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ABSTRACT J

Metallic oxide and sulfide powders heated by micro-
waves at 2.45 GHz were, according to the literature, reportad
to exhibit a cut—off tehperafpre phenomena. The temperatur=
scut-off" effect was thought to be caused by an increase of
conductivity of the sample causing most of the microwave‘
energy impinging on the sample to be reflected. Since micro-
wave heating is strongly dependent on the dielectrié loss,
which include conductivity effects, in a material, the pur-
pose of tris thesis is to inveftigate the microwave dielec-
tric properties of metal oxides as a function of temperature.

Results of the investigation are uégg to explain the temp-

erature "cut-—off"™ phenomena.

Dielectric measurements were made using a thin, short,
rectangulér ;ample centefed in a waveguide. kesulting data
were interpreted using a modifiedéwaveguide perturbation
theory by accounting for sample interface reflections. The
final equations had to be solved iteratively. Temperatures'
were varied-over the rgnge 25°C - 900 C. Results of ex-
periments show that the microwave heating rate for the com-
pounds tested depends strongly on the dielectric conséant&'
and loal‘facéot g¢*. High values of & and g* cause more
microwave energy to be reflected. The amount of energy in
the form of heat absorbed by the sample is determined by ¢".

Por most of the materials tested, both ¢'>and g" values
. _.‘ E . . - \
iv
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L
increase with increasing teperature causing more microwave

energy impinging on th; sample to be reflected. Nevertheless,
some energy is still transmitted and absorbed by the sample.
This absoxbed energy is balanced by heat energy loss to the
surroundings through conduction, convection and radiation.
This balance of energy leads to the temperature "cut-off"
phenomena observed. 1In other words, the sample temperature
increases to a given maximum value and remains constant at
that leve. with respect to heating time. Higher *cut-off"
temperatures can be obtained by applying a higher level of
microwave power to the sample. Dielectric data obtained

from the experiments.show a number of interesting character-
istics including an apparent rglaxation peak for zinc oxide
occurring at about 200°C. However, experimental accuracy
was rather limited for some of the materials tested due to

~

/ inherently low dielectric loss factors. .Further interpreta-
tion of the oxides' dielectric behavior versus temperature
requires more accurate data.

Errors are mainly caused by attenuation uncertainties

d the anproximate theory used to calculate the gs ctric

nstant £rom the experimental data.
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CHAPTER 1

INTRQDUCTION

A. Purpose of the Thesis

The use of microwaves as a source of heat energy has
Lecome increasingly attractive. ‘lhe desirable features
of microwave energy are its selectivity whereby materials

can be heated to a high temperature in relatively cool

surroundings, and rapidity with which the heating

o
can be accomplis However, parameters such as heating

rate, temperatu se and power penetration depth all

depend strongly on the gcomplex dielectric constant af the
material being treated(l). Therefore, in order ~tb utilize
microwave energy effectively and economically, adequate

information about microwave properties of material must

be available.

Behavior of metallic oxide and sulfide powders heated
by microwaves at 2.45 GHz has been reported by Ford and.
Pei(2). 1In their experiment, a different heating rate
for different oxide samples wasgpbserved. But the most
interesting phenomena observed was the existence of a

"cut-off" temperature for a number of oxides beyond which

the temperature remained constant even after further increase

of microwave energy, see figure 1-1. The temperature
"cut-aff" effect was thought to be caused by an increase
of conductivity of the sample causing microwave energy

- 1

7y
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1100 T v v v impinging on the sample to be
O mainly reflected. But this
* 900 4 ,
o theory remains untested and
ha
2 i the temperature "cut-off"
N .
H» 500} phenomena remains unexplained.
e
v
§~ 2
[ Since microwave heating

0] 1 2 3 4 5 is strongly dependent on the

Time in minutes ,
Fig. 1-1 Microwave heating ~dielectric loss in a material,

curve for Cuo a study of the dielectric
properties as a fuction of temperature and frequency should
reveal the answer to the temperature “cut-off" phenomena.
N
A llterature search reveals‘that there is little data
available on the microwave properties of metal oxides at
high temperatures. This makes the analysis of these materials
and the general prediction of their microwave peating
behavior quite difficult. The purpose of this thesis is
to investigate the complex dielectric constants of cupric
oxide, cupric sulfide, calcium oxide, lead oxide and zinc
oxide as a function of temperature up to 900°C, the upper
temperature limit of 900°C being set by experimental
limitations. Secondly, such data will be used to /

explain the temperature-“cut-otfh phenomena.
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B. Review of the Litergture

In 1953, an extensive compilation of dielectric data in
the frequency range from 100 Hz to 25 GHz and temperature
range from -200°C to 600°C was puklished by Von Hippel(3).
His book includes a general theory of dielectrics and its
measurement techniques.

s

In 1967, the experiment on high temperature chemical
processing of metal oxides using microwaves was performed
by Ford and Pei(2). The following year, a swept frequency
technique was used on cupric oxide by Ford and Tinga(4) to
investigate th;\high temperature complex dielectric constant
of cupric oxide and other.metallic oxides. The temperature
reached then for cupric oxide was only 270°C and there was
no conclusive data to quantify the temperature cut—off
effect of metallic oxides.

In 1970, a publication entitled "Standard Methods of
Tests for Complex Permittivity of. Solid Electrical Insulating
Materials at Microwave Frequencies and Temperﬁtures to 1650?0"
was published by the American National Standards Inémte(s).
The paper outlined the shorted transmission line method
and the rasonant cavity pertur'ﬁation met}md;-‘fp’r testing

s0lid specimens at high temperature.

C

A high temperature shorted line measurement was also
made on slumina at 10 GHz by Wickenden and Duegden in 1972(6).



The1: paper described the use of the shortled-line
technique for the measurement of permittivity and loss
tangent of alumina at elevated temperatures. The method
of computing the Q%fifctric parameters from the observed
VSWR and diSplacem;ntlof the minima due to the introduc-
tion of the sample was outlined and the errors associated
with this type of measurement were discussed. The abave
methods are not ideally suitable for the materials Qnder

consideration here.

In 1973, dielectric properties of materials for
microwave processing were tabulated by Tinga and Nelson (7).
A brief description was given of the dielectric dispersion
and relaxation as a functioq of‘frequency and temperature,
The dielectric constant and loss factor of many materials
were tabulated As functions of frequency, temperature,
moisture content, and'gompﬁsition.. Materials were class-
ified as Aqricultural-ptoducts, Biological materials, Foods,
rofest products, Leatheér, Rubber, and Soil and Minerals.
However, no information relating to metal oxides and
sulfides was found in this tabulation.

Recently, Couderc(8) used a bi—modél technique to
determine cowlu dielectric constants of Mycalex, Centra-
lab type 302,- COrninq 7740 and 1ton sulfide as a function’
of temperature. His method used one resonant cavity mode
for heating and simultaneously anothar mode for measurement.




5.
Since the two modes were well isolated electrically,'ﬁamples

could be heated and measured simultaneously with midrowaves.

However, Couderc‘'s method would b2 limited to temperatyres

below "cut-off" temperatures for mmetal oxide meas

Another important contribution to the understanaing
of temperature and frequenéy dependence of the complex
dielectric constant of metal oxid=s was made by Weichman (9)
in 1969. 1In his paper, varfation of complex dielectric
constant of cuprous oxide, Cuz0, as a function of
temperature (274.5 K to 314.5 K) and frequency (8 Hz to
26 KHz) is related to the variation in-the depletion
layer formed around each copper inclusibn embedded in the
semiconducting ﬁaterial. Calculations are based on a
highly simplified model of the copper inclusions. Be-
havior of pther semiconducting met‘I\bgides was believeé
due to the same mechanism.

2 -

- -
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6
C, Choice of Method \ (' , ’

When looking for an approprii;e \Fchnique for
measuring the(ggmplex dielectric constant of materials
atrmjcrowave frequencies (3,10, 11, 12,13, W, 15) one
finds that measurement techniques are divided into three
major classes- 1) resonant cavity methgg;, 2) free space '
methods and 3) transmission line or waveguide methods.
The choice of a particular method is determfhed by a) geo-
metry and makeup of the sample to be tested, b) environmental
requirements fqé the sample, c) simplicity of the measurement,
d) accuracy détired and e) frequenc? used. After a
particul method is chosen, the experimental technigue

is modified to suit a particular need.

The requiremenf for reasonable tempefﬁture control
at high temperatures narrows the choice of method down to
elther the resonant vity method or the transmission line
method by which samplés can be confined in a cavity or a
waveguide and then insulated against heat loss.

. oy
. ' -,

-

For the two ISM® frequenciés used in industry, namely
915 Miz and 2450 MHz, a resonant cavity would be large snd
difticult to heat unitorndy u.inq external heating elements.
. Thus & waveguide method was chosen (16).

2 anuro :Qd.d and. abovo ull.. unifom h-uting. a
™~
wo y-.rti.uy fil.nnw a -quuo in a rqion of

. -




/ 7

relatively uniform electric field is used. Sample length
is chosen to give a reasonable temperature distribution

and a measurable attenuation. ]

N

Using a precféggn microwave bridge, the propagation
constant of the samplé,is determined by applying perturbation

f
theory to the thin dielectric sample in the waveguide.

- t‘
However, measured attenuation and phase shift values obtained

from the bridge cannot be used in the perturbation theory
directly due to interface reflection and higher order mode
propagation in the sample mount.

To correct for interface reflection, the multiple
reflection problem is solved to yield a transgcendental equa-
tion with respect to the propagation constant ongga‘ -
composite guide and sample,x: By solving the resulting
equatioh iteratively, aoiﬁming a trial solution of the
complex dielectric constaﬁt: the actual ¥ can be

calculated.

& R
Regarding high‘t-d?d.t mode propagation, Hord and

Rosenbaum (17) showed that a two-mode approximation
should yield accurate values (-10%X) of the measured

ptop.gltion con-tant for most wuvoguide loadings. Since

"the 'l.'l°1 mode is coupled most dtronqu to the TE,, mode,

and its cut-o!f frequency 1- th? lowest of the coupled

) ,Mghpt ard.r nd.., wnquuam* slots cut in the

walls should prevent the




8

/

propagation of the TEOl Qode and attenuate the propagation
of yﬁ;/Tﬁzomode. With the two higher order modes
effectively filtered out, propagation will essentially

be in the fundamental\yéde thus satisfyipg another of the
requirements necessary for the application of perturbation
theoryf/}ﬂowever, there are mode conversions (evanescent
modes) in the front and the back of the sample slab. Since
the length of the sample slab is small compared with a wave-
length, #whese local'mode conversion effeéts could cause an
1ncrease_in measured attenuation values. However, in the

error cii?ngation and estimations, these effects are accounted

for. )



— o

D. Choice of Sample

For materials tested by Ford and Pei, cut-off temp-
eratures -eached as high as 1900°c. To achieve this high
temperature, one requires a large energy source to heat the
sample and good insulation to prevent heat loss and damage
to adjacent measurement equipment. Thus, the choice of
sample is in practice determined by the maximum attainable
tempergture of the available eguipment and availability of
the sample. Due to these limitations, reagent grade cupric

oxide, cupric sulfide, calcium.o ide, lead oxide, and ginc
\g;

0‘

oxide were chosen. Their cut—ogg temperatures at 800 600
200 C, 900 C and 1100 t respectively are typical of the
materials tested by Ford and Pei. Yet, these temperatures
are low enough to allow the use of conventional heating

methods using external electrical heating elements.

s 3
E. oOutline of each Chapter - Ve ’

-

—

/~ thaptex_two isrdevoted to the development of the per-
“turbation t;;;;;>{1ts limitationszpnd a solution to the

multiple interface reflectio?/ﬁoshm for which an
iteration method is uséd. Approximation technicques for
dielectric loaded waweguide and Qgsign of the mode f}lter

are also outlined in this chapter.

with the help of the perturbation theory and the theory

of Qpltiﬁle_z:f}ggtiona,_diolbctric constants for cupric oxide,
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cupric sulfide, calcium oxide, zinc oxide, and lead oxide

are calculated from data obtained using a microwave
bridge technique. The validity J¢ the measureﬁent method
used is then tested using samples with known complex di-
electric constant. Chapter three gives the detailed
construction of the measurement bridge circujit, the
measurement procedure, the heating method and the calibra-
tion procedure. Sources of errors aré also éiscussed in

the same chapter.

