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ABSTRACT

A means of quantitatively measuring the dielectric properties
of radio frequency iasulating materizls at high frequencies is described
herein. Tests were conducted over a frequency renge from 15 to 60
megacycles, with fairly large radio frequency electric fields being
applied to the materials. Dielectric power loss is determined by means
of' the quantity of heat produced within the material when an electric
field of known magnitude is applied. This investigation has shown that,
in general, the dislectric constant, power factor and loss factor are
not functions of freguency, although there are exceptions to this rule.
Usually the power loss per unit volume, with a given field intensity,
is proportional to the frequeacy. It has also been shown that the
existing Navy specifications for ceramic radio frequency insulation are
adequate for the purpose at the present time, if supplemented by a high
frequency endurance test. A suitable qualification test in this respect
hezs been recommended.

* ¥ *

This report supersedes NRL Preliminary Report No. R-1065
of 17 July 1934.



AUTHORIZATION

€. Tais problem was authorized by Bureau of Engineering letter,
reference (z), and additionzl references pertinent to this problem are
listed as references (b) to (g).

Reference: (a) BuEng. ltr. $67/61/L5(1-11-W8) of 1 February 193j.

(b) Navy Specifications for Insulator Material (Radio) -
Cerumic and Glass, RE 134 317F.

(¢) NRL Report No. R-1065 of 17 July 1934 - Effects of
High Frequency Electric Fields of High Field
Intensities upon Radio Frequency Insulating Materials.

(d) L. Boltzmann, Wien Akademie Sitzungsberichte, 67, (2),
page 17, 1873.

(e) Text Book entitled "Electricity and Magnetism" by
S.G. Starling, page 165.

(f) NRL Report No. R-1228 of 6 January 1936 - Frequency
Errors in Thermal Instruments.

(g) NRL Report No. R-1117 of 25 January 1935 - Test of
Loss Factor and High Frequency Flash-over of Phenolic
Insulating Materials.

STATEMENT OF PROBLEM

2s The purpose of this investigation was to determine if the
existing Navy specifications, reference (b), for low loss ceramic
insulating materials are now adequate, considering that many Naval
applications require the use of such insulation at very high radio
frequencies; and if they are inadequate, to obtain sufficient information
on which to base recommendations for a revision of these specifications.
The existing requirements for low loss radio frequency insulation are
based on tests conducted at & low frequency (300 kilocycles) with & very
low impressed radio frequency voltage. These specifications were
adequate at the time when the highest frequencies used in Naval communica-
tion did not exceed a few hundred kilocycles. However, at the present
time there are many Naval applications in which such insulation is used
at much higher frequencies (in some cases up to 60 megacycles); and in
addition, there are many instances where insulating materials are subjected
to an intense radio frequency field. It is not difficult to realize the
existing specifications for low loss ceramic insulating materials may
now be unsuitable, as the qualification tests are conducted under conditiouns
differing greetly from actual operating conditions. Hence this investigation
was undertaken.

KNOVIN FACTS BEARING ON PROBLEM

30 Many investigations have established that the dielectric
properties of insulators are unchanged over & frequency range of 100 to
1000 kilocycles, that is, the dielectric conctant, power factor, end loss
facétor are unchanged over thic frecuency renge. It has &lso been determined
that these vslues ure independent of the impressed field intensity, that is,
the squere lew relationship between impressed field intensity esnd dielectric
power loss exisis. It hes &lso been ecteblished thet the dielectric power
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loss is distributed throughout the volume of the dielectric material.
From ¢ consideration of these facts, it is not difficult to show thet
the power loss per unit volume in & diclectric material, over this
frequency range, is proportional tc the frequency, other factors being
equal. This fact may be stated otherwise, as follows - that the energy
loss per unit volume per eycle is & constent over the zbove frequency
renge, if ail other fectors ere equel. If the relationship between
losses and frequency continues up to the very high frequencies,
obviously, an insulctor whose performance is satisfactory et 300 kilo-
cycles mey prove unsuiteble at 6C megacycles, this frequency now being
used for communicztion in the Navel service.

e An investigation of the effects of the application of an
electric field &t & frequency of 30 meguacycles upon a few dielectric
raterials, was concucted by this Laboreztory, the results of which have
been submitted to the Buresu in & preliminery report, reference (c).
The conclusions based upon that investigation (a2lthough it was stated
therein thet they were not final, &s only & few meterials had been
tested at one frequency) were that the action of & high frequency field
of high field intencity upon a dielectric meterial wes similar to and
oceyed the same laws e&s one of low frequency &nd low field intensity.

THEORETICAL CONSIDERATIONS

5e In the measurement of dielectric properties at the higher
frequencies (15 to 60 megecycles), the methods commonly used for such
measurements &t the lower freguencies would likely prove unsuitable,
as available standards of capocity and resistance would likely be
inaccurate over the high frequency range. In addition, if suitable
standerds were available, such a test may not indicate the performénce
of &n insulator when subjected to & high velue of field intensity,
which would occur in a high frequency transmitter of considerable power
output. Consequently, it is highly desirable to test en insulator
with & high frequency field at & velue of field intensity as great as
would likely be encountered in transmitter uce in the Navel service,
which in some instances is probably as great as 1000 volts per centi-
meter.

6. In the investigation of the effects of high frequency fields
upon dielectric materials, it is highly desirable that a method of
test be used which is cepeble cf yielding quantitative dats in regard
to the properties of the insulator. It would therefore be necessery to
select & means of epplication of the high frequency field to the
insulator so thet the magnitude of field intensity mey be reedily
evaluated. It would likewice be necessary to choose a method by which
the ectual power dissipated in the materizl meay be determined. A means
of application of a high frequency field to & specimen of insulating
nateriel, in which the magnitude of the impressed electric field may be
determined, is shown in Plate 1. Two parallel cisc-shaped metallic
plates serve as electrodes for the application of the field to & semple
of insulating materiel. The test specimen is in the form of & f{lat
plate of suituble thickness to pleace between the electrodes, somewhat
grester in arec than the electrodes. Radio frequency current may be
passed through this arrengement by meking it the cepacitetive portion of
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& tuned circuit. The spacing between the electrodes mey be mude adjustable
to gssist in tuning to any required test frequency. & value of tuning
inductance may be associated with the condenser formed by the electrodes

so that there is an air gap between the electrodes and the test specimen,
ec is illustrsted in Plzte 1. The physicel errengement of the parallel
plane electrodes and the sleb of insuleting materiel mekes it possible
eesily to compute the velue of field intensity applied to the dielectric
from the readio frequency current through the test specimen, the dielectric
constent of the meterial, the freguency, und the erea of the electrodes,

by mesns of the well known laws of electricity. All of the guantities

used in the computation of field intensity, with the exception of the
dielectric constant, may be reedily determined. A method of determination
of dielectric constents at high frequencies will be discussed subsequently
in this report. A quantitative method of determining dielectric power
loss at high frequencies must also be devised. Dielectric power loss
menifests itself in the form of hest, as is illustrated by an apprecieble
temperature rice of the radio frequency insulating meteriel of & high
power, high frequency transmitter. A method of test depending upon the
quantity of heat produced in an insuletor (or the temperature rise thereof’)
under known test conditions would be satisfactory, since the relationship
between electrical and thermel energy has been determired. The temperature
rise of & dielectric materiel mey be determined with a contact thermocouple
after the meterizl has been exposed to a known value of electric field

for z measured time; and from the temperature rise, specific heat, and
density of the meteriel, it is possible to determine the guantity of heat
produced, and the power dissipated in the dielectric under the particular
condition. In this menner the properties of varicus insulating materiels
may be compared. This method of test would also be useful to determine

if sn insuluting meteriel will withstand witbout deterioration or actual
breszkdown, the epplication of an intense radio frequency field, such &s
would be encountered in a high power, high frequency transmitter. A test
specimen may be subjected to an intense field for & considerakle period

of time, and any defects produced thereby could be readily noted.

e In order to investigate the effects of high frequency fields
upon insulating materiels, certein tests must be conducted to establish
the relationships existing between the verious governing factors and
dielectric power loss. Prior to this investigation, it had not been
definitely established that the square lew relationship between field
intensity and power loss exists, when &n intense high frequency field is
cpplied to & dielectric. If this relationship was found to be governed by
some factor other than the square lew, it would not be possible to state
the power factor of the materiel &s & definite velue, rather the power
factor could only be correctly expressed as some particular value at &
stated field intensity. As radio frequency insulating materiels may be
used over & wide band of frequencies, it would be desirable to investigate
the effect of frequency upon losses, as results mey indicate that insula-
tion tests m&y be more advantageously conducted at csome particuler
frequency. In addition, some informetion regarding the dielectric constant
of materisls at high frequencies is also desirable, since the value of
the dielectric constent of a materiel is related to the dielectric power
loss therein. It is therefore necessary, in order to completely investigate

=



dielectric properties at high frequencies, to delermine the following
properties of, and relationships existirg in, inswleting materielis:

(2) Dielectric constent of insulating materials, investi-
gating whether or not it is & function of either
frequency or field intensity.

(b} The relaticnship between dielectric power loss &nd
applied field intensity.

(c) The relationship between dielectric power loss and
freguency.

8. If the results of the investigation of the behavior of
dielectric meteriais, when subjected to an intense high frequency
field, should indicete that the aielectric constant is independent
of field intensity, end that dielectric power loss is proportional to
the square of the field intensity, it would not be difficult to compute
the dielectric properties of the materiel. These properties may be
expressed in terms of power factor, loss factor, power loss per unit
volume under some stendard test condition, etec.; and in this manner
the relative merits of various materiels may be compared. However, if
the aforementioned relationships differ somewhat from these assumptions,
it would likely be possible to analyze the test data in such & menner
thet some relative basis of comparison mey be formulated.

