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ABSTRACT

Advancements in military and aerospace applications havedreased the demand for high
temperature microwave absorbing materials. While currenttate of the art composite ma-
terial solutions contain strong absorption capabilitiesthey fail to perform in harsh thermal
environments due to thermal limitations of the composite ntax.

This work focused on fabricating a ferroelectric-ferriteeramic composite capable of ab-
sorbing electromagnetic energy across a wide range of freqaies and temperatures. The
dielectric properties of A-site non-stoichiometric sodiunbismuth titanate (NBT) were in-
vestigated to determine if electrical losses could be taikd by altering the Na to Bi ratio.
A bismuth de cient composition resulted in two electrical bss mechanisms at temperatures
above 200C associated with oxygen ion mobility and polaron hopping heeen Ti** and
Tid".

Nickel zinc ferrite (NZF) was selected as the second compositagponent for the exi-
bility it provided in both dielectric and magnetic properties based on composition and pro-
cessing conditions. Highly conductive grains and resistiygain boundaries, attributed to
electron hopping between F& and F&*, led to an electrical loss mechanism at temperatures
up to 40C°C.

The magnetic and dielectric properties of composite sampl&NZF + (1-x)NBT were
evaluated at elevated temperatures and frequencies up to 1H¥ to determine the impact
the two phase composite solution had on the individual proptes of NBT and NZF. Three
distinct thermally activated loss mechanisms were preseit the composite samples leading
to broadband absorption across the test frequencies of 1 kHz1 MHz and temperatures up
to 60C°C.

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

GHz) were used to evaluate the magnetic and dielectric propgs of the composite samples



at room temperature. xNZF + (1-Xx)NBT composites demonstrated signi cant attenuation
across the microwave frequencies tested. The microwave @atisng capabilities of xNZF
+ (1-x)NBT composites at elevated temperatures were extrapolatdry combining the ther-
mally activated loss mechanisms studied at frequencies bwl1 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 increasethnadvancements in radar
technology as well as consumer and military electromagneiEM) shielding communication
needs [1, 2]. Extensive advances in the eld of microwave a@pption have occurred in the
past decade, and many of the new material solutions posset®rsy absorption capabili-
ties. However, they fail to perform in harsh thermal environmnts limiting the application
space. In addition to the need for high temperature absorb®ra material solution capable

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

1.1 Fundamentals of Electromagnetic Waves

EM waves are composed of both electri€() and magnetic H) elds that are perpen-
dicular to each other as well as to the direction in which thepropagate, 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 waveligths (10 3 nm) to
radio waves with wavelengths as long as 2@. Microwave wavelengths range from around
1 m (300 MHz) to 1 mm (300 GHz). The velocity ¥) 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 velocitysithat of the speed of

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

uum.
1 1 L
V= p—=p— 3 10Fms (1.2)
00

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

while permeability ( ) characterizes the ability to store magnetic energy. When a&M wave



propagating in free space encounters a material (charadta¥d by and ) energy is re ected,
transmitted, and/or absorbed. When considering visible ligt, 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 velociy 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 \acuum
p__
c
=Q=ﬁ——:prr (1.3)

00

where , and , are the relative permittivity and permeability, respectiely.

When light passes from one medium to another with a di erent idex of refraction (e.qg.,
from air into a solid) some light will scatter at the interfae. The larger the index of refraction
di erence of the two media, the greater the re ection. Mateials interactions with visible
light are dominated by electronic polarization and/or eleabn transitions because electrons
are small and light enough to keep up with the frequency in wti visible light oscillates.

Microwave EM waves have longer wavelengths and are less gegic 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 dipel 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 o, electron hopping between
transition metals with di erent valance states, and precesing spins [4].

Microwave absorbing materials absorb energy from electragnetic elds and convert
that energy into heat. As discussed above, when an EM wave euonters a material, the
re ection, transmission, and absorption at the interface @ determined by the permittivity
and permeability of the material. The complex notation for prmittivity and permeaubility,

respectively, are

= 04 (1.4)

= O+ i 00 (15)



The imaginary part, denoted with double prime, accounts fothe dissipation/loss of energy.
For microwave absorbing materials it is the increase in®®and %that is of interest. The
possible material responses to a propagating EM wave and htwat relates to the complex

permittivity and permeability will be discussed in the folbwing sections.
1.2 Magnetic Properties of Interest for Microwave Absorption

There are ve basic types of magnetism summarized in Figurellbased on the orien-
tations of the magnetic moments in a material. Materials thapossess a single-magnitude
spontaneous magnetization can be either ferromagnetic (i€ighboring sites align parallel to
one another) or antiferromagnetic (if neighboring sites @n antiparallel). In ferrimagnetic
materials, magnetic atoms occupy di erent sublattices inhe crystal structure; magnetic
dipoles associated with these dierent sites are anti-aliged, but because the sublattices
di er in dipole magnitude, there remains a non-zero spontaous magnetization. Ferrimag-

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

Ferromagnetism ‘ ] ] ‘

Moments of individual atoms aligned
Ferrimagnetism ‘ 1 ‘ 1

Unequal moments alternate

Antiferromagnetism ‘ l l

Moments alternate from atom to atom
Paramagnetism No long-range order; alignment with applied field
Diamagnetism No long-range order; alignment opposes applied field

Figure 1.1: Di erent types of magnetic behavior. Adapted froni6].

A ferromagnetic material has a spontaneous magnetizatioesulting from atomic spins
aligned in parallel with one another within a small region othe material. These regions

in which the spins are pointed in the same direction are refed to as domains. Domains



form to reduce the overall energy of the system. Domain wakgparate adjacent domains of
di erent magnetization directions.

The energy associated with rotating the magnetization towds 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 aligs itself along one of the main
crystal directions referred to as the easy direction of magtization. There exists an energy
di erence (magnetocrystalline anisotropy energy) for theases where the magnetization is
aligned in the easy direction versus magnetization aligneddong 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 incises the magnetization in a
given direction and contributes to the overall permeabilit of a material. The magnetization
of a sample in the presence of an applied eld is depicted in kigg 1.2 and is known as a

hysteresis loop.

M
Ms
M/
\ : N\
|t | |
C— H R ——
Direction of applied field N
1

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

Assuming a virgin sample, the rst image (denoted by 1) in Figwr 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 apfied eld. As H increases the
shaded domain grows as seen in the image on the right. Thistiai growth is reversible and

could be returned if the eld is removed. The slope increasesast the initial reversible region



where irreversible domain wall motion occurs until additioal magnetization occurs only by
rotation of magnetization towards the direction of the apped eld. A large amount of energy
is required to rotate the remaining domain magnetization itine with the applied magnetic
eld. At Mg all the domains capable of rotating have done so and the magization is

saturated, increasing the applied eld after this saturatbn magnetization will not increase
the magnetization.

A remanent magnetization after the removal of the applied kl exists due to the ir-
reversible domain wall motion (denoted byM, in Figure 1.2). Reversing the applied eld
will remove the remanent magnetization. The eld required® completely remove the mag-
netization in the material is the coercive magnetic eld inensity (H.). For ferromagnetic
materials an increase in temperature decreases the aligmhef magnetic moments until
the thermal agitation at the Curie temperature drives the tansition from ferromagnetic to
paramagnetic.

When EM waves interact with a ferromagnetic material there is frequency above which
the domain wall motion can no longer keep up with the eld, andnaximum energy absorption
occurs in association with this relaxation. This is seen aspeak in %°and the loss that

occurs is commonly represented by tan.

tan = — (1.6)

At frequencies above the domain wall relaxation, losses ateminated by internal currents
known as eddy currents. This current is due to the voltage thas induced in the material
opposite the voltage producing the magnetizing current andlternating magnetic eld [2].
The higher the frequency, the larger the induced current, @hthe greater the losses. The
e ect of eddy currents is strongly dependent on the resistity of the material; a highly
resistive material exhibits minimal eddy currents. As the gquency increases the penetration

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



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

referred to as the skin depth,

S
1 f
= — 1.7
5= @

At microwave frequencies, domain wall motion is no longer epable, and the additional
loss mechanism beside eddy currents is spin rotation resana. The high frequency eld
oscillation acts as a tangential impulse to the spin of an @&on and a ects the angle of
precession. If the frequency of the eld is in phase with thedquency of precession, they are
said to be in resonance and a maximum transfer/absorption ehergy takes place [5].

Figure 1.3 shows the frequency dependence of permeability éohypothetical ferromag-
netic material. At low frequencies there is little change irither ° or % The rst peak in

%js associated with domain wall movement. As discussed abous,the frequency increases
domain wall movement can no longer keep up and a peak iff®occurs. The second peak is

associated with ferromagnetic resonance (spin resonanceyr a material to absorb across a

broadband of frequencies numerous loss peaks are desirable

Uy

n

Hr

v

Frequency (Hz)
Figure 1.3:. Frequency dependence of permeability for a typicferromagnetic material.
Adapted from [8].

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

tributed to the permeability of the material. It is important to note that materials classi ed



as magnetic absorbers also can contain polarization mecksms 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 base@n numerous mechanisms
that may be active in a given material. Atomic (electronic) plarizability occurs in all
materials and is the origin of the optical refractive index adescribed in Section 1.1. Electrons
are slightly displaced with respect to the nucleus under an pped eld as illustrated in
Figure 1.4 and can follow elds up to frequencies of 10*> Hz due to their small inertia [4].
lonic polarizability occurs in ionically bonded materialsin which the cations and anions
are displaced in opposite directions from their equilibrimm positions under an applied eld.
This results in a net dipole moment with compression and expaion of the ionic bonds
holding the material together (Figure 1.4). In both mechani®s the dipoles can be modeled
mathematically as mechanical oscillators. After removal ahe applied eld, a restoring
force counteracts the force induced by the eld leading to aesonance [4]. The resonance
frequency of ionic and electronic mechanisms occur well alkomicrowave frequencies and

therefore were not measured in this work.

Unpolarized Ew——> Unpolarized E vt
-+ -+ - F= ik
- o+ -+ TS

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

Dipolar polarization (Figure 1.5) requires the material to lave pre-existing (Spontaneous)
dipoles that are reoriented under the application of an ele@ eld. The time required for
a dipole to orient with an oscillating eld is longer than tha of an electron or ion and is

strongly temperature dependent. Space charge polarizatyilis also strongly temperature



dependent and refers to the movement of unbound charge cars until they reach a potential
barrier such as a grain boundary or phase boundary. Unlike imnand atomic polarizability
mechanisms, there are no direct restoring forces for dipolar space charge polarizability
mechanisms, so they are represented mathematically by Debtype relaxation processes.
There are a number of di erent dipolar and space charge type enshanisms grouped under
these labels.

Unpolarized [— Unpolarized E i

v P> LA
1 @f} 'i

Figure 1.5: Dipolar and space charge processes. Figure addd®m [9].

The dielectric constant of a material is the combination of lathe di erent polarization
mechanisms at a speci ¢ frequency and temperature. Each nh@nism has a di erent range
of response times, so as the frequency of interacting EM wavmcreases, the number of
mechanisms contributing to the permittivity is gradually reduced as the slower-responding
mechanisms are unable to keep up with the eld oscillationsimportantly, when the mea-
surement frequency is relatively close to the maximum freguacy at which a given mechanism
can respond, substantial energy dissipation (absorptiomccurs. At the frequency at which
a mechanism can no longer keep up with the eld, an energy digation maximum is seen as
a peak in %as illustrated in Figure 1.6 [4]. This is true for both resonares and relaxation
mechanisms. The loss that occurs is commonly representedtay , which is the ratio of

the imaginary to the real permittivity.

(1.8)



4 Space charge

lonic

’ Electronic
P34 Dipolar

Frequency (Hz)

JANDAY W

Frequency (Hz)

Figure 1.6: Polarization mechanisms contributions to perrtiivity.

Some composite ferromagnetic and ferroelectric materidtgve shown promise for mi-
crowave absorption due to high dielectric constants acrosgsde temperatures and the pres-
ence of multiple loss mechanisms [10{12]. Ferroelectric tegals also exhibit domain and
domain walls similar to ferromagnetic materials (Section.2) except ferroelectric materials
have a spontaneous polarization, instead of magnetizatiowith domains and domain walls
separating regions in which the polarization is homogenenuThe spontaneous polarization
is due to dipoles in the material oriented in the same directh. These regions of homoge-
neous polarization can be switched with the application ofraelectric eld. Spontaneous
polarization in a material will result in bound surface chages. The accumulation of these
charges generates a depolarizing electric eld oppositeettspontaneous polarization. Do-
mains of alternating polarization (in the case of 180domains) form to counteract bound
surface charges and reduce the magnitude of the local depii;mg electric eld within the
material.

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

due to the gradual alignment of spins. Ferroelectric domaiwalls are generally thinner



( few unit cells) due to a strong coupling between polarizatioand strain in reversing
the polarization as well as the limitation of possible polaation directions based on the
crystal structure. Therefore the energy in a ferroelectricamain wall is more localized and
the domain walls are limited in mobility compared to that of Erromagnetic domain walls.
Analogous to ferromagnets, ferroelectrics also have a Cutemperature associated with a
phase transition beteween centrosymmetric nonpolar (pagkectric) and noncentrosymmetric
polar (ferroelectric) phases.

The hysteresis loop for a ferroelectric material is similaio the hysteresis loop (Section
1.2) for ferromagnetic materials, except the applied eldsi an electric eld and the material
response is polarization. Table 1.1 compares some of the graeters for magnetic and

dielectric materials.

Table 1.1: Comparison of magnetic and dielectric parameter

General Magnetic Dielectric
Applied eld H (A/m) E (VIm)
Material Response M (A/m) P (C/m?)
Remanent Magnetization, M Polarization, P,
Coercive eld Hc E.

For pure electrical absorbers ( = 1 + i0), conductivity often accounts for the majority
of the dissipation of energy, and therefore it is conveniemb express %in terms of conduc-

tivity [13].
D= — (1.9)

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

When a material containing a number of mobile charge carrie(®;), each with a charge

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

10



following
= niQU (110)

where u is the mobility of the charge carrier. Charge carriers can blimped into three
generic categories of electronic, ionic, and polaron forasige transport.

