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FORWARD

This conference on "Dielectrics in Space" was organized with the
intention of reviewing research and problems of dielectric applications in
the space program. It brought together research scientists in the field of
dielectrics, who were doing, or anticipated doing research, which was appli-
cable to the peculiar environment of space flight,and space engineers or
scientists who were confronted with problems which were of a dielectric nature.
The conference was attended by 140 scientists and engineers, 20 of whom repre-
sented Government agencies, N,A.S.A., Air Force, Navy, which are interested in
the space exploration and flight program.

The fourteen papers presented at the Conference, thirteen of which
are collected in this book, together with other brief reports and the recorded
round table discussion, offer a good cross section of the present dielectric
research effort in this field and indicate many of the problems which are still
to be satisfactorily solved. The organizers of the Conference have been grati-
fied by the enthusiastic interest of the participants and those attending and
by the many favorable comments. These seem to indicate that the Conference's
objective was achieved.

Daniel Berg

Thomas W, Dakin
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THE SPACE ENVIRONMENT AS A DIELECTRIC
By: A. S. Denholm
Ion Physics Corporatibn
Burlington, Massachusetts
Abstract: There are many uses for high voltages in space, and in some

cases it will be convenient, or necessary, to use the vacuum environment

as a dielectric. The limitations of this dielectric are discussed before
proceeding to the mechanisms which have been proposed to account for
these limitations. The several factors which have to be considered when
utilizing vacuum as a dielectric are enumerated. Other considerations
when using the space vacuum should include the solar corona and micro-

meteoroid bombardment.

Introduction:

~ Existing or potential requirements for high voltage in space
are listed in Table 1. In some of these applications it is convenient, desir-
able or necessary to utilize the space environment as a dielectric. Itis the
purpose of this paper to discuss the utility of using the space vacuum to
this end and to create an awareness of the areas in which problems exist,
some of which are peculiar to the space environment.

14

The vacuum of deep space is commonly quoted in the 10~
10-16 torr range with pressures obviously increasing in the vicinity of the
earth. This paper will not discuss the transitional pressure regime where
Paschen's Law holds and where long path discharges occur at pxdvalues
below that for minimum breakdown voltage, but will confine discussion to.
altitudes above the earth where the mean free path is longer than typical
system dimensions. At pressures below approximately 10-3 torr (altitude
> 50 miles) avalanche ionization processes become unimportant and the
environmental conditions consistent with vacuum discharge phenomena

exist.
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Table 1 The Use of High Voltage in Space

Primary Objective

electron beams

ion beams

colloid particle beams

lasers

high power e.m. radiation

electrostatic shielding against
energetic charged particles

electrostatic gyros, bearings,etc.

Potential Application

welding

re-entry signalling

directed energy weapons

x-ray production, materials analysis

thrustors (propulsion and orientation)
neutron production-activation analysis
directed energy weapons

radiation belt studies, auroral investi-.

gation, etc.
thrustors (propulsion)

communication and guidance
welding
directed energy weapons

radar

power transmission (long range)
Ligh intensity light sources
(beacons, yeoiery, etc.)

l |
|
|
|
|
|
l
l
|
l
l
|
|
|
|
|
|
|
:
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Vacuum Conduction Phenomena

At low voltages, for example,several thousand volts across a
uniform field gap of 1 mm, the vacuum gap behaves like a perfect insulator.
Unfortunately, as the voltage is raised there is an increasing probability of
a complete collapse of the insulating properties of the gap, and the vacuum
arc associated with this collapse is maintained by self-produced vapor from
the electrodes. The cause of the transition from the perfect to the imperfect
state (breakdown) is obviously a matter of some importance.

It is convenient to separate the discussion of the electrical con-
duction between electrodes in vacuum into two gap regimes; one below about
1 mm and one above. At the smaller gaps, the most obvious conduction is
by the field emission of electrons, which requires no amplification here.
However, as the voltage across such a gap is increased, there is eventually
a complete collapse of the insulating properties of the gap, and the interelec-
trode current is determined essentially by the supply characteristics. It is
not necessarily the case that a detectible field emission current precedes
breakdown. In this gap regime, the breakdown voltage increases approxi-
mately linearly with gap (Fig. 1). ‘

Complete breakdown occurs also at large gaps, but there is
the further probability of pulsed conduction or current loading taking place.
With small electrode areas, small pulses of charge of the order micro -
coulombs for milliseconds cross the gap at a specific threshold voltage.
With large structures, the integrated effect of these small pulses gives a
steady current loading such as that indicated on Fig. 2. The continuous
application of voltage in the current loading regime can condition a struc-
ture so that the voltage limit by current loading is raised to a maximum
value. The voltage at which conduction takes place at large gaps increases
slowly with increasing gap, and this has been called the total voltage effect.

Having noted briefly the discharge phenomena which can exist
when high voltages are applied in vacuum, it is pertinent to discuss the
processes which may account for these effects. Reviews of the many mecha-

nisms which have been proposed to account for vacuum breakdown have been
given elsewhere2: 3 and only those which appear of most interestatthe pres-
ent time are discussed here.




Breakdown Mechanisms:

At the smaller gaps there is good evidence that in many cases
breakdown is linked directly with field emission processes. In a recent
publication? Alpert and Lee compare their data with that of others3:© to
show that breakdown takes place at a critical microscopic electric field of
almost 108 v/cm for tungsten. However, the data which is presented has
two common pecularities which exclude the premise from applying to small
vacuum gaps in general. These are that the experiments were made under
ultra high vacuum conditions and that the prebreakdown current from the
point at which breakdown was initiated was apparently of the order of milli-
amperes. Apart from the doubt that a gap conducting milliamperes is of
utility in an insulating structure, the author and his colleagues have noted
breakdown at small gaps at 10-6 torr when the prebreakdown current was
107"~ amperes or less, and further, with large diameter electrodes noted
a current approaching 1 milliampere apparently flowing from one glowing
point in the gap when a breakdown occurred in a dark diametrically oppo-
site region. The critical cathode field criterion also discounts the results
of the many investigators who found that the anode material is significant
in determining breakdown voltage. It appears from this, that if the situa-
tion allows very high current from a point, breakdown will occur ata criti-
cal field at the point.

Maitland7 proposed that breakdown occurs because of ioniza-
tion effects in the vapor produced at the anode by an electron beam. This
is consistent with the anode material influencing the breakdown voltage,
but again does not account for breakdowns where no detectible prebreak-
down current exists.

When those mechanisms for breakdown at small gaps which
depend on field emission effects are excluded, there appears to remain
only one plausible mechanism. This mechanism was proposed by Cra,nberg8 ‘
and depends upon the removal of a small charged clump of material from one
electrode, and its acceleration and impingement on the other where a cloud
of vapor is generated. It was derived that, in general, the relationship

VE = C (1)

should hold, where V is the breakdown voltage, E is the gradient at the
parent electrode, and C is a constant. For a uniform field gap with spac-
ing d, this becomes '

v = cal/? (2)




Slivkov, 9 examining in more detail the action in the vapor, postulated that

d5/8 (3)

VvV = C
was a better relationship. These expressions do not agree well with most
plots of breakdown voltage against small gaps, but it is likely that the
majority of the published information is for electrodes between which sig-
nificant field emission currents were flowing, which would permit field
emission related mechanisms to act. However, recent experiments sug-
gest that clumps do not cause breakdown at low voltage.

There is good evidence that the current loading phenomenon
which occurs atlarge gaps is related to anode/cathede interactions involving
negative and positive ions, which are enhanced by the presence of organic
contamination of the electrode surfaces. 1l It is interesting to speculate
whether the current loading phenomenon would exist in ultra high vacuum
conditions with really clean surfaces.

Probably the most broadly accepted mechanism for breakdown
at very high voltages (> 100 kv) is that of Cranberg. This is supported by
the voltage to gap relationship for the uniform field condition which tends to
follow relation (2). However, Cranberg's non uniform field relationship(1)
from which expression (2) was derived does not seem to hold.

It can be seenfromthe above,that apart from special situations,
the situation with regardto vacuum conduction mechanisms is far from clear.

Designing for Vacuum Insulation:

The various factors which should be considered in using the
vacuum as a dielectric are itemized and discussed briefly below. Refer-
ences are given for further reading.

Materials: As might be expected from the preceding discus-
sion,breakdown depends strongly on the materials of which the electrically
stressed surfaces are made. The better metals include tungsten, nickel
and some steel and titanium alloys. It ishighly desirable to use metals in
which there are no dielectric inclusions. Such impurities are present in
many alloys to improve machining properties or to control other material
characteristics. The significance of electrode material is indicated by the
values in Table 2.




Table 2 Insulation Strength at 1 mm Gap for Several Metals

Metal

304 Stainless Steel
Udimet A

Nickel, Inconel-718
303 Stainless Steel
Inconel

Inconel-X,l Molybdenum
Haynes-25

Udimet-41

Hastelloy B

Multimet

Strength kv/mm

60
55
50
44
44
40
30
28

15

10
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‘breakdown has not been studied extensively, and further work is required

17

Surface Finish: The effect of surface finish is less than
might be expected and has been discussed elsewhere. 13 1¢ appears that
extensive and meticulous polishing gives small gains in insulation strength.
Presumably, macroscopic polishing has little effect on the micro projec-
tions which may initiate vacuum breakdown. This suggests that electro
polishing may be effective, but results have been unpromising. Mechani-
cal polishing produces a hardened surface layer which, it is postulated,
inhibits breakdown. This layer is not present after electro polishing.

Gap: As already noted, the breakdown voltage is approxi-
mately proportional to gap below about 1 mm. This is illustrated by the
plot of insulation strength against gap which is shown on Fig. 3. At large
gaps where voltages of the order 105 volts can be insulated, the voltage
gap relationship follows expression(2) with the constant C about 3 Mv/m?3.

At a fixed gap much higher voltages can be insulated for some non uniform
field situations, such as a positive sphere opposing a plane, than for uni-
form field conditions. 12

Electrode Area: It has long been known from bitter expe-
rience that it is more difficult to support high fields over large surface
areas than small. But until recently no experiments had been made to
determine the extent of this effect. 13  Undoubtedly, the area effect is
largely related to the increasing probability with area of weaknesses

existing which give low breakdown voltages. _Such effects yield to the
application of extreme value statistics, 15 which have been applied to
similar phenomena in other dielectrics. 1 To give a measure of the

effect, an electrode of 20 cm? area which can insulate 40 kv across a
1 mm gap can be compared with one of 1000 cm? which can insulate
only 25 kv. This problem is being studied intensively at the present

time.

Temperature: The effect of surface temperature onvacuum

in this area. It appears from experiments by Slivkov18that for nickel there
is no deterioration in vacuum insulation properties up to about 800° C.
Recent studies at the Naval Research Laboratories by Little and Whitney19
appear to confirm this.
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Pressure: Again, it is necessary to discriminate between
the gap regim—és below and above 1 mm. At the smaller gaps there is no
change in breakdownvoltage as the pressureis changedfrom 10~ 3torr down
to 1077 torr. Some improvement might be expected in the pressure range
below 10710 torr with surfaces kept free of adsorbed gas or vapor.

At the larger gaps there is a very definite pressure effect as
can be seen on Fig. 4. At first sight, a qualitative explanation of the pres-
sure effect based on mean free path, charge exchange collisions, and gap
dimensions, appears reasonable, but closer examination of the numbers .
involved does not seem to confirm this. The reason for the improvement
in vacuum breakdown strength at pressures in the micron range is being
studied at the present time.

Structural Stability: Although this is not a vacuum breakdown
phenomenon, it is worth noting since the closing of a gap by electric forces
may lead to breakdown. The consideration is particularly pertinentto small
gaps where high fields can be developed. The surface pressure tending to
close a gap stressed at 80 kv/mm is 4 psi. Instability can result because
any decrease in gap spacing increases the field ( —) and consequently the
force which is tending to decrease the gap. This problem has been treated
elsewhere with regard to blade systems in electrostatic generators.

Design Data: In culling values from the literature for the
design of equipment, the above should be borne in mind. In most cases,
one, or more, of these factors was not appreciated; and also the values are
usually breakdown voltages rather than insulation strength. This is parti-
cularly important for vacuum breakdown, because of the vacuum gap's
unfortunate quality of breaking down a long time after the application of
voltage. 2 The time lag with delayed breakdown can be hours, or longer,
but the situation is ameliorated by the self-healing property of the vacuum
dielectric. In general, a spark does not reduce insulation strength, and
in factthereis often a conditioning effect with sparking. The exception is
where the discharge causes excessive surface damage. The energy in the
discharge can obviously influence this, but the significance of discharge
energy, or power, to surface damage is not yet known.

In designing, itis possible to use breakdown voltage' values with
a suitable factor of safety—if one knew what a suitable factor of safety was!
At Ion Physics Corporation the concept of insulation strength has been used
extensively, which is defined as the maximum voltage which the vacuum
specimen will withstand for a 5 minute period. This is believed to be a
more satisfactory criterion than actual breakdown voltage, because inmany
instances one spark in 5 minutes would be quite tolerable.

S .
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Surface Flashover:

It is impossible to stress electrically a vacuum gap without
also stressing a dielectric surface in vacuum. There are few papers on
the subject. 20-23  For the best performance, attention to the termination
of the dielectric at metal surfaces, particularly at the negative end, is
essential. The insulation strength of alumina has been plotted against
length in Fig. 5. Above about 100 kv, a total voltage effect exists, as in
the case of the gap, and again expression (2) appears to apply, but with C
having a value around 0.6 Mv/m2. To obtain dielectric surfaces to sup-
port voltages in the megavolt range without excessive dimensions, the
dielectric surface is broken up into a series of steps with controlled
potential. This is the technique used in accelerator tubes and in the bush-
ing shown in Fig. 6 24 Typically, a glass accelerator tube would have
50 kv across each one inch dielectric surface.

Pecularities of Space:

With regard to the support of voltage the space environmentis
not just another vacuum. Before discussing the features which prompt this
remark, it is pertinent to qualify the earlier comment that the vacuum of
deep space was in the range 10-14 to 10-16 torr. The presence of the space
vehicle will influence the local environment, and the pressure at the surface
of the craft, particularly in any re-entrant region, may be relatively high
because of material outgassing. As an illustration, two examples have been
calculated using commonly quoted outgassing rates. On Fig. 7 the values
are for a spherical re-entrant volume evacuated to space through a small
opening. Figure 8 is based on a disk of material facing out into space; the
pressure being for the point one radius removed from the surface of the
disk along the median. Pressure is much higher closer to the surface.

It is now known that the solar corona,at least in a weak form,
extends beyond the orbit of the earth. This corona is essentially a very dif-
fuse plasma of electrons and protons, and since it has a bulk velocity away
from the sun, it has been called the solar wind. Gold2> states that there
are probably from 100 to 1000 ionized pa,rticles/cm3 in quiet periods. With
chromospheric outbursts (solar flares) there are particle densities > 1000
o::m3 with bulk velocities from 500 to 2000 km/sec. For a good discussion
of solar emanations see Ref. 26.
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To determine the significance of the plasma with regard to
voltage support, it was assumed that there were 1000 particles/cm3 mov-
ing with a bulk velocity of 2000 km/sec, which is probably a relatively
severe condition. If an electric field system is suddenly applied to a
volume containing such a plasma, there is a very brief pulse of current
associated with the flushing of the electrons from the volume and the
same charge in a longer pulse due to the ion movement and removal.
The charge and duration of these pulses depend on the volume and the
field, can readily be calculated to a reasonable approximation, and in
most instances would be 1n31gn1f1cant Because of the influx of the plasma
the field system is fed a continuous load which is of the order 3 x 10~ -8
amperes/cm2. The total load thus depends on the effective area of collec-
tion, which has to be determined for the specific field system, its orien-
tation with regard to the 'wind' velocity and the kinetic energy of the incoming
particles. For small or largely enclosed systerns the solar corona is not
a significant load, but for more grandiose concepts such as electrostatic
shielding it is a major problem.

Less frequent but higher energy particles than the above will
produce secondary particles in a vacuum gap, but since these are present
in many cases in earthbound high voltage vacuum systems without causing
breakdown. it is not thought that they will present a problem in space. The
reverse may well be true for micrometeoroid bombardment of the electri-
cally stressed surfaces, about which one can only speculate until the appro-
priate experiments have been made.

Concluding Remarks:

In spite of all the problems which have been arrayed, it was
the intention to encourage rather than to discourage the use of the space
environment as a dielectric. If the utility of dielectrics for space were
gauged on an electric strength to mass ratio, the natural environment
would stand alone. This is certainly not the case on a strength to volume
basis. In many cases, it will be inconvenient, or impossible, to use the
environment for insulation; in some cases, it will be essential. It is hoped
that the information presented will provide for specific applications the
first step towards determining the utility of the natural environment for
electrical insulation in space.

"n
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GAS DISCHARGES IN INSULATING SYSTEMS AT
PRESSURES BETWEEN ATMOSPHERIC AND HIGH VACUUM

T, W, Dakin and C. N. Works
Westinghouse Research Laboratories
Fittsburgh 35, Pennsylvania

This paper will present a survey of the gas discharge situation
which exposed-energized electrical systems will encounter as they pass from
atmospheric pressure through the low pressure regions at high altitudes and
onto the vacuum of outer space. Part of the presentation will be based on
a scrutiny of well-known low pressure discharges phenomena as they apply to
electrical system enviromments at high altitude. The discharge behavior of
gaps and simple insulation systems in the low pressure glow discharge region
is illustrated by experiments made on such systems. Finally some observa-
tions made on discharges with insulating barriers in vacuum will be discussed.

Fig. 1 orients us as to the relation of pressure and altitude.
The most critical region of altitude is in the range of 10 to 50 miles, about
100 to 0.01 torr (mm. Hg.), where the minimum breakdown voltage of air occurs
for typical spacings likely to be encountered in electrical systems. At
higher altitudes the situation for smaller systems improves markedly, since
the breakdown voltage increases toward high vacuum.

The problem of reduced breakdown voltages at high altitudes has
been recognized and dealt with in connection with high fiying aircraft where
altitudes of the order of 10-1l miles maximum were encountered but now the
altitude is unlimited in spacecraft,which encounter the very minimum air
breakdown voltages possible. Thus a broader view must be taken for high
altitude aircraft.

The relation of breakdown voltage to pressure and spacing with
uniform field is shown in the familiar Paschen's curve; Fig. 2,52 Tt snould
be noted particularly that the minimum value is at about 0.6 mm. Hg. for a
1 cm spacing. Correspondingly for 10 cm it would be .06 mm. Hg., etec. Also
it should be noted that the minimum value is at about 330 volts crest. This
would correspond to about 230 volts r.m.s. for sinuscidal a-c voltage, since
the minimum breakdown would occur on the crest of such a varying voltage.

The behavior in this curve is typical of a breakdown in any gas resulting
from the castastrophic-avalanche build-up of ionization by collisions of
electrons with atoms or molecules and kept going by a secondary ionization
process such as photoionization or cathode photoemission. At lower pressures,
below the Paschen's minimum, higher voltages are required to increase the
electron energy and the probability of ionization due to the fewer collisions
of electrons in each avalanche resulting from the reduced gas density (or
spacing).




Tf now we examine in Fig. 3 actual experimental data taken on
g 0,25 cm (Ool»inch) sphere gap in a low pressure cell, we note a similarity
between the Paschen's curve, but there is one notable difference. The curve
does not rise sharply after passing through the minimum. This is simply due
to the fact that there are larger availsblé spacings for discharges to occur
in most practical systems. Discharge does not start at the closest spacing
between the spheres but at some greater distance from the sides of the spheres

or their supporting rods.

There is snother notable difference. In the low pressure region
the "breakdown™ does not result in &n arc and a sudden drop in voltage but
results in & glow discharge which will maintain a substantial voltage if
the current is not driven too high. This raises the question: What condi-
tion really constitutes breakdown in this regicn? At higher pressures it is
difficult to avoid an arc discharge which will draw unlimited currents
usually at a localized point on fthe conductor after a spark starts the break-
down. In that case the question of the criterion of breakdown current is not
so critical. But in the low pressures gleow discharge region, a few, up to
several hundred, milliamperes of current may flow without an arc developing.
Such glow currents may or may not be at all serious to the performance of an
electrical system, or only temporarily disabling. They would, however, cause
substantial radic noise.

The behavior of the glow discharge in a simple sphere gap cell
should be illustrative and of some interest. For example, the current which
flows in the glow may be partly determined by the impedance of the circuit
supplying the voltage. We have worked with both very low and high impedance
sources. 1If, at a particular pressure, the gap cell is connected to a very
low impedance source and the current allowed to reach whatever level it
wishes, one will find that, after the glow once starts, a higher voltage is
required to produce an arc. Note the line in Fig. 3 for the limit of voltage
for a d-c arc.

The currents flowing in the system at various pressures in the
glow region are shown in Fig. L, Tt will be noted that, near the Paschen's
minimum pressure, the owervceltage tolerated by the glow for this clear small
gep is small. But at lower pressures, where the glow has spread to larger
spacings the overvoltage is cocnsiderable before an arc develops. The arc
condition corresponds tc a negative voltage current characteristic where the
voltage drops as the current increases. With this system the highest stable
glow current was about .2 ampere.

The appearance of the glow discharge in this system is fascinating
as shown in the photos of Fig. 5. Only a color photc, however; can capture
the besuty of the discharge. Only in 5a, at a pressure not far below the
Paschen's minimum are seen clearly some of the typical characteristics of
the classical glow discharge which has been studied and described about 100
years ago by Crookes and Faraday and others3:*. The cathode glow is seen
uniformly sheathing the upper negative electrode and its supporting shaft.
Must of the veltage drop in the glow appears between the cathode and this
glow. This cathode drop in normal glows in gases depends on the cathode
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metal and varies from 230 volts for Al to 375 volts for copper, being

270 volts for iron. The Faraday dark space outside the cathode glow snd
the anode glow as & ring around the lower electrode are evident, but the
positive column which in the (classicali discharge tube with a single uni-
form spacing between electrodes, is a fainter striated columnar glow is
not very evident here. In the other photos taken at lower pressures the
nature of the glow is very indistinct, but the bright spots in the photo
5¢ are the precusscrs of an arc breakdown. The glow current here is quite
high and fills the whole vessel. At still lower pressures the size of the
vessel is tco small to sustain a discharge and it disappears, unless the
voltage is increased.

With a-c voltages a dynamic characteristic is noted, as shown
in the oscillograms of Fig. 6. 1In Fig. 6, the horizontal axis is propor-
tional to the voltage driven back and forth, in phase with the sinuscidal
voltage applied to the test cell. The vertical axis corresponds to the
current flowing through the cell at each value of the voltage. An cvershoct
of the voltage can be noted particularly at low pressures {as in 62} before
the glow begins, after which the voltage drops as the glow starts and then
it rises again as the glow current builds up. At higher pressures as much
as an ampere of glow current has been observed without the develcpment of an
arc. In Fig. 6b a substantial glow current is flowing, but without an src
breakdown. No overshoot of the voltage is observed, presumably because The
electrodes have been heated by the discharge current. The development of
an arc was caught as shown in 6c.

Wher solid insulation is introduced into the spacing, we have at
higher pressures the possibility of a corona discharge between the elec-
trodes and the conductors, where the gas gap is stressed higher than the
breakdown voltage, but not sufficiently high to flash around the solid
barrier or to puncture it. A typical situation is an insulated wire
adjacent to a metal ground plane as in Fig. T, which shows a decreasing
corona starting voltage as the pressure decreases. This discharge thres-
hold is a function of the ratic of the solid dielectric thickmness to the
dielectric constant. The threshold voltage decreases toward the Paschen’s
minimum voltage but generally levels off somewhat above it, for reascns
connected with the geometry of the discharge, which is occurring in an
essentially divergent field. As the pressure drops, the corona pulses
increase in charge and spreading distance, until at low pressures the corona
discharge takes on the character of a glow discharge,which now £ills the
entire vessel.

Fig. 8 shows the behavior of pulse magnitude with a-c overvoltage.
It can be seen that the pulse magnitude becomes tremendous at low pressures.
It is believed that the decline in apparent pulse size with incressing voltage
at low pressure is due to the fact there is such a large glow current the gas
space is so conducting as to diminish the apparent size of pulses. A some-
what similar effect is observed with highly overvolted point corone sources
in air at atmospheric pressure. The pulse voltage which develops as a
result of such corona can be estimated by dividing the picocoulomb charge
by the picofarads of capacitance directly attached to the corona source.
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Pulses smounting to hundreds of volts may be anticipated if the capa-
citance is not large. This could cause serious interference with radio

circuits.

The presence of solid insulation in the system causes surface
charges to develop, which, with d-c voltage,prevents successive pulses
until the charge leaks away or the voltage is raised further. A typical
behavior with increasing d-c voltage is a succession of pulses as long as
the voltage is increasing, but, which nearly stop when the voltage is
steady. If there is the possibility of a complete flashover between con-
ductors a glow discharge current will occur at low pressures.

Another situation which we have studied is represented by parallel
enamel insulated wires, each of which had a deliberately prepared defect, a
bare spot. The bare spots were separated in the direction of the wire axes
by about 1/2 inch. As the pressure was lowered, the corona threshold voltage
dropped to about 300 volts r.m.s. and a glow developed which eventually filled
much of the chamber. The effect of this glow on the dissipation factor of
this system is shown in Fig. 9. It is notable, however, that an arc did not
develop between the bare spots until the a-c voltage was raised to 500-600
volts, r.m.s. This illustrates the overvoltage capability of such systems.
Furthermore, it was possible in the pressure range below 1 mm. to apply as
high as 1300 volt impulse overvoltages without developing an arc breakdown,
while the system was glowing with 450-470 volts, but at 5 mm. pressure a
300 volt overvoltage pulse caused an arc. The pulses applied here had
decay times of the order of a millisecond.

A somewhat more dramatic indication of the glow discharge is
shown in Fig. 10, which is a photo of a motor stator first with a negative
d-c applied to the winding at a pressure in the glow.region. In thesé experiments
which were carried on for hours,no arc breakdown of the insulation occurred.
Defects in the insulation are indicated by the brightly glowing points.

A short investigation of the impulse overvoltage behavior of gaps
in the low pressure region has been made. Tests with an enameled wire were
described in the previous paragraph. The tests with a clear sphere gap were
of two types: first, starting from an a-c voltage below the glow discharge
voltage, i.e., 230 volts r.m.s., and secondly, with a d-c glow occurring and
superimposing an overvoltage pulse. It was the intention of these tests to
determine when impulse overvoltages would result in a power follow arc.

In the tests with 230 volts r.m.s., from a low impedance source,
applied to & 0.25 cm sphere gap with no discharges occurring, many pulses
were applied with voltages up to 3000 volts without initiating an arc
breakdown. These pulses had a decay time of about 0.2 milliseconds to half
voltage. In these tests the gap was not irradiated, however. It is fairly
well known that low pressure breakdowns have a long statistical time lag.

In impulse overvoltage tests of gaps already having a glow dis-
charge, two problems arose. The d-c source had to have an adequate current
capability to support an arc and the impulse overvoltage source had to be of
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a high capacitance capability to overcome the shunting effect of the glow
discharge on the d-c source. Impulse overvoltages of a few hundred voltis
were achieved, but without any persistent power arc breakdown occurring.

In these experiments an impulse voltage was applied to discharge
operating at 400 to 500 volts. This output of the d-c source was shunted
by 2.3 microfarads and it was capable of delivering several amperes. The
impulse voltage was obtained by switching a capacitor of 0.5 to 2.7 micro-
farads charged to a high voltage, from 2000 to 10,000 volts, onto the glow
discharge cell, while a d-c glow current was flowing through the cell from
the d-c source. Since both the d-c source and the glow discharge served to
shunt the applied impulse voltage, the actual voltage rise on the gap was
much less than the applied voltage.

Figs. 11 (a)(b)(c) are traces of oscillograms of the current and
voltage in a glow discharge between sphere gaps at 0.254 cm spacing. A
steady d-c¢ current was flowing in each case prior to the overvoltage pulse.
Three typical different conditions are shown. In case (a) the current rises
in the glow, and the voltage rises as in an abnormal glow discharge charac-
teristic. In case (b) the current rises along with the voltage but subse-
gquently both voltage and current drop, with apparently a sort of arc
characteristic developing which extinguishes. After this the gap recovers
voltage and the process is repeated. In case (c) the overvoltage impulse
causes a very high a-c current pulse to develop and the voltage drops. In
both cases (b) and (c) the voltage appears to swing somewhat to the opposite
polarity before it recovers. It is notable that in all cases no persistent
power follow arc, driven by the d-c supply, developed.

There is an insulation system for high voltage d-c which can be
recommended as fairly securéd against breakdown over the entire pressure
range from atmospheric pressure to high vacuum. This is a system in which
all of the conductor parts of at least onerpolarity are completely enclosed
in a coating of insulation which will withstand the highest voltage to be-
applied. This gives no possibility for discharges around the insulation
barrier. The efficacy of such a system has been checked by tests on vinyl
and polyethylene insulated wire which have been carried into a low pressure
chamber and around bare metal rods of the opposite peolarity, as in Fig. 12.
Such an arrangement cannot conduct a d-c current except the insulation
leakage current. This system has withstood high voltage close to the d-c
breakdown voltage of the wire insulation without apparent distress or very
obvious discharges over the entire pressure range down to high vacuum. IT
the voltage is raised, however, in the low pressure range a few discharges
between the bare metal and the insulation surface occur, but these are not
serious. A few discharges would also occur if the pressure is reduced while
the voltage is applied. Such discharges transfer the potential of the metal
to much of the surface of the wire insulation. As this charge is conducted
slowly through the insulation, occasional subsegquent discharges will occur.
It would ppssibly be fatal to this system if a single break in the insulation
occurred. This would permit a glow and possibly an arc to develop.