Resnlts of the bridge calibration, ‘eaé'

differen’: metal oxides and/or sulfi ¢
versus time measurements using microﬁave heatiﬂé ;re given
in Chaptérefour. It is shown that the behavior of these
materials as a function of temperature can be explained

by the dipolar relaxation and conductivtty of the
material tebf‘d. The so-called "cut—off" temperature

for a material Beems to be due to a balance between input
microwave energy and heat loss through conduction, con-

vection and radiation.



List of Footnotes

L
!
81SM stands for Industrial Scientific and Medical.

11



_— CHAPTER 2

THEORY

A, Introduction

A detailed review of the perturbation theory, its
limitations and its use in calculating the sample's
complex dielectric constant will be given in this chapter.

Internal reflections from the sample's boundaries and
those of the quartz sample cell being used will give
erroneous readings of sample attenuation and‘;hase shift.
To improve these readings, the multiple reflection
problem for three layers of lossy dlelectric is solved.
Since this results in a transcendental eqﬁation, an
iteration method is developed using both the perturbation
theory and the multiple reflection theory to solve for
the complex dielectric constant of the sample tested using

the experimental data. N J

P
»

It was shown in the paper by Hord and Rosenbaum(17)
that a centre-loaded guide will introduce an overmoding
problem. Since the modes coupled most strongly.to the ‘
fundamental mode are the lowest order modes with the lowest
propagation cut-off frequencies, accounting for the next
two higher order modes will give improved results. For
our experiment, rather than solving the two modes

12
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approximation problem mathematically, a mode filter was
constructed to suppress higher order modes, thus improving
the accuracy of measurement results. Theory of the two

mode approximation will be given in the last section of

this chapter.
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B. Development and Limitations of perturbation Theory

45

Fig. 2-1 S-band guide and sample slab cross-section

Following Altman(l8) amd Soolwo (19), the perturbation
e
problem is solved below. Conside:r an infinite uniform
wavegﬁide with an infinite, uniform slab of dielectric

centered on the broad wall of the waveguide as shown in

Figure 2-1. For the cqomposite structure, let the propagation
constant and the fields at each point be f,‘-f and _}?
‘respectively and characterize the perturbing region by

€ and u. For the unpérturbed waveguide without the dielectric
slab, denote the same quantities above Yith a zero‘subSCript.
'1'113&% and H will have the form |
E-g'e Yot -T®) . (2.1
H=-HW ec“"t-“) ¢2.2)

where ‘l'.',,-and A are functions only of the tranverse ¢oordinates

(

For the unperturbed waveguide, Maxwell's equations then

become " ;
V-E-V: (-“:'CM.J‘")':)NG.E:C e - (2.%)
V,-f.'?x (E:'c, “4"’)‘ ,"J'dp',ﬁ:’c b -%2) | 2.%)
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Using the vector {dentity,

afl=aVx M +(Pa)x™

- ] - ) - - X tQi.!) —,
(H Yot Y.*)= c_)‘wt ‘!)(VXH.)*(VCJ. . x"’

e‘j"t-j'h[?xa:'— 'é;_X_jY.T‘r:J 2.5)

x

Ql <

WiXere 'a_; is the unit vector in the z direction.

Then, equations (2.3) and (2.4) become

_(-V‘xﬁ:l)—(a—;x‘}‘(,n:l) = J'wE.E:’ | (2.6)
(V xE)= (B x5 4, E) ='j“’ﬂ.ﬁ: (2.7)
Similarly for the perturbed waveguigde,
(Fx W)- @ xj¥H )= jweE ostside aS (2%)
(Fx W) - (33 x JYH)= juweE’ inside 45 (2.9)
G < T)- (B x JYE) = ~juwu W outside &5 (210)
(6)(—5')—(5; xﬂf’)- "':)tu,ui/ inside  AS (2:11)
Multiplying equations (2.8) and (2. 9) by E'* yields
(B V) (B 3y ¥ )= Jw£E *E outside 4S (2.12)
(’?"‘.V:H)—(E a’XJYH)"\)UEP E inside AS (2.13)

where * represents the complex conjugate.
Similarly, equations (2. 10) and (2.11) become
(.".*xE) (W, 3, x)xE)- -Jw,u.“" B outside A4S (2.14)
(u;‘.?,E)-(u.’*.,j;,jxe)anju,.ﬁ:’ W inside 48 (2.15)
Muitiplying equations (2.6) and (2.7) by .F:" and H

respect ively gives

-,

(905« (B a¢nﬂk *)a -_,..e.e €’ (2.16)
(ﬁ VnE‘)*’("T a;X]on. ) .)"'I‘c -ﬁ (2.17)
Combining equations L(2.12)+(2.15)-(2.14)-(2.17)] and

integrating over the rectangular volume V, with sides a,

a a - - - I - _ = - - - - _e a _ & _ _
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Sv{[i‘;‘-?-'ﬁ'*?fv“ﬁ'."J- U P08 A 4 | P

STTES ) 3 3l AN Sl Y 28 PYY

"J"f [ce- e_)r E s (- ,..)H'* Wlav (2-1%)
Using the vector identlty,
Vx(AgB) (VxX)—A (Vx%)

the first ihtegral bécomes, .

5,09 (W xE")+ T (W = EV]AV — (219)
Using the divergence theorem;, (2.19) becomes,

((3.(RxE)s T (0 E]dv

-S-(ﬁ'xf."* R*<E)-a3 (2.20)
where S is the surface enclosing the volume V. For propagation
of the fundamental mode, E' and EE: are patpendi ‘lar to the
conducting surface of the w&&equide, thus par- le. to da, the
outward normal vector at the waveguide surface, and the surface
integral (2.20) vanishes. However, depolarization of the field
g.nd propagation of other than TE modes will introduce E' and
Eve components which are not perpendicular to the conducting
surface of the waveguide. Thus equation (2.20) will have a P
finite value and errors will develop in the subsequent NH
equations. Therefore, equation (2.18) reduces to

) (B T BT 2, « BTV

"J“"")L[E"" H'- H. x‘E'] - dV ‘ (2-20A7)

With the existence of evanescent modes at both ends of
the sample slab neglected, equation (2.20A) must remain true. -
for any length, 8o that integration over the croas.séctioné‘

mast also be ‘equal assuming uniform cross-section. Here

- A PN -—— e _——— A a .. . W, .2 2", aw _ —— oA - @
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»

modes than TE modes and,

3(¥- ﬂi[(e" B )- (W5« ED]-da

-3&)3 [ce-e E,‘ [ (,4 po) YE* Wlda (2-an)
Rearranging ter

Cee- g E, P - (,u-,u.‘)ﬁ:‘ Hdaa
{3,

J(e"‘ —l‘.‘E) 45
“il['“ !.\P ?0 (p ‘/(.)T" R‘Jl\

.S(!"',: 1 +.€'K'*) i
Assuming non-magnetic materials such thatluala.equation (2.22)

(2.22)

becomes , %

" B ) - 13 (228

So far, the only assumptions made are that the sample
is uniform, homogeneous, non-magnetic and only the fuhdamental
mode propagates. But if the disturbance caused by the sample .
slab is assumed to have but a small localized effect, with )

4S<<S and if H=H, and P-E. outside the perturbing region,

equation (2.23) becomes ™ .
we, (8,,—!)1‘ E-.’.‘ 'EA\ -
-, =
! 2 (E*<F) n (224

PJ
N ' : -
Since the average power flow, P, is equal to -ti(?x H) &%,
equation (2 24) becomes
we (e, -u)] E*.E 1a

S SR
4? , ' (z2-25)

\
n

If ¢ is given by &= ¢'-j&", ¥ in turn is complex given by

(=@-jot. L is the attenuation constant in nepers per meter
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and/S is the phase constant in radians per meter in the

MKS system,

4
Separuting equation (2.25) into real and imaginary
components .
we, (2= §, (P2 .TF) aa )
P-f.- P (2-26)
b . TN j“(a' LB ) da _
4P : (2-27)

In general, the average power flow, P, is obtained from

the real part integration of Poynting's vector, Ex I+,

l"e cross<gséction. But
EeWdw )i Ref (B AW & (2 29)

since the vector triple product involving the longitudinal

over the wav

el
components, ﬁlx H*- Ja, is zero. Here again, somé errors are

introduced by\ the existence of other than TE modes.

