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Abstract

An overview of the design, developrment, fabricatian, and teéatitg of trarspar-
erit conductive coatings and tonduttive lattices deposited or farmed on high reésis-
tivity spacecraftdielectric materials to obtain contrsl static eharge buildup on
spacecraft external surfaces IS presented,

Fabrication teshnlgues for the devosition of {ndium/tin bxide coatinga and.
co%per grid networks on Kapton and FEP Teflon filme and speclal frit costings €or
OSR and solar tell ¢over glagses are diséussed, The techniques include sputteéring,
phot'oe‘tchinig , silksereening, and mechanical processes,

A facility designed and built to simulate the eléctron plagma at gessytchronous
altitudes is described along with test procsdures, The results of material charde-
terizations as well as electron irradiation aging effects in this facility for space-
craft polymers treated to control static! charge are pregented, The data presents
results fop electron beam ergrgies UP to 30 kV and electron ¢ursent densities bf
30-nA/em®, Parametere meusured include decondary emission, surface leakage,
and thrbugh the sample et 'rénts 48 a funstion of primary beam enérgy and voltage.

*This work was supported by ths Alr Force Matérlals Labsratory wider Contracts
F33615-76-C-5075 and F33815-76-C-5258,
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1—INTRODUCTION

The primary means for maintainilig reasonable operating temperatures within
a spacecraft is by dlgeretely adjusting the amount af energy absbrbed from the sun
and the amount that IS radiated at the infrared Wavelength ¢orrespunding to the local
gurface temperature, This technique 18 knéwn as passive temperature gontrol arid
is highly dependent on the reflective add-emissive prdperties of the materials loca-
ted on the external surfaces. Surface térperatures and subdequently the overall
Spacecraft equilibrium temperatdre can be adjusted using active or semtactive
techniques such as louvers that are opened and closed to effectively change the re-
flective and emissive properties in the louver. area. Heat pipes have been usged to
move internally generated heat to the surface where it can he radiated efficiently
to 8pace,
To achieve passive thermal cohtrol, dielectric insulating materials rmust
necessarily be used, becauge only thebe materials have the combination 6f inherent
high gelar reflectance and high emittance required far acceptable thermal balance.
This class of materials includes back surface aluminum and silver coated FEP
Teflan films, high purity silica glass thermal codtrol materials, and Kaptor and
Mylar film9 used in muitilayer ingulation blankets.
In geosynchronous orbit these dielectric materials are direetly exposed td
bombardment by the indigéneous electron plasma. Asg électrical insulators they
suppbrt charge buildup until dielectric breakthrbugh or arcirg to areal or compo-
nént# bf lower potential cecurg, The results of these incidents include degradation
of material, thermb-bptical, and mechanica] propérties and disruption of compo-
nents operating at radio frequencies by the electromagnetic noise gerierated by an
art.
The purpose of this study i8 to develbp material$ ahd techniques to control sta-
tic charge buildup on esnveniional spacecraft coatings and materials fbr use during
geosynchronous brbit satellite migsions, This Study represents the progress made
during the first six moriths of a planred 24-month program. The results are pre-
liminary. but significant progréss has been made tu indicate that transparent con-
ducting oxide overlay coatings and edndueting grid$ or screens placed ovef dielec-
tric gurfaces offer pbtential golutions t& the problem.
The materials investigated thus far ifi the study include:
(1} Aluminized FEP Teflon films used exténdively ag a high emittance.
solar reflecting second surface mirror thermal contrbl cbating,

(2) Back surfuce aluminized Kapthd film used as a top layer for
mult{layer irnsulation blankets,

(3) Optical Solar Reflecting (OSR) tiles which perfdrm similar to the
FEP film coatisg described above, but consisting of an 8 mil thick slice
of 7940 Silica glass with a back surface eoatlrig of silver, then Inconel,
to produce a second suffacé mirror, afld
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(4) Gldages, such as Corning 7040 ard microsheet used to cover diliton
solar cells.

2. MATERIALS TESTING

2.1 Philocophy and Approach to Statis Charge Control Testing

In a materials developnient program fundamerital material parameters are of
major importance, berause ag materials are develéped arid-observed in u gimulated
&paceenvironment it i$ necéssary to identify thoge charscteristics responsible for
the obgerved behavior. With this in mind a fac¢ility was developed which could both
observe behavior. in & simulated environment and theh perform the fundamental
measurements asssciated With surface phenomena. If we ean identify the lscation
and motion of all charged particlés Within a closed syatcm we will be Well ¢n the
why to identifying and défining the processes taking place oh and within the material
being studied.

In meeting this objective it is necadsary to know the flux, energy distribution,
and spatial digtributioh of the flood gun beam sb all charges arriving at the surface
under test are known, It 1§ requiredto have 4 secondary chargéd-particle collector
to identify and quantize all chafges leaving the surface and—fieans of tneasuring the
¢urrent diffusing though the surfice to the substrate upon which the sample hag
been mounted, Lastly, a Capability is rieeded t6 measure that chsrgz which is re-
siding on thé surface itself.