2-6
-6-

As it was mentioned previously, the breakdown voltages increase
greatly as the pressure is reduced toward high vacuum, since collision
ionization of electrons with gas molecules no longer occurs within the
dimensions of the system.

Since electron-gas collisions do not occur in high vacuum,
electrode processes are responsible for breakdown, and the metal of the
electrodes affec?yghe result. Vacuum breakdown stresses are of the order
of 1 megavolt/cm. It is not the purpose of this paper, however, to dis-
cuss the vacuum breakdown process, except as it applies to the phenomena
the authors have been observing in arrangements involving dielectric
barriers between electrodes in high vacuum.

A common arrangement in insulation systems in air is one involving
a conductor edge on an insulation barrier with an extended conductor (plane
or cylinder) on the opposite side of the insulation. In air, corona dis-
charges occur at the conductor edge at a critical threshold voltage, ’
depending on the thickness/dielectric constant ratio. Since this is a fairly
typical insulation arrangement, the authors have been studying the behavior
of such a system in vacuum, as in Fig. 13.

Typical corona detection equipment has been used to detect pulses
in vacuum with a-c voltage applied to a sphere electrode resting in the
center of flat insulation specimens and placed on a larger flat electrode.

Tests on mica, glass and Mylar have all indicated small discharges
of the order of a few hundred to a few thousand picocoulombs prior to much
larger pulses which are visible and which eventually lead to flashover.
These pulses usually occurred in bursts, and with a-c voltage pulses
occurting on the negative half cycle were followed by ones on the positive
half cycle, the polarity referring to the small upper electrode. With mica,
the more reproducible pulses occurred at a stress of about 1000 to 1500
voltsfr.m.s./mil as referred to the mica thickness although less reproducible
pulses occurred at lower voltages. Complete flashover of the specimen sur-
face occurred at about twice this stress. The stress in the vacuum gap
depended on the gap where the discharges were occurring. In gaps of the
order of 1 mil this would have been as high as a megavolt/cm for the pulses
at 1000 to 1500 volts/mil.

At the voltage near complete specimen flashover and development of
a high current breakdown visible diffuse streamer like discharges were seen
to spread over the surface, some of which drew many milliamperes of current,
but without tripping the overload relay. These larger flashovers usually
occurred on the negative half cycle. Under these conditions the sample some-
times punctured, possibly due to the heat of the discharge.

The most interesting results were obtained with d-c voltage. With
2" x 2" glass specimens (e' = 8.7) 31 mils thick,with the upper electrode
negative, pulses of similar magnitude to those seen on a-c were seen occa-
sionally as the voltage was raised. At higher voltage they came in bursts,
and complete flashover occurred at 31-37 prior to glass puncture. But with
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positive voltage on the upper electrode, no pulses were observed until near
breakdown between 40 and 50 KV at which time the sample appeared to break-
down thermally.

Similar tests in vacuum with polyethylene insulated wires in an
arrangement similar to Fig. 12, but with a hole through the insulation at
a point remote from the ground plane, indicate a substantially lower flash-
over voltage when the exposed ground plane is negative, as compared to the
arrangement with the insulated wire negative.

These experiments indicate that cathode emitted current pulses -are
observable in situations where dielectric barriers occur between electrodes
in vacuum and they initiate flashover of the insulation barrier. These
current pulses develop surface charges and reverse pulses with voltage
reversal. Thus a repetitive pulse phenomena is observed with a-c voltages,
simjlar to that observed in the same arrangement in gases. These discharges
reduce the breakdown voltage of dielectric barriers with a-c applied voltage
in vacuum.

SUMMARY

This paper has outlined the discharge behavior to be expected in
passing from atmospheric pressure to high vacuum.

It has shown that complete insulation of conductors at at least
one terminal voltage can lead to high d-c electric strengths (and with a
minimum number of discharges), corresponding to the d-c insulation strength,
throughout the low pressure range and at high vacuum. With high a-c
voltage such a system would have discharges which would reduce the electric
strength of the solid.

To avoid all discharges it would be necessary to completely enclose
the system in a sealed capsule, or avoid high stresses across solid insula- =~
tion where series gaps may occur.
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a.) 0.95mm Hg, 420V, 6.5ma

c. ) 0.05mm Hg, 620V, 70ma

Fig. 5—Photographs of the d-c glow discharge in a low pressure
chamber with a sphere gap at 0. 25cm spacing

b.) 0.55mm Hg, 450V, 10ma
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a.) 0.5mm Hg, 453V Crest, 100ma Crest

c.)9 mm Hg, 525V Crest, 2A Crest

Fig. 6~0scillograms of a-c dynamic glow current - voltage Ch‘érac-
teristics, 1.9cm spheres at 0. 25cm spacing
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Fig. 10=~Photograph of the d-c glow discharge in a motor stator at
low pressure, 0.15mm Hg, 680V with the iron positive
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(b) p=1.3mm Hg I

CURVE 567704-A

(a) p =0.8mmHg o
Vo =455
I, =35ma

Vo =42
I, =50ma
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| : 0 A |
(c) p =L7mmHg
V, =470 40 -
I, =46ma -
Vv 0 —po —
1000 =~

e——— 10" %sec ]
VO and IO are Initial Glow Voltage and Current

Fig. 11—Current and voltage oscillograms of a d-c glow discharge
between spheres (0. 254cm spacing) with overvoltage pulses
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Fig. 12 ~Illustration of charge transfer to an insulation surface by a low
pressure discharge or field emission in vacuum
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CURRENT FLOW BETWEEN ELECTRODES
IMMERSED IN A LOW GAS PRESSURE PLASMA

M. J. Kofoid

Boeing Scientific Research Laboratories
Seattle, Washington

INTRODUCTION

This paper is concerned with the question of what can happen when a
voltage is applied between electrodes immersed in a plasma in a gas of
low density. Primary attention is given to the case of two highly un-
equal area electrodes with a d-c potential difference of up to 150 volts.
The question is encountered, for example, with the Dyna-Soar glider ve-
hicle when it is shrouded in a plasma sheath during re-entry. Typical
of the conditions when at an altitude of 200,000 feet might be a plasma

11

temperature of 4400°%K, an ionization density of n, =107, an air den-~

sity equivalent to 0.l mm Hg at N.T.P.

An initial question is can electric breakdown, in the ordinary sense of
a large maintained increase in current limited principally by the metal-
lic-circuit impedance, occur between electrodes inserted into a plasma.
The theoretical answer is that breakdown cannot occur with voltages
smaller than the minimum value of the Paschen breakdown voltage curve
for the particular gas and cathode material. It is here assumed that
the electrodes are at too low a temperature to thermally emit electrons.
The minimum of Paschen's curve for air with electrodes of ordinary metal
is about 300 volts. Therefore, it is believed that in practice break-
down in the ordinary sense will not take place in air between electrodes
of commonly used metals with d-c or power-frequency voltages of up to
150 volts. It is worthy of emphasis that this conclusion applies to any
electrode separation, any gas density, and in particular to any degree
of ionization.

If breakdown cannot occur, will there be an appreciable leakage current
through the plasma in which the electrodes are immersed? It is with

this remaining question that this paper is concerned. On a theoretical
basis it will be concluded that the current can become appreciable only
if the cathode area is largej it can then become large only if the anode

conditions permit.

THEORY

Consider immersed and electrically floating in a plasma two small, and
for this initial discussion, identical exposed terminals of a circuit
which is to be energized with not more than a few tens of volts d~c.

Refer to Fig. l.
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Initially, with zero voltage applied between them, the terminals will
each assume the same small negative potential with respect to the plasma.
This potential will be the voltage drop across the sheath of positive
ions which will form to surround the electrodes —- just as with the well-
known Langmuir single probe, or any floating electrode. Each electrode
will assume the same floating potential and will collect zero net current.

Since there is no net potential acting in the loop, the circuit current

id=00

With electrodes of equal area, these actions which will occur when the

d-c circuit voltage is applied will be identical to those encountered with
classical double probes used in plasma diagnosis, the theory for which has
been discussed in detail by Johnson and Malter. Fundamental in the sit=-
uation is the demand that the instantaneous net current of positive ions
and electrons flowing to the system from the plasma must always be zero.
It is also basic that the flow of positive ions to each electrode will be
essentially unaffected by the application of the voltage, as long as the
voltages are not great. ‘

The potentials of the electrodes with respect to the plasma must adjust
so that the basic current relations are satisfied. Iet a small battery
voltage be applied, with the positive terminal comnected to probe No, 2.
Probe No. 2 must shift closer to the plasma potential and collect more
electrons, while probe No. 1 shifts away from the plasma potential and
collects less electrons. The deficiency at probe No. 1 is made up by

the passage through the circuit of extra electrons flowing to probe No., 2.
This flow will be referred to as the deficiency current., It is always
identically the circuit current.

As the voltage is increased probe No. 2 shifts still closer to plasma
potential. It collects the entire electron current to the system when
probe No. 1 becomes so highly negative with respect to the plasma that
no electrons from the gas can reach it. Half of the electrons arriving
at probe No. 2 now travel through the metal circuit to probe No. 1.

Increasing Vd still more cannot produce an increase in id since

probe No. 2 is already collecting sufficient electron current to balance
the total ion current to the system. Probe No. 2 therefore stays fixed

in potential and probe No. 1 goes negative along with Va . This probe

can be considered saturated with respect to positive ions.

The point of high interest of the double-probe theory for the present
studies is that with equal-area electrodes a relatively very small applied
circuit voltage the anode can attract all of the electrons reaching the
two~electrode floating system from the plasma.

Theoretical Consequences of Large and Unegqual Electrode Areas

In the simple picture which has been presented, if the cathode surface
is small very little circuit current can flow even if the anode surface
is made very large. The positive ion current to the cathode will be the
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have been the original plasma value n 3 the maximum deficiency current
would have been some value indicated as the "original n, saturation

level'. However, when the situation demands an applied electric field

so0 large as to cause appreciable ionization in the plasma near the anode,
not only are extra electrons made available to flow to the anode but
also extra positive ions are created which flow to the cathode. Further-
more, the applied field can make the general flow of ions a much larger
value than existed with simply ambipolar diffusion§ in the ensuing diffu-
sion process, we do not have in the plasma just a field due to the posi-
tive charges restraining the flow of electrons. The application of volt-
age alters the field causing increased flow of the positive ions. In
this paper this process of effecting increased ion flow will be termed
"enhanced diffusion'’. The increase of the ion population due to an anode
discharge and also the enhanced ion flow due to the applied field result
in an augmentation of the ion density in the plasma at the cathode, and
therefore of the plasma-to-cathode saturation ion current. If a deficiency
current equal to the normal plasma ion saturation current cannot be col-
lected with a low circuit voltage, the augmentation can be large. As in
the situation of Fig. 2, the current may be increased to some value such
as indicated as the "augmented n saturation level'.

Several important questions arise regarding the leakage-current problem
when the anode area is very much smaller than that of the cathode. Quan-
titatively, how large a current will flow if the applied voltage is not
great enough to cause an appreciable increase in the ionization intensity
in the anode fall region or enhanced mobility? At what critical voltage
Vc will the current start to increase rapidly due to the onset of dis-

charge phenomena which will effect a negative resistance condition? Also,
what must the circuit voltage be to obtain the maximum deficiency current,
i.e., circuit current? Further, what will be the magnitude of this satur-
ation current? To gain further insight to the answers to these questlons

an experimental study was made.

EXPERIMENTAL RESULTS AND DISCUSSION

The experimental results were found to be in agreement with the theoreti-
cal considerations discussed. They will now be mentioned only very
briefly. A comprehensive paper concerning this study has been accepted
for publication in the A.I.E.E. Transactions later this year; this paper
is currently available as Boeing Scientific Research Laboratories report
No. D1-82-0238.

The general apparatus arrangement is indicated in Fig. 3. The investi-
gation was conducted with a cylindrical test electrode C and a very much
smaller area rod electrode A immersed in the central section of the posi-
tive column of a long d-c low pressure arc between cathode C' and anode A'.

The study, in almost its entirety, was made with the smaller electrode as
the ‘anode, since with the reverse polarity an insignificant current flowed.
Therefore, for convenience, the small electrode will be referred to as the
anode and the large electrode as the cathode. The ratio of the cathode
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area to the anode area was made large to clearly display the unequal-
area deficiency current phenomena. The general features of the voltage-
current characteristics are evident in some curves taken with nitrogen.

The phenomena can be conveniently considered as developing in three stages.
Refer to Fig. 4. 1In stage A, as the applied voltage was increased the
current increased monotonously until a critical voltage Vc was reached.

During this phase, the cathode potential did not shift a detectable amount §
the rise in the anode potential with respect to the plasma was equal to the
total applied voltage. Stage B was entered with the attaimment of voltage

Vc; the electric field had then increased to the point where in the plasma,

in the immediate vicinity of the small anode electrode, there was the onset
of anode discharge phenomena characterized by effectively negative resis-
tance properties. In stage B, with applied voltages greater than Vc,

there occurred a very rapid increase in current due to the increased ioniza-
tion density about the anode and to enhanced diffusionj this was accompanied
by a small decrease in anode potential. The current ceased its high rate

of increase at the start of stage Cj here the condition had been attained
where the flow of electrons to the cathode had become practically zero.
Essentially all of any further increase in circuit voltage appeared as an
increase in the departure of the potential of the cathode from that of the

plasma.

At a lower pressure, the mean free path of an ionizing electron is greater,
or stated differently, the macroscopic collision cross-section for ioniza- .
tion is less. Therefore, at a lower pressure a larger electric field,
hence larger Vc , is required to cause an anode discharge. With only 10

microns pressure (i.e., p = 10 1) the discharge condition was not attained.
See Fig. 5.

The onset of the anode discharge occurred at a lower voltage in the higher-
density gas, as should be expected. That the saturation current was :
greater at the lower pressure is attributed to increased diffusion pro-
duced by the higher electric fields.

Data were also taken to determine the effects of a change in the degree of
ionization of the background plasma, of different gases, with different
ionization potentials and molecular mass, and of increasing the anode area.
Of these data, only the curves for the effect of change of gas were sel=
ected for presentation in this talk. Refer to Fig. 6.

Prediction of Leakage Currents

A few simple calculations have been made for an orbiting vehicle. Live
electrical terminals may be exposed to the plasma surrounding the vehicle
during high-speed re-entry into the earth's atmosphere. With the typical
conditions given at the start of the talk for the Dyna-Soar glider vehicle,

where the positive ion temperature was 4400°K the positive ion current den-

sity was calculated to be 1.3 x 10-'3 amperes per square cm. A positive ilon
current with a density of at least this order flows from the plasma through
the positive ion sheath to every exterior area of the vehicle -- except to




e
that of the small positive terminal, or tefminals, at the back of the
vehicle.

If the exposed area of negative electrode, say a cable connector ter-
minal, is only 1.0 square cm, the maximum leakage current is of the order

of 1.3 x 10"3 amperes, regardless of the anode area -- which might be most
of the remainder of the exterior vehicle surface of, say, 500 square feet.
However, if the polarity is reversed, for the same areas the saturation
leakage current could be of the order of 620 amperes before a cathode ion
current limitation would be reached. To what extent this saturation leak-
age current would be approached would depend primarily on the ability of
the small anode to collect the deficiency current electrons from the
plasma and on the limitations of the power supply.

Minimization of Leakage Currents

If it is not possible to make the small electrode negative the d-c leakage
current often can be kept small, i.e., to a few milliamperes, or less,
by taking advantage of simple design considerations.

The collection of electrons from the plasma by the anode should be made
as difficult as possible in order to increase VC.

As a practical expedient, the critical voltage Vc can be increased to

above the circuit voltage by placing the anode in a recessed location
where the ion temperature and in particular the ionization density will
be very much reduced. The effectiveness of this simple expedient was
demonstrated by a laboratory test. Except for the recessing of the elec-
trode, the test was the same as that of the 100 microns pressure curve

of Fig. 6. The rod electrode, instead of having its end flush with the
end of the covering glass sleeve, was withdrawn into the glass sleeve just
a distance equal to one rod diameter. The leakage current was thereby
reduced from more than 20 ma to less than 100 microamperes with 150 volts
applied.
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SOME EFFECTS OF SIMULATED SPACE ENVIRONMENT
ON THE ELECTRICAL PROPERTIES OF DIELECTRICS

L.J. Frisco, A.M., Muhlbaum and E. A, Szymkowiak

The Johns Hopkins University
‘Dielectrics Laboratory
Baltimore, Maryland

Introduction.

In 1959 the Dielectrics Laboratory began an investigation of the

"effects of simulated space environment on the electrical properties of

insulating materials. Until recently the program was sponsored by
the U.S. Army Electronics Research and Development Laboratory,
Fort Monmouth, New Jersey. Certain phases of the program are
being continued under the sponsorship of the National Aeronautics and
Space Administration, George C. Marshall Space Flight Center,

Huntsville, Alabama.

In this brief presentation, it will be possible to give only a

general description of the program, mention a few of the experimental

" results, and describe the current work in progress. There will be no

- attempt made here to define the space environment or to be concerned

with the correlation between simulated and actual environmental condi-

tions.

Detailed results have been preéented in two Final Reports that
are available from ASTIA“)(Z),' A discussion of the flashover and
sparkover studies has been published in the Proc. of the 1963 Elec-
tronics Components Conference(3). These publications contain com-
plete descriptions of apparatus, specimens and experimental techni- ‘

ques - details that cannot be presented in this brief report.




Exposure Conditions,

In the initial study, specimens were irradiated with x-ray .
(50KVP) or ultraviolet radiation during vacuum exposure at pressures
in the 10"~ torr range. All measurements were made at room temper-

ature, i.e. no attempt was made to control temperature,

Properties.

The properties that have been studied include a-c loss (¢' and
tand); d-c conductivity; flashover strength (d-c and 60 cps to 18 Mc);
and electric strength (d-c and 60 cps to 18 Mc). These f:roperties '

were measured before, during, and after exposure.

Uniform field sparkover measurements were also made in the -

high vacuum medium with and without x-ray irradiation,

Materials.

The following materials have been included in the program:
Polyethylene.
Polytetrafluoroethylene extrusion resin (TFE-6).
Polytetrafluoroethylene molding resin (TFE-7).

Copolymer of tetrafluoroethylene and hexafluoro-
propylene (FEP-100).

Polychlorotrifluor oethylene .

Copolymer of chlorotrifluorethylene and vinylidene
fluoride.

Polystyrene, crosslinked.

Polyethylene terephthalate.

Polyurethane foam.

Methyl styrene with dimethyl siloxane additive,
Glass-cloth polyester-resin laminate.
Copper-clad epoxy laminate printed circuit board.
Forsterite (2MgO. SiO2) ceramic.




Steatite (MgAO° Si02) ceramic.
Alumina (A1203) ceramic,

Beryllia (BeO) ceramic.

Flashover and Sparkover Experiments.

The voltage at which a discharge will occur between two flat
electrodes in contact with the surface of a solid dielectric is called
the flashover voltage. At atmospheric pressure a flashover will
occur when the electrical stress in the gap between the electrodes exceeds
a critical value. The magnitude of this critical stress depends pri-
marily on the electric strength of the surrounding medium. The
voltage at which the critical stress will be reached depends on the
geometry of the specimen/electrode ‘system and the dielectric constant
of the specimen. In general, flashover voltage varies inversely with
dielectric constant at the lower frequencies, as shown in a previous
study(4).

At the low pressures encountered in space applications, the
mean free path of residual gas molecules is so much greater than
normal electrode (hardware) spacings that ionization processes no
longer govern the breakdown phenomena. Therefore, flashover vol-
tage would be expected to depend on factors other than the electric
strength of the surrounding medium and the dielectric constant of the

specimen,

Preliminary experiments were conducted using the specimen
shown in Figure 4, which had been used in previous experiments at
atmospheric pressures. Using a 0.060'" gap between the flat circular
electrodes, the flashover behavior in vacuum was erratic. With
polyethylene, for example, the 60 cps values ranged from 2.2 to
12.0 KV-rms. At atmospheric pressure the same material yielded

values from 2.5 to 4.6 KV-rms,
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" A series of uniform field sparkover measurements, using
silver coated spherical lenses as electrodes, showed that the micro-
scopic roughness of the electrodes dominated the breakdown process
when the measurements were made in vacuum. Direct-voltage mea-
surements with roughened electrodes showed that the surface condition
of the anode did not influence the sparkover voltage, but roughness of
the cathode caused a significant decrease in sparkofrer voltage. The
best electrodes that could be made in the laboratory still yielded a
considerable spread in results. The presence of dust particles under

the metallic coating caused irregularities that influenced emission

from the cathode.

Similar results were obtained when flashover voltage was
measured for a gap formed by depositing circular patterns of evapor-
ated silver or aluminum on a flat specimen. The average value could
be increased by making the specimen surface smoother before the
electrodes were deposited. This resulted in smoother electrodes,

thereby influencing field emission.

In spite of the spread in results, a step-by-step testing proce-
dur e showed that x-ray irradiation had no immediate effect on flash-

over voltage. Detailed data can be found in the cited references.

A-C Losses.

With most materials, dielectric constant and dissipation factor
decrease during vacuum exposure. This improvement in loss proper-
ties is associated with the removal of moisture and other volatile pro-
ducts. The largest changes occur during the early stages of exposure
and the magnitude of the changes depends upon the specimen tempera-
ture and the previous environmental history of the specimen. Corres-
ponding increases in ¢' and tanb are observed during recovery at room
condition. The observed changes are greatest at low frequency

and are not significant at frequencies in the r-f range. This same




frequency effect is commonly observed in moisture absorption

experiments at atmospheric pressure.

The introduction of x-ray irradiation causes only minor changes
in the loss properties of most of the materials that have been investi-
gated., The most striking effects are those exhibited by the tetra-
fluoroethylene resins TFE-6 and TFE-~7, Large increases ine' and
tand were observed at frequencies up to 1 kc during irradiation. The
results obtained on TFE-6 during irradiation in vacuum and in air

are summarized in Figures 2 and 3.

The specimens that were irradiated in vacuum exhibited a
maximum value of tand at an absorbed dose of about 2.5 megarads.
A maximum was not observed when the specimens were irradiated
in air. The recovery data of Figure 3 shows a marked difference in
the recovery characteristics on the vacuum-~irradiated and air-irrad-
iated specimens, Tané decreased during the 30-day recovery period
for the specimens irradiated in air. The rate of decay decreased
during the recovery period (tand plotted on a logarithm scale), but
there was a continuous decay. The specimens irradiated in vacuum
showed a sudden decrease in tanb when the irradiation was discontinued,
followed by a constant value of tand during a 5-day recovery period in
vacuum. However, when the pressure in the chamber was increased
to one atmosphere, a sudden increase in tand was observed. After a
period of somewhat erratic behavior, tand then remained constant for
the remainder of the 30~day recovery period. It should be noted that
the sudden increase in tand occurs whether the cell is filled with dry
nitrogen or with air. Repeated experiments with different lots of

TFE-6 and TFE-7 produced the same effects.

Attempts to explain these results on the basis of known radiation
effects on the structure of the polymers were not successful. Since
the surrounding medium had such a significant effect on the observed

behavior, an experiment was conducted to determine the effect of
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diffusion on induced loss. A 30-mil specimen and a 125-mil specimen

were machined from the same 1/2 inch block of TFE-7.
30-mil specimen was taken from a sheet of 30
was also made of TFE-7,

A second
~mil skived film, which
Dielectric constant and tans measurements
were made over the frequency range of 100 cps to 100 kc. The 100
Cps tand data are summarized in Figure 4,

The inclusion of the 30-mil film pProved to be fortuitous becauge

it behaved in a manner that was totally unexpected, and indicated that
the processing of the resin plays an important role in radiation effects.
The two machined samples followed the same general pattern that had

previously been observed with TFE-6 and TFE-7 specimens., The

skived film, on the other hand, showed an entirely different behavior,

Its tané did not rapidly increase to the high
values exhibited by the machined specimens. Rather, it exhibited a

as shown in Figure 4,

slow increase in tané during the entire exposure period (480 hours,
12. 3 megarads). During the latter part of the exposure period, the

increasing tané of the film was considerably higher than the decreasing
tand of the machined specimens.

The recovery data, shown in'Figure 5, also indicates a marked
difference in behavior between the two types of specimens. The film,
which had never reached a peak value of tan§ during irradiation,
exhibited a steady decrease in tans during the 20-day recovery period
in high-vacuum. - The machined specimens, however, showed a more
rapid decrease in tané followed by a period of little change. The
30-mil machined specimen did exhibit a more rapid decay in tan$ than

the 125-mil specimen, and this may well be the most significant effect
of the reduced thickness.

When the cell was filled with dry (oil pumped) nitrogen, a
sudden increase in tané was observed for all three specimens. This
effect had been observed in all previous experiments with the TFE

polymers. The effect was somewhat moderated in the case of the




skived film, but the pattern of behavior was essentially the same,

Corresponding changes in dielectric constant were observed

and they are shown in Figures 6 and 7.

The effects are greatly moderated at 1 kc, where the maximum
value of tand during exposure was 0. 0018 for the 30-mil machined

specimen, and 0.020 for the 125-mil machined specimen.

It was suggested by the manufacturer that the primary differ-
ence between the machined specimens and the skived films is asso-
ciated with the sintering process. The film is skived from a large
diameter cylinder after the sintering process is completed. Therefore,
a specimen taken from the outer portion of the cylinder would have
been exposed to air during sintering, while a specimen taken from the
inner portion of the solid cylinder would have been protected from the
atmosphere. There was no way of determining the location from which
the specimen used in this experiment had been taken, but another
experiment provided data that confirms the suggestion that the pre-
sence of oxygen during sintering influences the observed radiation

effects.

Two types of TFE-7 specimens supplied by E.I. Du Pont de
Nemours and Company, Inc. were used in this phase of the investiga-
tion. They aré identified as follows:

A-2 Sintered in air, 380°C, 2 hours.

N-2 Sintered in nitrogen, 380°C, 2 hours.

A-16 Sintered in air, 380°C, 16 hours.

N-16 Sintered in nitrogen, 380°C, 16 hours.

The results obtained at 100 cps are shown in Figures 8 and 9. In
Figure 8, the specimen sintered for 2 hours in nitrogen exhibited a
bepavior similar to that of the 30-mil skived film, while the specimen
sintered for 2 hours in air showed effects similar to those that had

been observed for all other TFE specimens,




The tand recovery data (Figure 9) showed the same pattern of
behavior that had been previously observed. The recovery period in
high-vacuum was extended to 55 days, but no large changes occurred
during the latter part of this period. Again, tand increased when the

cell was filled with dry nitrogen.

The effects were greatly moderated at 1 kc. This same fre-

quency effect has been observed in all of the experiments with the

TFE polymers.

The only other material that is reported to show effects simi-
lar to the TFE resins is a composition of methyl styrene with a small
amount of dimethyl siloxane additive. These results were reported by
Pendergast and Hoffman(S)u Specimens of similar composition were
obtained from the Delaware Research and Development Corporation,
Wilmington, Delaware. During x-ray irradiation for 338 hours in
high-vacuum (6 megarads), the dielectric constant of C-1147 remained
at a value of 2.55 and the highest value of tanb measured at 100 cps was

0.0005. No changes occurred when the radiation was removed.

Since the effects reported by Pendergast and Hoffman were not
evident under the experimental conditions of this investigation, no

correlation could be made with the behavior of the TFE resins,

The difference in behavior caused by the presence of oxygen
during the sintering process suggests that end-groups play an import~-
ant role in the induced loss mechanism. This.is supported by the fact
that the drastic effects of irradiation were absent in the case of a
batch of TFE sheet stock that was stored in the laboratory for several
years. Of course, differences in impurities could also influence the
induced losses, and the older material could differ from the present

resins in this respect.

Because the induced losses decrease so rapidly with increasing

frequency, it would appear that a conduction mechanism is responsible
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for the observed behavior. However, the inducéd d-c conductivities

of the TFE resins are comparable to those observed with other poly-
mers that do not exhibit induced a-c losses. It has been suggested

that the charge transport mechanism is ionic and that the ions produced
by the irradiation do not have complete freedom of motion in the pre-
sence of an electric field because of the polycrystalline nature of the
TFE structure. Evidence of such a restricted motion has been obtained
in a qualitative experiment which showed that tand decreased with in-
creasing voltage. Such behavior, known as the Garton ‘effect(6), is

observed in composite materials where the motion of ions is restricted

by barriers.

It should be noted that the FEP copolymers did not exhibit in-
duced a-c losses. There was no evidence that ions were produced by
the irradiation, so the difference in behavior cannot be attributed to
the lack of crystallinity in the FEP material. It may be that ions are
produced, but are free to recombine or become attached at a point on
the chain where a bond has been broken by the irradiation. However,

this remains to be proven.

The recovery data cannot be fully explained and it is not possible

to present a detailed discussion of this behavior in this brief report.

The reason for discussing the exposure experiments in detail
is that they demonstrate the importance of conducting electrical mea-
surements during irradiation, rather than before and after. They
further illustrate the danger of drawing general conclusions about the
behavior of a class of materials based on the observed behavior of a
single sample. This is certainly demonstrated by the data of Figure 4
which shows that after a dose of 2.5 megarads the 30-mil skived film
had a tand of 0.0005, while the 30-mil machined specimen had a tanb
of 0.05 - two decades higher. Furthermore, during the period when

tand was increasing with one type of specimen, it was decreasing with

the other type.
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An important parameter that has not been investigated in this
program is temperature. Such exﬁeriments are planned and will be
conducted as time and funds permit. The combined effects of vacuum,
irradiation and temperature must be determined experimentally.
Extrapolations, particularly at cr‘yogenic temperatures, are not
justified on the basis of known effects. This is demonstrated by the
work described by Mathes in another paper presented at this sympo-

sium.,

Induced Conductivity.

