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CHAPTERI NTRODUCTI ON

1. Albbout this Study

This study focuses on investigating five
ceramics have been utilized for millennia, a l
materials ®wvsé¢ abbi shedwptbper tii esDeasmd ter dahde aer
research conducted on alumina, there is stildl
properties are impacted by various manufactur.i

examines the es edfecitmped gpmrogeand permittivity.

sever al factors that can influence these prop
di stribution, and humidity. Il n this mg utdwo al
di fferent manufacturing techniqgues, and the

under varying conditions.
1. electric Properties
1.2 mpedance

The dielectric properties offadrat mambei agsar
materi al to use for awgivenpoel aaotridec &Il eapplirc
i mpedance and tThhe sp esremit tiddirevadtmypleld dcheecr il mp ed an
ability obppomeaet ani al teonating current and i s
that i mpede the motion of electrons through a
a matder Mat hewmati mpedance i s deasndseircdovend ibny Bohueat

11.



O Y QO 1)1

Where Z is the i mpedance, R is the resist:
number (sometimes also written as di, o0 but i
current) . Resistanceopposbeaathitetty ef eat mac &
the material. A direct current is the flow of
physical friction in that the current | oses ¢

fction opposrerd omweatmentheaeaat from the energy |
force of friction. Resistance is a fundament

descr iEmauda 1Blydln

Y- (1.2)

where R is the resistance, Vlitagehesvoheag

potenti al energy difference between two point
the sylsd emesi stance then, gives how much curr
hi gher resistances, a given voltage wil!/ dri v

resi stance.

The reactance, X, is the opposition to ar
capacitance. Capacitance comes i nth dpilealye cwira
materi al I's an insulator with high polarizabi
shifted so that one side is more positively c
materi al I n one ditragdt itomn betcloenematadpaircaflz ewl,d dd as

charges at omepidwid.t hTemi so pbpwisled t he current, dt



of the increased concentration of negative ch
alteration wil/l affect the strength of this ¢

ti me that c¢hauwpyesanrda vseo tabl rsieon igrtethdd uocfe tthhee opposi

Mat hematically, the capacitancd3f.eactance i s
" p
W —_— &
c“ QO p
wherei sX the capacitance reactance, f is the
is the chlmeacinhndadmctance comes into play for m

electric current produces a magneti@gathodéled ar
However, in an alternating current, the curre:
of the magnetic field. A changing magnetic fi

change. This cmetadeshe heumnperontsi Theo fiodmecltante

inductance reactarndd is shown in Equation
O ¢ Qb p8
wherid sXthe inductance reactance, f is the
the inductance. The sbnduectada mse ar gaatseencdei f f er
voltage and the direction of the current, caus

and the alternating currentés frequenchergi ves

for the calculation of tHe i mpedance as seen

1. Pe2mittivity
Permittivity is a property of a dielectric

pol arizati on. Hi gher permittivity means the m



a materi al i's often gwh/ieem iass mateh aned taitad avlel y ed e

5l 5]
- = PR
whetbanaare the rel atiisvea hge mpmirtmti it ¢ii tvipityy of ¢
the permittivity of free space (a vacuum). Th
the diel edcetafi ct lcaotnsmatneér i al . The values for r

dielectric constant of air at standard temper

The Nyquist I mpedance plot is a valuable tc
circuit components are directly reflected in
Capacitor will produce a soewmi ciim cHFfeg urie tolmély N
Capacitor is present, the plotowiblndtepthg &t
i mpedance axis, as depicted in Figure 1.2. Co
the plot will show a straight |ine from the ol
1. 3.

r‘:‘ I.ill
ZI
FiguldBMyqdqui st I mpedance plot contains (tReesi sto

equi valent circuit.



=
FigueMydqui st | mpedance plot contains only Cap:
N
i
E
P
FiguBMydqui st | mpedancd nglucth od chret aeiqrus vaarnleynt c i

Recognizing these basic paisecmscialther Ng
analyzing and modeling the material's behavio
permittivity can be calculated from compl ex

propeétlties

©w — (1.6)
An i mportant consideration while deter mini
t he polarization of a materi al does not sudde

time for the polarizati onperrmictetsisvittoy coofmptl lea e
di fferent at different frequencies of the appl
alternat Whgleuthent gl ati on between permittivi:
to di flferriemdt ipon phenomena such as relaxation

resul t piem mmiAdhseor,b t s t here i s a del ay bet ween



of the material, there is a phase difference

permittivity of the material as a complex num

For this work,atkleemat inc ali Iny, t thkdmpwead aunec eo fa nt
i magipnearrnyi tti vity is always negatieveparamebtel s
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1.C3¢ramic Material s
1. Allmina

Alumina (otherwise known as aluminum oxide) is a compound of aluminum and oxygen
with the chemical formula, ADz. It can exist in multipledifferent phases, with the alpha phase
being the most stable form. The alpha phase of alumina has a trigonal crystal system and a
hexagonal lattice. The other phases include cubic, monoclinic, tetragonal, orthorhombic, and other
types of hexagonal structeg. They each have their own properties, but the alpha phase alumina,
also known as corundum, is the most common phase of alumina. This, in fact, is the phase that can
give rise to different types of gems, such as rubies and sapphires, depending oruthiesmp

present in the cryst&iel.

Alumina is known as an electrical insulator with very higindnesgan absolute hardness of
4001 and high thermal conductiviyd2 W-m' *K' 19 for a ceramic material. It is also easily
formed by contact of aluminum with the air. The aluminum will react with the oxygen in the air
and produce alumina very quickly, which then protects the aluminum metal from further corrosion
due to the shielding pvided by that layer of alumina on the surface. These building blocks of

alumina,aluminum,and oxygen, are also very common on Earth, allowing for a larger production



of the compound. Aluminum is the third most a

being the most abundaft.

Alumina has a great deal of applications in many different industries. As it is strong, yet
chemically inert, it is used as a catalyst substrate for chemical reactions required in industry. Its
high hardness makes it a good substance to use as an abrasesen a substitute for industrial
diamonds. lts relatively chemically inert nature, high biocompatibility, and high hardness makes
it a good substance to use for biomedical applications. It can be used for joint replacements and
dental implants, for exaple. Most importantly for this project, however, are applications that
make use of its dielectric properti€ielectrics are used in capacitors as the material between the
conductive plates. A higher permittivity of the dielectric allows for a higher sadeetficenergy
per a given voltage and so a larger capacitafisa dielectric, it is important to understaitsl
propertiesso its capabilities can be fully exploited. This prajest waal t o study al
dielectric propertiesunder twodifferent pellet manufacturing techniques, while changing the
conditionsboth during and after the manufacturifigne first technique wasrbugh an unheated
press, where the dielectric propertigsstudied &er usingdifferent applied pressurekiring the
manufacturing proces®ifferent applied pressures can yield different amoohtgoids in the
resulting pellets, thus changing their densities and properties. The second technique was sintering
the alumina at different temperatur&ntering aluminaat different temperatures can put it into
the different phase and change its propertiésmcluding density)n ways that may be better or
worse depending on the intended applicatite. also applied different humidities to the alumina
pellets after they were sintered to see the effects of humidity on pellets created under different
sintering temperatures. We expect the effect of humidity todtehto the amount of voids in the

material, as they can allow water to infiltrate the alumiki@nce, after modiying the



manufacturing conditionand environmental conditioms these different ways, weeasurd the
resulting dielectric properties from the alumina samples. By finding trends that may emerge in the
data, it would be possible to optimize production methodsdorpressed asintered alumina to

match the needs for any given electrical application.
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1.16iterature Revi ews

A simple way to understand the electrical properties of a composite material is to use basic
mixing rules for each component of the matétl For example, we can use Equation, Where

" is the resistivity of the mixture/composite is the resistivity of the insulating patt is the



volume percentage of the insulating partjs the volume percentage of the conducting part, and

is the resistivity of the conductingart

0" (1.7)

However, there are alternate theories we can use to better understand a composite. These
theories tend to specialize in different types of composites from each other. The first theory is to
use "Effective Media Models." These models predict the propatiddute composites and are
not good for solids. Effective media theory generally is useful for dilute solutions, because they
contain no percolation threshold. Therefore, all increases (or decreases) in conductivity are
gradual. The other theory is thPércolation Theory." This theory is based on the idea that a
dramatic property change occurs when a system reaches the percolation threshold. This percolation
threshold is achieved when a carrier can travel from one end of the system to another. Time proble
with this one is that it never allows for the property being measured to "level out" (to become more

gradualy*?.

