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D.K. Haffmaster, G.T. Induye, and J.M. Sellen, Jr.

TRW Defense dnd Space Systems Group
Redonda Beach, Calif.

1. INTRODUCTION

This technical meémorandum will degcribe the results of a serie¢ of current
conduction test8 with a thermal.contrel blanket ts which grounding straps have
been attached. The material and the ground strap attachment psocedure will be
described rmiore fully in Sectisn 2. The current conductioh tests consisted of a
gurge current examination of the ground strap and a dilute flow, energetic electron
déposition and transport through the bulk of thé ingulating film of this thermal
blanket material. Both bf these test procédures have been used previously with
thermal cbntrol blanket materials. The surge curredt test procedure (arid accoms
patiying teet results) has been previously described in Hofimaster et al. 1 The
electron depodition prodedure (and accompanytng results) has been described in
Hoffmaster and Sellen. 2 Because of the length of these prévious memoranda,
there will be no ettempt to represent here the content of these papers, and it is
recommeénded that these earliér teet procedures and results be read as a portion
of the total TRW {n-house exatnitiation of thermal control blahket material response
o particle injéction and to surge currents.

Without tireseriting specific experi{mental détsils here, it wtll be noted that the
belidayvior of the material to these test procedures IS considered as a distinct
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improvemeant OVEr pravicusly observed behavior, Sinece the ultimate selection of
spacecraft surface materials w111, undoubtedly, involve many different features of
the materials, superior performance tg surgé currents and deposited currents
may not e the ftnal, and e¢rucial, material asrpects. Inview, hawcvcr, of acknow-
lédged problems in charge up discharge in magretic substorms at geosynchronous
altitudes, the material performance tb be deseribed heré under certain simulations
of these space environmental conditions should be considered as a strong reason
for their use. e e e et i o

2. VMATERIAL DESCRIPTION..

The thermal.control bla =et material used here (ORCON KN-10) is a 0.0005 in.
(1.27 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 thb VDA film, a grid
of NOMEX ribbon thread (described ad a Mylar-like insulator) is attached. The
grid ig ~ 6 threads per inch in each bf two directions. The thread dimensions are
~0.0025 in. > 0. 020 in.

The ground straps are aluminum foil of 0.75 in. width and 0. 002 in. thick-
ness, bonded tu the VDA layer with a cbnducting epoxy. The joints are overlaid
with a 1. 00 in. X 1. 25 in. aluminum tape as per the current DSCS fabrication
technique. Each kapton sample had an area of 3 in. X4 in. ahd was equipped with
twb grounding straps.

3. GROUND STRAP SURGE CURRENT TESTS

3.1 , General Considerations

In the surge curreht tests, the currehtis injected over a broad area at the
mitdplane of the VDA film on the rear face of the Kapton and ts conducted Into a
single ground strap. In principle, then, the current flow is in the VDA tilm and
hence to the conducttng epbxy and to thé ground strap. 1In practice, it IS apparent
that, in addttion to the conducttng path above, current flsw may also (if necessary)
take place in the NOMEX grid.

Che surge current generator IS a power supply which charges a capacitor to
10,000 vblte and a hydrogen thyratran ahd series current limiting reststor. The
firing of the hydrogen thyratron causes the capacitor to discharge through the

*Somie of the tests performed with the 0.0005 in, matertal were repeated with
ORCON utilizing a 0. 003 ih, Kaptdn base ftim. See Section 4. 3.2 for these
teste.
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series resigtor (100€2) and the VDA film/conducting epoxy/aluminum ground strap
The total charge flow is determtned by the capacitance and the charging voltage
For the capacitors uacd of 3 6% 1079, 10,0 ¥ 109 and 100 ¥ 10°% E nnd the chorg-
ing voltage of 10, 000 volts, it follows that tatal charge flowa for the various tests
were ~ 36, 100, nnd 1000 ue, The characteristic durations of these current surgee
were ~0. 36, 1.0, and 10.0 usec,

Two types of registance measurements were made, The first of these ig a
steady-state measurement fram the tnput elamp to the output elamp on the aurge
current generator, made after each current-buret. Only very low sensing voltages
are used in these measurements. The second resistance measurement is «
""dynamic' measurement, and is made during the time of the high current passage
through the VDA /ground strap combination. Significantdiffercnces 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.