X-ray induced d-c conductivity has been investigated in this
program. Details will not be given here, but it should be noted that
the observed behavior has proven to be dependent on temperature in
a way that would not be predicted on the basis of the accepted explana-
tions of induced conductivity in polymers. The behavior, based on
conduction by free electrons in the presence of traps, is discussed by
Snyder in another paper presented at this symposium. The instantaneous
effects of irradiation follow the relationships described in that paper,
but prolonged exposure to irradiation and vacuum produce effects that
are not readily predicted by the transient behavior. As soon as a
material is exposed to the environmental stresses of interest in
space applications its structure begins to change and the effects that
these changes can have on conductivity must be determined experi-

mentally,

Conclusions,

The effects of space environment on the properties of electrical
insulating materials will become a subject of increasing importance as
larger vehicles with longer missions become realities, Insulation life,
as determined by electrical and mechanical criteria, will become a
major design consideration. This symposium has demonstrated the

need for detailed investigation of the many factors that contribute to
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space environmental effects. Reluctant reference was made to the
performance characteristics of insulating systems in a space environ-

ment, a subject that has not even been approached in the laboratory.

The present program at the Dielectrics Laboratory includes
further investigation of induced conductivity at elevated temperatures;
a study of the effects of temperature on irradiation induced a-c losses;
and an investigation of the high-frequency behavior of materials at
high electrical stresses during vacuum exposure. No low temperature

experiments are planned at the present time.
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I. Czlactic Cosmic Rays

Flux =~ 2.1 o “onn T

_» (Interplanetary)
Energy Density ~ levem ™

Composition (ocutside atm.):

Particles %
Protons 85
a~Particles 12.6
Z =3-5 0.3
Z = 6=9 0.8
Z > 10 0.3

Electrons, etc. 1

Energy ipectrun (see next page)
Average Dose: 0.1 - 1 r/week
Highest Localized Dose: 10" r/Particle (in a

fiver 10p diameter and

a few mm long)

References:

A. W. Wolfendale, Cosmic Rays, 1963
T. Foel:r::.e, AIEE Conf. Paper 6L-1143, 1961
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I. Galactic Cosmic Rays
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II. Solar Flare Particles

Dose Raﬁq vs Absorber Thickness
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T. Foelsche, ATEE Conference Paper 61-1143, 1961




II. Soler Flare Pzrticles

Dose per Flare vs Absorber Thickness
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TII. EFarth Trapped Radiations

_ Jo = 10°/cm? sec Protons
) W 3 Ep> 30 Mev
10
/, ) '
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/( ) 5 :O Rg
\10° /em® sec

1.
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Electrons
Eg> 1.6 Mev

<.$ Mew

795 (oo Frene Nave 6 mey

\IO’ /cm® sec )

)

[
>éoﬂév~

27/2®

1
Elactrons
Eg> 40 kev

Van Allen Belts

Some Sample Structure Functions

NAS/NRC 1079, p. T-17




ITI. Earth Trapped Radiations

Artificial Belt

- PERCENT

Flux Contours of /rtificial
Electron Belt (NASA SP-11, Vol. II,
p. 443
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ESTIMATED RaDIATION EXPOSURE IN SPACE

T. Galactic cosmic radiation

Gross ionization
dosage

Heavy primary hits

Without shield

20 g/cm? of H0

During solar'
actlvity years

0.45 to 1.0 rem/wesk

25 to 50 rem/year

2/cm3/day

6/cm?/day’

II. Belt radiation

‘ Penetration
Thickness in
Fluc Dose _ Material of
Particles| Belt Energy, MeV cm~2sec” megarad yr Unitc%ensity
Proton Outer 0.1 100 2,000 0.002
Inner 30 104 0.15 1.0
Blectron | Imner 0.1 108 350 10.015
"Tnner"
{axtif.) 1.0 109 120 0.4

ITI. Solar cosmic raciation

Inside spherical shields, neglecting self-shielding

2 g/cm? of HoO

25 g/cm@ of Hp0

Low energy,
extreme Tlux
May, July 1959

2,500 to 15,000% rep !

6 to 25 rep

Mediumienergy,
extreme flux
November 1960

600 to 800 rep

6 to 19 rep

'

High energy,
high flux
February 1956

80 to 400¥ rep

25 to 50% rep

*These values are extrapolated and highly uncertala.

T, Foelsche, ATEE Conference Paper 61-1143
K. H. Sun, Unpublished
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HIGH ENERGY ELECTRON IRRADIATION OF
PLASTICS FOR COMMUNICATIONS SATELLITES

by
J. V. Pascale, D. B. Herrmann, R. J. Miner

Bell Telephone Laboratories, Incorporated
Murray Hill, New Jersey

ABSTRACT

The effect of ionizing radiation on the mechanilcal
and electrical properties of 45 plastics belng studied for
possible use in communications satellites is descrilbed.

The maxlimum total Van de Graaff electron flux is 5.8x1016
electrons/om2, which 1s equivalent to about 18 years in
the Van Allen radiation belt.

Types of plastics evaluated include polyethylénés,
polypropylenes, styrene polymers, polyamides and others.

| Mechanical properties determlned are indentation
hardness, stiffness in flexure, tensile strength and
elongation.

Electrical propertiles determined are dilelectric
constant, dlssilpation factor, and d-c Insulation reslstance.

Of the materials investigated the styrene polymers
are the most resistant to radiation.‘ Plastics showlng severe

degradation are the acrylics, cellulosics and fluorocarbon

polymers.A

e o . 40 2t g §
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HIGH ENERGY ELECTRON IRRADIATION OF
PLASTICS FOR COMMUNICATIONS SATELLITES
by

J. V. Pascale, D. B. Herrmann, R. J. Miner
Bell Telephone Laboratories, Incorporated
Murray Hill, New Jersey

Introductlon

The use of.plastics in communicatlons satellites
has greatly stimulated interest in the effect of high
energy lonlzing radiation on these materlals. The Telstaf
orbits traverse the inner Van‘Allen radlation belt up to
an apogee of 3500 miles for Telstar I and 6700 miles for
Telstar II. Plastlc materials used as electrical insula-
tion, 1n components,or as structural parts in a satelllte
must be those with the longest functional 1lifetime in this
especially severe environment. After all, ocean cables
are‘accessible for repalr, but satellités are not, at
least at present. |

To obtaln information on what happens to thelr
mechanical and electrical properties 45 plastics (Table 1)
were exposed to a one million electron volt beam from a
Van de Graaff accelerator, to a maximum flux of 5.8x1016
electrons/cmg, or 1800 megarads. This 1s equivalent to

the radlation that would be receilved during about 18 years

of orbiting in the inner belt.




Recent calculations by Brown and Gabbe(l) of

the Bell Telephone Laboratories based on Telstar I satellilte
data indicate that the peak flux encountered in 1ts orblt

was approximately 8x108 electrons/em2 sec, above 200 Kev

near the equator and at altitudes between 1200 and 2500
miles. This flux 1s considerably higher than reported by
Van Allen and others.(2’3’u) However, because the orbit
spends only about 20% of its time in this region and because
of decay of the peak flux with time, fthe average flux in

the Telstar orbit over a period of several months 1s approxi-

mately 108 electr‘ons/em2 sec above 200 Kev.

Experimental

A turntable device, shown schematically 1n Fig. 1,
was used as the mounting rack for the irradiation of ten
test specimens. Each of five aluminum frames contalned a
test specimen 2-1/2" x 2-1/2" x 1/16" for dielectric studles,
and each of the other five contailned ten test strips
2-1/2" x 1/4" x 1/16" of the same material for the determina-
tion of mechanlcal properties subsequent to irradiation.
Precooled niltrogen was allowed to flow 1nto the turntable
device to simulate a space environmeht free of oxyvgen.
Built into the base of “rs table was a cooling coill,. An

1 - ~O .
average temperature of about 00 C was maintalned for the
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specimens. The turntable contalned a removable heavy
aluminum cover wilth a sector-shaped opening on the top.
The opening was placed d;rectly beneath the extensilon
window (aluminum, 2 mils thick) of the Van de Graaff
accelerator durlng the irradilations. A 5-mil thick
aluminum scattering:foll covered the opening midway
petween the 4 inches separating the extension window and
the mounted rotating speclmens.

This irradiation procedure followed preliminary
dosimetry measurements siﬁulating the identicél geometrical
arrangement using a Faraday cage (a total electron absorber)
with a 1.25 cm2 defining aperture., The Van de Graaff
accelerator was operated at 200 pamp and 1 Mev; the Faraday
cage measured the incildent radiation passing through the
aluminum window and the additional scattering foll.

The total tilme to irradlate each series of
10 specimens to a 5.8><1016 electrons/om2 flux when operating

the Van de Graaff at 200 pamp beam current was T hours and

40 minutes.

The irradiated materials wefé stored 1n a nltrogen
f1lled desiccator for 3 days prilor to testingf Studies of
high densglty polyethylene indicate that thils perlod of time
was adequate to allbw almost complete decay of free radical

concentration. (Electron spln resonance measurements show




that at least 98% of the immedlate post-irradiation free
radical concentration had decayed in 24 hours.) Then,
spécimens were conditioned according to Procedure A of
ASTM Designation D618, Conditidning Plastics and Electrical
Insulating Materials for Testing. Both irradiated and
unirradiated materials were treated ldentically, and the
mechanlcal properties measured at the standard laboratory
atmosphere (23 * 2°C and 50 * 5% R.H.) of ASTM D618.

1. Mechanical Testing Procedures

(a) Indentation Hardness - The famlllar ASTM D1706-61

Rockwell Hardness Test could not be employed because
the softer materials were below the range of the
testing equipment and the test speclmens were too

small. Tt was therefore necessary to utllize a

Shore Durometer in obtaining approximate indentatlon

hardness values.

(b) Stiffness in Flexure - The Tinius Olsen Stiffness

Tester was employed 1n accordance with ASTM method
D747, Stiffness in Flexure of Plastilcs, to obtain
relevant information. This method was suitable for
examining the various plastlcs over a wlde range
of flexibllity.

(¢) Tensile Strength and Elongation - Although the test

strips (2-1/2" x 2-1/2" x 1/16") did not conform




5-6
-5 -

to ASTM specifications, useful comparative data

were obtained using a bench model Instron with a
jaw separation of one inch, and crosshead gspeed

was variled to sult each material.

2. Electrical Testing Procedures

The 1iquid displacement method, ASTM D1531-61,
was followed as given, except for the slze of the speclmens,
the use of center plates of different thicknésses to conform
to the wide differences in thickness of the specimens and
the use of Dow Corning 200 (one centistoke) fluild (dimethyl-
polysiloxane) as the standard liquid dielectric in place
of benzene because some of fhe plastics are soluble or partly
solﬁble in the latter. |

The dielectrlc constant and dissipation factor
were determined at two test frequencles: . one kilocycle per
second with a Bell Telephone Laboratorles capacitance-
conductance bridge and one megacycle per second wlth a
Boonton Radio Corporation 260-A Q-meter using ultrahigh
Q coils (500 to 600). The temperature range of the fluld
during the measurements was 23.9 to 25.4°C.

The d-c insulation resistance was determined with
a General Radio 1230-A d-c amplifier and electrometer, at

100 volts and at the ASTM D618 standard laboratory atmosphere




S

with the same test specimens clamped between metal electrodes
two inches in dlameter. The electrification time was two

minutes.

Discusslion of Results
The gréss physical changes that occurred in the

45 plastics are shown in Flg. 2, Those that disintegrated
when an attempt was made to test them %nclude the acryllcs,
acetal resins, fluorocarbon poiymers, cellulosics and poly-
ethylene terephthalate, Many others broke inté several
pleces. A few materlals expanded due to trapped gases,
among these were polymethyl methacrylates, styrene-acryllc
copolymer, rubber modified acrylic plastic and chlorinated
polyvether.

| Most of the materials were darkened in varying
degrees by the 1rradiation and many showed modifioations in
color assoclated wlith chemical changes. The change 1n
color of irradiated polymers i1s often due to the formation

of conjugated double bonds. However, the diallylphthalates,

phenolplastics, epoxy-molding compound and black-plgmented

polyethylene, which were dark to begln wilth, showed only
minimal color changes. An interesting findlng was that many
of the disintegrated materilals, which were light 1in color

initially, remalned light even after the irradlation.
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Table 2 lists the plastilics that were so serlously
degraded by the irradiation that they could not be tested.
The materials are‘listed wlth corresponding code numbers
and electron fluxes given the specimens prior to thelr
removal from the turntable.

1. Mechanical Properties

Table 3 contains data on the Shore D.(Durometer)
hardness (indentation) of the specimens before and after
irradiation. Each value 1s an'aVerage of up to 5 determina-
tlons. |

A low density polyethyiene, 3, shows no change,
but the same base polymer containing carbon black shows an
increase of 17%. Another low density polyethylene, 5, but
with a melt index 10 times that of 3, increases by 40%, |
an indilcation of effective crosslinking. The polypropylenes,
on the other hand, have sizable decreases, softening about
25%, a result of molecular scilsslon.

Polystyrene, 1, styrene acrylonitrile copolymer,
25, and styrene divinylbenzene, 31, are highly radiation
resistant, showing very 1little change iﬁ hardness. But two
copolymers contéining butadilene, éO and 26, increase in
hardness. The polyamides also show moderate 1ncreases.

A1l of the other plastics tested, except polyurethane, 42,
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remain practically unchanged. The polyurethane lncreases to
a greater extent than any of the others, becoming hard and
brittle. The polyethylene terephthalétes, 41 and L4, were
too brittle and glass~1ik$‘to be tested.

Data on stiffness in flexure, determined with a
Tinius Olsen stiffness tester, are given i1n Table 4. The
polyethyiénes all show decreases, except the one contalnlng
the black plgment, 45. The two higher denslty polyethylenes,
2 and 4, decrease apprecilably.. The polypropylenes were too
soft to test, again indicating molecular scission. Polystyrene,
1, styrene acrylonitrile copolymer, 25, and styrene divinyl-
benzene, 31, show little change. However, the two copolYmers
show consilderable increases in stiffness. The polyamldes.
also show large increases, wilth a very‘large increase in 11,
indicating a predominance of crosslinking over scission. The
next four groups, dlallyl phthalates, phenolplastics, epoxy
molding compound and alkyd resin, all very stiff initially,
show small changes. The PVC acetate and polyethylene tere-
phthalate decrease, largely an effect of enbrittlement due to
crosslinking. The polyurethane, 1nitia1iy very low, lncreases
almost 200%, correlating with a large change in hardness.

Tensile strength at break values are found 1n
Table 5. Most of the polyethylenes show a decrease; the two

that increase are higher density polymers. It should be
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noted that all of these materials have low initilal tensile
values so that the large changes shown appear more slgnifi-
cant than’they really are., The polypropylenes decrease
almost 100%, again sho&ing the effect of scission. The
styrene polymers, as radiation reslstant as they are in
other respects, ‘appear to be adversely affected in tensile
strength by radiaﬁion. The polyamides show large increases
in tensile strength in agreement with the hardness and stiff-
ness changes, all apparently due to-crosslinking. The diallyl
phthalates are affected differently, one has an increase of
over 100%, the other was too brittle to test, as were the
polyethylene terephthalates. The polyurethane shows a
decrease in tensile strength, again in good agreement with
the hardness and stiffness changes.

A1l of the polyethylenes, polyprdpylenes, polyamldes,
"PVC acetate, pol&e@hylene terephthalates, polyurethane and
even the étyrene—butadiene polymers have an almost complete
loss of ultimate elongation (Table 6). However, the poly-
styrene and styrene-acrylonitrile, with low initial values,
remaln low, with a 50% loss, and styrenevdivinyij%enzene
remalns practically unchanged. The diallyl phthalates, having

low initial values, decrease and increase, respectlvely.

2, Electrical Properties

The electrical properties put the plastics in a

somewhat different relationshlp than the mechanlcal properties.
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Tt 1s evident from Figs. 3 and 4 that the low dielectric con-
stant materlals show lilttle or no change when measured at
freqﬁencies of one killocycle and one megacycle per second.

Only two plastics, both styrene based, show no
chahge in dielectric constant: polystyrene, 1, and styrene
divinylbenéene, 31. Thils is in agreement wlth the findings
of Charlesby(5), Bovey(6), Sisman and Bopp(Y) and Bradley(B)
that polymers containing the benzene ring; particularly those
in which it constitutes a high proportion of the molecule and
occuples a pendant position, have a very high reslistance to
lonlzing radiation.

Two other styrene plastlcs, 20 and 26, show lncreases
in dielectric constant of less than 1.5%. However, a styrene-

nitrile copolymer, 25, shows a dlelectric constant

e

acrylé
increase of more than 6% at one kilocycle. Presumably, in
cases like this, that part of the molecule in which the
benzene riﬁgs are not present, or are widely spaced, 1ls more
adversely affected by electron irradlation. The higher
dielectric constant polyamldes and phenolplastilcs, however,
.show large decreases at one kilocycle. Indeed, the decrease

in dielectric constant of the single stage phenol blastic is

remarkable, from over 14 to 7.5, this 1n spite of the presence
of benzene rings in the molecule. These benzene rings,

however, are links 1in the molecular chaln, rather than
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appendages to 1t. The effect 1is not nearly as great at one
megacycle., The two stage phenolplastic, 30, does not decrease
as much as the single stage. material at one kilocycle, but
shows the same frequency relationship. The polyamldes
behave in a similar manner with frequency. The polyurethane
is unique 1n having a larger dielectric constant decrease at
one megacycle than at one kilocycle. The polyurethanes have
a complex molecular . structure, with nitrogen‘and okygen atoms
as well as carbonyl groups in the chain in addition to carbon.
Crosslinking induced by the electron irradiation may reduce
the polarity at the higher frequency. All of the other
materials exhibit relatively small changes in dielectric con-
stant at both frequencies. |

. The 1ncreaseg in dlssipatlon factor of the poly-
ethylenes, and polypropylenes at both one killocycle, Flg. 5,
and one megacycle, Fig. 6, are relatively large. However,
these materials have such low dissipation factors that even
after the substantial increases shown, they are still good
electrical insulators.

The polystyrene and styrene divinylbenzene, 1 and

31, are very resistant to radiation, in fact, the dissipatilon
factors actually decrease at one killocycle and show almost no
change at one megacycle. The remaining styrene polymers have

higher disslpation factors at both frequencles both before
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and after irradiation. The polyamides show an appreclable
decrease, especlally at one kilocycle.

Although, ions formed on irradiation would ordinarlily
influence electrical properties, it 1s necessary to conslder
that the movement of lons may be severely hindered by
extensive crosslinking.

Most of the other materials have high initlal dis-
sipation factors, with the phenolplastics the highest of all.
The diallyl phthalates and phenolplastiés show small decreases
at one killocycle with the former showing little or no change
at one megacycle. The two phenolplastics,lhowever, behave
quite differently at one megacycle, the single stage showling
a 3L% decrease and the two stage a large increase of 1300%.
The dissipation factor of the polyvinylchloride acetate |
increases by about the same percent at both frequencles, that
‘of the epoxy molding compound increases at one kilocycle and
decreases ét one megacycle. The polyethylene terephthalate,
polyurethane and polyvinylfluoride all show apprecilable
increases at one kllocycle, and either a small increase or a
small decrease at one megacycle. An interesting finding 1s
that polyurethane shows practically no change 1n dissipation
factor at one megacycle. In view of what happened to the
mechanical properties of this material, an appreciable lncrease

in dissipation factor might have been expected.
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The materials that show the largest percentage
increases in dlssipation factor, the polyethylenes, also
show the largest decreases 1n d-c insulatlon resistance,
Fig. 7, with one exceptlon. Electron lrradiation of low
density polyethylene, 5, for example, brings down 1ts d-c
insulation resistance at least two and one-half orders of
magnitude. The same property of intermedlate density poly-
ethylene, 6, 1s reduced three orders. A reduction of at
least two orders is shown by polyethylenes 2, 3 and 4. The
exception is the black polyethylene, 45, whiéh does noﬁ
change. This material, however, has an initial Insulation-
resistance at least two orders lower than that of most of the
other polyethylenes. In spite of the reductions, the latter
are left with insulation resistances higher than those of
most of the other plastics, because theilr 1nitlal values are
's0 high, sometimes beyond the upper 1limit of measurement of
the equipmént used. The polypropylenes behave differently,
number 7 decreasing 1n insulation reslstance to a lesser
extent than the polyethylenes; number 8 actually increasiné
slightly. Polystyrene, 1, unexpectedly decreases more than
two orders in insulatlon resistance but there 1s no measurable
change in the styrene dilvinylbenzene, 31. Two of the
styrene polymers, 20 and 26, show sllght increases; the

styrene acrylonitrille copolymer, 25, goes down one order,
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The three polyamides, starting with a relatively low level
of resistance, are all improved by_the irradiation by about
one order. The dlallyl phthalates show little change. The

N

phenol plastics, starting wlth a low insulation resistance,

Nt

Ilncrease, almost an order for the two-stage and one and a
half orders for the single stage. The epoxy molding com-
pound decreases by one order and the PVC acetate by fwo.
Polyethylene terephthalate increases slightly. Polyurethane,
starting lower than all the ofher materials, drops still

lower. Polyvinylfluoride remains the same.

Summary and Conclugions

All of the plastic materials investlgated were
affected to some extent by electron irradiation, which 1n
most cases comprised a maximum total electron flux of

5 .8><1o16

electrons/om2 and an accelerated dose rate. The
acrylics, cellulosics, fluorocarbon polymers, acetal resins,
and polycarbonate were gso adversely affected physically,

even before many had been subjected to the maximum flux,

that neither theilr mechanical nor electrical properties could
be determined. The predomlnantly observed effects 1n those
materlals whlch were tested mechanlcally and electriéally
were embrittlement with a corresponding decrease in elonga-

tlon, an lncreased dissipation factor and a lowered d-c 1nsu-

latlon resistance. The styrene polymers were the most
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reslstant to radiation, styrene divinylbenzene outstandingly
so. Therefore thilis class of materilals 1s the most acceptable
for‘communications satellites.
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CODE
NO.

12
13
14
15
16
17
18
19
21

22
23
24

34

35

36
37
38
39

43

_TABLE 2

- MATERIALS

POLYMETHYL METHACRYLATE
ACETAL RESIN

ACETAL RESIN
POLYTETRAFLUOROETHYLENE
POLYFLUOROETHYLENEPROPYLENE
POLYCHLOROTRIFLUOROETHYLENE
POLYVINYL CHLORIDE
POLYVINYLIDENE FLUORIDE
ALLYL CARBONATE PLASTIC
POLYVINYL CHLORIDE
POLYMETHYL METHACRYLATE
RUBBER MODIFIED ACRYLIC PLASTIC
STYRENE ACRYLIC COPOLYMER
CELLULOSE ACETATE

CELLULOSE PROPIONATE
CELLULOSE BUTYRATE
CHLORINATED POLYETHER
POLYCARBONATE

POLYVINYL FLUORIDE

o

TOTAL FLUX
(1016 ELECTRONS
PER CM?2)

1.22
1.22
1.22
1.22
3.67
.67
.67
.67
.10
.10
.10
.80
.90
80
.10
.10

A MNP OAMDAIMELWOY

AV
O
@

5.80
5.80




TABLE 3

SHORE HARDNESS

N

«20

- s GE GE Ty ay En A EE A A AE B B EE E .

CODE | %
NO. | INITIAL | IRRADIATED | CHANGE|
2 67 64 -4
3 55 55 0
POLYETHYLENES 4 71 69 -3
| 5 50 70 + 40
8 68 62 -9
45 53 62 + 17
7 100 74 -26
ROPYLEN
POLY PROPYLENES 5 100 73 i
i 87 86 -1
20 73 es +18
26 78 £8 +13
31 86 88 +2
0 79 86 +9
POLYAMIDES 10 77 &3 +8
11 74 86 +16
DIALLYL - 27 Q2 95 +3
PHTHALATES 28 91 93 42
PHENOL o 02 03 +1
PLASTICS 30 e3 o4 +1
EPOXY 32 o1 03 +2
ALKYD 33 04 o5 + 1
PVC ACETATE 4.0 78 76 -3
POLYETHYLENE 41 &1 NA
TEREPHTHALATES A4 84 NA
POLYURE THANE 42 43 72 +67




TABLE 4

STIFFNESS IN FLEXURE (PSI X 10°)

CODE pA
NO. | INITIAL | IRRADIATED |CHANGE
2 102 38 -63
'3 26 18 —31
‘POLYETHYLENES 4 158 67 =58 -
5 25 21 —16
6 109 87 -20
45 26.6 29.3 +10
7 155 NA
POLYPROPYLENES
YLEN 8 110 NA
1 335 291 -13
STYRENE 20 146 291 +99
POLYYMERS 25 405 384 -5
26 258 365 +49
31 323 321 0
: 9 156 241 + 54
POLYAMIDES 10 138 210 +52
11 107 310 +181
DIALLYL- 27 8e9 885 0
PHTHALATES 28 516 535 + 4
PHENOL 29 758 727 -4
PLASTICS 30 1369 1266 -8
EPOXY 32 502 614 + 4
ALKYD 33 1201 1206 0
PVC ACETATE 40 437 308 - 30
POLYE THYLENE 41 079 814 -17
TEREPHTHALATES | 44 1033 6586 -34
POLYURETHANE 42 7.0 19.3 | +176




TABLE 5
TENSILE STRENGTH AT BREAK (Ps! x 103)
CODE %
NO. | INITIAL | IRRADIATED | CHANGE
2 3.0 1.7 - 43
3 2.0 11 —45
POLYETHYLENES | 4 3.8 4.1 +8
5 1.4 1.0 —29
6 1.9 2.1 +11
45 2.3 1.2 —48
7 2.6 0.1 -96
POLY PROPYLENES
8 3.0 0.2 -93
1 8.0 4.0 -50
20 1.7 .1 ~35
:OTYYR;;:S 25 8.7 5.7 ~34
- 26 4.3 1.8 —-58
31 7.5 8.6 +15
) 6.5 11.7 +80
POLYAMIDES 10 6.3 9.4 +49
1" 5.7 1.8 +07
DIALLYL~ 27 5.2 NA
PHTHALATES 28 4.5 9.2 +104
PHENOL 20 4.3 4.6 + 7
PLASTICS 30 4.2 5.8 +238
EPOXY 32 3.6 3.0 +8
ALKYD 33 5.2 6.8 +31
PVC ACETATE 40 7.0 7.3 + 4
POLYETHYLENE 41 22.5 NA
TEREPHTHALATES | 44 22.4 NA
POLYURETHANE | 42 6.8 2.8 -59
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TABLE 6

ULTIMATE ELONGATION (PER CENT)
CODE o %
NO. | INITIAL | IRRADIATED| CHANGE
2 665 10 ~-98
3 797 8 -99
POLYETHYLENES | .4 1365 14 -99
' 5 1110 ' 9 -99
6 430 13 -97
45 1125 9 -99
'POLYPROPYLENES ! 330 43 -87
, 8 1470 50 -96
1 4.2 2.3 -45
- 20 25 2 -92
ARG 25 55 | 29 | -a7
26 24 1.6 -93
31 6.5 6.9 +6
' 9 616 | 33 -95
POLYAM I DES 10 100 23 -77
| 1 520 43 -92
~ DIALLYL- 27 -2 NA
PHTHA LATES 28 23 4.5 +96
PHENOL 29 1.7 1.7 | O
 PLASTICS 30 1.3 1.7 +31
EPOXY 32 1.8 T -6
ALKYD 33 2 1.8 -10
PVC ACETATE 40 08 1" -89
POLYETHYLENE 41 103 | NA
TEREPHTHALATES | 44 100 NA
POLYURETHANE | 42 1135 13 -99
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o DO%E,, , 005t DOSE DOSE DOSE DOSE DOSE DOSE DOSE
58 0 58 0 58 0 58 o 58 58 0 58 0 58
(1) POLYSTYRENE |(2) POLYETHYLENE |(3) POLYETHYLENE|(4)POLYETHYLENE |(5) POLYETHYLENE | (6)POLYETHYLENE |(7)POLYPROPYLENE | (8)POLYPROPYLENE (9) POLYAMIDE
d=.95 dz.92 dz.96 4:.92 4=.947 : TYPE 66
DOSE DOSE DOSE DOSE 005 05€ DOSE DOSE DOSE
0 ' 0 5.8 0 122 o 22 0 "% o "%, 2 e Y Y 367
(ICPOLYAMIDE  |(1) POLYAMIDE  |U2JPOLYMETHYL- |(1))ACETAL RESIN |(14) ACETAL RESIN |(U9)POLYTETRA- |()POLYFLUORO- |(7)POLYCHLORO- |(8POLYVINYL
TYPE 610 - |TYPE 6 METHACRYL ATE FLUOROETHYLENE |ETHYLENEPROPYLENE [TRIFLUOROETHYLENE| CHLORIDE
PLASTICIZED
DOSE DOSE DOSE DOSE DOSE DOSE DOSE DOSE DOSE
o e o 58 0 4y 0 4 0 4 o 58 o 58 o 58 0 58
{(19) POLY VINYLIDENE|(20) STYRENE (2HALLYL (22)POLYVINYL  |(23) POLYMETHYL  |(24)RUBBER MODIFIEDI(25)STYRENE-ACRYLO{(26)ACRYLONITRILE - |(27)DIALLYL
FLUORIDE BUTADIENE CARBONATE CHLORIDE METHACRYLATE | ACRYLIC PLASTIC |NITRILE COPOLYMER| BUTADIENE-STYRENE|PHTHALATE
RIGID ’
pOSE 0OSE DOSE DOSE DOSE DOSE DOSE DOSE DOSE
0 58 0 58 o 58 0 58 o 58 0 58 o 28 o 58 0 4
] »
A
(28)DIALLYL (29)PHENOPLASTIC | (20)PHENOPLASTIC | (3)STYRENE-ONINYL ()EPOKY MOLDING |(33)ALKYD MOLDING | ()STYRENE- | (B5)CELLULOSE | (36) CELLULOSE
PHTHALATE SINGLE STAGE |2 STAGE MINERAL |BENZENE COMPOUND COMPOUND ACRYLIC COPOLYMER ACETATE PROPIONATE
DOSE DOSE DOSE DOSE DOSE DOSE DOSE DOSE
o PO 4 0 29 0 58 0 58 0 58 0 58 058 058 0 58
- 4
(1)CELLULOSE  |(38) CHLORINATED (39)POLYCARBONATE| GO)POLYVINYL | (41) POLYETHYLENE- | (62)POLYURETHANE |(43) POLYVINYL | (44/POLYETHYLENE - (45) POLYE THYLENE
BUTYRATE POLYETHER CHLORIDE ACETATE | TEREPHTHALATE | ELASTOMER FLUORIDE TEREPHTHALATE | BLACK
TYPE W2 TYPE A
DOSE = X10'6 ELECTRONS/SQ. CM.
Figure 2
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RADIATION INDUCED CONDUCTIVITY
IN DIELECTRIC MATERIALS

by
A. W. Snyder

Sandia Corporation
Albuguerque, New Mexico

The paper presented by Dr. Snyder was not made available for this

booklet. However, the data and information in his paper relating to induced
conductivity at various levels of gamma and neutron radiation flux are all
contained in the following published papers:

1.

to
in
Dr.

