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TRW Defense and Space Systems Group
Redonds Beath, Calif.

1. INTRODUCTION

Thia technical memorandum will describe the results of a series of current §
cohduction tests with a thermal.control blanket to which grounding straps have |
been attached. The material and the ground strap attachment procedure will be
described more fully in Section 9. The current conduction tests consisted of a
gurge current examination of the ground strap and a dilute flow, energetic electron
deéposition and transport through the bulk of the insulating film of this thermal
blanket material. Both of these test procedurés have been used prévisusly with
thermal control blanket materials. The surge currernt test procedure {and accom-
panying test results) has been previously described iri Hoffmaster et al. 1 The 1

electron deposition procedure {(and accompanying resultd) has béen described in
Hofimaster and Sellen. 2 Because of the length of these prévious fnemoranda,
there will be no attempt to represent here the content of these papers, and it is
recommended that these earlier test procedurés ahd résults be read as a portion
of the total TRW in-hbuse exainitiation of thermmal control blanket matérial response
to particle injéction arid to surge currents.

Without presenting specific experimental détalls here, it will be noted that the
pehiavior of the material to thesé test procedures is considered as a distinct
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{mprovement over préviously observed behavior. Stnce the ultimate seléction of
gpacecraft surface materials will, undoubtedly, involve many different features of
the materials, superior performance to surgé currents and deposited currents
may not be the final, and crucial, material aspects. In view, however, of acknow-
ledged problems in charge up discharge in magnetic substorms at geosynchronous
altitudes, the material performance to be described heré under certaih simulations
of these dpace environmental conditions should be considered as a strong reason
for their use. . e e s s e s

2. MATERIAL DESCRIPTION.

The thérmal.control bla vet matérial used here (ORCON KN-10) is a 0. 00C5 in.

(1.21 X 10"3 cm) Kapton* film with a rear face of Vacuum Deposited Aluminum
(VDA) to a depth of ~ 1000 A. At the rear (exterior) face of the VDA film, a grid
of NOMEX ribbon thread (described as a Mylar-~like insulator) is attachied. The
grid i8 ~ 6 threads per inch in edch of two directions. The thread dimensions are
~0.0025 in. > 0. 020 in.

The grourd straps are aluminum foil of 0. 75 in. width and 0. 002 in. thick-
ness, bonded to the VDA layer with a conducting epoxy. The joints are overlaid
with a 1. 00 in. X 1. %5 in. aluminum tape as per the current DSCS fabrication
technique. Each Kapton sample had an area of 3 in. X 4 in. anhd was eguipped with
two grounding straps.

3. GROUND STRAV SURGE CURRENT TESTS

3.1 . General Considerations

In thé surge current tests, the current is injécted over a broad area at the
midplane of the VDA film on the rear face of the Kapton ahd {s conducted into a
single ground strap. In principle, theti, the current fiow is in the VDA film and
henceé to the conductinig epoxy atid to thé ground strap. In practice, it is apparent
that, in addition to the conducting path above, current flow may also (if necessary)
take place in the NOMEX rid.

Che surge current generator is a power supply which charges a capacitor to
10, 000 volts and a hydrogen thyratron and series current limiting resistor. The
firirig of the hydrogen thyratroh causes the capacitor to discharge through the

*Somie of the tests performed with the 0. 0005 in. material were repeated with
OREON utilizing a 0. 003 ih. Kapton base film. See Section 4. 3.2 for these
tests,
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series restetor (1009) ard the VDA film/conducting epoxy/aluminum ground strap.
The total charge flow ia determined by the capacitance and the charging voltage.
For the capacitors used of 3.6 10'9, 10.0 ¥ 10'9 and 100 ¥ 10°9 ¥ and the charg-
ing voltage of 10, 000 volts, it follows that total churge flows for the various tests
were ~ 36, 100, and 1000 uc. The characteristic durations of these current surges
were ~0, 36, 1.0, and 10. 0 ysec,

Two types of resistance measurements were made, The first of these ig a
steady-state measurement from the tuput clamp to the output clamp on the surge
current generator, made after each current-burst. Only very low sensing voltages s
are used in these tneasurements. The second resistance measurement is a
"dynamic' measurement, and is made during the time of the high current passage
through the VDA /ground strap combination. Significant differences may exist
between these two measurements, particularly at the high burst number level
where the removal of VDA near the ground strap bond has taken place.