So, we have one theory that is good for dilute materials with gradual changes in properties,
and one theory that is good for materials with sudden changes in properties. Therefore, the best
model for cases between these is a combination of the two. ThésNcLachlan Equatiot?, as
shown in Equation 1.8The electrical properties of a material are then best understamdyth
the McLachlan Equation, whose parameters are strongly dependent on the microstructure of the
material in question. This impkethat the microstructure of the composite has great importance
for the electrical properties of any composite and any attempt to understand the electrical properties

of a material should start at the microstructure.



b 0 —— 1 (1.9

wherev; and v are thevolume fraction of insulating phase and conducting phase.
indicates the conductivity; the following subscrip€epresents the insulating phase, c represents
conducting phase, and M represents the composite mixtusders to the critical volume fraction
of the conducting phase, which is important in determining the behavior of the material.
Additionally, subscript s corresponds to the insulating side, whereas subsmiptdpondshe

conducting side.

One component of microstructure that seems particularly important for composites is the
prevalence and size of pores in the material. Porosity is a measure of the void (i.e. "empty") spaces
in a material, between 0 and 1, where 1 is 100% void. A relatecepbis theoretical density,
which is the maximum achievable density of a particular element, compound, or alloy, assuming
no internal voids or contaminants. It is calculated from the number of atoms per unit cell and

measurement of the lattice parameters

The prevalence and size of pores can be changed by both the innate properties of the
material, and the manufacturing technique. An example of this was demonstrated with dried silica
gels 3. The dried silica gels were sintered at different temperatures and their dielectric
permittivity was studied. Sintering is the process of compacting and forming a solid mass of
material by pressure or heat without melting it to the point of liquefackiogeneral, higher
temperatures should lower the pore size, antease dielectric permittivity. It was found that gels
with smaller pores shrink more and so sinter at lower temperature. In general, higher temperatures

increase the dielectric permittivity, but for silica gels with small pores, only a little incresesanis



The dielectric loss is low and decreases with higher densities of gel. This strongly implies that the
prevalence and size of pores in the material will shape its microstructure and so shape its

overarching dielectric properties.

As the dielectric properties of a material and its microstructure (particularly in respect to
the size and prevalence of pores) are closely relatedlying one can give you insight into the
other. Indeed, it has been demonstrated that dielectric constant measurements are a viable non

destructive technique for the determination of porosity in dielectric thermal barrier cé4lings

The importance of the pore geometry can be easily seen in Figdrasd1.5. Here, we
use different models for the pore geometry to see how the dielectric constant changes with porosity.
For Figurel.4, the models and associated equations follow ffThe main two geometries are
the fAseriesodo and ndparallel o geometri es. The f
open pores are symmetrical to the surface of
case where the open pores are pedicular to the surface of the material. In addition to these two
main geometries the®fB3® asmdalisogahet iMacxwelhk o
geometry describes a case with isolated (closed pores), and the Logarithmic geometry describes a
case with no physical meaning, but different mixtures of pores present. The models and equations
for Figurel.5 are derived fromi*¥ and are very similar to those frdfil. Their main difference
here is that the Maxwell model has bderther split into the cases where the isolated pores are
circular in shape (Sphere), or cubic (Banno). The same trends can be seen, keeping in mind that
the xaxis is effectively inverted, as a high porosity equates to a low density over theoretidgl densi

ratio.
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Differences between coatings with different pore volumes are very easily detected, while
the actual magnitudes can only be determined if the microstructural arrangement of the pores is
known. This can be determined by the processing method and direstadioser using images of
the coatings. Therefore, the pore arrangement is also a very important factor for determining the
dielectric properties. This was further supported in papers on the dielectric properties and pore
structure of silicon nitriddased eramicd!®™, on the dielectric properties of gel casting BMXGi
ceramics with sphericathaped pore structul¥!, and on creating a general model of dielectric
constant for porous materidfgl. For the silicon nitriddvased ceramic8®, it was found that,
theoretically, when porosity stays the same, pore geometry and average pore radius are the main
determinants of dielectric properties. For the gel ca@MBisNs ceramicg®®l, it was foundhat
irregular pores usually connect with other irfeguores and form sharp edges, increasing the
dielectric constant. They fouridat the higher the porosity, the lower the dielectric constant of the
material, and that spherieshaped pores might give the porous BiM®iceramics excellent
performance due to the lack of sharp edges. For the general fihdielwas found that the
dielectric constant is dependent on pore shapes if pore size is larger than the associated
electromagnetic wavelengths. They also found that the alignment of pore direction with the wave
propagation direction will also affect theetkctric constant. Filgg, previous work on the
dielectric properties of sintered alumitd, found a relationship between porosity and the

dielectric constant (Equatioh9) and dielectric loss (Equatidh10), where P is the fractional

o

porosity, U is the dielectric constant, tandt
- - p 1.9
OME| p OOGE 80 — (1.10)



Porosity is an important consideration for the microstructure of materials as it allows both
water and air to penetrate the material and substantially change the dielectric properties of it. Figure
1.6 shows the effect of humidity and porosity on the dielectric constant for material with a
dielectric constant of 10 (near to MaThesmi naods
formulas make use of the effective medium percolation theory explained previously to model how
the penetration of water anut anto pores affects the dielectric constant of the material. The water,
air, and solid material are considered their own phases, and the volume fraction of each phase is
taken into account. As can be seen in the Figure, the dielectric constant insigrisieantly as
the humidity increases, but this effect shrinks as the porosity is reduced (indicated by a higher

density over theoretical density ratio).

Relationship Between Dielectric Constant and Relative Density Varied By Humidity
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Sample #4 Zetasizer Particle Size Report
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Sample #5 Zetasizer Particle Size Report

17.5 1

15.01

12.59

10.0 4

Intensity (%)

7.5 1

5.0

2.5 A

0.0 A

T T T T T
(1] 2000 4000 6000 8000
Particle Size {(d.nm)

FigurdeZezd.asi zer Ty ulTtlse orfed measur ement i's r
measurement is run 2. The average sizes of th
aggregation of particles.

2. Ma2 vMasnt e2B8D@er

Theasterauwgefruli sanodbdac metatadaengrea rotfi gilne asi ze
sam@alnaow noufcht he sample Iis compghiesed i mfci pheh
Ma s ¢ egretr o ilsisgeht s ddeettteetriengMesee si z esr tdita | Theeor y
[21] wipir ewhioost | i ght is scatter ed,omo saath smlrabieédc Ibe
spheshaB®ssaeharti cle size has its pwhhusiglbko
for the Mdetermimerthe particle .JieMast ér mz ¢ h
2000 canrmeageurnd particl e miiczesneftream .0 .B1l utsa r
2000SM cell, the Mastersizer can do these mea
Before the measurements start, the refraction
requWatela.s as hdd spersant for my samples. The r
and the ref raawcmiimasipenrdieix¢ 8oef Obsc tiaadwminng st hae
measur elntenitss.t he amount of Il i ght |l ost when th

being used to cause the scattering. The most

bet ween 10% to 20 %, S0 we t alragbéttedd pl1&8i%n sf olm 0\



Obscurati ost hreanagcec uarfadceyctof me aasmpweemeats @ioe&ach

3 rAssthe measuring range i sampthimasnrpdg €00 n

have a2#dBzeaofwamesoboerseasur ed.