Gamma Ray Induced Conductivity in Insulating Materials - S. E. Harrison,
F. N. Coppage, A, W. Snyder - Paper No. CPA 63-5156 IEEE (Electronuclear
Conference, Richland, Washington, May 1, 1963).

Neutron Effectiveness in Producing Photoconductivity in Organic Insulating
Materials - F, N. Coppage, A. W. Snyder, F, C, Peterson - Paper: ©SCR- 670*
(Sandia Corporation Report).

Gamma Ray Photoconductivity Decay in Organic Dielectric Materials - S. E.
Harrison - Paper: SCR 671% (Sandia Corporation Report).

Dr. Snyder indicated in his paper the levels of induced conductivity
be expected from the radiation fluxes present in outer space, particularly
the Van Allen belts. Those flux levels are indicated by the summary of

Sun contained in this booklet.

*
Available through the AEC Technical Information Service.
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THE EFFECTS OF HIGH ENERGY RADIATION ON THE
POLARIZATION CURRENTS IN SOME GLASSES

R. A. Weeks and . . Lelll

Solid State Division, Oazk Ridge National Laboratory¥*
Oak Ridge, Tennessee -

Insulators which have been electrostatically charged have been ob-
served to discharge, leaving in the ipsulator visible tracks along which
the discharge took place.2 The electrostatic charging can be induced on
the surface or in the bulk of an insulator by electron or gamma-ray irra-
diation.B’u Since these discharges have been observed in some glasses and
not in others, there is some interest in the process by which charge and
energy, supplied during irradiation, were stored in such insulators.
Glasses with a high (Aflo19 ohm-cm) and some with low (fle17 ohm-cm)
intrinsic resistivity exhibit the discharge effect when irradiated with
electrons. Since the discharge effect involves electrical processes, it
seemed reasonable to investigate the D. C. electrical properties of the
glasses of interest. The available data2’5’6 on the effect indicated
that the decay time for its disappearance was gquite long, and thus our
interest was directed to a study of the low-frequency and dc¢ conductivity
of several glasses.

In Figure 1 the loss tangent (ac conductivity) of a lead silicate
glass is shown as a function of frequency and time after electron irradi-

ation.

¥ A
Oak Ridge National Laboratory is operated by Union Carbide Corporation
" for the United States Atomic Energy Commission.
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There are two features of these measurements that. should be noted:
(1) there is haximum in the loss tangent at some frequency below 50 cps;
and (2) at least the high-frequency tail of this maximum disappears in a
time of the order of 24 hr. It has also been observed that two glasses,
exhibiting the discharge effect, also show the greatest.increase in the
loss tangent at 50 cps. Since thié increasc disappears‘in ‘24 hr, and
the discharge effect can be obserccd after a time!>>200 hr, the two pheno-
mena are probaﬁly not directly felétcdo
The polarization, P, is defined as the electric dipole moment per unit

volume and is given byvthe relatioh o

P=D- g B (1)
where D is the displacemcnt field, E is the laboratory field, and @(} is
the dielectric constant. The curfénﬁ for.a constant laboratory field is
I = 3 D/dt and from Eq. (1), -J = 3 P/dt. |

The polarization P' at a microscopic point in the.material being

polarized can also be wriften

P WaE , - (2)
vwhere N is the number cf‘polarizable units; o4 is the poiariiability, and
E' is the local field acting on the polarizéble units. Thus, the current
due to these units is

0

I o= ;;gt--- (NaE) | (3)

The polarizing entities have been represegted by only one term in Eg. (3),
but in a real material, it is certainly probaﬁle that several such terms
may be reqpiredo Therefore, a better approximatiébn would be to write the

polarizability term as a summation, e.g.; a= ) Niai°
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One of the terms in this summation originates from space charge effects.
The space charge term is due to an accumulation of charges at the electrodes,
and also at internal surfaces. With rgspect to the glassés the experimental
results shown in Figure 2 and other results indicate that there is probably
no eiectrode space charge term. Considering the known properties of glass,
it also appears reasonablento gliminate a space‘éharge term on “internal
surfaces. With the elimination of the space chafge terms, only the dipole

and orientation terms are left, and Equation (3) can be written

n

n
J'=F+E%ﬂ)—%{yt M%]+[?'N9J i%%i . (L)

i=1 i=1 o

The relation between the observed current and the current at a micro-
scopic point muét now be considered, and there are several experimental
facts, which have a bearing on this problem. These experimental resplts
are: (1) The observed currents are proportional to applied voltage for vol-
tages > 3900 V gm_l or for duration of applied voltages for times 2 120 minutes.
(2) The observed polarization currentsland final conductivity (af times > 50
hours ) aré inversely proportional to the thickness of specimen. (3) The
principle of superposition is obeyed. On the basis of these facts, it is
assumed‘that the observed current and the sum of microscopic currénts are
identical, i.e., J = J'.

An analysis of the decay of the current thrdugh the specimens, the
polarization current, showed that it c¢ould be. reasonably fitted to a furc-

tion of the form :
| i = S s e "YUy
- E: i + oi ,

i=1




-l
b T

where ai is a constant appropriate to the characteristic: time ri,*b is a
constant for a particular glass; and»io is the. current observed after a e
time long compared with the longest T, and is presumed . to be the intrinsic
conductivity. In Figure 3 a decay curve is shown of a lead silicate glass
which had been given a 0060 gamma,~ray dose.of 106 r. An analysis of the
curve gave four characteristic times. The numbers in parentheses are the
values of the ai"s which are the :intercepts at € .= 0.

In Table I the Ti°s found by this anslysis are shown for two specimens
subjected to gamma-ray irradiation and measured at about 2500 and ét two
higher temperatures. The aVéragg-values of the ii'é are given fof the un-
irradiated and irradiated conditions andxthe>rms‘deviation calculated.

At the elevated temperatures the Ti's exhibit a degregse;that is larger
than this rms deviation? | o

Although the ti“s showed only small changés_wéth these treatments, the
aifs and the intrinsic cénductivity bio_exhibite@_larger variations.

- The experimental observations, whi;h have been reported9 have beeq
fitted to a sum of exponential terms. The number of such termsjreqpired
to fit the data are four plus a constant term, and the characteristic,
times of these fqur terms are not altered by irradiationa Thesghfour
terms may be related to the dipole and orientation‘.pqlarizabilityv_tern}sn
Although it is not possiblg from these data to'distinguish the terms, the
éummation terms in Eq. (%) may_be redqced ppffqgr'jermsg‘_Since_these
data showed that only the strengths of the terms were altered by irradi_
ation, and that the polarizability terms, as.dgfined by the characteristic

times, were constant, Eq. (4) becomes
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T is small

This equation has an implied assumption in it, i.e.
relative to the —ésgi» terms .

It has been noted that the polarization currents observed in the lead
of the ohmic character of the polarization current is shown in Figure 2.
In these measurements the polarization currents were obtained as a function
of voltage. A given voltage was applied for a period of ~125 minutes, and
the specimen was then depolarized completely before the next voltage was
applied. The data points were obtained for varying periods of time after
the gpplication of the voltage. For the shorter periods of time (lO minutes
and 20 minutes) the current is not a linear function bf voltage bélow ~ 4000 V
cm—lp At 120 minutes after application of the voltage the current is approx-
imately proportional to voltage for both of the glasses shown in Figure 2.
Although not shown, observations on a pure silica glass have indicated a
linear relation between current and voltage from 10 minutes to 120 minutes.
It is evident that above 4000 V cm_:L the polarization current is proportional
to the applied voltage in the glasses which have been investigated.

The strengths of the four polarization processes were observed to vary
with 7r—ray dose. This effect is shown in Figures 4 and 5. In Figure L
the polarization currents at two times after application of a voltage
(%900 v cm'l) arc shown as a function of 0060 ;Kray dose. The peak in
the enhancement of the strength of the polarization current by irradiation
is clearly evident in both curves. There are differences between the two
curves, which indicate that those processes with large characteristic timss

are primarily effected by the irradiation. This is evident in the ratio
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between the peak value and initial value for the 10 minutes curve (~3)
and that for 120 minutes curve {~—5.6) and also in the ratics of peak value
to the value at maximum dose (1,5 for the 10 minutes curve and 1.7 for the
120 minutes curve)., There are also some differences in the shapes of the
CUTVES .

In Figure 5 the polarization currents as a function of duration of
applied voltage are shown for varicus Coéo ;Cx%y doses. The odd numbered
curves were obtained 24 hours after irradiation and the even numbered
curves were measured immediately after irradiation. A compafison of curve
X1IT and XV with curve VII shows that the largest changes in the polari-
zation occur in those processes with the longest characteristic times.

The even-numbered curves in Figure 5, taken immediately after ir-
radiation, show that there is an enhancement of the polarization, which
disappears in 24 hours. This enhancement is apparentily independent of
?1ray dose for doses greater than 10 minutes. It may also be independent
of dose for those of shorter duration, but experimental evidence is lacking.
An investigation of the decay of this short lifetime enhancement has indi-

cated that at least two processes may be involved.

Discussion

Taylor has shown7 that the increase in the loss tangent at low fre-
guencies (Figure 1, curve for the unexposed case) is due to a distribution
of relaxation times for sodium ion diffusion. The increase that we observed
sfter irradiation may have been due to the same mechanism. The increase in
the loss tangent resulting from irradiation could be caused by a change in
this distribution. However, Taylor's results showed that there was no

change in the distribution with heating, and our Ti”s derived from the dc
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measurements showed very little, if any, change with irradiation. It would
be questionable on the basis of these results to relate the increase in loss
tangent to»a change in the distribution of relaxation times for ion diffusion.
It is possible that irradiation displaces ions from deep traps and that while
they are removed from the traps they can contribute to the ion diffusion and
are observed as an increase in the loss tangentf Over a period of time these
ions would be retrapped, thereby producing the observed decay in the irradi-
ation-enchanced loss tangent. Since the irradiation can also generate elec-
trons and holes, these can alter the ionization states of such traps, and a
fraction of the ions released by the irradiation would not be retrapped.

The hypothesis that the time-dependent decay of the current through the
specimen can be expressed as a sum of exponentials in time is based on the
following facts:

1. The principle of superposition is obeyed. The observed decay
curves can be resolved into linear sections which extend over one or more
decades of current. The Ti's for several measurements under a variety of
conditions have an rms deviation that is less than i‘9% for Ts and less
than i_6% for the other three 1's. These rms deviations indicate a reason-
able agreement between the hypothesis of superposition and the observed curve.
Other functions have not been analyzed, and it is possible that with four
adjustable parameters a different function could be found whicﬁ would fit

the observed curve.

2. Ohm's law is apparently applicable for the conditions of our experiment.

3. The final condqctivity over a limited range of temperatures. This

deviation could result from two independent processes.

7,8

L. The polarization currents found in othér experiments on glasses

9,10

and in other materials exhibit an exponential time dependence. The
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fundamental assumption in these experiments is that there is a periodic
array of potential wells in which charge carriers are trapped. In the
absence of a field, these chargercarriers and the associated charges of
the structure creating the potential wells have a net dipole moment of
zerc., The application of an electric field changes the relative depth
of the wells along the field direction, and these are perferentially
filled by charge-carrier diffusion. The intrinsic conductivity of the

7,9,11 Another process closely related

glasses is due to such a process.
to this one and which exhibits an exponential dependence on time is the
reorientation of dipoles already present in the system. In.this case
neither charge component of the dipole diffuses away from the other, and
there are several orientations possible, with each separated by a potential
barrier. The 4”'s that we have found may be the relaxation of such a process.
Cne apparent contradiction between the experimental results and this
hypothesis is that a thermal activation energy of ~ 1 ev should be observed.
In the temperature range over which measurements have been made (Table I),
the 9P 's appear to be temperature independent as compared with the intrin-
sic conductivity. The polarization process characterized by the A~'s may

not be thermally activated in the temperature range which we have investi-

gated.

Summary
The data do not support a space-charge hypothesis. There is agreement
with the hypothesis that the polarization effects occur in the bulk of the
_glass.
The bulk polarization processes which have long, approximately tempera-
ture-independent relaxation times may furnish a mechanism by which charge
and energy are stored. There does appear to be a correlation between large

values of the /77° 's and the discharge effect.
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FIGURLE CAPTTONHS

Loss Tangent of a Lead Silicate Glass at Various Times After
an Electron Irradiation with 1.5 pa of 1.5-Mev Electrohs for
5 minutes. The temperature during irradiation was’V5OOC and

. o)
during measurement was 23 C.

Polarization Current Resolved into Four Processes, Bach with

a Characteristic Time. The specimen had been exposed to 10
6 ‘

r of Co 0 gamma, rays prior to the measurement. (The constant

term bi, was first subtracted, léaving the lihear portion

0
labeled as Tys which was then subtracted from the remainder,

giving the linear portion labeled Tz ete. ).

The Polarization Current in a Lead Silicate Glass is Given
as a Function of Voltage for Various Times after Application
of the Polarizing Voltage. Before each increase in the vol-

tage the specimen was depolarized by shorting the electrodes.

The Polarization Current in a Lead Silicate Glass at Various

Times after Application of the Polarizing Voltage is Shown
6 _

as a Function of Co O‘7iray Dose. The specimen was depolar-

ized between each irradiation.

The Polarization Current in a Lead Silicate Glass is Given

for a Period of 120 minutes as a Function of COGO;T;ray Dose.
The even numbered curves were recorded immediately after ir-
radiation and the odd numbered curves were recorded 2L hours

later. The specimen was depolarized after each measurement.
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'INTRODUCTION

There are several areas of space study in which the Hughes Aircraft
Company is deeply involved, It is not possible to encompass all the areas,
and disciplines in one brief paper, Consequently, only four areas will be
discussed. These are:

1) Thermal control surfaces
2) Elastomers
3) Optical materials

DISCUSSION

A very large portion of the HAC effort is devoted to the study of passive
thermal control surfaces, These surfaces are characterized by two parameters,
Aqand €,.. Various parts of a space vehicle are exposed to the solar energy, in
a greater or lesser extent, depending upon orbit, and axis orientation, If the
vehicle is in the ecliptic plane, it will be alternately illuminated by the sun
and eclipsed by the earth's shadow, Certain orbits make it possible for the
vehicle to be exposed continuously to the solar rays, If the vehicle is spinning
(spin stabilized) or fixed in its orientation, the surface will be completely
exposed or one side will be continuously in shadow, The type of thermal control
surface to be applied to the vehicle will be determined by the orientation, Thus,
in a spin stabilized vehicle the ofs is as important as the €., In a fixed vehicle,
one side will requirecls data, and the shadow side will require only €. data,

The range of values of Ay and/or €., will be determined by the function, For’
instance, the portion of the liquid hydrogen tank oriented toward the sun must
reflect as much of the solar energy as possible, . This requires a very lowXg ,

To understand the terms o and E.othe energy exchange must be considered,
The fraction of the solar energy absorbed by a real body, in relation to an ideal
black body is termed the solar absorptance and given the symboloé;. This term
is generally considered to cover the wavelength region 0,204 to 2414 although
the region of interest may be shifted to any preferred range. The region
generally considered includes about 80% of the solar spectrum, which is the major
radiative heat load imposed on space vehicles,

Two typical thermal control surface may appear equally white to the gge
and have relatively low solar absorptances, However, one may have a lower s
than the other because of a lower absorption in the ultraviolet region, or in
the infrared region, Two such materials are exemplified by ZnO and HAC inorganic
pigment, The Zn0 has a very steep absorption edge (about 100% absorption) at
about 38004, while the HAC pigment absorbs only 25% at the same wavelength,

The infrared emittance,élm, is defined as the ratio of energy emitted by
by a real body to that of an ideal black body at the same temperature and in the
same wavelength interval, The wavelength interval is generally taken as 1.5
to 27¢¢, defined by the equipment limitations rather than for theoretical reasons,
Some companies measure out to 35-L0gt, A very useful, but fictitious, relation
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is found irlg%é:'ratio. As it stands the ratio is thermodynamically
meaningless, but it serves a useful practical purpose., The ratio could still

be used, and yet be thermodynamically correct, if the olg were writtenc*ooz.g‘ij
and the E,;,,witten asé 5=072 By convention, among those active in the field

of thermal comtrol, the ois and €.are used with the understanding of their true
meaning. In essence, the “54;40 ratio is a figure of merit, describing how well
a surface acts as an energy tranducer, absorbing at one wavelength and emitting
at same other, The values of X and €, are generally integrated fram spectral
dataa : '

A,

Even though the,/ag;,ratio may indicate a designers dream, the values are
without use, if the surface alters by a change in absorptance, The change in HAg’
is brought about by absorption of the solar energy resulting in bond rupture,
lattice displacement, color center formation, etc, It has been reasonably well
established that the major degradation is brought about by the ultraviolet energy
in the region of 20008 to LO0OR. The damaging wavelength is dependent upon the
selectivity of the material being irradiated and is controlled by the absorption
edge., It becomes most important, therefore, to determine for sach material, 1
considered as a thermal control surface, the absorption edges Once this parameter
has been established, the intensity of the uwltraviolet used may be correctly
determined,

A complicating factor in laboratory simulation is the bleaching effect.
This may nccur simultaneously with the degradation of the surface, This merely
complicates space simulation tests, and again, depends upon the material degraded,
and the mechanism of degradation,

For the purposes of thermal control degradation studies, we may plob

the region 2000-L000& of the Johnson curve with the spectrum, in the same region,
for a BH-6 high pressure mercury arc, The plot is shown in Fig, 1 (slide 1), a
serious mismatch is at once obvious, In this curve, the two energies are plotted
for five fold intensity. The solar curve is at five times the Johnson curve, and
the mercury spectrum is also that obtained by the so called five times intensity,
The usual practice is to integrate the BH~6 energy over the 2000£~L000L region,
This is not a correct procedure, The intensity factor must be related to the

material as noted earlier,

During the operation of the BH-6 a decrease in energy output is noted, .
Fige 2 (slide 2) shows the energy drop as a function of time, This drop occurs
for the region 20008-LO00R., It is to be noted that after 190 hours the energy .
drops nearly 50%, It has been determined by HAC that most of this drop occurs
in the region below 31008, HAC has now begun continuous monitoring of lamp
output with a grating monochramotor, By using a combination of filters, and the

 monochromator, it has been determined that the HAC inorganic thermal control is

completely unaffected by radiation above 31504,
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To conduct space radiation tests, thermal conbrol specimens are

prepared as 7/8" discs, A single sample is placed in the vacuum chamber
shown in Fig, 3 (slide 3) which is pumped down with a gas sorption pump, sealed
off, baked out at 250°F for 2L hours, At the end of this time, the pressure has
been reduced to 1 x 107 torr prior to irradiation, At the end of the test, the
pressure is almost invariably in the'high 1079 torr range., A desorption of gases
occurs during the irradiation, caused by the photons and a temperature rise in
the sample. Four samples are irradiated at one time, One such irradiation
set-up is shown in Fig, L (slide li). While these four samples are being irradiated
several more are being prepared and evacuated, These chambers are being used to
study the photo~thermal effect, Other chambers may be thermally controlled
anywhere in the region from liquid nitrogen to +500°Fe, the actual temperature
- being dictated by the temperature predicted for that coating on the space craft,
The intensity of irradiation is controlled by moving the samples toward or away
from the BH~6 lamp, After the samples have been irradiated, they are removed
fram the chamber, and examined for their spectral characterlstlcs. This
examination is carrled out on the Gler-Dunkle integrating sphere and heated
hohlraum, The equipment is shown in Fig. 5 (slide 5), the two units give near
normal spectral data., The raw data is fed to a 7090 IBM machine for convenience
in calculating the integrated total normal values, In addition to the near
normal data, this equipment is used to obtain angular data oub to 70° incidence
angle.

?

The extent of degradation for a few representative surfaces is shown in

Fig, 6 (slide 6). The comparison is made to HAC inorganic white (far left) after
1000 SEH (solar equivalent hours), a TiOs pigmented epoxy after 500 SEH, a TiO,
pigmented acrylic paint after 250 SEH not shown is an antimony trioxide palnt made
for 080-II, Its degradation after 100 SEH is equivalent to that of the acrylic,
The 0SO-II paint was designed to degrade by HAC for the 0S0-IL satellite, This
paint is being flown with a sample of TiO,-epoxy for obtaining correlation data
between laboratory and actual space conditions.

The space activities at HAC are not confined to research on thermal control
surfaces, Many other materials are examined for their compatibility with the
space enviromment, In many cases, it is sufficient to run degradation studies
(part¢cularly‘where temperature is the only desired variable) at 106 torr, At
this pressure, the gas molecules have a very long mean free path, The evaporated
materials are removed from the sample vicinity by liqguid nitrogen cold walls or
traps., A very common material used for space vehicle applications is silicone
rubber, Fig, 7 (slide 7) illustrates the effect of vacuum and elevated temperature
on sample weight for only one silicone rubber, A not so often considered
parameter is hardness after vacuum treatment, Fig, 8 (slide 8) illustrates the
effect wpon Shore A hardness after the vacuum treatment, In these experlments
the volatile materials were removed by liquid nitrogen traps.

Fig, 9 (slide 9) is a view of a test on an experimental potting material
for a traveling wave tube, The material is a urethane base loaded for high
thermal conductance, This test has been running for two months, during which time
water was conbinually evolved and trapped in liguid nitrogen,
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It is not generally thought that optical parts may be considered as
space materials, Infrared radiometers employ materials which are sensitive to
vacuum and ultraviolet light, One such materiel is KRS-5, This material is a
mixed single crystal of thallium iodide and bromide, At times during an orbit,
infrared radiometers are directed toward the sun, After having "looked" at the
sun, the instrument fails to operate, HAC has investigated the effect of high
temperature and ultraviolet light upon'KRS-5, Fig. 10 (slide 10) shows the change
in transmission of KRS~5 after L8 hours at one solar intensity during irradiation
at 2 x 1078 torr, Fortunately, this degradation may be mitigated by appropriate
optical means which do not allow the KRS-5 to view the sun directly,

In addition to being subjected to U,V, damage, the KRS=5 may sublime quite
readlly. Fig., 11 (slide 11) shows a sample of KRS—S which has been heated to
130°C in a vacuum of 1 x 1070 torr. At a temperature of about 230°C, the KRS-5,
at 10=5 torr, loses 80% of its weight by sublimation, It is quite obv10us that
optical parts must be protected from large temberature increases, TFig. 12 shows
the comparison during test of KRS-5 and CsI at 100 torr and 130°C,

Everything which has been discussed makes one think that only problems exist
with materials in space. This is not quite the case, since the good materials are
not very spectacular during test, There are many good space materials which have
not been mentioned in this report,., One good use of temperature and solar absorptance
is shown in Fig, 13 (slide 13), This material is a foam-in-space plastic, At
atmospheric pressure and room temperature, the tablets are stable in fact stable
enough to "iron" into a cloth substrate, In vacuum, and under solar irradiation,
the pellet foams to form a mass which is conilnuoug and structurally rigid,
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Failure Mechanisms in Dielectrics Under Space Corditions and Techniques
for Their Investigation in the Laboratory. S. M. Skinner, W. J. Lytle,
J. W. Merck, Westinghouse Air Arm Division

A. Types of Failure Mechanisms in Space Flight
I. Introduction

Mechanisms which cause failures in dielectrics under space conditions
include all those which might commonly be met in the laboratory or in normal
use, together with additional mechanisms attributable to unusual conditions
vhich may be anticipated in space. Since effects of high energy radiation
have been treated both in the literature and in an early session of this meeting,
mechanisms related directly to high energy radiation in space will not be %
considered below. Other effects which may be important in the space environment
include: for the exterior or the unencapsulated interior, the effects of space
vacuum, the effects of micrometeorite impact and fluctuating temperatures
and magnetic fields; for an enclosed cepsule such as the living space of an
astronaut, temperature fluctuations, the effects of internal frictional contact
between materials, and the accumulation within the enclosed environment of trace
amounts (0£*more) of gaseous products too expensive to remove by atmospheric
treatment.

IT. Vacuum

From the point of view of failure mechanisms, a vacuum should not be
regarded as something megic or highly catastrophic; it is a region in which;
because of low pressure, the rate of certain reverse kinetic process, such as
gaseous surface bombardment or the supply of atoms participating in one direction
of diffusion or chemical reaction has been brought to nearly zero; & pressure
of 10-5 tor will already have reduced the latter to nearly zero, and therefore
for measurement of chemical reactions or of many volume effects, and of
diffusion controlled changes, pressures of 107° or 10'7't0rrshoulﬁ be quiig
sufficient. Surfaces may require pressures to be reduced to 10712 or 1073 torr,
and bombardment, in order that final traces of monolayers be removed and they
remain degassed for finite measurement times. Therefore, investigation of
surface properties which depend sensitively upon the presence of fractional or
whole monolayers of adsorbed materials must provide such conditions. Since
many desired properties are not this sensitive, and since sultable conclusions
may often be drawn from experiments at the higher pressures, provided sufficient.
care is taken to assure identical specimen history for consecutive specimens,

* For the present purposes, specific environmental conditions during launching
and pessage through the various atmospheric layers including the ionosphere,
will he omitted.

*% The effect on extensive flights may be anslogous to the stuffiness of an un-
* aired room. Vapors moy condense and gases may be adsorbed on solid surfaces.
Astronaut Gordon Cooper had to use manual control for reentry because of a
"sinple electric short in the auto-pillot”, caused by moisture which had con-
denced in the cabin.
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much useful data on fallure mechanisms can be obtained without providing super-
complex and expensive laboratory facilities. Electrical properties of a surface
or interface composition and structure, and valid experimental results at any
pressure can only be attained by use of the stringent precautions characteristic
of surface chemistry. For normal use inside the capsule, high vacuum measurements
are likely to contribute little direct information; however, for operation in

the vacuum of space, such measurements should be made and suitably interpreted;
considerable evicence points to the fact that the electrical properties of
dielectric surfaces show greater variations from point to neighboring point, as
very clean surfaces become cleaner.

IIT. Mechanical Damage

Any mechanical damage such as internal cracks or major fracture or even
distortion will, and any chemical change of the surface or volume of a dielectric
may, cause sufficient change in its electrical behavior so that it may be regarded
as a fallure mechanism. It is necessary therefore to examine the way in which
electrical properties depend upon mechenical stressing or impact, and upon
mechanical damage, from accumulations or dislocations, or phase changes, to
fractures or microfractures.

IV. Loss of Volatiles

An especially important mechanism which affects dielectrics under
conditions of low pressure, is the loss of volatiles or adsorbed gases. If such
volatiles are lost at a slow rate, the final effect includes change in tensile
and deformation characteristics, differences in resistance to ilmpact or fatigue,
and changes in the nature of the statistical contributions to the entropy term
in the response to various types of deformation. It has recently been shown
that removal of low molecular weight components from polyethylene~ before using
it as a metal adhesive increases greatly the strength of the adhesive specimens
made with it. By ref. 2, it must be presumed that the presence or absence of
low molecular weight fractions in a plastic affect greatly the degree to which
it wets surfaces at normal or enhanced temperatures, and therefore, will affect
both adhesion and the friction experienced by any moving object coming into
contact with it.

Similarly, if volatile components of the adsorbed film on dielectrics
are removed, major effects on friction and adhesion may be expected. Savage's
experiments3 showed that the decrease in partial pressure of H,0 vapor adsorbed
by grephite brushes at upper altitudes caused selzing between brush and commutator

of the motors tested.

Since adsorbed layers may differ on different portions of the surface,
and since the removal of volatiles may not be uniform throughout a solid because
of different structure and different mobilities at different regions in the
material, localized differences of chemical composition may be found. Whereas
the original surface presumably was close to thermodynsmic equilibrium, the
depleted volume and surface may be far from such equilibrium; the result may be
a metastable situation in which equilibrium (in the absence of triggering through
impact or temperature rise, ete. ) may not be achieved for long periods of time.
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If, on the other hand (as in the .interaction of high energy radlation

with the internal volume of the material)jﬁthe volatiles accumulate more

rapidly than they can diffuse or otherwise reach the surface, internal pressures
build up which can cause cracking, voids, or even more extensive damage such

as microexplosion. This can be seen (but has not always been recognized) in
samples subjected to radiation at rates that are too great, in order to achieve
a total radiation dose in a conveniently small total experimental time. From
the point of view of practical use; the most dangerous situation is probably

. that in which extensive minor (not evident unless painstakingly looked er)

damage has been done, rather than that in which visually obvious damage is done.
The analog of loss of volatiles in space is well known in the field of plastics:
over a period of time, even at normal conditions, the uncompensated partial
pressure of plasticizers and low molecular weight fractions causes continued loss
of these components, causing the material to change from flexible to brittle,

and to lose its impact resistance, as well as to change the nature of its mech-
anical response to deformation.* This, in extended flights in space, may be the
cause of harmful mechanical failures, as well as of undesired changes in electrical
characteristics. There is some indication that long-term effects of such loss

may differ in quality or magnitude of effect from those observed in the early

and middle stages of the loss. This is not a matter which can fully be investi=
gated by accelerated test techniques, since the acceleration must be by temperature

change which may activate other types of mechanism as well. Accordingly,

structural members, nose cones, dielectric supports or bearings, etc. intended
for external use in the craft should be given laboratory exsmination over extensive

periods of time.
V. Migration Bétween Surface and Interior

A number of experimental results have shown that the surface of a solid
polymer is not a smooth, passive interface, an inert assemblage of atoms vibrating
slightly and periodically creating or annulling vacancies and interstitials.
Instead it appears to be a reglon possessing greater kinetic disturbance than

'expected from the surrounding environment. Material which deposits on a polymer

surface may shortly be found under the surface because of transmitted motions of
the giant molecules, the penetration into the interior occurring more rapidly
than in dielectrics such as ceramics, mica, etc., at the same temperature.