9. The value of the dielectric constant of & specimen of
insuleting materisl may be determired by an adaption of & method
employed by Boltzmenn in measuring dielectric constants with a continuous
impressed potentisl, which it described in references (d) and (e). A
condenser composed of two parallel pletes was used, between which a
slszb of the materisl could be pleced, and the capacity of the condenser
with the specimen between the plates was determined with &n electrometer
and & suitable source of potentizi. Then the dielectric materiel was
removed, and the spacing of the plates decreased until their capacity
wes the same &s in the previous condition. It is not difficult to show
that the dielectric constant of the meteriel may be computed from the
thickness of the test specimen and the change in plete spacing, by means
of the following formula:

K = 1 (1)
1 - As/u
where K = Dielectric constant of materieli.
As = Chenge in condenser plate spacing in centimeters.
u = Thickness of test specimen in centimeters.

Proof of this formuwle is furnished ir the text book, reference (e).

In the sbove formulz no allowance is made for fringing of the flux at
the edges of the plates. However, as the spacings may be made smell
with respect to the dimensions of the pletes, no lerge error is intro-
duced. A similar arrangement may be used in the determination of
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dielectric constent at radio frequencies. The electrode system shown in
Plate 1, together with a tuning inductance, and a source of radioc frequency
power may be employed for this purpose as shown in Plete 2. The design
of the electrode system should be such that it is possible to change the
electrode spacing. The specimen mey be inserted between the electrodes,
and their spacing changed until the tuned circuit formed is resonant with
the frequency of the power supply, and the spacing &t resonance is noted.
Then the specimen mey be removed, the electrode spacing decreased until
resonance is agein obtained, end this spacing slso noted. During such

& test it is necessary that the frequency, tuning inductence, coupling,
etc., remsgir unchanged, &nd obviously, if these factors are maintained,
the electrode capacities at resonance with and without the test specimen
are equal. The formule shown in equation (1) may then be used to compute
the dielectric constant, as the change in spacing is the difference in
the two aforementioned spacings, and the thickness of the specimen may

be obteined by actual measurement. In the meesurement of dielectric
constant of insuletors, it is necessary to select a velue of tuning
inductence to associate with the electrode system such that the electrode
spacing is @s small as possible, in order to reduce errors introduced

by fringing of the flux neer the electrode edges. It is obviously
necessary to have an inductance large enough to produce resonance with
the specimen inserted at & spacing somewhat greater than the specimen
thickness in order to make it possible to obtain resonance. A velue of
inductance may be chosen so that the length of each of the &ir gaps
between the electrodes and specimen does not exceed 0.1 centimeter,
thereby reducing the error produced by "edge effect." By the meens
described in this paragraph, an investigation of the effect of field
intensity upon dielectric constent mey be conducted by tests at various
electrode currents. The effect of frequency on dielectric constant mey
be readily determined by tests at various frequencies.

10. By means of the apparatus shown in Plates 1 and 2, augmented
with a device for measurement of the temperature rise of a test specimen
of insulzting materisl, the relationship between applied field intensity
and dielectric power loss may be established, as will be explained in
the discussion to follow. If & dielectric material be subjected to a high
frequency electric field, the dielectric power loss raises the temperature
of the meterizl. Since the relationship between electrical and thermel
energy is fixed, and the temperature rise of & substance is proportional
to the heat added, an investigation concerning the reletionship between
field intensity and dielectric power loss mey be conducted by determina—
tion of the temperature rise at various values of applied field intensity,
keepirg all other factors such as frequency, time of exposure to the
field, etc., constant during the test. It is likely that this relation-
ship will be found to be in the nature of a square law, as in most
analogous instences, dindeed, such is found to be the case. If the
square law reletionship holds true, it would be found that in plotting
eélong logerithmic coordinates, the temperature rise of the materisl as
the ordinate &nd the field intensity as the abscisss, a straight line
could be drawn through all points whose slope would be 2. If this is
experimentelly verified, it will thereby be shown that the square law
relationship between field intensity and dielectric power loss holds true.
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It will hardly be necessary to meke an investigation as to whether the
square law relationship holds true &t every test frequency, for if At is
found to be true at some frequency approximately at the mid-point of the
test frequency range, it may be safely assumed that such is the case over
the test frequency range.

1l. In conducting en investigation of the relationship between
field intensity and dielectric power loss, and in any other test invelving
the messurement of temperature rise, preceutions must be taken to insure
the smallest possible loss of heat from the test specimen, in order to
determine accurately the quentity of heat added, or the temperature rise
thereof. From & consideration of the manner in which the radio frequency
field is applied to the materisl, as shown in Plate 1, obviously the
entire specimen is not subjected to the field, and therefore only the
central portion of the materisl will undergo & rise in tempereture. Con-
sequently, loss of heet from the central portion will result by conduction
to the edges &nd by rediation. Loss of hest mey be minimized by keeping
the temperature rise smell, the time of exposure to the field short,
and by measuring the temperature rise &s soon &s possible after exposure
to the field. The temperature rise of the materials m&y be measured
immediately after the test with & contect thermocouple, on the surface
of the specimen &t or nesr its center, this being the point &t which the
smellest lose of heat will occur, as this portion of the specimen is
surrounded by materiscl at approximately the same temperature. Since the
properties of insuleting materisls very considerably, the resulting
temperature rise of verious materiels will likely be considerably
different when tested at the same field intensity and time of exposure
to the field. Therefore, in order to keep the temperature rise of all
materiels smaell, it will be necessary to use different times of
exposure for the various products, redueing them to the szme time basis
(temperature rise per second) for comparison. The question mey arise
sc to whether results mey be reduced to the same time basis without the
introduetion of error. However, consicering the familiar exponential
law of rise in temperature until equilibrium is estcblished, it woulc.
be expected that for a small temperature rise during a test of short
durztion, the temperature rise would be &pproximately proportional to the
time of exposure. Since it is also planned to expose the specimens of
insulating materiel to the radic frequency field for considerable
periods of time to investigate amy possibility of deterioreztion, the
temperature rise at various times of exposure will be determined, other
factors remeining unchenged. From these date it will be poseible to
choose &n optimum time of exposure, which will allow & temperature rise
great enough to messure, without &llowing the time of exposure to be
great enough to ceuse the reletionship between temperature rise and time
of exposure to deviate from an appropriate linear relaetionship.

12. By means of the apparatus used to determine the effect of
field intensity upon dielectric power loss, which has been described
in paragraph 10, the relationship between frequency and power loss may
be esteblished. From the discussion in paragraph 10, it is not difficult
to see that the effect of frequency upon power loss mey be determined
by finding the temperature rise resulting from the exposure of a material
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to & redio frequency field at various frequencies, keeping all other
factors such &s field intensity, time of exposure to the field, etc.,
unchanged during the tests. The test frequencies and the corresponding
temperature changes may be illustrated grephically, and from the curves,
the relationship between power loss and frequency may be found. It is
entirely possible that this reletionship may not be the same in all
types of materials, but will depend on its nature.

3. In the preceding paragraphs, the various investigations
discussed were based upon redio frequency tests in which the temperature
rise of a materisl was purposely kept smell, in order to prevent loss
of heet. Such tests mey be veluable in finding the reletive merits of
materizls at or near room temperature. Such tests may not be indicative
of the performance of materizls when they are continuously subjected to
an intense redio frequency field. Certzin insulating materisls may
have & considerable positive temperature coefficient of dielectric power
loss. If such & materisl were used in & trensmitter, wherein it was
subjected to a considerable redio frequency field, a sm&ll rise in
temperzture would increase the power loss, which would thereby increase
the rate of change in temperature, this effect continuing until a
temperature is reached &t which all heat due to power loss is dissipated.
It is quite possible that & break-down of the material would occur, or
some other form of deterioration would result before temperature equilib-
rium could be established. A materisl may be exposed to an intense high
frequency field for a consideratle period of time, and any resulting
defects noted. It woulc be preferable to expose a material to an intense
field for several periods, gradually increasing the time of exposure
during each successive period, meesuring the temperature rise after each
exposure, thereby determining when temperature equilibrium is established.
At the end of each exposure, the materisls may be examined for any
possible deterioration. It will hardly be necessary to make such an
investigation &t every test frequency, for the effect of prolonged subjec-
tion of & materisl to high frequency field is in the nature of a thermal
effect, and may be found from tests conducted at some frequency &pprox-
imately at the mid-point of the test frequency band.

14. It is desirable that all meterisls which receive high
frequency tests be tested also at & low frequency, in order to determine
if there is any correlation between the reletive merits of materiels at
the two frequencies. Information regarding the effect of moisture on the
performence of the materizls at both frequencies is also desirsable.

Tests can be conducted both at low end high frequencies after immersion
of the test specimens in water for & coneiderable period of time.

15 A list of the verious meterials tested, together with the
symbol used in this report in referring to these products is shown in
Teble 1. In some ceses more than one semple of & material was tested,
and separste samples are distinguished by the appending of a letter to
the symbol shown in this table. It may be noted that, included among
these meterisls, nearly all of the various classes of insulating materiel
are represented.



16. It is not necessary to subject every meterial to all tests
outlined in the previous discussion in order to establish the various
laws and reletionships governing high frequency dielectric power loss;
rather, such factors may be determined by tests of a few of the materials,
selecting & representative sample from each of the various classes. Any
governing factor or relationship found to be common to all of the selected
representative materisls would most certainly apply to any other of the
commonly used radio frequency insuluting meSerials. Products 25 3y 5 6
7, 13, 19 and 20 were selected as representative samples, to be used in
establishing the various governing factors. Reference to Table 1 indicates
that among these representative samples are included a ceramic type, a
glass bound mica material, some silicates, and several types of organic
insulation including a phenolic material.

NARRATLVE OF ORIGINAL WORK DONE AT THIS LABORATORY ON PROBLEM

7. The development of a method for testing dielectric materials
at high frequencies is the original work of this Laboratory. The data
concerning high frequency dielectrie properties, which will subsequently
be furnished, are based on an original investigation by this Laboratory.