For an infinite waveguide, B, and 'ﬁ: are in time phase

and orthogonal to each other, Z,may be used in the express-

ion }or power to eliminate either Et or 711. Thus

P 15 j‘ 161 "t 2. 29)
Since the mode filter of\tno:plc mount will limit the
propagation to the fundamental TB

g v . - E o WA, 10 )
- E, - " ey Sm-—‘- . ("SO)

mode, one can write

where i’ is the unit vector in the y-direction and E, 1is
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the maximum value of E field. Hence, for the TE mode,

10
equation (2.29) becomes

‘ P- E"‘ ’ S.Sit‘\1 XX, Ax A’ (2.3

R a

~
FE C
LS

If the thickness t is assumed to be small compared

where

to the brosd waveguide dimension a, the integral in

equation (2.26) becomes - ‘ :
) ?’" R A "R Y E:',, s'm’—'-?—‘l E... sin* "' AS cz-32)
- .

which when substituted into equation (2.26) and (R.27) yields

. Pres aion (~--J‘.&‘)—’-‘—z-s--_-=;:-&(f;-)

=@, + 21(8;\) ( ) sin* EX. . (2.33%)
Ai ] . &
aczme(F) % N - 23%)
» ~—
[ 4 ‘ ,

Bquetions (2.33) and (2.34)’ue only approximate and
subject ®o tho uswtionl made duzinq the dcvolopment of
_fene pott\lrbat:l.on thoory. The solution is based on the
uommm that the cnorgy in the waveguide 1- changed
very uttlo by the prucnc. o! thQ ssmple olnb. fhat x
op.utipn is in the zundmntu mode, and that the ssmple
is uniform in the = diroction. ' The wchanqn ;#oxro(-



20
2.0

- «*+ 038
¢g¢ o010 Pt

[y
]
W

2,60
4 038
6 (0B v \

-

°

o
‘

o
.
w»

Attenuation, A, in Wp/m

o .08 .10 .15 .20 .25
_ Material to vgveguide mamoss Ratio, w/a
Pig. 2-2 Attenuation ¥s. :u-}m_ factoxr (w/a) in 975 wave-
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to is one of redistribution due to s'.
| Moreaver, Voss and Tinga (20)\h_av.o shown the tendency
of the wa¥eguide to saturate for valuss of w/a greater than
0.1 as &' increases, see figure 2-2. This phenomenon has
. also been ‘imwestigated '7 Foulds nﬂ.m 131)»!’10\::. B3
as obtained by Voss (22), shows how tln field is compressed
\/_quion- of high z‘ For highor ‘s acc:;r-cy of «he
pagturbation method can be improved by decreasing the width
o‘-&o .nqlc slab. | | |

T

|

\
v
\

Another mhi. arises M the hﬂ.qht of the nnplc h,
is not substantially Dluc.r than the vtqth. w, of the unplc
rignro 2-4 oha;w how the electric field lines outside the

1

sample are distorted when h is comparable to w. Tinga and
nu' (20) mt that a round tube placed perpendicular to
'tln Mwe -odo of the oloctric field can be used as a -

: aqto hol.dot £o: dielectric méasursments using perturbation
th-oq m. that application dooa not account for the
' ml}uthn £u:tor du to th. ooon-t‘:y of tho sample

plus holder.

. & m ml- mld cut down rotloction trom the
lfront M lll. °£ the lm)lnb. But the tapers
can’ MO mmmm of ﬂl. !iold- nﬁd hmco :Lntrodueo
| '?ottm u the munuat. -Mdoro. ntho: than using

tw awmmmnumwto
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account for reflection from the front and the back of

the sample. Another disadvantage of a tapered sample is
that the sample length has to be of the order of a wave-
length or more which would make it more difficult to obtain’

temperature uniformity.

B‘ocau:o the materials bein@ studied are available in
powder form, a sample cell is needed. 'rho width of the
cell is made less than one-tenth of the width of the wave—
'qutdo‘ to i-tui.nty one of the assumptions of ‘portu'rbation
:th-oty. The height of the cell is made as tall as the
narrow waveguide dimension to avoid the polarization effect
ro:!orr’od‘to in figure 2-4. Sample length was chosen to give
a :iouura_blo attqnu‘ation and phase shift and yet was kept
short enough to minimize temperature variations. The side
walls of the cell were ground very thin, about 0.02 inch,
to minimize dielectric loading on the sample. To withstand
high tempgrature, the cell is mede of quartz. Furthermore,
quartz has a well defined dielectric propdrtiea over a wide
~ ‘temperature ranqo (2¢4). Figure 2-5 show the dimensions of

the quartsz cell. | .

(S A ANV

AL BRBOLNY

| ‘ .
# SRR 7 o
T TZZZA - '

; - b .

s

« Pig. '2-5 Comptruétion of quartz sample cell.
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C. “Theory of Reflection from a Multiple Interface

Consider propagation of a guided electromagnetic wave
incident normally on three lé)ers of dielectrics as shown
in figure 2-6, combining the progedures of Tinga et al(25)
and Stratton(26). Expres;fo-awjér the total wave amplitude
with due regard for phase are designated by A through P.
Going from one medium say a, to another medium, say b, gives
rise to interface refiection and transmission for which the

q;finitions are
Vs '

’

EE N 5 X
Zb4,2a (1:3%)

b =V ¢ Tap (2.3¢)
where I" denotes the reflection coefficient, t, is the
transmission coefficient, Z, and 2, are'impedances of medium
a and.b respectively as shown in figure 2-7. The sign of I
depends on whether the direction ¢f the incident signal
is f;om\: to'b or from b to a.

Writing down the expression for qQuantities A through
P in terms of the interface reflection coefficients and the

propagation constants, one gets, referring .to figure 2-6,

A { 7 | . (2:37a)
B LA+(-0OD (237b)
c-ﬂ-b.%l)ﬁ-rql)' S : . (237¢)
D F el | - (2.374)
B C "-3"-> . ' . ‘ o (237¢)
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4

Interface 1 Interface 2 Interface 3 Interface 4

|

Fig. 2-6 Multiple reflections of three layers of dielectric
in a rectangular waveguide, top view.

NN\

Fig. 2-7 Reflection from an interface of two ‘dielectrics.
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Pa T, E 4+ (-, ) H (2.376)
G= (1+ MG E - T H (237q)
He Te W't (2.37h)
-"-]L .
I= G e° . (2371)
Ju Ty 1+ (1- ) L (237
Ke (14 T - F',,L o (137 k)
L= Ne 0l (2371)
351
Me K eP (2.37m)
Ne [ M+ (- 5 P (237 n)
O= (I + r—‘. )M - r;, P (1-370)
P= XO LA (237p)

where f'qs, pqa' /sq. and ﬁq are reflections from quartz
sample interface, quartz‘air interface, sample guartz
interface, and air quartz interface respectively; X is the
total reflection at the termination, and 11 and 1,, 7"; and
12, and )’3 and 13 are the complex propagation constant and ’
-t layer tr;ickneas fg‘r‘ layer 1,2, and 3 respectively, and
1, Ys & distance from the last quartz air interface to the

load. PFor a well matched generator and load,

X=0 . . : (2-382)
P=O _ z: ] (235 b)
Bence ' 7
. Ma M ' (2.38¢)
e (1e l;n ) M N (235
- Designate Ry, Rz, Ry and R, to be the ratio N/M, J/I, F/E

-'n“"l"/i\ié:upoct‘lvcly. Also d.-tgnato Ty, Ty, T3 and T, to
‘ho @ ratio O/M, X/1, G/R and C/A respectively as shovr_x in
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figure 2-6. Solving for Rl' we get

R.=N/M= [aa (x-39)

1 )

“Thus Ry is the normalized total return in medium 3 from

interBace 4. When equations (2.37J), (2.37K) and (2.37L) are
ot

solved for J/1, we get

Ry= J/I = I“‘ . r,s e-zﬂ,l, s R‘c_zy(,l,
|+ \",‘ Ma e~z;,t,l5 I+ Ty R, C_zﬂ'l’ (240
Similarly, -
R3= F/E = My + Ra -2)Y,1,
v+ Tge th_z'w’l& (2-41)

3 ¢ 4 (2.43)

Here R4 is the total reflection of the sygtem. Ty, Tp, T3

and T4 can be solved usin? similar methods.

Ty= O/M = | + [y (1-43)
T = i(/x = | 4 Maq

! ': r“% R'q‘li'ﬂs (2-4%)
73-0/3- l+r'1, : s

/'}" M3s R e 0 (245)

Ty= C/A = \ 4 r‘,‘

|+ 1 n"e"l\'-r

» (2.4¢)
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when iancident signal goes through interfaces 1, 2, 3
and 4 as shwn in figure 2-6, the transamission coefficients
are Ty, T2, T3 and T4 respectively. Similarly, incident
signal through dielectric layers 1, 2 and 3 undergoe;\a
phase and an amplitude change of e‘JLlh e‘jﬁll,and e'JiJlx
respectively. Thus the total transmission T, of the three

A
layers of dielectric is given by

o3 (N1 + 01, #7310 (5o

? o/a = Tl T2 T3 T‘
The apparent attenuation of the incident signal, given
by equation (2.47) is the total power loss in the dielectrics

plus the total reflection, R4, from the sample.
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D. Iteration Technique used
o | | !
Ll z L3> | .
._Cell | X, |
//\ —r——
7 1 / Semple  \y Wil W, o
o4 I, — )
e B I ?
Interface | —5—= R S
e | | Interface 2 | Tnterfoce 4

Ldbrﬁm.3

Fig. 2-8 Top view of sample mount anddsample cell.

-

Consider figure 2-8 above showing thé top view of the
sample mount with a sample cell in it. The propagation
constant ¥ of each of the three sections (sections 1,2 and
3 as shown on figure 2-8) can be calculated using perturbation
formulas (2.33), (2.34) and the complex dielectric co:stant
for the particular material. PFor sections 1 and 3, the
propagation constants \’, and ‘, were calculated uéing the
width of el.ndh section, w + 2\';1, and the complex dielectric

constant for quartz £.,8%. Thus

- p.- y A, (249

¥ - ‘3[1" A (%)__F”z T2 ) L[+ 20(2" ')(A}‘)-:I:"ﬂ-—
- B+ zar{-‘-“&)._,t_ - AICEDIES (2.49)
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where ﬁ,is the phase constant of an empty waveguide in radians

Fad
per meter given by,

B, - 2mF = (%7
C .

g

( 2-50)
where fc= 2.078 x 109 Hz, is the cut-off frequency for an
S-band waveguide and C= 2.997925 xx 108 m/sec, is the speed
of light in air. Since the quartz in sections 1 and 3 are
aentrally located in the sample mount, sinz,"a_!: 1, and ¥,
and ¥, are reduced to,
X.=73‘F-*“’(%}%[“;")'Je:] (2:51)
For section 2, the propagation constant 3; is the sum€
of the propagation constants of the sample slab,‘g, and
those of the two quartz side walls 2‘w1' Since the pertur-

bation relations are linear inJ .

Since the dielectric loss of quartz is very small
(SB = .0002268) and the quartz cell side walls are very
tﬁin (wy = .02") compared to the sample thickness (w = .157"),

the loss due tb thgm are ignored. Thus,

» Y,,"F’w,"P.*z'“(eA"” (‘:‘)_:,‘1-_ Sin"ﬂ(é_‘_‘_:_‘_;‘fl,') (2.52)
- ¥, =2fu+2W (5"—!)(%,-!)_% ssn’_"_?— -J[IﬂE: (‘—:—3);&:5#!:’-‘-

= 2p,+ 27 (—‘:-'-)3,3; sin* BL[(2,-0-j &) (2.53)

5;'2Fw,*1‘“(i;’-)%{'-t (25 -1)-, &) (5%

‘since the sample slab is centrally located. 1In equations
(2.51), (2.52) and (2.54) above, £&»5), AS, and 4S; are the

cross-sectional areas for quartz slabs in sections 1 and 3,

Kre

- .. R T s
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quartz cell side walls in section 2, and sample slab in
section 2 respectively.
)
Using the calculated propagation constants i;: 53
and ‘2' the impedances for each section, 2 = Z3 and 2 for

guided FE waves were then obtained using the relation

A /s

\TE Y.

. (2-55)
given in Ramo, Whinnery and vVan Duzer(23). The reflection
and transmission coefficients q and t; for each interfa

were obtained using formulas (2.34%) and (2.36). Following
the multiple reflection theory developed in section C of

this chapter, the total transmission coefficient, Tg, through
the three sections of the sample mount (see figure 2-6)

can then be calculated for different sample materials in

the gquartz cell. . e

The first step in the iteration method (see appendix B)
is to input all constants necessary for the calculation

leading to the total transmission, T These constants

s°
include dimensions of the quartz cell 11, 12, 13, w, wy and
h; in meters, inside cross-sectional dimensions of an
S-band waveguideb<a and o, sample Leiqht h, measured cﬁange
‘of phase and attenuation, A¢ and a«, in radians/m and nepers/m
respectively due to the introduction of the sample, the

frequency, f, used in hertz and the complex diglectric -
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constant of fused quartz, tq.