For semiconducting materials, intrinsic electronic condttivity can occur by excitation
of electrons across the band gap of the material. Excitationf electrons into the conduction
band typically is accomplished by increasing the temperate resulting in an increase in
thermal energy. The excitation of an electron into the condttion band will generate a hole
in the valence band. Extrinsic electronic conductivity caroccur when an impurity/dopant
is incorporated into the material. The dopant is classi ed a a donor if it has more valence
electrons than the atom it replaced (n-type), or an acceptaf it has fewer valence electrons
(p-type). A donor dopant donates extra valence electrons tthe conduction band while an
acceptor dopant accepts electrons from the valence band.

The e ect temperature has on the electronic conductivity deends on the material. In
the case of metals, where carrier concentration is esselijiandependent of temperature, an
increase in temperature decreases the conductivity as itsudts in lattice atoms oscillating
about their equilibrium position increasing the probabilly of collisions. Imperfections in
the crystalline material (impurities, grain boundaries, acancies, etc.) also increase the
probability of collisions. The mentioned imperfections icrease the probability of scattering
due to the decrease in mean free time (average time betweem tollisions). The sum of the
individual scattering processes make up the resistivity (Btthiessen's rule) of a material. In
the case of semiconductors, there are two competing factaéosconsider when increasing the
temperature and the e ect on conductivity. An increase in themal energy will increase the
number of electrons (excited electrons in conduction bandput decrease electron mobility
due to an increase in lattice vibrations and therefore posde collisions [9]. Because the
temperature dependence of carrier concentration followseffi-Dirac statistics, in many

cases, the increase in thermally-activated carriers ovenelms by many orders of magnitude

11



the decrease in mobility of each individual carrier and theanductivity of insulators and
semiconductors increases rapidly with increased tempeuna¢.

For ionic charge carriers there must be sites within the laite for ions to move into to
assist in conduction. The charge mobility will depend on th¢he size and charge of the
ion as well as the lattice geometry. The movement of ions is thoontinuous, but rather
by a series of individual jumps, and the average velocity isetermined by the frequency
and distance of the jumps [14]. The ion mobility in Equation 1.0 will depend on su cient
energy to overcome the energy barrier to exchange sites wéhvacancy. This energy barrier
is represented by the activation energyH,) 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 MWiicrease the ion mobility as

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

E
= 9 exp(k—TA (1.11)

Without an electric eld, the movement is random and there is a equal probability of
the jump to occur in any available direction. In the presencef an electric eld the barrier
heights are no longer equal and there exists a higher prob#tyifor the jump to occur across
the lower barrier following the eld [15].

Previous discussion on electron charge carriers as it pared to conductivity was lim-
ited to free electrons in the conduction band or holes in thealence band. Polaron charge
carriers also deal with electrons but instead of free eleofrs limited by scattering, hopping
of electrons from site to site occurs. Hopping of an electromaurs when an ion of the same
type but di erent oxidation states exist in equivalent lattice sites. The discrete jumps are
thermally activated such that the mobility increases expoentially with temperature [14] as

seen in Equation 1.12,

u= uT 3% exp(#) (1.12)
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where Ey, is the activation energy of the hopping process. The mob#it much like electron
band conduction, is also decreased by temperature as evitlby the rst temperature term

in Equation 1.12. At low temperatures the hopping mobility $ low and increases expo-
nentially with an increase in temperature. A polaron is saido be a small polaron if the
electron, and the associated lattice distortion due to poteation 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 omplex permittivity (see Equation
1.9). As discussed in Section 1.1 the imaginary portion of theomplex permittivity or
permeability accounts for the dissipation of energy in a matial (Equation 1.4, Equation
1.5). An Arrhenius type plot of the conductivity provides insght into the possible conduction
mechanism(s) present and associated activation energies dpplying a linear tto In vs
1000/T data.

Understanding the possible dielectric and magnetic loss nmisms is critical in devel-
oping a material solution for broadband absorption. While mitiple loss mechanisms are
highly desirable, there are additional design consideratis 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 neatal 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 (Buation 1.3) described in
Section 1.1. The index of refraction can also be describedtas ratio of the wavenumber,
k describing the wave propagation within a material, to the ®e-space wavenumber. The

wavenumber of a propagating wave has a frequency dependeaseseen below in Equation

13



1.14 for the wavenumber of free spacky.

= — (1.13)

k='""%% (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 impedanZg,is approximately 377 .
r
E

Zo= —= -2 377 (1.15)
H 0

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 engigforage. The amount of
energy stored will depend on the permittivity and permeabhily of the medium. The intrinsic

impedance of a material Z;) is de ned as follows
Zi=Z, —- (1.16)

The intrinsic impedance dictates the propagation of EM wawethrough a material. As an
EM wave propagates from one material to another with a di enet intrinsic impedance, the
mismatch between the two materials will cause a re ection athe interface as discussed
previously based on di erent indices of refraction. This rection can be calculated by rst

determining the normalized impedanceZ,
r
Zo=  —tanh( iked® 77 (1.17)
r
whered is the thickness of the material and the wave is assumed to teldng the surface at
normal incidence. Once the normalized impedance of the mat is determined, the re ec-
tion coe cient ( R) at the interface can be calculated using Equation 1.18.

Zn 1

- 7 (1.18)

The performance of an absorbing material is assessed using tritical 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 thehg@se 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 inadeEM power being ab-

sorbed.
JRj (dB) = 20109, ]jR]j (1.19)

The energy transported in an EM wave can be expressed as thess product ofE and
H. This is known as the Poynting vector, which represents thegwer ux density of an EM
wave with units of watts/meter?. Figure 1.7 illustrates EM waves encountering an absorbing
material. P, represents the power of incident wave, {is the power transmitted, Rk is
the re ected wave, and R, 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 timaterial. This is addressed
with the absorption coe cient ( A) of the material. The absorption coe cient, A is the ratio
of the absorbed power (R) to the incident power (P,). The e ectiveness of a material to
attenuate a wave is dependent upon the permittivity and permability as seen in Equation

1.21 for the attenuation constant [17].

o

A= A (1.20)
|

- (OOOO 0(9.{.”(0000 O(DZ+(OOO+ 0092 (121)

E cient microwave absorbing materials should have [18]
~ Strong absorbing capability
" Minimal re ection coe cient

Designing a material that addresses both getting the incide 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 mateliaAdapted from [18].

capability) once inside the material is extremely complidad. If one increases the loss in
a material ( ®or % 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 thatf dree space [2, 19].
1.5 Current Composite Material Approaches

Current research focus areas for composite materials can beken into three major
categories of magnetic particles, carbon nanomaterialspéh ceramic composites for high
temperature microwave absorption. An e cient microwave abgsrbing material with minimal
re ection coe cient, wide e ective absorption bandwidth, and high temperature stability
is highly desirable for multiple applications. A material slution for an e cient microwave
absorber will require a multiple component approach as no ematerial can address all three

desired properties simultaneously.

16



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 agither spinel, garnet, or hexagonal
ferrite based on their crystal structure. Garnet ferrites hve smaller magnetic losses compared
to spinel and hexagonal ferrite systems and therefore aretraptimal for the application of
interest. Spinel ferrites like nickel zinc ferrite have beewidely 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 aR{] recently showed increasing Co
content in spinel ferrite Ni, Co,Fe,O,4 increased absorption in the K frequency band (12.4-
18 GHz) due to an increase in saturation magnetization. As theairation magnetization
increases ferromagnetic/spin resonance (Section 1.2)lwihift to higher frequencies.

M-type hexagonal ferrite systems with the general chemicirmula MeFe;,0,9 (Me=Pb,
Ba, Sr) have had some success in the GHz frequencies. H.H Nguyerale [22] deter-
mined SrFe, yCo,0;9 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 toetltoexistence of F&,
Fe?*, and Co* resulting in an increase in M. Substitution of Ni?* in U-type hexaferrite,
(Bag:7Big:2)4(Co; xNiy)oFess060 With x=0.75 showed broadband absorption extending over
9.1 to 17.7 GHz [23]. One challenge limiting the use of hexagbrerrites is the increase
in conductivity as a result of high sintering temperaturesdading to a high re ection coef-
cient [24]. Increasing the conductivity will improve the asorption of EM energy, but will
also increase the complex permittivity, leading to an inceese in impedance mismatch as seen
in Equation 1.16.

The ability of carbonyl iron powders to absorb EM energy depels on multiple factors
such as the chemical composition, morphology, particlezsietc. [24]. For example, the imag-
inary permeability for sphere-shaped carbonyl iron partles has been shown to increase by
using high energy ball milling to produce nanosized akes%2 However, when incorporated

into a silicone resin matrix the re ection loss decreases &mperatures above 30T [26].
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Another challenge associated with metallic magnetic lleréike carbonyl iron is impedance
mismatch. The impedance mismatch generally occurs when thielume concentration of the
ller is above 33% (percolation volume concentration) [24]. Increasingné particle volume

percent increases the composite conductivity, resulting ia decrease in re ection loss [27].
1.5.2 Carbon Nanomaterials

One of the most heavily researched composite material satuts involves using carbona-
ceous particles due to the ability to tailor properties bagkon particle geometry, composition,
morphology, and volume fraction [1, 18]. Recently carbonrms such as graphene aerogels
decorated with cobalt ferrite nanoparticles and zinc oxideanorods [28], carbon ber fabric
impregnation in a polyaniline conducting polymer [29], cémon black polypropylene com-
posites [30], and plaid pattern of spinnable multiwalled c¢hon nanotubes combined with
polydimethysiloxane containing BaTiQ [31] have been reported in literature as e cient
material solutions for EMI shielding at frequencies betwee8 to 12 GHz. Carbon has a
high electrical conductivity requiring additional materals to minimize EM wave re ection
(impedance mismatch). Fabricating a microwave absorbing aterial in which carbon nano-
materials are the primary material while minimizing re ecion of EM waves is still a challenge
that needs to be addressed [32].

In addition to re ection issues, the carbon llers listed abee 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 sdbst [33]. Carbon/carbon (C/C)
composites composed of reinforcing carbonaceous matrixhmcarbon bers have been re-
searched in an e ort to address higher operating temperatas. However, carbon materials

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

Ceramic materials, speci cally SiC-based composites, haveceived signi cant attention
as high temperature microwave absorbing materials due to éir mechanical properties of
high strength and hardness, low density, and chemical and @émal stability at elevated
temperatures. The absorption capability of SiC compositdsas limited their implementation
in the application space [34]. E orts to improve the absorpbn properties have included
covering SiC uniformly with NiO nanorings (increased tan from 0.21 to 0.59 at 40€C) [35],
chemical deposition of Ni on the surface of SiC powders impex/impedance mismatch at
elevated temperatures [36], and doping with Fe increasedeetion loss above 508C 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 cpwsite containing multiple
loss mechanisms capable of absorbing EM energy across a walgge of frequencies and
temperatures. While the material solutions discussed in Sem 1.5 are often capable of
broadband absorption, their properties deteriorate at elated temperatures predominately
due to thermal limits of the matrix. A ceramic composite coristing of multiple loss mecha-
nisms discussed in Section 1.1 would address broadband apgon as well as provide high

temperature stability.
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CHAPTER 2
ELECTRICAL CHARACTERIZATION METHODS

Characterizing an absorbing material at elevated temperates in the microwave fre-
guency range is extremely challenging. While rectangular weguides have been used for
high temperature measurements [38, 39], the challenges albricating a test setup capable
of withstanding elevated temperatures and the complicatis associated with thermal e ects
in data analysis were beyond the scope of this work.

Figure 2.1 summarizes the electrical measurements and teatrgples utilized to character-
ize materials in an e ort to correlate performance at elevad temperatures and microwave
frequencies. Impedance measurements at temperatures fret2C to 750°C on test speci-
mens con gured as parallel plate capacitors were used to éemine the dielectric properties
and loss mechanism(s) present in a sample at lower frequessci At microwave frequencies
the length of the EM wave approaches the dimensions of the tesample (listed in Figure 2.1)
and a direct measurement of impedance is no longer valid. Ell rectangular waveguides
were used to measure the scattering parameters (to be dissed in Section 2.2) from 8.2
to 18 GHz at room temperature to determine the complex permittity and permeability
of samples. High temperature microwave absorption propess were extrapolated by com-
bining impedance measurements identifying the frequencyé temperature dependence of
a dielectric loss mechanism, with room temperature complgermittivity and permeability
at microwave frequencies. The theory and data analysis foagh method in Figure 2.1 will

be discussed in the following sections.
2.1 Impedance Analysis

Impedance data collected at frequencies ranging from®@® 10’ Hz and temperatures
from -120°C to 750°C were used to identify the di erent polarization mechanisra present

in a sample. An applied AC potential can be represented as a ggoidal single frequency
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A >> sample dimensions A ~ sample dimensions

d~10Mm  —

t~2mm Se——
a
. 3 . Waveguide | Frequency a b
Direct measurement of impedance to characterize (GHz) | (mm) | (mm)
dielectric properties X-band | 82-124 | 22.86 | 10.16
Ku-band | 12.4-18.0 | 15.80 | 7.90
Temperature range measured: -120°C to 750°C Measure scattering parameters to indirectly
determine complex permittivity and permeability
A Room temperature only
100 100 102 108 104 10 106 107 108 10° 1010

frequency, Hz

Figure 2.1: Electrical measurements, sample dimensions,datemperatures measured at
di erent frequency ranges.

voltage, and the current as the change in amplitude and phashift, as seen in Equation
2.1 and Equation 2.2. The impedance of a sample at an angulaeduency,! is the ratio of

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

V(t) = Vosin(it) (2.1)

1(t) = losin('t + ) 2.2)

_ Vo _ Vo Sln('t )

700 T Tosingt + ) &

The impedance is a complex number usually containing both aal 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 rectangutaordinate form or in the

polar form as seen in Equation 2.4.

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

It is bene cial to discuss the RLC (resistor, inductor, and apacitor) circuit components
equations when AC impedance measurements are made as edentacircuit models to de-
scribe a material performance are often utilized [40]. In ¢hcase of an ideal resistor the
imaginary portion is zero, the impedance is simply R, and deeiot change with frequency
(Equation 2.5). The measured current remains in phase witthé 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)
Z, = jlL (2.6)

_ 1
ZC_ﬁE”’!C (2.7)

As the frequency increases the impedance will increases fariaductor (Equation 2.6).
For a purely inductive circuit the current lags behind the vitage resulting in a phase shift
() of -9C°. An alternating current will lead to a change in the magnetic ux inside the
inductor. As the current increases, energy is stored tempailg in the magnetic eld of the

inductor and released when the current decreases. The impede for a capacitor (Equation
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2.7) decreases with an increase in frequency. In a purely eafpive 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 temparily and then released with
no dissipation of energy. However, in real components somasipation 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 anahis the sum of each
individual component impedance. For example, the net impadce of a capacitor in series
with a resistor is determined using Equation 2.8, while thehie net impedance of the two

components in parallel is represented in Equation 2.9.