METHODS

18. A view of the apparatus used in the test of insulating
materials at high frequencies is shown in Plate 3. The electrodes are in
the form of brass discs, 8.9 centimeters in diameter, the edges of which
sre rounded in order to prevent corona. Means is provided for variation
of the spacing of the electrodes, as is shown by screw drive, gear arrange-
ment, and crank. Both of the electrodes are operated at high radio
frequency poteatial, and the test specimen placed in thelr neutral plane.
Redio frequency ammeters are provided to measure the curreat in order to
evaluate field intensity applied to the material. From a consideration of
the physical structure of the apparatus, obviously the electrodes have
stray capecities to ground as well as a direct capacity between one
another. The electrical circuit formed thereby is showa in Plate 4,

Figure A. The direct capacity path (the one in which the test specimen

is placed) has in shunt with it another capocity path formed by the two
stray capecities in series. It may be noted that the ammeters indicate

the total current through the dirsct path &nd the stray path as well.
Mechanical desiga difficuities meke it impractical to construct the
apperatus so that the instruments may be placed in such & manner &s to
indicate current through the direct path oniy. In order to evaluate the
field applied to the test specimen, the actual current through the specinmen,
or through the dirsct capacity path, must be determined. An equivalent
circuit of the direct and stray capacity paths is shown in Plate 4, Figure
B. The current I represents that flowing into both branches, or the
current indicated by one of the instruments in Figure 4, and the current Ig
is that through the direct path, or that through the test specimen.

The condensers Cq and Og represent the direct and stray capecities,
respectively, of the electrode system. Symmetrical design makes it pos-
sible to assume that the stray cepacities of each of the electrodes are
equal, which actual measurement verifies. In a circuit arrangement as
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showa in Plete 4, Figure B, it is not difficult to show, by means of
alterneting currsnt theory, that the following relationship is true:

oo Iy . G4 (2)
Cd + CS/.d
where I3 = Radio frequency curreat through test specimen.
I; = Radio frequency currant reading of the instrumentis.
Cq = Direct capacity between electrodes.
Cg = Electrode stray capacity.

By means of the above formula the actual current through the test

specinen may be computed in terms of the resading of the instruments,

and the direct and stray capacities. As the spacing of the electrodes

is variable, and since the capacities are a function of spacing, the
relationship between Ig and I will also be a function of spacing. The
direct and stray capacities of the electrode system were determined at a
frequency of 1000 cycles with a capacity bridge, and their values are

saown by curves in Plate 5. The total capacity curve represents the sum

of direct and half of the stray, which is the total effective capacity

of the electrode system, or the term Cy + Cg/2 in eguation (2). It nas
been stated that the relationship between I3 and Ly is a funetion of
spacing, this relationship being governed by the ratio of the direct to

the total electrode capacity, as is shown by equation (2). The ratio of
the direct to total electrode capacity at any electrode spacing may be
obtained from the curves in Plate 5. By this means a curve may be plotted
showing this ratio as a function of spacing. This curve is shown in

Plate 6; however, it is not expressed in the form of a capacity ratio, but
as the component of total electrode current which follows the direct
capacity path as a function of electrode spacing. The question may arise
as to waether or not it is safe to assume that the high frequency current
distribution is the seme as would be expected from a computation based

on measured capacities at 1000 cycles. Tests have been conducted which
show that the radio frequency current distribution is actually governed

by the capacity ratio. At any particular frequency, if the tuning
induetance is changed, the spacing of the electrodes must also be changed
to produce rssonance. When the electrode spacing is changed, the portion
of the current passing through the dirsct pata also changes, as is indicated
by the curve in Plate 6. This provides a means of determination if the
radio frequency current distribution is actually that indicated by calcula-
tions based on capacity ratio. A specimen of matericl mey be tested at

a constant frequency with several values of tuning inductance, and the
total electrode current and corresponding temperature rise in each instance
noted. On *he assumption that the curve in Plate 6 may corrzctly be used
to compute the current through the test specimen from the total electrode
current, it is found that the temperature rise of tne material is independeant
of the spacing for the same computed value of current. From these tests

it may easily be inferred that the curve shown in Flate 6 may be used
without serious error in determining the actual current through the test
gpecimen.

19. The apparatus shown in Plate 3 was used in the measurement of
dielectric constant, the circuit arrangement shown in Plate 2 being used
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for this purpose. A coil wes associzted with the electrode system, of
suitable inductence to produce circuit resonance &t an electrode spacing
which sllowed only & very smell air gap between electrodes &nd test
specimen. The length of the air gep, in most instances, did not exceed
0.1 centimeters. The procedure used in the measurement of dielectric
constent consisted in observing the electrode spacings &t resonance, both
with the test specimen between the electrodes and with it removed, and
finding the change in spacing from these two spacings; the dielectric
constent of the materiel was then computed from the change in spacing
and the thickness of the test specimen by means of equation (1). The
stray capacities of the electrode system will not introduce &n error
into dielectric constant messurements. The stray capacity is in effect
approximately & fixed capacity in shunt with the electrode system, as 1is
shown by the stray capacity curve in Plate 5. Obvicusly, a fixed
capacity in parallel with the electrodes will not iniroduce error into
this measurement. Tests were conducted &t various velues of radio
frequency current in order to determine if the dielectric consteant of &
materisl depended upon the impressed field intensity. Tests were con-
ducted at verious frequencies to determine the effect of frequency on
dielectric constant. In conducting dielectric constent measurements,
the sctual durstion of the test was kept short in order to prevent a
large temperature rise. It is possible that the dielectric constant of
& meterial may have & considerable temperature coefficient, hence the
precaution in regerd to allowing too great a temperature rise. Dielec-
tric constent measurements were conducted over & frequency reange from
15 to 60 megacycles in steps of 7.5 megacycles. Tests to determine the
effect of field intensity upon dielectric constant were conducted at

30 megacycles, the actual field intensity applied depending somewh&at

on the dielectric constent of the meterisl, but with a field intensity
vaeristion ratio of about 3 to 1.

20. It was stated in paragraph 6 of this report that the
magnitude of the high frequency field applied to & test specimen could
easily be computed in & circuit arrangement similer to that in Plete 1,
and the mesns of determining the intemnsity of the field will be
described. It has been previously steted that temperature rise measure-
ments sre taken &t or near the center of the test specimen, and this’
point is also the one at which the value of applied field intensity may
be determined most correctly. At the central portion of the electrodes
the lines of electric flux are epproximztely perpendicular to the sur-
faces of the test specimen and the electrodes, or radio frequency current
from @ smell area &t or neer the central portion of the electrode passes
through the test specimen without appreciable fringing. Beceause of
this effect, it is possible to compute the magnitude of the redio
frequency electric field epplied to the specimen at its center, as the
following discussion will show. The redio frequency current pessing
from &n electrode over a unit area located &t or neer the electrode
center may be found by the fellowing formula:

g (3)
3
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Redio frequency current per unit area expressed in emperes
per square centimeter.

I3 = Radio frequency current through direct path of electrode
system.

Area of electrode in square centimeters.

where I,

A

The radic frequency current from this unit area passes through a similer
area of the test specimen. The capacity of the unit area of the test
specimen may be computed with the following formulas

Cq = _0.0885 K . 1071% (4)
u

where C, = Capacity per unit area of specimen expressed in farsads
per square centimeter.
K = Dielectric constant of test specimen.
u = Thickness of test specimen in centimeters.

The capecitative reactance per unit area of the material may be computed
by the following formula:

L=t = . anad0 (5)
e, 0.0885 K®

where X; = Capacitative reactance per unit area expressed in onms
per square centimeter.
W = 2%f = Angular velocity of impressed voltage in radians
per second.
f = Frequency in cycles per second.

The potential across the test specimen in the region around the center
may be found from the product of the current per unit area and the
reactance per unit area, and is shown in the following formula:

12
E' = Iax& = Id s u . 10 (6)
0.0885 Kw A
where E' = Potential difference between surfaces of test specimen
in volts.

The field intensity may be computed from equation (6) as follows:

2
E' = E! = Id . lol (7)
u 0.0885 Kw A

where E = Field intensity applied to specimen in volts per centimeter.

Equation (7), when rearranged, and when the areca of the electrodes
(62.2 square centimeters) is substituted, becomes:

e
g 29 1.0 @)
KT
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In the azbove formula the term 1; may be obtained from the reading of the
radio ammeters in the circuit and the appropriate correction factor for
indicating the current through the direct electrode path, as has been
explained in paragraph 18 of this report. The value of dielectric
constant may be measursd as described in the preceding paragraph. The
other unknown factor in equation (8) is the frequency, which may easily
be measured. In this manner, the magnitude of the radio freguency
electric field was determined.

21, Tests to determine the effect of field intensity upon
dielectric power loss were conducted with the apparatus shown in Plate 3,
used in a circuit arrangement as shown in Plate 2, together with
equipment for measuring the temperature rise of the test specinea.

The procedure used in testing a material consisted in placing the
material between the electrode system as illustrated in Plate 1, edjusting
electrode specing until resonance occurs, exposing the material to the
field for a certain period of time, and then measuring the resulting
temperature rise with a contact thermocouple. The time of exposure

wes determined from the results of a few trial runs, and was fixed at a
period which did not permit a temperature rise large enough to allow

too great a loss of heat. The precautions necessary to prevent an
appreciable heat loss have already been discussed in paragraph 11 of
this report. The period of time which the materials were exposed to

the field will be shown subsequently in this report. All tests con-
ducted in field intensity-power loss relationship investigation were
mede at 30 megacycles. Variation in field intensity was obtained by
adjustment of the radio frequency current through the test specimen.

