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PREFACE

This work has been undertaken as part of a larger project of the
Ingineering Ixperiment Station, under Dr. Clark A. Dunn, to learm nore about
dielectric constants in general. This is a subject upon which adequate
data is lacidng, and for which, it is believed, the theories have overlooked
somg basic facts.

The author wishes to aclnowledge the aid and guidance of Professors
A. L. Betts and H, T. Fristoe of the School of Electrical Engineering,

Dr. Clark A. Dumn and Professor J. R. iforton of the Ingineering lxperiment
Station, and Dr. Cs L. Hickolls of the»School of Chemical Ingineering.
Courses taken under Dr. Il. L. Jones gave basic concepts which were very
valuable in the preparation of this material. The capable typist has

been lirs. Duth T, Hatcher,
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REVIEW OF LITERATURD

A, Dielectric Constants
Between two electrically charged bodies, separated by a distance, r,
there exists a force, In 1785, Coulomb determined that the magnitude of this

force is:
F- (3._9{,; (1)
EFr
vwhere I' is the force in dynes on either body owing to the presence of the
other, Q1 and Qo are the electrostatic charges in statcoulombs, r is the
separation distance in centimeters, and € is a proportionality constant depen-
dent upon the material separating the two charges. If B, the slectrostatic
field strength, is defined as the force acting upon a unit charge, then it
may be expressed as:
F Q
T Ert @
where E is in statvolts per centimeter. Some early experimenters used these
relationships to determine the dielectric constant, &, but other methods have
been found to he more convenient.

Another approach is through the concept of capacity. OCne definition of
the capacity of a condenser is the ratio of charge stored to the potenticl
producing it.

c- & (
v \3)
If a pair of parallel plates have a charge density of T unlts per unit of area
and are separated by @ centimeters, then, according to Gauss' Law:
T
E = ‘*’2 (L)

Letting V, the potential difference, egqual ¥a and substituting into equation

(3), the capacity per unit area is
c- £
4Tra, (5)
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S3ince capacity is directly proportional to dielectric constani, an easler
method of measuring dielectric constants is by means of capacity measure-
ments,

The concept of lines of electric flux is often used. These lines are
assumed to eminate from a positive charge and terminate on a negative charge.
The electrostatic flux density (lines of flux per unit area) is defined as:

D-£E (6)

D may also be thought of as displacement. This is described by Hnert
as follows. The electric field causes the orbits of the electrons in the di~
electric to be distorted, This distortion of the electron orbits is called
displacement and the motion of the electrons in this action is called dis-

placement current, In this case equation (6) still holds.

1p, r. tiner, Insulation of Electrical Apparatus, pp. 9-10.




Be Correlation of Dielectric Constant
With Other rhysical Properties

It has been shown that the abilibty of z dielectric substance to store
energy is measwred by its dielectric constant. Therefore, it would be of
great significance to discover why a material has its particular dielectric
constant and what factors may affect its constant.

Several theories are in existence and several attempts have been mads to
correlate dielectric constants with other physical properties. !lowever, in
gpite of efforts expended in that direction, the material is quite sketchy
and often contradlctory.

Jones® states t aty in general, the dielectric constaht increases as the

conductivity increases, ifiner3 draws up the following generalized table:

Group Description Resistivity Dielectric Constant
I Conductors 0 to 10® ohm-cm, ’ 30-100
II Semi-conductors 106 to 1012 ohm-cm. 6~ 30
IIT Good Insulators 1012 to 1020 ohm-cm, 1- 6

There are many exceptions to the informetion ziven in this table, however.

For example, pure water which is a good insulator has a dielectric constant

of approximately 00, while sea water, a good conductor, is also nearly 80.
According to nainerh, special preparations of bariumestrontium titanate, another
insulator, have a dielectric constant of approximately 20,000, Ilio reference

is made in standard tabhles, nor in available literature to the exact dielectric

2I-I. L. Jones, An ilectron Theory of the lall 4ffect and Susceptibility,
Pe Ta

3

lfiner, op. cit., p. 8.

hE. Wainer, "High Titania Dielectrics," Transactions of the “lectro~
chemical Society, LXXXIX (April, 1946), 337. '




constant of any good conductor.

One of the few attempis at correlation with other physical properties vasg
nade by Addenbrookes. le used the method of Blotzmann in his early experiments
in 1873. This was to suspend a small dielectric sphers near a large charged
metal sphere and measure the pull on the dielectric sphere. Then a small
netal sphere with the same radius as the dielectric sphere was suspended an
equal distance from the large sphere, and the pull on this sphere was simil-
arly measured. 3lotzmann showed experimentally that:

Pull on dielectric sphere _ & -1 (7)
pull on metal sphere & 42

vhere &€ is the dielectric constant of the material of the dielectric sphere.
Addenbrooke tabulated ensrgy stored,

€-%qv (8)
the pull on the dielectric sphere, the melting point of the dielectric, and
its boiling point, The dielectric constant was measured in the liquid state
for all materials, HNo further information was given on the standardization
of conditions., The data was tabulated with relative values, arbitrarily
agsigning hydrogen the unity value, since it is the lowest in each case, TFor
melting and boiling points, oxXygen was taken as a refsrence and assigned a
value of two, since hydrogen does not follew accepted theory in these

preoperties, Addenbrooke's work is summarized as follows:

SG. L. Addenbrooke, "The Non-iletallic Elements - Connexions Between
Their Dielectric and Other Physical Properties," The London, Ldinburgh, and
Dublin Philosophical Magazine and Journal of Science, XLVII (June, 192L4),
Uu5=~905, "_




A2 3

Haterial Inergy Stored Attraction ilelt, Pt. Boil, Pt,
IIydrogen 1,0 1.0 0.5 0.5
Oxygen 2.0 1.98 2.0 2.00
Nitrogen 2.1 2.27 2.3 2.33
Chlorine TeT 6,1 Sl 6.0
Bromine 17.8 10.5 8.1 8.1
Todine 2747 13.3 12.2 114
Phosphorous 16.2 10,0 10,0 940
Sulphur 16,2 10,1 12.2 17.9
Selenium 32,2 1.3 15.6 2h.0

i ]

Another correlation is suggested by Creighton and Koehleré. They state

that the greater the dielectric constant of a solvent the less its percentage
disassociation into ionsg. This analysis must, of course, be limited to a
particular group of materials,

According to the work of I, walden, cited by Creighton and Koehler7, the
dielectric constant of a material increases by the addition of these chemical
groups in this order: I, Br, Cl, ¥, NHp, N, COpl, CHO, CO, lOp, and Oil.
This is almost the same order in which Awvers found the substitution of these
groups increased the ability of the solvent to provent association of the
molecules of the solute,

It has been noted that, in general, the highest dielectric constants
listed are for compounds of elements occuring in the second group of the
periodic table, The next highest dielectric constants are, in general, com-
pounds of elements occuring in the fourth group. There are, of course, excep-

tions, but the number of compounds which follow this rule is striking,

6H. Je. Creighton and W, A, Koehler, Principles and Applications of
[Dectrochemd.stry, pp. 55-00.

TThid., pp. 55~06.



C. Variation of Dielectric Constant in
A Given Haterial

1, UGeneral

The dielectric constant of a given material may be made to change by
variation of many physical factors, such us temperature, pressure, and {re-
quency. In considering these properitles of dielectrics, other factors enter
the picture which must be considered concurrently in srorkable theories, These
othér properties, nolt accounted for by the theory of perfect dielectrics,
are called anomalous nroperties. Anomalous properties listed by Whitehead 8
are variation of conductivity, absorption, and losses higher than may be ac-
counted for by conduction, In order to consider the theories involving all
these phenomena, the subjects of polarization, polar molecules, and dipole
moments must be first taken up,
2, Dipoles and Dipole iloments

A dipole is defined by Ramo and 'v‘mimemr9 as a pair of equal and opposite
charges separated by a small distance. This i'; enlarged upen by GerlachlO
who considers it as a group of negative chargei whose center of gravity is
separate from that of a group of positive charges of equal magnitude. iie also
makes a distinction between natural dipoles and those induced by an external
field,

The dipole moment, or electric moment is the nmeasure of force which a

dipole may exert., According to Ramo and Whinneryll

8J. B. whitehead, Lectures on Dielectric Theory and Insulation, pp. 17-19.

S, iamo and J. R. vhinnery, Fields and Waves in lodern Radio, pp. 50-81.

10y, Gerlach, Translated by ¥, J. Much, ilatter, flectricity and Energy,
53
pt 2.

H‘Ramo and ihinnery, loc. cit.



m=Qr » (9)
where m is the magnitude of the dipole moment, ) the value of one of the charyes,
and r is the distance between them, It is, however, s vector gquantity and the
direction is specified as being that of the line drawn from the negative to

the positive charge. The potential at a given point due to this dipole is:

_ m <os @
V=27

(10)
vhere r is the distance to the dipole {the dipole separation is here considerad
as negligible with respect to r), and © is the angle between the line drawm
to the dipole and the dipole moment vector, A random arrangement of these
dipoles would produce no net effect. An orderly crrangement, or even an ar-
rangement which tends on the average to be in one direction, gives a2 material
wviich is said to be polarized.
3., Polarization

2. eneral

Eineriz, in considering this from the "displacement" viewpoint, states
that the total displacement, or electric flux density, is the vector sum of
the electric intensity, %, and 4w times the polarization caused by the elec-
tric intensity.