1
LZseries = Zr+ Zc = R+ ]IT (2.8)
1 1 1 1 .
=+ = Z+jIC 2.9
Zparallel ZR ZC R : ( )

2.1.1 Data Collection and Calculations

The magnitude of Z and phase anglgZj- were collected at frequencies ranging from 1
kHz up to 10 MHz using an Agilent 4294A impedance analyzer at terapatures ranging from
-120°C to 75C°C. Additional data at frequencies ranging from 10 mHz to 1 MHz wasollected
using a Solartron ModuLab XM potentiostat at temperatures fom -120C to 200°C. The

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

" The complex impedance is calculated from the measured maigiie and phase using

the following relations

Zea = Z°=jZjcos (2.10)
Zimag = Z°°= jZjsin (2.11)
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" The complex permittivity using the complex impedance is callated using the follow-

ing equations assuming an RC circuit

t ZOO
0_—
= A 7o+ 7% (2.12)
t VA
00—
= A . 704 70 (2.13)
wheret and A are the thickness and the area of the sample
" The bulk AC conductivity from the complex impedance measucevalues is
t z°
ACT N Zay zoa (2.14)

The above mentioned AC impedance spectroscopy can be usedit@alyze the dielectric
performance of a material for low frequencies (10 mHz-10 MHz)elto the sample dimensions
being signi cantly smaller than the EM wavelength at the tes frequencies [42]. The bulk
sample can be treated as a lumped element, and direct measneats by the impedance
analyzer are utilized to determine the dielectric properéis with the equations listed above.
At microwave frequencies the dimensions of the sample ares® to that of the wavelengths
being tested. The phase delay in the sample is not negligiplend the sample cannot be
represented by lumped elements [42, 43]. Techniques apgplie for microwave frequencies

will be discussed in the next section.
2.2 Microwave Measurement and Materials Characterization

Microwave methods for the characterization of materials fainto two di erent broad
categories of resonant and nonresonant methods. Resonantthods focus on a specic
frequency to get accurate material properties and genenalapply to characterization of low
loss materials, while nonresonant methods are used to olstdéss precise material properties
over a broad frequency range [8].

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

mance, and therefore nonresonant techniques are requiredonresonant methods use the
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impedance and wave velocities in a material to deduce mat@rproperties 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 assunption of the other due to the
limitation on the number of independent re ection measuremnts and number of unknowns
to solve. Since the properties of interest for this work aredbh the complex permittivity and

permeability, the measurement technique required for noesonant data collection is TR.
2.2.1 Theory of Transmission/Re ection Measurements

EM absorbers are classi ed based on the dominant loss mecisan as either a dielectric
or magnetic absorber. The complex permittivity and permeality of a material is needed to
characterize the loss mechanism(s) present. A common metho obtain the electromagnetic
properties for bulk samples in the microwave frequency raags with small sections of a
transmission line. While transmission line theory has beentilized for over 50 years to
determine EM properties of materials, there still exist nurarous challenges in data analysis.

For TR measurements the material of interest is placed in dier a coaxial line or waveg-
uide and exposed to an incident EM eld as seen in Figure 2.3. Bangular waveguides
were used to determine EM properties for this work. The wavegle is necessary to direct
EM energy at the material of interest. The propagation of tts directed EM wave down the

waveguide is represented by the propagation constant,

= 4 (2.15)
where the real part is the attenuation constant, and the imaginary part is the phase
constant. The propagation constant represents the change amplitude and phase of the

EM wave as it propagates. The propagation constant as an EM l@ travels in one direction

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

gtz (2.16)
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Figure 2.3: Example electromagnetic waves transmitting tlmugh and re ected from a sample
in transmission line. Adapted from [8].

The eld dependence on distance traveled down the waveguidan be written as such
eZel? (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 directionsadepicted in Figure 2.4 and
the cross section of the waveguide is perpendicular to thereltion of wave propagation.

Waveguides are limited in the frequencies that can be measdrbased on the dimensions
of the waveguide. The cuto frequency is a lower bound on thedquency that can be
transmitted in the guide without introducing higher/evanescent modes. The electric and
magnetic elds in the waveguide can be decomposed into traresse, denoted byt andH 1,
and axial components, denoted b¥, and H,. The di erent modes possible in a rectangular

waveguide are described below based on what eld is transserto the propagation of the
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d

Figure 2.4: Rectangular waveguide with dimensions a and b. EiMave propagation is in the
z direction.

wave.
~ Transverse electric (TE,,) mode, E,=0
" Transverse magnetic (TM,,) mode, H,=0

The cross section of the waveguide must be large enough to m@ complete wavelength
of the signal. The cuto wavenumber,k. is dependent upon the dimensions of the waveguide

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

ko= ()2 (D)2 (2.18)

The values form and n represent the number of half cycle variations of the elds ithe x
(width of waveguide) direction and y (height of waveguide) idection respectfully. Figure 2.5
shows the electrical eld for TE modes Tky and TE,q in a rectangular waveguide.

The dominant or fundamental mode refers to the mode that re#s in the lowest cuto
frequency the waveguide is capable of supporting. For the Tddominant mode, TE,, where
m = 1 and n = 0, one half a sinusoidal wave exists along the width of the waguide
(Figure 2.5), where the electric eld reaches the maximum athee middle of the waveguide

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

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

equation
2
= _—_ 2.19
= (2.19)

The phase constant, in a rectangular waveguide is dependent upon the wave vectér
and the cuto wave number, k. (Equation 2.20) and can be written in terms of the waveguide
dimensions and the medium lling the waveguide by substituhg in the expressions fok

and K.

r
[ m n
= k2 kz= 12 (?)2 (F)z (2.20)

The phase constant represents a traveling wave as long asgs 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 modetloé waveguide), becomes

imaginary and the quantity e /? no longer represents a traveling wave. Whenis imaginary

the EM wave is an exponentially decaying wave that will ceas® propagate along the
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waveguide. The test frequencies must be high enough thatremains a real quantity to
ensure wave propagation within the guide. The frequency inhich 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 frequencyed for rectangular waveguides
operating in the TE mode is TE( since TEy, results in a higher cuto frequency due to the
convention that a > b for a rectangular waveguide.

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

dominant mode TE;o cuto frequency reduces to Equation 2.22.
r

1 m n
fc;mn = 2—|9: (?)2 + ( F)z (2.21)
foro= —br (2.22)
c10 = 2—a|3: .

For an empty waveguide the cuto frequency is simply the speéeof light, c, divided by twice
the length of a. Figure 2.6 shows the magnetic and electric eld lines in the H;o mode in
a rectangular waveguide. The wavelength of a wave propagagiin a rectangular waveguide

can be related to an unguided wavelength by Equation 2.23.

g= G—— (2.23)

When a sample is placed in the waveguide, the unguided wavedém will shorten based
on the permittivity and permeability of the sample. At one hdf 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. Whighallenges in data analysis
arise when samples are one half wavelength, thinner samptas also introduce uncertainties
in measurements. Due to the expected permittivity of some sgles, 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 propagabn in a rectangular waveguide.

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

Waveguide Frequency| a b fe 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 sutiat one band starts where the
previous band ended, the lower operating frequency is apgmmately 25% higher thanf,
and the upper bound is approximately 5% lower than the next gher order mode.

Figure 2.3 represents a sample in the waveguide with three 8ens E,;, E; , and g,
identi ed. The following expressions can be written for anncident wave in the three regions

identi ed propagating in the z direction.

E =€ 9+ Cuel 02 (2.24)
E, = Cel 2)+ Czel?) (2.25)
En = C4e( 02) (226)

The constants (G,C,,C3, and C;) can be solved based on the boundary conditions for the
electrical and magnetic elds at the interface. For the elgédc eld the boundary condition

is continuity in the tangential component at the interfaces

Eilz=1, = Enjz=1y (2.27)

=Y jz=L1+L = En jz=L1+L (2-28)

L, and L, are the distances from the calibration reference planes tbd sample interface and
L is the sample length. The boundary conditions on the magnet eld are that the eld

remains continuous across the interface and no surface @nts are generated.

1 @F, 1 QF.
= == —/— L 2.29
o @ZJZ L o r @ZJZ L ( )
1 @&, 1 Q@R .
— =+l T — o lz=gs 2.30
- @ZJ Li+L 5 @ZJ Li+L ( )
The propagation constant for a sample in the waveguide is deted by
S
12y 2 .,
= — 231
e &) (2:31)
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and the propagation constant for the transmission line lld with free space, ¢
o] 2
o=] (2)* (—)? (2.32)
c c
For test frequencies in the microwave region, scattering pameters are measured and
a scattering matrix is generated to relate the voltage waveaacident 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.

Port 1 Port 2
input

Incidentwave  \ >

Transmitted wave

Reflected wave 7 TRe

output

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

The scattering matrix for a two port network is
2 3

2811 SlZg
S21 SZZ
where each S-parameter in the matrix has both a magnitude anmghase, since scattering
parameters are complex numbers. Figure 2.7 showsg; ,Swhich is the re ection coe cient
seen by a wave incident to port 1. § is the transmission coe cient from port 1 to port
2. The additional two S-parameters in the matrix come from da collected from the signal

generated at port 2.
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The scattering parameters are obtained by solving Equatien2.24-2.26 with respect to

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

Su =R} il—z-l-l-zz) (2.33)
S»=R3 a7 (2.34)
1 2T2

S = RiRs f-—z-l.-l.? (2.35)

R; and R, are the reference plane transformations at port 1 and 2 resgtilly
Ry = e o) (i=1;2) (2.36)

T is the transmission coe cient
T=¢ 1) (2.37)
is the re ection coe cient
_0 —

= E_E; " ((_; (2.38)

The above equations are used by multiple di erent algorithra to solve for the complex
permittivity and, where applicable, the complex permeahbily. The combined Nicolson, Ross,
Weir (NRW) algorithm, the new non-iterative (NNI) conversion mehod, and nonlinear least-

squares approach were all utilized in this work and will be sicussed in the following sections.
2.2.2 Nicolson, Ross, Weir Algorithm

The combined Nicolson and Ross [45] with Weir [46] method iseéhmost well-known
method in retrieving the complex permittivity and permeablity of samples from given S-
parameter data [47]. The method relies on the complex scatiteg parameters $; (for the
re ection coe cient seen by a wave incident to port 1) and $; (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 tad formulas for permittivity
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and permeability. The Nicholson, Ross, and Weir (NRW) algoritm is applied to collected

data to determine intrinsic material properties via the fdowing steps

Using S; and $; to calculate the re ection coe cient,
p__
= X X2 1 (2.39)
(2.40)

X = SJZ.]. S%l +1
ZS]_]_
j<1 to nd the correct root, calculate the transmission

Using the condition that |

coe cient
S+ S
T= 241
1 (Suu+ Sn) (241)
The complex permeability is then extracted
1+
P = GF—= (2.42)
) 5 =3
where , is the free space wavelength and. is the cuto wavelength of the transmission
line
1 1 1
— = (——In32)? 2.4

and L is the length of the sample
The equation above has an in nite number of roots since
1.
In?:J( +2p);p=0; 1, 2 (2.44)
(2.45)

e In 2P

" The permittivity is extracted with the following
= _g(i

r

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

the sample has no gain, only loss, and therefore the resiststomponent of impedance must be
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positive. The ambiguity in Equation 2.43 is due to the fact tht the transmission coe cient,
T, does not change when the sample under test length is incred$y a multiple wavelength.
To resolve the ambiguity, the group delay through the mateal should be calculated and

compared to the measured group delay to determine the corteoot. The calculated group

delay
d 1. .-
gp = Lg(r—zr —z)é 2 (2.46)
0 c
is compared to the measured group delay
1 d
where is the phase (rad) ofT. The correct value ofp can be found when
gp g O (2.48)

2.2.3 New Non-lterative 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 transnssion coe cient (Equation
2.39 and Equation 2.41) calculated in NRW and introduces anteérmediate step with e ective

electromagnetic parameters (i, 4 ). The complex permittivity can be determined via

the following steps

" Using the re ection coe cient, and from NRW calculate . and

1

eff = —0(1+ ) (2.49)
1+
eff = ﬂ(1 ) (2.50)
where ¢4 is the wavelength in the empty cell
1
g = =——= (2.51)

oml"‘
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" Calculate the complex permittivity with new expression

5Lt
r=(1 _2) eff T 2 (2.52)
c c eff
" Assume non-magnetic material (( = ; = 1), the e ective complex permittivity
reduces to the following
— p — 1 p 17 0gyp+1
eff = eff ( eff ) - ( 1+ ) (_) (2-53)

wherep is a positive or negative real number

The NNI method has been shown to produce stable extracted pettity values over
the entire frequency range of interest and does not require aitial estimate for permittivity

to converge on the solution.
2.2.4 Nonlinear Least-Squares Solution

The nonlinear least-squared approach [49] uses a nonlingagression technique based
on the fact that a causal, analytical function can be represted by poles and zeros. This
technigue has been proven to accurately extract values foigh and low permittivity dielec-
tric and magnetic materials of either high or low loss. This @roach allows for the \best
t" of the scattering parameters using a Levenburg-Marquadt nonlinear least-squares solu-
tion and accounts for variations in sample and reference ptisn lengths that attribute to
measurement errors.

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

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

permeability
X A X Ao
1) = M —ZI
R()= Aot Rt @By (2.54)
A3| X A4|
1) =
r(1)= Do+ T B AT BT ) (2.55)
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Initial estimates of ; and ; are necessary to determine the initial values for;Aand B;.
The additional parameters are initialized to zero for the iitial t. The initial values of 4
and  from the NRW algorithm are used for initial estimates. The comlex permittivity
and permeability values from the model predictions comesofn inserting Equation 2.54 and
Equation 2.55 into the scattering equations below to nd theunknown coe cients in the
equations for ; and  that produce the least-square error.