TablkEf2f.ect of Obscuration rangel2bln the accura

Obscuration Ran Notes
<5 Add more sampl
510 Low but wuseable wit
ground ration

1@0 | deal
260 Useabl e but dtirsy etros ¢
is a danger of mt

>50 Too high

Thewedfro®ur taypmsnaftshdamp/lee sb e e nT ynpea s3u,r 84d,, and
TyRe samps ean expeced®d9 p®mt PAcclkceo rsdiimegy t o nt he r
Fi gu2bgsat the highest volume of tdaaeBoli t2ry 1P
3. ®mAs the measured results havet hitadireg em@jfsoirz e sy
t hseamp| eap alratviec | e s an@n lay eruyn dt i2ny2, a moQumTthei s | e
si zaesgelr Gmitamnu | . D eascreaisiedmiggafeght i ba.Amart thieal es
possi bl eotrrheeagzens being | arger than expected I
measurement . The Mastersizer of ficial manu al
shoul d have a r esradwisdfudiehsess et htahnr aela. i ghdaselrry e me 1
1% abOu2-0 %5 %) dkerresi dual provides insight int
the calcul ated datfa amei % édeev are alk%,r eidt dmaitgah.t s u
of i naccurate refracti ved tihhed e goadapddpeearbssaonrtp.t i Fbonv
the same refractive index was set for all me 8

ot her measurements bPawd heesiodadilt ¢ béelsawthhlatun



measurement, the obscheratlaooudEdiphb@ew, (The Iecacc
iall. 81%, and atile 7T8Hechdeersgunni ebsaoupn&feonh t he :
of the resultthsee s Ndounaltyt has | eisrspmatlt ag#anhmebgur ed

particle sizes stil] match some of the expect

Sample #2 Mastersizer Particle Size Report

Volume (%)
w £ w o
L L 1 |

~
L

T T T T
102 1071 100 101 107 10°
Particle Size (um)

Figunb#daltersizer results of sample #2. The re
and green is run 3. They feature a solitary s

Tyme i s etxop elcpoeedtsa aBO mMAs siefe gu26etsher e are t
peawisgshmal |i npdeiackpa i nigche siCGme whiooahdm&t tbed wi t
size Iramglkeeve gni f i cadmt ldyu ed glgogeety i epieaairkt | whteasr .
Thi s phenosfedip ple appme &rel | . Al |l three types of

i n wattdmghntvlkeratri se to significantly | arger part



Sample #3 Mastersizer Particle Size Report
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2. X.RD
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5 Types Alumina Powder Samples XRD Spectra
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l I | l I I I #1 (27-43nm) Alumina
0 . . . — e
20 40 60 80 100
20

Figud&iz.e types Alumina Powders XRD Spectra.
To ensureofhitgheparalya nhrpewdemds of | ess ¢t}
i s consi derfErd oaccreepstiadbulael. refers to the diff

di ffracti onc laduleatned nalr téh>epect ed pattern bas:e

a measure of how well t he exp.@r il nevretralerdatra r
indicates a better fit, suggesting that the s
hi gher error residual indicates a poorer fit,

expect edAnpantgt eerhnes fTiypd a8ammplsées ghtl y higher err
suggesting that 11.99%cdfedt hdheélsemeontl d Wwer a un

el ements wiptelaksipmidhhduomhsaasr the existence of

At |ldpws2 ti ons, the selected el ement matched v
wel I, but the fit ,beesapmecinwlrley otfife atbwosr emabj5dir
there Iis a big fluctuation i n R®2Tweee notthheos ef ot

samples have error residuals below 10%, e indic

HY



TyBeSampl el Thygpse TY.[(e9Ra s T8 .pMle8R@ s 7 Ty PpW,haasnd6. 77 %

error Aesdedpiatted in Figure 2.12, the nicely

corundum with a | ower than 10% error resi dual
WPPF Profile View
| 2ndXRDdata3um
g 20000-] Corundum, syn
| mw\JuUUL Jk Jtd\_ﬂ_kw
B & Corundum. svn | | | | | | | | I‘ I“ | T T 1T 17T ) gL | ﬁ\\ | T1|| I}
u 1000: 1 M“\ 1 4
i %*W”T,(Mwlﬂ“’J MT"* S, U W S —
£ T I T T T [ T I [ [ I

T T T T | 1
10 20 30 40 50 60 70 80 920 100 110

Figud®&e2.ected compound and a@amampclhel nTgy.pe 3 XRD

WPPF Profile View
40000~

T

[ Corundum. svn | 0 FT T | T | T | I ! ] P | |

2ndXRDdata261
Corundum, syn

Intensity, counts

Intensity, c...

Figud&ed.ected compound and asnaampclhei nfgy.pe 5 XRD
2. XxsRay Fluore8B8ceakee MARHPrnado

A Rhodi umagfyRthr)ceX was wutilized for analyzi n
its ability to capture smaillelrustergatoenss tome tXR
generated by the Rh source, showihbi mappecpeas
obtained by personal comimawi satriepmewenhhs MChe

detecrteyls Xin kil oel ectraonivolnepr(&kse/nt,s wthhd ec du
el ectr(ocnpsvbddh. col ored | ine mnem@mr edsdrftes etnlie fsp
shown in the | egend. The | egend is in order o

has the thickest aluminum and therefore wil!/

H



»
4u

AlCuZrMo
g —— AITiCu
354 ——— AI640
—— AI100
Al25
—— Al12.5
No filter

12
» kev

Fi gud&RF*F. spectrum ofor &nhosdoumcé RW)thlk specific

Since XRF is not sensitive to |ight el emen

‘N

from t heThaenaXRKispectrum for Sample Type 1,

el ement al analysis of region 2 (a randoamyl y se
sour ce. Prominent peaks observed atad ampnarmi ma
(Al') due to its characteristic fluorescence p

correspond torahes®Rhndé umred|l ot nohe Thepl e
continuous background in tha& umpeaomr pmakaladngdl
confirms t Hde nprneusme nacse tohfe pri mary el ement i n t
peaks are det ecdédeadni niutm iiss d\‘hied edmtmi tnlaatt el e me |
Rhodium peaks serve sorl ey ysSauwnialeafre red reaneesn t farl o m
were observed in the other sampd emi pwpens beTyme
pirmary el ement in ther aghobyms/de ¥ efgd ro n8y. p eH olw eivs

| ower than that of the other three sample typ



Sample Type 1 XRF Spectrum

5000
—— Type #] Sample XRF Spectrum region 2

4000

3000 H

Counts

2000 Rh Rh

Al

1000

0 T T T T 7 T T
0 3 10 15 20 25 30 35 40
Energy (keV)

Figunlne&XRF. spectrum of the Type 1 sample in scas
represents aluminum (AIl), which is the domina
the backgrargusduKce.
0000 Sample Type 2 XRF Spectrum
Al —— Type #2 Sample region 1
35000 1
30000
25000
Ezﬂﬂﬂﬂ-
o
15000
10000
Rh
5000 Rh
Rh/“\j\_,_
ﬂ l‘Il T T T T T T
0 5 10 15 20 25 30 35 40
Energy (keV)
Figuln&XRF. spectrum of the Type 2 sample in sce
represents aluminum (Al), which is the domina
Rhodium (Rh) peaks r eprraeys esnoturtcheee. background X



Sample Type 3 XRF Spectrum

50000
Al —— Type #3 Sample region |

40000

30000 1
g
=]
]

20000

10000 Rh

R Rh
0 T T T T ! ' :
0 5 10 15 20 25 0 3 o
Energy (keV)

sents aluminum (Al'), which is the domina

N&KRF. spectrum of the Type 3 sample in sce
e
il um (Rh) pehbhBkskagepruagyd esiotu rtchee.

Sample Type 4 XRF Spectrum

60000
Al —— Type #4 Sample region |
30000

40000

30000 1

Counts

20000

1wooo4{ | Rb

Energy (keV)

FigunléeXRF. spectrum of the Type 4 sample in sces
represents aluminum (Al), which is the domina
Rhodium (Rh) peaks r eprraeys esnoturtcheee. background X

Type 5 sample exhibited a different el emen

(Y). An energy peak around 15 keV corresponds



sample powder is only 0.15%, while Al uminum c

domi eAement in the Type 5 sample powder.