D= E+ 4P (11)

itice and Tellert3 explain that an elementary charge, e, producing a field
e/fz, will emit a certain number of lines of force. 7The number of lines of
force crossing a sphere of radius, r, with e charge at its center is

L4t - YTe (12)

1zﬁiner, op. cit., pp. 9-10.

137, o, fice and ¥, Teller, The Structure of Hatter, p. Lb.
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Hlence, the charge due to polarization, is said to be the source of L¥ lines of
force. The term, susceptibility (k) is then defined as the factor relating

polarization to the electric intensity ¢ ausing it.

P-kE (13)
Susceptibility may be determined in terms of dielectric constant as follows:
D- E+ 4rkE

D= E (1+47k)
EE=E (I+47K)

E=1+47K
K= %;—,', (1h)

There is, apparently, more than one ldnd of polarigation. oeveral theories
axist, some of which are partially contradictory, and none of which explain
all the phencmena observed. Hinerlh says that the dielectric constants of
polar substances (those polarized even in the absence of an external field)
change with temperature, field strength, and frequency. '*{ﬁ]iteheadls confirms
that terperature and frequency affect the dielectric constants of polar sub-
stances, but says that field strength does not affect dielectric constant.
Sidgwicklé states that for small fields ordinarily used, the amounit of orienta=
tion is small and proportional to field strength., For large fields approach-
ing breakdowm potentials, this is no longer true.

Various theories of polarization have been summed up by iorgan and
qurphyn. They list four types of polarization:

1, BElectronic Polarization

1

ifiner, op. cite, p. 10,

15¥ﬂ1it3h@ad’ 92. _c;l-_;t.-) Ds 590
16

ils V. Sidgwick, Some Physical Properties of the Covalent Link in

Cherdstry, p. 130.

17g, J. iarphy and 8. O, lorgan, "the Dielectric Properties of Insulating
daterials,” 3ell 3ystem Technical Journal, XVI (October, 1937), L93-512,




2. Atomic Polarization
3+ Dipole Polarization
he Interfacial Polarization
The first two are known as instantaneous polarizations. They form and dis-
appear in less than 10710 seconds. ‘The last two take longer to cccur and give
rise to effects which are called absorption effects.

b. Electronic Polarization

Electronic polarigzation is due to the displacement of the center of
gravity of the electrons with respect to the nucleus of the atom, This polari-
zation depends upon the number of electrons per unit volume and the force
binding them, An example is given of hydrogen, which has two electrons per
molecule, and helium which has two electrons per atom, TFor the same number
of electrons per unit volume, hydrogen has four times the susceptibility of
helium, This shows that hydrogen electrons are less tightly bound, and are
hence more easily polarized, Jon9518 points out that this also leads to greater
conductivity on the part of the substance with the less tightly bound elec-
trons. ldaterials which exhibit only this type of polarization should have
dielectric constants which do not vary as frequency is increased up to the
range of vigible light, This is because of the low inertia of an electron.
lectronic polarigzation is also said to be independent of tewperature. Denzene
is & material which exhibits only electronic polarization. The electironic
polarization theory would explain why the dielectric constants of liquids are,
in general, higher Zhan for gases, since there are a greater nmumber of elecw-
trons per unit volume in liquids, It would also explain why dielectric
constants nearly always increase with pressure, regerdless of state,

c, Atomic Polarization

Atomic polarization is due to the displacement of ions within a molecule.

184ones, ODs Cite, Po 2la



It occurs up to infra-red frejuencies, and has a small positive lemperature
coefficient. Its upper frequency liml: is lower than that of electronic
polarization because of the greater inertia of the nuclei. Atomic polariza~
tion may be taken as fifteen per cent of the eleetronic polarization for an
average, although it varies widely with the material under consideration.

d. Dipole Polarization

Dipole polarization is due to the lining up of the dipoles of a polar
substance, Rice and Tellerl? caution that in considering a molecular dipols,
only the effect of tho external field has been considered, and not the effect
of the neighboring dlpoles. These other effects are not well defined and are
hard to determine. Ilowever, their effect is often so small, that random thermal
motion will cancel it, It may be seen that at lovmer temperatures the cancel-
ling thermal motion may be insufficient, and the effect may enter in, The up-
per limit of dipole polarization is in the radio frequency range. Ibst mater-
ials are polar, Water, for example, is highly polar, and this is the principal
reason given for its high dielectric constant of nearly 80, Some polar radicals
given in decreasing order of polar moment are NOp2, CH, CO, OH, iillp, Cl, Br,
I, and CH3. This is very similar to the dielectric constant list of Walden
cited before. The reasom for the correlation between this and the degree of
association of a solvent is suggested by Creighton and Koehler2®, Vhen polar
molecules are close together, they will tend to associate due to the attrac-
tion of opposite charges. The greater the polar moment, the greater the di-
electric constant, and the greater the degree of association., A table of

values is given in support of this, an excerpt from which follows:

Yiice and Teller, op. cit., p. 50.

20Cpeighton and Xoeiler, op. ¢it., p. Gl



Substance Degree of Dielectric Constant
Association

Formamide 6.18 8l

Water 3.81 81,7

Formic Acid 3.61 58

Hethyl Alcohol 3.2 32.5

Bthyl Alcohol 2.Th 21.7-27.1

Propionitrile 1.h5 26,8

Acetone 1,26 21.3

Exceptions are also noted. Dipole polarization also has a negative temperature
coefficient, As temperature decreases, there is less thermal agitation in the
molecules, and therefore less agitation to oppose the orientation of the di-
poles, Iience, with mos?t polar substances, the dielectric constant tends to
increase with decreasing temperature. The thermal agitation, in general,
probably prevents a majority of the dipoles from aligning themselves with the

- field, However, as a number tend to align themselves somevhat, on the average,
in their random motion, a net effect is produced. Ixceptions are also noted
here., lany polar materials have peaks and itroughs in a plot of dieleciric
constant versus temperatbure, which this theory does not explain, Some non-
polar molecules are carbon disulphide, carbon tetrachloride, benzene, nitrous
oxide, hexane, and oxygen. The symmetry of the molecules such as carbon
tetrachloride may be seen (Fig. 1) as compared to a polar molecule such as
water (Fig. 2).

A resonance effect in polarization is suggested by HcCabe 2t Tor sim-
Plicity, consider a polar particle suspendsd in a non-polar liquid., If an al=~
ternating voltage is applied, the particle will rotaﬁe in accordance with the
field, but only at certain frequsncies will its mass and nmoment of inertia

allow it to resomate with the field, At these frequencies, it will undergo

21y, P, licCabe, ™A Survey of Particle Size ilethods," Ceramic Age, L
(September, 1947), 155-157, 190. -
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most complete re-orientation and have its maximum effect on the dielectiric
congstant,

Interfacial or ionic¢ polarization is caused by the accumulation of free
ions at the boundsries between solid materials of different conductivities
and dielectric constants. This effect occurs only up to radio frequencies,
Hence, materials with impurities will show this type of polarization in the
lower frequencies, The effect of temperature on interfacial polarization is
not known,

Anomalous dispersion is defined as avdecrease in dielectric constant with
an increase in frequency over a particular band due to the inability to com~
plete polarization in the period of one cycle., This is due to the inertia of
the particle which must be alicned in order to complete polarization. Figure
3 is a typical curve given by Miners? for a hypothetical material exhibiting
all four types of polarization,

e, Application to Solids

Discussions of polar theories are nearly always confined to liguids.
Some solids are said to be polar, and others are said to be non-polar, but
there seems to be hesitation to apply polar theories to solids in general.

This subject has been investigated by Smyth and Il tcheocks3 They found
some substances with a sharp melting point, such as nitrobenzene, ethylene
chloride, aniline, and phenol, show a sharp fall of dielectric constant at
this point when freezing, and thereafter behave as non-polar or only slightly

polar solids, The fall of dielectric constant is very sharp and accompanied

*%Miner, op. cit., p. 20.

230. P. Smyth and C. S, ilitchcock, "Dipole Rotation in Crystalline Solids,®
Journal of the American Chemical Society, LIV (December, 1932), L631-LAL7.
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by a sharp maximum in the loss angle, which may extend over only a few degrees
of temperature., The explanation of dielectric constant change is a "freezing
in" of the dipoles. o theory exists which enables the calculation of the
losses, O ther substances such as hydrochloric acid and dimethyl sulphate, showr
only a small change of dieleciric constant at the freezing point and behave
as highly polar solids down to a certain transition temperature, Thls transi-
tion temperature for hydrochloric acid is at minus 17k degrees Centigrade
(ninety degrees below its freezing point). At this temperature the dislectria
constant falls abruptly as though this were its freezing point. For hydro-
chloric acid, the dielectric constant falls from 17.5 to 3.0 within a tempera-
ture range of one degree Centigrade and is accomparied by a sharp meximum in
the loss angle, An explanation is given by Pauling?X who says that dipoles
are free to rotate in the solid state so long as their energy exceeds a vglue
depending on their size and moment of inertia. He also does not give any
explanation for the high loss at this point,
b Crystalline Structure

Crystalline struciure has been reecognized as a factor in determining di-
electric constant, Some authors attribute the super-high dielectric constants
to an uwnusual crystal strueture, and unexpected variations in dielectric con-
stant with temperature or other factors are sometimes said to be due to changes
in crystalline structure. A few substances, such as sulphur, hawve a highor
dielectric constant in the solid state than in the liquid, and this has also
been attributed to the crystalline structure of the solid, However, very little
has been done to correlate dieleectric constant with the various types of crys-

talline structure, or to formulate laws of dieleciric constant which involve

zhL. Pauling, "The Rotational lotion of HMolecules in Crystals," Physical
Review, XXXVI (August, 1930), L30-lLLi3.