VI. Micrometeorites

Micrometeoric impact should differ little from impact of similar particles
in the laboratory, and, except for long term effects, can be studied relatively

easily.
VII.. Magnetic Fields

Intense or fluctuating fields offer little damage except to magnetic
materials, unshielded plasmas, or heavy current flows. Their effects should be
investigated primarily, for items such as magnetic recorders or memories, or when
the field is so large that the mechanical Maxwell (OCBE) forces become large.

* See Section BII, below.
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VIII. Temperature

The effects of temperature change include the usual ones concerned
with unequal expansions and resulting mechanical fractures, or binding of
close tolerance designs; suitable design can avoid these. Other temperature
effects include loss or gain of adhesion, variations in deformation potentials
in materials, thermoelectric effects, evaporation and volatilization, freezing
and its associated contraction or expansion, and various temperature-dependent
changes in charge carrier density, dislocation density, dielectric constant and
loss factor, ete.

IX. Accumulation of Trace Elements Inside the Capsule

Within the capsule, the accumulation of traces of gases which diffuse
out of materials, or result from bodily processes or mechanical operations, and
then later condense or are adsorbed on free surfaces within the capsule, may
affect bearings, electrical components and solid state devices,” and switches
and remote control relsys. Since friction between surfaces depends upon the
nature of the surface, this is especially vulnerable to surface contamination
by such vapors. Breaking strengths of metal wires or glass fibers have been
shown to be dpendent upon the gas or liquid in which they are immersed.

X. Charge Transfer

A major effect of any contact between materials is the charge transfer .
which is initiated. Thus contact electrification arises from the physical
motions which must be performed by the astronaut, and from any periodic, random,
or moving contact between materials. Charge deposition may also occur from the
effects of high-energy radiation or strong fields which activate electron
emission. Such electrical effects are difficult to measure, because they usually
appear to be so random that the meas&rements are not easily interpreted. However,
they have definite electrical effect’, which may even create free energy conditions
favorable to the onset of localized chemical reactions. If dielectrics are too
insulating, such charges may persist for days or even years5, and subject the
astronaut to working in an environment of random electrical fields, and possible
internal discharges; certainly causing preferential deposition of charged particles
existing in the internal atmosphere.

XI. Other Effects

A number of other more subtle effects can occur, not all of which can
presently be recognized. These include quantum effects, long-term effects of
mechanical stress, electrical Maxwell forces, UV-activated photochemical processes
especially in heterogeneous materials, and others, as well as combinations of
these, especially combinations of anisotropic effects. The field requires detailed
investigation by methods which will recognize both the known and the newer or

more unusual effects.

* It is easy to show by placing a transistor with, say, oxide-coated (passivated)
surface on a curve tracer, that finite quantities of organic liquids on the
passivated surface alter the performance of the transistor. With sophisticated
apparatus, this "field-effect" may be shown for nonvisible condensed or. adsorbed

films.

4




XII. Measurement of Failure Effectis

The usual electrical measurements which are made on dielectrics are:
surface and/or volume resistivity, breakdown field intensity, and the frequency
dependent dielectric constant and loss factor or dissipation factor. Since a
number of physical and chemical mechanisms contribute to the measured velue of
each of these, it may, however, be quite meaningless to take resistivity measure-
ments or dissipation factor or loss factor measurements on a number of samples
of different materials at only one temperature, and one or two frequencies,
such as 1 ke/sec or 1 Mc/sec. With sophisticated measurements, such as relatively
thorough study of the dependence of these constants upon tegperature, frequency,
and chemical environment, much information may be obtained.” More such measure-
ments must be made to extract the information which they present.

Othere methods which may be used include X-ray examination by various
techniques, a number of optical examination methods including the use of polarized
light, magnetic measurements including the M8ssbauer magnetic resonance approach
where appliceble and the effects_of surface adsorption upon the density of unpaired
electrons, electron beam methods7, annihilation of positrons within the material,
and others. With most dielectrics, there may be too small a free charge density
to permit a number of measurements used in semiconmductor technology to be made
effectively, as, for example, Hall effect measurements. Therefore it becomes
necessary to look into other types of measurements which will demonstrate the
electrical properties of dielectrics sensitively and with precision. Certain of
these will be described in what follows, each being illustrated with sample results
obtained Trom them. All of these are unconventional, and were essentially new
at the time of their first use except as stated; they have each been shown to
yield precise information if suitable care is taken in sample preparation and
measurement techniques.

B. Unconventional Experimental Measurements, Useful for Examination of Failure
Mechanisms

I. The Effect of Electrical Fields (without electrode contact) Upon the
Tensile Properties of a Dielectric

ASTM-type samples of commercial uncharged dielectrics were subjected
to standard tensile tests, both without and with strong d.c. electric fields
(applied without electrode contact) traversing them perpendicular to the
direction of extengion. In some cases, there was little effect, in others, a
noticeable effect. Figure 1 shows the relation between ultimate elongation
and tensile strength for extension of a glass reinforced polyester 1) in zero
field, and 2) with a voltage of 6000 V between the electrodes, (which represents
a nominal field of 7.5 kV/cm or actual field within the meterial of somewhat over
2 kV/cm). Since the effect 1s probably in part a surface one, the field values
may be less important than the overall applied voltage. Nevertheless, the effect
shows that what is regarded as an inert, non-reacting dielectric may show
mechanical properties that change as the space-creft enters regions of high
electrical fields. More important, however, is the fact that the fundamental
mechanisms underlying the behavior of dielectrics can be investigated in this

manner.
II. Impact and Fatigue Behavior of Plastic Materials

By an apparatus which dellvers blows of predetermined magnitude to a
dielectric sample, and which measures simultaneously the successive rebounds, ard

5




the electrical charge on the sample at which the impact head look Just before
and Just after impact (or at any minute fraction of the impact cycle), c. C. Lee9
has shown that the fatigue resistance of the materials which he examined can

be divided into three main types:

1. The Impact Resistance Index decreases until it reaches a sgtable level.
Apparently the material is not brolken but internal bonds are broken. Typical
materisl: - glass reinforced polyester.

Impact Resistance Index increases at first, then reaches a maxlimum or

plateau, and when cracking occurs, there is visible break and sudden drop

in the impact resistnace index. Typlecal material: poly(vinyl chloride).

3, Impact Resistance Index increases to a plateau. At the breaking point the
impact resistance index increases instead of decreasing. Typical material:
heterogeneous filled plastics, such as acrylonitrile rubber with poly(vinyl
chloride, the copolymer being filled with various platelet or powder fillers.

Thie conclusion could not have been drewn from the mechanlcal responses alone.

The electrical charges result from contact charging and dielectric distorticn

during the impact, and represent another type of electrical effect which accompanies

mechanical effects but is usually not measured.

no

IIT. Charge Transfer During Repetitive Contactlo

Figure 2 shows an apparatus in which a dielectric specimen is repetitively
contacted by a metal probe. The electrometer measures the amount of charge
transferred between the two at each successive contact. Such contact charging
depends sensitively upon the chemical nature of the contacting materials and,
therefore for a given probe, upon the corposition, structure, and degree of surface
contamination of the dielectric. Figures 3 and L show typical charge vs. number
of contacts curves; these obey quite accurately the condenser charging equation,
and if the original slope of these curves is plotted as a function of composition
of the dielectric, curves such as shown in Figure 5 are obtained. The method
therefore promises to yleld considerable information about polymer composition
and structure. This method hes been used to separabe otherwise indistiguishable
specimens of a particular dielectric from others of the same dielectric, where
minor differences in the fabrication resulting from the processes of different
manufacturers were involved. The method is of little value except with dilelectrics,
eince with more conductive materials, the charge transfer ocecurs wholly during

the first contact.
;
IV. Rlectrical Effects in Adhesionl“

Upon the break and separation of the two members of a metal-dielectric-
metal adhesive bond, a voltage trace can be obtained from an oscillograph connected
across the two separating metal members, no external potential being included
in the circult, Figure 6. By suitable interpretation it is possible both to
correlate the total amount of charge transferred and the Maxwell forces from:
this charge with the breaking strength of the specimen, and by an examination
of the structure of the trace to obtain a clue to the sequence of events occurring
during break. Figure 7 shows a set of traces resulting from break of identically
prepared specimens, the stronger ones being on the right, end the weaker ones on
the left. PRach break in the curve corresponds to a catastrophic occurrence; if
the break is an upward deflection, part of the adhesive and the charge bound on
it have repidly been torn away, whereas, if it is downward, either a part of the




adherend bhas been torn out or s part of the adhesive has rebounded towards the
other adherend. The interpretation of such photographs 1s an art acquired

without major difficulty after a few experiments, and the experimenters mentioned
in footnote 12 were able to interpret such traces in conslderable detail of
physical mechanisms and events occurring during the microseconds of break. By
performing similar experiments in progressively increasing vacuum in a sylphon
specimen container, Trivisonno was able to show that the total charge accompanying
break increased with decrease of pressure, measuring as well a nunber of other
details about the break.

V. The Use of Luminescent Powders for Surface Charge Mappingl5

Tn the course of the work described in the last section, Kern,
Trivisonno, and Gaynor, each used a technique first used by Woodland and Ziegler
namely, charge mapping by means of a mixture of luminescent powders. The method
is described in reference 8a; it consists of dry mixing two luminescent powders
of different colors, which normally assume opposite charges in the equilibrium
state, till the mass as a whole is uncharged, and storing them in a desiccator.

If the mixture is blown through a dust atomizer at the surface to be investigated,
the separate particles deposit preferentially upon charges opposite to their

own, and the distribution of electrical charge upon the surface is mapped in
color when the surface is illuminated by UV light. The color slide shown at

the conference showed such a distribution, and showed the way in which negative
charge concentrates around craters vhere portions of the surface of the dielectric
have been torn out. The mepping exhibits the whole distribution of charge over
the surface at the instant the powder was applied, with resolving power limited
by the size of powder particles used. After the powder is applied further changes
in charge distribution do not take place as they would in the absence of powder;
and therefore if a kinetic process is being studied, successive stages of the
process must be exhibited on a series of successive specimens.

VI. Frictional Contact: Stick-slip and Charge 'I‘)ﬁ'ans:f‘e:c'lhL

Figure 8 shows an apparatus constructed so that a specimen may be
moved under an insulated probe, and the instantaneous load and drag of the probe
be indicated on a recorder or oscillograph. Simultaneously the instantaneous
charge transfer to the probe may also be indicated by connecting it to the input
of an oscilloscope. Figure 9 shows a typical trace from the passage of the probe
over p-type silicon specimen which received n-doping in a bull's-eye pattern.
The lower photograph shows a cross-section of the diameter of the bull's-eye
specimen after the measurement was made, and the sample was then angle-lapped
and stained. The upper photo shows, to the same scale, the response of the
probe made before the angle-lepping and staining. Here, the upper trace is
the drag trace, and the lower one measures the charge transfer. The degree of
sensitivity of the charge transfer trace to material composition is evident,
down even to minute changes in chemical (alloy) nature of the surface. This
sensitivity is also indicated in Figure 10. Here, over an oxide masking of the
silicon surface there was spattered a single drop of water, and the wafer was
immediately placed in the diffusion furnace; at a temperature of 1200°C, presumably
the water flashed away instanteneously. After diffusion the oxide was etched
away, and a frictional pass was made over the wafer. The results are shown in
the upper traces, and to the same scale in the lower photograph are shown the
effects of the water droplet (through the oxide), which were brought out, after
the trace was taken, by staining.
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With this apparatus, additional information as to the nature of
adhesional contact between the probe and the sample can be secured by obtaining
a periodic stick-slip phenomenon and looking at the period of the stick-slip in
terms of other measured experimental parameters.

VII. Photovoltaic Effectsl5

A number of these have been investigated. In the interests of the
time and space and space available, only Figure 11 will be shown here, namely
the degree to which the photovoltaic response depends upon the pressure applied
to the probe. This can be used to examine the nature of the interrelation
petween electrical and mechanical effects in a dielectric. By a somewhat
different technique, the photovoltalc response has been used to examine the
oxidation or passivating processes on a germanium surface, with the possibly
surprising but definite result that different oxidation processes are
simultaneously taking place at neighboring regions of the surface, and that
therefore the electrical properties of contlguous regions of the surface vary
in different functional manners during the time from a clean surface to a

completely oxidized surface.
VIII. Mechanical Flexure: Self-healing Cracksl

By making suitable electrical contact to a dendrite without external
voltage in the circuit, characteristic patterns were obtained upon flexure of
the sample. The ones after one hour's flexure could be microscopically correlated
with the appearance of new cracks in the material or with extensions of old ones.
Because similar peaks occurred at less than one hour, & search was made, and 1t
was experimentally verified that they also corresponded to cracks, but that these
eracks were self-healing upon release of streig, in the sense of the self-healing

cracks in glass observed by Finkel and Kutkin™!.
IX. Electrical Hysteresis Curves in Plasticsl

The experiments just described were prompted by an earlier set of
flexure experiments performed by Kern et al. In these, plastic samples were
flexed with electrodes placed so as to observe the charge on the surface resulting
from the distortion. It was confirmed that the charges did not result from
flexure of the electrodes, and capacitance changes were negligible. By plotting
the charge against the distortion, on an X-Y recorder, it was found that a
hysteresis loop resulted, the charge on the return portion of the distortion
cycle being parallel and similar in shape to, but at a lower or higher magnitude
than that during the flexing portion of the cycle. The earlier apparatus is
shown in Figure 12, and some typical results in Figures 13 and 1L. The shape
does not change with repeated Iflexures, except that a noncatastrophic type of
fatigue shows itself in the decrease in the area of the hysteresis loop. Because
of this and several other minor factors, it 1s possible to examine the mechanical
and dielectric properties of the materials under changing environmental conditioms,
and identifying rapidly the occurrence of any major ¢
from environmental or other parameters applied to the material.

C. Conclusion:

The types of failure mechanisms and effects which may be expected in
dielectrics under space conditions have been considered phenomenonologically,

hange in the material resulting




and from these have been drawn conclusions as to what types of measurements
should be undertaken to study the mechaunisms. A number of unconventional
experimental techniques have been described, which are related to electrical
effects which: a) may demonstrate the subtle processes going on in dielectrics
under space conditions, or b) maey be used as investigative tools in the examina-
tion of dielectrics to replace those which cannot suitably be performed because
of insufficilent charge density or current flow. This by no means exhausts the
list of possible electrical phenomena which, alone or in conjunction with other
phenomena, can be utilized to examine and draw conclusioms as to what happens

to dielectrics in space, or under other conditions. Although expensive
laboratory facilities are not needed for these methods of investigation, a
tremendous amount of care in processing and experimental technique, and in the
mermer of interpretation is necessary. In most cases, it will e necessary for
the experimenter to meke his own materials, such as plastics or ceramics, by
reproducible methods, rather than relying upon commercial sources. Minute
attention 4o cleanliness, reproducible processing steps, and details of measuring
techniques are required, and the processes cannot be trusted routinely to 4
uninspired technicians. If the requirements just discussed, however, are satisfied,
a wealth of significant data can be obtained which sheds additional light on the
electrical behavior of dielectrics under various environmental conditions, and
therefore permits recognition of mechanisms which are responsible for faillures
in the dielectrics under space conditions.
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EFFECT OF CONTACT PRESSURE ON PHOTORESPONSE OF
LO Qe-cm P-CERMANIUM
{2} Light Contact
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Figure 11. Dependence of Photovoltaic Response Upon Pressure: 4O ohm cm P-germanium.
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PROPERTYES OF DIELECTRICS
at
CRYOGENYC TEMPERATURES

K.N. Mathes
Advanced Technology Laboratories
General Electyic Company
Schenectady, N,Y.

INTRODUCTION

For many years the phenomenon of superconductivity has sparked
fundamental interest in the properties of metals at cryogenic temperatures
(=196 C and lower), Little interest has been exhibited in nonmetallic
materials until space age requirements resulted in a consideration of
such problems, The properties of dielectrics at cryogenic temperatures
appear to be important in three respects:

1. To permit performance of electrical devices in space applica-
tions requiring cold temperatures, such as in cryogenic liquid fuels or
on the dark side of the moon,

2. To permit design of .electrical devices utilizing special
characteristics available at cryogenic temperatures,

3, To provide fundamental information important to scientific
understanding of dielectrics,

This paper reports some initial results in these three respects,

PROPERTIES OF DIELECTRICS AT LOW TEMPERATURES

Physical Properties

.

In many applications insulating materials fail physically befofe
they fail electrically., At cold temperatures dielectric materials are
generally quite strong but also quite brittle (low elongation to break) .
The thermal contraction of insulation from room to low temperatures is
large compared to that of metals as shown in Fig, L. Consequently,
insulated structures containing metallic components, such as potted coils,
are subject to considerable differential contraction as they cool, The
problem is accentuated with rapid cooling since many materials exhibit

poor thermal conductivity at very low temperatures.,

The combination of thermal contraction and brittleness at low

temperatures can lead to mechanical failure, Any movement at low
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temperatures may lead to failure ~-- thus shock and vibration are important.
The ability of magnet wire and small cable insulation to move at low
temperatures has been evaluated with repeated mandrel flexibility tests

in liquid helium, Typical results are shown in Fig, 2, The best
insulation, an aromatic, polyamide (DuPont ML¥*), can be flexed over

a 1/8" mandrel without failure. Extruded polytetfafluoroethylene

(DuPont TFE Teflon*) is the best extruded covering. It is apparent

that materials differ widely in their ability to be flexed at cryogenic

temperatures,

Information is available, also, which indicates that flexibility
is dependent among other factors, on molecular weight. Very sensitive
indications of curing, thermal degradation and hydrolytié molecular
scission have been obtained with flexibility measurements at cryogenic

temperatures,

Electrical Properties

The voltage breakdown of wire insulations has been investigated
also, Typical results are shown in Fig. 3 for ML enamel and glass
fiber insulations in air at room temperature, in liquid nitrogen, in
liquid helium and in vacuum at liquid helium temperature 4.2 K)., It
should be remembered that ML provides a continuous film and glass
fiber only a spacing. Liquid nitrogen and liquid helium impregnate the
glags fiber. As expected, a high breakdown is obtained with glass
fiber, but in liquid helium it is very low, The results of breakdown
tests on the cryogenic liquids themselves (Fig. 4) provide an answer,
Liquid helium itself has a very low breakdown voltage, Many other

extremely interesting and unexpected breakdown results have been obtained

but time does not permit presentation here,

The DC resistivity of most dielectrics is very high at cryogenic
temperatures, Typical results for a polar liquid are shown in Fig, 4,
As temperature is decreased, resistivity rapidly increases to such high
values that they cannot be measured. The DC resistivity of some
materials, such as certain ceramic titanates, can be measured even at

liquid helium temperature but polarization effects are very marked,

%* A copyrighted name of the DuPont Co., Wilwington, Delaware.
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The AC characteristics of most dielectrics can be measured at
cryogenic temperatures although results for some materials like

Teflon are at the limits of sensitivity for dissipation factor. Typical

results for a polar liquid are shown in Figs. 5 and 6, The character-

istic sharp decrease in both dlelectric constant and dissipation factor

at the freezing point of about -50C is apparent. At the lower temperatures

the results are largely independent of frequency. However, frequency

dependency of dissipation factor even at liquid helium temperature (=269 C)

is noted for some materials such as barium, titanate, ceramic and polyvinyl-

fluoride film (DuPont Tedlar¥*) as shown in Figs. 7 and 8, The frequency
R

T

dependency of dissipation factor indicates that dielectric absorption is

not completely "frozen out" even at -269 C (4.2K), ~ Additional measure-

ments as a function of temperature(shown in Figs. 9 and 10 for barium

titanate ceramic) indicate room and liquid helium temperature,

The AC properties of dielectrics at cryogenic temperatures are

Volger of Phillips in Eindhoven, Holland, has shown that
an be both produced

fascinating.
absorption peaks in quartz at very low temperatures c

and erased with strong irradiation, Interesting changes in the exceedingly

low values of dissipation factor with frequency have been observed for liquid

nitrogen, hydrogen and helium, even though helium, in particular, would

be expected to be completely non-polar,

The peculiar electrical properties of helium have been

demonstrated further by Careri in Rome, He has found that ion mobility

in super fluid helium increases as temperature decreases, The field

for interesting theoretical investigation of dielectrics at cryogenic

temperatures seems limitless.

CONCLUSIONS

While some theoretical dielectric investigations have been

made with cryogenic liquids, the dielectric understanding of most non=

metallic materials at very low temperatures is still quite limited.

Studies to date indicate that evaluation at cryogenic temperatures

can lead to fundamental new understanding of the characteristics of
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polymers and other dielectrics. Engineering information on the
properties of insulating materials at very cold temperatures is also
just starting to become available, Without question, the needs of

the space age will accelerate the development of both scientific and

engineering understanding with dielectrics at cryogenic temperatures,

July 30, 1963
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THERMAL BEBAVIOR OF NEWER
TYPES OF HIGH STABILITY POLYMERS

G. R. Sprengling
Westinghouse Research Laboratories
Pittsburgh 35, Pennsylvania

There has been a quiét revolution in high temperature polymeric
dielectrics in the last few years. New materials have appeared which not
only raise the temperature limit to which such dielectrics are useful but
also broaden the scope of application and use properties. This paper
presents data on a few such materials and some factors important for their
creation and use as dielectrics.

It has been calculated on theoretical grounds that it should be
possible to create organic polymers with acceptably low degradation rates
up to around 500 C. 1If this is so, then it is evident that even the present
generation of high temperature polymers does not approach the theoretical
limit. Concerning pure thermal stability we can say that there appears to
be little direct correlation between this property and the textbook values
for the energy of the bonds invplvéd in polymers now available. The problem
here is perhaps not so much finding higher energy bonds to link a polymer as
it is avoiding degradation mechanisms that do not involve the textbook bond
energy but instead a much lower one. But even polymers that have approxi-
mately the same thermal degradation rate as measured by, for example, one
of the weight loss methods often show widely different thermal lives as
dielectrics. Evidently other factors beside thermal stability alone are
involved and may indeed be crucial for dielectric performance on earth and
in space.

Examination of an actual thermal degradation curve for a typical
high temperature resin (Figure 1) casts more light on the effective behavior
of such polymers. Degradation in vacuum of a sample in form of a film of
less than 0.001 inch thickness was followed by means of a recording micro-
balance. The results differ from many other degradation curves in that the
sample was thin enough so that diffusion of volatile degradation products
to the sample surface was at no time the rate limiting step and also because
the weight changes are not clouded by absorption of water or other atmospheric
components during transfer from an oven to a balance.

The material tested to get the curve in Figure 1 was a sample of
a well-known high temperature phenolic resin. Its overall behavior is
typical of a class of polymers with potential for thermal stability. With-
out going into the finer details, it is useful to note two gross aspects
of its behavior. As is apparent from the curve, there is an initial very
rapid loss in weight. This initial volatile loss often does not show up
in degradation studies by other methods but is nevertheless real and typical
of the behavior especially of all normal condensation polymers that we have
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studied. For different polymers in this class the weight loss in the first
10 minutes under these conditions may vary frem 5% to 40%. The samples were
in all cases given a full cure before testing on a curing schedule recommended
for each resin. The amount lost from & given polymer varies rather 1ittle
with the test temperature in the range 350°9-500°C or the ambient prassure.
Apout the nature of the substances lost during this initial period, our work
has shown us two general facts: Condensation reactions continue in many
polymers long after the polymer 1s ostensibly completely cured, and small
volatile molecules are evolved as a by-product. The bulk of the volatile
material, however, is low molecular weight polymer, which is generally
unavoidably still present in completely cured, cross-linked condevsation
polymers, as the theory of such condensations tells us.

The gross effect of such volatilesloss is, of course, volume
shrinkage of the polymer. This may have both desirable and undeslirable
results. In itself the volatiles loss does not affect the structurs or
stability of the backbone network of the polymer. The volatile molecules
lost never were a part of this network. Fut if the polymer hes a abiff,

3

cross-linked network structure the volume shiinkage resulting on such loss

© will lead to internal stresses and crazing or fissuring of the bulk polymer.

Electric strength, one of the chief properties demanded of any dislectric,

is not an intrinsic property of such polymers in the range of conditions
normally used but rather a defect state property. Micro-fissures, therefore,
lead to serious loss in electric strength. Such fissuring also offers a path
for rapid ingress of air oxygen and thus may cause an apparent large decrease

in thermal s%ability in air. On the cther hand, there is a growing body of

evidence in support of a theory promulzated by Professor F. J. MeGarry at
M.T.T. o the effect that the chief effective bond in a resin-glass aggregate’
containing glass fibers is a frictional one. Here volume shrinkage of the
polymer matrix mey lead to increased fricticnal forces and higher mechanical
strength, at least up to the point where the tensile streangth of the polymer
is exceeded.

After the initial volatiles loss it is characteristic of polymers
with good potential for thermsl stability to stabilize a%t a low and, as far
as we can see from curves like Figure 1, a nearly ccnstant rate of weight
icss. Such stebilization is not true of all polymers. For example, a good
many epoxy resins we have tested have shown a curve conbinuing at a rela-
tively high rate tocessentially 100% weight loss. The volatile fragments
into which the samples tested broke down were of rather high molecular
weight--on the order of 1000 or mors--and diffuse through bulk polymer so
slowly that in thicker samples the rate of weight loss is dependent on the
diffusion rate. Degradation in such polymers shows up as & softening as
they are plasticized by their own, retained degradation products.

In many thermally steble polymers the instantanecus rate of weight
loss does not actually become constant, as we can see in the plot of Figure 2.
Considering the data this way it is apparent that in the pericd following the
initial loss of wvolatiles the instantaneous degradation rate decreases
rapidly to very low values over a very narrow span of conversions. - In the
experiment shown we were unable to follow the rate to yet lower values since
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we had reached the sensitivity limit of the balance used to measure the
weight loss. Obviously, the rate must level off somewhere below the curve
shown. This drop in rate is the opposite of what one might expect in a
polymer degrading by & random break mechanism. In such a polymer the
probability for formation of a volatile molecule by degradation is a
function of the number of polymer molecule ends, which increases with con-
version. One would thus expect an increasing rate. In some polymers & :.
rate decreasing with increasing conversion is explained by degradation
taking place preferentially at specific weak spots in the chain, which are
progressively eliminated as the degradation proceeds. However, in a large
class of polymers of present interest for their thermal stability,:analysis
shows that the passage through this region of rapid rate decrease is accom~
plished by increasing aromaticity of the polymer. Most ‘generally stated,
the polymer goes through a stage of fused aromatic rings which could bé a
step toward the formation of graphite. However, the end products at any
stage of degradation here considered may be jet black but are of hiéh
electrical resistivity; they are not graphite.

One thing more has not been covered in Figure 1. Toward the end
of the experiment when a very low if not steady rate of degradation in
vacuum had been attained, air was admitted to the system. The change in’
the rate slope is apparent. The change in degradation rate on thus going
from vacuum (or inert atmosphere) to air is shown for several types of
polymers in Figure 3. It is evident from this that in the usual terrestrial
environment oxidative degradation completely overshadows straight thermsal
degradation. Conversely, in space we may expect many polymers to exhibit
better thermal stability by several orders of magnitude than in air. This
improvement may be expected to be in inverse ratio to the oxygen partial
pressure of the environment.

The facets of polymer degradation that we have been talking about
seem to us to contain at least some of the factors that prevent present
polymeric dielectrics from reaching in practice the thermal performance that
they appear in theory to be capable of. On this basis we can formulate a
number of requirements to be met by a polymer dielectric designed for optimum
thermal stability: ‘

1) Such a polymer should have a structure that permits no low
energy degradation mechanisms. This is simply to say that thermal stability
should be relatively good to begin with or the other factors involved in
prolonging its dielectric life will not become operative.

2) The ideal polymer should have a highly aromatic structure to
begin with or at least a structure capable of aromatization with the minimum
molecular change. The thermally very stable form such a polymer reaches
after the preliminary stages of degradation does not, of course, have the
seme molecular structure as the original polymer. The final stable structure
may nevertheless be just as useful as dielectric as the original one provided
the changes involved in going from the one to the other are not destructive.
The process might then best be considered a final step in polymer cure.
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3) Either the amount of volatile material initially present in
such a polymer or at least the destructive effects of its loss must be
minimized. There are several possible means of accomplishing this.  For
example, only long molecules cen be left in the B-stage of the polymer -
which is converted into a dielectric memwber through final cure. This
leads to highly viscous solutions in the form in which the polymer is
applied. Or, the polymer can be given inherent creep, which will allow
it to use this mechanism for relieving internal stresses engendered by
the volume change ensuing on initisl volatiles loss. Other mechanisms
are i)ossibleo Tt should be remembered that the outgassing or removal of
these volatile fractions from s polymer dielectric is final; the resultant
product can be as stable as a high vacwm oil.