3.3 Steady State Resistance

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

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

While removal of VDA occurs for the present samples (as well as for previous
ones), 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) eurve is now considerebly larger than for the previbus ground straps.

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

3.6 Xx10°9 F, 100%, and 104 volts was observed at ~ 300 bursts for the ground
straps used there, while in the present case, over 1000 bursts weye required to
reach the rapid rising portions of R versus n.

A second major difference between present and previous results is that, for
the pregent (NOMEX alded) ground strap, visible surface arcs did not occur, even
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Figure 1 Resistance of VDA/NOMEX /Graundstrap Sample 1as a Function of the Number of Current Burets.
Initial surge current = 100 A and tatal charge throughput = 36 uc
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Figure 2. Resistance of VDA /NOMEX /Groundstrap Sample 2 ai a Function
of the Number of Current Bursts, Initial surgé current = 100 A and total
charge throughput = 36 ke .. .

after.the vDA film had teen removed from the région of the bond. It i apparent
that the presencé of the NOMEX grid provides alternative conduction path$ end that
the conduction of this dew condtructton doeg nbt result ih the metal-to-metal ares
across dielectric surfaces observed earlier. This IS € sigrificarnt improvenietit tn
performance and indicates a large reduction ih surface discharge current noise,
should conductinn be required and if the; VDA film near the bond Heag been rermgved
by previous current bursts. Section 3.3 will cons{der these dynamic current
conductidn processes further.
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Figures 3 and 4 tllustrate the steady state resistance 48 a function of the num.
bet of bursts for & larger capacitor.than above. The in¢rease in C froms 3.6 X 1077
to 10 X 1079 F reeults in & loss of ground strap life. VDA flim removal now sceurs
at ~ 300 bursts. When the capacitance IS increased to 100 X 10°9 F, the film
removal occurs after ~ 20 bursts, ThHese results are given in Ftgure 5. Visible
surface aré¢s Were not observed for these higher cabacitance discharges, following
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Figure 9. Resistancé of VDA /NOMEX /Groundstrap Sample 3 4¢ a Furctior
of the Nuinber of Curredt Bursts., Inftial surge curreht = 100 A and total
charge throughput = 100 k¢

532



1000
=
o] o o
= 6 0 gg b (1]
, °
[ 04
° o
— o
)
o
[
z o
2100 o
g — 6. ..
a I o
— [
— [
— °
— © - C =0.01uf
§=IWQ
= 10KV
- e
- °
\é &11111111 | [ N B

o
-
—
o

STEADY STATE RESISTANCE.(OHMS)
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of the Number of Current Burdts, Iditial surge current = 100 A and total
charge thrbughput = 100 ke

lose of VDA &nd the {ncrease in the eteady étate resistance. The losd of allowable
buret number befbre VDA removal With {ricreasding capacitance Is expected to occur
and had been observed previdusly in the ground strap experiments of Hoffmasgter

et all(gee, for example, Figure §, of Hoftmaster!). The riost significant feature,
however, for this newer configuratist {s a conduction ability after VDA remotal
and wtthbut surface breakdowr.
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3.3 lynamic Resistance

The dynamic resistance measufemente are obtained by meaeured current
fiow {n the circuit and the acéormpariying clamp-tb-clamp voltage during the current
burst, This dyriamlc registance Will riot be equal to the &teady state resigtance,
{n general, and, also of {miportarce, will not remain at the dame value durifng the
current buret. TOillustrate the differences betweer steady state and dyriamic
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resistances, this gection Will contain meagurements of both, althsugh principal
emphasis will be on resigtance during the currént burst,

For these measurements, a fresh sample, (Sample No. 6), was examined for
both steady state and dynamic valués as a fuhction of burst number and as a func-
tion bf time during the current burst. Figures 6 =9 have the results of these
measurements, In Figure 6, the conventional, steady Btate, resistance is given.
For a capacitarice of 10,000 pF, 10% volts, and 100 € in geries resistance, thig
sample withstood in excess of 400 burets befére exhibiting a deterioration of the
VDA film. Exceds of 900 bursts were required toreach high level Steady state
resistarnce.