Sample Type 5 XRF Spectrum
45000 P P P

Al —— Type #5 Sample region 1
40000

35000
30000

25000

5

Count

20000 1
15000 1
10000 1

5000 J Rh

T T T T T T T
0 3 10 15 20 25 30 35 40
Energy (keV)

Figuln&RF. spectrum of the Type 5 sample in sce
represents awhuindmuims (tAHe ,domi nant el ement wit

Rhodium (Rh) peaks r eprraeys esndurtchee. bYatctkrgiruonu n(dY )X
sample, with peaks observed at 15 keV and aro

2.Chapter Summary

Chapter 2 of the study details the select.
di fferent alumina powders sourced from variou
mi cron to nano scal es. Gi ven tsh,e aacbcsuernactee opfa rlt
determination was <critical. Characterizati on
identi KREadlommanakysi s,zetrhef oZretpaarti cl e si ze r
suspensi on, and teaed PMastdieclddea 2duzd om det aigl | i ¢
study confir mémhasd aslaumiXi@E waisal YRDs indicate

the primary el ement across al|l sanmpylpges, Thve t h



findings underscore the significance of accu

understanding the properties of alumina pelle



CHAPTER I3i tu Characterization of Co

To measure the dielecbAl aompnappotwidessof wehe
t he powdersoi nthatpdlhleetmeasuri ngTlteame bar enotr o Sm
to create alumina pellets. The first method i
heatwhi ch wi l | b e t allhkee ds eacboonudt ment htohdi si sc htaop tseir

pell et, whi,chwhiecghuiwielsl hbeea.tdiTheusadddti noncbéaphe

the characteristics of the pellietss,ofsaliutmiins
without the complication of different sinteri
nosi ntpeerleldet s wi | | be the pressure applied to
powder particle size. We expect higher pressu

and correspondingly reduce the amnugdetr hefdivel e
properties of these pellets, as voids tend t«
di elrédécc properties of the pellets at the diff
interesting trends for the relationship betwe

determine the ideal presgsurce pfrorpepgdlilesstts of a

3.Nlosi ntered SaBphe$: TCGpr $eandasrd Unheated Pr

A Carver Bench Top Standard Unheated Press
into pellets for dielectric property measur emi
MPa in 50 MPa incmBememts mewenea i pEElpped.t i on ar
the components are crucial when working with
used for this purpose. Tdhe ¢onbocettheel owepnl peas
introducing t &ie .p oSwdesre qiuretnaa Ityhe t he upplee punc

to prevent the powder from dispersing or esca

op



t hdee. The entire setlupis atsherppaecs  dihe ®eé @&digmrteh
I n this configuration, the upper and | ower pl @

of pressure, the phya®Reaalilctpresupprpiagleesncthh &€ on

t £ 13

D N

t dzy (

5AS

{FYLXS t2

[ 26 SN
>t dzy OK

\\tfrm

FigutTehe3.operati onal principle and setup
Top Standard Unheated Press.

Af t eup ptplrec h c o ngl adlie ettphpeehr o wgpudn c hes wer e cont
to the Solartron 1260 and Solartron 1296. The
was used to select the desired frequency rang
1260 to enable highDuepedanbe measurements. nol
sealed chamber, and given their exXxtreme sens

measurements were attributed to noise. These



mobil e phones, conversations near the Carver
bl owing through the open top of the Carver pr
of 0. MHzt owak0 used, with an Al ter natd nfgor€utrhre nit

situ measur ements.

3.12nf ormati on of Compressed Sampl es

Al five alumina powder sampl es were comp
unheat eblueprteosst.heir fragile nature, most sampl
for geometric density measurement ,s awpAlse smul t i
result, the following densities are provided
caution wunti|l further measuWroememtliscud ann i agnftihi

density, Equation 3atli eamd3.rx|lvadri es ee xdpelncsiitteyd, En

(e (3.1)

YOQa GRQY Qe (3.2)

where M represents the mass of the sampl e,

density 34 3.95g/cm

TablkGelo.metric densities of five types compres

Al umi na Fi MMalp !l i Thicknes Geometr
Types Pressur e Densiti
Type 1 450 2. 36 38.99
Type 2 450 2.12 43.27
Type 3 450 2.24 40.69
Type 4 450 1.56 58.28
Type 5 450 1. 77 53. 21




Tabl2Ge3oometri c densi tswi oli dypkedesaamptessures

TypAl @ mi Final Ay Thicknes Geometr

Sample Pressure Densiti:
#1 160 2. 57 34.57
# 2 350 2. 26 39.18
# 3 450 2. 20 39. 85

3. Zype 2 Alumina Powder Dielectric Measuremen
Ei phhtessure | evels were applied during the
250 MPa, 300 MPa, 350 MPa, 400 MPa, and 450 N
was used: red for 100 MPa, blue for plLs5®| P& or

300 MPa, bl ack for 350 MPa, brown for 400 MPa

Figu2prea&dsents the Nyquist | mpedance plot,
i maginary i mpedance. Al | measurement s exhib
measurements are not i nfluenced by the pressi
becoamepar ent as the frequency increases. At
i mpedance decreases as pressure increases up
i mpedance increases, exceeding thameadsurteme r2t5,(
the imaginary i mpedance decreases Maweamt hdlad d s
at 400 MPa, the measurement shows an Thcrsease

alternating trend continues with the 400 MPa
i mpedance increasesTIwedhda nignecsr micagsili tnpeeydsalasve ur e .
cl earer oenn tphleotz caosm shAdtwnl ow fFn@qguenci.es, sl
observed and arll coeasdtemimntaxrobke ian Nyqui st

i ndicates RC in parallel in electrical circu

oy



capacitive components, and the 10a0n dMPcaa prmaecai stuarr
as the semicircle of this measurement s | arg

it uncl ear to determine the resistance of t he

Nyquist Complex Impedance Plot of Type 2 in-situ Measurements

lel0
2] —— 100MPa
— 150MPa
—— 200MPa
1.0 - 250MPa
~ —— 300MPa
E —— 350MPa
2 038+ —— 400MPa
1¥]
E 450MPa
2
E 0.6 1
&
k|
=
E 0.4
0.2 1
T T T T T T T T
02 0.0 02 04 0.6 08 L0 1.2 1.4
Real Impedance (Ohms) lell
Figue&hi3ds i a Nyqui st | mpaedemmgdenaploti mpedaea

ce shows a semicircle for each

S
compl ex i mpedan
250 MPa, hi gher applied pressure
s e
he

from 100 to
measur ement s
which is on t

em | i ke t heiyonar.e Adv erhlea phpiignhge sf
l eft, all measurements are no



Nyquist Complex Impedance Plot of Type 2 in-situ Measurements
le9

—5.50 7
—5.25 1

=5.00 1

— 100MPa

Imaginary Impedance{Ohms)
L
=

425 4 — 150MPa
—— 200MPa
—4.00 4 250MPa
—— 300MPa
-3,75 1 — 350MPa
— 400MPa
—-3.50 450MPa
T T T T T
40 43 5.0 5.5 6.0 6.5 7.0

Real Impedance (Ohms) le9

Fi guB€hi3s fi gur e -isnhowisewa ozfootmhe top of t he s

| mpeda
decr ea
MPa 0©O®h
val ue

hi gher
wi alppl

Fig
Bet wee
behavi
capaci

acr oss

nce pl ot . Wi t h i ncreasing applied pr e
ses. However, beyond 250 MPa, a rebound
ehithan at 250 MPa. At 350 MPa, the i mpe

than at 300 MPa. This rebound pattern
than at 350 MPa, and at 450 MPa, t he |
ied pressure.

ure 3.4 displays the magnitude of the ¢
n O.flhandadniHzyde remains nearkgi simichea
or . As the frequéeédrgy ndsencdrrgeaasseekdi,yn dti lceat ma
tive behavior. I t appetahres ntahganti tpurdees soufr ei

these frequency ranges.



Bode Impedance Plot of Type 2 in-situ Measurements

100 ] =— —— 100MPa

—— 150MPa
—— 200MPa

250MPa
—— 300MPa
350MPa
400MPa
450MPa

pedance {Ohms)

Magnitude of Im

Frequency (Hz)

FigudRo®de | mpedance plot of magnitude of |1 mpec

increases, the magnitude of the complex I mped.

t he compl ex i mpedance emai ns unchanged, i n

decrgapobntion of the p suggests a capaciti
a

r
ot
the i mpedance i s not fected by different ap

I
f

Fi gubid [Juustrates the phase angl e Tidhfe ipmpedar
angle measures the phase difference between t|
calcul ated as the arctangent of the i maginat
i mpedasncereviously noted, these measurements |
further evidencedtbyHZz,healflacme a shuart®e0hi, mtrssi Igdt iafbyi

capacitive alie hfarveigoure n tHazeish eb eplhoaws el Gangl e decr ec

indicating resistive behavior. There %%ze some



Bode Impedance Plot of Type 2 in-situ Measurements

—— 100MPa e ————
—— 150MPa '
—— 200MPa

250MPa
—— 300MPa
350MPa
400MPa
450MPa

_80 -

=60

40 -

Phase Angle Impadance (Ohms)
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Figub®hi3s is a Bode I mpedance of phase angle
remai-n0 Atf ftoonfH¥0 i ndi c at ibnegh acvaipoarcsfHziBveepbws 280ang
decr aamsle amovywasr ds OA, indicating a transition =
behavior. Somechs$ e@rcyt e ddtHiziho ¥Teh el Omeasur ement s ar
by different applied pressures.