1 T3

S]_]_ = R% W (256)
g2 (1 T?)
822 = R2 ﬁ (257)

Air gaps, half-wavelength resonances, and overmoding aretmain measurement problems
with all transmission line test setups. Sources of error inetiermining the combined permit-
tivity and permeability speci cally for rectangular wavegiide TR measurements can come

from the following [50]

" Air gaps between the sample and the sample holder
~ Variations in sample holder dimensions

" Uncertainty in reference plane positions

Using the nonlinear least-squares approach allows for optation of some of the known
errors in measurements such as variations in sample holdéménsions and uncertainty in the
reference plane positions. The sample is typically placeadl the sample holder such that the
sample is ush with the end of the holder which coincides witlthe the calibration reference
plane. Variances in sample thickness and dimensions wereowm problems resulting in
positioning errors. A slight reference plane positioningmr can introduce large uncertainties
in the re ection coe cients S;1; and S, [51]. The model addresses uncertainty in position
of the sample during testing with additional optimization @rameters _; and |, in the

equations for the reference plane transformations (Equat 2.36).

Ry = gl oltit 1] (2.58)
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R, = gl olt2+ 2] (2.59)
and the length of the actual test sample L is determined by
L=1Lar (Lit+Lot+ 1+ L2) (2.60)

The model can also take into account inaccuracies/variatis in sample holder dimensions
by optimizing the cuto wavelength, . 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 dimens& and inconsistencies in
sample length lead to undesirable higher order modes esjpdgifor high permittivity mate-
rials. Air gaps, speci cally along the wide sided) 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 biasthe calculated permittivity [52].
The sample imperfections can lead to evanescent waves at theerface that may propagate
in the material and are noticeable when they resonate, but ivdecay exponentially outside
of the specimen [53].

To resolve the issue of air gaps in the measurement either pis®e measurement of the
gaps and a correction model must be applied or the air gaps cha lled with a conductive
material such as a conductive paint, indium-gallium soldealloy, or a conducting grease.
While the application of conducting material changes the lm impedance and line loss, the
line impedance change is minimal in comparison to the imprements 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 werecessary to accurately de-
termine the complex permittivity and permeability of sampés. For non-magnetic materials,
both NRW and NNI algorithms were used to provide initial valuesdr  and  needed for

the nonlinear least-squares solution.
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The extraction of initial values for ; and  often requires determining the correct value
for p (referred to as branch) due to the high probability of existece of higher modes. Higher
modes are known to occur when the test frequencies approantegral multiples of one-half
wavelength of the sample as discussed in Section 2.2.1. Hdiélectric constant materials
are known to contain both fundamental and higher mode respses due to the change in
cuto frequency (Equation 2.22) [50]. There will always be mbiguity in the data due to
phase wrapping that occurs due to a change in phase of the teamitted eld (S,1). When

the phase change exceeds 2he actual phase is
actual = measured T 2P ;P =0;1;2::: (2.61)

For determining the propagation constant, the attenuatiorconstant, is independent of the
phase wrapping and only the value for phase constant,is a ected [54].

InjT]j

= 1 (2.62)
- 1*2p +|_2p (2.63)

jTj and 1 are the magnitude and phase of the transmission coe cient,. is the sample
length, and p is an integer (branches).

The ambiguity in the phase constant will also a ect the detemination 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 methddils at high frequencies be-
cause the branches are very close together. Applying Kramé¢sonig (KK) relations, which
require that a material response to an applied eld be causahas 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 datan a sample of polytetra u-
oroethylene (PTFE), with relatively stable dielectric properties (  %2.1, tan =0.0004)
across a wide range of frequencies, was tested before coafigadata on samples of interest.
Figure 2.8 is ow diagram of the steps taken to determine the oaplex permittivity
and permeability using the three methods discussed in theguious section. The following

discussion steps through the process in detail with PTFE.

Raw S-parameter data

S11 512 S21 S22
Magnetic?
No Yes
NRW NRW
or only
NNI
. Uses rational fit model to find
Identify correct branch | _______, > N
e attenuation constant, a
l e phase constant,
Uses S11 and Sz to optimize SR R R
length of sample in test shim monemenes sample position

!

Permittivity and permeability from
NRW/NNI used as initial estimates
€p Up for model

}

“Best fit” of scattering parameters
using nonlinear least-squares solution
* *
for eg up

Figure 2.8: Flow diagram for the algorithms and models used inetermining the complex
permittivity and permeability from S-parameter data for X- and K,-band.

40



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 foPTFE. Only branch 0 ts both

the attenuation constant ( ) and phase constant ().

Rational fits of

100 4000 1
(all)
— — Br.-1
— — Br.0 3000 | Br. -1
Br. 1 i Br.0
50 F 7 N Br. 1
/ \ 2000
74 \
/ \ _ 1000 f
0 ~ =
5 / \ Q. 0r
/ \
=0T \ -1000
/ \
/ \ -2000
-100  / \
\ -3000 [ —
\
150 ; . . i . -4000 . . . : .
0.8 0.9 1 1.1 1.2 1.3 0.8 0.9 1 1.1 1.2 13
Frequency(Hz) %1010 Frequency(Hz) %1010

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

In addition to ambiguity in the phase constant, variations n sample dimensions and sam-
ple positioning during testing can drastically a ect the exracted parameters. As discussed
in Section 2.2.4, the values of; and g from NRW (or NNI in the case of a non-magnetic
material) provide the initial estimates to the model necessy for tting. If the initial values
of  and g provided to the model are inaccurate, tting of the originalS-parameter data
and extracted parameters by the model is poor. The NRW algohim only usesS;; and S;;
in Figure 2.7 to determine the permittivity and permeability of a sample and assumes that
S11 and S, are the same. This assumption requires accurate sample piosing and sample
length. From the S-parameter data in Figure 2.10, it is evidérthat 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 carcontribute to the di erences in

measured re ection coe cients at port 1 and port 2.

-0.05 T T T T -0.15

— Real S;; — Real Sy, — Imaginary S;; — Imaginary Sy,
-0.10f 1 -0.20F

o) Mf\/\/’{?{

-0.20r 1 -0.301

-0.15r

Real S
Imaginary S

-0.25 . . . . -0.35 . . . .
8 9 10 11 12 8 9 10 11 12

Frequency (GHz) Frequency (GHz)

Figure 2.10: Real and Imaginary § and S, for PTFE.

While the nonlinear least-squares approach allows for optimation to account for the
errors in measurement that often occur, it was determined #i for the samples tested in
Chapter 7 the dierence in §; and S, had a drastic e ect on the initial values extracted
from NRW or NNI for , and . These initial values are used to estimate the initial valie
A; and B; (Equation 2.54 and Equation 2.55). Inaccurate extracted pameters from NNI
or NRW made it impossible for the model to converge or accurdyet the data since the
model attempts to t both S;; and $,.

To improve the extracted parameters from NNI or NRW, & and S, were incorporated
together to determine the values fot.; and L, (Figure 2.3) that match S; and S, as close
as possible. The new values based on the optimized valueslfgrand L, are then used to
extract initial ; and . Figure 2.11 shows the extractedy and 5 for the known PTFE
sample without optimizing the length.

Figure 2.12 shows the extracted; and  for PTFE after optimizing the length. The
sample PTFE still contained air gaps within the sample holdeand the length of the sample
was slightly (1.9 mm instead of 1.6 mm) too long for the sampleolder. The PTFE sample

had a signi cantly better t than the ceramic samples testedn Chapter 7, and yet optimizing
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Figure 2.11: Extracted  and  for PTFE using NNI algorithm with no length optimiza-
tion.

the length of the PTFE sample still had a signi cant impact on he extracted values of 4
and . As seen in Figure 2.11 the extracted value fof oscillates around 1.8 (known value
of 2.1) and “%alues dip below zero at some points. After optimizing the lgph the extracted
Ovalue oscillates right around the known value of PTFE and canebused as an initial input
into the nonlinear least-squares model.

After determining the correct branch and optimizing for the sition and length of the
sample, an initial t of 1st order poles from the provided  and g values can be obtained.
For non-magnetic samples both NRW and NNI were utilized to compa algorithms.

To optimize parameters extracted using NRW for non-magnetisamples the number of
poles for  were set to zero and only the poles for, were utilized. The extracted values
from NRW and the model values can be seen in Figure 2.13. By satithe poles for  to
zero and one pole forg the values from the model resulted in values close to the exyped
values of PTFE. The t to the raw S-parameter data for the sampd using NRW as initial

values can be seen in Figure 2.14.
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Figure 2.12: Extracted , and  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 optimitan.
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Figure 2.14: Model t of raw S-Parameters for PTFE using NRW algothm as initial values
for nonlinear least-squares model optimization.

For non-magnetic samples,; and  can be extracted using the NNI algorithm discussed

in Section 2.2.3. As seen in Figure 2.12 the extracted values fou are already set to
<1 and °%0, and the permittivity values are close to the known valueof PTFE after

length optimization. The extracted values from NNI and the modl values can be seen in
Figure 2.15. One pole fory 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 vedufor PTFE after optimizing
the length of the sample. Both extracted NRW and NNI values weresed as initial estimates
for the model and resulted in good ts for the raw S-parametedata (Figure 2.14 and
Figure 2.16) and expected values for the complex permittiyitand 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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46



CHAPTER 3
CERAMIC COMPOSITE COMPONENTS

A ceramic oxide composite composed of sodium bismuth tital@aand a known mag-
netic absorber nickel zinc ferrite was fabricated in an e d¢rto address both the desired
elevated operating temperatures and broadband absorptiomhe incorporation of the two
material candidates into one composite solution combinesultiple absorption mechanisms
across di erent frequencies and addresses thermal statyilconcerns at elevated temperatures

associated with other options.
3.1 Sodium Bismuth Titanate

Sodium bismuth titanate (NBT) has been researched predomintly 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 Qie temperature (325 C),
remanent polarization (38 C cm 2) and piezoelectric constant (g5 73 pCN 1) [57, 58].
Extensive research has focused on improving the piezoelacproperties of NBT, speci -
cally reducing its high conductivity that leads to large los tangent and leakage currents at
elevated temperatures. It is this behavior which is undesible for piezoelectric applications

that can be exploited for high temperature microwave absotipn.
3.1.1 Crystal Structure and Phase Transitions

NBT is a perovskite (ABO;) where Na and Bi co-occupy the A sites and Ti occupies the
B sites. A large number of studies have reported di erent cstal structures for NBT since its
rst discovery in 1961. The local and average structure deadions at room temperature [59]
along with diuse phase transitions at elevated temperatues [60] make it challenging to
isolate phase transitions and speci c crystal symmetriesigure 3.1 below summarizes the

di erent phases for NBT and temperature ranges that have beereported.
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Figure 3.1: Reported phases in NBT and temperature ranges foogsible phase transi-
tions [61{66]. The double arrows indicate large temperaterhysteresis, adapted from [67].
3.1.2 Dierent Types of Electrical Conduction

Attempts to improve the piezoelectric properties of NBT unceered three di erent types
of electrical conduction. Yang et al. [68] have categorizatie three di erent behaviors as

types I-111 below.

" Type | oxide-ion conduction
" Type Il mixed ionic-electronic

" Type Il insulating/dielectric

Type | oxide-ion conduction, while undesirable for piezosttric applications, is a desirable
electrical behavior for absorbing materials as it can enhae loss tangent and dissipation of
EM energy at elevated temperatures. One means to tune the d@rent conduction behavior

is by varying the sodium to bismuth ratio.

" Na/Bi 1 exhibits high oxide-ion conductivity
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A

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 lads to the generation of oxygen

vacancies according to the following defect reaction equ@r [68]
2Big +30, !  2VY¥% 3V Y +Bi,0; (3.1)

The transition from oxide-ion to electronic conduction is ssociated with a low level of A-site
nonstoichiometry ( 2 at.%) [69]. A very small concentration of oxygen vacancies created
when varying the Na to Bi ratio, and to have such a high oxide-io conductivity implies
the oxygen ion mobility in NBT is very high [60, 68]. The anion enduction pathway in
perovskites is known to occur by a hopping mechanism whereiams migrate through a
saddle point formed by a triangle of two A-site cations and onB site cation. The lowest
energy barrier calculated for oxygen ion migration occurseween the Bi-Bi-Ti ions, while
Na-Bi-Ti saddle points have the highest energy barrier and drefore are considered the rate-
limiting step in oxide ion migration [58, 70, 71]. The oxygewacancies as well as the high
oxide ion mobility due to the saddle point created from the Igjhly polarizable Bf* and weak
Bi-O bonds are responsible for the high oxide-ion conductiy exhibited in type | NBT [72].

Increasing the Bi to Na ratio decreases the oxide-ion condugty. The increase compen-
sates for Bi loss during ceramic processing and decreases dRygen vacancy concentration
resulting in a transition from type | oxide-ion conduction o type Il electronic conduction.
If the ratio of Bi to Na is increased further, a type Il behaviorconsisting of a mixture of
oxide-ion and electronic conduction occurs [68].