cerystalline structure. liausner25 sugzests that some types of crystal lattices
have polar properties, while others do not, even though the same molecules
compose them,

Wainer?6 has developed a theory involving ionic radii., Atomic or ionic
radius is a factor in determining crystal structure. !He represents ions by
rigid spheres, which do not indicate the physical size of the ions, but rather
the area over which the ion may exert the particular influence under discussions
on its neighbors, He redefines the term, polarization, as the ability of soms
particle in an electric field to exert a distorting force, and assumes that the
negative ions are volarizable. The positive ions are acted upon and distorted
by the negative ions. Capacity is therefore dependent upon the dimensions of
the crystal lattice and the effective ionie radii. If the spacing is such
that there is an overlapping of these inaginary spheres, the cause and effect
relation is hindered and the dielectric constant is low. As the spacing is
increased, the hindering is less, and 2 maximum in dielectric constant is ob-
tained at a certain optimum distance where the spheres are tangent., As spacing
is fwrther inereased, the interacting forces are less utilized, and the di-
electric constant decreases, Figure lj shows this mechanism for titanium dioxide.
Supporting data is given for the titanates of magnesium, calcium, strontium,
and barium, as well as for titanium dioxide.

itochelle salts have been studied by Sawyer and Tower2! in regard to their

dielectric constant, losses, and piezocelectric properties. One sample gave a

25?-1. Heosllausner, "ssearch on Barium fitanate in the U.S5.35.R.," Ceramic
Age, L (September, 1947), 162-16l,

2(%‘fainer, Op. clt., pPp. 3143-353.
2T¢. B. Sawiyer and C, 1l, Tower, "iochelle Salt as a Dielectric," Physical

Review, XLV (May, 193L), 65L-(55,
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dielectric constant of 18,000, Valasek?d found that the high dielectric con-
stant and the plezoelectric nroperties both disappeared a2t the same tempera-
ture, Sawyer and Tower?? obtained hysterisis loops on an oscilloscope for
mechanically restrained and unrestrained crystals. The loops were larger

for the uwmrestrained crystal, and all loops increased in an area 7ith decreas-
ing temperature., A maximui instantaneous value of dielectric constant of
200,000 was calculated from one of the loops, and the value for the overall
loop excluding the saturation region was 10,500, Again correlation with

crystal structure is suggested.

28J. Valasek, "Infrared Absorption by ilochelle Salt Crystals,® Physical
Review, XLV (May, 1934), 654-655,

29Sawyer and Tower, loc. cit.
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D, Anomalous Properties and Dielectric losses
1. Absorption

One of the anomalous propertiecs is absorption which resulis in delayed
charge or discharge. If a direct potential is applied to a condenser, there
will be an initial rush of charging current plus a small leakage current. The
leakage current will persist at =z constant value, but the charging current
normally ceases quickly, However, in some cases it persists for long periods
of time, though small and decreasing, Simdlarly on discharging, there will
be an initial rush of current which normally ceases quickly. When absorption
has occurred, this current may also persist for long periods at small and de-
creasing values, 1If the discharge path is opened during this procedure, and
later comnected, the discharge current will be higher upon reconneching than
it was when the circuit was broken. This procedure may be continued reveal=-
ing a logrithmic decrease in initial currvents. Two types of absorption have
been observed, Heversible absorption occurs when the material gives up its
total charge, even though over a very long period of time, Irreversible ab-
gorption occurs when the material gives up only a portion of its total charge.
The discharge current in this case decays at a rate which is dependent upon
the applied potential., Some liquids and composite solids are said fto exhibit
this phenomena,

An important theory of absorption was given by laxwell., Ille considered a
dielectric as having properties of capacity and conductivity which are inde-
pendent, bubt interact to produce absorption. The substance under considera-
tion cannot be homogeneous, but must have impuritiss or layers of other sub-
stances intervening, As an example, consider a two layer dielectric between
conducting plates., (See Fig. 5) Iach layer has a thickness of unity. Layer

one has a dielectric constant of one and a resistance of 1032 ohms, while



i9

layer two has a dielectric constant of two and a resistance of L x 1012 ohms,
Neplecting conduction, at first, assume an electric flux density of one, wirich
must be the same in both dielectfics, to be set up by the applied voltage.
Since B, the voltage gradient, equals D/g, Ey equals 1 and Ip equals 5.
These are the voltage grodients due to the dielectric constants alone. Since
E is equal to V numerically in this case, the total applied voltage must be
l.5. leglecting dielectric constants, the voltage of 1.5 will cause a conduc=
tion current to flow which will set uwp a different voltage gradient. The cure
rent will be the same in both dielectrics so the voltages across each will be
in proportion to their resistances. Vy equals [y which equals 0.3. Vo equals
Ep which equals 1.2, Since D equals £, the new electric flux densities are
Dy equal to 0.3 and Dp equal to 2.,he This condition can not exist, since
lines of flux eminating from a positive charge must always termuwinate on a
negative, Therefore, there must be another charge present, which is not on
the conducting nlates, At first, unequal currents must have begun to flow
in the dielectrics in accordance with the conditions first described. These
caused a charge o accuwrmlate at the boundary allowing the second set of con=-
ditions to exist., This charge, represented by Do - Dy is the absorbed charges
thitehead30 states that there is some experimental evidence to confirm this
theory, but a grezt deal of evidence that does not confirm it. Iowever, its
importance is Jjustified hy its basic aporoach, and it may well be one of sev-
eral factors involved in the problen,

tiner3l advances the idea that unusual variations in conductivity may

result in absorption. Gases and liquids do not always follow Ohm's Law,

3¥nitehead, op. cite., p. LS.

31Miner, Opes Cite, pp. 27-28.
OPs Clle,



An Increase in electric field resulis in 2 smaller increase of current up to
a certain point below breakdovm. Then the current increases faster than the
increase in electric field, Io explanation for this is given., Cases and
liquids wivich have high resistivity exhibit a current saturation effect. This
is due to the ionsz, formed by pulling off electrons, being pulled to one of
the plates.
2o Dielectric liysterisis

Dielectric hysterisis has been proposed to explain absorption effects
as vwell as a loss in dielectrics which has been noted to increase with fre-
quency and which is not due to conduction, Schwalger and Sorenson32 explain
this as a time lag of current - that is, the cliarging current does not lead the
applied voltage by ninety dégrees » ub by 90 degrees minus §. Tigure 6 showa
a vector diagram of this condition, I, is the theoretical capacitance cur-
rent. To this is added Ip, a current which lags I, by an engle « due to di-
electric hysterisis, The resultant I leads the voltage Gy an angle d) and
lags I5 by an angle 8 o Iyy the conduction current in phase with the applied
voltage rmst also be added giving Iy, the final resultant current lagging I
by an angle 8.. An increase in In will therefore increase the charging cur-~
rent, Io* Ic, and hence the capacity, as well as increasing the conductivity
component, Iy + Iy

liiner33 states that closed loops have been obtained plotting polariza-
tion against dlectric intensity, but that the lag is only temporary and the
loop would therefore be dependent on time. :le also says that no saturation

vhenomena is found, although he has previously stated that dielectric constant

a]

32A. Schwaiger and R. W. Sorenson, Theory of Dielectries, pp. 36-38.

33253'.1’131’, OPe Cites DPp. 20~27.
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does vary with field intensity, Whitahea.d3}4 shows such loops attributed to
dHouline, and says that othersof electric intensity versus total charge have
been plotted, but does not show these nor give the source, The analogy with
a magnetic hysterisis loop is suggested by both authors, but the validity of
the analogy is questioned. Dielectric hysterisis loops which plot field in-
tensity versus total charge for barium titanate are reported by Wul and Gold=-
man, 35 They show that the areas of the loops decrease with temperature; They
were taken at fifty cycles., These loops are said to be one of the many un-
usual properties of this dielectric, vhich has a super-high dielsctric con=-

- stant,

Anderson and Keane36 explain the residual charge occurring in the hyster-
isis loops in terms of resigtivity, They first postulate that both resistiviiy
and dielectric constant vary continuously between the electrodes., Poisson's
equation is

V-E -~ ‘:‘ (15)
whereT is charge density. Since variation in only one direction this may
be written 3

awE-T (26)
However, it has now been specified that the dielectric constant €, also
varies with the distance, x.

+ (EE) =T - (17)

initehead, op. cits, pp. 58-59.

358, i, Wl and I. Y. Coldman, translated by H. H. Hausner, "Dielectric
’zyaberisis in jurlum ’htamate,” Comptes Rendus (Doklady) de 1l'Academie des

- e o — —

36A. Anderson and T. Keane, "A Study of Dielectric iysterisis," The
London, Edinburgh, and Dublin Philosophical liagazine and Journal of Science,

X1V (February, 1912), L37-0L3.




Ohm's Law in slightly altered form may be written I equals ¢p, where I is the
potential zradient in volts per centimeter, & is the current density in amperss
per square centimeter, andr:is the resistivity in ohm centireters, The cur-

rent density must e a constant, so the preceeding equation may take the form

2 (gpy- T (16)
hwmﬂmnWW%nmeummgﬁmﬁgﬂ,memhwatmemwwﬁmpmm%
gives the total charge per unit area of the plates which has been absorbed
in the dielectric.