L) As few reactive groups as possible sheuld be left in the final
polymer in order to minimize oxidative degradation. Since reactive groups
of much the same neature are often needed for the formation of the polymer in
the first place this may not be easy to do. An alternative solution possible
in at least some dielectric members is to diffusion limit the rate of oxygen
entry and thus the oxidative degradation rate.

Attacking the problem of a space dielectric in this manner brings
with it several corollary advantages: Relatively high resistance to radia-~
tion and corona discharges, due to high sromaticity of the polymer; low
electric loss and high electric strength, due to lack of functional groups
or defects in structurs; low outgassing, dve to removal of initial volatiles;
and in general much superior performance in space relative to that on earth.

We have at the Westinghouse Research Laboratories attempted to
prove out some of the ideas expressed above by creating a number of new
families of polymers intended for use ss dielectrics in various forms. Of
course, not all of the principles discussed can be applied to any one
polymer. Individual factors in the behavior as discussed above may assume
“dominating importance depending on the sggregate in which the polymer is
combined and the demands of the end use intended. The materials designated
by the letter "D" in the following figures are resins in the Doryl family
of polymers based or diprhenyl oxide, recently introduced commercially by
Westinghouse. Materials designated by "E" contein snother thermally stable
polymer which is still in the laboratory stage at present. The "AI" refers

Westinghouse. All materials shown were manufactured and tested in the same
manner to insuré ccomparability of data.

: Even in dielectric members mechanical strength is often required.
Eigg;giﬁ;shows the thermal aging behavicr in air of a number of new and
“‘oider polymers in form of glass cloth laminstes. Here the behavior of the
well-known high temperature phenolic snd the standard silicone laminate
shown represent extreme behavior types. The silicone has lower initial
volatiles loss and is alsc able to relieve internal stresses by creep. It
never reaches very high at-temperature strength but mainteins its properties
for a very long time. As we saw in Figures 1 and 2, the phenolic resin is

.
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characterized by relatively high initial volatiles loss and is also a

rigid resin. It reaches very high at-temperature strezngth bult degrades
rapidly due both to its molecular structure and to fissuring caused by
increasing internal stresses. Heretofore there have really been no
materials available intermediate in behavior between these two extrenmes.
This gap we have attempted tc fill, Only a few compositiocuns are shown

of the many variants available. Each also is intended tc gptimize some
factor in processing or behavior in use other than mechanical strength.

For example, the lowest D-polymer on the graph is cutstanding for electric
strength, low electric loss, and punchability. The next higher D-polymer
line is for a laminate made by bag molding with only 15 lbs. pressure, a
technique often necessary for the forming of large or complicated dielectric
structures but usually leading to serious loss in thermal life. The highest
D-polymer line shows another type of pressure laminate internded for high
mechanical strength at temperatures with still very good glectrical proper-
ties. The AT-polymer shown is only one of & cless yielding the highest
known maintained mechanical strength together with excellent electrical
properties wherever the processing necessary for its manufacture allow its
application. The aging temperature for this curve was 15¢C higher than for
the other materials shown. The E-polymer shown belongs to. still another
class of resins about which we do not yet know as much as about the others.
It was included to show that a variety of polymer systems with different
polymer chain units and different bonds can all be made to excead the
thermal performance we have been accustcmed to expect in organic polymers.

_ Application of the factors discussed in the beginning of this
paper to dielectrics is shown more directly in Figure 5, which shows thermal
stability of composite dielectrics as measured“ﬁy an electrical criterion.
Here the absolute degradation rate in vacuum of the AI-resin shown is
approximately on a par with the silicone used, whereas the D-resin actually
has a somewhat faster degradation rate. However, the manufacturs and.
processing of these two resins was such as to minimize initial volatiles
evolution and ecreate a tight structure with a low rate of oxygen ingress.
In addition, the Al-resin is able to relieve internal stresses by creep.
Therefore internal fissuring of the resin and loss of electric strength
are minimized. The results are easily visible. That oxidation was still
the chief mode of degradation is shown by the last lire in the figure
showing life in a nitrogen atmosphere. A similar greatly extended life
might be expected in the vacua of space.

Both the D-resin and AI-resin shown have a highly aromatic structure.
As expected, they both also have superior corona resistance relative to other
polymers and are unaffected in all properties so far tested by radiation
to 109 rad, lacking rotating Solar groups, both resins show low electrical
loss factors at from 60 to 1010 cycles not only at room temperature but also
at elevated temperatures, as shown in Figure 6.

(SRR

‘‘‘‘‘

In sum,.it would seem that organic polymer diselectrice are capable
now of far higher thermal performance than énee thought possible. Such per-
formance is not necessarily confined to & few unique polymers. The properties
of the new thermally stable dielectrics are psrticularly adapitable to the
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space enviromment; in which their 1life is greatly extended relative to
other possible dielectric materials. However, it is also true that all
such organic polymers are thermodynamically unstable at their use tempera-
tures. There is a point in the temperature scale at which inorganic
dielectrics must take over. - Inorgenic materials may have the advantage of
being already in their highest oxidation state as prepared and of having a
thermal stability not dependent on the strength of covalent bonds. Tt is
usual here to spesk of inorganic pclymers but if the goal is to mimic the
structure of an organic polymer using "inorganic" atoms there, truly useful
inorganic polymers seem still to be a thing of the future. However, it is
not necessary to carry over the structures and techniques of organic polymer

chemistry into the inorganic field. Workable dielectrics in this area
already exist.

To close this presentaticn with a look into the future, Figure 7
presents thermal 1ife data on the same scale as the previous figures for
an inorganic laminate developed at the Westinghouse Research Laboratories.
Variants of this inorganic system are also used for motor insulation and
the like; the performance of which is reported elsewhere in this Symposium.
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ANATYSTS OF SOLAR ENERGY CONVERSION
| USTNG TEIN DIETECTRIC FIIMS
By Benjamin H. Beam* -

Natlonal Aeronautics and Space Admlnstratlon
Ames Research Center
Moffett Field, Calif.

Generation of electrical powe. in space is a very iméortant aspect
of space flight. Many of the problems of the exploration and utiliza-
tion of space would be so much simpler if more power were available in
the vehicles. Increased power generally requires increased weight, how-
ever, and welght is sharply limited by the capability of the launching
rockets. D*ffereat energy conversion schemes are thus considered good

or bad primarily on the besis of power-to-weight ratio, with other char-

acteristic features of a particular system of less importance except to
the extent that thfy affect the power-to-weight ratio.

The most casual rewiew of the literatire Treveals a wide variety of
energy conversion systems being aCulvely considered and developed now.
There are several major and distinct categories for solar energy conver-
sion systems alone ranging through photovo_talc, thermoeléctric, thermi-
onlc, magnetofluiddynamic, and turboelectric. Dielectric energy
conversion does not Tit well into any of these established categories,
and, in fact, has not been widely regarded as a promising power supbly._,
Curlously, boweve;, a nunber of analyses of dielectric systems have been
presented, and the conclusions have been generally favorable with regard
to power-to-weight ratioc. These analyses include a number of papers by
S. R. Hoh starting in 1959,% a paper by myoelf in 1960, NASA TN D- 336
and an analysis by J. D. Childress in 1962 ‘

The purpose of This paper is to pursue The analysis of dielectric
energy conversion to a point where a reasonsble accounting can be made
of the power output, losses, and items of weight in space power systems
of this type. Equations are developed for performence in terms of die-
lectric properties, and your close attention to the details of this
development is invited. The results are then applied to a comparison
with solar cells for a typical space vehicle payload.

The nrinciple of'energv conversion in & dielectric is described
in Figure 1. A verieble capacitor is characterized by two different
values of capacitance €, and C,. Closing of the switch S, permits
charging of the initial capacitance C, to a voltage Vi and a charge
g = C,V;. Opening the switch S, 1isolates the capacitor electrically
po that in changling the capaei%anc@ from' €y to U, d1ts charge remains
constant and its voltage undergoes a change from V, to V,« The change
in capacitance is assumed to be caused by a temperature change in the

*Chief, Measurements Research Branch
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dielectric. The switch S, can now be closed and the charge'completely -

removed through a load resistor assumed capable of absorbing all the
energy usefully, reducing the capacitor voltage to zero. The cycle
is then completed by restoring the capacitor from C, to its orig-
inal value C;. If switching and circuit losses are neglected and
this idealized procedure is repeated f times per second, the power
developed is the difference between that supplied by the battery and
delivered to the load. ' .

1 > Co
P==2f . z2
> 2l < C)

Note that this net power is realized only when the initial and final
charge on the capacltor is zero.

This simplified circuit is helpful in describing principles but
not very satisfying for critical analysis because of the neglect of
power losses in the circuit which may be important. In Figure 2 a
more practical circuit is shown. Note first that the battery.con- .
nection is now such that charge drawn from the battery Vi, in charg-
ing the capacitor is later restored on discharging the capacitor, so
that the net drain on the battery is only that due to capacitor leak-
age. The capacitor leakage resistance is shown as R; in parallel
with C(T). Both are functions of temperature due to heat flow in and
out of the dielectric, and may also be functions of voltage stress.
Assuming R; is defined in terms of T and V, one could, in principle,
get an average value of VE/RZ for a cycle and represent this by
VéZ/RZO, where Ry, - 1s some effective value of R;. Where only small .

changes in temperature are involved, and in the applications consid-
ered in this paper this will be the case, Ry, is approximately equal
to the value of R; at the mean temperature of the dielectric.

Switching is considered to be accomplished by the silicon-
controlled rectifiers SCR; and SCR». The resistance R is the resis-
tance of the OSCR in the forward direction in series with the inductor
and circuit resistance. The inductors I are necessary to minimize
switching loss, since it is a fact, for example, that closing a switch
to charge a condenser containing only a capacitor and battery results
in an unrecoverable switching energy loss equal to the energy stored in
the capacitor. The inductor permits reduction of the loss during a
cycle of charge and discharge by a factor of approximately (x/2)R.Cz/L
which can be designed to be small for appropriately selected values of
R, L, and Cg- '

Note alsoc another very important feabure which the induchbensde
provides, that is, the complete charge and discharge of the capacitor,
resulting in maximum power output for a given capacitance change. Dur-
ing the charging cycle, the voltage on the capacitor rises to nearly
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twice Vp as a result of the presence of the inductance. Similarly,
if the battery in parallel with the load is selected to have a voltage
equal to Vp[(C;/C.)-1] then as the capacitor is discharged through
SCRs, the voltage on the capacitor goes completely to zero while a
steady output voltage of Vp[(C,/C2)-11 is maintained.

The performance of this circuit is summarized in the expression
Tor power:

P =.% f02V22 < _‘gé - IR -gé - _~l~u{>

This ircuit model is efficient and will be assumed to apply in the

‘following analysis.

£

For the cycle considered here, variations in capacitance are
accomplished through chahges in temperature of the film. At any
temperature of the film there is a corresponding value of capaci-
tance as shown in Figure 3. It 1s now assumed that the temperature
veries by some small amount T from an average value Ty, and that
the capacitance varies linearly with temperature over this region
of Lnterest, so that

C=0Cy £C=Co (1% pD)

for C/C, and /T, << 1. On substitution, to the First order in

6./Co | oo»
' 1 o (am x JCO 1
P==fC o _ N R Y L
5 fCo¥o <B 2 L fRZOCO>

The power per unit area of film can then be calculated, using

o o Kb A
-‘O ) 2 @] "'Z—'

. VY N
= Lk mS <2leT ;R [0 2
Z 2 T TR

One can then consider in detail the temperature extremes for the
dielectric. The situation being considered is shown fii Figure 4. A
cylindrical thin film is rotating in space at a rotational frequency
f. A heat balance equation can be considered in which the heat input
is considered to be entirely due to radiation from the sun. Heat out-
ot 1s through radiation into space from the outer surface according
20 the fourth power of the surface temperature. One can also show that
Tor thin films there is negligible temperature gradient across the £ilm,
and negligible heat conduction along the film compared with that radiated.

L]
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The differential equation defining the temperature variations for these
conditions is derived in NASA TN D-336, and is shown in Figure 5.

aT 4 g 4 .
% + 1T~ = n.<€> Te™ sin 0 0<6<x
ar 4
- = : <9<
Fr + T 0 n <0< ax
where 3
= €0
1 2nfplCpd

Curves of the wvariation of temperature with angular position are also
shown in the figure. These were obtained by numerical integration on
a digital computer. Note that 1 1s a parameter which includes the
important physical properties of the £ilm. This includes rotational
frequency, £, £film density, p, film thickness, 1, specific heat capac-
ity, Cp, surface emissivity, e, the Joule equivalent, J, and the
Steohan-Boltzmann constant, o. Note also that T 1s the equivalent
black-body, subsolar temperature at a given radial distance from the
sun. Thus fﬁ§7§ Te 1s merely the equilibrium temperature that a
section of the film would achieve with its surface normal to the
solar direction.

The dotted sine curve, 7 = ©, represents zero rotational speed
for exampie. In the present analysis attention is directed to the
cososite extreme, small values of 1 - representing rapld rotation
waere the temperature extremes are small. A particularly interest-
ing solution for this case can be derived by assuming that the tem-
perature of the f£ilm is some steady Tp with superimposed incremental
variation T(8). The temperature eguation can then be linesrized in a
manner consistent with the equation for power developed earlier; T
can be represented by a Fourier series in 6,

T = Ty + T(8)

N

0 o0
L= Ty + ;T Ay sin né + }; By cos nb
’ n=1 n=1

Likewise the‘righf side of the tempefature equation can be represented
by a Fourier series. The sine term for the heat input due to solar
radiation becomes

(sin 6 for 0 <6< g

g:
h i_ 0 for n < 6 < 2x
(4] (o]
= gy + ;ﬁ ap sin nbé + }: bp cos nb
n=1 n=1




l_

-5- 12-5

The temperature equation can be closely approximated for small i
by

d@ % 3~ a 4
agﬁ'- nT,~ + 4Ty T = 1 <—€~> Te 8

Substituting the Fourier series representation for T and g yields

a set of al zebraic eguations, two for each frequency, contalning the
mnknowns A and B Cne can solve immediately for T, &t any value
of m: Ty =%a/ne Te which is the value to which the temperature
converges as 1 - O in the numerical solution.. Likewise, for small

1 the alternating component of temperature coaverges very rapidly on
the first cosine term in the series. '

~

T = By cos @

-2 \Ef.> Te* cos &  (for g 0)

This is a gratifyingly simple solution and can be sghown to apply over a
de range of 1 as shown in Figure 6. Here we have compared the pre-
:ise numerical solutions from NASA TN D-336 with the linearized solution
for two different temperature conditions, and the linearized value is
shown to epply with reasonsble accuracy for values of 1 less than 1079
per °K.% Acceptance of this linearized. value then permits closed
solutions for efficiency and performance of energy conversion. Thus

the Carnot efficiency becomes

Carnot efficiency = EE; ( ;> = ﬂnTOS < L
» TO 2prCpJ %e

The initial assumption of T/T, << 1 is equivalent to assuming lcw Car-
not efficiencies. The power output per unit film area can be derived
by inserting T into the equaulon developed earlier

Power 1 ORE 2 515*e T 1R Co _ 1 .>
a5 toY \sow—= T © [— - =
Film area 2 2ﬂpCpJ 2 L RZOCO

Since the incident power per unit area due to solar radiation is 0T 4
times a shape factor l/n, the over-all energy conversion eff1c1ency

B

~D

Ay

S 4 ’
x Kofo” (BO@OT@ - _;E R oo . L )

Over-all efficiency =
> YT 3 oA \Zwplyd L "% _0q

~ne can also consider the power output per unit weight of the film alone

-2 4
Power _-1 KoFo <%@GT6 _ X ep Eg__ 1 )
Filmweight 2 p \2molCpd 2 N L Co
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In reviewing these formilas note that the power output and over-all
efficiency are dependent on the energy which can be stored in a die-
lectric (1/2)KoEo®, and, in this respect, there is a common interest
in developing of dielectrics for other purposes. Note also that the
leakage time constant R1,Co0, which is a fundamental property of the
dielectric material independent of geometry, should be high so that
the latter term in the brackets will be small. The second term in
the brackets (n/2)fRCo/L, which also detracts from the power out-
put, can be made arbitrarily small with good circuit design. The -
most important term in the brackets is the first term. It can be
concluded from this that the power output and efficiency are inde-
pendent of frequency as long as the rotational frequency is high
enough that the latter terms in the brackets can be neglected; that
is, the product of frequency and change in film temperature is a
constant. The influence of the change of capacitance with tempera-
ture, film thickness, density, heat capacity, etc., is also clearly
shown in the formulas, so that one can consider a wide variety of
dielectric materials for possible application here.

In reviewing possible dielectric materials one should note a
number of differences between this and more conventional circuit appli-
cations. One is that the dielectric strength of insulating films in
the vacuum conditions of space will be greatly improved over commerical
standard values, as inferred from the data of Inuishi and Powers at
M.I.T.%* Other factors are that the dielectric should be a solid with
very low vapor pressure, mechanically strong, and resistant to radia-
tion damage. Ferroelectric materials have been mentioned most frequently
for these devices because of high dielectric constant and change of capac-
itance with temperature. Plastic films may well have superior performance
because of higher dielectric strength, and better mechanical and thermal
properties in thin films. Studies of comparative performance are now
very difflicult because of the lack of test data for the conditions of
interest.

One can, however, get an apprecilation for this type of power unit
in comparison with other types by assuming a situation illustrated in
Figure 7. Here we have the Thor-Delta launch vehicle with the low-drag
payload fairing outline indicated. This vehicle has been used in launch-
ing instrumented payloads weilghing about 115 pounds. Inside the fairing
shown there is a drum shaped volume, The cylindrical surface of which is
about 15 square feet in area. We will assume for this comparison that
this surface area if completely covered with solar cells on a spinning
vehicle would generate about 60 watts of power with a solar panel weight
of about 15 pounds. The question is: Are there advantages in going to
dielectric energy conversion in this case?

A table of dielectric properties which will be used for a sample
calculation is shown in Table I. The dielectric assumed is polyethylene
terephthalate, whlch is a mechanlcally rugged plastlc f£ilm now fabricated
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in 1/h mil thickness and having the dielectric properties shown in the
table.®’® One of the difficulties in assembling a list of this type

is that values of dielectric strength, dielectric constant, and leakage
Tactor have not been measured under conditions of high voltage stress,
in vacuum, with thermal cycling. The figures shown represent experi-
mentel data but not precisely for the conditions considered. These
tabulated figures inserted in the previously presented equations yield
velues of 250 square feet for the film area to obtain 60 watts of power
and 0.4l pound for the film weight.’ The Carnot efficiency is 2.6 per-
cent and uhe over-all efficiency is 0.63 percent. The film temperature
varies #5° , and 17 corresponds to 1.6x10-*° per °x.%® Additional items
of welght in circuitry are estimated from Figure 8. The dielectric film
is divided into sections, each of which is charged and discharged sepa-
rately at the appropriate point in the cycle. The batteries have been
eliminated in favor of the self-exciting circuit shown in which the two
capacitors C store the charge and regulate the d.c. output to the load.
Similar circuits are in parallel with the sbove, being switched through
the commutator, so that only two capaciters C and one modest-sized
inductor are needed in the auxiliary circuitry of the power system.

The vehlcle might look as shown in Figure 9 to almost the same
scale as the previous vehicle sketch. Here the film is shown draped
around the folding booms inside the Delta falrlng These booms would
be extended by centrifugal force and the £ilm held in position by stiff-
eners and restraining wires after injection into trajectory. The total
weight of circuitry, dielectric film, wires, and stiffeners is estimated
to be 8 pounds. Other equipment that was inside the vehicle on the other
version could be placed on booms. If it is assumed that increases and
decreases in weight outside the power subsystem can be traded evenly
Tor no net change, then the vehicle weight has been reduced 7 pounds to
a weight of 108 pounds. There are situations in which a saving in weight
of this magnitude would e of wvalue in providing additional scientific
instrumentation, communication, or trajectory capability.

These calculations are presented to illustrate the possible perform-
ance advantages and problems of this type of energy conversion system.
There are uses and spplications for lighter power systems. The principal
unsolved problems now appear to be in understanding dielectric properties
Tor the enviromment considered.
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TABLE I.- DIELECTRIC PROPERTIES

’Type e e e e e d e e ; ..
Dielectric constant, K,
Dieleétric‘strength, E . .
Black-body subsolar temperature,
Absorptivity, @ « « « « . . .

Emissivity, e . . . « . . .+ o .

- Equilibrium temperature, Ty . .

Temperature coefficient, B .

Leakage factor, 1/31000

T
-

Circuit loss factor, {(7/2)R/Co/L

Density, p o « ¢« v v ¢ o .
Specific heat capacity, Cp . .
Thickness, 1 . .

Rotational frequency, £ . . .

12-9

« + « « . Polyethylene terephthalate
— -

c e e v o . 3.1x8.83%x107Y* farads/cm

6x10% volts/cm

.. .392°K

e e o s« 1.0

.« « - 0.39

373° ¥ (100° ©)
... 0.005/%

. 0.01/sec

e e o« o 0,005

. 1.b gm/em®

0.3 cal/gn-°K

. 6.25x107% cu

« » « o 2 CDpS
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CAPACITANCE — TEMPERATURE RELATIONS
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TEMPERATURES ON A THIN CYLINDRICAL FILM
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TYPICAL DIELECTRIC FILM POWER SUPPLY
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ABSTRACT

The development of electric power sources for our
space program has imposed a thle new set of environQ
mental conditions on dielectrics. This paper deals with
tests cbnducted on an inorganic insulation under simﬁlated
high-temperature space conditions and under irradiation.

onci

The results appear very promising.
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INTRODUCTION

The ever expanding space program with its intricate and long-life
mission increases the demand for more electrical power. This demand for
power is rapidly exceeding the on-board storage capacity of a space vehicle for
electrical energy. As the electrical power requirements increase, it becomes '
necessary to generate electrical power directly on the satellité, either by solar
energy or from high density fuel such as the atom. In the higher power require-
ments, the complexity, size, and orientation requirements of the solar-electrical

conversion system make electrical conversion by nuclear fission the logical
choice.

The use of a nuclear-electrical conversion system imposes very strenuous

environmental conditions on any dielectric material.

systems, as in all systems except those utilizing direct conversion of solar
energy to electrical energy in a solar cell, one is dealing with a heat cycle.
Because the waste heat from these heat cycles must be dumped by radiation to

outer space, weight economy dictates operating at a high temperature. The

‘weight consideration also precludes auxiliary cooling. In a reactor system,

the operating temperature of many of the electrical items may exceed 1000°F,

The second environmental condition is the high vacuum of outer space. For
a 400-mile orbit, the pressure will be 109 Torr. Ina higher orbit, this pres-
sure may be less than 1013 Torr. These are harder vacuums than it is pos-

sible to simulate here on earth.

A third condition for the nuclear system is irradiation. Again, because of
the weight consideration and because of the desire for compactness, many of the
electrical items, particularly those associated with the reactor control, are re-
quired to operate while subjected to the direct reactor neutrdn and gamma en-
vironment. Figure 1 shows a mockup of such a reactor assembly with control
actuators mounted directly on the reactor. With the actuators in this pdsition,
the dielectric materials are subjected to integrated neutron fluxes of 1019 to
1020 neutrons per cm? over a one-year operating life. In many cases, itis
desirable to have even longer life with its associated increase of radiation. The

11

associated gammadose wouldbe 10 "R, or greater, over the one-year period.
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Figure 1. Reactor Assembly
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The fourth condition is that of operating lifetime. With the more sophisti~
cated space missions, there is both an economic and project necessity for long-
life operation. A one- to two-year life for the electrical equipment is short
when compared to industrial 20-year life expectancy. However, it is extremely
long when considered for maintenance-free operation under‘ the preceding three

environmental conditions.

This paper describes the evaluation of an inorganic insulating system tested
under simulated space conditions. Those interested inmore details, particularly
of the insulating materials and the insulating s.cheme, can find them in a paper

by J. G. Hopp and D. K. Mcllvaine of Westinghouse.*

DISCUSSION

The preliminary testing of the inorganic insulation scheme was conducted
at Atomics International under vacuum conditions én a standard 400-cycle,
208-volt, 3-phase, l-horsepower aircraft motor sfxown in Figure 2. The motor
did not represent anything applicable for use as an electrical component for a
space power system, but it did represent an item available for test. It cannot
be said exactly that this motor was an "off-the-shelf' item as it was still very
much of a laboratory curiosity, but at least it was available in a reasonably

short time for early evaluation.

The magnetic material used in the motor was laminated high silicone steel,
protected against oxidation by a coating of heat-resistant aluminum paint. A
rotor squirrel-cage winding was constructed of fine silver with the same silver
used to braze the end rings. The slot and phase insulation was a Westinghouse-
developed high-temperature 1aminated mica-glass fabric. The motor had ceramic
slot wedges. The stator windings were copper condu_ctofs clad with a heat-
resistant alloy and insulated with a bonded frit coating. The initial phase con- -
nections were welded, and the ends of the Winding_s_~wex"e welded to solid silver
terminals mounted on an inorganic bonded mica-glass composition terminal
board. The ferminal boards were laced to the winding end extensions with
braided glass lacing and were embedded in the potting compound. The potting
material is a Westinghouse laboratory-developed materialv, ‘consisting of a

mixture of refractory oxides and glass frits. It was applied to the motor as a

*J. G. Hopp and D. K. McIlvaine, ""New Materials for Transformer Rectifier
Units, High Temperature Aircraft," A.I.E.E. No. 5983 (1959)



Insulation Test Motor

Figure 2.

CLM-27522



~ potting material was 600°C.
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~slurry by vacuum pressure impregnation. The potting over the end-turns portion

was shaped and the unit dried and fired. The final firing temperature for the

The motor was tested for 2500 hours at 1000°F in a vacuum of 5 x 1.0",5 'for»r.
Figure 3 shows the motor, insulation, and test "jig." The details of the motor

tests are covered in another paper by the writer ®

During the 2500-hour test, full voltage was applied to the motor for two sec~
onds once every hour during which time the voltage, current, power, and out-

put torque were recorded. Once every 24 hours the insulation resistance-to-

~ground was measured w{th a 250-volt megohm insulation tester. The initial

insulation resistdance-to-ground on the motor at room temperature was 15 meg-

ohms. At 1000°F in vacuums of 5 x 10"5 Torr, the insulation resistance was
1 megohm.

At the completion of 2500 hours, the insulation resistance was still 1 meg-
ohm. There was no measurable change in any of the test parameters during
the test time other than that normally expected by the initial change from room

to operating temperature.

~ During the test, there was a considerable amoun}t of outgassing of the insu-
lation as detected by the gas load on the vacuum system pumps. After"the'-'éom-
pletion of the test, the cooler regions of the vacuum chamber'were coated with
a rlesidue which was analyzed and found .to be lead and boron. Also, the color
of the potted end-turns had changed from their original white or cream color to

a pale pink.

Because of the very favorable results obtained in this test, it was decided

' to procure a number of stators of a size and rating comparable with a space

system and in a quantity which would give some evaluation of the manufacturing
consistency of the process. Twenty-four stators, as shown in Figure 4, were

ordered. Twelve of these stators were wound with the material used in the

‘initial test motor, and the remaining twelve were wound with potting material

which had its normal boron replaced with Boron-11. This modification was
made in an attempt to minimize the effect on the insulation from nuclear radi-

2*ion. These units were designed for 28 volts, dc. The stators were made of

. #0.P.Steele’, III, '"The Effect of High Temperature and Outer Space Vacuum on
Electrical Equipment,' A-I.E.E. No. 61-888 (June 26, 1961) o




CLM-27523

2aInIX1 g 389], uolrensuy ‘¢ oandrg




CLM-27524

Iojelg 1S9, uorjemnsuy ‘P sandrg




13-10

high silicone iron laminations, which were chrome-plated for oxidation protec-
tion. In this design, the coil leads were brought out to a high-temperature con-
nector and welded to the connector pi.ns; The unit used a permanent magnetic

rotor. The assembled rotor stator is shown in Figure 5.

From the initial 12 units, two were picked at random for initial evaluation
The initial room temperature insulafion resistance~-to-ground for these two
stators, as-received, was 5 and 7 megohms respectively. After subjectiﬁg
the stators to 50 hours operation at a vacuum of 2 x 10"4 Torr and room tem-
perature, the insulation resistance of these two stators increased to 9,000 and
25,000 megohms, indicating that the insulation is adsorbent and that it had
picked up a significant amount of moisture during transit. These stators were
giver 10 thermal-shock tests, consisting of cycling between 100°F and 800°F, in
times varying from 2 to 16 hours. They were then placed in test at 1000°F and
vacuum of 5 x 1073 Torx. Figures 6 and 7 show the motors in the test fixture
and the associated vacuum bell jar system in which the tests were performed.
A heater surrounding the motor maintained the motor temperature at 1000 °F.
The test consisted of energizing the motor several times each day and operating
it in each direction. Motor torque was measured by the height that the weight
was lifted. The scale mounted in front of the unit (Figure 6) shows the length of
the torque arm. The inéulation resistance-to-ground was measured once each

day using a 50-volt potential,

Stator No. 1 had an initial insulation resistance of 646 K ohms at 1000°F
and Stator No. 2 (at the same temperature) had an initial insulation resistance
of 228 K ohms. However, after approximately 600 hours of testing, each of them
reached approximately 40 K chms. From then on, as can be seen from Fig-
ure 8, the insulation resistance vs time was very similar for both stators. The
consistency of the manufacturing process is indicated by the closeness with
which these two units operated throughout the test. Although the insulation re-
sistance had dropped to 23 K ohms in the first 3000 hours of test, the units

were still considered to operate satisfactorily.