It is also possible to increase the conductivity of NBT by a@ptor doping either the
A-site to replace BF* or the B-site to replace Tf* in an e ort to create additional oxygen
vacancies and enhance the oxide-ion conductivity. See d#fequations below [68]

A-site

Ak,01%2%% 2AK® 4 2y e + O (3.2)

49



2An01%%%% 2AnY +V i + 20, (3.3)

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

B-site

ca ™2 c®+vy +0, (3.4)

D,04 "°2 2D% +V & +304 (3.5)

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

While acceptor doping did increase the conductivity compageo that of bismuth de cient
NBT with the creation of additional oxygen vacancies, the marmum increase in conductivity
was less than an order of magnitude greater than that of undeg NBT [73, 74]. R. A. de
Souza [75] determined in similar AB@type perovskites that despite the number of oxygen
vacancies, there exists a fundamental limit to the oxygen disivity 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. Thisigni ed that the
optimization of oxide-ion conductivity may have been achied. Based on the theoretical
limit and minor improvement in the bulk conductivity by A-site and B-site doping, focus
here was placed only on acceptor doping by varying the Na to Batio in an e ort to increase

the bulk conductivity and loss of NBT for EM absorption appliations.
3.2 Nickel Zinc Ferrite

NZF, a known ferrimagnetic material, was selected as a posslddditive 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) tvilarge 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 caare elds required for hard
magnets. However, substitution, doping, as well as the mettlan 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 érmula of AB,O,. The
unit cell consists of 8 formula units of the form (ZpFe; )[Ni1 xFe1+x]Os. NZF contains

two di erent cation sites

" A-sites (tetrahedral coordination)

~ B-sites (octahedral coordination)

Zn ions prefer the tetrahedral A-sites, Ni ions prefer octaheal B-sites, and Fe ions are
partially in A- and B-sites [80]. The ferrimagnetism is derigd from the magnetic moments
of the cations in the A- and B-sites aligning parallel with rgsect to their own sites and
antiparallel between sites. Since there are twice as manydies occupied compared to the

A-sites, there exists a net moment of spins resulting in femiagnetic ordering [81].
3.2.2 Dierent Types of Electrical Conduction

NZF is a semiconducting material with dispersion in dieledic response where’ and
tan decrease with increasing frequency. The equivalent cirtumodel in Figure 3.2 was
originally used to model the dispersion with two parallel gaacitor and resistor equivalent
circuits in series [82]. The barrier layer between the eleode/ceramic interface was ruled
out as a possible explanation in material response when deasing 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 érent layers, the second
layer representing conducting grains and the rst layer req@senting poorly conducting grain
boundaries. Space charge polarization occurs at lower foeqcies due to the heterogeneity
of grains and grain boundaries where accumulation of chasgeccurs leading to high permit-
tivity values in NZF. The decrease in° and tan with an increase in frequency is attributed
to the electrical charge carriers inability to keep up with tle oscillating eld at the higher
frequencies as discussed in Section 1.3 [84]. NZF is usualhtesed at high temperatures

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

The predominant conductivity mechanism in ferrites is eldéon hopping (n-type) between
Fe?* and F* ions [83{87]. The hopping that occurs between ions leads tal&splacement of
electrons in the direction of an applied eld and an increasm polarization. Increasing the
concentration of Fé* increases the conductivity with more electron hopping taki place. In
the case of NZF, there also exists a hole transfer betweer?Nand Ni?* ions at the B sites
that also contributes to electrical conduction [84, 86]. Pype holes will cause displacement
and polarization to occur in the opposite direction of the &. The mobility for p-type
carriers is typically lower than that of n-type, and the contibution of p-type carriers to
the polarization decreases more rapidly than that of n-typearriers with frequency [84, 88].
The low conductivity of grain boundaries in NZF is thought to k& a result of reoxidation
after sintering [83, 89], as the grain boundaries easily fesorb oxygen, decreasing the Fe
concentration and conductivity [5, 84, 86].

The composition of Ni and Zn in NZF determines whether the majady of charge carriers
are n-type or p-type. For compositions rich in Ni, the majoriy 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 F&" as seen Equation 3.6. Increasing the hopping

that occurs between Fe ions also increases the displacemehklectrons under an applied
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eld, increasing both ° and tan [84, 87, 90].
Ni* +Fe® ¥ Ni* +Fe? (3.6)

Both °andtan increase with an increase in temperature. As discussed in Sat 1.3,
space charge (interfacial) is a relaxation processes thatstrongly temperature dependent.
The hopping of electrons in NZF is a thermally activated pro@s in which an increase in
temperature increases the drift mobility of the charge calrs (Equation 1.10), increasing
the conductivity, and the polarization.

The conductivity of NZF also depends on processing conditisn(grain size, density
etc.) [78, 87, 91]. Higher sintering temperatures resultes Zn loss due to volatilization,
increasing the concentration of F& ions and conductivity. Higher sintering temperatures
also increased grain size and density contributing to higheonductivity values [85]. Samples
with smaller grain size ( 3 m) had resistivites 10° cm due to a greater number of
grain boundaries hindering charge carrier ow, as well as aduction in the formation of

Fe’* ions with smaller grains re-oxidizing faster [85].
3.2.3 Magnetic Properties
There are three di erent mechanisms contribute to the pernability of ferrites
" Spin rotation
" Domain wall motion
" Eddy current loss

Domain wall motion (Section 1.2) is the dominant mechanismof the magnetization
process at low frequencies (below100 MHz) and the resultant high value for permeability.
At higher frequencies, the domain wall motion lags far behthand can no longer follow
the oscillating AC elds. This also causes a drop in the magtie loss values, which are
dependent on domain walls as well. Therefore, the losses agthfrequency are associated

with spin rotation resonance and eddy currents and not domaiwall 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 concentratiol he Curie temperature ranges
from 54C°C for Zn content of 0.1 down to 275C for Zn content of 0.5 [87, 90]. Zn is
a non-magnetic ion that prefers A-sites in the crystal structre. By increasing Zn the Fe
(occupies both A- and B-sites) is redistributed and the A-B irgraction is weakened resulting
in an decrease in Curie temperature [78].

NZF has been utilized heavily as an EM absorber in the high MHz geon and can
be modied to increase absorption performance into the low Bz range. The complex
permeability of NZF is not only dependent upon the chemical coposition but also heavily
on the nal microstructure [77]. Decreasing the particle ge is one method to increase EM
energy absorption in the GHz range due to size and shape anisqy e ects [80]. In addition
to particle size, doping with rare earth ions broadened theyiteresis loop, increasing the
loss, decreased the real permeability, and pushed the imaaiy permeability maximum to

higher frequencies [44].
3.3 Ceramic Composite Approach to Broadband Absorption

A ceramic composite composed of NBT and NZF with both dielectiand magnetic loss
mechanisms could potentially combine multiple absorptiomechanisms across a wide range
of temperatures and frequencies. In Chapter 4 the impact orying the Na/Bi ratio had on
the electrical properties of NBT was investigated, a compdiin was selected for a composite
matrix, and the possible loss mechanisms and their tempewsé and frequency dependence
were identi ed.

The e ect of processing conditions on the electrical and magtic properties of NZF were
explored in Chapter 5. After determining the temperature andrequency dependency of the
multiple loss mechanisms for each of the individual matefi@andidates, composite samples
containing the two individual phases of NZF and NBT were fabr&ted 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) rad lead zirconate titanate
(PZT) have been considered as possible broadband absorbimgterials due to their high
dielectric permittivity ( °= 103-10%) and high dielectric losses (tan = 0.1-0.6) in the mi-
crowave region [19]. A very thin layer of these materials wiilensure a strong absorption
of EM energy, however they would have a high re ection coe @nt due to impedance mis-
match at the interface. BT has a low Curie temperature ( 12%&), 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 posde composite matrix material
based on high dielectric losses and the ability to tune mufile conduction (loss) mechanisms,
moderately high permittivity, and an even higher Curie temprature than that of BT.

As discussed in Section 3.1.2, NBT compositions that have a N&i/ratio greater than or
equal to 1 have been shown to have type | electrical behaviax{de-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 meahism(s) associated with the high
tan values was necessary to determine the feasibility of using NEs 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 smad#els of Bi-excess [68].
The amount of excess Bi required is dependent on processirgnditions. Any slight de-
viation in A-site nonstoichiometry results in orders of magitude dierence in electrical
properties [73]. Both Bi and Na volatilization during sintemg of NBT and the extreme

hygroscopic behavior of NgCO3; had to be taken into account [57, 73].
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Polycrystalline samples were fabricated using the solidage reaction of NgCO; (99.5%
Fischer Chemical), B}O; (99.9% Sigma-Aldrich), and TiG (99.5% Alfa Aesar). All precur-
sors were dried for 24 hours at 25CQ, weighed, and planetary milled with %,05-stabilized
ZrO, media at 30 Hz in isopropanol and for 2 hours. The resulting ntixre was dried and cal-
cined at 800C for 2 hours. The calcined powders were planetary milled ag&or 2 hours in
isopropanol and calcined an additional time at 85@ for 2 hours. Dense ceramic pellets were
fabricated by forming the dried powder into discs approximaly 13mm in diameter, which
were then covered using powder of the same composition to d@hsodium and bismuth

volatilization and sintered in air for 2 hours at 1150C.
4.2 Composition Modi cation

Due to the known processing complications with both N&€O; and Bi,Oj initial batch
processing was focused on synthesizing JNBiy 5 TiO 3 with the processing parameters pre-
viously listed. Stoichiometric amounts of each of precursoesulted in a composition that
was de cient in Na with a Bi rich phase (BLTi,O;) as evident from the XRD pattern in
Figure 4.1 below.

Eventually a single phase NBT composition, as determined by XR(Figure 4.2), was
achieved by increasing the Na content. As the Na content incress the secondary bismuth
rich phase seen in previous compositions disappeared. #teg small variations in A-site
nonstoichiometry with conventional analytical methods ishallenging; therefore a combina-
tion of XRD and electrical measurements was utilized to isdi& the composition-property
relationships of NBT [93].

Continuing to increase the Na content in a Bi de cient composion should start to

decrease the total number of oxygen vacancies according tetdefect equation below.
2VP%3VE +Na,O! 2Nay¥+0,+2Vy (4.1)

As the Na lIs the Bi vacancies there also should be an increaseaverall resistivity. However,

as con rmed with AC conductivity measurements (Section 4.2) the resistivity decreases as
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Figure 4.1: XRD patterns for reference NBT, experimental as belied Ng sBigsTiO 3, and
Bi,Ti,O reference secondary phase. As batched Na/Bi ratio of 1 reswten a composition

de cient in Na and rich in Bi.
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Figure 4.2: XRD patterns of as batched NBT compositions varyingla/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 hretlattice but rather it forms
a Na rich secondary phase as evident in Figure 4.3. The bulk NBT abe is still Bi de cient

leading to oxygen vacancies and type | oxide-ion conductivehavior [68, 94].

Figure 4.3: ESEM backscatter image of composition with bateld Na/Bi ratio of 1.44.
Darker regions match previous reports [68, 94] of a Na,Ti-ligphase undetected by XRD.

4.2.1 AC Conductivity

The AC conductivity for compositions with varying Na/Bi ratio was calculated from
impedance measurements discussed in Section 2.1 using Egua2.14. Conductivity at
temperatures ranging from room temperature up to 75C and frequency sweeps from 100
Hz to 1 MHz of compositions varying the Na/Bi ratio were used for Athenius type plot to
decipher the impact of varying A-site stoichiometry on the owall electrical conductivity.

From Figure 4.4 and Table 4.1, it is evident that as the Na conténncreases, the overall
conductivity increases, con rming that excess Na does not &m the lattice and oxygen
vacancies are still generated, assuming the conductivitg dominated by oxygen vacancy
concentration. Li et al. [95] ruled out any signi cant contibution from Na* ions or electronic
conduction to the measured conductivity for type | NBT with O tracer di usion and

electromotive force (EMF) measurements.
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Figure 4.4: AC conductivity at 1 MHz versus temperature for vaous as batched Na/Bi
ratios.

Table 4.1: AC conductivity values at selected temperatures

Na/Bi Conductivity S cm *?
500C 300C 15C0C
1 16 10° 93 10°% 15 10°
112 |27 10° 93 10°% 1.7 10°
144 |16 10° 3.1 10° 26 10°
151 [28 10° 44 104 14 10°
156 [2.8 10°% 83 10° 2.6 10°
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As the Na content continues to increase, the bulk conductivitgrops at lower tempera-
tures suggesting the secondary Na-rich phase is prevalenbagh 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 perrttivity with respect
to temperature and frequency was investigated with impedae data collected at room tem-
perature up to 650C and frequency sweeps from 1 kHz to 1 MHz. The dielectric consta
increases in magnitude and eventually shifts theJ (temperature of peak value in dielectric
constant) value to lower temperatures as represented in Figu4.5. Na/Bi batched ratios>

1.51 show a drop in maximum permittivity and a shift in T, back to higher temperatures.

3000

= Na/Bi 1

2500 == Na/Bi 1.12
== Na/Bi 1.44
2000 == Na/Bi1.51
Na/Bi 1.56
"~ - 1500+

1000

500+

0 100 200 300 400 500 600
Temperature (C°)

Figure 4.5: E ect of varying as batched Na/Bi ratio on the dieletric constant at 1 MHz
with respect to temperature.

Increasing the Na content also shifted the increase in tanto lower temperatures until
Na/Bi batched ratios > 1.51 where the increase in tanshifted 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 witigrease the imaginary permittivity

60



and tan (Equation 1.9).
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Figure 4.6: E ect of varying as batched Na/Bi ratio on dielectic loss tangent at 1 MHz with
respect to temperature.

As discussed in Section 1.3, an increase in tams desirable in NBT as it represents the
ability to absorb EM energy. The second critical design coiteration for absorbing materials
is the ability to attenuate the wave once inside the materialThe early onset of an increase in
tan made Na/Bi batched ratio of 1.51 optimal for the intended apptation as an absorbing

material.
4.3 Possible Polarization Mechanism(s)

The as batched composition of Na/Bi 1.51 was used as the baseliNBT for all further
electrical testing/characterization and for incorporaton into composite samples. In the next
section the as batched composition of Na/Bi 1.22 was used torgpare the electrical perfor-
mance to that of the baseline NBT. The as batched compositiorf bla/Bi 1.22 is referred to
as stochiometric NBT in the following sections as it was the st 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 dielecttbnstant for stoichiometric
NBT. The rst peak identi ed as Tq4 represents the thermal depoling temperature associated
with the ferroelectric to antiferroelectric transition. The second peakT(,) in Figure 4.7 is
associated with the Curie point for NBT, signifying the trangion from high-temperature
cubic phase to tetragonal [58]. The dielectric constant fdnaseline NBT (Na/Bi of 1.51)

increased for all frequencies compared to stoichiometris avident in Figure 4.8.
1400- - -

1200* - 1kHz

-= 10kHz
1000 -+ 100kHz T
[ m
[ 1MHz
800
" |
600
400
200
0| L I I I
0 100 200 300 400 500 600

Temperature (°C)

Figure 4.7: Frequency dispersion in permittivity of stoicometric NBT with respect to
temperature.

4.5 Dielectric Loss as a Function of Temperature and Frequency

The frequency and temperature dependence of tarfor stoichiometric and baseline NBT
can be seen in Figure 4.9 and Figure 4.10 respectfully. Stomimetric NBT has a low tan
(<0.05) at temperatures below 30C.

In contrast to stoichiometric NBT, the baseline NBT has a sharpise intan at 20CC.