9= L (& 0-€6) (19)

The residual charge always has the same sign as the primary charge. This
leads the authors to the conclusion that the resistance of the dielectric is
dependent upon electron density. Continued application of an electriec field
results in an electron drift which gives different values of resistivity at
different points. The charges on the plates are given by:

Q.= LEP Q,=LEC (20)

50 the ratio of residual to initial chargs is
q - EL F‘L- e. PI
Q' E, 0

the authors then state that it appears probable from experiment that €, equals

(21)

€, , so that
4. Pk-e
Q|- e.

When the field is removed, the residual charge disappears gradually and F,

(22)

approachespljxxvalue. They conducted a series of experiments on sulphur and
found that residusl charge is dependent upon applied voltage and varied

closely according to the law
9 o605V

Q> v+io (23)
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3, Complex Dielectric Constant

Another approach to the study of dielectric loss, is in the concept of
complex dielectric constant., An explanation of this is given by Hamburger.37
His view is of oscillating dipoles in a varying electric field, A difference
in phase occurs betwsen the dipole moment (and hence the polarization) and
the electric field. Therefore the moment, the polarization, and the dielec-
tric constant are complex.

£-g'-je’ @)

In a dielectric under alternating stress, the current has a component which
leads the voltage by ninety degrees and results in stored energy. 1t also
has a component in phase with the applied voltage which results in energy
loss, £' is the ninety degree component, which is normally referred to as
the simple dielectric constant and is that which is measured on a bridge.

"
The in phase, or loss, component is & .

£€- WRC,
vhere W is 2Wtimes the frequency, Co 1s the capacity of the condenser in a

vacuum, and i is the equivalent shuni resistance. Inergy loss is expressed

as a phase angle, @, so that

tan § = % (26)
Deb}’e38 zives the following equations for calculating €' and £ .
e' - £ o )
’_ . .
€= ea ¥ t+ [(E.fl)‘-/(s‘i_z):.]w ¥ (27)
£%x (€,- £,) L&t /(ear ) wy o

I+ L(€ot2)/(cat2) ]t T

377, Hamburger, Jr., "Polar llolecules, Their Contribution to inergy
loss in Dielectrics," Ihysical Review, XXXV (l&y, 1930), 1119-112k.

38P. Debye, Polar Lblecules, p. 91.




vhere €, is the dielectric constont under direct voltage, €. is the dielec-
tric constant at a very high frequency approaching infinity, and T is the
relaxation time - the time required for all molecules to revert to their ran-
dom state after removing the impressed field. &, ; € and T - vary with tem-
verature, so the values used must be for a given temperature, Crane3? states
that, in practice, & and €e are usually taken as those values on each side
of a region of anomalous dispersion.

SkillinghD introduces complex dielectric constant in this mamner. Con-
sider an electric vrave moving through a dielectric in the "y% direction, and

whose value is given by

Jwt £ Tx
E: = Ehg_x L ‘(' (29)
where t is time, and x is distance, and [ is the propagation function whosa
value is
- (W + .
Y is the conductivity, The complex dielectric constant is defined as
L \
€(1+Ge (31)

This expression also occurs in the eguation of intrinsic impedance
L
)l" m————— ( 32)
X
d £ (] )

The more familiar Torms are observed by setting Y equal to zero in these
expressions.

The "" of a dielectric, analogous to the ™" of a tuned circuit, is

defined as
w E

3911. He Crane, The Dielectric Constant of Petroleun Wax, p, 23.

b0y, 1. $Ki1ling, Fundamentals of Mlectric Waves, p. 127.




L. Variation of losses With Frequency
Dielectric loss has been shown to increase with inereasing frequency
for some matorials, decrease irith increasing frequency for others, and remain
constant with frequency for others. Theories have been developed to show
why any one of those conditions should exist. '*;‘Jhiteheadhl explains the hypo-
thesis of K. W, Wagner to show why all of these conditions may exist.
Congidering a dielectric to be non-homogeneous, an ideal two layer dielec-
tric i1s studied as before, for simplicity. An absorption constant, h, is

defined,

€ -
h= ER-&1 (3L)

£t Ez. ( r: = r.z)‘l
and the theory advanced that dielectric loss is proportional to
hwt (35)
I+ hwt

A curve may be plotted showing how loss would then vary as is done in Figure

T« It is seen that the tangent of the loss angle reaches & maximum value of

h
vhen WL is VH-h . ‘This veak may be very broad in some cases.
AT +h

The conclusion is drawvm that, for many materials, the value of h is such that
very extreme frequencies must be used to get on a different portion of the
curve. lence, over a normal range of frequencies only a single characteristic

is noted,

Wl sehead, op. cit., pp. 92-102.



Le Dielectric Breakdown

When a dielectric is subjected to increasing electric fields, a point
is reached where conductivity suddenly increases. The reasons for this are
not imown, but many theories have beeﬂ\developed. There may be several fac~-
tors which account for the different types of breakdowm.
1. Gases

Breakdovm in pases is best understood. There is no appreciable conduc~—
tion or zbsorption prior Lo breakdovm and failure occurs at certain definite
values of potential gradient, Breakdbwn voltage is directly proporticnal to
the pressure of the gas. The mechanism of breakdown is explained by Schwaiger
and Sorenson)é2 The current is a movement of electrons, which, in a vacuun,
would follow the lines of electric flux. In a gas they can not do this, as
they continually collide with gas molecules which deflect them and cause them
to follow a zmigzag path., When a ceriain critical gradient is reached, the
glectrons strike the molecules with sufficient force to dislodge other elec-
trons., The process becomes cumulative until an appreciable current is flow-
ing. sfinerl3 states that breakdown occurs at a constant value of gradient
for gases, but Schwaiger and Sorensonl state that the potential gradient re-
uired for brealidowm is less for greater spacing of the electrodes. This is
explained by the longer.path for electrons and greater number of collisions
which must then occur. There is a time lag in building up this electiron

avalanche and the lag decreases with greater field strength. lence the punc-
(=] o ?

thchwaiger and Sorenson, op. cit., pp. 20-2L.
b3tiner, op. cit., p. 30.

Ll

Scinmaiger and Sorenson, loc, cit.
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ture strengih is greater for a shorter applied stress.
2s Liquids

The breakdown of ligquid dielectrics is more complex, and no rules have
been laid down which apply to all of them. Attempis have been made to con-
sider liquids as highly compressed gases, bul experimental evidence does not
support this theory. In general, the breakdovn voltage of liquids is not
high enough in comparisdn with ~ases, as it would have %o be were this the
vcase. The liquids differ among themselves in breakdovn properties.
3o Solids

The breakdovn of solid dielecirics is more complex still, At the criti-

cal voltags gradient, the current increases rapidly and burns or punctures

the dielectric, The source of charged particles, whose {low constitutes this
current, is not definitely knowm. The critical gradient decreases with in-
creasing temperavure and is not affected by changes in pressure below the region
of the elastic limit,

alagnerhs proposes thermal caunses for breakdown of solid dielectrics.
Again impurities, or non~uniform composition must be considered. Some areas
of the dielectric may have 1oﬁar resistance than others, causing a non-uniform
current distribution. The arsas of lower resistance are heated more rapidly.
If the healt is not all conducted away, the spot becomes hotter and, %herefore,
probably has lower resistance still, since most dislectric materials have a
negative temperature coefficient of resistance, This effect becomes curmlative

untlil brealkdowm occurs. Joi‘feu6 astates that thermal breakdowvn may occur in a

th We Wagner, "ithe Physical Hature of the IDlectrical 3reakdown of Solid
Dlelecbrics,” Iransactions of the American Institute of Ilectrical Ingineers,
v (June, 1)06); 983"9970

Lop, T, Joffe, The Physics of Crystals, pp. 154-159.




homogeneous material, e c¢ites the work of a number of experimenters who have
shovm this, Breakdown occurs near the center of the dielectric, since less
heat is conducted away from this region, and it takss an appreciable tire to
occur, since some time is required to heat the dielsctric.

Another group of theories assuaes & flow of ions in the dielectric. Iigh
temperatures would cause ion formation, but at ordinary temperatures, collision
ionigzation would be necessary to account for breakdovmn. Joffeh7 develops a
theory showing that exceeding a critical ion density causes breakdovmn. Hbovarhs
gtates that there is an equilibrium betﬁeen electrons leaving the molecules and
iong receiving electrons., !His theory is that breakdown occurs when ions take
on sufficient velocity and the equilibrium is destroyed, causing current flow.

Disruptive theories, analogous to mechanical breakdovns, are also advocated.
:inerld notes that dielectrics which have a low atomic weight and few electron
orbits, have higher dielectric strengths. The forces holding the electrons
are greater, and more energy is required to disrupt the molecules, Iaterials
of high atormic wmeight, are poorer insulators relatlvely. The destruction of
the lattice'arrangement of crystalline substances may also be a cauge., Sodiun
chloride is cited, which is an insulator in crystalline form, bu’ a cenductor
otherwise. DBreakdovm may also be affected by mechanical stress., Breakdown
voltage has been reduced to ten per cent of its nominal value by mechanical
stress near the slastic limit. Cracks in a material often cause the breakdowm

voliage to be less, Another factor is electrical fatigue, which seems to be

W7Tbid., pp. 162-170.

ha?. L. Hoover, “The llechanism of Breakdowm of Dielectrics," Transactionsg
of the Americen Institute of Hlectrical Ingineers, XLV (June, 1926), 903-997.

hgl&iner, OP. 9}-_&-, De 35,
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analogous 1o mechanical fatigue. A repetition of impulse voltages will tend
to lowver the breakdown voltage if the impulses are sighty per cent of the single
impulse brealdovmn voltage according to Peek, 50 The damage in ceneral increasas
with time and is permanent, although some materials have showm an lmprovement
after a "rest" period,

¥Hoon and Horcross51 have nroposed that each of these three classes of
theories is true in its own temperature range., They showed the three types of
breakdown occurring in glass, and sumerized their results in the graph of
Figure 8., Investigation of othe  materials showed these regions to vary in

temperature range, as in the following table.