4.2 Steady Stute Resistdhce

Ohmmeter type measurements were carried out on six ground straps. The
results of these resistance measurements are given in Figures 1 through 6 as a
function of the number of current bursts applied and for the three levels of capaci-
tanceé in the high voltage storage capacitor.

Figures 1 and 2 illustrate results for a 3600 pF capacitor, charged to 10, 000
volts and with a series resistance of 100 Q (leading to a peak surge current of
100 A). The shapé of the K (n bursts) curve is similar to those obtained previously.
For a large number of bursts, the steady state, post-burst, vesistance remains
approximately constant. Above some burst number, however, increases in resist-
anceé are comparatively rapid. In previous tests of ground straps, ! these rapid
increases iti resistance were attributed to the removal of the last remaining
portions of the VDA film leading into the conducting epoxy bond.

While removal of VDA occurs for the present samples (as well as for previous
ofies), there are two major differences between the behavior observed here for the
added NOMEX grid and thé previous samples where the grid has been absent. The
first major difference is that the number of bursts required to reach the "knee'' of
the R (n) curve is now considerably larger than for the previous ground straps.

For example, (seé Figure 7, Hoffmaster et all), the knee of R (n) curve for

3.6 Xx10°9 F, 1009, and 104 volts was observed at ~ 300 bursts for the ground
straps used there, while in the present case, over 1000 bursts were required to
reach the rapid rising portions of R versus n.

A gecond major difference between present and previous results is that, for
the present (NOMEX aided) ground strap, visible surface arcs did not occur, even
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Figure 2. Resistance of VDA /NOMEX /Groundstrap Sample 2 as a Function
of the Number of Current Bursts. Initial surge current = 100 A and total
charge throughput = 36 ue . .

after the VDA film had Leen removed from the region of the bond. It ig appéarent
that the presence of the NOMEX grid provide# alternative conduction paths and that
the conduction of this new construction does not result in the metal-to-metal arcs
across dielectric surfaces observed earlier. This is a significant improvemerit ir
performance and indicates a large reductiori in sirface discharge current noise,
shiould conduction be required and {f the VDA f{lm near the borid hde béen removed

‘ by previous current birsts. Section 3. 3 will consider these dynamic current

. conduction processes further.
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Figures 3 and 4 illustrate the steady state resistance 46 a functioh of the-num-
ber of bursts for & larger capacitor.than above. The inerease in C from 3.6 X 107 9
to 10 X 10°9 F results in a 1oss of ground strap life. VDA film removal now dccurs
at ~ 300 bursts. When the capacitance is increased to 100 X 10°? F, the film
removal occurs after ~ 20 bursts. These results are given in Figure 5. Visible
surface arc¢s were not observed for these higher capacitance discharges, following
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Figure 4. Resistance or VDA /NOMEX /Groundstrap Sample 4 as a Function
of the Number of Current Bursts. Initial surge current = 100 A and total
charge throughput = 100 lc

loss of VDA and the increase in the steady state resistance. The losd of allowable
burst number before VDA removal with increasing capacitdnce is expected to oceur
and had been observed previously in the ground strap experiments of Hoffmaster

et a1l (see, for example, Figure 9, of Hoftmaster!). The miost significant feature,
liowever, for this newer configuratisti {8 a conduction ability after VDA removal
and without surface breakdown.
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Figure 5. Resistance of VDA/ NOMEX/Groundstrap Sample 5 a8 & Funetion
of the Number of Current Bursts. Initial surge current = 100 A and total

charge throughput = 1000 uc

3.3 Uiynamic Resistance

The dynamic resistance measurements are obtairied by measured current
flow in the tircuit and the accompanying clamp-to-clamp voltage during the current
purst. This dynamic resistance will riot be equal o the steady gtate resistance,
iilso of {miportarce, will not remain at the same value during the

i{n general, and,
To illustrate the differences between steady state and dynamic

current burst.
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resistances, this section will contain measurements of both, althcugh principal
emphasis will be on resistance during the current burst.