The dynamie resistance was measured at three time periods, 0.33 usec, 0.94
pset, and 2. 5 usec after the initiation of the current burst (Figures 7 =9). Two
effects are apparent. The first of these is a diminbtion of dynamic resistarice for
later periods in the burst conductions, and is evidence in a change in the surface
material properties. The second effect is.that dynamic resistance proceeds tb
values significantly less than the post burst steady stdte résistance.

The exact nature of the surface change taking place during the burst has not
been deterniined. There is no vigible surface arc. There is, nevertheless, some
gurface (or perhaps NOMEX) alteration which provides an increasingly effective
coniduction path for curretlt, for increased flow duration, and which acts, after
the VDA removal, a$ an effective, alternate, conduction path.
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1. ELECTRON SWARM TUNAEL TESTS

4.1  General Considerations

The results of the current surge teats indicated that the preserce of the
NOMEX grid on the rear face aids in conduction bf these large current bursts. In
the proceséd of-grid attachment, however, it appeared as a possibility that the.
NOMEX grid could cause a field Intensification for electrorl cbnduction through the
bulk bf the Kapton film whi¢h could (posaibly) result in dielectric-to-metal arcs
from the Kapton ihterior to the rear Pace VDA tfor severe charge-up on the Kaptbn
surfafe. The Electron Swarm Tunnel (EST) te#tg were initiateu to explore this
sefond, and important, charge conduction process.

The EST used for these tests is the 2 ft X 4 ft facility described earlier in
Hoffrmaster 2nd Sellen. 1. this chamber, a monoetiergetic electrod beam streams
along the chamber axis and deposits bn the exteribr face of the dielectric film,
thus simulating the-electrbn depbsition process during magnetic substorms in space.
In the 2 ft X 4 ft EST, both electron flus 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 ¢f deposited electrons through the foil. In the depoaition tests to
be discussed here, electron acceleration energy varied frbm 2 to & kV ard deposi-
tion flux from 10 #A/em?2 to 20 nA /cm?.

1.2 Samiple Configuration

Figure 16 {llustrates the sample configuration used in the EST tests. The
measured drainage current is at the rear face VDA film for forward face electron
déposltion, The added ring on the front surface (with overlying insulating films)
acts as a guard ring to prevent Burface drainage current entrance into the rear
face VDA film. The resulting measurements are, thus, of bulk conduction cur-
rents in the Kapton as a result of the deposition of energetic electrons on the front
surface of the film.

13  Electron Deainage Cufreit Mensuremenis
4.3. 1 DRAINAGE THROUGHKAPTON AT 0.0005 IN. THICKNESS

Figure 11illustrates the drainage current density (ih Hanoampéres per square:
centimeter) as a function of the acceleration voltage of the deposited electrons and
forvarying levels of electron flu% in the depositidn. The order in which the ex-
posdures Have been made ig sigfilficant.

The initial deposition condition was a 2 keV electron flow at 10 nA ‘em?, lead-
ing to a rear face drainage cutrrert df ~0.05 nA/cm?, This drainage current IS
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considerably larger then that observed for 0. 002 in. (5 X 10°3 cm) Kapton foil,
measured earlier. Larger drainage is expected, of course, because of the re-
duced thickress (1.27 X 1073 cm) of the foil.