Haterial Disruptive-  Ionic Thermal 1st Transf, 2nd Transf,
Temp. Terp.
¥v/em Kv/cm Kv/em degrees C. degrees C.
Fused quarts 5000 1815 560 -3 270
Pyrex 4300 1050 200 - 20 140
G-l (lass 3100 1200 102 - 22 150
Cover (lass - 730 60 + 20 165
Lime (lass L1500 355 32 - 33 217
Celluloid (125) 2500 120 - - 10 140
India ruby mica 10600 - - +100 -

Another possible mechanism of solid breakdovm is explained by Del Iar,
Davidson, and ﬁarvin.Sz A particle of higher dielectric constant is imbedded
in the dielectric. It will concentrate lines of electric flux to itself, creaf-
ing points of excess electric flux density. Decomposition takes place and

conducting needles form. An insignificant foreign particle may gradually but

SOF. W. Peek, Dielectric Phenomena in High-Voltage ingineering, pe. 243.

blP. e loon and A. 3. lorcross, "Three legions of DMelectric DBreakdovm,®
Transactions of the American Institute of Zlectrical ngineers, XLIX (April,

l§30;: ;)i ;"7 65’:—

>y, A. Del Mar, W. ¥. Davidson, and R. . larvin, "ilectric Strength of
Solid and Liquid Dielectrics," Transactions of the American Institute of llec-
trical ihgineers, XLVI (June, 1927), 10uS-10GL.




cumilatively destroy the insulation in this way. Confirmation is found in
examination of many solid dielectrics in which breakdown has occurred. The

punctures resemble a series of needle points thrust through the dielectric,

31
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EXPERIMEHTAL PROCEDURE

A. Purpese and Background

It was decided to conduct an investigation into the dielectric properties
of sulphur, Sulphur was chogen for study since it is one of the few chermical
elements wihich are good insulators, it has an interesting crystalliné struce
ture, and it is easily obtainable, The study of a chemical element was thought
desirable since this simplified structure might make easier the interpreting
of the results, Other chemical elements which are insulators are phosphorous
and boron, Phosphorous is not easy to handle and boron is not readily obtain-
able,

Sulphur is the sixteenth element in the periodic table, and has an atomic
weight of thirty-two., Data on its structure is given by Hackh and Grant.t
In the solid state it exists as 2 molecule corposed of e¢ight atoms in a ring
arrangement as shown in Figure 9. Below ninety-six degrees Centipgrade, the
crystalline form is the rhombic, octahedral pattern of Figure 10, The inter-
axial angles, < , @ , and ¥ are all ninety degrees, The axes, a, b, and ¢
are all of different length, Above ninety-six degrees Centigrade and up to
its melting point of one hundred fouriteen degrees Centigrade, it exists in tha
monoclinic, prismatic form of Figure 11, The interaxial angles, &K , and -
are ninety degrees, but 8 is an acute angle, .'1‘he axes, a, b, and c, are of
unequal length.

Hellor? gives the following data on the electrical resistivity of sul-
phur. R, Therlfall found the resistivity of crystalline sulphur at seventy-

five degrees Centigrade to be 6,8 x 1025 ohm-centimeters and that this value

11, W, D. Hackh and J. Giant, Chemical Dictionary, pp. 262-26L.

25, W. llellor, A Comprehensive Treatise on Inorganic and Theoretical

Chemistry, ppe 77=79%




decreased with increasing temperature. I, ileumann gives 2 x 1018 o

2 x 1019 ohm-centimeters as the resistivity at ordinary temperatures., ILiquid
sulphur has increasing conductivity wp to one hundred sixty degrees Centigrade
according to D, H. Black, It then falls to a minimmm at one hundred eighty-
five deprees, and thereafter increases. This behavior corresponds to viscositby
changes, The resistivity at one hundred sixty-three degrees is given as

7,5 x 1010 chm~centimeters., Values at IOW'tempef&tures ars not given.

Hellor3 also glves the following data on the dielectric constant of sul-
phur, It is typical of much of the information found on dielectric constants
in general, L. Blotzmann measured the dialectfic constants of sulphur
crystals in the directions of the three exes and found them to be respectively
he773, 3.970, and 3.011, F, Rosetti and M. Faraday gave 2,24 for the dielec-
tric constant; A, Wullner 2,88 to 3,213 F. Rosetti, 1,81l; J. E. I, CGordon,
2,57933 J. J. Thomson, 2.L43 C. B. Thwving, 2.69; M. Lefebore, 2.7; W. Schmidt,
3.95 for a wavelength of seventy-five meters for freshly cast and after ageing,
3.90; and R. Fellinger zave L4.05 and 3,00 for infinite wavelength.

The electrical moment of the sulphur molecule was measured by Taylor
and ftideal who found it to be 7.5 x 10~18 electrostatic units.

The tests consisted of measuring the dielectric constant of sulphur and,
where possible, the losses, under varying temperature, frequency, and electro-
static stress. The method used was to measure the capacity of a condenser
with a dieleetric of sulphur, and compare it with the capacity of the same
condenser with an air dielectric. The tests were made, not with the object
of determining values of dieiectric constant which are absolutely correct,

but to obtain values which are relatively correct, so that the variations in

3Tbid., pp. T7-19.
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dielectric constant may be studied and reasons for these variations deduced.
Purther the worl has been done with a view of seeking material which requires
additional study, and possibly special equipment not now available, so that

others who follow in thic project may be guided toward more fruitful study.
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Be Equipment angl Procedure

Capacity was measured on a General Radio Type 821-A Twin-T leasuring
Circuit. It is a null~type instrument for measuring impedances in the range
of 460 kilocycles to LO mepacycles. DBoth susceptance and conductance are
measured. The dial is calibrated directly in micromicrofarads of capacity,
however., The conductance is read from a dial calibrated in micromhos for
frequencies of 1, 3, 10, and 30 megacycles, At other frequencies, a ratio may
be applied to obtain the true conductance. The error is given as plus or minus
0.1% plus 2 micromicrofarads for capacity, and 2% of the reading plus 0,1%

Ay

of the full scale value for conductance, The circuit is shown in Figure 12,
There are two parallel paths from the generator to the detector, a~b-c, and
a~d=-c, 1o energy is transferred from the generator to the detector when the
transfer impedances (defined as the ratio of input voltgge to output current
when the oubput terminals are short-circuited) are equal and opposite. ‘he
ciréuit is initially balanced to a null. The condenser to be measured is con-
nected across the "Unkmown" terminals. The conductance and susceptance con-
densers are again adjusted for a null, and the difference from the original
readings gives the desired values,

As the signal source, a United States Army Frequency lleter BC-221-l,
manufactured by the Bendix Radio Corporation, was used. This instrument gives
an output over the range of .125 to 20 megacycles, A Signal Corps Receiver,
BC~348-R wus used for a detector. Its frequency range is .2 to .5 megacycles
and 1.5 to 18 megacycles. A crystal filter in this receiver was helpful in
reducing nolse and ﬁaking the null more easily discernable, IHowever, the
amount of noise output from the receiver was still too great to permit mascimun
accuracy, so a filter was connected to the receiver output. This filter tmed

sharply to about 1,000 cycles, so that adjustment of the receiver output to
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this freguency resulbted in a signal which conbained an extremely small amount
of noise. ‘he output was observed both on earphones and on an oscilloscope,
a Du tiont Type 1h6 which has a three-inch tube. It was found that a phase
shifting circuit to put a cirecular pattern on the oscilloscope further aided
in nmore accurate detection of the null.

The experinent required applying a high direct voltage to the test con-
denser from a rectifier having o voltage output variable between 108 and 15,000
volts, This could not have been done directly without damage to the impedance
measuring circuite. A special circuit to accomplish this is shown in Figure 13,
A radio frequency transformer was necessary to isolate the measuring circuit,
and a capacitor kept the high voltage from appearing on the transformer, The
circuit was also protected by ifuses as shown., The readings taken with this
procedure were recorded and corrected by placing a previously calibrated var-
iable capaci%or in place of the test capacitor and repeating the readings.
Since the proper variable conductance could not be obtained, an ammeter was
used to measure leakage current directly.

the variation of *emperature was best accomplished by using an irmersion-
type air condenser, A beaker could then be filled with the dielectric material
and the tect condenser immersed in it, and heating and cooling were thus
facilitated.

It was found that the air content of powdered sulphur was quite high and
reduced the apparent dielectric constant by a large amount. The amount of this
air would vary with temperature, which would invalidate the results on a rela-
tive basis. It was decided, “herefore, to first melt the sulphur and allow 1%
to golidify in the condenser in a hard form.