Then an estimation of the complex dielectric constant,
t,, for the sample material tested is assumed. For cupric
oxide, the value used for the first approximation was taken
fram the results of the experiments at room temperature

by Tinga and Ford(4).

Using all these constants, the total transmission T4,
is, first calculated using air as the sample material with
tair = 1 - jo. Then the total trensmission for a particular
sample Tg -is calculated using the estimated complex
dielectric constant for the sample £€;,. Both Tg and Tajir
are complex giving amplitude and p‘hasllé information. The
normailized total power transmission for these two cases
are given by, i

Ppg= Tg X Tg* - - (2.56)

Pair= Tair X Tair® : -, / (2:57)
where Tg* and Tai,* are the complexxconjugates of [Tg and
Tayy respectively. The attenuation %call 10 ther . and
phase shift & all in radians caused by .the intfoddction of
the sample are then calculated us:? ng the equations below.

c.ll'lo logy0( Pr,/Pair) (2-5%)

$carl=LTs - [T @ ' (2:59)
where [Ts and [Tars sre arguments of the cc;-pl .quantities
Ty and Tayy rupictivaly. “3‘11 and $ca) are then compared
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with the measured phase shift, A¢, and aftenuation, A%, dQue
to the introduction of sample in the quartz cell. If, ¢ca11
is smaller then A%, the estimated real part of complex
dielectric constant, &g', is increased, or the estimated
value 83 is decreased if $.,3) is larger then A$ and
another iteration is made. The iteration process continues
until P.a)] and of are within +1° phase change which is the

accuracy of the phase shifter used.
()
Similarly, ch]} and A% are compared and the imaginary
part of the .complex dielectric constant, t;, is changed
until the difference in ®.al and ao is‘\g in the accuracy

=4

of the attenuator used which is 0.0‘O{db. n every iteration,

$.a1l and ap are compared again to see if the difference is
still within }1°,

The final value of lgme] - 325 'hen the complex
dielectric constant of the wample at o ° particular temp-
erature. Figure 2-9 shows ®he flow diagram for the iteration

method used,
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‘c.ggcal'culatod phase change due to introduction of sample.
otaglls calculated attenuation due to introduction of sample. .
14 = measured phase change due to the'introduction of sample.
A %= measured attesuation change gque to introduction of sample.
gg= estimated complex dielectric constant of sample.
a: rea) part of §&,. - ‘
imaginary part of €.

3 7ig. 2-9 Flow disgram of iteration method used.
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E. Higher mode Interference

In the paper by Hord and Rosenbaum(17) , an algebraic
proceduf/’is do-cribid which yields approximate values for
the "cut—off“nfrequencies and propagation constants of
dielectric loaded waveguide, the first order approximation
for the normalized propagation cqn;tant ﬁ‘ in tadians results
in more than -20%X error compared to the exact solution for
the normalized dielectric of thickness w/a= 0.1 and &,5 10
(see figures 2-10, 2-11 and 2-12).

: A better approximntia‘yis obtain by 1nc1uding coupling
to the ncxt higher order mode with the closest cut—off
frequency, which is the TEyo modes. Figures 2-11 and 2-12
show that errors for the pIQpagation constant, Fa' are
now roducod to less than -10%. It should be noted that
parameter values of £ = 16 and w/a= .2 for ‘figures 2-11 and
2-12 re-poctivaly were chosen to given a worst possible
case foqgthc perturbation method used®€. |

S

U
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Fig. 2-10 Symmetrically loaded waveguide.
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¥ig. 2-12 Comparison of approximate propagation constants
with exact solution as a function of dielectric
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For the case under investigation, TE20 and TEg1 modes
couple nost strongly to the fundamental mode and by
accounting for them, results close to the exact solution
will be obtained. By supSkesainq the two higher modes,
accuracy of the measurement for the propagation constant
will improve considerably. Figure 2-13 gives the wall
currents for rectanqu{ar waveguide for the TE;0, TEzp9 and
TEQ) modes. By cuttiﬁq two slots along thé center of both
broad waveguide walls as shown will not impede the propagation
of the fundamental mode. But 1t will cqmpletely cut off
the propagation of the TEg, mode and partially impede the
propagation of the TEzg mode thus improving the measurement
accuracy. Contribution from evanescent modes is already

aécounted for in the two modes approximation.
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List of Footnotes

8s5q= 3.78 - j0.000226813).
PwR-284 waveguide was used in this work.

CPor our measurement, w/a(o.l and £} <10.

-~
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CHAPTER 3

/

d

/

A, Introduction

Having developed an analytical model for finding the
complex dielectric constant of thin samples in a waveguide,
experimental data on the propagation constant is obtained by
using a microwave bridge. 'I‘hL validity c;f the iteration
method used is tested using samples with known complex die”
electric constants and comparing results obtained by the use of
two different sample cells for f:he same dielectric material.
Details of the bridge conatrud:ipn, the heating method, the
medautement procedure, and the. calibration procedure are out-

lined in the following sections.

1.'- sion rcuit

tal set

A block diagram of the experimental apparatus is given
in figure 3-1. I.ov power (~10mw) .micfowaves at 245 GHz are
'»g.h.rlt%y the signal generator. The signal is passed
throwugh an isolator, a coaxial to waveguide adapter and tuner (3
before i is split into the two éh of the microwave
bridge via a 10 4b aquuonl ‘coupler®) In the reference
‘tl. the timk pnm thmnch c m‘quido tu‘nor@-
. mm 0o écuinl adapter, - procuton phuo .Mftcrb,
"m Wt‘o tw GM a ﬁ"cuima attenuator®. 1In

-
-
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the sample mount arm, tﬂe signal passes through a padding
attenuator (Microlab S155%A 0-20 db) and through the sample
mount. Signals in the two arms are recombined through a
second 10 db directional couplor (HP-S752C). The combined
signal passes through tuner @ a waveguide, to coaxial
adapter @ . and a coaxial isolator @ before it is de-
tected by a crysta} mixer and the output fed to a sensitive

(
(-80 dbm) super-heterodyne microwave receiverd.

Both the precision attenuator and the precision phase-
shifter are adjusted to obtain a deep null on the detector
indicating a balanced condition. Care was taken to ensure
that both Harms of the bridge were properly matched. Using

a swept frequency ref tometer the whole system was matched

for a returpn loss o y~-two decibels 12 decibels (VSWR %

1.174). The sample m ts also matched looking
towards the signal generator by adjusting tuner@so that
reflections from the sample and quartz cell will not be
reflected back again. The whole structure of waveguide

and other compone:ta in front of the sample mount is

put on rollers so that the am&g mount can Q}nnd .
smoothly when heated. The éxpansion of the sample mount arm
of the bridge at 900°C is about three millimeter. If rollers p
are not used, thermal expansion will cause the waveguide to
push against the tlble on which it rests and cause erratic..
phuo changes.: : s

3-! P \,g_ . FS . _~_-é - .
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2, Sample mount design

The design of the sample mount deserves special
consideration. Figure 3-2 shows construction of the sémple
mount. Since the maximum temperature which each strip
heater (Chromolox PT-603, 300 watts) can reach in open air is
around 700.C, an insulating box is built around thé’sample
mount to insulate against heat loss. The ng is made of
plywood lined with asbestos sheet. Zonolite is used to fill

the spacehbetween the box and the stainless steel guide.

Using the insulating box, temperature of the waveguide
mount can reach 1000°C. Further convective heat loss
within the waveguide is prevented by covering éach end of
the stainless steel guide by a thin mica sheet. The two
mica sheets cause only very'small microwave reflections

(VSWR 2 1.005) yet they pteveht convective heat loss from

‘the sample cell to the rest 6f the waveguide system.

The waveguide mount itself is made of stainless steel
to withstand high témporatﬁre‘. As shown in figure 3-2,
g.rﬁnovablo cover Egato is placed on fhn top of the wave--
&uidc -mouni so that the sample cell and sample can:be
placed.in the b-pu pount more easily. Two holes (0.127"

dill.tat) ‘ﬁvt Cttllod on the two narrow walls of the guide,

one for mituzo monitoring of the sample by the infrared

m:qumommu‘ leCtopllathrouqh
wtate. monitorinsg purposes which will be explained in
“hmmmm Wmmtom

- 1004 \
P =’
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3. Temperature control and detection

High temperature dielectric measurements are
problematic with‘respect to controlling and maintaining
sample temperatufp at a desired high temperature level.
To achieve cbntrqflable heating of sam;IEB, five high-
heat-density electrical strip heatefs are used as shown
in figure 3-2c. The five heaters are parallel connect;;.
Voltage éupply to the heaters is controlled by a 10 amp
variac (General Radio W1OMT3). Temperature of the sample
mount can be varied from room tempefature up to 1000°C by

: varying the supply voltade.. Heater voltage is varied in.
five-volt steps. Each voltage level is maintained for

at least 20 minutes to allow the sample temperature to

reach a steady state value.

Infrared temperature dgtecpion is used by focusing an
infrareéjcamara en the sample through the hole in the narrow
waveguide wall. The infrascope used (Ruggins lab. 31100-02)
is factory calibrated up to 300° c. To uiczoase the t—p-
| oraturo detection range up to sbout 1000°C, a metal lens
_with a very mlv‘holo ¢.137 dt-to.r) was -do to cut dowa
the infrare§ rlﬂllttoh t.lchinq tho detdotor at high
temperatura’. The mstal lehs can be fitted inside the lens
2 £ ncgd oA % as shown in figure 3-4. Output

m & m q-m m sectien.