An appreciable arnount of residue accumulated on the inside of the test
chamber, and it was decided to stop the test for examination of the units. After
the units were disassembled, a large amount of black residue was found to have
collected over the entire inside of the unit housing and over the outside of the

stator end turns. Figure 9 shows the difference between the stator before and
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after testing. Scrapings of the residue were taken and a chemical analysis was
made. These scrapings were found to contain lead, boron, and silica. The |
residue was cleaned from the stators by sandblasting the stator pole faces and
wiping the stator end-turns. As much of the residue as possible was removed
in this way. Chemicals and solvents were not used in the cleaning process, as
this possibly could have been detrimental to the insulation material. After
cleaning the residue from the stator end turns, the insulation resistance-to-
ground was found to have increased markedly. The room temperature valﬁes of
the insulation resistances were 7000 megohms and 333 megohms. One of the

units was reassembled and placed back in test. The initial insulation résistance

“at 1000°F, after cleaning, was 1.17 megohms. The resistance decreased during

the first 1000 hours of operation at 1000 °F to 604 Kohms. Tests on this unit are

continuing.

Figure 10 shows the test assembly that was irradiated. This assembly con-
tained stainless-steel test spools with oxalloy wire coils whichwere encapsulated

with the original Westinghouse insulating material and material free of Boron-10.

Inpile measurements at 8-hour intervals were made of the insulation resist-
ance from coil-to-coil and from coil to the grounded spool core. These meas-
urements were made with a 100-volt d-c poténtial. The temperatures were
maintained at approximately 550 to 600°F for 27 days (577 equivalerit full-power
hours). The pressure was maintained at approximately 4 x 10~ Torr. The
gamma dose at the end of this time was about 2.7 x 1010R, The neutron dose at

this time was:

Total Neutron Dose

Energy (1018 nvt)
>0.1 Mev 3.9
0.017 - 0.1 0.6
0.4 ev - 0.017 Mev . 4.7
<0.4 ev 0.06

The electrical insulation resistance as a function of time is shown in
Figures 11 and 12. The data show that there is no significant difference be-
tween the insulation resistance exhibited by either of the encapsulating mate-
rials. There were no extreme changes in insulation resistance exhib.ite‘d during

reactor shutdown. This indicates that the insulation material is not seriously

15




REFERENCE TEST
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REFERENCE TEST
CowL B

(SEE FI1G.13)

Figure 10. Irradiation Test Assembly

16

CLM-27528



T =1

INSULATION RESISTANCE (megohms)

L3
7/
— l —-—. SETI|, 3-4, 600°F
e SET I, 08-09, 550°F
SET I 06-07, 600°F
02— SET I, O1-02, 550°F
\ T REACTOR SHUTDOWN
35

6-17-63
Figure 11.

TIME (days)

7568-55159

Resistance vs Irradiation, Conductor-to-Ground

17

13-18



13-19
i0*
N3
10> T\
AN
— s+ SET 1, 3-4, 600°F
e —— SET |, 08-09, 550°F
= e SET |, 06- 07, 600°F
£ 2| seseesees SETI, Of =02, 550°F
=
s REACTOR SHUTDOWN
g amenal
w - LOSS OF VACUUM
2
2 #
e
o \\-‘—
!
Z o' — by
= — 27x 10" R
< ‘
g - N 39 x10% nvts | Mev
‘2 —— .\ Tt o wmme
< .
. \ -\ =
loO e °a,>.::':..——
m] | B
10 15 20 25 35
TIME (days)
6-17-63 7568-55160
Figure 12. Resistance vs Irradiation, Conductor l-to-Conductor 2

18



13-20

affected by the gamma dose rate. The sudden change in the rate of ag‘ing duringv
reactor shutdown at the end of the first 12-day cycle of irradiation was due to a
decrease in the spool temperature which was caused by the sudden decrease in
gamma heating rate. The loss of gamma heat was partly compensated fér by the
heating coils within the irradiation capsule during reactor shutdown. The insu-

lation resistance increased as the temperature decreased.

The sudden increase in insulation resistance during the 23rd day of the
test was due to a power failure within the vacuum system which resulted in a
rapid increase in capsule pressure. Experiments currently being undertaken

have indicated that the increase in pressure possibly is the reason for the in-

crease in insulation resistance.

Comparison of pre-irradiated photographs of the insulating materials with
post-irradiation photographs (Figure 13) shows that neither insulating material

was subject to physical damage due to the irradiation.

CONCLUSIONS

Except for the adverse effect of the conductive residue which volatilized
out of the dielectric material, this insulation looks very promising for the

environmental conditions of high-temperature space applications. -

It appears that the initial stator under test had and maintained a high insu-
lation resistance value because it was tested in a large volume chamber where
there was ample opportunity for the volatile material to leave the stator and
collect in the rémote cooler regions of the chamber. In later tests, the stators
were enclosed in end-housings more nearly simulating actual application. In
this Case, the volatile materials were restricted from escaping and eventually

settled on the end-turns thus reducing the insulation resistance.

Future development work in dielectric materials for space should be '

‘directed to a material which has a strong chemical bond between its constitu-

ents and which is devoid of all high vapor-pressure materials such as boron

and lead.

19



Figure 13. Test Coils
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BERYLLIUM OXIDE DIELECTRIC COM?ONENTS IN
AEROSPACE APPLICATIONS

By P. S. Hessinger
B. Haura

National Beryllia Corporation
Haskell, New Jersey

(1) INTRODUCTION

The increasing emphasis on component reliability and stability

under stringent environmental conditions has presented a challenge

to the designer and fabricator of dielectric materials to be utlllzed
in aerospace applications. The stability of a dielectric material

over a wide range of temperatures, atmospheres, and mechanical stresses
is dependent on a number of factors related to its basic chemical
formula, internal structure, and proper utilization when integrated
into the component. :

Ceramic materials have been utilized for dielectric purposes for

many years dating back to the early porcelain spark plug compositions,
steatite as used in radio frequency applications, and more recently

the high purity aluminum oxide used for a wide range of frequencies and
electro-mechanical applications. As the parameters for space component
dielectrics are established it becomes more and more evident that new .
problems are developing not heretofore encountered in the use of
ceramic insulation. Of these, two of the most critical are, the

‘ability to dissipate heat and the ability to withstand radiation.

These properties are required in addition to the more common insulating
requirements of low dielectric loss .and high specific resistivity.

In addition, vibration and impact requirements dictate a need for
high mechanical strength and the ability to withstand both thermal
and mechanical shock conditions.

One of the ceramic materials which is being utilized for these

advanced component applications is beryllium oxide in the form of

a single-phase ceramic oxide body sintered to near theoretical density
under closely controlled processing conditions. Beryllium oxide

ceramic materials have been somewhat controversial since their

inception, due primarily to the fact that the initial powder raw materlals
are toxic and must be handled with extreme care and cleanliness.

Secondly, because of the relatively high initial cost of the starting -
materials, the resultant ceramic materials have been costly when
compared to earlier more conventional steatite or alumina components.
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In the past few years however, a rapid advancement of beryllium
oxide handling, fabrication and the use of automatic processing
techniques has greatly reduced both of these factors as far as their
influence on the utilization of beryllium oxide in dielectric applica-
tions. These technological advances have now made possible the
use of this material in a very wide range of electronic components
from extremely miniaturized semi-conductor device packages up to

- fabricated aerospace radome structures., '

The intent of this paper is to present the most recent available data
on beryllium oxide ceramic dielectric materials presently being
applied in aerospace systems and to review the factors which affect
the critical dielectric and thermal properties when used in such
applications. '

(2) PROPERTIES OF BERYLLIUM OXIDE

Beryllium oxide (BeO) is presently the only known oxide of
beryllium metal. Neither beryllium metal itself nor, for all
practical purposes, beryllium oxide is found in the free state in
nature. The primary source for beryllium and beryllium compounds is
the mineral beryl, a double metasilicate of beryllia and alumina with
"the ideal formula 3Be0-Al303+65i02, which contains a theoretical
beryllium oxide content of 14% by weight. Beryllium oxide is obtained
from beryl ores through a complex thermal, chemical, -and mechanical
reduction process which accounts in part for the relatively high cost
of the starting materials used in the ceramic fabrication process.

The BeO utilized in ceramic dielectric work is obtained as a
white, extremely fine, crystalline powder ranging in ultimate particle
size from 0.1l to 1 microns. The basic crystal structure of BeO

is hexagonal, the structure corresponding exactly to the zinc
sulfide (ZnS) lattice as found in wurtzite. Figure 1 illustrates
in tabular form the fundamental properties of beryllium oxide which
would be of interest in most applications. .In comparing this material
with other ceramic oxides it becomes obvious that it has an extremely
high melting point of 4650°F and a relatively low density, 3.00 g/cc
or .108 pounds/cubic inch. The high boiling point of 7030°F and

extremely low vapor pressure make beryllia attractive as a stable mat-.

erial over a wide range of temperatures and pressures as may be
encountered in space applications.

Probably the most outstanding single property of beryllium oxide
is its extremely high thermal conductivity. At room temperature, the
thermal conductivity of beryllium oxide is 0.63 cal/em?/°c/sec/cm
(150 BTU/FT2/°F/HR/FT. This value when compared with other metallic
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- and non-metallic materials may be seen to be somewhat higher than

aluminum metal, beryllium metal, nickel, iron, and virtually all
dielectric materials. It is approximately 60% that of pure copper.

For the purposes of this paper, further references to beryllium

oxide will, unless otherwise specified, imply a fabricated dense

ceramic body having a beryllium oxide content of 99% or more and an
average density of 2.85 g/cc which is 95% of the density of single
crystal beryllium oxide. Figure 2 illustrates graphically the behavior

of the thermal conductivity of beryllium oxide as a function of
temperature, showing the characteristic decrease of the conductivity

as temperature increases. It may be pointed out that even at temperatures
of 1000°F the thermal conductivity is comparable to or slightly higher
than that of nickel. Data recently published by several investigators,
Burk and Powell, in the low temperature range indicates an extreme increase
in thermal conductivity, and at =50 °F the value is better than 1.0

cal/cm /sec/oc/cm. While not shown on this specific plot, there are
indications that a peak is reached at approximately -200°F having an
order of magnitude of 1.5 cal/cm /sec/°C/cm with subsequent drop-off

as the temperature approaches absolute zero. These values may be
compared to the thermal conduct1v1ty of copper at room temperature

which is 0.9 cal/cm /sec/°C/cm.

The high thermal conductivity of fabricated beryllium oxide
ceramic materials is primarily dependent upon the BeO content which
must be of maximum value, preferably 99% or above, and the absence

‘of porosity, thus requiring maximum densification during sintering.

Because of these requirements, close control of micro-structure is

a necessity in the fabrication of beryllium oxide components.

Minor impurity amounts have been shown to reduce the thermal conductivity
substantially, particularly in the presence of a glassy phase. For
example, a 2% impurity level of alumina or silica will reduce the

thermal conductivity of beryllium oxide by close to 20%.

The use of beryllium oxide in aerospace dielectric applications

is predicated on the stability and control of its insulating properties.
The three values of immediate importance are dielectric constant,
dielectric loss tangent, and volume resistivity. The stability of the
dielectric constant as a function of temperature is of primary
importance in the design of antenna windows and waveguide windows which
are required tooperate over wide ranges of temperature varying

from the cryogenic range up to several thousand degrees fahrenheit as
experienced during re-entry. Measurements have been made on sintered

beryllia at various frequencies and the characteristics of the material

may be seen in Figure 3.
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It may be noted on the curves that there is a reversal of ‘the

frequency effect in the relationship of the three curves, however,

this may be related to variations in the test technique since the data
was obtained from several sources. The 230 megacycle data was measured
in a high temperature resonant cavity dielectrometer with a refractory
metal heating element suitable for measurements to 3000°F. In this
technique the dielectric constant is determined from displacement of
the resonant frequency from the center frequency and the loss tangent
from the change in width of the half power bandwidth. The 3140 mega-
cycle and 8500 megacycle measurements were made using the slotted wave-
guide technique and measuring the shift in the standing wave due to

the sample. With regard to the dielectric constant of beryllia it

may be noted that it is approximately 6.5 at room temperature which

is about 70% that of aluminum oxide and at 2000 F it has increased

by approximately 18%. This increase however, is reproducible and
dependent upon the control of purity of the material. :

Figure 4 shows a plot of the dielectric loss tangent of beryllium
oxide at the same three frequencies and over a wide temperature

range. Behaving as most ceramic materials do, the loss tangent de-
creases as the fregquency increases, particularly in the high tempera-
ture range as shown on the curves. It might be noted that data

recently published Sutton & Bowlby, at 9375 megacycles has extended

the measurements to 2500°F and at this particular frequency the loss tan-
gent value of .0017 was determined for 99.5% purity beryllium oxide.

The room temperature value for dielectric loss tangent of from .0003

to .0005 shows a high degree of stability out to 800°F at all

These low loss characteristics make possible the use

frequencies.
of beryllium oxide in a number of high power window and high frequency

device applications which will be described further in the paper.

The dielectric constant of beryllium oxide may be controlled
primarily by its density and to a small extent by its chemical
in order to maintain the high thermal conductivity

purity. Since :
properties, the BeO content must remain at a level of 99% or better,
o BeO have

chemical additions of higher dielectric constant oxides t

a nominal effect on increasing its dielectric constant. The dielectric
constant however, may be reduced by introduction of porosity and this
has been done by foaming the material down to as low‘as'25vl’b.s/ft3 or
13.5% of theoretical density with a resulting dielectric constant of
1.75. The curve shown on Figure 5 has been obtained at various density
levels for sintered beryllium oxide. The scatter in data points may
most likely be attributed to variation in pore shape and size however
the trend of the curve is rather obvious. The measurements at 1
megacycle and 100 KC were made using a Boonton Radio 160-A Q-meter and
the 9375 megacycle data was obtained using a waveguide terminatidn tech-




-5 - 145

nique. Further studies are being conducted to determine the physical
parameters, which influence the frequency effects on dielectric
properties of porous beryllia, however, the data obtained and shown
on this curve does indicate that the available range of dielectric
constant control is quite wide. Loss tangent data obtained on these
materials fell within the range of the dense material. :Such low
density and foam ceramic dielectric bodies have potential application
in light weight radome and electro-magnetic window structures for
aerospace applications and are being developed for this intended
purpose.

Figure 6 shows a plot of the volume resistivity versus temperature
characteristics of 99% purity beryllium oxide made both in the
pressed and sintered or extruded form. The volume resistivity of any
pure oxide ceramic material is extremely sensitive to the presence

of impurities and efforts are presently underway to reach maximum
purity in beryllia utilized for applications where resistivity is

critical. Such applications include ultra-high temperature thermocouple '

insulation and temperature sensing devices designed for operation at
temperatures to 4000°F. We know for example that the presence of
alkali and alkali contaminants are extremely detrimental to pure
oxides particularly in the presence of a silicious phase where ionic
mobility can occur. Extreme care must therefore be exercised in the
fabrication of ultra-high purity insulating bodies and this involves

‘working with chemical reagent grade starting materials, all organic

handling systems, and the elimination of physical contact of the

that, by increasing the purity to a level approaching 99.9%, several
decades of increased insulation resistance can be anticipated at the

- high temperature end of the curve.:

One additional comment may be of interest on the dielectric-

properties of beryllium oxide and this is in relation to its dielectric
strength which has been measured on various thickness samples. As
with most ceramic materials the dielectric strength increases with
decreasing thickness. It has been found that it will range from a
low of 125 wolts/mil.in a.250 inch thickness to 300 volts/mil in a

.050 inch thickness. Further research is needed however in the area
of dielectric breakdown strength of beryllium oxide to relate micro-
structure with this property. It is expected however that improvements
in mechanical strength of beryllia will lead ultimately to higher
dielectric strength values. High purity beryllium oxide manufactured
several years ago ranged in flexural strength from 15,000 to 18,000
1bs/in?. The material presently being utilized in aerospace applica=-
tions ranges from 25 to 30,000 Ibs/inz. Material has been made under
closely controlled laboratory conditions having a strength of '

' material with any metallic processing equipment. It has been indicated

i
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45,000 lbs/in2 which is directly comparable to high purity aluminum
oxide materials. This noticable increase in the physical properties
of beryllia ceramics may be attributed directly to the increased
requirements for the material as dictated by new missile and

space applications which have emphasis on reliability in electronic
components.

(3) FABRICATION OF BERYLLIUM OXIDE DIELECTRIC MATERIALS

Beryllium oxide may be fabricated into component shapes using I
relatively conventional ceramic processing methods. These methods
include slip casting, extrusion, and cold-pressing or isostatic I
pressing. The starting material in all cases is a beryllium oxide

powder which has been calcined, producing sufficient crystal growth,

to limit extensive shrinkage during the densification process. I
The calcination of sub-micron size particles to temperatures

between 900 and 1500°C results in a powder product having controlled I

crystallite sizes ranging as high as 30 microns.

In the slip casting process the powdered materials are blended
“into an aqueous slurry containing various electrolyte materials to
maintain the particles in suspension during the casting operation.
Porous plaster molds are used, the material being introduced in a
slurry condition allowing time for build-up of the BeO coating on
the wall of the mold after which the excess slip is drained from
the system. Following an initial drying shrinkage the piece can be
removed from the mold with relative ease. This process finds somewhat
limited use however, it is applicable to the fabrication of large
three-dimensional pieces and has been applied to high purity
crucibles, combustion boats, and more recently fabrication of

beryllium oxide radome blanks.

The extrusion process utilizes beryllia in a similar form combined
'with organic lubricants and binders which, as a high solid-content
plastic mass, allows the material to be extruded through an abrasion
resistant nozzle into rods, tubes, and fine capillariés of extended
length. Such tubular forms of beryllium oxide are used in thermocouple
insulation, helix support rods, and various cylindrical insulator

shapes.

Cold-pressing, which is sometimes called dry-pressing, is probably I
the most widely applied ceramic forming process for electronic beryllium
oxide components. -~This method utilized the material in a granulated
form with comparativély small amount of moisture or an organic binder.
The material is fabricated in a steel die cavity and compacted under
pressure using techniques similar to powder metallurgy. The advantage

|
i
I
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of the cold-pressing technique is that small parts of comparatively
complex geometry can be produced at a rapid rate with a high degree

of uniformity and reporducibility. A modification of the cold-pressing
technique which has lent itself to the formation of large dense shapes
is isostatic pressing in which the powder is compacted inside of a
plastic or rubber envelope which is sealed and suspended within a
pressing medium of either water or oil. The advantage of such a
process is that pressure is applied uniformly from all directions, and
thus eliminates laminations and density differentials which sometimes
occur in large cross-section ceramic shapes.

Care must be taken in the preparation of materials for all of

these processes when dielectric properties are considered and the
organic binders, lubricants, and compounds used in processing must

not leave any residual metallic or carbonaceous residues which could be
deleterious to the loss and restistivity characteristics of the ceramic
body. Fabrication of 99.5% purity beryllium oxide ceramic materials

is dependent upon extreme care in handling, mixing, and forming of the
parts in all stages of the manufacturing process. Subsequent to the form-
ing step the material is subjected to a high firing, reaching

in some cases as high as 3400°F, to achieve densification. buring the
firing steps the beryllium oxide shapes must be handled with care

and prevented from undergoing any interaction with the furnace com-
ponents or the setter materials. For this purpose the material is
generally fired on setters also of beryllium oxide.

Following firing when the parts are cooled to room temperature,

if precise dimensional requirements exist they may be achieved using
ceramic grinding techniques generally with diamond tooling. Methods
such as surface grinding, centerless grinding, and drilling are common
to precision fabrication of beryllium oxide dielectric parts.

Because of the high degree of purity and the need for elimination

of any toxicity hazards in the finished product, a methodical cleaning
procedure must be utilized for the finished parts prior to delivery

to a user. The parts taken from machining are ultrasonically cleaned
using carefully selected detergents which do not leave detrimental
residues. They are subsequently given a series of wash steps and in
mnay cases are subjected to a intermediate clean firing operation
which removed any residual organic contamination developed during
handling or machining of the shape. The cleaning procedures for
beryllium oxide dielectric parts are especially critical if the material
is to be metallized for subsequent plating and/or assembly operations
where residual surface contamination could cause a blistering or loss
of adherence. Finished parts to be used in such assembly work are




therefore packaged, sealed, and then handled with nylon gloves during I
any further processing on the part. One comment which could be made

at. this point is in connection with the toxicity aspects of beryllium I
oxide processing. This is the fact that beryllium oxide fabrication
process must be conducted using complete hooding and glove box facilitie
and following stringent house-keeping requirements as recommended by 1'
the Atomic Energy Commission. Once the parts are high fired however,

they are dense and there is no residual surface powder or any easily
removeable beryllia material which could be considered hazardous. In l
grinding however, dust is generated and therefore the grinding operation
must be done under hooded conditions. Following the above described
cleaning procedures, the resultant parts may be handled as if they I
were any other ceramic material and no difficulty should be encountered
because of the hazardous nature of the initial beryllium oxide startlng
materials. l
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(4) DIELECTRIC APPLICATIONS OF BERVLLIUM OXIDE MATERIALS

The successful use of beryllium oxide in dielectric applications

is dependent upon the ability of the design engineer to use to full
advantage the unique physical properties available in the material.
High thermal conductivity can provide substantial improvements in
power dissipation and reliability if the proper wmethods of joining
the ceramic component to the metallic elements are utilized.

One of the early developments in the use of beryllium oxide for

heat dissipation purposes was in the semi-conductor field where a
need existed for a means of isolating the collector of various power
transistor devices and at the same time to dissipate heat from the
junction into an infinite heat sink or a comparable external cooling
device. Because of the wide range of transistor case sizes being
utilized under the various JEDEC designations, a series of beryllium
oxide transistor heat sink pads were designed for direct combination
with presently existing transistor cases. Figure 7 illustrates

some transistor insulator types, the larger being a TO-3

wafer the smaller sizes being TO-5 and TO-18. It might be noted

that some of the parts incorporate a metallized surface such that the
heat sink pad can be soldered directly to the chassis for maximum
removal of heat. When this cannot be done, mechanical clamping must
be utilized to effect good interfaces between the beryllia, the
transistor, and the chassis. Thermal resistance data on this type of
dielectric heat sink have been measured and are shown in Figure 8.
These measurements were made using a relatively simple circuit in
which the current and voltage applied across the transistor were measured
and various power levels generated in the device. Thermocouple
measurements were then made between the copper transistor case (Te)

and the infinite heat sink directly below the transistor (Ts). Thermal
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resistance was then calculated and expressed in °C per watt. These
measurements were made with a TO-3 size transistor was 0.14 C/watt
Several thicknesses of beryllia were evaluated and it night be ob-
served that if the interface resistance is removed from the value
obtained, the thermal resistance of the beryllium oxide part is as
much as 20 times lower than comparable and more common dielectric
heat sink materials. It may be noted that in equal thicknesses,
beryllia demonstrates a thermal resistance of approximately 30% that
of aluminum oxide when used in a mechanically assembled system.
Similar tests using metallized and brazed assemblies have reduced
this factor to approximately 20% of the equivalent alumina insulator.

A modification of the external beryllia heat sink is shown in

Figure 9 in which a beryllia insulator is brazed to the base of a
beryllium-copper clip device. The transistor may then be mechanically
forced into the clip and held so as to be stable under extreme
conditions of vibration, and yet be removed for repair and replace-
ment purposes.

A refinement of the external dielectric heat sink is utilization

of beryllium oxide wafer within the structure of the transistor

case itself. This has been achieved in stud-mount assemblies as

shown in Figure 10. In this particular case the small beryllia disc

in the center of the stud has been metallized with molybdenum-manganese,.
has been electro-plated and then attached to the stud by ceramic-to-metal
brazing. Subsequent to this operation the semi-conducting die is placed
on the pad and the entire unit hermetically sealed. It has been found
that with devices having such an isolated collector design, up to

400% higher power levels can be reached over conventional assembly
methods. In addition to the development of high power levels, increased
reliability is achieved because of the removal of the thermal dissipation
problem at the junction.

The maximum utilization of beryllium oxide in semi-conductor

device packaging for high reliability systems may be achieved using

a design which integrates the ceramic component directly into the basic
package design itself. 1In order to achieve this, the geometry of the
ceramic must be kept as simple as possible. In a minimum of thermal
stresses must be introduced into the design and the package design
must be flexible in its fabrication parameters such that it can be utilized
for a wide range of devices. Figure 11 illustrates the beryllium oxide
micro-power transistor package which utilizes a disc of BeO brazed to
either a copper heat sink stud, or in a form to allow attachment to a
flat heat sink surface. Leads are brought out through pin seals in the
base of the beryllium oxide and the die is attached to a metallized
pad area in the center of the insulation. The external copper flange
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is brazed forming a hermetic package and the final device assembly

is achieved by cold-welding. Such semi-conductor packages using high
purity beryllium oxide have demonstrated 10 ampere capability at
frequencies in the 200 megacycle range and have been applied to numerous
devices for missile and ultimately satellite systems. In this particulai
package design the low dielectric loss and low capacitance of the
berylliup oxide are used to maximum advantage in combination with its
high thermal conducting properties.

Figure 12 shows several small device packages fabricated of beryllium
oxide, metallized and brazed directly to copper connectors and seals.
The use of BeO in such miniaturized diode assemblies takes advantage
of the materials low dielectric constant and resulting low capacitance,
thus reducing the frequency effects of the insulation on the circuit

operation.

Printed circuit applications of beryllium oxide have been developed for
micro-electronic module approach to miniaturization and have led to
improvements in power dissipation characteristics within the mounting
board itself. Figure 13 illustrates small metallized printed circuit
boards of 99.5% beryllium oxide. Typical of these applications is

the unit in the upper right hand corner which forms the base for a five
watt thin-film amplifier. Through the use of such a heat dissipation -
technique, the entire servo-amplifier module has been reduced to less
than 1/4 of a cubic inch; with no sacrifice in the characteristics of

the components used.

Figure 14 illustrates a somewhat larger beryllium oxide circuit board
development, these particular components being utilized in the

_ transmitter assembly for the Telstar satellite. The larger board
measures approximately 2 x 4", and the thickness of both is approximately
1/8". 1In the Telstar transmitter module, a number of these beryllium
oxide printed circuit boards have been utilized, the heat being
ultimately removed by heat-straps, and the entire transmitter assembly
being encapsulated in an organic foam. - '

Recent improvements in the technology of fabrication and control of
beryllium oxide properties has led to development of a number of micro-
wave window and radome applications. The utilization of beryllium -
oxide in radomes for aerospace and missile systems is based on the low
loss and stable dielectric properties of the material combined with
thermal shock resistance which results from its high thermal conductivity.
Radomes have been fabricated both by slip casting and by isostatic
pressing in a number of conical and ogive shapes. Figure 15 illustrates
some cast beryllium oxide radome ogives approximately 6" in length with’
.100" wall thickness. The casting process utilized for fabrication
of the radomes has resulted in uniform density and strnegth throughout
the full radome shape with a capacity to scale the operation to increased

sizes while maintaining the desired dielectric properties. Figure 16
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illustrates a small thin-wall radome of beryllium ox1de Wthh has been

machined to a .050" wall thickness for an advanced prototype applicativn.
Similar beryllium oxide shapes have been subjected to stringent re-entry
shock tests and have given strong promise as a window and radome materlal

v_for aerospace systems where hlgh heat fluxes are involved.

The use of beryllium oxide in advanced space power conversion systems

‘has been considered by“many;investigators, and experimental data

obtained to date indicates that with the high melting point, thermal
shock resistance, and ability to be metallized and sealed, high purity
BeO holds promise in devicés such as magnetohydrodynamic systems

and possibly thermionic generators. In the magnetohydrodynamic
applications, high purity and high strength are of critical importance
along with chemical stability. Beryllia itself has a sensitivity to
high water-vapor concentrations at elevated temperatures and techniques
are being studied to retard the resulting cdrrosion affects. 1In
addition, fundamental crystallographic studies are being conducted on
the behavior of beryllium oxide in the temperature range between
2,000°C and its melting point. Crystallographic inversions have been
detected leading to what appears to be a cubic structure and for MhD
systems operating in this temperature range, stabilizing of the material
may be required to prevent degradation under long time exposure.

In thermionic systems, resistance to cesium vapor corrosion appears to
be the critical area for materials to be used in both the envelope and
seal of such devices. Beryllium oxide has been fabricated in a dense
gas tight form suitable for such device applications. Again, however,
in addition to maintaining its electrical resistance, it appears that
an extremely high purity material is required to retard attack by
alkalis vapor corrosion. If these fundamental problems can be overcome
by additional research, the inherent nuclear radiation resistance of
BeO combined with its unique thermal and dielectric properties will
make possible material capabilities not presently available for such
systems. :

(5) SUMMARY

In conclusion we may summarize the information presented, by stating
that continued efforts in the control and fabrication of beryllium
oxide ceramic materials are leading to new areas of application in
aerospace, and missile and satellite systems. Data obtained on
materials presently being manufactured for such advanced appllcatlons
indicates a desireable stability of dielectric properties over a fairly
wide range of frequency and temperatures, and a unique capability to
dissipate the heat from critical areas in many devices and systems.