Increases in beatn energy to 4 keV caused drainage current density to ihcrease
to ~0.5 nA/cmz. This rapid increage in conduction current density as beam
energy increased is typical, and is attributed to field enhahced conductivity in the
matertel. A continued increase in electron accelerntian ehergy to # keV, caused
ah iricrease ih conduction current to 1.5 #A /em®2, Since the incident flux at this
potiit was only 10 1A /em?, and stnce seécofidaty electron emission causes a

rerelease, back to space, of significant amounts of electrohs, the observed
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conductton could be limited by incident flux rather than by material reatstivity. To
test this poasibility, the depositien flux was {ncreased from 10 nA/em? to 20 nA/
em? and conductton currcnt density increased from 1.5 to 5.4 nA/cem? thus (on-
firming notions of conduction limited to incident deposition.

These extraordinary drainage levels (in excecga of substorm depositions)
usually lead to materlal alteration. To examine the possibilit; of permanent al-
teration, the depositlon conditions were then moved to (4 keV, 20 nA /em?) to
(4 keV, 10nA/em?) and, finally, to (2 k&V, 10 nA/em2). 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 curfent measurements also examined the conduction current
trace for evidence of material electrical breakdown. Although occasional altera-
tions of drainage ¢urr .nt were observed, there were no major interruptions At
the conclusion of the drainage current tests, the sample was removed from the
test chamber and subjected to visual and microscopic examination. 'here was no
evidence of electrical breakdown. Thls is not to conclude that optical properties
(absorptivity, emisgivity) of the Kapton film have remained unaltered by the high
electric stress electron drainage conduction. Measuren: ent 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 1has noted that the ultimate selection of spacecraft 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 sections above, and concurrent
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 cansiderbd of interest to repeat the current conduction tests. The surge cur-
rent conduction behavior would not appear likely to be dependent upon the base film
thickness, because these surge currents are within the VDA film and the NOMEX
fibers. There was no apparent reason, thus, for a repetition of the surge current
cohduction 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 drsinage |s under
examination are 7. 1% 7. 1 cm (rather than the 4.1 % 7. 3 dimensions used in the
0. 0005 In. base film case).
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The second ORCON sarmple was placed in the EST and the beam energy varied
from 4 to 10 kV at cufrent densities of 10 nA/em? rind 20 nA/em?2.  Figtire 12
{llustrates the meadured conduction current in thts sample with.the thicker Kaptbn
film, Several features of the results shownr there differ congiderably from the
drainage curredt results shown ih Figure 11 for the thinner Kapton. The major
difference between the two films i8 that th&drainage current density is greatly
reduced for the thicker filrh, compared to the drainage of the 0. 0005 in. samp!e.
Under a convertional apprdach tb this electron conductibn it might be expected that
drainage currents would be reduced by a factor of 6, because the film thickness
increéases by a factor of 6 (0. 0005 in. to 0. 0003 in.) and because film resistance
in conventional conduction Should be prdportional to film thickness. It should be
noted, however, that the conduction is reduced by ratios much larger than the
thickness ratio. At4 keV, 10na/cm? conditions the drainage current densities
are ~0. 51A/cm? for the thin material and 0. 009 nA /em? for the thicker material.
At 6 keV, 10 nA/em? conditions, the respective drainage curreat densities are
1.5nua/em? and 0.025n8/em?.  The ratio of the dxainage cur. ent densities at
4 keV ig 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 electron drainage as material.thickness t increases,
appears to be the result bf field dependent bulk resistivity. It has been previously
noted in these drainage experiménts that bulk resistivity is clearly nonconstant
for electric Btress values above gome critical upper bound. The field point at
which conduction increases rapidly is considered to be near 10° v/em. For the
thinner film this cotiditibn IS attained for ~125 Volts from one face of the film to
the other. For the thicker film, AV ~103 volts, before the 109 V/em point is
attained. For E 7 165 V/em, the bulk resistivity appears to decline as
exp {-K\/E}, possibly as the result of Foole-Frenkel effect. Irrespective of the
exact cauve of the extra conduttion, however, it should be emphasized that the
thinner film has a much larger electric stress as a result of e-beam depositibn
than for the thicker film, and, hence, will conduct substantially larger drainage
currents,