‘_r“ . : . &

m
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C. Calibration

)

l, Calibration of sam ' rature
output of the X-Y tecbr;oi was calibrated in degrees

Celsius, via the use of a chromel-alumel thermocouple. This -

also eliminates error due to\the varying emisaivity of the smp}e
and obviates the need to kndw an absolute value of the emissi-
vity. The temperature calibration set-up is shown in figure
. 3=3. A thermocouple is inserted into the samplé'under calibra-
tion through holeg in the narrow wayéquide Qall and the quartz
cell. The infrared camera is focused on the sample on the
opposite side of the thermocouple. The reading on the X-Y
recorder will then correspond to the temperature indiocpted
on A thernmocouple potentiomoéer. By increasing the heatér
voltage five volts.every 20 minutos,,tenperature.can be
recorded in 10°C steps_to 900°C using the marker on the
recorder vis a-foog'cﬁitch connected to the X-Y recorder.
The temperature 1q§i¥fct calibrated up to 300°C with the
metal lens off. ,!ﬁgn the metal lens is put on for calibra-
tion of higher temperatures. The rédording mede is then the
ctlmn-d tm ‘scale .‘c tllﬁt"_p‘rticuilt matexial.




at a time and then both of them in series, in the sample n‘oaunt
arm of the bridge. The 1ongth of each precision mmide,
when converted to phase angle for: the fregquency 2.45 GHz, can
then b) compared to the change of phase recorded on the phase
shifter. The calibratiofi shows that for the two precision
guides® at 6.00 inches and 5.50 inches long and the combined
length of 11.50 inches, equivalent to 237.62 degres, 217.818
degiee and 95.438 doqroo. r...pdqt_ivolf. tﬁo measured phase
shift recorded on the phase shifter was 238.2 degree, 218.3
degree and 96.01 degree respectively, thus indicating errors
of 0.025%, 0.22% and 0.572% respectively. ’“

q! m-ut metal oxides and

‘e are mude, a calibration |

Mmac constants mt be
f ) h!‘m.o mm for
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tric constants for different kinds of materials were calcu-
lated and compared with the valuea.qiven in the literature.
‘ | _

Since frequencies used by von Hippel and other authors
were not 2.45 GHz, their results were interpolated to 2.45
GHz but even so, they can only be used aquuf%eu. The in-
accuracy (that 1.‘\the deviation from the true value) is
.xtfehply difficult tovoltimato s1nco.th§ rlhgo of variation
of literature values of several substances is surprisingly wide.
Neasured values.of some sofcalloq “standard* substances and

© literature data for them are given in Chapter four Table 4-1.

L]

o

Th.‘offcctl 6£-c011la size differencea on the measure-
ment rocnlt- were checked using cupric oxide oample. The
din-natons for the: two cells used ware O. 140 1nchns by 0.826
inches by 1.27 inches, and 0.096 inches by 0.698 inches by
1.318 inches respectively. . The msasurement results thus

'mmmwm Moﬁﬂmof one percent
mmamuwv ‘amf. two percent for the
losa Zestor e |

5
<
ko 4
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_ nhecessary, since diffusion of moisture botmn"ého s

SO

D, Measurement procedure
Before the actual measur..ement is made, care must be taken
to minimize and control the moisture content in the sample
since the value of the complex dielectric constant is very
much dependent on nmoisWsre contont;l Fufthermore, ’it is
1mport§nt to note that in order to get a minimum moisture

content in_a sample, a fairly long conditioning period is

interior and a controlled atmosphere is a slow proces
accomplish this, samples are oven-dried for 24 hours at 10:£°C
in a Delta Design MK 6300_tun‘por§tur§ chamber, then placed

in a dessicator to preserve their ovon-d/ry condition.

Sample w.loht; 'and sample height in the sample cell are

,toeordod tor the purpose of subsqqguent density calculations.
with the. Mlo :I.n the nwl.o mount, the bridge is nulled
after every n‘c Mh tempsrature increase. The actual.

Lok ¥

smple At f‘*ﬁn un condition of the bridge is
MIM ~ thie’ %ﬁ; on th' X-Y recorder. The -ttonuntor

..u.n—.mw ,..w... are recorded.

4 ' ,K“

A ssosad ..tcﬂ mm at the same temperatures

,Mmhmuunm«nmmm

mwmot «umm
ton, 4, mm .ﬁ.
mmmm
st solve gor
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the complex dielectric constant at eacﬁ temperature using the

analytical equations developed in Chapter two.

B, Measurement errors

1, Mismatch errors
The microwave bridge is matched to have. a maximum return

loss of 22 decibels at any junction in the bridge, see

figure 3-1. The power reflection for réturn loss of 22 decibels
| is only 0.627% and maximum attenuation due to any single
'miimatch is 0.028 db. Thus the error due to mismatch of the
microwave bridge is neglected. Throughout the temperature
range (23°C to 906'0), reflection due to tﬁe sample cell is
large (up to 76% in power reflection) but it is almost
completely accpuptcd for by the multiple reflection theory
used. -

Since the mm cnd!tc:wt for fused quart:
(5.5 x 1O‘1 cl%hlPC) 18 v.!y low, eo:roctzono for all 1ator-1
lh‘iil-tt!itlnl l‘l'n!tniiﬁ?! Gh. guarts cell were unnecessary.
nmm um cewsed by the thermal ekpansion
& -~ chn?‘a-‘t. iﬂouuat¢ﬂ~tor by doing a
s wah ron to u.-nmo with an
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qQuartz cell to get the true phase shift due to the sample
itself. The result of phase shift versus temperature of an
empty cell in the waveguide up to 900°C are shown in fig-
ure 3-5. The change of attenuation for the same temperature

range is found to be negligible (.01 db).

3, multimode propagation erto;a
Brrors due to multimode propagation are very hard to

determine and can only be estimated. It was shown in
Chapter two that for the center loaded waveguide, a one moda
approximtivon will yield an error of approximately -10% in
the phase consta.nt,/e . compared to the exact’ solution./j\
two mode approximation will bring the error in /s down to
-S*, see figure 3-6, but that analysis was done (17) assuming
loss-lu:‘-terilal. A rmore accurate Analys.is accounting for
ionl in a material was done by Sheikh and Gunn(28). Using
the Rayleigh-Ritz technique, th.y'plottod the errors of ‘
Mtion'dnd phase constant using the single and two mode
Wtion and m th. to the exact solution for
e of v/a. amd ¢, see figure 3-6 . uote
ﬁ ﬁm §" Sor o""of 10 mho/m is 73.31. In our
M bw uptal ¢~ value ves less ten. Moreover,
QQ nado ﬂlm mt; ﬁtb freguency of ?.65‘: used on
ated the propagetion of highes order
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figure 3-67.

4, Temperature variation errors

Variatioh of detected sample temperature is due mainly
to off-focusing of the 1n£rared camera as the sample mount
expands with increasing temper;tmre. Anothg; source of temp-
erature variation error is due to the change of hoator out-
put. By running the .xpﬁtim.nt three times on cup;ic oxide
up to 900°C, variation of the detected temperature was found
to be 420°Cc at B00°C aample emperatute. Maximum thermo-

couple error is t2 c. Thus total uncertainty error at 800°C

is *+22°C.

——

]

5, Violstion of turbation theo ass tions

Since the w/a value for the cell and waveguide is less
than .05, error caused by the distortion of the TEj1o mode
f£ield distribution can be neglected éor ¢y values Qp to ten.
™e onlg violation of p.ri“yltton.thnory a.luuptions should
come from the ﬂiltm of uﬂ.ttplo modes which WO a].roady

o o

bean Giscussed 1n_th-,’n¢vtquo--a¢tton. . N ‘?ﬁ A
., S e ‘} ‘w';" »__‘;.‘ y ‘:;)Y.:k z

" f. L *f
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Sample mount arm and the reference arm of the bridge (phase
shifter, attenuator, sample mount and padding attenuator)
is mccounted for when the bridge .is firat nulled. These ’
uncertainties were fed ¥§to the analytical model to obtain
the resulting total uncertainty in the complex dielectriq

constant (refer to Apﬂendix A) .

?
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 F, Heating time mez rement using microwave éhetgx
/ )

-

Experimegtal set-up and measurement procedure
To check on the temperature “cut-off" effect on metal

oxides reported by Ford and Pei, temperature versus heating
time experiments on cupric oxide, calcium oxide, lead oxide
and zinc oxide were carried out. Figure 3-7 gives the block
diagram of the experimental app#ratus. High power microwaves
at 2.45 GHz are generated by a one kilowatt magnetron. The
power passes through a 60 db directional coupleﬂ‘ and a

AR
1

circulator®™ before it reaches the sample mount. After the

sample ‘mount, the power passes through a triple screw tuner
rand is dissipated in a matched water load. The triple screw
tuner and the water load are tuned to 22 db return loss
(VSWR£1.172) at 2.45 GHz. Reflected power from the sample
mount passes through the same circulator, through a 20 db
crossed qniaz ?ir;ctionnl coupler™, a triple screw tuner and
is dissipated in a second matched water load. The second
triple screw tuner and the matched water ;oad are tuned to

23 db return loss ( A152) at 2450 MHz.

'rr‘nnan:tttod power to and reflected power f:om' the
sample mount is uonihorod through the 60 db Adirectional j
_coupler and th.-lo db cgip&.a gniao coupler pl\u a 40 a&
nttenn!tor tl-p.ctt'-lr iy two pover meters®, Pow.r output
of the -ngnotxon is c‘nttollod-by a variac.

<

a
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The sample mount is simply a waveguide section with a
cover on the top btoad'meg%fle wall. The sample is contained
in a quartz tube (5/16»1ncp£'.“1'd1.?.§.:) with a 0.127 inches
diameter hole drilled halfwey u;f;,tho tube - wall. To monitor
the sample temperature, a thermocouple® is placed through a
hole in the narrow moguido wall and through the hol- in the

sample tube into the .nnpl&.

\

. ‘Sample weight and height in the sample cell are recorded
for density calculations. With’the sample ﬁin the sample
.mu.nt and the thormooiiplc placed in the sq:lo. power output
of the magnetron is set to about"lqp watt. Time is recorded .
on a strip chart tecorder P for‘50°c sample tcnpo'rﬁture
steps up to the maximam tempetature while the :anm: power
is kept constant. The same procedure is carried éut for
_lliatly‘hiqhot .nd lower input power levels to check on
’ tho lo-callod 'cnt-ott" temparature .tfoet toportod by

lb;d and M v
' s : ? . ) ’ ': . ‘ ’
. | - o )
.'--v"" ) - /» ” ) !
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| WEPp.§752C. At 2.45 GH=, eouplinq- 10.2 4b, directivity
-39.2 ab, vmn- 1.03.

Drtaximum erroxr 1.5 degree, insertion loes .025 ab, total
le of travol- 26.02 om, total calibrated range= 0 - 360°

CHP-S382B, 0 - 60 db attenuatof, residual attenuation<1l db.
At 2.45 GHs,; measured VSWE= 1.2). Oncertainty of attenuation
= .04 @b for .5 @ sttenuation difference, (Calibrated :
using sccurate. power ). E

dpolarad Model RW-T (2.0 to 75 GHz) tuner, Model R (.4 to
84 GHx) !d.eromo receiver.

®aximum temperature the sample mount and the insulating
box built around it can stand is 1000°C.

atuyrs rango ‘extender was no longer available
-‘3" L - and hehge: the above method of temp-
otntnro tlnq. ontd n was devised.

w:.n oc“inn mowuo ocm dimension: (3 x 1.5)
2.003 inch“:: outside dth.n-ion, &2’0&1 340) *.003 inches
. mu- mlan. '

ah Abg eoutﬂ.ctqnt for otlinlus ﬂ:ul 304 is
o  Dmo S mian for the ssmple mount
mz 3.0\’ ;e 400°C.