The magnitude of the applisd radio frequency field was determined by

the means described in the preceding peragreph. Materials were tested
over a range in field intensity variation of about 2 to 1, &ltnough

the maximum field applied to various materizls was not always the sane,
but governed somewhat by the dielectric constant of the meteriel and the
meximum power output of the radio frequency power supply. The observed
temperature chunges in the various materials were reduced to the same
time of exposure basis (temperature rise per second) for comparetive
purposes. The applied field intensity and the corresponding temperature
rise (in degrees Centigrade per second) were plotted along logarithmic
coordinates, in the manner described in paragraph 10 of this report, in
order to determine the relationship between dielectric power loss &and
applied field intensity.

22. Tests to determine the effect of frequency upon dielectric
power loss were conducted with the appsratus described in the preceding
peragraph, in much the same manner. The temperature rise of the
neterials was measured at & fixed value of field intemsity at various
frequencies. This investigation was conducted over & frequency range of
15 to 60 megacycles, temperature rise measurements being taken at
intervals of 7.5 megacycles. The field intensity applied to the test
specimen was fixed at 1000 volts per ceatimeter, which was adjusted
by control of the radio frequency current through the specimen. The
results of the test, that is, the frequencies znd corresponding tempera-
ture rises (in the form of temperzture rise per second) were plotted on
linear cross-section paper, in order to establish the relationship between
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frequency and power loss. All precautions necessary to correctly measure
the temperature rise, which have been discussed in paragraph 11 of this
report, were observed in these tests.

23 Tests to determine the effect of the subjection of a material
to an intense radio frequency field for a considerable period of time
were conducted with the same equipment which has been used in all other
high frequency tests. The test frequency used was 30 megacycles and the
materials were subjected to a field intensity of 1000 volts per centimeter.
Each material was exposed to this field for various periods of time, the
temperature rise at the end of each exposure being determined. The dura-
tion of the exposure was increased until either & temperature measurement
indizated that temperature equilibrium had been established, or deteriora-
tion of the material occurred. At the termination of each test the
specimen was examined for defects or other signs of deterioration. In
some cases materials were exposed to the field for a period as great as
20 minutes. The time of exposure and corresponding temperature rise for
each of the materials tested were plotted on cross-sectlon paper in order
to illustrate the observed rise in temperature.

24. In o report recently submitted to the Bureau, reference (£),
i+ was shown that frequency errors of considerable magnitude are present
in ordinery thermal ammeters over the range of frequencies used in the
high frequency dielectric tests. All instruments used in this investigation
were calibrated at various radio frequencies by the method described in
reference (f). Four ranges of instruments were necessary to measure the
various required values of radio frequency curreat, the current ranges being
6, 10, 15 and 20 amperes, a pair of instrumegts of each range being necessary,
as reference to Plate 2 indicates that two instruments are used simultaneous-
ly. Two instruments were used to provide a circuit mechanically symmetrical,
and in addizion, the two instruments were useful in checking the electrical
symmetry of the circuit. In Plates 7 and 8, curves are shown by which the
true radio frequency current mey be obtained from the instrument reading
at any of the test frequencies. The "multiplying factor™ of an instrument
is & number which is multiplied by the instrument reading in order to
obtain the true radio frequency current. The question may arise as to the
reason why the multiplying factors of the 6 end 10 empere instiruments are
not approximately unity at a very low frequency. These instruments are
unlike commonly used thermal ammeters, in that they were specially
calibrated (by calculation) by the manufacturer to indicate correctly at
30 megacycles. For further informetion concerning this class of instru-
ment, see reference (f), paragraph 20.

25. In Plate 9, a wiring diagram of the equipment used in the
nmeasurement of temperature rise of the insulating material test specimens
is shown. The materials used in meking the thermocouple were Copel and
Chromel wire, two junctions being used on each end. The temperature of
one pair of junctions was held constant by immersion in an ice water bath.
The meens of terminztion of the other pair of junctions is shown in Plate
10, and, in addition, the manner in which the terminating parts are
mounted is illustrated. The terminating parts are made of brass, constructed
so that the junction may be inserted and soldered. In order to make a
temperature measurement, the test specimen was placed on the arrangement
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shown in Plate 10 in such a manner that thethermocouple terminating parts
make firm contact with the surfece of the specimen at or near the center,
The terminating parts are so mounted that they project above the other
perts, in order that they will maintain firm mechanical contact with the
test specimen. The arrangement shown in Plate 10 was selected because

it afforded = uniform thermal contact between @ test specimen and &
thermocouple from time to time. The indication of temperature with the
apparatus shown in Plate 9 is provided by the deflection of the galvanometer.
The procedure in measuring the temperature rise of a test specimen is first,
to place the material on the thermocouple, then to adjust the slide wire
potentiometer until the galvanometer reads zero, thereby balancing out
the initial temperature of the test specimen. Next, the material is sub-
jected to the required radio frequency test, and at the end of the test,
the specimen is placed again on the thermocouple end the change in
temperature determined by the galvanometer deflection. The attenuator
shown in Plate 9 is used as a galvanometer shunting device, which permits
a multi-range temperature rise indicating mechanism. A measurement of
temperature by means of a thermocouple relies upon the conduction of a
portion of the heat within the substance to the junction of the thermo-
couple, and when the material has a very low coefficient of thermal
conductivity, the possibility of errors in temperature measurements must
not be overlooked. Investigation showed that it was necessary to
cslibrate the thermocouple in terms of each of the various type of
insulating materials. Calibration was accomplished Dy raising the
temperature of the specimens in a temperature controlled chamber a known
amount, and then finding the corresponding galvanometer deflection. For
any material the galvanometer deflection was found to be directly
proportional to the temperature rise, al though the same temperature

rise in materials varying considerably in thermal properties did not
produce even comparable galvanometer deflections. In order to illustrate
the differing temperature measurement characteristics of the various
materials, a relative comparison factor has been provided, which is
expressed in terms of the deflection produced by the application of an
aluminum block to the thermocouple. This factor may be designated as a
"temperature correction factor" which is defined as the ratio of the
galvanometer deflection produced by the aluminum block to that by a test
specimen, when the temperature of each above the ambient is the same.
Temperature correction factors for each of the materials will be shown
subsequently in order to illustrate how great the difference is between
various materials.

26. The specimens of insulating material were also tested by
conventional methods at & low frequency to determine if there was any
correlation between the high and low frequency test data. The well
known "parallel substitution method" was used in conducting these tests,
which is describved in reference (g), paragraph 7(a). The test frequency
was approximately 400 kilocycles, measurements of dielectric constant and
power factor being teken on all specimens. From the product of these two
gquantities, the loss factor was determined. The loss factor of a material
is proportional to the power loss, and is the unit commonly used in conm-
perison of dielectric meterials.



27. Tests were conducted to determine the effect of moisture upon
insulating materials. The materials were soaXed in distilled water at
room temperature for & period of four days. At the end of this period,
the low frequency loss fazctor was determined after the surfaces had been
thoroughly dried with & clean cloth. After the low {requency test, the
specimen was subjected to & field of 1000 volts per centimeter &t a
frequency of 30 megacycles and the temperature rise measured. By comparison
of the dry and wet test data, the effects of moisture upon the meterial may
be established.

28. In this report, all values of voltage, current, power, capacity,
etc., are expressed in practicel units. Reference is made to the system
of units employed, as some textbooks and published articles utilize
clectrostatic units in matters pertaining to dielectric investigation.
The c.g.s. system of units is used in this report in expressing all
qguantities except the electrical ones.

DATA OBTAINED

29. Values of dielectric constant for each of the eight representa-
tive samples at seven test frequencies between 15 and 60 megacycies, are
shown in Table 2. In addition, the dielectric constant of each of the
materials determined by conventional methods at 400 kilocycles is shown
for comparison. Values of dielectric constant were found to be independent
of field intensity over the range of impressed high frequency fields, the
maximun field in each instances being approximately the same as that which
will subsequently be shown for each material in the data illustrating the
relationship between dielectric power loss and field intensity (Plate 11).
The data observed in making a dielectric constent measurement at 30 mega-
cycles are shown in Table 3, in order to illustrate the nature of such
data.

30. Test data to establish the relationship between dielectric
power loss and field intensity, that between power loss and frequency, and
the effect of prolonged exposure of & material to an intense high
frequency field are shown in Plate 11, Plates 12 to 14, and Plates 15 to
18, respectively. A recapitulation of all these data is shown in Plate 19
for comparison purposes. In Plate 19 a few of the curves are shown by
dotted lines, the purpose being to distianguish them more clearly from
other curves in the same region.

31. Low frequency loss factor test data, both with the materials
dry, and after immersion in distilled water for a period of four days,
ere shown in Table 4. Such data are furnished for every test specimen
of each of the materials listed in Table 1.

32. Each of the products listed in Table 1 received high frequency
tests after immersion in water as described in paragraph 27 of this report.
Except in the case of Product 19, no substantial difference between the
results of the high frequency wet tests and the dry ones were noted. The
power loss in Product 19 (as indicated by relative changes in temperature
under identical conditions) after immersion was approximately 6 times as
great &s when dry. All subsequent high frequency test data, either graphical
or tabular, were taken with the test specimens dry.
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DI1SCUSSION OF PROBABLE ERRORS

33. In the data taken for the purpose of determining the elfect
of field intensity upon dielectric power loss, irequency upon power loss,
etc., some absolute error is, of course, introduced. From a relative
standpoint, such data are indicative of the various laws governing the
characteristics of insulating materials at high frequencies, and any
fixed error present may be ignored in forming conciusions. When any of
the properties of & material (power loss per unit volume, for example)
are computed, & rough estimate of the probable error is desirable.

Into such a computation two types of error are introduced, one from
inaccuracies in the evaluation of field intensity, and the other in

the determination of temperature rise. Since in any power evaluation,
the square of the field intensity is introduced, any error in the value
of field intensity will introduce an error into the final result
approximately twice as great in perceatage. Errors in field intensity
may be introduced by error in measurement of current (due to inaccuracy
in the celibration of the thermal ammeters and due to the fact that the
current may not exactly divide as predicted by a low frequency capacity
measurement), and error in determination of dielectric constant. In
arriving at any conclusions regarding probable error in the measurements,
it should zlso be considered that an accurate measurement involving heat
is, in general, very difficult to make. It is estimated that quantitative
high frequency dielectric properties computed from the foregoing test
data are accurate to within about 25%. The properties of the low loss
materials may be inaccurate to a somewhat greater percentage, and the
high loss ones are likely to have & smuller error. It is estimated

that probable error in the low frequency loss factor measurements 1is
approximately 25% for the low loss materials, and 12% for the ones

of high losses, intermediate grades of materials falling between these
two estimated percentages.