Fi gBrsehows the real i mpAtdantce vVewssuts ffregque
i mpedance i vabuejtantdaogéeygt slightly decrease

frequenHyhetkiahPe daengciedsct ease as the ffroédwevn oy
a trend%hmemitQhOmsODetsidéi tf er ent pr e sasruer eosn layp ptlii

differempedanoe over t Hesre fafelgueiouwayt iféddmsy eash o v



Bode Impedance Plot of Type 2 in-situ Measurements

— 100MPa
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Figu6€Ehi3s is a Bode | mpedance pl ot of real i
i mpedance decreases aslbHzeqwWeomey fid uebtseas\deasdnsn
abovéeHz10 Al | mesatksaw eme nd faf iefcftesr ednute apopl i ed pres
FigBrpresents the i maginary i mpedance as a

i mpedance inftomal 0ylaintdc n#thGesnldrmy api dly dekd eases

t oOHD, with some variations observed in this f
i mpedance pl ot are consistent with those in
i maginary i mpedance decreascecsalatsempmaetssurat | qel

l evel s.2tBr'dm, 1p@rreessur e appears to have mini m:

i mpedance.



le9 Bode Impedance Plot of Type 2 in-situ Measurements

5 — 100MPa
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Figur®ehi3s Bode | mpedance plot shows the i magi
broad peak i s observed at | ow frequency, wi t
frequency increases. However, around 10 Hz, t
t owaradnsd Or emains at O as frequency continues
strength ofseteme fpeak haer edi f f.erent applied pres
Figure 3.8 presents the IiINmaggiprampet mvitiyvw
re@ér mi tTthieviet y.s an upward ar c, that rapidly i
i maginary permittivity increases quiWiklhy nwi t h
certain frequency range, the complex permittd.i
values switch from positive to negative, as il

when the data starts t,0 d&md mdiafnf eurpewnacreds, ddui ea gtc

become apparent. Below 300 MPa, the variation
MP a, these differences become more pronounce
decreases, ienddbiclaittiyngt @a gtedrue el ectrical enerc



Nyquist Permittivity Plot of Type 2 in-situ Measurements
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FiguBdhid3s is the Nyquist Permittivity plot C

per mi tTthievidtayt.ast ogimgami ng, tanm ifigdhrams wWp waymoac al ,

|l i mss frequency
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Imaginary Permittivity
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Nyquist Permittivity Plot of Type 2 in-situ Measurements
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egat
has no ef blricd Dooméegicompl ex



Fi guéefBBicts the real permittivity versus
as frequency increases.>tToh®d#lDe wihs ch ssabl éyr ég
dielectric consThaentr eafl tpreirami mati eiityHz.apThéy
appliedhgves snui me sna l i mpact on reabdbopebdHmLoOt i vi

Bel o%Wz1,0 t he samples at highempeappltitedigryessur

Bode Permittivity Plot of Type 2 in-situ Measurements
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Figunérhd3.s Bode Permittivity plot shows the r.
measurements decrease as real permittivity in
Hz. Differences in strength are not eids ast dIvleg
in the regtioo®MMOfr AfMHED tN®e real permittivity r

Fi guldien®i.cates the imaginary permittivity &
permittivity rapidl ybutdcrsesamtheé ® ifzrreomHAOIWwWinio Sl Q
indicates no enerTher eoss abo\ldmhdi tHnecé e@&leu e
i magi nary apgertrhief thed giheegsdyeel measur ements are no

applied pressure.



Bode Permittivity Plot of Type 2 in-situ Measurements
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Figurndarhi.s is the Bode Permitt|V|ty pl ot of i
Al | measurements decrease rapidl yHtztowaAr gsnab]|
downward hook i s®Hxzhs elrhvee dmeaafstuerre nleiht s are not
pressur e.

3. Zyde 3 Alumina Powder Dielectric Measur emen

Figu2eer&sents the Nyquist | mpedance pl ot
i maginary i mpedance. The measurtmami agexhibi
fluctuating endpoints. These semicircles in

copnmo nelihtes sampl es compressed at higher pressur
i maginary i mpedance aatd tah ehi meaek oaadengtlahrdae mpetmbiaat
samples compressedasatsHhowmelri fdotelgaame si3s 1an e X (
to this trend. At the | owest pressures, the i1
i ncreases, unt i2l0 aMHAfr ess sedrfeecdf iasboshtown f or tw
Figure, the 100 and 150 MPa samples. This is \
150 MPa Tkeamporeg tails have a trend where the |

hi gher in magnitude i maginary i mpedance compa



t heow prseasmpiioelel ow this trend. l nstead, it is t

deviates from this trend. That sample often h
real i mpedance compared toNbhaebs$gcontd highesét
compl ex i mpedance remains unaffected by varyi

Nyquist Complex Impedance Plot of Type 3 in-situ Measurements
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Fi gurleNy3gui st Compl ex I mpedance pl ot showing

i mpedance. Starting at high frequency where b
a value of zer o, as frequency decreases both
Thiendrcontinues wuntil a real i mpedance of at
i mpedance starts to decrease in magnitude wit
i mpedance of about 200000 Ohms, the trend swi
increases in magnitude as the real i mpedance i



Nyquist Complex Impedance Plot of Type 3 in-situ Measurements
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Figurled3 Zoemedver sion 2f TRigurfe g3relfocuses o

semi cHerceé e.you can see that the samples compr
both a higher i maginary i mpedance and a highe
compressed at | owetrh eprree sissu raens .e xHoewhviebrgg t bet hi
pressure samples are in order of pressure | ike
are not i nl oom dperre s sTuhree samples (the 100 and
decrease in iIimaginary impedance as the press
becomes t he trend expl ained earl i er, wher e
i mpedances.

FiguXMeli 83pl ays the Bode |I mpedance plot, i

edance as a function of farpepd u eendayp.e eTaliseuirdaiafl f

r

r

pr eAAddntmebsgiremeant s (at t heattroevred ecff esge@er
he magnitude of compl ex Almpdedatnt ee quu ¢ nc y 1
itude of compl ex i mpedance increases wit
eases, t he amalg mdiotewsgl en astu @dbhiahns z £ s.eNppu earbd yy , 1 n

e Iis a transition point around 5x10] Hz, \

,easmred the magnitude begins to deFrremsteh anu ¢

owest frequelhlecy tbeadbdectreds®0in magnitude as

slight, indicative of resistiviedzbehawi odre.c rleta

n o



magnitude is much great erAddintdiidcuona lk|kye, ebfsr aap a

observed at frequencies above 10 Hz .

Bode Impedance Plot of Type 3 in-situ Measurements
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ior. At high frequeamcieed,ect leas msagomidd iyd enc
ative of capacitive behavior. Atl itkhee v e
t

Fi gulseh@8ws the phase angl e of iAnppehdaasnec ea nagsl
ne®mi ndi cates capacitive beAi adiiarat ehial @ esipsh
At | ow frequencies, the applied pressures aff
pressures have pHWdésewhingH ess cil ondiec att.idvhei so f c
indicates that the samples compressed at hi gh:
at frequenci es Hmwui,ghere talpgpn ieaeldo wtr elsure ceases
angle. The phase A(sgd gegse satliln s traes il s tziev enFetae im v |
10t 0°H20, the phase angl e-98apwhdelrye dietc rsetaasyess utnotw

abouwtHz(1Ouggesting capacitive behavi orAofver th

10 Hz, the phase angle rapidly decreases, en

pn



Bode Impedance Plot of Type 3 in-situ Measurements
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Figurleée Bode | mpedance pl ot of the phase angl
frequency. At the | owest frequenciesgntheéheapp
phase angle. Higher applied pressures give a |
applied pressures. However, at higher frequenc
t o vaFkriosnh.about 10 to 100 Hz A tihnediphad e ea gl
behavior. After this, the -pBaserdarmrcgltd veeuiodk Ity
behavi or. Finally, at the highest frequencies
angle region.