For these measurements, a fresh sample, (Sample No. 6), was examined for
both steady state and dynamic values as a function of burst number and as a func-
tion of time during the current burst. Figures 6 — 9 have the results of these
measurements. In Figure 6, the conventional, steady state, resistante is given.
For a capacitance of 10, 000 pF. 104 volts, and 100 @ in series resistance, this
sample withstood in excess of 400 bursts before éxhibiting a deterioration of the
VDA film. Excess of 900 bursts were required to reach high level steady state
resistance.

The dynamic resistance was measured at three time periods, O. 33 usec, 0.94
psec, and 2.5 usec after the initiation of the current burst (Figures 7 — 9). Two
effects are apparent. The first of these is a diminution of dynamic resistance for
later periods in the burst conductions, and is evidence in a change in the surface
material properties. The second effect ig.that dynamic resistance proceeds to
values significantly less than the post burst steady state resistarce.

The exact nature of the surface change taking place during the burst has not
been determined. There is no vigible surface arc. There is, nevertheless, sore
surfaceé (or perhaps NOMEZX) alteration which provides an increagingly effective
conduction path for curretit, for increased flow duration, and which acts, after
the VDA removal, as an effective, alternate, condiction path.
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1, ELECTRON SWARM TENMY TESTS

4.1  General Considerations

The results of the current surge tests indicated that the preserice of the
NOMEX grid on the rear face aids in conduction of these large current bursts. In
the procesd of grid attachnient, however, it appeared as a possibility that the
NOMEX grid could cause a field intensification for electron conduction through the
bulk of the Kapton film whi¢h could (possibly) result in dielectric-to-metal arcs
from the Kapton interior to the rear face VDA for severé charge-up on the Kapton
surface. The Electron Swarm Tunnel (EST) tests were initiated to exploreé this
second, and important, charge conduction process.

The EST used for these tests is the 2 ft X 4 ft facility described earlier in
Hoffrnaster =2nd Sellen. 1 I- this chamber, a monoenergetic electron beam streamsg
along the chiamber axis and deposits on the exterior face of the dielectric film,
thus simulating the.electron deposition process during magnetic substorms in space.
I the 2 ft X 4 ft EST, both electron flux and electron energy are variable. Although
light sources are present in this facility, there was no deliberate application of
light during the electron deposition, and, thus, no deliberate appeal to photo con-
ductive transport of deposited electrons through the foil. In the depoaition tests to
be discussed here, eléctron acceéleration énergy variéd froth 2 to 6 kV and deposi-
tion flux from 10 #A/em? to 20 nA/cm?2,

1.2 Sample Uonfiguration

Figure 10 illustrates the sample configuration used in the EST tests. The
measured drainage current is at the rear face VDA film for forward face electron
deposition. The added ring on the front surface (with overlying insulating films)
acts as a guard ring to prevent surface drainage current entrance into the rear
face VDA film. The resulting measurements are, thus, of bulk conduction cur-
rents in the Kapton a8 a result of the deposition of enérgetic electrons on the front
gurface of the film.

1.3 Electron Drainage Cusrent Meusuremenis
4.3.1 DRAINAGE THROUGH KAPTON AT 0. 0005 IN. THICKNESS

Figuré 11 illustrates the draifage current density (ih hahoampéres per square
centimeter) as a furiction of the acceleration voltage of the deposited electrons and
for varyiiig levels of electron fluk in the deposition. The order in which the ex-
posires Have beeti thade is significant.

The initial deposition condition was a 2 keV electron flow at 10 nA 'em?, lead-
ing to a rear face diainage currerit of ~0.05 nA/cm?, This draihage current is
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Figure 10. Kapton/VDA/NOMEX Thermal Control Material Sample Configu-
ration for Electron Swarm Tunnel Tests

considerably larger than that observed for 0. 002 in. (5 X 10°3 cm) Kapton foil,
measuréd earlier. Larger drainage is expected, of course, because of the re-
duced thickness (1. 27 X 10~3 cm) of the foil.

Increases in beam erergy to 4 keV caused drainage cutrent density to increase
to ~0.5 nA/cm?. This rapid ificreade in conduction current density as beam
energy increased is typical, and is attributed to field enhanced conductivity in the
material. A continued ificrease in eléctron acceleration energy to £ keV, caused
aft fricrease ih corduction current to 1.5 A /cm2, Since the incident flux at this
poirit was only 10 A /cm?, and since seécotidary eleciron emission causes a
rerelease, back to space, of significant amounts of eléctrons, the observed
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conduction could be limited by incident flux rather than by material resistivity. To
test this possibility, the deposition flux was {nereased from 10 nA/em? to 20 nA/
em? and conduction current density increased from 1.5 to 5.4 nA/em? thus con-
firming notions of conduction limited to incident deposition.