RESULTS

34. Reference to Table 2 indicates tnat the dielectric constant
of a material is not materislly affected by frequency over & frequency
range of 15 to 60 megacycles eand is substantially the same at a
frequency of 400 kilocycles, or the dielectric constant of & material
is not a function of frequency. MNeither is it a function of field
intensity, as was indicated in paragraph 29 of this report. An examina-
tion of the graphical data in Plate 11 illustrates that the relationship
between field intensity and dielectric power loss is in the nature of a
square law. A straight line whose slope is approximately 2 may be
approximately drawn through all observed points for any particular product,
thereby proving the foregoing statement to be true. The relationships
between frequency and power loss are not similar in all of the eight
representative samples, as & study of the curves in Plates 12 to 14,
inclusive, will show. In the case of Products 2, 3, 12a, and 19, the
power loss is proportional to the frequency over the test frequency
range, since in each case, a straight line may be drawn through the
average of the points, which, when extended, passes approximately through
the origin. This indicates that over this frequency band the power
factor is a constant, or the power loss per cycle is constant at a fixed
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field intensity. The relationship between frequency and power loss in the
other four representative samples (Products 5a, 6, 7a, znd 20) is not so
simple. The power loss in these materials increases with frequency, and
appears to increase somewhat faster than the frequency over the test
frequency band. Probably some equation could be formulated which would
express the power loss as a function of freguency in these materials,
although such a formula would likely be of little value. It has been
shown thet all of the eight representative samples obey the ordinary
electrical laws at any particular frequency, although the effect of
frequency upon power loss is not the same in &ll of the materials. In
order to compare materials their properties m&y be computed at some
particular frequency, and in general, such information will be indicative
of the performance of the materials over the test frequency range. A
comparison at one frequency is not, in a strict sense, a complete one,

as reference to temperzture rise vs. frequency curves in Plate 19 shows
that the relative standings of Products 7a and 13a are interchanged
between 15 and 60 megacycles. All quantitative dielectric properties
were computed at 30 megacycles which falls approximately at the mid-point
of the test frequency range.

35. The means by which the dielectric power loss may be computed
from the temperature rise will be discussed. When a material is subjected
to a radio frequency field, the quantity of heat added may be expressed
in terms of temperature rise, specific heat, and density of the material.
From the principles of physics, the number of calories of heat added per
unit volume when the material undergoes & change in temperature, is
expressed by the following formula:

H=D.S. AT (9)
where H = Quantity of heat added to materiel in calories per unit
volume.
D = Density of material in grams per unit volume.
S = Specific heat of materizl in celories per gram per °C.
AT = Temperature rise of material in °C.

The energy added, which is in the form of heat may also be expressed in
terms of the electrical energy unit, the joule. Since one joule is equal
to 4.18 calories, the following equation expresses the added energy in
electricel units:

W=4.388=4.38 D6 . AT (10)

where W = Energy added to material in joules per unit volume.

The time rate at which energy is added to the material, or at which power is
dissipated therein, is expressed by the following equation:

2= LIBPW ., AT =P (11)
t t

where t = Intervel of time during which energy wes added, in seconds.
P = Power loss in materisl in watts per unit volume.
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The power loss per unit volume may be computed by means of equation (11),
as the other terms of the equation may be readily found. The density may
be found from the weight and volume of the test specimen. The specific
hest may be found by means of the well known method of mixtures. The
term AT/t may be found for any of the eight representative samples at
any vslue of field intensity from the date shown in Plate 11. In this
manner, the power loss at any applied field intensity mey be determined.
In order to compere &ll materials on the sume busis, their lossee should
be computed &t the seme field intensity. A field intensity of 1000 volts
per centimeter would be satisfactory as the one chosen for comparison, for
the megnitude of the field impressed upon an insuletor in & high power
transmitter is of this order.

36. The power factor of & materiel may zlso be computed from the
temperature rise of the material end the impreessed field. Power factor
is defined as the ratio of power to volt-amperes in & circuit. In the
preceding paragraph, a mcans has been described for cdetermining the
dielectric power loss per unit volume. A mesns of determining the volt-
amperes per unit volume will be shown, thereby providing a meens of
computing the power factor. The capacity between opposite faces of &
unit cube of materiel, entirely surrounded by the seme materiel, may
be computed by the following formula:

G, = 0.0885 K . 1071% (12)
where Cy = Capecity of unit cube in farads.
K = Dielectric constent of material.

The capacitative reactance between opposite faces of the unit cube may
be computed as follows:

= .1 = 1012 (13)
W Cy 0.0885 Kw
where X, = Capacitative reactance of unit cube in ohms.
w = 2%f = Mgular velocity of impressed voltage in radians

per second.
Frequency in cycles per second.

)

If the materizal is subjected to & field intensity E, the voltage across
opposite faces of the cube will also be E. The current flowing through
the unit cube m&y be found from the voltage across and the reactance of
the cube, as indicated in the following equation:
12

I, = EwC, = 0.0885 EKw . 10

v (14)

where I, = Current through unit cube in zmperes.

The volt-amperes per unit volume may be found from the product of the
current through the cube and the voltsge across its faces, as is shown
by the following equation:

-12

U = EI, = 0.0885 E° Kw. 10 (15)
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where U = Volt-amperes per unit volume.
The power factor of the material may then be computed as follows:

w = _P_ . 100 (16)

where ¥ = Power factor of materizl in per cent.
P = Power loss in materizl in watts per unit volume.

The mezns by which the value of the term P in the above equation may be
found has been described in the preceding paragraph. In using the above
cequation to express power factor it is, of course, necessary to substitute
power loss and volt-ampere values teken at equal values of fieid iatensity.
The velue of U shown in equation (15) may be substituted in equation (1r6),
and as comparisons will be conducted &t & frequency of 30 megacycies, &t a
field intensity of 1000 volts per ceatimeter, equation (16) may be further
simplified as follows:

V’: 6 P! (17:1

where }&’= Power factor of material in per cent at & frequency of
30 megacycles.
P! = Power loss of material in watts per unit volume at 30
megacycles with an impressed field of 1000 volts per
centimeter.

The loss factor may be computed from the product of the power factor
and dielectric constant. Data concerning the high frequency properties
of the insulating materials will subsequently be furnished in tebuler
form. :

37 Regarding the effect of exposure of inguleting materisls to &
high frequency field for a considerable perlod of time, reference to
Plates 15 to 18, inclusive, indicatec thet the metericle undergo @ gredusl
rise in temperasture, which is in the nature of &an exponentiel relationship
in every instance except in the case of Product 3. The results in this
instence, sre illustrstive of a condition (which wes discusced as &
possibility in peregraph 13} in which the temperature rise due to & pro-
longed exposure becomes great enough to damage the metericl. Qbvicusly,

& matericl with the physicel properties of Product 2 could not be used

&s radio frequency irsulation in & transmitter, if normal use Lay cause

& temperecture rise of 125°C. During the test the surface of the

meterial beceme discolored, the test specimen werped to some extent, end
during the last period of exposure to the field, & noticezble quentity of
obnoxious fumes were liberated from the test specimen. Likewise, Product €
would not be considered suitsble for use ss radio frequency irsulation in
& trensmitter. The final test on this meteriel cesused large blisters to
form on both surfeces of the test specimen, which exploded, libereting &
considerable quantity of blue smoke having & phenolic odor. This material
reaeched & temperature of 216°C. after a period of four minutes, &t which
point the test was terminated. £l1l other of the eight reprecentative
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semples withstood the impressed field both without damege end without under-
going an excessive temperuture rise. The temperature rise vs. time of
exposure curves in Plate 19 may be used in coaperison of results om all
eight of the representative samples. A consideruble time is required to
meke such & curve on a meberizl, and any way of reducing the time required
in testinz & material is desirzble. It may be noted that when a meterial

is subjected to the field for & period of 15 minutes, either temperature
equilibriun is reached, the temperature rise has progressed to & point
unsafe for using the meterial, or the materisl nas become deawged during

the test. Other meterizls mey therefore be tected once for &« period of

15 minutes in order to deteraine the effect of prolonged subjectioa to

the field. The temperature rise may be observed &t the esad of this period
in order to determine if it has become too greaut for the perticular material,
and also for the purpose of comparison with other materials. The rise in
temperuture produced by exposure to & field of 1000 volts per centimeter

for a period of 15 minutes in one sample of each product listed in Tuble 1,
will subsequently be shown in this report.

38. The high frequency properties of the various materials at
30 megacycles are listed in Table 5. Those of the eight represeatative
samples as well &s those of sll other of the samples listed in Table 1
are given. The temperature rise data used in computation of the properties
of the representative samples were taken from the curves in Plate 1l, the
temperature rise at 1000 volts per centimeter being used in the calculation.
The temperzture rise data on other ones was determined by one exposurz to a
field at an intensity of 1000 volts per centimeter. Ia addition, the tempers-
ture rise produced by subjection of a material to the same field for &
period of 15 minutes is shown. The loss factor at 400 kilocycles is ulso
shown for comparison with that obtained at 30 megacycles. If the properties
undergo no change with frequency (or if the loss per cycle is constant at
the two frequencies, other factors being equal) the loss factors would be
the same at both frequencies. Observed differcaces in characteristics may
also be illustrated in this manner. It is necessury to conslider probuble
error in arriving at any conclusions regarding dielectric properties at
the two frequencies. There is listed in Table 6 some additional date
necessary in neking the computations of high freguency power loss and
power factor.