Mg to oy thermal 16n of the
:;_\' at 90%°C. - thzn tminod

\‘('

IR 1Y ;‘J‘:‘.’n‘f‘; .
CLo e PSRRI,
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4 %ﬁlﬁtt Packard Model 43Lc powar msters. o

' ey Alumel uple Leeds & Morthrop Model ,
o 9693.~'gtonttohti§ mi-tm detection. xi - moo c.
Pswlett Packard Model 71008 2-channel Strip Recorder.

i, -



.-ulti of calibration of the microwave bridge at room
wrnturo are given in table 4-1. These results are com-
pu-od with results from th. literature, M, folhﬁm
the procodm outlined in the previous chapter, the atten-
uati.on and yhno shift of ‘cupric oxide, cupric sulfide, lead
‘Mc zinc oxide. and calcium oxide samples (see appoadix C)
‘&8 a function of temperiture were msasured on the microwave
brtdg. and the data W on a digital computer. Various
. plots’ of th' iﬁott-nt varisbles are pruontod as a function |
of tmratnu md d.n-a.ty.




T | \ | \*

Mh 4~1 is tho result ot ecpori)-nt- u-od to test the
accuracy of the microvave &'m.. using materials with known
complex dtoloettlc ‘constant. ~As shown in tnblo 441, the
Gm&cmtm. g, has a num error ot -12% for
both 3 and eccofoan. ﬂmo errors in dzohetric
w are due mainly to evanesceant modes as discussed )
in Chapter three, section E3. ' The crro@.n the loss factor,
g", are extremely lu-go for the Teflon -nd Quarts samples.
These errvers are du. mainly to the uncortlinty of the
atumutor ‘ased u chlaoc in nttmtm, Al& becomas v.iy
Au-n m mz-u Wty of th. Mu\nto: used 1.
.Ndb&hz.ism,acWhtt. ption, A-A of less

.*M .¢ Qﬁll imymr ot !S)S. The
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cular frequency, oves the given temperature range, both the
real and the imaginary parts of the complex dielectric
oconstant of cupric oxid. ‘increase slowly with temperature
up to 600°C. Beyond 600°C, $' and ¢" increase at a rapid
rete. '

ror cup.ric sulfide, (cu figure 4-2). both the real and
tho issginary m of the eoupl‘x dielectric constant have
a near constant value up to around 300°C. Beyond 300°C,
they both exhibit a sudden jukp to a very high val\li after
which readinge on hoth the phnuo lhiftot and‘attenuator becomie
errstic as tmatu:c oontinm to go wp d\n-i.nq the experiment.
After tho heating sequeance, it was observed that the sample had
W state. swlo untoti.al at the two ends of the quartz
cell W to. cupric oxide while that in the middle
" L1 :-nunqa as cnptic numo. “When the heating
t*. m mhncd in a m measurement on cupric »
mn.!mptoutﬁu'_" _ changed to cupric oxides
‘ .‘!t was u-o M thtt .qlc ‘t.rinl. which changed into
qgm ciise wa as amall chunks tathor than in -
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rigure 4-4 shows a qeneral increase ¢ &&1«:312 Mo
constant, &', of zinc oxide as temperature Joes .uup.— Thqx )
plot of &' versus tanporat(u:e exhibits a “hump"” "t arouna-
280°C. The "hump” also appears in the lo-- factor, 2", i
versus temperature plot at 280°Cc after which tho value ot ‘k “
' dropped down to near the room temperature v.luo at - ?f
around 500°C before it starts to go up again. Note that
the 2" plot is symmetrical 6n“both sides of the hump between
room temperature and 500°C. Due to the temperature
limitation on sample mount ax;d,oquip-nt. the experiment
was carried to 800°C rather than the "cut-off" temperature
of 1100°C reported by Ford and Pei(2).

~ N
A cod

e

‘ - Bigure 4-5 shows a second interpretation of the same
experiment on zinc oxide. A .uaight .?ne indicating a
linear Mrmqwl X b.tmn 1so‘c and 450°C is drawn.
This is because ﬁu Qw of ¢' on figure 4-5 is thought
to be due to mimntll and/or calculation error. The
, second mptctqtion of m on sinc oxide agrees more clooely
" with the m-:un on ﬂb hehavior of metal oxide as a func-
tion of mmu given in section C of this chapter. 1In-
’Wmummawmmtmm- that

1

tﬁ. m -- m in plqnienl appearance :mdtuttm
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physical properties after the powder sample was oven dried
at 100°C for 12 hours as wn in figures 4-6 and 4-7. The
dielectric const&nt, e*', stays in the range between 2.2 anc
3.5 while the losas factor//b",ntnys in the range between
0.12 and 0.27. It was also obaoﬁod that after the heating
sequence, the sample powder changed from a dark to light
yellow color. The experiment was carried out up to around

600°C since the sample starts to melt at around 700'C;

Figure 4-8 shows tho temperatire v"rsu. ﬁn.-c\lrvu
for cupric oxide using microwave hoating.‘/ B&cﬂ. the
heating curves do not agrho with the experiment by Ford and
.l>qi (2) . M--mﬁro power was applied to the sample, the so
3 cailed "c.:ut;-pff“ tunp.;r&tp’r.-inc?éiio&. For the three
different input power lwo)_... .hown in figufo 4-8 ~70 watts,
92 watts ané 74 watts) the final steady state t-np4zatu:es
r;eachod were 700°C. 810°C and m‘c rocpoctivoly. The
# hoatx%* &t around A450°C is aue meginly %o
tbc g-amry of %he -wlo and qulrtz sample tube, and the A
temperature ptotilz-ﬁlqpq, the height of the sample®.
| Figure 4-9 shows tho p.rc.ntnqc power rof].pction of the
sample versus ,dat-etdd\ tn-t-tnrob up to '888°C. l;orcontano
power refl.ctidn o! the m reached as hiqh as 65% at
m‘c ﬁit cwu omo
| / -gg uuuq.., zoen rt

. .-"é:‘ Co
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the heating rate was vai slow. Thepefore strip-heaters

(c:omloa n-sos.' 300 tts) were uslda 4o heat the nnplc /J
to md'c w. nermn power applied. »plytnq

| ~m'o“‘ was -tﬂ.l ruing when
wo tabe: M at uao'c. g&-u Lhove the

: M povas MMMA versus, &tmﬁ sample
'tm.t\u'd‘ for the ssme cn-paund"ﬁp tp 1100°G, mco%tuo .
yomt ‘waflection u:cxouod tm cbout wx at, room temp- .
-nm . > oaly ux‘ 1100° a-e.cua sumple temparsture.

. ‘oxuo vas m uunq 00 watts incident microwave
”\vc lttt’ m- m lllc used to mt tho -wlc.

| | res of 20°C, 170°c, ‘200°c, 2207,
m'c Qnd soo‘c. tho onnple

~

Pl matdro, with ul
:_N.m?cs.e watts.
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constant §' and loss factor g° of cupric oxide as the density
of the -@1-‘1. imgreased. Since density is directly pto-

| portional to the n of wolecules in a gtvon volume
which in turn is dumly proportumal to t&'ml and im-
sginary parts of the complex dielectric coutant of tp
suple, the resultant linear relationship betwean density
of tho mlo and the rul nnd imaginary parts of @b‘lu
" auuctuc Mut ot cnpuc oxide is expected. ’

s

o
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Most data on the phynic. nnd metallurgy of samples tested
can-De found in the Handbook of Chemistry and Physics (29) and
the hcyelopodin of Chemical Mmloqy(ao).

Cupric oxide is black § color, it has a mesnoclinic \m;t
Cell structure and 4ts MEltiNg pedat is L326°C. That the
compound is stable below 900°C and gartial pressure of
oxygea at one stmosphere - w u. at 182 Torr) oan be infer-
red from a phaso dtmu 4n m-. paper (3)), see figure




.~
_“'

b! Note that the low conductivity of 10 mho/cm at the same ¢ .
erature and partial pressute of 6xygen is much lower M -
the conductivity of 103 mho/cm indicated in figure 3-6.
Thus, errors due to evanescent modes should be much less “
that Micat‘ on the same figure. N

Zinc oxide is white in color, has a heaxagonal *
structure and its melting point is at 1975°c. 1t 1o
woight .!#bt sintering. nt 500°C and at oxygen prnou‘
10 s from a paper by Secco (32). On. possibility ght

loss, acocording to s.aoo, is the existence of an unstable
Superficial luboxido such as an0 or zn‘o3. If the surface
of Zn0 is oovu-cd by a hy.r of the suboxide, the loss of
weight mey be due mainlyigp the dissociation of the surface

suboxide. Thus, the sample und for our maasurement may
mtﬁ,mm A_-lﬂ.xmmot it may exist as sur-
face suboxides. s ‘

Y.‘ .6 e - ’ -t

AT W o ‘v 2 O
‘ ealciﬂ m u a-lnrhn lnd has a cn!ic unit cell

'-m Tes mEAL: pom and ho:llinq pou:t are at 2580 C

P

4 .
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K Y
Qxide and -nuuf dioxide gas. The decomposition is a gra-
K
dual process at temperatures above 220°C. In out experiment,
: . > . . c k
the reaction starts at _ﬂu tyo open ends of the quarts cell
and gradually proceeds tp tlie middle of the cell. The
chemical formula for the ro*on is
. t Ao °
28 + 605 PB4 2cu0 4+ 2803 (ges)
o —
W
-m- experiment tor oupric sulfide was carried out from
room remperature to the reportel “cut-off” temperature of
600’ C. ""'suu\l.'r d!nxub ghs was givea off between 200°C and
300 C &uring the minnt. After the heating oMo,
mt of the nqu had chenged to cupric .oxide cdhmnks. Given
mmm tims WM sbove 330 G, the desompositiea %o
hﬁv” m; Pl et nnl &&m will turn com-

Aty

,\Mowwm ' ' .

| ’ . .o

i/

wm is !bn mmu compound . It‘ caht.

h t\n mtmp‘sc soxms , nlplll (yellow, totrugonnl. low
eq-tm nlumtuq) end beta (yellow, orthorhombic, high
m&m wm  Its umuun are slow and the

‘ ture a ot Raowe soccurstely(33). There-
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Tests were not carried to a higher temperatures because lead

oxide melts at around 700°cC.
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2. Probable dielectric loss mechanism - dipolar

relaxation and conductivity.

The dipole behavior of a molecule may arise from three
distinct causes. First, the electron cloud of an atom may
shift relative to its nucleus in‘the presence of an electric
field setting up an induced dipole. This induced effect is
called electronic polarization. second, the molecular struc-
ture may be due to an arrangement of positively and negatively
charged ions, which can shift fronm their equilibrium positions
under the influence of an electric field, thus giving rise to
ionic polarization. Third, the molecules themselves can act
as permanent dipoles or dipoles can be induced by an electric
field. 1In the abncncoéb?‘ig electric field, dipoles are
randomly oriented. Pr:?tncﬁ of an imposed electric field
then causes a partial ofienéation of the permanent or induced
molecular dipoles,‘causinq a net polarization. This is
termed orientational polarization. Any or all these effects

may be exhibited by a given material.

The five compgunds under study, namely cupric oxide,

cupric sulfide, zinc oxide, lead oxide and cqlcium oxide

‘" are ionic compounds. They are amorphous in structure and

are powders at room temperature. For such materials, if a
const;nt electric field E is applied to them, polarization
widl not reach a steady state immediately but instead, it
will apbroach it gradually as shown in figure 4-13., If the

~ constant electric field E is suddenly removed after the
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steady state value of permittivity is reached, it will take
some time for the polarization to vanish as shown in

figure 4-14.