The test condenser was carefully inspected for very nearly equal plate

spacing. It was then boiled in distilled water to remove contaminating materials,
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However, other sourcez of error are stlll present. Due to the construction of
the condenser, all the capacity is not between the plates themselves. How-
aver, bthis is a congtant factor. The spacing was probably not sxactly the

same throughout, which would lead to unequal stress on the dielectric material.
This also was a constant factor, but might have lead to making larger the
variation in dielectric constant which it is desired to study, could it have
been corrected for, Air was probably present to some degree in the solidified
sulphur. iloviever, this effect must have been negligible, since the sulphur
was remelied many times during the course of the experiment, and the dielec~
tric constant would return to its original value on solidifying, Tor the sams
reason, if any chemical reaction bebtwesen the condenser plates and the sulphur
had resulted, its effect was negligible on the dieleciric constant, The ef-
feet of impurities which may have been in the sulphur is not lmown. It has
been pointed out previously that several theories of the behavicr of dielectrie
constants are based on the presence of impurities, even the extremely minute
amounts of impurities that still exist in the purest substances that may be
chemically produced, Therefore, this effect can not be disregarded in the
analysis of the resulits. The sulphur tested was commercially obtained "Chem-—
ically Pure" sulphur, and no atbempt was made at further purification. Auy
inaccuracy in the calibration of frequency of the signal generator would have
been negligible since dielectric constant varied very little over very wide
ranges of frequency. The same may be said for any variation in the output
voltage of the signal generator with frequency. Another sourcs of error was
the uneven heating of the sulplmr. This effect would have been aporasciable in
determining the absolute value of dielectric constant, since the thermometer
did not read the exact value of temperature of the sulphur bestween the plates
of the condenser. Again resulis were relatively correct, however, and readings

could be repeated,
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C. Data
Table I
Melectric Constant versus Temperature

Frequency constent at 0,5 megacycles, conductivity too low to measure in
all cases, capacity in air 56,7 micromicrofarads,

Tampe Capacity Dieleetric Temp, Capacity Dilelectric
Deg. Cent. uuf Const, Deg. Centa nuf Const.
115 150,2 2,649 7 156,0 2,751
110 152,3 2,686 2 155.8 2. Th8
105 153,8 2,712 -4 155.6 ZoThl
100 154,9 2.732 -9 155,3 2,739
95 156,0 2.751 =15 154.9 2.732
85 15642 2.755 =21 154.2 2,720
75 156,2 2.755 ~-26 153.1 2.700
é5 15642 2.755 ~32 151,0 2.663
55 156.3 2,757 =37 15043 2,651
L5 156.3 2,757 ~1t3 150.0 . 2,646
35 156.3 2.757 ~1i6 150,0 2.6L6
25 156,3 2.757 -51 15042 2.6L9
18 156.3 2,787 -57 150.4 2,653
13 15642 2.755
Table IT

Dielectric Constant versus Temperature

Frequency constant at 1.5 megacycles, conductivity too low to measure
in all cases, capacity in air 56.7 micromicrofarads.

Temp, Capacity Dielectric Tenmp, Capacity Dielectric
Deg. Cent. uuf Const, Deg. Cent. wuf Const.
115 150,1 2,647 7 156,1 2.753
110 152,2 2.684 2 155.9 2,750
105 15440 2.716 -4 155.6 2, 7Ll
100 155.1 2,735 -9 155.3 2,739
75 15642 2.755 -26 153.2 2,702
65 156,2 2,755 -32 151.0 2,663
L5 156. 3 2,757 -3 150.1 2.047
35 156,3 2.757 L6 150,0 2,6L6
25 156.3 2,757 -51 150,1 2,647
18 156,3 2,757 ' -57 150.3 2.651

13 156,2 2,755



Table III
Dielectric Constant versus Temperature

Frequency constant at 2,5 megacycles, conductivity too low to measure
in all cases, capacity in air 56,7 micromicrofarads,

Yempa Capacity Dielectric Terpa Capacity Dielectric
Deg. Cent. uuf Const, Deg., Cent. uuf Const.
115 150.1 2.647 7 156.1 2,753
110 152.L 2,638 2 155.9 2.750
105 153.9 2.7 -k 155.6 2. 7hly
100 155.1 2,735 -9 1553 24739
95 15601 20753 '15 15h09 2.732
85 156.2 2,755 ~21 15h.2 2.720
75 156,2 2.755 =26 153.1 2700
65 156.2 29755 ‘32 15009 20661
55 15603 20757 '37 15003 20651
L5 15643 2,757 -3 150,0 2.6L6
35 156,3 2,757 =16 150.0 2.646
25 156,3 2,757 ~51 150,2 2,649
18 156,2 2,755 ~57 150,3 2.651
13 156,2 2,755
Table IV

Dielectric Constant versus Temperature

Frequency constant at l,0 megacycles, conductivity too low to measure in
all cases, capacity in air 56.7 micromicrofarads.

Temp. Capacity Dielectric Temp., Capaeity Dielectric
Deg, Cent. uuf Const, Deg. Cent. wuf Const.,
115 149.9 2.4l 7 156.1 2,753
110 152.3 2.686 2 155,9 2.750
105 153,9 2,71 - L 155.6 2,74L
100 155.3 2,739 -9 155.3 2,739
95 15600 20751 ‘15 15&69 20732
85 156,1 2,753 21 154.3 2.721
75 156.1 2.753 -26 153.2 2,702
65 156,2 2,755 -32 151.0 2,663
55 15602 20755 '37 15003 20651
L5 15642 2,755 . -3 150.1 2,647
35 156,2 2.755 -6 150.0 2,646
25 156,.2 2,755 -51 150,1 2.,6L7
18 156.2 20755 '57 15003 20651

13 156.2 2.755



L3

Table V
Dielectric Constant versus Temperature

Freguency constant at 6,0 megacycles, conductivity too low to measure
in all cases, capacity in air 56,7 micromicrofarads,

Temp, Capacity Dielectric Temp. Ceopacity Dielsctrie
Dege Cent, uuf Const, Deg, Cent. nuf Const.
115 149,9 2,64l 7 155.9 2.750
110 152,3 2,686 2. 155.7 2.7h6
105 15309 2-71h - h 15505 297&3
100 155.4 2,741 -9 155.2 2.737
85 1561 2.753 ~21 15h.2 2.720
75 - 156.1 2,753 -26 153,2 2,702
65 156.1 24753 -32 151.1 2.665
55 15602 20755 —37 150'3 2-651
L5 1562 2,755 -3 150.1 2.647
35 156,2 2.755 46 150,0 2.6L6
25 156,2 2,755 -5l 150,1 2,647
18 1562 24755 ~57 150.3 2,651
13 1561 2,753
Table VI

Dielectric Constant versus Temperature

F'requency constant at 8.0 megacycles, conductivity too low to measure
in all cases, capacity in air 56,7 micromicrofarads.

Terp. Capacity Dielactric Temp, Capacity Dielectric
Deg, Cent. uuf Const, Deg, Cent. wf Const.
115 9.7 2,640 7 155.7 2,7h6
110 152, 2,603 2 155,5 2.743
105 15307 20711f - h 155~2 2-737
100 155,1 2,735 -9 154.9 2.732
95 15506 2o7hh *15 15&-5 20725
35 155,58 2,748 -21 154.0 24716
75 15545 2.750 =26 153.1 2.700
65 155.9 2.750 -32 151.1 2,665
55 155.0 2.751 -37 15043 2,651
L5 156.0 2,751 -43 150,0 2,045
35 156,0 24751 =46 149.9 2.6l
25 156,0 2,751 ~51 150,2 2,049
18 156,0 2,751 -57 150,3 2,651

13 15549 24750



Dielectric Constant wersus Direct Voltage

Table VII

Yemperature conshant at 25 degrees Centigrade, capacity in air F7.1
micromicrofarads, frequency ‘

D, C. Totential
YVolts

Q
108
32k
540
765
972

1170

1296

1413

1458

1512

1566

1620

1566

1512

1158

1395

1296

1188
972
756
522
324
108

0
- 108
- 32}
- 540
- 756
- 972
~1188
-1305
=140k
~1458
1521
~1566
~1620
«1566
~1512
~1158
-10L
~131k
~11868

Capacity
uuf

157.6
15746
157.6
157,6
15740
157.6
157.6
157.6
157.6
157.6
15746
157.5
15745
155,0
155,3
15641
157.1
157.6
157.6
157.6
157.6
157.6
157.6
15746
157,6
157.6
15746
157.6
157.6
157.6
15746
157.6
157.6
157.6
157.6
157.6
157.5
155,0
15502
155.8
156,2
157.0
157.6

1

.

5 nmepgacycles,

Delectric
Const.

