for X- and Ku-bands.
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Figure B.26: Model complex permittivity and permeability of40 NZF for X- and Ku-bands.
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