Thg instantaneous change of polarization, from zero to
Py as shown in figure 4-13 and from P, to P3 as shown in
figure 4-14, are caused by the electronic and ionic con-
tributions while the slow build up and decay of polarization
i8 due to an orientational effect. Thus,materials which’,
exhibit only electronic and lonic polarization have a
permittivity which is frequency independent at all wavelengths
longer than infrared. However, the materjals tested in this
project do not fit into this category. They exhibit complgx
permittivities in the microwave frequency range which is

due to the frequency dependence of their orientational

polarization and conductivity. A

For time varying fields, the force opposing the com-
plete alignment of the dipol® in the direction of the field
is due mainly to random thermal motions. This thermal
" effect causes thé alignment of the dipdle to relax

exponentially against “viscous" forces.

Debye's (35) classical analysis showed, for dielgci‘?c
materials with a simple relaxation time, that for the total

complex permittivity £(w), as a function of frequency,
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Fig. 4-13 Build-up of polarization upon sudden application
of steady field (34).
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Fig. 4-14 Decay of polarization upon sudden removal of
steady field (34).
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£, — Eeu
E(w) = 2, +"T.—+—T5€ (4-2)

where t is the relaxation time of a particular polarization
mechanism. Separating the above equation into its real and

imaginary parts,

Es"fn. (4.3)

s s
| -+ u’t"

" t '
g7 = (€, -8,) '——:—’:—,-t-l | (4.4)

E(w) = Eeu *

where &g ..s the static dielectric constant and g,y 1is the
electronic and ionic contribution of the complex dielectric
constant. Figure 4-15 shows a plot of ' (») and ¢'(w) as a
function of t assuming a value of €,= 8 and £,4y= 2. As
increases, ¢' (o) changes smoothly from Eg; to &y while g" ()
has a maximum at wt=1l.

Ve
Sinc:2 the energy loss per cycle W, within the dielec-

i

tric mate:-ial is given by the equation,
w = WJE-E"(N) E Jv o (4-5)

when only displacement currents are present.

The maximum absorption of energy occurs when &' («) is
maximum, The frequency at which g* (o) is max:l:m;m is called
the relaxation frequency. -

As the temperature increases, the rate of build up and
decay of order of the dipoles imposed by theé electric field
also increases due zo increased kinetic energy of the dipoles.

Thus the relaxation frequehcy increases and
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rig. 4-15 Debye curves for a diglﬁétric material with
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the curves of both the real and imaginary parts of the
complex dielectric constant as a function of frequency
shift towards higher frequencies as shown in figures 4-16
and 4-17. Thus for a constant frequency, varying the temp-
erature alone, the real'part, ' (T), will go up and the
§;aginary part £" (T) will increase to a maximum and then

crease a¢ain.

The above analysis accounts for those materials which
have only bound charges. But for materials with appreciable
number of free charge carriers such as electrons and holes
in a semiconductor, there is an ohmic loss caused Lty the
collision of the holes or electrons with the crystal lattice.
This ohmic loss and that @gpntributed by dipolar relaxation
add directly. So for macroscopic properties of a
material, the 1oss term, &", includes the ohmic loss and
dipolar relaxation loss.

t"total™ &"dipolar * £"conduction (4.6)
where

&"conduction = (4-7)

It is known (37, 38) that electrical conductivity
0 can be expressed in the form

€= 6 exp (aT) (+%)
where § and a are material constants and T 1s, temperature
in degrees Kelvin. BEquation (4.8) shows thgt electrical

conductivity of a material is always an exb&nontia
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Loss Factor €£"

Frequency

Fig. 4-16 shift of ¢" curve as @emperature increases

\ : - Frequency

L

Fig. 4-17 Shift of g curve as temperature increases.



increasing function of the temperature. Consequently, as
evident from equation (4.7), &gonduction will also be an

exponentially increasing functicn of temperature. At low
temperatures, the increase of f¢otal Will be due mainly %o
dipolar relaxation {f it exists. As temperature increases
further,Agaipo1ar will reach a maximum and start decreasing.

N .
At still higher temperatures, the conduction loss will

start rincreasing exponentially &s shown on figure 4-18,

-

loss factor §£"

Conduction

Temperature T

[

rig. 4-18 ‘Loss factor (" as a function of temperature T
showing separate effects of dipolar relaxation
and conductivity. (Refer to figure 4-4).

a

However, taipolar and Eéonduction may overlap resulting in

a plot of gl va) 8 & function of temperature’ as shown on
figureq 4-19.



Loss factor ¢"

Dipolar Relaxation

Conduction

Fig.

Temperature T

4-19 Loss factor ¢" as a function of temperature T
with effects of dipolar relaxation and con-
ductivity overlap. (Refer to figure 4-1).

Y
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3, Explanation of Temperature cut-off Effect.‘

Reaults/éf experimen}a on the high temperature com-
plex dielectric constant of cupric oxide seem to agree
quite well with the theory presented in the previous
section. The curves of the real and imaginary parts of
the complex dielectric constant of cupric oxide show &
sharp increase at around 800°C due to the exponential
increase of conductivity. Figure 4-1 shows that the
conductivity éffect is very strong already at low temper -
atures. No dipole relaxation peak in ¢" is evident even
though ¢' increases between 20°C and 300°C . At least

part of the loss factor peak could possibly be found by

going to sub-zero temperatures.

Since high valuetof ¢' and ¢* will cause large re-
flection, at high temperatures, the sample will reflect
microwaves more and more ;ikh a met@l. But still, some
microwave energy is transmitted into the sample and

- being absorbed. Thus sample temperature should in-

crease untii the sample itself melts 6: decomposes. But
this increase in temperature due to microwave absorption
could be balanced by th.'h.ct loss to the surroundings

due to conduction, convection and radiation resulting in

a steady state temperature which would qﬁo rise to an
apparent "cut-off" temperature. The 800 C (+100°C) cut-
off temperature for cupric oxide reported by Pord and Pei (2)
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may be low, partly due to experimental artifacts. As

more power is applied to the sample, more power i8 reflected
but nmore po;er will also be transmitted and absorbed by
the sample material. This increase of absorbed power will
raise the steady state temperature. Results of the heat-
igp experiment of cupric oxide show that as incident

power is increased, final steady state temperature also
increased. But as temperature c&ntinuea to increase, the
conductivity wi}l become so high as to reflect nearly all
the microwave energy and a cut-off temperature could
ultimately be reached. However, the experimentai data is
not sufficient to predict what that cut-off temperature

would hben

The above ahalysis holds true anly if_the material
tested doesn't change state or .decompose. slnce cupric
sulfide decomposes in air at around 200°C, the heating
experiment for the compound using microwave energy was

¢

not performed.,
‘

The heating raté for calcium oxide is extremely
slow, hamely, 0.5°C /min for tunpef.ature up to 300°C..
The llq; hoatiné rate is due mainly to the low loss factor,
t*= 0.03, from room temperature to'BOd'C as shown in
figure 4-3. Due to khil low loss factor, little micro-
wave energy is abs‘or-bo\d by the sample material. The slow



absorption of microwave energy is easily palanced by the
heat energy loss to #he surroundings through conduction,
convection and radiation. Due to this slow absorption
rate and long heating time, heating time ver sus temperature
experimentsusing microwave energy ware mot carried out.
Instead, strip heaters were useq to preheat the calcium
oxide sample to temperature steps Of 50°c 100°cC, 150°cC,
200°C, 250°C. and 300°C. At each temperature step: heat ing
rate of about .5°C/min was observed by applying 150 watts
of incident microwave power.

Heating rate of zinc oxide 1is very slow from room
temperature to 200°c. Typical heating rate is 1°Cc/min.
Thus, strip heaters were also used to preheat the sample
to 200°C before microwave energy is applied. From 200° C
to 1100°C, the heating rate is almost a straight line as
shown in figure 4-10. The wcut—off" temperature of 1100 C
(*IOO’C) reported by Ford and Pei (2) is probably low since
the temperature was still qoinq up when the sample tube
cracked at 1130°C. Heating rate of zinc oxide does not
seem to agree with the curves of the real and the imaginary
parts of the WIu dielectric constant of the sample. The
low value of £* betwesen 400°C and 600°C would indicate a
slow absorption of microwave energy. However, since the
sample tube for the heating experiment rested on a rela-

tively cool broad wgvog\hdo wall, the 7\:;:'1. temperature

4
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profile along the sample tube can vary by as mu~ .- 300°C
between the middle and 4he ends of the tube. The average
va&ue for ¢ and g&" for the sample along the sample tube
will not be the same as indicated at a particular temperature
on the complex dielectric constant versus temperature curves.
Therefore, the heating experiments using microwave energy 1s
only useful for testing the ®"cut-off" temperature concept.
The heating behavior of saﬁples heated in this manner cannot
be determined by data from complex dielectric constant ver-
sus temperature curves. Increasing the waveguide temper: -~
ture (using external heaters) as microwave heating of the
sample progresses may be one'way to overcome this experi-

mental limitations.
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List of Footnotes ‘

aTemperature difference between the middle of the saﬁple

tube and the two ends can be as large as 300°c at 800°C

detected sample temperature. \
~

t

bremperature in the middle of the sample tube {8 detected.
Whereas temperature at the two ends of the sample tube can

be 300°C cooler.
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CHAPTER 5

CONC LUS ION

e theory of reflection from a multiple interface,

combindd with the development and limitations of perturbation
theory\is presented which allows dielecqric data of metal
oxides d sulfide as a function of temperature up to 800°cC
to be obtained. The results of the experiments show that the
heating rate for a metal oxide is dependent on the com-

plex dielectric constant of the material itself. The
transmission of microwave energy into the sample depends on
both &' and g": The higher the value for e' and g", the
lower the transmission'of microwave energy into the sample.
The absorption of microwave energy, on the other hand, is
determined by the loss factor e¢*". The higher the value for
¢", the nore microwave energy transmitted into the sample

is absorbed by the sample.

A‘t high temperatures, both &' and g" show exponential
increases with temperature. Therefore, energy inging on . "jr
the s e will mostly be reflected. But some ergy will
still be €ransu1tiod aqe'absorbod by the sample. ‘A steady
state tmraéurq is reached Vhon the absorbed energy is
equal to the heat energy loss to the surroundings through
conduction, epuv‘-ction md radiation. 8ince the total heat

'3
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energy loss is difficult to estimate, the final steady state

temperature is difficult to predict.

Due to low absorption of microwave energy, materials
with low lass factors are difficult to heat with microwave.
This diffic is shown by the results of the experiment on
calcium oxide from room temperature to 800°c.

A\

The measUrement method presented is useful for measure-
ment of dielectric materials with (' values ranging from 1.5
to 8, and g values between .1 and 7 over a temperature range
of 20°C - 900°C. Within these ranges, the total uncertainty
error is less than *15% for e¢' and less than *25% for &".
with. & values below 0.1, percentage errors may go as high
as 150%. This is due mainly to the uncertainty of detecting
a small attenuation by the attenuator used. Errors due to
the presence of evane#cent modes,#re less than -5% for &'

and -10% for g".