As frequency increased the peak in tanshifted to higher temperatures. This behavior con-
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Figure 4.8: Frequency dispersion in permittivity of basel@ NBT with respect to tempera-
ture.

rms the polarization mechanism(s) present in baseline NBTsi temperature and frequency
dependent. The baseline NBT has a suspected increase in oxygacancies and a high
oxygen ion mobility compared to stoichiometric as discussdn Section 4.2. The oxygen
ions accumulate at grain or other potential boundaries ledal to space charge polarization
(Section 1.3). A peak in the loss tangent occurs when the ioase unable to keep up with
the eld resulting in a maximum in energy absorption/dissi@tion.

NBT also has a reported di use phase transition (Section 3.1) as seen in Figure 4.7.
Impedance data was collected at lower frequencies (down rhHz) and temperatures (down
to -120°C) on the baseline NBT samples to isolate the suspected oxygem contribution
from that of the di use phase transition.

From Figure 4.11 a maximum in dielectric loss tangent for thedseline NBT exists at
room temperature and 1 kHz and shifts to lower frequencies with a decrease in tempaire.
The shift in dielectric loss tangent to lower frequencies i 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 vih respect to temperature.
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Figure 4.10: Frequency dispersion in loss tangent of baseliNBT with respect to tempera-
ture.
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of oxygen ions. As temperature decreases the movement of atygons will be hindered and

the response time to an oscillating eld will increase.

0.20
— 25°C
— o°C 7
0.15" — .25°C -
—.70°C
— -120°C |
5 010 i
0.05" '
S T— S

Log f

Figure 4.11: Loss tangent for baseline NBT at low temperatures

To con rm that the dielectric loss dispersion in Figure 4.109 predominately due to
oxygen ion accumulation at grain boundaries and not a di usphase transition, the peak in
tan was traced by increasing the temperature as seen in Figure 2.1

Figure 4.12 con rms the peak in tan at elevated temperatures can be traced back to
a polarization mechanism at lower temperatures and frequeies. 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 oxyge ions at grain boundaries.
Additionally, increasing the temperature and comparing sichiometric NBT to the baseline
composition, the tan is almost an order of magnitude higher in the baseline compiien
compared to stoichiometric (Figure 4.13).

An additional polarization/loss mechanism exists in the badine NBT at elevated tem-

peratures and frequencies as evident by a second peak in tgfrigure 4.13(b)). The increase
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(b) Baseline NBT tan at elevated temperatures

Figure 4.12: E ect of increasing temperature on dielectricoss tangent for baseline NBT
with respect to frequency.
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Figure 4.13: Comparison of dielectric loss tangent at elewat temperature in stoichiometric

and baseline NBT.
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in dielectric loss at high temperatures indicates a change conduction mechanism. Barium
strontium titante (perovskite ferroelectric) exhibited asimilar dielectric response for stron-
tium de cient compositions. The oxygen vacancies comperisg for the strontium de ciency
led to partial state change of Tf* to Ti** resulting in the defect complex (Ti*-Vo-V) [96].
In the case of NBT, oxygen vacancies are the defect compensatmechanism for cation
vacancies created during processing (Section 4.1). NBT bkse composition increased the
concentration of oxygen vacancies with deliberate Bi de ency during batching. As discussed
in Section 4.2.1 increasing the Na content in the Bi de cient NB did not compensate for the
oxygen vacancies as additional Na did not enter the lattice buather formed a secondary
Na rich phase. The additional conduction mechanism at elevad temperatures is associated
with polaron hopping as a result of some 1 transitioning to Ti ** as an additional charge

compensating mechanism. The proposed defect model for thasbline NBT composition is

(Ti% -Vo-V,).
15 600°C
o 10
| =
8
5 \___/
450°C =
0
45 5.0 5.5 6.0 6.5

Logf

Figure 4.14: Frequency dependence of dielectric loss of biaseNBT composition at elevated
temperatures.
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The second peak in tan occurs at higher frequencies and the magnitude increaseshwi
an increase in temperature as evident in Figure 4.14. The bibeelaxation type peaks shift to
higher frequencies with an increase in temperature. The nmatal response supports polaron
hopping and the proposed defect model in baseline NBT. Activiah 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 highpedium, and low temper-
ature regimes were estimated from the Arrhenius-type plot bgpplying a linear tto In Ac
vs 1000/T (K) data. The slope of the linear t in each of the tenperature regimes was used
to calculate the activation energy from Equation 1.11.

Figure 4.15 is the Arrhenius-type plot for baseline NBT at seléed frequencies and tem-
peratures ranging from room temp to 73®. 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.
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Figure 4.16: Arrhenius plot for baseline NBT with activation eergies calculated for high,
medium, and low temperature regimes at 1 MHz.

As discussed in Section 4.5 the suspected polarization meaisans for NBT of space
charge polarization and polaron hopping overlap with the kswn di use phase transition.
The activation energies for the di erent temperature regims are likely a combination of
more than just one mechanism. The possible overlap is higitited in Figure 4.17 of the loss
tangent versus temperature of NBT. The nonsymmetric peaks oar in the same temperature
region associated with the beginning of the di use phase tngition. The activation energy
calculated by applying a linear t at di erent temperature regimes does not represent the
activation energy for an isolated loss mechanism as desired

An overlap in di erent loss mechanisms across a wide tempetae range is highly desir-
able from an application stand point. However, individual ativation energies are necessary
to con rm the suspected loss mechanisms of polaron hoppingdaoxygen ion mobility in
the baseline NBT. The activation energies calculated at mdufile frequencies in the di er-

ent temperature regimes can be found in Appendix A.1 (Figure A.JotFigure A.3) and are
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summarized in Table A.1.

Figure 4.17: Dielectric loss versus temperature at multipleequencies for the baseline NBT
composition approaching the di use phase transition.

An additional approach to calculating the activation energds was necessary to isolate
the di erent polarization mechanisms present in NBT. The adtation energy for a thermally
activated relaxation process is related to the relaxationrhe, 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 impedae Z° versus In! was
used to obtain the relaxation times at multiple temperature using the condition that at
the frequency of maximum loss! nax = 1. An Arrhenius-type plot of the relaxation time
versus temperature using Equation 4.2 was used to obtain ast@ation energy of the loss

mechanism(s).

) (4.2)

0 exp (ki?l'

Impedance data below 20@ and frequencies ranging from 10 mHz to 250 kHz were
used to separate the di use phase transition and the presumidoss mechanism associated
with oxygen ion mobility identi ed in Figure 4.11 and Figure 412. Figure 4.18 was used

to determine ! o« at multiple temperatures in order to calculate the relaxatin time and
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activation energy. An activation energy of 0.77 eV aligns Wt previous activation energies

associated with oxygen ion di usion in NBT [69, 97].

Figure 4.18: Z%versus Inl and Arrhenius plot of relaxation time versus temperature for
NBT with an E ; of 0.77 eV.

At elevated temperatures and frequencies an additional l$nechanism associated with
polaron hopping occurs as evident in Figure 4.14. Both the aetion energy for the re-
laxation process that occurs at lower frequencies (idengd as region | in Figure 4.19) and
higher frequencies (identi ed as region Il) were calculatein the same manner as discussed
above. The activation energy for region | is attributed to bth the di use phase transition
and oxygen ion mobility while the activation energy for regin Il of 0.55 eV is associated
with polaron hopping of Ti*" and Ti** as discussed in Section 4.5.

The polarization mechanisms for the baseline NBT compositidbased on activation en-

ergies are as follows
" Space charge polarization associated with oxygen ion diios, E, 0.77 eV
~ Polaron hopping between T{"* and Ti**, E, 0.55 eV

The loss mechanisms present in the baseline NBT compositior &igni cant at tempera-

tures greater than 200C. To address broadband absorption at a wide range of tempéuees
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Figure 4.19: Z%versus Inl and Arrhenius plot of relaxation time versus temperature for
NBT with an E 4 of 1.15 and 0.55 eV.

additional loss mechanisms at lower temperatures are dedite.
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CHAPTER 5
PROCESSING AND CHARACTERIZATION OF NZF

As discussed in Section 4.6, the loss mechanisms identi edt /BT are only signi cant
at temperatures greater than 208. NZF not only can contribute an additional polarization
loss mechanism (space charge polarization due to highly doctive grains and resistive grain
boundaries), but it is also a magnetic absorbing material Wi ferromagnetic resonance and
eddy current losses in the lower GHz. However, the compositiamd processing conditions
signi cantly impact the electrical and magnetic properties.

Nakamura [77] determined the magnetization for NZn; 4Fe,O4 increased with an in-
crease inx and reached a maximum around=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 itrédbuted to spin rotation
and not domain wall motion (Section 3.2.3), separating theontribution of spin rotation
from that of domain wall motion to the complex permeability vas of interest. At frequencies
above 100 MHz the complex permeability of NZF is from the spin tational 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 NpsZngsFe,04
powders of less than 100 nm particle size were purchased focarporation 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 copipitation, hydrothermal, sol-
gel, and organic-metallic precursors have all been sucdalg used to produce ne (10-
100 nm) ferrite powders [98]. Wet chemistry approaches faaldrication can produce high

purity powders with remarkable chemical homogeneity and gerally require lower calcine
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temperatures compared to solid state processing. This igpesially important in the case of
NZF where chemical composition and microstructure can have aagtic e ect on the nal
properties and performance (Section 3.2.2 and Section 32.

Microwave absorption via domain wall motion has been shown tmprove 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 &critical particle size diameter
( 10-100 nm) in which only one domain can be supported [99]. Theerease in performance
with single domain particles is believed to be a result of disdered surface spins leading
to exchange coupling between the surface and core. This aion in spin distribution
within a patrticle results in high hysteresis loss and an inease in absorption [80]. The wet
chemical approaches listed above give rise to the synthesfderrite nanopowders. The new
solution chemistry approach developed in this work for in hise NZF powders was focused
on making a gel instead of nanopowders. The objective of trapproach was to develop an
NZF precursor gel to coat other possible microwave absorbinggaterials.

In house NZF powders were produced using a facile solution oiistry approach in which
0.5 M solutions of Ni(CHCOO), -4 H,0 (99+% ACROS Organics), Zn(CHCOO), (99.99%
Sigma-Aldrich), and Fe(NG;)3 -9 H,O (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 DIH,O 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 2 hours at 175C. The dried
powder was calcined at 75C for 2 hours with a 1 hour hold at 400C to burnout any
remaining organics.

In house solution-derived and commercial NZF samples werdf@ated by forming the
powder into discs approximately 13 mm in diameter. The pelie were then sintered in air
for 2 hours at 1150C. Figure 5.1 con rms cubic spinel phase of NZF in addition to exss

Fe,O5 present for the in house approach.
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Figure 5.1: XRD pattern for solution-derived NZF cubic spinel pase with Fd3m space group
symmetry. Additional peaks attributed to excess F#; identi ed.

5.2 Microstructures of Solution-Derived and Commercial NZF

Figure 5.2 shows images of solution-derived and commercialN@ellets collected using a
FEI Quanta 600i Environmental Scanning Electron MicroscopESEM) under high vacuum.
The samples were polished down to a 6n diamond polish and thermally etched at 103&

for 30 minutes.
5.3 Dielectric Properties

Polycrystalline samples of both commercial and in house NZRmmples 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 dee 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 alignith literature in that they

both decrease with an increase in frequency. The high permity 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 RZ

accumulation at grain boundaries. The decrease in permidity with an increase in frequency
is attributed to the electrical charge carriers inability b 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 carriemechanism in NiZn; Fe,O4
with x 0.5 is electron hopping between Bé and Fe*[90]. As discussed in Section 1.3
the hopping mobility is low and increases exponentially wit an increase in temperature
(Equation 1.12). As the charge carrier mobility increaseshe space charge polarization
and permittivity increase as evident in Figure 5.3. The solubn chemistry approach for
NZF powders yielded lower complex permittivity values (Figug 5.3(a)) compared to that
of the commercial NZF (Figure 5.3(b)). However, the dielectritoss for the solution-derived
powder (Figure 5.4(a)) was higher compared to that of the commzal NZF (Figure 5.4(b)).
As discussed in Section 3.2.2 the processing conditions of N& well as the composition
has a drastic impact on the dielectric properties.

The resistivity of NZF can vary up to 8 orders of magnitude [8689] depending on the
ratio of Ni to Zn. The loss of zinc during processing increast#se conductivity by increasing

the concentration of Fé" ions allowing for more electron hopping and n-type condudin.
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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 conmercial NZF at various tem-
peratures.
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(a) Frequency dispersion in dielectric loss tangent of solution-déved NZF at various
temperatures.

(b) Frequency dispersion in dielectric loss tangent of commercial NE at various
temperatures.

Figure 5.4: Dielectric loss tangent of solution-derived andommercial NZF at various tem-
peratures.
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Figure 5.5 compares the conductivity for both the solution-erived NZF and commercial
fabricated pellets. The AC conductivity for samples from tk solution-derived NZF is higher
than that of the samples fabricated from commercial NZF untijust under 400C. The higher
conductivity in solution-derived NZF explains the higher tm values compared to that of

commercial NZF seen in Figure 5.4 (Equation 1.9) at 3%0 and below.

Figure 5.5: Arrhenius plot of AC conductivity at 1 MHz for commecial and solution-derived
NZF.

The activation energies for both solution-derived and comencial NZF pellets were cal-
culated in the same manner as previously discussed in Segtib.3 and Section 4.6 using
the Arrhenius-type plot of bulk conductivity. Figure 5.6 dispays both activation energies
for solution-derived and commercial NZF for the linear t of he conductivity between the
temperatures of 358C and 200C.

The Curie temperature of NZF varies with Ni and Zn content as dussed in Section
3.2.3. At the Curie temperature a change in slope may occuram Arrhenius-type plot due to
di erences in activation energy between the ferrimagnetiand paramagnetic region [90, 100].

The change in slope associated with the Curie temperature ab0CC 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 solutioderived NZF is de cient in
Zn content. An increase in Ni content has been shown to increasthe Curie temperature
(Zn=0.1, Curie temperature 5258C) [87, 90].

The temperature dependence of conductivity of the samplelfacated from commercial
NZF powder likely includes contributions from both the thernally activated conductivity
and the phase transition from ferrimagnetic to paramagerti To isolate the possible loss
mechanism(s), the same approach of determining the relaiant 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 ithe ferrimagnetic
region. The calculated activation energy of 0.36 eV for conercial NZF and 0.33 eV for the
in house powders align with previously reported literaturgalues for NZF in the ferrimagnetic
region [90].