Fi gubeh@8ws the plot of real i mpedance as a

to the plot of the magnitudeAbfl|l comptegquempied

i mpedance is very |l arge and only slightly dec
about®HZx 10 he real I mpedance begins to quickly
10Hz, the rate at which the real I mpedance dec

at the very hegthedt frequencies t



Bode Impedance Plot of Type 3 in-situ Measurements
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Figurle6 3Bode | mpedance Pl ot showi ng rwehalc hi mpse
similar to the plot of the magnitude of comp
transition point around 5x10] Hz . Al measur
increasing frequency. However, ari Btegunsendbiees
more pronounced, and the dips are sharper and

Figulwee@i.cts the plot of i maginamMuycihmpedan

t he Nyquist plot, this shows a structure wher
However, the structure of this plot is a peak
side. At l ow fr @qesmsaires ,shaimphld erb i thlmeemagni t ude
i mpedance compared to the | ow pressure sampl e
decreasing in magnitude for these high pressul
abouwtHz]10the imaginary i mpedance begins to inc
creating the peak seen in the Figure. Simil ar
peaks that decrease in magnitude with increas



Bode Impedance Plot of Type 3 in-situ Measurements
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Figurle Bode | mpedance Pl ot of the imWmagi mavr y
frequencies, the imaginary i mpedance increase
increases, the imaginary impedance decreases
i maginary i mpedance of the mea9urteomeanptpsr oixn cnrae
3x10} Hz, after which it decreases again, reac
as frequency continues to increase.

Figul&®radsents the Nyqui st Permittivity pl.
i maginary Mdlelrmmeasuréments start from one po
measurements disperse with increased frequenc:
permittivity gets smal |10, MPacewhi the hmeasiume
t h80 MPa measurement . For real permittivity,

However, when the appPd i dPae,plr epssmedvig reiarcihselsi ntg

effd¢ct &i gh frequencies, the measurements begi
decreases. Measurements with | ower applded pr e
Lower applied pressure results in higher 1 mag
indicates that samples with | ower applied pre
energy as heat, and vice versa.



Nyquist Permittivity Plot of Type 3 in-situ Measurements
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i ncreases, t he

except the meds@ar ant wwitch has silnd!l MPaval
measur eAmecht measur ement wi t h 400 MP a shows n
measur ement wiFtoh 4=2@&! MP&ar mi ttivity, hi gher p
permittivity.
200 Nyquist Permittivity Plot of Type 3 in-situ Measurements
— 100MPa
— |50MPa
=150 4 — 200MPa
250MPa
300MPa
= —100 4 — 350MPa
Z —— 400MPa
‘g 450MPa
£ 504
g
50_
{DU T T T T T T T T
=200 —150 —100 =50 ] S0 100 150 200
Real Permittivity
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i maginary

permittivity.

form angul ar
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and tHemmabr urg

permittivity plot, [ I
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measur ement s,



bet ween 10j] and 10 Hz, in this region indicat

Hz, real permittivity slightly increases, foll

a dip.

The measur ement layt s2h5a0r pMPdai pe.x hi bi t s an

Bode Permittivity Plot of Type 3 in-situ Measurements

— 100MPa
— 150MPa
— 200MPa
250MPa
300MPa
350MPa
400MPa
450MPa

Real Permittivity
=

Frequency (Hz)

Figur2e0 3Bode Permittivity Pl ot showing real P
frequencies, the real permittivity is high, b
abouiHz10t he real permittivity value stabilize
At HD, the real permittivity begins to increa:
extremely | ow values before rising back to it

Fi gu2lepr&sents the plot of I maginary per mi
| maginary permittivity decreases with both i
measurements stabjlinzeéi aat On@abow darked@rueHelyo gssan
Measurements with higher applied pressure ha
frequency.

pp



Bode Permittivity Plot of Type 3 in-situ Measurements
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Figurdhd.s is the Bode Permittivity plot of i

At |l ow frequency, al l measurements rapidly d
startid®dHZr oMeasurements with highemaagpmlair gd
permittivity at the | owest frequency.

3. Zyde 5 Alumina Powder Dielectric Measur emen

The Type 5 sample exhibits a Nyquist plot

Nyqui st i mpedance p2pt depinogveinmpreydd&n gee @le 3s U ¢
i mpedance. Both samples display semicircles t
increases, the size of the semicircle decreas
remains unaffected by the applied pressure



Nyquist Complex Impedance Plot of Type 5 in-situ Measurements
le6
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Figur2e2TBi.s 1is the Nyqui st | mpedance pl ot of
i mpeddheedata forms 4 hee miighrealpepf i eqgulpaesg s uale
no i mpact on complex i mpedance. Di fferences b
frequency decreases and applied pressure inc
resulting in smaller semicircles.
Figu2®r8sents the Bode i mpedance plot, i
i mpedance as a function of frequency. The mag
up to 10) Hz , indicating a resistive wbmponen
further increases in frequency, indicating a
Hz. The measurements show mini mal i mpact from

pT



Bode Impedance Plot of Type 5 in-situ Measurements
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Figur2e3B8de | mpedance pl ot of magni tude of T
magni tude of i mpedance arbeoniaddiHzs  BregAdhdmdg eld n
magni tude of 1 mpedance decreases as appl
tested, the magnitude of i mpedance rapod

th eu
I ed
Il s
previous value before the quick rise in val

t
p
n
ue

Fi guée (ki ctthe phase angle of | mpBEhanaeplaise &
pressure does not have a ,siegxnciefpitc afnar etfhfee chi oot
where a higher applied presauréowesuvlegsenni 86
mai ntains a @PAatendingaei mgabadi atti weeHbr emuremary
phase angle tends to become a9Bfaragerwharmncc liar ¢
(indicating c.aplatci gti Y6 rbeeth aaftHouty f®H&| 40t er whi

the phase am@plpes,suddlerclat i ng a shift from capa

Py



Bode Impedance Plot of Type 5 in-situ Measurements
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Figuret Bode | mpedance Plot showing phase angl
freqguEmeymeasurements start-9@&A, OiAn dainada tmonvge rtec
capacitive behaviors within certain frequency
to drop rapidlycapransi veohongntduouomi ve behavi
mi ni mal i mpact from varying applied pressures.
applied pressures result in an increase in th
Fi gu25pr8sents the Bode i mpedance pl ot of re€
At | ow frequencies, the real i mpedance has it :
increasing frequenrdy, tHheeveal ampatawmce 1Begir
frequency.*HAt #Btheutde&bease in real i mpedance
sl ow down and even reverse, unt il the real i
tested. The aypyphaseda pgmaslsiuref fomdt on the real
pressures having | arger real i mpedances throu

P



Bode Impedance Plot of Type 5 in-situ Measurements
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Figuré Bode | mpedance Plot of rAlall memsuwraenmen
remain unchanged from 0.1 to 10] Hz , after w
increases. A peak is observed near 10 Hz. Var
di fferences in real i mpedance.
Figu2@ | Bustrates the 1 maginary i MApedamwce

frequencies, the imaginary i mpedance has a | o
the frequency increases. As the frequency r eaf
as frequency increases,’?Hzeadbi ndei tfgs egaahcats

hi gher 2%Hlkan t3»10 maginary i mpedance dHapandrea

staying at that value.



le6 Bode Impedance Plot of Type 5 in-situ Measurements
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Figur2esB8de | mpedance Pl ot showing i mafgheary i
i maginary i mpedance initially decreases, t he
decreases again, approaching 0 and remaining
peak value decreases as the applied pressure

Similar to other types of samples, the mea
in the imagimeonrdmi tti vrietgyerwmensusity, af7shown
Subsequaenetalsyu,r etmeent s r i,s ea,s ldeegpnic @& duipsnmasFdoyisr & |
as the real permittivity i ncrMeaasseusr,e niehnet si mwaigtif

applied pressures result in both | ower real a



le6 Nyquist Permittivity Plot of Type 5 in-situ Measurements
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Figueé Blyquist Permittivity Plot of i mAginary
the real permittivity increases, the i maginar
at higher applied pressurespreeanchitnmgygihiygher r

Nyquist Permittivity Plot of Type 5 in-situ Measurements
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Figure8 odmedNyqui st Permittivity Plot showin

real permittivity. This plot is zoomed in nea
where the real permittivity switcheshaadreglween
ascends when the imaginary permittivity reach:
500 Ohms. The samples created with | ower appl

samples formed at higher pressures.