These extraordinary drainage levels (in cxcces of substorm depositions)
usually lead to material alteration. To examine the possibility of permancent al-
teration, the deposition conditions were then moved to (4 keV, 20 nA/em?) to
(4 keV, 10 nA/cmz) and, finally, to (2 k&V, 10 nA/ecm?2). The evidence clearly
demonstrates that a permanent alteration of the material has occurred as a result

of the high level drainage at the upper end point of the acceleration voltages applied.

The drainage currént measurements also examined the conduction current
trace for evidence of material electrical breakdown. Although occasional altera-
tions of drainage curr.nt were observed, there were no major interruptions. At
the conclusionh of the drainage current tests, the sample was removed from the
test chamber and subjected to visual and microscopic examination. There was no
evidence of electrical breakdown. This is not to conclude that optical properties
(absorptivity, emissivity) of the Kapton film have remained unaltered by the high
electric stress electron drainage conduction. Measurerr ont of optical properties
should be carried out both before and after the electron deposition to determine if
film alteration Has occurred.

4.3.2 DRAINAGE THROUGH KAPTON AT 0. 003 IN. THICKNESS

Section 1 has noted that the ultimate selection of spucecraft surface materials
will involve many different features of the materials. Mechanical strength of the
base film is amongst those features. At the conclusion of the tests with the
0. 0005 in. Kapton film sample described in the sectiuns above, and concurreat
with the availability for test of a material similar to the first sample (NOMEX grid
and VDA features unchanged) but with 0. 003 in. thick Kapton as the base film, it
was consideréed of interest to repeat the current conduction tests. The surge cur-
rent coriduction behavior would not appear likely to be dependent apon the base film
thickness, because these surge currents are within the VDA film and the NOMEX
fiers. There was no apparent reason, thus, for a repetition of the surge current
conduction for the ORCON film utilizing the thicker Kapton as the base film. The
bulk conduction of electrons through the film in the EST tests, on the other hand,
could be expected to be thickness dependent, and these electron deposition experi-
ments were repeated with the new, thicker film, samples.

The 0. 003 in. Kapton film ORCON sample construction was the same as that
illustrated in Figure 10, except that the Kapton film, as previously noted, is ne™
0. 003 in. thick, and the lateral dimensions of the sample whose drrinage is under
examination are 7.1 % 7. 1 cm (rather than the 4.6 X 7. 3 dimensions used in the
0. 0005 in. base film case).
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The second ORCON sample was placed in the EST and the beam energy varied
from 4 to 10 kV at current densities of 10 nA/em?2 and 20 nA/cm2. Figure 12
{llustrates the measured conduction current in this samplée with. the thicker Kapton
film. Several features of the results shown there difféer considerably from the
drainage current results shown in Figure 11 for the thinner Kapton. The major
difference between the two films i that the drainage current density is greatly
reduced for the thicker filth, compared to the drainage of the @. 0005 in. sample.
Under a conventional approach to this électron conduction it might be expécted that
drainage currents would bé reduced By a factor of 6, becausé the film thickness
increases by a factor of 6 (0. 0005 in. to 0.0003 in.) and because filmn resistance
in conventional conduction should be prdéportiondl to film thickness. It ghould be
noted, however, that the cohduction is reduced by ratios much larger than the
thickness ratio. At 4 keV, 10 nA/cm2 conditions the drainage current densities
are ~0.5 '.1A/cm2 for the thin material and 0. 009 nA/cm2 for the thicker material.
At 6 keV, 10 nA/cm2 conditions, the respective drainage current densities are
1.5 nA/cm? and 0. 025 nA/cm?. The ratio of the drainage cur.ent densities at
4 keV is 55 and at 6 keV is 60, which in both in&tances is very much larger than
the thickness ratio of 6.