Di erent processing conditions can have a drastic e ect orntte dielectric properties of NZF

as evident from the discussion above. The commercial compia® of Nig.5Zng.sFe,04 led to
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Figure 5.7: Z%versus Inl and Arrhenius plot of relaxation time versus temperature for
commercial NZF with an E, of 0.36 eV.

a decrease in conductivity compared to the solution-derideNZF. The higher conductivity
of the solution-derived NZF in the ferrimagnetic region is atibuted to the loss of zinc
during processing, resulting in stoichiometric deviatiom and the formation of F&* ions to
compensate for cation vacancies. The commercial NZF powdexswsed 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 associatedhwelectronic conduction, leading

to space charge polarization (highly conductive grains/pwly conducting grain boundaries).
5.4 Magnetic Properties

In addition to the dielectric loss mechanisms discussed ire&ion 5.3, NZF has multiple
magnetic loss mechanisms previously discussed in SectioB.® The magnetic properties
of the commercial and solution-derived NZF were charactegd in a SQUID magnetometer
(MPMS3 by Quantum Design) operating in DC scan mode. Figure &.shows the room
temperature magnetic hysteresis loop for commercial andlgtion-derived NZF. Table 5.1

summarized the magnetic properties of commercial and sal-derived NZF.

82



Figure 5.8: Room temperature magnetic hysteresis loops coanmg commercial and
solution-derived NZF.

Table 5.1: Magnetic properties of commercial and solutiotlerived NZF at room tempera-
ture.

Sample M H. Ms
(emu/qg) (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 a ort to address
broadband absorption across a wide range of frequencies amchperatures. Figure 6.1 shows
the dispersion in °for NBT and NZF with respect to temperature at selected frequeries,
and Figure 6.2 shows the dispersion if The peak in °for NBT is signi cantly larger in
magnitude compared to the peak in NZF across all frequencieBoth NBT and NZF dielectric
constant decreases with an increase in frequency. There am® loss mechanisms for NBT
as discussed in Section 4.4 attributed to oxygen ion accuratibn at grain boundaries (space
charge) and polaron hopping at elevated temperatures.

NZF has one peak in dielectric constant attributed to space elnge polarization associ-
ated with charge accumulation at grain boundaries (Sectio®.2.2). The dielectric constant
decreases signi cantly with an increase in frequency anddthpeak also shifts to higher tem-
peratures.

Composite samples varying the NZF content were fabricated an e ort to take advantage
of the low temperature loss mechanism and magnetic propersi of NZF with the multiple

loss mechanisms of NBT at elevated temperatures and frequessc
6.1 Solid State Processing

Composite samples were prepared by mixing commercialghlZng.sFe;O,4 (99% Sigma-
Aldrich) and baseline NBT powders (see Section 4.1). Compasipowders of 20, 30, and
40 mol% NZF were planetary milled with with Y,Os-stabilized ZrO, media at 30 Hz in
isopropanol and for 2 hours. The resulting mixtures were el and fabricated into discs
approximately 13 mm in diameter, covered with baseline NBT pwder to combat precursor
volatilization, and sintered in air for 2 hours at 1156C. Figure 6.3 con rms coexistence of

NZF (cubic spinel phase with F@m space group symmetry), and NBT (rhombohedral with
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(@) NBT

(b) NZF

Figure 6.1: Real part of permittivity ( 9 for NBT and NZF with respect to temperature at
selected frequencies.
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(@) NBT

(b) NZF

Figure 6.2: Imaginary part of permittivity ( °) 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 NZpeaks 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 ofNZF+(1-x)NBT composites collected using a FEI Quanta
600i Environmental Scanning Electron Microscope (ESEM) wer high vacuum. The backscat-
ter detector was used as a quick means to con rm the coexistnof NBT and NZF phases
in the composite samples. The samples were polished down t8 am diamond polish and
thermally etched at 1035C for 30 minutes. ESEM images con rmed two distinct phases in

the composite samples compared to the NBT only images in FiguBeb.
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 .mperatures. At the lower

temperatures the composite samples with the higher NZF comtiehave a higher conductivity
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(a) x=20

(b) x=30

(c) x=40

Figure 6.4: ESEM images of compositeNZF+(1- x)NBT.
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Figure 6.5: ESEM images of NBT.

as well and NBT has the lowest conductivity. Above 40C NBT has the highest conductivity
compared to composite materials. It is dicult to determine the major loss mechanism
present in the di erent temperature regions with AC condudalvity alone.

The activation energies were calculated for the compositamaples using the relaxation
time as discussed in Section 4.6 and can be found in Appendix AR2gure A.4 to Figure A.9).
Table 6.1 summarizes the activation energies for NBT, NZF, anché composite samples.
The activation energies calculated for the composite sangsl likely contain multiple loss
mechanisms. Additional analysis of the composite dieleatriproperties were necessary to

determine the dominant loss mechanism at a given temperawiand frequency.

Table 6.1: NBT, NZF, and composite activation energies usinglaxation times.

Sample Low temp Med-High temp
NBT | 25-200C 0.77 eV| 500-600C 1.15eV 0.55eV
NZF | 30-200C 0.36 eV
20NZF | 50-200C 0.94 eV| 450-600C 0.82 eV 0.41 eV
30NZF | 25-200C 0.48 eV| 500-578C 0.91eV 0.74 eV
40NZF | 25-100C 0.5 eV | 500-625C 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 fregencies.
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6.4 Dielectric Properties

A comparison of the dielectric constant at 1 MHz for the compds samples as well as
NZF and NBT can be seen in Figure 6.7. The addition of NZF to NBT lowerthe dielectric
constant peak and stretches the maximum out over a wider terepature range. The dielectric
constant with respect to temperature for all three composit samples at selected frequencies
as well as with respect to frequency at selected temperatsrean be found in Appendix A.3

(Figure A.10 and Figure A.11).

Figure 6.7: Dielectric constant for NBT, composites, and NZF wh respect to temperature
at 1 MHz.

The suppressed peak in dielectric constant for all composisamples 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 asdggests the dielectric response is
still predominately determined by the NBT phase at low levelsf NZF and elevated temper-
atures. The dielectric response in ferroelectric BT and NZFomposites resulted in a similar

response in which the dominant polarization mechanism in ghmultiphase composite was
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attributed to space charge polarization and the dielectricesponse for low NZF content was
mainly determined by the BT phase [101]. Increasing the NZF otent to x=30 continued
to decrease the peak dielectric constant as evident in Figuée7.

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 NBTRigure 6.4) for
di erent charge accumulations to occur increases, whichgreases the amount of interfacial
polarization possible, resulting in an increase in dielaat constant. Increasing the more con-
ductive NZF phase (see Figure 6.6) also may support the formati of continuous networks
(as evident in Figure 6.4) allowing for charges to percolateowtributing to the increase in
dielectric constant compared tax=30.

Figure 6.8 shows the loss tangent with respect to frequency aelected temperatures
for x=20. At temperatures below 250C the loss tangent remains relatively low compared
to higher NZF content composites. This behavior aligns withhe dielectric response being
dominated by the NBT phase with low loss tangent at temperatwgs below 208C 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 25 while a decrease at elevated temperatures compared to thait
x=20 composite. Increasing the NZF content increases the lassigent at low temperatures
while decreasing the loss tangent at elevated temperatureswhich NBT dominates the loss
mechanism(s) as expected.

The loss tangent with respect to frequency at 20Q, 350C, and 500C for the com-
posite and NBT samples were evaluated to con rm the e ect of ating NZF to NBT on
the polarization/loss mechanisms. At 20 and below NBT has relatively low loss tan-
gent (Figure 4.10). From Figure 6.11 inset, increasing the NZFontent increases the loss
tangent at 200C. The space charge relaxation process at lower frequendiesn NZF due
to highly conductive grains separated by poorly conductingrain boundaries dominates the

loss mechanism of the composite samples in the lower temgara 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 temperatres.

Figure 6.8: E ect of increasing temperature on loss tangenof 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 temperatres.

Figure 6.9: E ect of increasing temperature on loss tangenbf 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 temperatres.

Figure 6.10: E ect of increasing temperature on loss tangefor 40 NZF.
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Figure 6.11: Loss tangent comparison for NBT, composites, aftNZF with respect to fre-
guency at 200C

At 350°C there are multiple expected polarization mechanisms caifiuting due to the
space charge accumulation of both NZF and NBT and the di use pls& transition of NBT.
Figure 6.12 shows the rst peak in loss tangent present in NBT priously associated with the
di use phase transition and oxygen ion accumulation at grai boundaries has the highest
loss tangent followed by 20, 30 and 40 NZF. At higher frequensidNZF loss mechanism
appears to dominate again as the loss tangent increases wéh increase in NZF content.
The conductivity of NZF at elevated temperatures is higher tan 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 agaimdéh is at-
tributed to predominately polaron hopping between Ti* and Ti** discussed in Section 4.5.
Decreasing the NBT content decreases the amount of polaronpming 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 35C0C.

(b) Loss tangent comparison for NBT and composites with respect
to frequency at 500C.

Figure 6.12: E ect of increasing temperature on loss tangefir NBT and composite samples.
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6.5 Magnetic Properties

The magnetic properties of the composite pellets were chatarized in a SQUID mag-
netometer (MPMS3 by Quantum Design) operating in DC scan ma&dand compared to the
commercial NZF. The composite samples saturation magnetizan (M) increased gradually
as the NZF content increased as seen in Figure 6.13 and summediin Table 6.2. An increase
in magnetic saturation with an increase in NZF content is exped as the nonmagnetic NBT

content decreases.

Figure 6.13: Room temperature magnetic hysteresis loop forgNZnq.sFe,O4 and composite
samples.

The coercive eld,H. increases in the composites compared to the coercive eldNZF.
The non-magnetic NBT phase sits in between NZF grains as evidein Figure 6.4. The
existence of NBT in between NZF can pin domain walls which incases the coercivity seen
in the composite samples. An increase in coercive eld was@lsoted in other ferroelectric-
ferromagnetic composites with an increase in the ferroelec phase [102] and attributed to

pinned domain walls.
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Table 6.2: Magnetic properties of NZF and composite samplesraom temperature.

Sample H Mg

(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 anasys no longer valid (Section
2.1) and S-parameter waveguide data was necessary to chéeeaeze the EM performance of
NBT and composite samples. One challenge of collecting S-pareter data is determining
the sample length, and thus the waveguide test shim lengthhat avoids one half wavelength
resonance and overmoding discussed in Section 2.2.1. Thaguires 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 K,-band have not been reported
in literature. Low temperature data were used to estimate th complex permittivity of NBT
at room temperature and microwave frequencies to compare &xtracted values from S-
parameter data.

Equation 7.1 is the Debye relationship for the complex pertivity with respect to

0 is the dielectric

1 IS

temperature and frequency, where?; is the dielectric constant at! 1

constantat! ! 0, and (T) is the relaxation time.

r(!;T) 0 — (r)s‘ (r)l (7.1)
L1+l (T)

Decreasing the temperature will increase the relaxatiomtie (Equation 4.2). The mobility
of the thermally activated relaxation loss mechanisms in NBTssociated 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 bwilaries of the above mentioned
mechanisms will also be limited due to an increase in frequsn(! ), 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 fmtiostat at tempera-
tures down to -120C and frequencies ranging from 10 mHz to 1 MHz. Figure 7.1 showsth
dielectric constant for NBT at low temperatures. The relaxabn time of the temperature
dependent polarization mechanisms of NBT will slow down sigoantly with a decrease in
temperature simulating the response expected at higher épgencies. At the lowest temper-
ature of -120C the dielectric constant decreases from 285 to 223 at higrefuencies. The
data in Figure 7.1 provided insight into the possible room teperature 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 diametgiscs, covered with the
same powder to combat precursor volatilization, and sinted in air for 4 hours at 115€C.

Composite powders were mixed in the same manner as describe8ection 6.1, pressed into
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38 mm diameter discs, covered with NBT powder and sintered inrdor 4 hours at 1150C.
An initial rough cut was made using a low speed saw to obtain an »nd K,-band sample
from the large disc. Each sample was then shaped using a gimgiwheel in an attempt to

t the tight tolerances of the waveguide test shim dimensios (see Table 2.1).
7.3 Extracted Parameters and Model Fits

Extracting the parameters for NBT and composite samples folved the same process
outlined in Figure 2.8. Only the extracted complex permittivty and permeability and model
t of the raw S-parameter data used for evaluating the perfanance in Section 7.8 is provided

in the following sections. All additional ts can be found in Agpendix 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 a@orithm, the
complex permittivity is set to %1 and °%* 0. Figure 7.3 shows the model t of the raw
S-parameter data. The extracted permittivity values from he NNI algorithm were relatively
smooth after the correct branch jp = 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 K,-band data. The extracted permittivity from the NNI algorithm had
multiple oscillations after the correct branch p = 1) and the sample length were optimized.
As the sample dimensions and length decreased, it became @asingly more di cult to
fabricate samples that met the tight tolerances for K-band data collection (Table 2.1).
Sample position and uniform length were signi cant concemin addition to air gap issues.
Errors in sample length and position are evident with the dierence in $; and $, 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 ekacted permittivity values

from the NNI algorithm as seen in Figure 7.5. The model permittity 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. Imerfections/air gaps can
lead to errors in the calculated permittivity for reasons dicussed 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 ,-band.

104



Figure 7.5: Model t of raw S-parameter NBT K,-band data.

7.5 20 NZF Fit

Only the NRW algorithm was used to extract the complex permitivity and permeability
for the composite samples due to the presence of magnetic NZFheTextracted values and
nal model ts for 20 NZF using the NRW algorithm can be seen in Figre 7.6. The extracted
values for permittivity and permeability from the NRW algorithm had oscillations/resonance
that decayed as the test frequency increased. The sampledédnwas optimized but did not
improve the extracted values. The best t of the propagatiorconstant (Section 2.2.4) was
p = 0 and a change in branch was not necessary. Air gaps in the sampikely 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 K,-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 aigaps.
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Additional extracted and model ts of 20 NZF can be found in Appedix 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 ,-band.
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Figure 7.9: Model t of raw S-parameter 20 NZF K-band data.

7.6 30 NZF Fit

Figure 7.10 has the extracted values and nal model ts for 30 N 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 lerty was
optimized due to slight deviations in $; and S, raw data.

Figure 7.12 shows the extracted values and nal model ts for@NZF for K,-band and
Figure 7.13 for the model t of the raw S-parameters. Signi canoscillations 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 problesnwith K,-band samples.