Figuaz®pr8sents the plot of real permittivit

more pronounced di fferences with vatrhye nigealpp



permittivity is aocmetmedsghementval exlsi biandf | uc
decreases as applied pressure decreases and f
bel ow 10 Hz, real permittivity remains stabl
Hz,itww the measur ement at 250 MPa showing an

constant can be determined from the stable re

Bode Permittivity Plot of Type 5 in-situ Measurements
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Figue®e Bode Permittivity Plot of real permittdi
the real permittivity is at its highest value.
10Hz, the real permittivity stabilizes and no
abou%Hz1L,0 the real permittivity suddenly incre:
very | ow value before increasing back to the
The final pl ot to discuss is the imaginary
330 As frequency increases, I magi n@Ghrnyangler mi t

remai niOhgfsraad m010 Hz onward. As applied press:

al so increases. There is no impact on i magi na



leb Bode Permittivity Plot of Type 5 in-situ Measurements
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FiguBd® Bode Permittivity Plot showing imagina

i maginary permittivity starts at its highest
t oOBWmas the frequency i n@hmaats eash.’oHuitt alsOl abo | | @ B ¢
changes with increasing frequency.

3.GBhapter Summary

I n this chapter, the analysis reveals no
constant among the five alumina samples. Type
and 3 have similar densities &t ath3. 257 % aavned ddel
above 50 %, at 58. 28 Hlsdhmodvs 5 .02 1c%h.e aFi gruerleat 3 .o n ¢
var i.dblwever , particle size plays a significar
detailed in Chapter 2, Type 1 has the small es
mi crons, Type 3 has the | ar ¢gde srta npgaerst ibceltense eenx cl
mi crons, and Type 5 ranges from 1 to 1.4 micr
dielectric constants f &5 daah ¥B30pEpdIe : THAPEP r20,X i
for Typse004,f crO@Aypeabound 1000 for3XypeclleaAst &

emerges: | arger particle sizes correspond to



pressures. This indicates the significant inf

al umi na.

Relationship of Density and Dielectric Constant
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FiguB®e3aationship between density and dielect |
No clear trend was observed from this relatio

Relationship of Particle Size and Diclectric Constant

o
1000 450 MPa
Type |
P 104 Hz
(~0.027-0.043)
800 1
g
g (1.2-1.6)
8 6001 o ® Type4
L% Type 5
3 400 (1-1.4)
2
]
200 -
(2.2-33) (4
Type2  Type 3
04 . ¢

00 05 10 15 20 25 30 35
Particle Size (um)

Fi guBeReld.ati onshdiipe|beecttweseendao hsthert si zes in th
sampl es. As particle size increases, the die
consvahobserved in all samples is attributed
absorption dur iwhg crnhe anseuree ncedndsu RtHed at 40
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can be consnter edptt hcpaonx ngui ckly be seen that
di fferent effects that the applied pressure ¢cC:

333 hetwhe effect of the aplpyBeudd pTegmplygsef dr t

andbo3dt h showoashapktedwhere increasi ngvaplrueesss ur
for the real i mpedapeegsdtoer 2a@Gttiéhecrett, heé By pe 1
250 MPa f 8sammlekfTtyegpre t hi s pressure, i ncreasi ng
real i mpedaThycpee i2ntseaacpe$pie nsis. lRJaow sphattitletrend, but wi t
switch. Il npe i Bldryd HBype n3,Tythe i mpedance val ue
then switches to an increase. Howeveirncrae asseec 0
transFtgomlBeldepdi.cts an exponenti al decline in

incréases. currently unknown why-Jbhérenar eaehtewe
a certaitnheprienstseurrcee pt i ncreases with pressure

where the intercept dacrteaes ed fwictth odr eppuri e)d

Real Impedance Intercept for Rough Case
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FiguB&yd.es 1 and 3 exHhJldittr eands,i nwhlearre ditniilttieadl

pressure reduces the semicircle size in the N
a certain pressur e, |l eadi ng to an isrhcorwesa saen i I
additional switch in this behavior.

CT



Normalized Real Impedance Intercept for Smooth Case
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FiguB@&8o3x3.h Type 4 and Type 5 display a trend w
to a decreased semicircle size in the Nyquist

Figure 3.35 illustrates the dielectric cons:s
across the full frequency range. At | ow frequ
dielectric constant, whi ch , dentorseta sleisk ealsy trheel
percentage of humi dity value [df] Arhewnn dnelaGjur id2
dielectric constant begins to stabilize. Type

while Type 2 hasavilbe lodwdytpesThe amelh 5 i s ver
comparable particle sizes and microstructures
are observed in all samples except Type 2. F L

hgher frequencies is recommended for future r ¢

cy



Dielectric Constant of Five Samples Compressed At 450 MPa vs Frequency

5 —— Type | Sample
—— Type 2 Sample
— Type 3 Sample
—— Type 4 Sample
10 4 —— Type 5Sample

Dielectric Constant

Frequency (Hz)

FiguB®i®l ectric constant of five Al umina sampl

of frequency. At | ow frequencies, the dielect:!
andtabilizes above 10] Hz . Type 1 exhibits t
region, while Type 2 shows the | owest and is

Hz . Types 4 and 5 display very semrl aomgiaeheoét
particle size and microstructure.

Il n general, it i's expecte(dand adr esaatnmepd ewsn dae
presswirlds)have Hi gwer wypoiedsures should compr ess
strongly and therefore Wol tds i aroeno pjeuwsktant ssipdaeiens
materi al filled with aind ithatse dad gihéeg madreaismat e
voiMesi.ds in a materi al should increase the in
through the void should hurt the capabilities

wi || i nterrupt their pathg,upwiitomsmore voids |

Due to the fragile nature of the compress
measurements dmd ealchulsatmg Inecrer otrheb aprasc ki ng de
contrdowever, tharseinbperad $sampl &g, so it 1is

and calcul ate error bar s, which are shown 1in

c o



CHAPTER BLECTRI CAL CHARACTERI ZATI ON OF

SI NTERED AT 1000AC

4 . Sli nterindpelekh®dasmaP)Si ntering (

I n Chapter 2, we discussed five types of
mi croscal e. Each type includes at | east t wo
repeatabipbute 4.1 illustrates the working pri
SPS chamber. The sample powders are placed in

bottom to prevent contTadmi rpaitnicdiresf rhorh dt e ep LBrAC
all ow for the conduct i oen. oIfh ee |Iseycsttreint iitsy itnhsri odue
to create a | ow at mosphwepiics-cpaveelEdsde.r powaaer & hwe
sintered using SPS at 1000AC with an applied
After removing the graphite covers, t he sampl
thicknesses ranging droemnd 2 omrB. minh e snod sg a rbeli e
and polished using 600 grit and 800 grit Sild@
the 1 to 3 mm range. Table 4.1 summarizes all

corresponding bulk densities.