The marked drop in électron drainage a§ material.thickness t increases,
appears to be the result of field dependent bulk resistivity. It has beén previously
noted in these drainage experiménts that bulk resistivity is clearly nonconstant
for electric stress values above come critical upper bound. The field point at
which conduction increases rapidly i8 considered to be nedr 10° V/em. For the
thinner film this condition is attained for ~125 volts from one face of the film to
the other. For the thicker film, AV ~ 103 volts, before the 10° V/em point is
attained. For E > 165 V/cm, the bulk resistivity appears to decline as
éxp {-K\/E}, pobssibly as the result of Foole-Frenkel c¢ffect. Irrespective of the
exact caute of the extra conduction, however, it should be emphasized that the
thinner film has a much larger electric stress as a result of e-beam deposition
than for the thicker film, and, hence, will condtict substantially larger drainage
curreénts.

A second major difference betweén the behavior of the two sample thicknesses
ig in the permanent material alteration observed for the thinier film as a result of
the e-beam exposure, while the thicker Kapton sample returas to the same drain-
age level when the e-beam deposition cotiditions arée returned to earlier voltage
and flux leveld (the order of exposure for thée thicker film was 4 keV, 10 nA .’cm2:

& keV, 10 ﬂA/cmz; 8 keV, 10 nA/cmz; 10 keV, 10 nA/em?2; 10keV /20 na/cmz;
8 keV, 20 nA/cm?; 6 keV, 20 nA/cm?; and 6 keV, 10nA/cm?2). The "closure"
expériment at 6 ke 10 hA /¢m? revealed fio pertnanent material change for the
thicker sampleé, wh..e the thinrer sample exhibited almost one order of magnitude
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change from. its two 2 keV, 10 nA/em?2 exposures, and a factor of-approximately
2 atthe 4 keV, 10 nA/cm?2 conditions (see Figure 11).

From the results given in Figures 11 and 12 it is apparent that the thinher
material hag much higher drainage currents than the thicker material, and that
permanent alteration has taken place in the thinner material. These results are
encouraging from the standpoint of the use of the 0.003 in. Kapton. A rémaining
question i8 the possible occurrence of dielectric-to-metal ares in the thicker
material. To monitor the possible occurrernce of such breakdowns in the film, the
drainage currents were continuously displayed on c¢hart recorders. There wak no /1
evidence of materisl breakdown in the recorded drainage current traces. Follow-.
ing the e-beam tests, the sample was removed from the test chanber and visually
examined for pinhole breakthroughs. There wag no visible evidetice that any such
breakthroughs had occurred. Measurements of & and € were not carried out and
should be included in future e-beam deposition tests. From the presént evidence
it would appear that permanent alteration in the material did not océur, either in
observed drainage currents or in vigible punch-throughs.

5. SUMMARY AND RECOMMENDATIONS

The response of the rear face VDA film /NOMEZX/ground strap configuration
to surge currents has been examined and found to be superior to that of earlier
VDA /ground straps. More bursts are allowed before ground strap resistance
beging its sharp rise, and, even after the removal of the VDA, conduction octurs
(presumably through the NOMEX) without surface breakdowns.

The forward face Kapton layer of the 0. 0005 in, ORCON material was exposed
to an EST beam ranging from 2 to 6 keV and with fluges of 10 nA/cm2 and 20 na /
cm?, Drainage currents were large and increased with continued. exposure to the
¢lectron deposition, indicatirig a material change. There was no evidence, how-
ever, of dielectric to metal ares. There were no measurements of surface absorp-
tivity or emissivity, so there is no way of determining at present if thege quantities
altered as a result. of the elettron deposition. These méasurements should be
carried 6ut. The forward face Kapton layer of a 0. 003 in. ORCON material was
also exposed to an EST beam. For this material the beam energy ranged from
4 to 10 keV. The observed drainage currents were greatly reduced compared to |
the thinner Kaptén film. There wag no evidence of pérmanent film alteration in ‘
the bulk conduction as a result of the e-beéam deposition, and examination of the 1
drainage current traces and visual examination of the 8aniple fafled to reveal ariy
eviderice of dielectric to metal ares. 1
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The behavior of this material was generally superior to that of previous film/
bonding/ground strap configurations in the surge current tests. In the electron
drainage measurements of bulk conduction, the 0. 003 in. Kapton Sample was
considerably superior in performance to that of the 0. 0005 in. thickness sample.
From the results of thede measuremerits the use of the NOMEX grid backing is
indicatéd as desirable and the thickness of Kapton should be the 0. 003 in. case
rather than the 0. 0005 in. material.
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