Additional extracted and model ts of 30 NZF can be found in Appedix 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 ,-band.

Figure 7.13: Model t of raw S-parameter 30 NZF K-band.
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7.7 40 NZF Fit

The extracted values and nal model ts for 40 NZF using the NRW #gorithm can be
seen in Figure 7.14 for X-band data. The model t of the raw S-pameter data is shown in
Figure 7.15. The best t of the propagation constant resultedn no change in branchp =0
and the sample length was optimized again to addresg, %&nd S, raw data slight deviations.

Figure 7.16 shows the extracted values and nal model ts for@NZF for K,-band and
Figure 7.17 for the model t of the raw S-parameters. Additionbextracted 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.

111



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 ,-band.
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Figure 7.17: Model t of raw S-parameter 40 NZF K-band data.

7.8 Complex Permittivity and Permeability

The model t of the complex permittivity for NBT and the composites for both X- and
Ky-band can be seen in Figure 7.18. The dielectric constant for NB 230 from 8-12.4
GHz) is in the same range as predicted with the low temperatufel20°C) data in Figure 7.1
that varied from 285 to 223. NBT remains relatively linear aarss the measured frequencies
of X- and K,-bands which is consistent with low frequency data for NBT belw 200C. As
discussed in Section 7.4 the slight increase in permittiyitfor K,-band data is associated
with sample positioning and air gaps during testing.

As with the low frequency impedance data discussed in Sectiéri, the addition of NZF
decreased the dielectric constant for all composites compd to the dielectric constant of
NBT. At x=20 the permittivity of the composite is dominated by the NBT plase. The
complex permittivity values at the end of X-band and beginnig of K,-band match well

despite di erent samples sizes and waveguides for data ealion.
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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 GHaor k=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 aethperatures associated with
space charge polarization of NZF. The peak in loss tangent far 30 also lagged behind
x=40 (Figure 6.11) at 200C for impedance data collected at lower frequencies.

At the higher K-band test frequencies, the complex permittivity for the cmposites are
all relatively constant and align with low frequency data wth exception to the imaginary
permittivity of x=40. Unlike the previously tested composites, the complex paittivity
values at the end of X-band testing do not align well with the dia at the start of K,-band
testing. This could be an error in data collection for K-band or the sharp increase in® and
dip in %could be a possible resonance. (For side by side comparisérXe and K,-band
complex permittivity and permeability see Appendix B.5 Figue B.23 to Figure B.26.)

Figure 7.19 shows the complex permeability for NBT and the conogites for X- and K;-
bands. At microwave frequencies the expected loss mechamsfor NZF are ferromagnetic
resonance and eddy current loss. As discussed in Section &gy current losses increase
with an increase in conductivity. Equation 7.2 is used to digguish if the magnetic loss is

a result of only eddy current or if a combination of loss mech&ms coexist.

00

Co = of (7.2)

If eddy current was the only magnetic loss present, should remain constant when
varying the frequency [103, 104]. Figure 7.20 shows a plot@f versus frequency for both
X- and K -band composite samples. In the X-band frequency any magreetoss fromx=20
appears to be from eddy current loss.

Both x=30 and 40 samples had a natural ferromagnetic resonance in Zad as evident in
the complex permeability data and the non-linearity of @. The shift in natural ferromagnetic

resonance to higher frequencies with an increase in NZF camteould be explained using
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(a) X-band complex permittivity

(b) K y-band complex permittivity

Figure 7.18: Complex permittivity for NBT and composite samps.
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(a) X-band complex permeability

(b) K y-band complex permittivity

Figure 7.19: Complex permeability for NBT and composite sanmgs.
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Snoek's limit used to estimate the ferromagnetic resonanéeequency, f, (Equation 7.3)
where is the gyromagnetic ratio and ; is the static permeability (real part of permeability
at a su ciently low frequency) [77, 105]. Mg increases with an increase in NZF content as
summarized in Table 6.2 and explains the increase in resohdrequency for x=40.

_ 1
( i 1)fr - 3_ M (7.3)

There exists an additional peak in magnetic loss tangent fa=40 in the K ,-band. This is
suspected to be an overlap in testing frequencies betweer thivo bands. The magnetic loss
is still associated with the natural ferromagnetic resonare 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 conies into K, frequencies.

Any loss fromx=20 and 30 in the K,-band are assumed to be eddy current loss based on
Figure 7.20. There is inconsistency in permeability data dected from the end of X-band
and beginning of K,-band for x=20, but the tan  would still suggest there is little magnetic

loss in both X- and K,-band from x= 20.
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(a) X-band

(b) K -band

Figure 7.20: Eddy current e ect for composite samples from &1t18 GHz.
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(a) X-band

(b) K -band

Figure 7.21: Loss tangent (tan) and magnetic loss (tan ) for NBT and composite samples
from 8 to 18 GHz.

119



7.9 Room Temperature Microwave Absorbing Performance

As discussed in Section 1.4, one challenge with designing &s@bing material is atten-
uating an EM wave once inside the material. The attenuationanstant, was calculated
using Equation 1.21 to evaluate the performance of NBT and theomposite samples ability
to attenuate an EM wave. From room temperature data (see Figar7.22) it is evident that
attenuating a wave at microwave frequencies is not a conceacross both X- and K;-band
with exceptions around 9 GHz and 11 GHz fox=30 and 40. The peak associated with fer-
romagnetic resonance also occurs around 9 GHz #6+¥30 and 11 GHz forx=40, resulting in
an increase in complex permeability. Increasing the perntahbty will improve the impedance
mismatch (Equation 1.16) as seen in Figure 7.23, but will alstecrease the absorption as

evident in the decrease in attenuation constant.

Figure 7.22: Attenuation constant for X- and K,-band data at room temperature.

The other challenge discussed in Section 1.4 deals with thepedance mismatch at the
interface of a material. The re ection that occurs when an EMvave interacts with a material
will be reduced if the intrinsic impedanceZ; (Equation 1.16) of the material is close to that
of the free space impedancé&,,. The impedance mismatch was evaluated by calculating the
normalized impedanceZ, using Equation 1.17. ldeallyjZ,=Z,j=1 to optimize the amount
of EM wave that enters the absorbing material. Figure 7.23 s the normalized input

impedance for a sample thickness of 5 mm for NBT and the compessamples. While
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changing the thickness of the sample does impact the nornzdd input impedance (see
Equation 1.17) the broadband values are still signi cantijower than the optimal value of
one.

At room temperature the data would suggest NBT and the compdsi samples have the
ability to attenuate EM waves across the majority of frequecies tested, but the impedance
mismatch is a signi cant concern. To utilize the absorbing apability of the samples an
impedance closer to that of free space is necessary. lbrah&tnal. [103] have had recent
success in implementing a double-layer approach of carboladk as a matching layer with
NZF nanocomposites as an absorbing layer. The matching layes little absorption capacity
but a normalized impedance closer to that of free space allioyg for the EM wave to travel

into the absorbing layer under the matching layer.

Figure 7.23: Normalized input impedanc¢Z,,=Zyj for X- and K -band data.

7.10 Projected High Temperature Performance

As previously discussed in Chapter 2, high temperature miesave frequency data col-
lection was outside the scope of this work. The impedance daht elevated temperatures,
used to isolate the di erent polarization mechanisms, andhie room temperature waveguide
data to determine the complex permittivity and permeabiliy 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 fsm NZF dissipates above the
Curie temperature ( 275C for Zn content of 0.5). The dielectric contribution of NZF at
room temperature aligns with the impedance data in Section.46 below 200C. 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 inow frequency elevated
temperature data up to 200C. The dominant loss tangent mechanism for NZF was attributed
to space charge polarization that increased with an incremsn NZF content, and shifted
to higher frequencies with an increase in temperature. BExpolating that trend to the
microwave region, increasing the temperature would push ¢hpeak in tan (Figure 7.21)
for x=30 and 40 to higher frequencies due to a decrease in relaxatitime. The attenuation
constant and impedance mismatch would increase with an irgase 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 thatly activated (space
charge polarization and polaron hopping). Based on Figurel®, increasing the temperature
will increase the loss associated with the space charge pidation for NBT. Continuing to
increase the temperature will increase the loss associat@ith polaron hopping at higher
frequencies compared to that of space charge polarizatioAs the dielectric loss increases
at higher temperatures and frequencies the attenuation cstant and impedance mismatch

would both increase as well.
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CHAPTER 8
CONCLUSIONS

A ceramic composite composed of NBT with two thermally activied loss mechanisms
and NZF with both dielectric and magnetic loss contributionsvas fabricated to address both
broadband and high temperature microwave absorption. Lowdquency high temperature
impedance analysis in conjunction with room temperature waguide data was utilized to

extrapolate high temperature microwave frequency propees.
8.1 NBT as a Ceramic Matrix

A composition containing two polarization loss mechanism®&ach with a di erent fre-
guency and temperature dependence, was formulated by vargi A-site stoichiometry in

NBT. The two space charge polarization loss mechanisms in NBTeve identi ed as
" High oxygen ion mobility, E; 0.77 eV
~ Polaron hopping between T{" and Ti**, E, 0.55 eV

The individual loss mechanisms and their temperature depdence are depicted in Fig-
ure 8.1. At lower frequencies the predominant loss mechamiss attributed to oxygen ion
mobility. At temperatures above 350C NBT has two distinct broad absorption regions. The

additional high frequency loss is associated with polaroropping.
8.2 NZF as a Composite Filler

NZF was selected as a composite ller material in order to expd the temperature
and frequency range of absorption for NBT. The dielectric andhagnetic absorption loss

mechanisms associated with NZF are as follows

" Hopping between F&" and Fe*, E, 0.36 eV
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Figure 8.1: High temperature dielectric loss tangent of base¢ NBT.

" Eddy current losses
" Ferromagnetic spin resonance

The broad dielectric loss tangent for NZF at lower frequengecan be seen in Figure 8.2.
At temperatures below 208C NZF has a wide absorption loss associated with highly conduc
tive grains separated by resistive grain boundaries. The @lein absorption for NZF occurs

at frequencies and temperatures where NBT has a low dielectioss 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 comptessolution, absorp-
tion across a wide range of temperatures and frequencies veabieved. The dielectric loss
tangent for the composite samples compared to NBT at selectéeimperatures 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.

125



(a) 200°C (b) 350°C

(c) 500°C

Figure 8.3: Temperature dependence of tanfor NBT and composite samples.
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8.4 Microwave Frequency Performance

The two critical design considerations for microwave abdsing materials are strong ab-
sorption and minimal re ection coe cient. The composite ard NBT samples showed strong
absorption capabilities with high attenuation constants Figure 7.22) across both X- and
Ky-band. However, the impedance mismatch will result in a higherection coe cient (Fig-

ure 7.23) for all samples.
8.5 Suggestions for Future Study

Decreasing the dielectric constant of the composite samglwill improve the impedance
mismatch and decrease the re ection at the surface. A matahg layer could be added to
the composites as discussed in Section 7.9. This approachuldaequire incorporating both
layers into a resin or polymer matrix, limiting the possibleoperating temperatures of the
material.

An additional approach to decrease the dielectric constanf the composites would be to
incorporate another material with a signi cantly lower pemittivity. The addition of Al ,03 to
the baseline NBT decreased the permittivity drastically asvedent in Figure 8.4. Additional
studies are necessary to determine the impact alumina has the NBT loss mechanisms and

if a three phase composite of NBT, AlO3, and NZF is feasible.
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(@ °for NBT and 25 mol% Al,O3 with respect to temperature at 1
MHz.

(b) %for NBT and 25 mol% Al,O3 with respect to temperature at 1
MHz.

Figure 8.4: E ect adding alumina to NBT had on dielectric propéeties.
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APPENDIX A
ELECTRICAL PROPERTIES

A.1 Activation Energies for NBT

Figure A.1: Arrhenius plot for NBT sample with activation energes calculated for high,
medium, and low temperature regimes at 1 kHz.

Table A.1 summarizes the activation energies for the baseirNBT composition at dif-

ferent temperature regimes and frequencies.
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Figure A.2: Arrhenius plot for NBT sample with activation energes calculated for high,

medium, and low temperature regimes at 10 kHz.

Table A.1: NBT activation energies at selected temperaturesd frequencies.

Frequency

High Temp

Medium Temp

Low Temp

1 kHz

635-394C

0.96 eV

315-227C 1.04 eV

162-127C 0.35 eV

10 kHz

747-560C

0.62 eV

352-253C 1.10 eV

181-144C 0.23 eV

100 kHz

747-560C

0.55 eV

398-282C 1.01 eV

227-162C 0.25 eV

1 MHz

747-527C

0.39 eV

485-319C 0.70 eV

253-144C 0.21 eV
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Figure A.3: Arrhenius plot for NBT sample with activation energes 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%versus Inl and Arrhenius plot of relaxation time versus temperature for
20NZF with an E; of 0.82 eV and 0.41 eV.
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Figure A.5: Z%versus Inl and Arrhenius plot of relaxation time versus temperature for
2NZF with an E, of 0.94 eV.

Figure A.6: Z%versus Inl and Arrhenius plot of relaxation time versus temperature for
30NZF with an E; of 0.91 eV and 0.74 eV.
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Figure A.7: Z%versus Inl and Arrhenius plot of relaxation time versus temperature for
30NZF with an E; of 0.48 eV.

Figure A.8: Z%versus Inl and Arrhenius plot of relaxation time versus temperature for
40NZF with an E, of 1.04 eV.
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Figure A.9: Z%versus Inl and Arrhenius plot of relaxation time versus temperature for
40NZF with an E, 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 compositeNZF+(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 nal using NNI algorithm.
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Figure B.2: Model t of raw S-parameter NBT X-band sample nal usig NNI algorithm.
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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 usig 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 usig 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 usig 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 z23sing 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.

158



Figure B.12: Model t of raw S-parameter 20 NZF X-band sample zd2using 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 z&using NRW algo-
rithm.

161



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 z&3using 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 z4dsing 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 z4@sing 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 z43sing NRW algorithm.

Figure B.23: Model complex permittivity of NBT for X- and K- bands.
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Figure B.24: Model complex permittivity and permeability of20 NZF for X- and K,-bands.
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Figure B.25: Model complex permittivity and permeability of30 NZF for X- and K,-bands.
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Figure B.26: Model complex permittivity and permeability of40 NZF for X- and K,-bands.
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