Once the characteristic impedance for each layer of
dielectric is obtained, the reflection, transmission and
absorption of microwave energy through three layers of
diclictrica can be calculated. The theory oflreflections
from & mltip}o interface, pku.ntod in éhaptu- two, is
useful for such calculation. , )

° ‘Results of the experiment can be used to advantage in

-
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the heating or sinter}ng_of metal oxides and/or su&fides.
This work also laid a basis for a better understanéing of
the heating process of metal oxides and sulfides materials
using microwave energy. A nmore detailed study on the
physical properties of these materials using more accurate
dielectric measurements will likely resolve the remaining
uncertainties in the explanation of the aielectric behavior
of these materials at high temperatures. A better understan-
diné of the overall dielectric behavior of metal oxides and
sulfides as a function of temperature may be achieved by
extending the dielectric measurements to sub-zero temp-

erature.
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APPENDIX A - ERROR ANALYSIS

v

In thls section, the method for calculating the uncer-
tainties of phase aaift attenuation and temperature a:
worked out. The uncertainties in phase shift,4¢ , and at-
tenuation, A A, are then fed into the computer. The re-
sultant changes in §' and ¢" calculated are taken as the
uncertainties in §' and g* cause by the uncertainties in
the phase shifter and attenuator used. The uncertainty in
tampérature detected is estimated to be tS.C, +15°C and

- +20°c at gs’c, 400°C and 800'C sample temperature respec-
tively. From the complex dielectric constant versus
temperature curves for each compound‘teated, uncertainties
of £' and §£" due to the uncertainty of temperature-are

determined.

Resultant worst-case uncertainty errors for cupric
oxide at three different temperatures are summarized in
Table A-l. Table A-2 gives the tota] uncertainty errors

for ditfcront compounds tested using the same method.

7 m\nh‘v- two approximations, x and y, to two
ttunlﬂ £ 4 .ndy, vith the respective orrors, e, and
q'w ~1hl. we ‘Thave,

@g-:*-‘,#yog-u y)4(¢, o) (A1)

RN vid
SRR L o AR
& Sl SN SRR &
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where the error in the difference , denoted by ex_y 1is
Ox.y = ®x - @y A ' (A-2)
Rearranging terms, equation (A-2) becomes
ox-y . ©x — |
> 4 = .y / (A-3)

x -y x-Y X-7
where e, ./ (Xx -y) is the ratio of error to the approximate
difference. Multiplying the ratio by a hundred gives the
percentage error.

ror cupric oxide at room temperature, A#- 5.8°and
AM= .49 db have respective uncertainties of +0.5 and
+.04 db. Therefore, the relative uncertainty in A9 is
+0.5"/5.8°= $+.086 or *8.6%. Similarly, uncertainty in 4A
is *.08 db/.49 db = *.16 or +16%X. Substituting the uncer-
tainties for A9 of 18.6% into the computer program yields
;g-..‘,;a.zx and i¢*= O0%. Similarly, the uncertainty for 4A
of *16% yields 4¢ ‘= 1% and Ag"= 17X.

At room tempsrature, temperature uncertainty, AT is
+5°C.  rrom the t" and §* versus temperature curves, the
Qtrﬂmm ‘¢5 lnd 42" are ‘5.3“ and +1.8% respectively.
m mu. mty esror for g' for cupric oxide at room
HEE umuummuquroume*
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Worst case errors due to evanescent modes .can be esti-
mated and corrected for as discussed in chapter 3, section F3.
Tabie A-3 gives the worst case error due to evanescent modee

for dAifferent compounds tested at different temperatures.

-

Ampl itude Phase Temperature Total
uncertainty unccrtaintyT uncertainty uncer tainty
T'C | error erxy,_ error error
23°c [ v A= 16% af=8.6%X |aT= 5°C
g'mt]| 1% \ 8. 2% 5.3% 14.5%
grmt| 17 ' ox 1.8% | 18.8%
390°C | A= 5% ﬂrA?- 4% AT= 15°C ]
“emr]ix 1.3% . h. | 2.9%
=] 51 .04% 1 | 7.04x
690°C | aAa 3.4% o= 3.5% |AT- 20°c
optud] 6% n 3.05% 4.65%
emsfrax | .oax 6.8% 9.91%

: /
. [ ] - ) .
e A-2 ,M'o! uhcertainty errors for Cuo.
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APPENDIX B - COMBUTER PROGRAM FOR ITERATION METHOD

A

This work was run on IBM program product APLSV being

« run under Michigan Terminal System operation system run-

ning-on IBM system / 360 model 67 at the University of

Alberta.

{14
{24
{3l
s
‘.54
re.
{74
o

(94

1o
rii1]
(12
{13]
f1u]
15,
f10]
(17]
i8]

[19}
‘201

TIVE

£22])
Lzai

f283.

£283

- £28)
v

vBrrn rnav

rPrrL

T2 5
HUO+O4x10

P+0.74 3545020

Xe(01xY)t..050

Te( (2N x.)xil1,0593583%./1x7;

PaCe+” ?(C‘Ax M (1-T kL D)2, L3795

52+°8 Z20

P1«B2C+02x%(¢ 1,-1)x15,43109918xi'x/"+ £
3.8056 -

/1e-02x15, “3109918‘VXFIFQF2J*

3.805¢

Ci+(CS £1) ¢/DPD J3 CS n1

20+711.854L955

21«(JSOxFx}MUO) CDIV G1

GAQ1+(Z3 CA D-2U) CDIV 23 CADD 20
CAS1+-GAOT |

CAQ2+-GACA : :

CAS2+-GAC1
R1+GALOK .

B2+(GAS2 CADD R1 chL CEXP-2%L3xG1) CDIV 1 CAD G/52
CMUL R1 CMUL CE. P-2»L3xCi

R3+(GAS1 CADD R2 CHUL CEXP-2xL2xG2) CDIV 1 CADD CACL
GUL P2 CMUL pg0EXP-2%xL2%C2

Re<(CAOL CADY A3 CMUL Crxp- 2xL1uaz) CDIV 1 CALD CAQ1
CItUL R3 CMUYL CEXP-2xL1xG1

Pi+1°CADD CLO2

T2+(3 CADD oqu) cnzv 1 CADD P1 CrUL casz cryL CrLxp-
2nLangl

£3+(3 C2DD 0&81) CDIV T CADD n2 cCMHUL u/Si CHUL CEXP-
3152202 L

el CADD GAQ1) CCIV 1 CADD RS CMUL GiQi ClUL CF P-
axTAnGL :

fo~ 1 CNUL £2 CNUL a\anvz ru CNUL CEXP- (az-za¢51)

CADD C2xL2 .

rnotanggr cpvn apay e

- . . L.
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CRIrLS [le
v Prrrs )

(13} rTN(TE-22T)

2 PP« (PIS-PIr)x014180

[3; C15«C1

[%J CA 185+0r01

[5, GAQZS+Cr ('«

fel RiSen1

[71 T15«T1

(83 L254L20402%x(E[1,-1)%15,43169918x}/xH+

. 3.6056

[9] ALS5*+-0.x%x15,43169918xWxTxFS[2]+
J4.8056

[10] 0‘0*(CS £228) CADD JE €8 B2S

[11] Z225+(J504xFxI'UC) CDIV.GC2S

(12] CAS15«(225 ¢£2D-21) CDIV 225 CADD Z4

[13] GCAS28+-CAC1S »

(14] D25«(2S2S CADRD P1S CNMUL CFXP-ixL3xGis) oDIV, 1 CrOD
GAS2S CMUL P15 CMUL CEXP-4xL3xC1C

(15] "P3S+(GAS1S CADD R2S CHUL CFXP-:xL2xC2E) CDIV 1 CADD
CAS1 ' ClUL P28 CMUL CrYP-2xL2xC2S

(1] RuS«(CAQ1S CADD R3S CHUL CFXP-2xLixC15) DIV 1 CALD
CAQ1S CIUL P3S CXMUI CEXP-2xLixC1cs

(17] 7T2S+(1 CADD GAS525) CDIV 1 €ADD PiS Cfuu Gt 25 CnUL
CLXP-2x[3IxG1.

ri18y D35«(1 CADD G/S1S) CDIV 1 CADPD P25 CMUL GAS1Z CMUL
CrXP-2xL2xG28

(19] TuS«(1 CADD Cr018) curv 1:CADD R3S CI'UL GAN1S CMUL
CEXP-4xLixC15

[20] TS+P1s C’UL T285 cnuL T3S CMUL TwS CNUL crxp (C15xL3+
L1) CAZD G2SxI>2

[21]) PTS«(/B5 T8 PWR 2,711 v

[22] [epTCe+|10x100(PTS¢P?) )

(23] CePRC~|((ARC TS) C/DD-ARG ”)[1]

L2841 «((CI(PIC-PR))>D. 005)x25)+( (I (PAC- -PH))S
0.005) %31

€25] o((Pnc>Pu)x26)+(rncsnp)x2¢

[263] BS[!J*ES[IJ-O Oﬁll(PﬂC-Pﬂ)*180iol

[p?7] <29

(28] zlttl«sstzloo qsxl(ch-Pw).xaoooi

€29} E:t3¢(cs rac1d) CADD J8 €S S(2]

Jgttl(ﬁrC-Ar))>o ez)xaz)oc(l(Arc AP))s
‘x;:whr)-iijo(nrusar)nas
j,:tﬂiftitlfhlft))Oi 7 - .

.

\ .&“‘”30:!:8( S Coe

-
.
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APPENDIX C - IMPURITIES, OF COMPOUNDS TESTED

powdered GuO, ZnO, CuS and PbO used in this work were
the Pisher Certified Reagent Grade. The list that follows
contains these compounds'’ impurities. Only ca0 was indus-
rrially graded.
/
1, Cupric 6xide

Maximum limits of impurities

Insoluble in HC1l | ' 0.02%
Carbon compounds (as C) 0.010%
Chloride (C1) 0. 005%
NMitrogen compo 0.002%
Sulfur compoun ‘ 0.02%

rre ’Am ‘ : ’ To pass test
Suhltnncu not precipitated by H28 '
" (s Sulfates) ® ’ 0.20%

niu nydroxido proctpitato ~ 0.10%

2. _mum
| m nnu of watiu

o\‘.,oolx'

0.004%

0.002%
- ©0.002x
. 9.00002%
P.T.




1le

Lead (Pb) . 0.002%
Manganese (Mn) 0.0003%
Substances not ppt'd by Ammonium

sulfide 0.04% .
Alkalinity ' P.T.

3. Lead oxide
Maximum limits of impurities

Nitrate (NO,) : . 0.005%
Iron (Pe) | 0.001%
Copper (Cu) 0.000%
Alkalyes and earths ' C0.17%
Insoluble in acetic .acid . 0.00%
Loss on ignition | - 0.12%
Chloride (C1) : ' 0.003%
Bismuth (B1) ' ‘ 0.01%
Bilver (Ag) ‘ | o.ooozi

4. copper(ic) sulfide e

" Meximum limits of impurities ,
. Chloride (cl1) . - _ | 0.005%
‘itom () - 0.a5%
Alkali salts . . 0.14%

8. W\nm& L

L S D - . P o ‘ .