2.760
2,760
2,760
2,760
2.760
24760
2,760
2,760
24760
2,760
2,760
2,758
24758
2.7
2,720
2.73h
2.751
2.760
2,760
2,760
2. 760
2.760
2.760
2.760
2,760
2,760
2,760
2.760
24,760
2,760
2,760

2,760

2.760
2,760
2,760
2.760
2.758
2,71
2,718
2.729
2.736
2.750
2.760

ot Charge
uucoulerbs

0
+ 17,021
51,062
05,104
120,564
153,187
184,392
201,250
222,689
229,701
238,291
2L6,799
255, 304
216,366
238,488
230,081
220,215
20L, 637
187,616
153,575
119,533
82,655
51,450
387
16,63l
50,676
oL, 718
118,759
152,801
186,82
205,262
220,38l
229,39
239,323
2h6,415
25k,923
2h6, 585
- 233,110
hnd 029)7;3
~ 221,289
- 207,195
- 187,375

T A A A A A )

e C. Current
uarms

3 RO fed
s 8 6 8 % v e & P % 6 8 & & o a

*

¢« 9 & 9

»

C)CJC>§>F)§)S)S>E)SJE7£3(D<3 C>C)C)C)ED(D QOOCOCOOCO0OO0O0O0OLC OO0
QO oWVttt vl i © © Q@ vuoiivuiviai oo,

[ T T T B I O §

1
)

T

-

*

C O C)§>C3<3
RARVIRE ACA RN ) e

»

Ly



D, C, Potential
Volis

- 972
- 756
- 540
- 324
- 108
0

+ 108
32l
5ho
765
981,
1188
1295
1,0l
1512
1566
1620
1566
1512
1458
a3
1296
1188
972
756
522
32l
108

0

- 972
~11458
~1566
~1620
~1566
-1512
~1458
<140l
~1296
- 972
0

Cepacity
uuf

157.6
157.6
157.6
157.6
157.6
157.6
157.6
157.6
157.6
157.6
157.6
157.6
1576
157.6
157.6
157.5
157.5
154.9
155.3
155.7
156.1
156.7
157.6
157.6
157.6
157.6
157.6
157.6
157.6
157.6
157.5
157.6
157.5
154.9
155.2
155.8
156,2
157.1
157.6
157.6

Table VII (Continued)

Dielectric
Const.,

2,760
2,760
2,760
2,760
2-760
2Q7GO
2,760
2,760
2,760
2. 760
2,760
2.760
2760
2.760
2,760
2.758
2.758
2.713
2,720
2,727
2.734
2.7hh
2.760
2.760
2,760
2. 760
2.760
2,760
2.760
2. 760
24760
2,760
2.758
2.713
2,718
2.729
2.736
2.751
2.760
2-760

Tot, Charge

wucoulombs

+ 110

1 11+

153,334
119,292
65,250
51,209
17,167
146
16,785
50,917
811,959
120,119
15,460
187,083
20kL,10kL
221,125
236,146
216,654
255,159
26,72k
238,3u8
229,951
222,936
204,637
187,665
153,623
119,582
82,703
51,498
17,457
h36
152,751
229,345
246,365
254,373
2L6,1;308
238,066
229,069
221,2L5
20L, 326
153,345
158

D

+

B

C. Current
narps

. L] [

*
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-
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L L[] [}
Uit vtUitrituinrininiunini @ O oottt wotvioia

.



Table VIII
Dielectric Constant versus Direct Voltage

Temperature constant at 70 degrees Centigrade, frequency 1.5 megacycles,
capacity in air 57.1 mlcromicrofarads.

D, C. Potential Capacity Dielectric Tot, Charge D, C. Current
Yolts uuf Const, uucoulombs namps
0 157.5 2,758 0 0
108 15745 2,758 17,010 0.5
333 157.5 2,758 52, Ll7 0,5
540 157.5 2,758 85,050 0.5
765 157.5 2,758 120,468 0s5
972 15745 2.758 153,090 0.5
1158 157.5 2,758 137,110 0.5
1296 15745 2,758 201,120 0u5
1404 157.5 2.758 221,130 0.5
1&67 157'5 2-758 2313052 O.S
1521 15745 2,758 239,958 10,0
1566 157.k 2,756 216,643 20,0
1512 15h.9 2.713 238,211 10,0
1458 155.3 2,720 229,835 0.5
140k 156.3 2,737 221,422 0.5
1350 157.1 2.751 212,960 0.5
12687 157.5 2,758 203,050 0.5
1188 157.5 2.758 187,458 0.5
972 157.5 2,758 153,438 0,5
756 157.5 2.758 119,18 0,5
531 1575 2,750 83,980 0.5
324 157.5 2,758 51,378 0,5
108 157.5 2,750 17,358 0.5
- 108 157.5 2,758 - 16,662 - 0.5
- 333 15705 2.758 - ;2,099 - 0.5
- 540 157.5 2,758 - 8L,072 - 0.5
- 756 157&5 2.758 - 118:722 - 005
- 961 15745 2,758 - 15h,159 - 0.5
~1188 157.5 2,758 - 186,762 - 0.5
~1296 157.5 2,758 - 203,772 - 0.5
=140k 157.5 2,750 - 220,782 - 0.5
-1458 157.5 2.758 ~ 229,207 - 0.5
"1512 15745 2-758 - 237’792 ~10,0
-1512 154,68 2.711 - 237,865 ~10.0
-1458 155.2 2.718 - 229,495 - 0.5
~1395 155,8 2,729 - 219,698 ~ 0.5
~1350 1566 2,743 ~ 212,669 - 0.5
~1296 157.0 2.750 -~ 20L,202 - 0.5
-1138 157.5 2,758 ~ 137,219 - 0.5
- 981 157.5 2,758 -~ 154,617 -~ 0.5
- 756 157.5 2.758 - 119,179 - 0.5
- ‘J31 157'5 2.758 o 83,7’42 Lad 005



Table VIII (Continued)

D. C, Potential Copacity Dielectric Tot, Charge De Co Current
Volts © uuf Conste uwucoulombs nams
- 321# 15705 20?58 - 511139 - 005
0 15745 2,798 - 109 0
+ 100 1575 2,758 + 16,901 + 0.5
32L 157.5 2,750 50,721 0.5
558 157.5 2,758 87,776 0.5
765 r 5 2,758 120,379 0.5
1138 157.5 2.758 137,001 0.5
1296 1)..5 2,758 200,011 0.5
1)413 1)70) -¢758 22’3139 O'S
11338 1)1 . L-c7)8 209;526 005
1512 157.5 2,758 238,031 10,0
15066 157k 2.756 246,533 20,0
1512 15’.8 2,711 238,104 19,0
11,58 155,.1 2.716 229,737 9.5
1hokL 15 7 24727 22]’ 3)3-5 O.S
1350 156.5 2.7 212,916 0.5
1305 157.1 2.751 205,860 0.5
1197 157.5 2,756 38,871 0.5
756 157.5 2,750 119,k 0.5
522 157.5 2.758 82,559 0.5
32l 157.5 24758 51,374 0.5
108 157.5 24758 17,354 0.5
0 157.5 2,758 + 3Lk 0
- 756 15705 r_o758 - 118,726 bd 005
-11358 157.5 2,758 - 229,291 - 0.5
-1512 15745 2.758 - 237,796 -10.0
-1566 157.4 2,756 - 2&6 298 =20.0
-1512 154.8 2,711 - 237,869 -10.0
-1458 155,2 2.718 - 229,499 - 0.5
-1l 15547 2.727 - 221,105 - 0.5
-1359 15:605 207}-‘1 - 91).‘.,080 - O.S
-129¢€ 157.1 2.751 ~ 204,202 - 0.5
-1138 157.5 2,758 - 137,213 - 0.5
- 75¢€ 157.5 2,758 - 119,173 - 0.5
c 157.5 2.758 - 103 0



Table IX
Dielectric Constant versus Direct Voltage

‘Temperature constant at minus 55 degrees Centigrade, frequency 1.9
megacycles, capacity in air 57.1 micromicrofarads.

D. C. Potential Capacity Dielectrie  Tot, Charge Ds C. Current
Volts uwuf GConst. uucoulonbs uamps .
a%* ¥

0 152,0 2,662 0 0 0

108 152,0 2.662 16,1416 Lo Lo
32 152,40 2,662 49,248 L5 L5
510 152,0 2,662 82,080 50 50
756 152,0 2,662 114,912 60 60
972 152,0 2,662 17,70 80 80
113l 152,0 2.662 172,368 100 100
1138 151.9 2,660 180,573 110 110
113k 1149.5 2.618 172,436 110 110
1060 1i19,9 2.625 164,352 105 105
1026 150,8 2,641 156,233 100 100
972 151,7 2,651 148,065 90 90
e 152,0 - 2,662 131,666 30 8o
765 152,0 2,662 116,618 70 70
540 152,0 2,662 §2,418 60 60
32l 152,0 2,662 49,586 50 50
108 152,0 2,662 16,754 30 30
0 152,0 2,662 + 338 0 0

~ 108 152,0 2,662 - 16,078  -110 - Lo
- 324 152,0 2,662 - 48,910 - 70 - 50
- 5L9 152,0 2,662 - 83,110 - 40 - 50
- 765 152,0 2,662 -\115 9l2 - 70 - 70
- 972 152,0 2.662 - ;7,&06 ~100 ~100
-1134 152,0 2,662 - 172,030 ~120 ~120
-1180 151,9 2« 060 - 150,235 -145 -160
~113L U9 2.616 -~ 172,100  -170 ~185
~1020 149,7 2,622 - 16,02 =175 ~175
-1026 150,5 2.636 - 155,919 -160 -160
- 981 151,3 2.650 - 149,129 ~-150 -~150
- 864 152,0 2,662 - 131,386  -1hO -1%0
- 756 152,0 2,662 - 114,970  -125 -125
- 5LO 152.0 2.662 -~ 82,136  -110 -110
- 324 152,0 2,662 - 19,306 -100 -100
- 103 1;2. 2.662 - 16,7k - - 60 - 75
9 15240 2,662 - 58 0 0