39. For the purpose of more easily analyzing the observed data, the
matericls have been listed in the order of their relutive merits both at
400 kilocycles and 30 megacycles. This inforsction 1s shown in Tebles 7 and
8. The only difference between these tables is that one designaites the
materials by symbol only and the other uses actual trade naaecs, the purpose
of the latter table being to show at a glunce the properties of muteriszls
at both freguencies. The number following the names of the materisl in
Tsble 8 is the symbol shown in Teble 1, and is furnisned to show the grade
or type of material referred to. If it 1s necessary bto witnhold the
identity of the materials, Table & as well as Table 1, should be removed
from this report. Vhere more than one sample of & materiul was used, the
test data on each was averaged, and the data shown for each material in
Tables 7 and 8 is the saverage.

40. Reference to Table 7 or 8 indicates that the relative standings
of the materials at the two frequencies, while not identicail, are much the

T



same. The grestest change in relative standing occurs in the case of
Product 8, which occupies the eighth place (from the top) in the high
frequency list, end the twelfth place in the other. The loss factor of
this material at 400 kilocycles is nezrly three times as great as it is at
30 megacycles, the discrepancy being too great to be the resuli of
experimentzl error. From this it eppears that the characteristics of
this material have undergone a change with frequency. In contrast, the
loss factor of Product 6, a phenolic material, has increased 2-1/2 times
between 400 kilocycles and 30 megacycles. The relative characteristics
of the materials having a very low loss (the first three or four
motericls at the top of the lists in Tables 7 and 8) should not be

given much consideration in forming conclusions regarding change in
properties with frequency, because consideruble experimentzl error

mey be introduced into these measurements. The high frequency properties
of the rest of the materials (with the exception of those noted above,
and ignoring test data on the very low loss materials) appear to be

very nearly the ssme at the two frequencies, when probuble error is
congidered. Thus, it mey be concluded that, in general, the properties
of an insulator do not change with frequency, but that there are
exceptions to the rule.

Ziks Regarding the matter of qualification tests for insulating
materials for use at high frequencies, the question naturally arises
as to whether materials should receive certain of the high frequency
tests discussed in this report (in addition to any others) before being
considered suitable for use in the Naval Service. As has been shown in
Tubles 7 and 8, the relative standing of materiels is approximately the
same at both 400 kilocycles and 30 megacycles, no particular advantage would
result from measurement of the dielectric properties at the high frequency,
for measurements teken at the low frequency are sufficiently indicative
of performence. Some type of high frequency endurznce test would be
desirsble. Reference to Table 7 shows that Products 3 and 5 have approx-
imately the same loss factors both at 400 kilocycles and 30 megacycles,
and from this feset it might appear that from a standpoint of power loss
either material could be used equally well. However, a compurison of
their changes in temperature when they are subjected to prolonged exposure
to & high frequency field, shows that the relative merits of the materials
are not &t all the same. Reference to the temperzture rise vs. time of
exposure curves in Plate 19 plainly indicates this fact. It may be noted
that the temperature rise of Product 5 is not at all excessive, considering
the type of meterial, whereas that of Product 3 is much greater, and tke
final value reached is great enough to actually damage the material. Thus
the need for some type of endurance test is demonstrated. No radio
frequency insulating material should be considered sultable for use in
the Naval Service unless it will successfully withstend & radio frequency
field of 1000 volts per centimeter, at a frequency of 30 megacycles, for
a period of 15 minutes, without breckdown, damage, or deterioration in
any other form.

DisCUSS10N

L2. The question may arise &as to why immersion in water does
not substantially change the high frequency properties of materials
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(except in one case, which has been discussed in paragreapn 32), whereas
reference to Table 4 indicates that, in many instances, the low frequency
loss factor is materially increased by such treatment. A possible explana-
tion will be offered as to the reason why water soaking affects the low
frequency measurements to a much greater extent. Surface moisture may
contribute materizlly to the increase in low frequency loss factor,
especially when it is considered that in the low frequency tests, the
electrodes completely cover the opposite faces of the test specimen,

which ellows & fairly short path across the edges of the specimen between
the electrodes. From & consideration of the physical arrangement of the
high frequency electrode system, surface moisture on the edges will have
an imperceptible effect on the measurements. Surface moisture on the
faces of the test specimen would likely produce a small effect upon the
high frequency tests, because the application of the field would likely
cause the surface moisture quickly to evaporate. It has been demonstrated
that the high frequency loss of a material increases if its structure

is such that moisture can penetrate the material. The losses in a

sample of porous porcelain increased more than 12 times after the material
had been sosked in water one minute. The reason why the various products
show no marked difference in high frequency properties, before and after
immersion in water, is probably because their structure is such that they
are Iimpervious to molsture, and that surface moisture produces no
substantial effect upon the properties of the material. A low frequency
qualification test conducted after the soasking of & materizl in water is
considered desireble, for in many Naval applications, the material will

be used in & fairly weak field, insufficient to dry the surfzce moisture.

L3. In raeference (a), paragraph 4, the question arose as to the
desirability of reducing the meximum zllowable loss factors for both
F and G grades of radio frequency insulztion. The specifications, refer-
ence (b), permit maximum loss factors of 1% and 7% for F and G grades,
respectively, the measurements being conducted after the material had
been immersed in water four days. Reference to the "wet test data" in
Table 4 indicates only four of the materials tested (which are physically
sultable to conform to the specifications), Products 2, 13, 14 and 18,
would qualify. In addition, the cost of one of these materials (Product 2)
énd the mechanical properties of two others (Products 13 and 14) meke
these materials unsuited to many Navel uses. Thus, of 13 commercial
products tested which are physically and mechanically suited to conform
to the specifications, only one of these (Product 18), qualifies for grade
G material in so far as its radio frequency properties zre concerned.
Taus it appears undesirable to reduce the maximum allowable loss
factor for grade G materials. As grade F materisls are usually employed
in transmitters covering only the low or intermediate frequency bands,
it does not appear that much would be geined by & reduction in the
maximum allowable loss factor tolerznce.

LL. Subsequently, & high frequency endurance test will be
recommended, which all materials should conform with before receiving
Navy type approval. Such qualification tests could be conducted by
any Inspector of Navel Material, equipped with suitable apparatus.

e



RECOMMENDATIONS

45. It is recommended that tne existing Navy specifications,
reference (b), for radio frequency insulating materials be supplemented
with a high frequency endurance test. A requirement that such materials
withstand without breskdown or deteriorztion, the application of a radio
frequency electric field at & frequency of 30 megacycles, at a field
intensity of 1000 volts per centimeter, appears to be suitable for this
purpose.

CONCLUSIONS

46. Navy specifications, reference (b), for radio frequency ceramic
insulation are coansidered adequate at the present time, provided they
are augmented with a2 suitable high frequency endurance test. A suitable
test of this nature has been recommended in the preceding paragreph.

47. In regard to the properties of dielectric materials, it may

be stated that, in generzl, no great frequency change in characteristics
occurs, althnough there are exceptions to this statement.
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TABLE 1

List of Materials Tested.

Note: If necessary to withhold identity of materials, Table 8 in addition
to tais table should be removed.

NRL
Symbol
Product Material
1 Alsimag
2 Fused quartsz
3 Hard rubber
i Bard rubber
5 Isolantite
6 Lamicoid
7 liycalex
8 Mycalex
9 Paraffin
10 Plate glass
i1 Porcelzin
X2 Porcelain
13 Pyrex glass
14 Pyrex glass
15 Pyrex glass
16 Sillimanite
17 Steatite
18 Ultra-steatite
19 Sulphur
20 Victron
21 Victron

Manufacturer

American Lava Corp.
General Electric Co.
American Hard Rubbker Co.
Mmerican Hard Rubber Co.
Isolantite, Inc.

Mica Insulator Corp.
General Electric Co.
Mycalex Corp. of America

Westinghouse Elec. lifg. Co.
Porcelain Products Co.
Corning Glass Works
Corning Glass Works
Corning Glass Works
Chempion Spark Plug Corp.
Dielectric Products Corp.
Dielectric Products Corp.
Dielectric Products Corp.
Dielectric Products Corp.

Product 6 is a phenolic insulating material.

Product 8 is commonly known as "British Mycalex."
Product 9 - The test specimen was made from The Texas Co.'s "Texwax."
Product 10 is ordinary plate window glass.

Product 15 - This glass is of the opaque veriety; &ll other glasses

are clear.

Number of

Mfr.'s Samples

Grade Tested
35 2
- 1
1113 1
3117 1
~ 3
6022 1
= 3
= 3
- i
- 3
- 2
- 2
776 3
707 3
064 3
- 1
352-N 3
L4L-B 3
- 1
LA 1
G i §

Product 19 - The test specimen was composed of ordinary cast sulphur.



TABLE 2
Dielectric Constant Measurcments

at Verious Frequencies.

Material 400 15 22.5 30 37.5 45 £2.5 60
Product Kes.*  Mes. Mes. Mes. iles Mecs. Hce. Mes.
2 3.8 3.9 3.8 3.8 3.8 3.9 3.8 3.7

3 32 S 3.7 3.2 Fok 3.1 B F.1
5a 5k 5.7 56 5.6 5.5 5.6 5.6 5.6

6 el 47 L6 A L6 4.7 4.8 .8

Ta 7.9 7.8 Tod T 7.8 T 78 A
13a LG 4.0 4.0 3.9 3.9 3.9 4.0 3.9
19 3.5 3.8 3.7 3.8 3.8 3.8 3.7 3.7
20 2.6 2h 2.5 2.5 95 2.4 2.5 2.5

# Measurements in this column made by substitution method. All others
made by means of method described in paragraph 19 of this report.

TABLE

Dielectric Constant Mezsurement Data.