A Second majbr difference between the behavior of the two sample thicknesses
ig in the permanent material alteration obeerved for the thinaer film as a result of
the e-beam expbsure, while the thicker Kapton sample returns to the same drain-
age level when the e-beam deposition conditions are returned to earlier voltage
end flux levels (the order of exposure for the thicker film was 4 keV, 10 nA/em?
6 keV, 10 ﬂA/cmz; 8 keV, 10 nA/cmi?; 16 keV, 10 nA/em?2; 10keV /20 na/om?;

8 keV, 26 nA/cm?; 6 keV, 20 nA/cm?; and 6 keV, 10nA/cm2). The "closure"
expertment at 6 ke** 10 hA/cm? ravealed no permanent material change for the
thicker sample, wh..e the thinner sample éxhibited almost one order of magnitude

.
]
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change from its two 2 keV, 10 nA/em? exposured, and a factor of-approximately
2 at the 4 keV, 10 nA/cm?2 conditibns (see Figure 11).

Frdm the results glven is Figures !{ ahd 12 it is upparent that the thinner
material hag much higher draindge currehts than the thicker material, and that
permanent alteration hag taken place in the thinner materisl. Theee results art

encsdraging from the standpoint of the use of the 0, 003 in. Kaptbn. A remaining
queéstion i8 the possible occurrence of dielectric-té~mietal ares in the thicker

material. TO monitor the possible ¢ceurrerce of such breakdowns in the film, the
drainage currents Were continuously displayed on Chart rec¢orders. There wag no
evidenceé of material breakdown is the recorded drainage current traces. Egllow-.
ing the e-beam teets, the sample wag removed from the test chamber and visually
examined €or pinhole breakthroughs. There was do visible eviderice that any such
breakthroughs had occurred. Measurements of @ and ¢ were not carried ¢ut and
should be included in future e-beam deposition tests. From the present evidence
it would appear that permanent alteration in the material did net oceur, either in
observed drainage currents of: in visible punch-throughs.

5. SUMMARY AND RECOMMENDATIONS

The response of the rexr face VDA film/NOMEX/ground strap configuration
to gurge currents has been ekamined and found to be superior to that of earlier
VDA /grotind straps. More bursts arc!allowed before ground strap resistance
beging its sharp rise, and, even after the removal of the VDA, conduction octurs
(presumably through the NOMEX) withsut surface breakdowns.

The forward face Kapton layer of the 0. 0005 in. ORCON material was expbsed
to an EST beam ranging from 2 to 6 keV anti with fluzxes of 10 nA/cm? and 20 na/
em?. Dralnage currents Were large and increaged with continded exposure to the
electron deposition, indieating a material change. There w4¢ no evidence, How -
ever, of dielectric to raetal ares. There were rie measurements of surface absorp-
tivity or emissivity, ¢o there is no way of determmining at pregent if these quant{t{es
altered as a result of the elettron deposition. These méasurements should be
carried 6ut. The forward face Kapton layer 6f a 0, 003 ih. ORCON material was
also exposed to an EST beam. For this material the beam energy ranged from
4 to 16 keV, The observed drainage currents were greatly reduced compared to
the thinner Kaptén film. There wag no evidence of sérmanent filrm alteration in
the bulk conduction as a result of the e-beam depusition, and exdrafnation of the
drainage current traces and visual exariinatisn of the &4miple fafled to reveal atiy
evidence of dielectric {6 metal arcs,
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The behavior of this material wag generally superior to that of previous film/
bonding/ground strap configurations in the surge current tests. Im the electron
drainage measurements of bulk conduction, the 0. 003 {n. Kapton samiple was
considerably superior in performance to that of the 0.0005 in. thickness sample.
Frbm the results bf thege measuremerits the use of the NOMEX grid backing is
indicated ag desirable and the tiicknegs of Kapton should be the 0.003 in. case
rather than the 0. 0005 in. material.
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