# 103 152.0 2,662 + 16,358 +270 + 50
32l 152,0 24662 149,190 110 5
5Lo 152.0 2,662 82,022 120 100
756 152,0 2.662 114,854 110 110
972 152.0 2,662 147,536 120 120
113, 152,0 2,662 172,312 130 130
1138 151.9 24660 130,515 1ko 140

1134 1h9.L 2.016 172,380 130 130



fable IX (Continued)

D. G. Potentiad  Capacity Dielectric  Tot, Charge De. Ca Current

Volts uuf Const,. uucoulombs uamps.

a'ﬁ' pine
1080 149.6 2,620 16ly, 307 110 110
1026 150.4 2,634 156,207 100 100
972 151.h 2,651 148,058 90 90
8ol 152,0 2,602 131,675 80 80
£5 152.0 2,662 116,627 70 70
540 152,0 2,662 82,427 60 60
324 152,0 2.662 49,595 50 50
108 152.0 2.662 16,762 30 30
0 152,0 2,662 % 37 0 o}
- 108 152.0 2,662 - 16,069 <100 - 10
- 324 152,0 2,662 -~ 148,091 - 75 - 50
- 540 152.0 2,662 - 81,733 - &5 - 65
- 756 15240 2,662 - 11,565 = 170 - 70
- 972 152.0 2662 - 147,397 -100 ~100
-1134 152,0 2.662 - 172,021 -125 ~125
-1188 151,9 2,660 - 180,226  -135 -150
-1134 1oL 2,616 - 172,091  -160 ~130
~1080 1L9.6 2.620 ~ 144,018 175 -180
-1026 150,2 2.630 - 155,923 =150 =150
- 972 150.9 2,643 - 147,793 -140 =140
- 86h 151.5 2.653 - 131,464 130 =130
- 765 152.0 2.662 - 116,43 <120 =120
- 5ho 15240 2,662 - 82,213  -110 -110
- 32} 152,0 2,662 - ho,ko9  -100 -100
- 108 152.0 2,662 - 16,577 =50 - &0
0 152.0 2.662 - 161 0 0

# Initial Current Reading.
#%  Current reading at a time later when no chonge was noticed for a
period of one wminute,



50

The following additional data was also observed. In Tables I through
VI, results were the same vhether the sulphur was in the process of heating
or cooling. Frequency was not increased above 8 megacycles, since a resonance
in the measuring circuit invalidated all readings from that peint to the up-
per limit of frequency.

Obgervations were made similar to those of Tables VII through IX at
other frequencies in the range of the equipment, and the changes in dielectric
constant were of the sume magnitude, No results appreciably different from
those shovm were obtained by varying frequency,

An attempt was made to observe a dynamic hysterisis loop on an oscil-
loscope., A sinusoidal voltage of 150 volts peak and of &0 cycles was used.
This produced only a straight line as temperature was varied from 115 degrees
Centigrade to minus 55 degrees Centigrade.

Data similar to that showm in Table VII was abttemmpted with molten
sulphur, lio change in dielectric constant could be observed as voltage was
increased to breakdown, or upon decreasing the voltage from any point below
breakdovm.

Ho change in dielectric constant could be observed by decreasing the
voltage after reaching a point below the maxima in Tables VII to IX under
those conditions, A small increase in voltage above these maxima resulted

in breakdowm,
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FREQUENCY

DIELECTRIC CONSTANT VERSUS
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ANALYSIS OF RESULTS AHD COuCLUSIOHS

The theories which have boen advanced to explain the dielectric constants
of materials are not completely satisfactory. Uhe data upon which these
theories are based is apparently sketchy, or is not generally available, Pre-
cise walues of dielectric constants under a given set of conditions are not
common in the literature. ‘There are contradictions in the available data,
as well as in the theories, There is data which the more commonly accepted
theories do not explain. Further a tendency is apparent to add more and more
involved hypotheses to the commonly accepted thecries in order to explain new
facts that are discovered. Hathematical analysis has, in many cases, become
quite complicated, and still leaves some facts unexplained. It is believed,
therefore, that some very basic facts remain to be discovered, and that the
solution to thig problen demands more data which 1s not now available, and
possibly a correlation of this data from new approaches,

The behavior of the dielectric constant of sulphur is not like that of
most materials, As a solid it exhibits a hipgher dielectric constant than as
a Jdquid. It is believed that this is due to its crystalline structure, and
that some crystal siructures may, in themselves, have polar properties, or
exhibit something similar to polar properties. If this is the case, some
change in crystal structure or in its method of influence must take nlace as
temperature is lowered to minus L6 degrees Centigrade, The dielectric constant
at this point is very nearly that of the liquid. Whatever the contribution of
crystalline structure, it has ceased to have an appreciable effect at this
point. Below this voint, the dielectric constant iﬁcreases with decreasing
temperature as is expeected from normal polar theories, An investigation of
crystal structure as a correlation with this data, and other data that may be

later obtained on this project, should yleld some useful informations
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The variation of dielectric constant with frequency indicates the begin-
ning of & region of anomalous dispersion around eight megacycles. This effact
can be explained by the ending of the interfacial polarization component,
which, in “wrn, indicates the presence of impurities, As has beern previously
stated, the equipment did not permit investigation over the range of this
region of anomalous dispsrsion,

The phenomena observed at values Jjust bslow breakdovm potential is sug-
gestive of the beginning of the complete breakdown of crystalline structure
which occurs with the arc. A distortion taking place at this point would
result in the lessening of the polar, or similar, contribution of the crystal
lattice. It is to be noted thai the result could only be obtained at values
very close to breakdovm., As breakdown is approached, the material approaches
the limit of its storage capability, A decrease in voltage then results in a
sharp decrease in dielectric constant, followed by a gradual rise to the initial
value. As soon as the condenser is caused to return energy to the circuit,
after reaching this nezk point, the dielectric constant of the sulphur decreased
sharply, possibly indicating inability to return to its original structure.

A1l of the charpe stored at a given voliage is not returned on decreasing to
this wvoltage. That this is a strain on the material was indicated in the low
temparature test, The voltage was increased to a value near breakdowm, and
then the first decrease in voltage, on many of the tests, resulted in a cur-
rent which increased steadily until the sulphur finally broke dovm. When
brealdown did not oceur on this decrease in voltage, the sulphur was able to be
restored to its original dielectric constant after further voltage decreases.
The sharp decrease in dielectric constant may then be related to the anomalies
in leakage cur:ent, the reversal of charge transfer, or both. Studies of this

vhenomenon in other materials, and of crystalline structure, should aid in
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axplaining more fully the mechanism of this process. In computing the total
stored charge, a small residual charge at the return zero voltage is evident.
In each case it is noted %o be larger in the direction in whieh the voltage was

Mirst increased. The changes which occur near breakdowm result in the storing

T

of a small amount of charge which is not ziven up with the removal of voltage.
This may be analogous %o the permanent deformation caused by siraining a
material beyond its elastic limit. The relative values of these residual
charges chec:: fairlyclosely, but may be questioned because their smnall magni-
tude is in the region of error. The changes in dielectric constant however,
prove the existence of the small residuwal charges, whatever their value, and
the recurrence of nearly the same valuss on numerous tests may be indicative
of some degree of accuracy. This process was nioted to occur only near break-
down potentials, and, therefore, is thought to be different from dielectric
hysterisis, szlthough a similar loop may be plotted. A more plausible explana—
tion seems to be the exceeding of the elastic limit of the crystal structure.
The unusual variations of leakage current at low temperature, confirmed
in several trials, are also believed 1o bz clogely related to crystal struc-—
ture, It was noted that the leakage current was consistentiy higher in one
direction than in the other. Hon-bilateral resistors are commonly explained
in teras of the work functions of crystals, an involved subject the study of
which has not been attempted here. It can also be seen that the properties
obsgerved here are more unusual bthan those of a simple non-bilateral resistor.
The differences in current with increasing and decreasing voltage and the time
delay of curr:mnt in reaching a steady value, indicate additional unusual condie
tions. The unexpected current behavior at low temperature was not noted to
produce any effact on dielectric congtant changes. ihether it is an important

factor in the problem under consideration, therefore, is not known. Investigoe
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tions of other materials should show its importance and give additional clues
as to its effects.

Tt is believed that much additional and valuable information may ve
gained by further research on this project. lore data is badly needed on the
subject. It is thoush’ that an investigation of dielectric constant at hig
drect voltage with a material of high dJdielectric loss would be particularly
important in formulating a better explanation of the mafterial discussed herein,
It would also be interesting Lo attempt to obtain this type of data on a
material for which a dynamic hysterisis loop may be observed. HHesearch by a
crystallographer with a view to aiding this project should give much needed
information,

The obtaining o building of some additional equinment wuld be of great
value in this study. A special imnersion condenser, with smooth eveniy-snaced
plates, and which was so constructed as to be sure that nearly all the capacily
and loss was occurring in the dieleetric naterial under test; would resull in
better measurenents. Iaterials used in its construction would have to remain
rigid over wride ranges of temperature, and no! contaminate or react chermically
with the dielectric material, The measwring instrument most often mentioned
in the liserature on dielectriec constant research is the heterodyne beat instru—
ment. A coil is placed in parallel with the test condenser and the circuit
is made to oscillate at its natural resonant frequency. A simdlar eoil and
calibrated variable condenser are also made to oscillate and tuned t¢ the fre~
quency of the unknown, by mixing the signals, and tuning for a zero difference
frequency. It is believed that such an instrument sould facilitate further

study,
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