The exact mechanism that SPS takes advant
phenomenon. Il n this phenomenon, a | ow energy,

bursts of spark plasma at hi gh, lawntd @ er vyl 0l, 0D

bet ween the powder particles. This high tempe
powder particles. The generation of the spark
heat s, evaporatesf &ahe mpartsctbe aurthoses ccon
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TablXklLi4ds.t of SPS samples sintered at 1000AC wi
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4 . PS Samples Dielectric Properties Measur e me

4. Z’ype 1 Sample Humidity Change Data and Anal

To investigate the 1 mpact ofalhuumindai,t ya ocno ntt
experi ment al setup was wutilized. The al umi na
el ectrodes within a parallel capacitance fixt

the top electrode madml egentflod | oovretda oty waint ha dtdh
to apply unTd oreng plr@tssumemi dity, the parallel

an acr sleiadedbopo!l | edambwgtdi t e mame udmpnwhemns ,

two Solianrsttrraut€ment s, the Solartron 1296 and t he
measur Arhegretrs .connecting the Solartron i nstr umg
measurements wer e i nitiated using t he SMaRT

measurements was 'HeWef apet BeHIDW ¢HAC t wodlnladgiet.y H



|l evel s were varied from 50% relative humidity
the chamber for 20 minutes at each specified

condition wtcee eestiree the reliability and repr

The major di eleexcamii ncentp e abrpeecpe i metdFob ot Iy
impedammpmer mi t t iveie BNy e dainsdt B osdVe pulsmoetdd curve to re
50RH, bl ue curveRH,0 grepereseumntv &bl pue pil €s erutr
represd&mt 2B ck curve R 1 eprad dTehreth ela@p%b os o w
humi dity has a strong efFfgatrteod.Rhdippbpgstiat
i mpedance plot, demonstrating that as humidit

pl ot exhibits semicircular arcs, twiotulg hu pwar ¢

sl oping tails.
1e9 Nyquist Complex Impedance Plot of Type I s2
10%RH
—— 20%RH
1 — 30%rn
—— 40%RH
= —— S0%RH
S
g
g
D_
0.2 00 02 04 06 03 L0
Real Impedance (Ohms) lelD
Figul®Bhe .l maginary | mpedance ver suss Rlewarhi rnanp ed
sampl e at di fferent humi dity | evels shows tF

i mpedances.



Fi garsehowsnmaghetimpe danhce verasmnud iftr eiqudiecat e s
impedance magnit adeundiedintdya s e @ masreawlewener,

dependence eo hdeibshanp pdei atrys at PHzequencies above 1

Bode Impedance Plot of Type 1 52

10° 4

10" 4

10° 3

Magnitude of Impedance (Ohms)

10° 4

U]TI B

uI]" u;: u‘l‘ IU
Frequency (Hz)
uBbBadgni tude of i mpedance Vv eraslwsmifnrae gsuaemmpclye

ferent humidities. Lower humiditiesffestul:'t
appears at fr®guemd ens ghferabout 10

O O T
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4 BEMNd EBEDBD8|l ysis on Five Types Al umina Sampl
Figure4.18shows the Scanning Electron Microscope (SEM) image of the type 1 s2 sample.
It shows the surface morphology at 3000x magnification. There are large contiguous pieces and
some fAdark | ineso on the surfaced4l9iThakmge ar e
magni fication i mage with 8900x magnification.
thousandsof tiny grains growing inside, but not yet all connected. That implies the sintering
process is not finished yet. The EDS ressittsw that there are no impurities in this samphere

were only Aluminum and Oxygen elements detected. Some areas did detect Gold (Au) since the

sample was coated by Au.

Figud&EM i mage of Type 1 s2 Alumina of 3000x
Full detector.
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Figure 4.19 SEM image of Type 1 s2 Alumina of 8900x magnification with 15kV using BSD
Full detector.

Type 2 looks a little bit different from the Type 1 sample. It has less large contiguous parts
on the surface, as shown in Figdt20. It seems to be filled with crevices on the surface. There
are many tiny grains connected in the crevices. It is still difficult to see the grains even with 7800x
magnification, shown as Figude2l. The Type 2 sample shows no impurities in the sample, only
Aluminum and Oxygemrlements were found. As the Au coated layer was very thin (the coating

process was only 20 seconds), Au was not detected anyinttbie sample



Figuk&EM i mage of Type 2 s3 Alumina of 3000«
Full detector

Figure 4.21 SEM image of Type 2 s3 Alumina of 7800x magnification with 15kV using BSD
Full detector.

The Type 3 sample looks similar to the Type 1 sample. There are many large contiguous
parts on the surface, shown in Figdr22. The small black parts could be holes or it could be

deeper crevices. If we look at Figu#23, we can start to see the grains. In Fighe, we can

yy



see the grains starting to connect which means the sintering process has started. As there are some
small holes and deeper crevices on the surface, some Au fell into the gaps leading to Au being
more detected than in other samples. But otherwise, themngoapther impurities in the large

contiguous parts.

500m

Figue&SEM i mage of Type 3 #1 Alumina of 3000x
Full detector

200m

Figure 4.23 SEM image of Type 3 #1 Alumina of 7800x magnification with 15kV using BSD
Full detector.
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Figure 4.24 SEM image of Type 3 #1 Alumina of 18000x magnification with 15kV using BSD
Full detector.

The Type 4 sample looks similar to the Type 2 sample, but there are some straight lines on
the surface, as shown in Figut5. These lines could be the scratches from polishing. Figure
4.26is at higher magnification, 10500x of the same region in Figi#e In Figure4.26, we can
see the tiny grains as well. Compared to Type 1 and Type 3, it seems like the full surface already
started the sintering process. The Type 4 sample has one impurity, Carbon (C). The C was from
the sintering preparation proce$te Alumina powder was covered by two circular graphite foils,
top and bottom, before the punches were piat ihe die The sample was polished, but there is
still some C left on the sample. The concentration by weight of €4s%2 on the sample. Au was

detected as well.



Figure 4.25SEM image of Type 4 s1 Alumina of 7800x magnification with 10kV using BSD
Full detector.

Figure 4.26 SEM image of Type 4 s1 Alumina of 10500x magnification with 10kV using BSD

Full detector.

The Type 5 sample looks similar to Type 2 and Type 4. However, the Type 5 sample

surface has none of the contiguous parts, instead there are many large pieces, as shown in Figure

g m



4.27. These are impurities. At the bottom right corner, there are some clear lines. Ind22@ure

the grains can be seen. With an even larger magnification, we can see the neck growth in between
two grains that demonstrates that part of the sample has sjrdlosch as Figuré.29. The Type

5 sample has the most impurities. Phosphorus (P), Yttrium (YY), Zirconium (Zr), and Magnesium
(Mg) were detectedn different single pieces on the surfa€er instance, Figuré.30, the blue

square was the spot scadné&igure 4.31 shows the element energy counts spectrum of the
elements were detectedor that pieceon the surfacethere are 30.631% by weightNyg. The

spot is shown in Figuré.32, shows 8.2% by weight of Zr, and 51.2% by weight of Y, shown as

Figure4.33. The third spot shown iRigure4.34 and the spectrushows 2.8% of P and 25.8% of

Y in Figure 4.35.
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Figul&EM i mage of Type 5 s3 Alumina of 3000x
Full detector. There are many i mpurities on
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i mage of Type 5 s3 Alumina of 3000x
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Figue&EM i mage of Type 5 s3 Alumina of 13500%x
Full detector. Grains connected.



Figure 4. 30 SEM image of Type 5 s3 Alumina of 10000x magnification with 15kV using
BSD Full detector. Selected region to do EDS scan on a single piece on the surface.

Element Element Element Atomic Weight
Number Symbol Name Conc. Conc.

8 0 Oxygen 59.898 48.549
12 Mg Magnesium 24.863 30.631
13 Al Aluminum 15.240 20.821

30k

20k

10k

Figure 4.31EDS elements identification show in a table and spectra with Oxygen,

T~

[z0

Aluminum, and Magnesium on the selected region of the Type 5 s3 sample.



FiguB&SBEM i mage of Type 5 s3 Al umi
Full detector Selected region to
I
Element Element Element Atomic Weight
Number Symbol Name Conc. Conc.
8 0 Oxygen 63.593 29.800
13 Al Aluminum 13.673 10.800
39 Y Yitrium 19.665 51.200
40 Zr Zirconium 3.069 8.200
10k
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Al uminum, Yttrium, and Zirconi
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300m

Figure 4.34 SEM image of Type 5 s3 Alumina of 4900x magnification with 15kV using
BSD Full detector. Selected region to do EDS scan on a single piece on the surface.

Fi gur3®5EBDS el ement s identification show in a
Al umi num, Phosphorus, and Yttrium on the sele

4 XARF Analysis on Five Types Alumina Sampl es
For solid sampl asaay @aouurcgestwans (UW)i I X zed bec
capture | arger sample areas. The spectrum obt
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