30 HMes.
Spacing with Change in Thickness

Meterial Materizl Electrode of Test Dielectric
Product Inserted Spacing Specimen Constent

2 0.802 cm. 0.517 cnm. 0.70 cn. 3.8

3 0.729 0.444 0.65 B2

5a 0.802 0.517 0.63 5.6

6 0.803 0.518 0.66 A7

Ta 0.798 0.513 0.59 Tl

13z 0.740 0.455 0.61 3.9

19 0.757 0.472 0.6 3.8

20 0.801 0.392 0.66 2D

See Equation (1) for formula used in computation.



TABLE

Loss Factor Test Data

400 Kes.

t Data
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Power
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TABLE 5
Loss Factor Test Deta - 30 les.

Note: All data teken &t 30 mcs. except thet in right hénd column.
See Tuble 6 for other pertinent date.

Temp.Rise* Loss
Power 15 Min. Factor
Materizl Temp.Rise* Dielectric Loss¥** Power Exp. to Loss (Dry)
Product  °C./Sec. Constent  (Wetts) Factor Field Fuctor 400 Kes.
la 0.086 5.3 0.173  0.204% 44.3°C 1.0 1.1%
1b 0.083 5l 0.167 0.192 ~ 1.0 1.2
2 0.005 3.8 0.009 0.014 A7 0.05 0.04
5 0.164 3.2 0.26 0.487 145.0 1.6 LT
4 0.118 coal 0.204 0.392 87.0 e 1.4
ba 0.10 5.6 0.253 0.271  42.0 1.5 5
5b 0.11 5.6 0.278 0.297 - Lo 1.5
5¢ 0.097 55 0.245 0.266 - kS 35
6 2:53 4.7 4457 5.82 # 27.4 10.8
e 0.029 el 0.063 0.449 12.7 0.38 0.79
7b 0.028 Halll 0.06 0.047 - 0.36 0.79
7e 0.03 9 0.065 0.049 - 0.39 0.78
8a 0.042 53 0.078 0.088 - 0.47 0.94
8b 0.045 5.5 0.083 0.09 = 0.50 1.5
8c 0.049 5.6 0.09 0.096 255 0.54 1.6
9 0.004 2.0 0.009 0.03 2.7 0.06 0.008
10 0.237 8.5 0.521 0.482 87.0 3« 4.0
1la 0.276 5.8 0.651 0.672 103.0 3.9 4.1
11b 0.258 55 0.608 0.661 - 3.6 255
12a 0.27 543 0.637 0.72 - 3.8 3.2
12b 0.274 5.4 0.647 0.719 18&7.0 3.9 3.5
13a 0.029 3.9 0.057 0.088 10.5 0.34 0.16
13b 0.028 3.9 0.055 0.085 - a.53 0.12
i3c 0.027 3.9 0.053 0.082 - 0.32 0.16
1lie 0.058 bed 0:11 0.15 - 0.66 0.71
14b 0.058 Lok 0531 0.15 = 0.66 0.63
1lie 0.064 4Le5 0.121 0:1617 23.7 0.73 0.82
15a 0.05 L5 0.092 0.123 - 0.55 0.45
15b 0.05 4.6 0.092 C.129 23.2 0.59 0.45
15¢ 0.047 4e5 0.087 0.116 - 0.52 0.45
16 0.087 5.0 0.202 0.242 29.0 ihesn 1.9
17a 0.097 Se5 0.234 0.254 - 1.4 1.4
17b 0.10 5<% 0.241 0.252 - 1.4 1.4
1%7¢c 0.10 6.0 0.241 0.241  44.3 1.5 1.4
18a 0.053 6.0 9131 0.121 - 0.79 1.0
18b 0.043 5.6 0.106 0.113 - 0.63 disik
i8¢ 0.059 5.8 0.146 D151 1834 0.68 1.0
19 0.004 3.8 0.006 0.0095 1.5 0.036 0.017
20 0.019 255 0.028 8.067 11.5 0.17 C.21
<1 0.014 2.6 0.02 0.046 6.1 6.12 0.05

¥* Tempersture rise at 1000 V./Cm.
#* Power loss per unit volume &t 1000 V./Cn.
# ligteriel beceame defective after 4 minute exposure, and the tempersture
rise at the end of this period wae 216°C.



T4BLE 6

Density and Specific Heet of Materiels,

and Other Pertinent Information
Concerning High Frequency
Insuletion Tests.

Temperature Time of
Mzterial Specific Correction Exposure
Product Density Hest Factor# to Field¥**

i § .41 0.20 4539 30 Sec.
2 2.20 0.20 155 120
3 1.22 0.31 1.85 30
4 1.38 0.30 1.77 30
5 2.52 0.24 1.40 60
6 1.35 0.32 1.80 5
7 3.44 0.15 1.27 120
8 2.32 0.19 1.51 90
9 0.82 0.69 1.85 120
10 2.50 0.21 1.40 30
E 3 3 2.56 0.22 1.38 30
2 2.35 0.24 1.42 30
13 .12 0.22 D 90
14 R.26 0.20 1.56 60
15 2.21 0.20 1.54 60
16 2.41 0.23 1.45 60
1Y 2.62 0.22 1.35 60
18 2.82 0.21 1.33 90
19 1.99 0.18 1.60 120
20 1.05 0.33 2.00 60
21 1.06 0.32 1.95 60

#* See paragraph 25 for significance of this factor.
#* The time of exposure is that used in obtaining informetion in

"Temperature Rise - °C./Sec." column in Table 5.



TABLE 7

Relutive Stendings of Materials.
400 Kes. and 30 HMcs.

Mzteriele Designated by Symbols.

400 Kes. (Dry) . 30 lics.
Materiel Loss Material Loss Powier
Product Factor Product Factor Loss*

9 0.008% 19 0.036% 0.006
19 0.017 2 0.05 0.009
2 0.04 9 0.06 0.009
<1 0.05 p25 5 g.12 0.02
13 0.15 20 Q.47 0.028
20 0.21 13 0.33 0.055
s 0.45 7 0.38 0.063
14 0573 8 0.5 0.084
7 0.79 15 0.55 0.09
18 1.0 14 0.68 0,51
1 T2 18 Q.77 0.13
8 1.4 1 1.0 0.17
17 1.4 4 1.2 0.2

4 1.4 16 1.2 0.2

5 1e5 17 1.4 0.24
3 B o 5 1.6 0.26
16 1.9 3 1.6 0.26
12 3.4 10 Sal 0.52
I 3.8 13 3.8 0.62
10 4.0 12 39 0.64
6 10.8 6 7.4 4,57

* Power loss expressed in watts per cubic cm. &t & field intensity

of 1000 V./Ca.



TABLE 8

Reletive Standings of Materiels-
400 Kecs. and 20 Hes.

Materiels Designated by Trade Names.

400 Kes. (Dry) 30 kies.

Loss Loss Power
Material Factor Materisli Factor Loss¥
Paraffin - 9 0.008% Sulphur - 19 0.036% 0.006
Sulphur - 19 0.017 Fused quartz - 2 0.05 0.009
Fused quartz - 2 0.04 Paraffin - 9 0.06 0.009
Vietron - 21 0.05 Victron - 21 0.12 0.02
Pyrex - 13 0.15 Victron — 20 0.17 0.028
Victron - 20 0.21 Pyrex - 13 0.33 0.055
Pyrex - 15 0.45 Mycalex - 7 0.38 0.063
Pyrex - 14 0.73 Mycsalex - 8 0.5 0.084
Hycelex - 7 0.79 Pyrex - 15 0.55 0.09
Ultra-steatite - 18 1.0 Pyrex - 14 0.68 0.11
Alsimag - 1 =2 Ultra-steatite — 18 0.77 0.13
Mycalex - 8 1.4 Al simeg - 1 1.0 0.17
Steatite - 17 1.4 Hard rubber - 4 1.2 0.2
Hard rubber - 4 E 4 Sillimenite - 16 1.2 0.2
Isolentite - 5 1«5 oteatite - 17 1.4 0.24
Hard rubber - 3 1.7 Isolantite - 5 146 0.26
Sillimenite - 16 1.9 Herd rubber - 3 1.6 0.26
Porcelain - 12 3.4 Plate glass - 10 3.1 0.52
Porcelein - 11 3.8 Porcelein - 11 3.8 0.62
Plate glass - 10 4.0 Porcelain - 12 3.9 0.6
Lamicoid - 6 10.8 Lamicoid - 6 27 .4 4.57

* Power loss expressed in wetts per cubic cm. at a field intensity
of 1000 V./Cm.



ELECTRODES
(SPACING VARIABLE)

R.F. AMMETER R.F. AMMETER
TEST
SPECIMEN
-
TUNING —
INDUCTANCE
R.F.
POWER
SUPPLY

CIRCUIT ARRANGEMENT USED IN
DETERMINATION OF DIELECTRIC CONSTANT
AND R.F. POWER LOSS

PLATE &



. F.AMMETER

R.F. e
rower e
SUPPLY _-‘~.:.«">1r CAPACITIES

R.F. AMMETER

(A)

—~——E@———
(8)

DIRECT AND STRAY CAPACITY CIRCUITS
OF ELECTRODE SYSTEM

PLATE 4



J

|l —TEST SPECIMEN

R.F. AMMETERS

MNITT]T]

R.F.FIELD

ELECTRODES

EDGE VIEW

-
/TES SPECIMEN

- ELECTRODE

SIDE VIEW

MEANS OF APPLICATION OF R.F. FIELD
TC TEST SPECIMEN OF INSULATIN6 MATERIAL

PLATE |



LECTRODES
(SPACING VARIABLE)