The stability and reliability of transistors, diodes, and other devices
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to be used in present and future space applications may depend on

the use of beryllium oxide insulation and present development effar ts
are expected to lead to several new concepts in device design. The
mechanical and electrical stability of window and radome materials
under conditions of re-entry may depend upon the use of beryllium oxide
to provide the required dielectric and structural properties. Sub-
stantial advances have been made in recent years in the properties

and fabrication of this material, and we hope continued research and
development in this and related areas may provide a new family of

highly stable dielectric materials for use by future aerospace
designers. "
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FIGURE 1

Fundamental Properties of Beryllium Oxide

Chemical Formula: BeO :

Crystal Structure: Hexagonal, Wurtzite (Zns)
c/a Ratio 1.63

Theoretical Density: 3.008 g/cc

Melting Point: 25709¢ (4650°F)

Boiling Point: 4000 ¢ (7030°F)

Vapor Pressure: mm. Hg. Torricelli

log p = 18.50 - 34,230 - 2 log T
T
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FIGURE 8

Thermal Resistance of Dielectric Heat'Sihks
Power Transistor 2N554 at 12 wWatts

Corrected
, for
Tc Ts S ‘ Inter-
Material And * Case Sink ' Thermal Resistance face
Thickness Temp.°C  Temp.%C °C_per Watt Resistance
No Insulator  52.3 50.6 ~ 0.14 . 0
Mica .0025 in 57.8  50.0 0.65 .51
Anod. Aluminum .022 in. 55.5 : 49.5 0.50 .36
Glass Fabric .003 inc. 58.3 48.9 . o 0.78 y ' .64
Alumina Ceramic .062 57.8 50.0 - 0.65 .51
BERLOX BeO .094" 55.5 50.6 0.41 .27
BERLOX BeO .062" . 54.4 . 51.1 - 0.28 .14

BERLOX BeO .031" 54.4 52.3 o 0.17 .03







Figure 10

CLM 27872

N . |



<
=
(2=
2
o
=
A
@]




Figure 12

CLM 217871




CLM 27870

13

igure

F




CLM 27869

Figure 14




Figure 15

CLM 27867




Figure 16

CLM 27868




THE ELECTRONIC PROPERTIES INFORMATION CENTER

Emil Schafer
Hughes Aircraft Company, Culver City, California

So much has been said about the information problem, or as it is
known, "the information retrieval problem", that no additional comments will
be added here. However, the program being undertaken at Hughes Aircraft Co.
under the sponsorship of the Information Processing Section of the Applications
Laboratory at Wright-Patterson Air Force Base has been established as one of
several technical information centers whose responsibility is to accumulate
and index the literature and to organize the data collected in more useful form.
This operation is called the Electronic Properties Information Center, and under
the contract it is required to collect, index, and abstract the literature on
the electronic/electrical properties of materials, and to evaluate and compile
the experimental data.

This contract began in June 1961, and covers the following categories
of materials: insulators, semiconductors, ferroelectrics, metals, ferrites,
ferromagnetics, electroluminescents, thermionic emitters and superconductors.
The first year-and-a-half were concerned only with the first two categories:
insulators and semiconductors. Literature in these two categories was searched
back to 1940; during this time more than 50,000 titles were examined of which
some 6100 papers were accepted for inclusion in the system. The twelve properties
of arc resistance, corona effects, dielectric absorption, dielectric constant,
dielectric strength, dissipation factor, electrical conductivity, electrical
resistivity, insulation resistance, irradiation effects, loss factor, and power
factor as being representative of the properties defining an insulator. As may
be imagined, there was some difficulty in defining these categories in terms of
properties, and especially in defining a particular material as being in one
category, when under various environmental conditions it exhibits properties
which place it in two or more other categories.

Some other problems have been in the naming of materials. Basically,
a system of chemical names rather than trade names has been settled upon. For
example, "Teflon" is indexed under "POLYTETRAFLUOROETHYLENE PLASTICS". Oxide
systems follow the nomenclature used in phase diagrams: e.g., "BARIUM OXIDE -
7IRCONIUM OXIDE SYSTEMS", rather than "barium zirconate". In the insulator
category, composites of several materials present unique naming difficulties.
Similar problems are to be found in the naming of materials and defining of
properties chiefly in other than the insulator category. (In our complete
system we have space in our computer coding for 99 property names; about 54
property names have been used so far.) Glossaries of properties and effects
have been prepared identifying those names used and subsuming the others. TFor
example, a tentative list of 140 properties in the semiconductor category was
reduced to 29, with the remainder subsumed.

In searching, only papers containing experimental data have been
accepted; theoretical or review papers, or papers devoted solely to the pre-
paration of the materials have been excluded. Every material indexed is
assigned a code number. Every property indexed is assigned a property code
number. These two numbers, together with the paper accession number, are
used to prepare a complete index resulting in a computer printout. It should
be noted that the Center maintains a copy of every paper indexed, since the
final evaluation and compilation are done from the complete paper, not from
the abstract.
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The insulator category contains more than 60C terms descriptive of
ceramics, plastics, rubbers, glasses, gases, liguids, waxes and so on. Al-
though the term "irradiation effects" has been included as a property, the
interest is, of course, in it as another parameter with respect to the dielec-
tric strength, loss factor, etc. Any parameter influencing the electronic/
electrical property being examined is of interest in the compilations. Of
the 600 insulator terms,; it is expected that Data Sheets will be issued on
most of them. For example, "DIALLYL PHTHALATE PLASTICS" are subdivided by
f£51ler material such as asbestos filled, glass fiber filled, etc. Depending
on the literature, individual Data Sheets might or might not be issued.

In contrast to the data contained in the lLandolt-Bdrnstein tables,
the FPTC Data Sheets are arranged by material rather than by property. When
the literature is evaluated, all papers pertaining tc a given material are
collated, the data contained in tables and graphs compared, and what are
judged to be the best are used in compiling the final Data Sheets. Biblicg-
raphies and footnotes are carefully checked to be sure that any valuable
and pertinent literature is not overlocked. Ewaluaticn is confined to
original, primary papers only. In the insulator category, however, much
material of interest is derived from the manufacturer’'s catalogs and other
trade literature. The resulting compilations are carefully reviewed by a
group of senior scientists before the Data Sheets are approved and issued.
Tf +the data are found questionable because of what appear to be faulty or
dubious measurements, unknown sample compositions, or if more reliable data
are available, the suspect data are rejected. The data as presented in the
Data Sheets are generally in the same form as in the primary publication;
graphical matter or tables. Sometimes composite curves are drawvn for data
selected from various sources; in this case, individual data points are indi-
vidually identified. Some data reguire a liittle care: one curve exhibited
a discontinuity caused by the lunch hour and was so identified; in another
graph, one scale was marked, 1075, 1077, 102, and 10-1, with no 10-3. A
guick computation was necessary to determine which end of the scale should be
changed: the 102 and 10-! should have been 10-3 and 102,

The design engineer, in specifying materials for components in a
space environment, is vitally interested in how parameters such as external
gaseous or plasma pressure, particle and electromagnetic radiation, tempera-
ture, etc., affect the electronic properties. Unfortunately, he is also
interested in the effect of these parameters on mechanical and other properties.
Qur work is limited, however, to the effects on'electrical/electronic properties.

To date, Data Sheets have been prepared on several important insula-
tion materials: Polyethylene Terephthalate (Mylar), Polytetrafluoroethylene
(Teflon), Polytrichlorofluoroethylene (Kel-F), Aluminum Oxide, Magnesium Oxlde -
Silicon Oxide Systems (Steatite), Silicone Rubber, Fyroceram, Beryllium Oxide,
Magnesium Oxide, Borosilicate Glasses and Alvminosilicate Glasses. New Data
Sheets are being compiled and issued continmally. :




Emil Schafer

Hughes Aircraft Company Page 3

The active assistance of all research people is solicited by sending
to us copies of papers and reports whose data could be incorporated into our
Data Sheets. Every curve and table used is, of course, credited to the original
author. Plans for the future include the division of property and parameter data
into ranges for more specific retrieval and identification. It is hoped to be
able to answer a query for a material given the required property and parameter

specifications.

Requests for individual Data Sheets or to be placed on the distribu-
tion list should be made by writing to the Commander, Aeronautical Systems
Division, Attn: ASRCEM-1, Wright-Patterson AFB, Ohio. Requests should state
in which category/categories of materials (insulators, semiconductors, ferro-
electrics, metals, ferrites, ferromagnetics, electroluminescents, thermionic
emitters and superconductors) Data Sheets are desired. During 1963, it is
expected that Data Sheets for the insulator and semiconductor categories only
will be issued; issuance of Data Sheets for other categories will begin in 1964,
Reciprocity in sending new data to us will permit the preparation of more complete

and meaningful Data Sheets.
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R. D. Shelton '
NASA - Marshall Space Flight Center

The things I wish to talk about are some special dielectric
problems in space. (They are special because I am interested in them.)
They might be grouped around the general heading of the interactions of
charged particle radiation with dielectrics., One way we get into this
area 1s as follows: In the process of coating satellites for heat balance
and in performing certain experiments you find that some of your more
rugged materials are insulators and dielectrics., In the case of one
satellite they decided that in order to heat balance the thing properly
so that the transistors would be at the right temperatures, they ought to
paint some polka-dot pattern on the outside, and that one of the insulators
would be a good material with the proper emittence, absorptance, and sO
forth. Somebody wanted to put a plasma probe experiment on the satellite
and asked the following question: If the satellite with its insulator
conductor surface is running into the solar wind and into the radiation
belts, what is the difference in characteristics between a metal surface
and an insulator surface? The charges strike the insulators, they are
embedded in the insulator, and because they are not conducted away, they 7
create stray electric fields which interfere with the plasma probe measure-

nments.

One of the interesting things being looked at now is the potential
assumed by a satellite moving through the solar wind. In order to answer
this question you need to look at the interaction of the charged particle
radiation with the dielectric surface which covers the satellite. The micro-
meteroid experiment will use a very large quarter mil Mylar capacitor with

-geveral square meters of area. When a meteroid penetrates this capacitor it

will produce an ionized trail which causes the capacitor to discharge. But
unfortunately you have several problems which I will just enumerate very

‘briefly: There are essentially 3 regions, consisting of conductor, Mylar

(or something else, if this doesn't work), and a conductor on the other side.
You have radiation impacting on the capacitor. The radiation does a couple
of things: If the electrons (or protons) stop in the material, you have
charged particles in the material. The charged particles produce electric
fields, and the electric fields produce breakdown. You get discharges sort
of like the effects talked sbout on the plate glass yesterday. Another thing
that happens, if you have either compton collisions or a photoelectric event,
is that electrons are displaced by the radiation. This creates other electric
fields in the dielectric which appear as induced voltages or induced currents.
So T think one very interesting area would be the interaction of charged
particle radiation with the various dielectrics that are used in spacecraft.:
This is a very poorly understood field. In fact, the electron penetration
has been so poorly understood that someone has ended up misjudging the count
rate on a detector by a factor of 100, just due to nov knowing the penetra-

tion laws for electrons through materials.
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¥ should 1ike to bring vp s feir gugstions, I will not provide
any. solutlonsz only suvggestions. Eearing the papérs yesterday ‘and toddy,
I think the majorlty of us have the impressicn that dielectrics.in space
eonstitute a very conmplicated problem. The qneatiom is¢  What shall we
do with this gowplication? Something must be done. OFf course 1t would
be foolish to try to appoint some kind of commititee that would decide
what to do. In my opinlon everyone of us should try to do by himself
whatever he can. By personal contact with other fellows we might have a
possibility to solve at least part of these very complicated problems.‘_
I was surprised that there is only one chemist who has been among us, even.
though he did present an excellent paper. Since the dielectric problems -
are so camplicated, I should think that we need a very close collaboration
of chexnists, physicists and engineers. Most papers gave us an approach on
more or less technical subjects. We definitely need it; we cannot wait

wotil fundsmentals will be solved. But we must not forget the fundamentals, .

and we must try to think very hard how to eliminate bottlenecks and find the
most essentidl varameters. These have to be studied very caréefully; one
level of the problems cannot be completely separated from another one. It
would be much better 1f, for ipstance, even such competitors as CGeneral
Electric and Westinghouse would exchange ideas and even semples. This
definitely would help (Laughter!!). As you know, impurities play a very
Important role; therefbre it 1s not proper if everybody tries to buy, let

us say, all the best materials, which are definitely from Du Pont (), and
then try to measure something, while the supplier will not tell you exactly
vhat is in it. The next time you order even the same material, the company
might Have added scmething in order to improve some properf;eu& This way

ve will nét meke sny fast progress. Another thing: we shonld try to get
good reproducibility; both of samples and methods. Also we should messure
the essential properties not only at one tewpersture, but cover a whole range
and eventually vary the time as well. We should take continuous measurements
to see what happend between the points. Too often we are inclired to assume

a smooth change but, as you know, it is not always so. Now radiation damage. -

is of particular concern; we kuow it does not go linearly with time and dose.
In this connection I should like to mention cur experience, We did some .
radiation damage with 3 Mev electrons on various lonic crystals, simple
erystals, and solld sclubticns. T expected that in solid sclutions there
would be much higher xa adiation damage or, let us sazy, higher trapping of
electrons and holes becmuse those crystals are definitely more disturbed.

Buk it turned out that it was not the csse. We found a trapping decrease of
electrons Iin some systems by a factor of 5 or even 10. Teuperature has a
similar effect. The coloration by radiztion at roam temperature is generally
guite strong but at llguid-nitrogen or Liguid-helium temperature it is much
weaker., Yet at about -80°C the effect is much bigher than either at lower
or higher temperatures. Thus ong has to be very careful with %nterpolation.

Now one last remark. I would like to know: Why isg this conferencei

called "Dielectrics in Space”? Do we have dislectrics withoubt space? You -
know we scientists, who are not philologists, are a little to lazy to think.
hard what kind of proper name to give; so we take just what we have at hand..
I have to confess I did the same, with KRS-5, vhich we are treabting so badly-
today. You probably do not know what KRS-5 meens, but I will now tell you
~the secret, since the war is over and you now may know Iit: It is nothing
but KR, the first two letters from the German word for crystal, S for
synthetlc, and 5, because it was my fifth experiment that succeeded. .
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The Boeing Company

Most of my comments will be around some of the basic research
and the use of research results in space systems and components and the
use of these in a nebulously defined envircnment and operational parameters.
You can see as I go along why I would title this as a summary of problems
that are faced by various types of vehicles that are to cperate in leaving
the face of the earth and going out and some time later returning. Some of
the problems that are faced include a better definition of the combined
natural and man-made environments, definition of the combined operational
parameters, and definition of the rate of change of these parameters. Keep~
ing the above in mind, along come the reliability boys who say they must
have a high degree of reliability, long service life, maintainability, ease
of operation, light in weight, no volume, and so forth. So some of the items
that we are interested in specifically as applied to components are:

1. Improve the dielectric properties of various fluids that are
used as coolants in electrical and electronic equipment.

2. Some applications require good thermal conductivity as well.

3. Many solid and flexible dielectrics in a vacuum show out-
gassing and embrittlement when combined with the other environmental parameters.
What can we learn about these?

4. Use of inert gas itself as a dielectric in hermetically sealed
equipment. The gas Jjust doesn't stay sealed for some of the metals. What can
we do to improve the containment of these gases inside of hermetically sealed
units?

5, Use of vacuum itself as a dielectric instead of conventional
dielectric materials. This may save weight.

6. We need dielectric materials that are not affected by such
contaminants as ordinary dirt, fluids, fumes, lubricants.

7. One question that has been raised is the cold welding in a
vacuum of dielectric materials to each other and dielectric to non-dielectric
materials. Is this a problem? We don't know.

8. We need adhesives with good dielectric properties in themselves
such that they will not deteriorate dielectric properties of other materials
when applied.

9. There is need for dielectric insulating materials for use inside
of cryogenic fluid tanks. The above are a number of uses being pioneered and
we need to know more about them. Then comes the other question:

10. Will various radiation fields create transient voltages and, if
so;how much?

11, The use of dielectric materials that are not as porcus to such
gases as oxygen, hydrogen, nitrogen, helium, and so forth.

12, Radome and antenna dielectrics with very low losses to stand
temperature ranges from near absolute zero on up to about 5000°F .
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13. Dielectric characteristics of materials over a wide fregquency
range combined with vacuum, radiation and temperature environment.

14, Dielectric materials with good thermal transport characteristicso

15. Then last but not least, laboratories are needed for synthesizing
the combined environmental and operational parameters over the widest limit to
be foreseen including the rate of change to be anticipated.

Tncluded in the above is the interest in getting light weight
materials. Just before the meeting I was intrigued in an item that a gentle-
men sitting in the room has and T would like to call on him, Dr. Okaya. He
has something in the way of an electronics item illustrating the trend towards
microminiaturization of some of the things that we are after in order to save
volume. This happens to be one of them so I hope you ladies and gentlemen
don’t mind my calling on him.




Akira Okaya
Westinghouse Research Laboratories

T would like to call your attention to the miniaturization of
a dielectric resonator. The size of this resonator is 1/8" square x 1/16"
thick. This small piece of rutile corresponds to this conventional bulky
resonator having a volume of more than a cubic inch. The reason is very
simple. This crystal has a high dielectric constant, about 1:00. The Q
of this resonator is about the same as a metal cavity at room temperature.
If you go down to liquid helium temperature the Q is much higher than the
metal cavity. With some other crystals, we observe a Q of about 1 million,
which is almost ineredible. So I think we have guite a good example of
miniaturization, and here is another example. This is another resonator.
This is a resonator for 10 centimeter wavelength. I have a paper dis-
cussing this so I will not go into any detail here. The paper is published
in the October 1962 Proceedings of IRE which covers the details. This is
another example: a filter. It is a very simple structure and very easy to
adjust and quite reliable. You could make a band pass filter and also band
reject filter of high or low Q.
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Space! has introduced new dimensions to the demands imposed upon
dielectric materials. These dimensions now include vacuum, ultraviclet,
particle radiation, and broasd temperasture-range, from crycgenic to searing
levels. As if this were not enough, there has been added the need to
reduce size and weight and to increase performance reliability to a very
high level. The one mitigating factor to this new trend is that perfor-
mance life expectancy has been reduced--in many cases, to a matter of .
minutes. Thus, a comprehensive experimental study of dielectric materials
should be made to cbtain the short-time rating. It is expected that the
performence index of dielectrics will vary markedly from long-time to short-
time function.

Since dielectrics must function under a multiplicity of environ-
ments, the interaction of these smbients upon the degradation of materials
makes it important that the properties Hf dielectrics be observed under more
completely simulated space conditions., Properties obtained in ultraviolet
alone, or under particle radiation alone, or temperature alone, may give
misleading results. For example, a study in our lsboratory has shown that
while the thermal life of electrical insulation is influenced by radiation,
this influence differs markedly on a given material between a concurrent
exposure and sequential exposures to heat and radiation. We have egperimented
with both processes in a study of insiulating enamels and varnishes on magnet
wires and have found that for scme materials the normal thermal lives are
greatly increased by combining heat aging with a gamma radiation exposure.
Twisted pair specimens were used on which the end-of-life was determined by
a 1000-volt electric stréngth test. It was discovered that normal thermal
1ife of polyvinyl formal was enhanced by 870% at 160°C in the combined
environment, while a silicone-enamel-varnish combination increased 162% at
24h0°C and a polyester, 780% at 200°C. Of the wires still in progress, ML
enamel (an aromatic polyimide) which was noted as a very thermadlly stable
organic material in two of the papers given today, has been aging at 300°C
and 5 x 107 Roentgens per hour for more then 4CO0% of its normal thermal
life with no failures to date. Increased life is not universal for all
materials since several others in this study hed much less than normal ther-
mal lives. Thus, it is apparent that only by testing in the cambined envircn-
ment of the anticipated service can we obtain a reliable estimate of service
reliability.

In another area, we feel that more work should be done in the
exploration of organic dielectric materials to fulfill dynamic functions,
such as was repdrted by Dr. Beam, where films are used as thermoelectrc-
static solar energy converters. Also, more encouragement should be given
to research into the understanding of the semiconductor properties of
some organic compounds and to their synthesis. There are a few labora-
tories investigeting this field. To ocur knowledge, a small amount of the
research is being sponsored by the Bureau of Ships and investigated by
Drs. W. H. Yanko and M. E. Gutzke of Momsanto Research Corporation.

%
Discussion presented by Mr. Campbell.
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Finally, one other materials area requiring greater attention is
that of :adhesives. They are significantly important in that they may serve
as a mechanical binder (to attach thermal insulation to the walls of a liquid
fuel tank) or as a dielectric barrier in the bonding of solar cells to metal
substrate material, and in mpnother function, to bond the glass shields to the
front surface of solar cells. Here, of course, they must be transparent. If
you recall in Mr. Cherry's talk following the banguet, solar cells are sensi-
tive to radiation dsmage; some types more than others. Likewise, this is
true for transparent adhesives and some types of glass currently being used
for the shields. When degradation occurs, it is .first observed as a decrease
in the spectral transmittance characteristics in the violet and blue wave-
length region; ‘thus, we observe the material turning yellow as the radiation
dose increases. Now the damage in a solar cell occurs as a decrease in the
response to red wavelengths; thus effect of the combined demages is like
closing the curtain from both ends of the spectrum to reduce the solar energy
" conversion efficiency of the solar cell. Some recent studies at NRL indicated
that an ultraviolet exposure will reduce transmittance of & commonly used
adhesive at the critical wavelength of 0.5 microns by as much as 45%, and an
exposure to 1 Mev electrons, by as much as 24%., Exposures to 5-Mev protons
produced similar damages. Just as solsr cell research is:aimed toward greater
radiation resistance, more work is also needed to develop improved adhesives
80 necessary in the construction of solar cell systems powering todey‘s
satellites. ' :
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QUESTIONS AND DESCUSSION AFTER ROUND TABLE SPEAKERS

A. S, Denholm
Ton Physics Corporation

Q. In this discussion comments have been made on some vacuum tests
" being made at unnecessarily low pressures. I am sure that most of us
realize that where surface effects are important there can be good
reasons for testing in ultra high vacuum. At pressures below 10-9 torr
it is possible to maintain surfaces free of adsorbed gas which can be
significant to studies of vacuumidischarges, friction, fatigue, etc.

We have already discussed the deleterious effects of radiation on
solar cells. It may not be generally known that Jon Physics Corporation,
and possibly others, are making solar cells using radiation techniques,
Impurities are introduced into the base material by high energy bom-
bardment with impurity ions. For example, boron ions are implanted in
silicon this way. Varying the acceleration energy gives different pene-
tration depths and giwes better control of the fabrication process than
the usual diffusion techniques. For example, the cells can have a
better relative response to the solar spectrum than those fabricated in
the usual way. Efficiencies of 8.5% have been obtained so far. Does the
panel know of this technique?

F, J. Campbell
U, S, Naval Research Laboratory

This is a new technique to me but I might ask, does the pre-irradia-
tion stabllize the solar cell to further radiation degradation which is
one of the things that has been found once the radiation reaches a certain
degradation level it sort of asymptotically goes on from there. Is this
something that you might have found?

A, S Denholm
Ton Physics Corporation

A. We are in the process of examining this effect for the ion implanted
cells and results should be known shortly.

K. N. Mathes
General Electric Company

Q. I would like to make a comment and raise a question in respect to
a comment made by several members of the panel. I personally have been
very interested in what I once called functional evaluation; in other
words, the evaluation of materials under the envirommental conditions.
Now I frankly have become scared and T think we may have opened up Pandora's
box. As Frank Campbell points out: We need combined enviromment condi-
tions such as radiation and temperature. I might add: voltage and physical
strength and many others:factors all combined at the same time. There was
a point raised also about the fact that intensity--the degree of accelera-
tion--is very important. Professor Smakula points out that not only does
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R. D, Shelton

NASA = Marshall Space Flight Center

A, T went to make a brief statement gbout some of these computations
on the damage by charged particles. I've itried two computaticns during
the last year: one was on the damage to soler cells and the other was
on how long the dlelectxlvs will stand up under space radistion. Loocking
at the environments to estsblish the 1mporuan+ favtv, s, 1 found cut that,
in the available spectrum of protons or electrons, a piece was missing in
the spectrum between about 1 Mev down to 2 Kev. Tals was the most impor-
tant part contributing to the solar cell and surface dielectric damage.
So one big piece of missing information is the radiation environment.

J. R. Perkins

B, I. du Pont de Nemours & Cc., Inc.

Q. T'd like to ask Frank Camwvbell about his continued work on the
combined effects. We're talking about the thermal and radiation
effects. The very logical thing would be to go ahead and tc add vacuum
to these. I was wondering if you had plars to do theb, and secondly,
if you do, based on your experience on the r onn~ﬂdﬂt1ve effects, what
do you predict for the third?

P, J. Campbell

U. S. Naval Research Laboratory

A, From results of our studies, I can't predict a thing. Qur chember
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J. R. Perkins
E, I. 8u Pont de Nemours & Co., Inc.

Q. Don't forget the voltage, tooc.

F. J., Campbell
U. S, Naval Research Laborapory

A, I have to take my specimens out of the source and exposure to
make voltage tests.

Alexander Smakula
Massachusetts Institute of Technology

I should like to mentipn the circumstance that we are really in
the woods. What shall we do? In mycopinion we hawve actually only two
extreme possibilities: Either we wait until some genius finds a way
and tells us what to do. Such things happen from time to time; some
gifted scientists have a proper feeling for what is needed and in what
direction to go. But this is so rare that we hardly can wait for it.
So nothing remains -f6r us but Just to work very hard and try to do our
best,

Karl Martinez
The Boeing Company

Hearing about the bewildered attitude that some of us have about
being scared and wishing we were 15 years or so older so we could
retire reminds me of an experience not toco long ago when there was a
certain company, an aircraft company, that was designing an airplane
that became known as a B-17. There was a professor at one of the uni-
versities in aerodynamics that flatly told us back in the early 30's
that such an airplane would never fly because it had a certain L/D and
a wing span of such and such and it had a certain weight versus drag
characteristics. He proved mathematically that that B-l7 was never
going to fly. Well, it's a good thing that human beings have pessi-
mistic as well as optimistic views and like the buiblebee, we didn't
know any better so somebody build the B-17 and it flew. Today we're
still bewildered in a good many areas, Listening to the views here,
the pros and cons of a very excellent cross-section of industry on
materials reminds me of a comment made by Dr. Arthur Von Hippel not
too long ago. He said that the men working on materials in the basic
research are still not far removed from the alchemists or an excellent
cook. A pinch of this and a pinch of that and a right amount of so
and so and you stir it up and it comes out tasting delicious but what
is it? Then somebody else has to take on the job of finding ocut what
it is and why it is and what it can be used for. Primarily what it
can be used for. This approach is necessary. We do not want to lose
that capability in this country. But in addition to that; cne of the
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things that this meeting sndirates is the need for some directed effort
towards finding what the envirormental parameters are so that we can go
into the basic materials research and direct scme of that research, not
ail of it, towards synthesizing materials towards the end utilization.
T once told Dr. Von Hipple that we shouldd put some effort into trying to
get a basic method, a system whereby we could synthesize some of these
future environmental parameters and then with that method, very broadly
speaking, even put 1t into a computer so that we could find out what
molecules had to be put together in order to come out with the char-
acteristics that we needed in the end result. Of course, this is
probably Utopia and I don't imagine that many people will appreciate
that or even realize that something like that might be thought of.
Maybe many of them have, but thls has often come to my mind, to minds
of several people. We have kicked it arcund and you should hear the
fantastic approaches that have resulted. If you think we're bewildered
now, you should wait until another nalf generation goes by, we will be
really bewildered. :

H. Redanz

National Carbon Company

Q-

T would like to go back to the guestion I raised this morning, and
perhaps bring back to my laboratory a little more specific definition
of what T've heard during the last few days about the need for a high
temperature insulator. We in our 1laboratories have scientists working
in the area of high temperature chemistry and for other reasons than
making insulators. They have come up with a commercial process to
make what turns cut to be a pretty good electrical insulator. Perhaps
we can put the same kind of chemistry to work, to solve a problem in
high temperature electrical snsulation. I'd like to have some comments
on the specific need for a high temperature insulator; such as what
temperature? what metals at these temperatures would the insulator
come in intimate contact with? I certainly have an idea of wvacuum and
voltage requirements. These chemical guestions would help them, giving
them a specific description of what is needed.

Karl Martinez
The Boeing Company

Ac'

You mentioned some needs or examples of actual needs and uses for
high temperature electrical insulating materials and metals they would
be next to. Certain vehicles, some are ballistic in nature as far as
leaving the face of the earth and returning back in a ballistic projec-
tory and others that have a controlled re-entry back intc the earth's
atmosphere meet temperatures in different parts of the body that vary
ali the way from a temperature of around LOCOPF down to a cool tempera-
ture of about 1700°. It is necessary to take measurements of temperature
out of those areas. As a result, one application comes to mind: that of
getting thermocouple electrical wires out there. This is a very real
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application. Thermocouple wires, not to carry electrical power,

but to carry instrumentation measuring currents. Can you luagine
trying to use an ordinary chromel alumel and the more ordinary elec-
trical insulating materials out there. When you realize that the
specific resistivity of normal electrical insulating materials (I say
the word normal, advisedly) around this wire have a specific resis-
tivity that may be in megohms near room temperature; at a temperature

of 1000°F higher the specific resistivity gets down in some cases to
sbout 1 ohm. This would not be very good. There have been efforts

to increase the specific resistivity at temperatures that I°'ve men-
tioned, This has not been easy, however, over the years. The last

two years specifically, there were 92 separate independent research

and industry companies contacted to get such a wire. Out of those

92 T received 18 replies back, out of those 18 only 6 said that they
would even consider to lock at the problem and out of those 6 only 2
actually got serious, about wanting to look at the bids. This gives
you an idea about what went on in this country in the past few years.

We today do have the wire, electrical wire for primarily instrumentation
purposes. The material is not copper, which melts at about 1700°, It
is not chromel-alumel and it's not tungsten because tungsten becomes
extremely brittle and oxidizes. It is a platinum alloy. One of the
reasons for platinum alloy, not pure platinum, is that we wanted an
almost flat resistivity at the temperatures that we're using: all the
way from room temperature clear up to the high temperature. Most metals
when you plot the resistance versus temperature have a fairly steep rise
as the temperatures goes up. We don't want that if we can help it.
There is an actual application. The secret was in the assembly of the
entire combined wire, the techniques used. We have also found that it
has been necessary for us to consider the use of this wire for power
circuits which really threw us for a loop at first, but fortunately we
have found ways and means to carry very modest amounts of power, and
throw away our thoughts that we must have the specific resistivity of
copper for these circuits. We have had to change our point of reference.
This might help you in an actual application, as far as your company is
concerned.
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