R.F. AMMETER R.F. AMMETER
TEST
SPECIMEN
|[| i
TUNING —
INDUCTANCE
R.F.
POWER
SUPPLY

CIRCUIT ARRANGEMENT USED IN
DETERMINATION OF DIELECTRIC CONSTANT
AND R.F. POWER LOSS

PLATE &



/LEADS TO TUNING INDUC TANCE\

I51 o] I

=52

TEST SPECIMEN \EL ECTRODES

TEST SPEC!MEN\ /E!_ ECTRODES

\

FUHELHITV NI

e T I T Y

MATERIAL

INSULATING
MATERIAL

X
SUPFORT

APPARATUS USED IN TESTING INSULATING MATERIALS

PLATE 3



/. F.AMMETER

R.F. g

POWER BHENNC T ) STRAY

SUPPLY s (i ;-.\.-"'Il.» CAPACITIES
L}

- F. AMMETER

Cg Cs

—(19) (19—
(8)

DIRECT AND STRAY CAPACITY CIRCUITS
OF ELECTRODE SYSTEM

PLATE 4



‘WI — INIDVAS Fa0MLO3T3

8 9/ ¥/ 2! ol 80 90 o 20
lf......l..........!..r \\
ALIDVAYD AVMLE
L I/
— }./
T.I.’..
l.....-...l_-.._l..lr /...r
J..V/ / .A&hutltb LI2FMIG
ALIVSYD THLOL /
///
///

SON/OVASS

FGOMLO3T13 SNOIHVA LY
SIAOHLIOFTT 40 SIILIDVIYI

TVLOL ANV AV LS € LIOIHIT

\\

\

T ¥ ¥ 8 ®
Lo/ — ALIDVWD

2

oz

2e

ve

L =4

PLATE §



‘WO — INIIVSS FA0NLIITTT
¥l 2/ o 8’0

S
L]

=]
~

ONIDVIS FAONLITTT 40 NOILINNA

& SVY SIqO0NLIOITT NIIMLIG
ATLOIHNIT ONISSVS LNIFHNND

Qo =
3 ®
%o — ANFANND TYLOL 4O LNINOSWOD

oor

JA0&MLIITI TVLOL 40 LNINOIWOD

|

PLATE ¢



MULTIPLYING FACTORS OF
6 AND 10 AMPERE INSTRUMENTS
130 USED IN RADIO FREQUENCY
- CURRENT MEASUREMENTS
TR
\_
110 =
100 : “‘““*-\'
D\
20 6 AMPERE INS TRUMENT.S\\'..‘::
W
| 80
4
o
E
<
W
®
3
S 150
1
- \
~ 140
o 3 N\
S X
g \:\
/30 e
NN
\‘ ~
120 >
110 N
\§
100 S,
]
\
2 10 AMPERE INSTRUMENTS [y
70
) 10 20 30 40 50 60

FREQUENCY — MCS
PLATE 7



]

MULTIPLYIN6 FACTORS OF
15 AND 20 AMPERE INSTRUMENTS
USED IN RADIO FREQUENCY
CURRENT MEASUREMENTS

1co

oo
-§
'\-
80 \ﬁ
15 AMPERE INSTRUMENTS \;I

W
[
e 60
b=
~
£
P
2
N
g 120
=
S
by

100%—]

SP~ =
\\. "y ™

e — ——
\’[

M
20 AMPERE INSTRUMENTS P—

60

(7] 10 20 30 40 50 60
FREQUENCY — MCS

PLATE 8



ATTENUATOR

GALVANOMETER
THERMOCOQUPLE
MICROAMMETER ﬁ+
SLIDE WIRE
POTENTIOMETER,
| X
II'! AANAAN

CIRCUIT OF EQUIPMENT USED IN
MEASUREMENT OF TEMPERATURE RISE

PLATE 9



SPONGE — —THERMOCOUPLE
RUBBER TERMINATION

TOP VIEW

THERMOCCUPLE

SPONGE RUBBEFR TERMINATION

THERMOCOUPLE

¥ SR POT 7 | C R e
Palib PLLNY C N S e N
/ I =— BASE

THERMOCOUPLE LEADS

SECTIONAL VIEW

TERMINATION AND MEANS OF
MOUNTING THERMOCOUPLE

PLATE 10



WO/ A ALISNILNI Q7314

WOLA ALISNILNI G131 WOS"A ALISNTINI a3

-

‘SOW OE — ALISNILNI T73/4 40 SINTHVA SN0IMVA
LY STVIMI LYW TVHIATS 40 TSN FSHOLVHTSWIL

N ™~ - Sy N~ - ~— ~— N o~ - - -~
o N 9 g g o O S N N S @ O o N O m S ® e O
S 9 o S o S O o o =) 9 o0 §
33 8 8 8§ S mm..:n 83 8 & ._\ 3 S w.s...qﬁ 8e s & S 8 3 m.nan.m
20 \u 200 {20070
02
\ A L. 1 .
+'0 - 00 ) \ ¥00°0 ﬂ
\ \ 2 W
m
9'0 - .__‘ ﬂgw ————— 900°0 w
m\f \ 3
« | 2
y “.Q \ \_‘n |g.ﬁ F—+— | | i |||4QQh.b _.-_
\ 0 —1 1o +— 10°0 w
m
4 |
30
g : % &
\ / / 8
0z i 20 — —200
) /
L £
| 7l - "
\ \.\.
0¥ ; >0 ﬂm FO0
0§ - 50 50°0

PLATE |l



| I 1 r :
TEMPERATURE FRISE
OF PRODUCTS & AND 19
0.012 AT VARIOUS FREQUENCIES
FIELD INTENSITY 1000 V./CM. -
0.01 | P ‘x
0.008
0.006 [ 4-*(
v\
|~ A\
0.004 < —
G X
31‘ 0.002 V
o
S 0
|
- .‘
3 |
& |
|
W |
& i
> ;
~
T |
& |
W |
nz‘ 0.012 !
W 19
N 0.0/ -~~-7ﬁ—~
0.008 s T
] / |
0.006 - o .
0.004 —_—
0.002 N =, T —
) N |
0 /0 20 30 40 50 60

FREQUENCY MCS.

PLATE /2



0.08

N

TEMPERATURE RISE

OF PRODUCTS 7a, /3a,AND 20
AT VARIOUS FREQUENCIES

0.06 >
FIELD INTENSITY /000 V. /GM. /
A K
0.04
E. // |
0.02 | 1
S > [
) |
|
m ‘I
]
S
’iao&
&
l 1
b3 .
: .
0.06 1 ‘ , |
e |
0.04 = i |
l |
/ |
: 20 ' i
. A
0.02)
0
o 10 20 30 40 50 60

FREQUENCY — MCS.

PLATE /3



TEMPERATURE RISE — 0°C./SEC.

0.4

0.3

0.2

o
—

.

>3

\
\

\

TEMPERATURE RISE

OF PRODUCTS 3, 5a AND 6
AT VARIOUS FREQUENCIES

FIELD INTENSITY 1000 u/cn.

o i

]

—

10

20 30 40
FREQUENCY — MCS.

50

&0

PLATE /4



TEMPERATURE RISE — °C.

1.8 —— v l
2 T
1.6 ——— e
/ 9
SRS S N . A pd - i
/-4 p— ———f L
1.2 ! ——
TEMPERATURE RISE

OF PRODUCTS 2 AND 19

1.0 | . AT VARIOUS TIMES OF A ]
EXPOSURE TO R.F. FIELD

) FIELD INTENSITY 1000 ¥/CMm.
/ 30 Mmcs.
0.8 /
4

0.6 //

04 / —+

a-zﬂ i

0 -
o 200 400 600 800 1000 1200

TIME OF EXPOSURE TO FIELD — SECONDS

PLATE 15



TEMPERATURE RISE — °C.

14

/2

~
o

TEMPERATURE RISE
OF PRODUCTS 7a AND 20
AT VARIOUS TIMES OF

EXPOSURE TO R.F. FIELD
FIELD INTENSITY /000 V./CM.

30 MCs.

/V

/710

r

| L |

20

N

200 400 600 800 1000
TIME OF EXPOSURE 7O FIELD — SECONDS

1200

PLATE I6



o
C.

TEMPERATURE RISE —

TEMPERATURE FR/SE

OF PRODUCTS bg AND I13a
AT VARIOUS TIMES OF

EXPOSURE T0O R. F. FIELD
FIELD INTENSITY /000 u/cm.

30 MCS.

50

ba

4.0

35]

30

o

20

15

3a_|

10

i
IS

o

200 400 600 800 1000
TIME OF EXPOSURE TO FIELD — SECONDS

/200

PLATE IT



TEMPERATURE RISE

OF PRODUCTS 3 AND 6

AT VARIOUS TIMES OF
EXPOSURE TO R.F. FIELD
FIELD INTENSITY 1000 Vv./CM.

30 MCS.
F
250
6
L 200
q /
S
/50 ¥
X
P J" /A
<
S ol |
¢ 100 ) pd
g
E f /l/ |
L i |
" .
: /!f‘/ ®
0
200 400 600 800 1000 /1200

TIME OF EXPOSURE TO FIELD — SECONDS
PLATE 18



SaN0I3S-a73/4 0L FYNS0dXT 40 FiL
~ -

N © ;oo B on
-8 8 88 8 8 B
]
A
Wu\\\.\\.n\\ w y
=z ]
BRV/E:
02 __t—1
i A—— \| ]
TEL— —tHo 3
w1 | | | f
Q
Y P
»g —1 /
/
\\ %
/ 001
er” \
2
000/

"WO/"A 0001 ~LNI a1314

JAISNTINI 81 04

‘SOW - OFM A
S o B ) -
S0 © © o o
[ 2000
V
o
L8 |
e {00
AV e |
=1, }
Al
v " m
il -.,\\ 7 P
£ ~
p%ZilE:
o i |\\\ q_._
aﬂ
/| £
3
7 /
/
A
v
o/

"WI/"A 0001 ~LNI aT3I4

WI/A ALISNILNE QTS

S S Smo »
SES8R 8
67,
2
a.am
g
02 3
AL $
i b ]
A i
_.-\ w
/ \ n
\m. ro “
[+]
o
/
>
L2
/1
]
/
¥
s

‘SoW 0E—"BIF&
I STLVTA NI MMOHS VLVT 40 NOILVY TN LISVIFIN

PLATE |9