Another {mportant consideration i8 in sifulating the high pumping speed Within
the cloged system that an exposed surface in deep space would see. Here pumping
speed is more irmpstrtant than ultimate predsurs ag a material under partikle bom-
bardment will evolve gas resulting in a high pressure very ¢lose to the surface. At
localized pressure$ around 1073 Torr or higher, disehdarge phenomena not comron
to a deep space environment Will oecur and could result in {mproper conelusions
during experimental work. These problems are alleviated bnly through a system
with very high pumping speed in pressure regions greater than 10”° Torr. Vacian
and vaeion triode pumps eannst pump efficiently at pressures greater than 16" torr
to 10" ! Torr. Augmented diffusion pumps on the bther hand have their peak pumping
speed between 10'4 and 10'2 Torr, By placihg a bodster in thé foreline of 2500+
1/sec diffusion pump, its spe d Cad be {néreased Up to 2500 1/see Inthe griticdl
region between 16°4 and 107 Tort..

2.2 Electrostatic Diecharge (ESD) Teat Facility

Using the eritéria established {n the previous séctiofi a system wag designed and
built at GE, The system is shown schematically in Figure 1 and in the photdgtaphs
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of ¥ ure 2, The chumboer 18 largo enough té provide adequate pumping volume and
rool to work ingide through largeé access ports whon placing and adjusting samples
for evaluation.
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Figure 1. Functional Diagram of ESD Test Facility

At the heart Of the facility is the ele¢tron flood gun which is used to simulate the
space environment with respeet to charged particle bombardment. It should be noted
that this facility dbes not make provisions for isn and proton botnbardment: however,
Kmtt1 and others have showh that these do not sighifieantly affect spacécraft charg-
ing, since they have a lower probability of striking the spacecraft. The electron
flsod guUN was designed to simulate the electron environment measured at ATS-5 as
modified by more recent data from ATS-6. The design of the gu# includes an elec-
trostatic, three-element lens to assure uniform beam expansion in the restricted
space of the chamber, control grids Which can be modulated to simulate the measured
electron energy distribution, and a wide rafige of adjustment in flux density.

The specimen diagriostic ussernbly |s mechanically the most complicated sub-
assembly bt it has great versatility for the measurement of fundamental properties.
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a, Associated Diagnostic Equipment

b, Close-up of Vacdum Chamber

Figure 2, FSD Facility
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It conasista of an eléctrieally tsolated rotating table far helding specimens up to
9-in. diameter. By measuring the eurront flowing through the table the diffusion
current through the specimen rhay bé monitored. A non-eohtact gurface potential
probe is mounted on & movable arm which is eonhected through a gear box to the
rotating table. The gear ratio is such that for every rotation of the tahle the prohe
arm is advanced in millimetor stegs allowing the probe to track the surface of the
sample much like a tone arm tracks a record on a phonograph. This motion Is
driven by a dc reversible eléetric motor which is also coupled to a resistance com-
mutator for driving org axis of ah X-Y recorder. A Monroe model 144 probe is
used that has high resolution and is relatively independent of probe-to-surface dis-
tance. The &lectroniics incorporates a phase-lock loop amplifier for the reduction
of spurious/pick~up, and noise. During the bombardment phase of the tests this
probe can be swung completely out .of the way so no part of it will shadow the sample
during charging,

A seoondary electron collector ring is also part of the assembly which iIs swung
in place around the sample during the charging phase and it is used to monitor charged
particles leaving the surface of the sample. By pulsing the flood gun beam it can
also measure the secondary emission ratio of the specimen under test. With slight
modification this electrode may also be used to moniter surface erasion products
during charging similar to the expérimerits performed by Nanewicz? of Stanford Re-
search Institute.

3. APPROACHES TO THE PROBLEM

3.1 Transpaient Oxides

The most commonly used transparent conductive coatings are combinations of
indium and tin oxides (ITO)Y or indium oride, doped with flusrire or antithony. These
coatings Were first developed for heating canopies of aircraft, transparent back
conductors for liguid crystal displays.

The techniques for depositing thest! materials onto varied geometries has
mushroomed over the past four years, varying from vacuum vapor deposition,
chemical vapor deposition, dc sputtering, R¥ diode sputtering, and magnetron sput-
tering techniques.

The one primary objective in depositing transparent conductors of metallic
oxides is to closely control the doping cations or oxygen vacancies. Over okidation
causes the film tb be highly electrically resistive. Under oxidation causes the film
to be highly metallic or brawn; the proper balance of oxygen pressure during evapor-
ation results in a coating that is transparent and ronductive.
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The electrical eonductivity of dputtered ITO fllms decrease as the partial pres-
sure of oxygen riges beyshd 1X 10°3 as c&n be geen (n Flgure 3. This data was
taken frbm measurements using RF dibde sputtered films oFITO on microsheet sub-
strates. Recent results using magnetrsrn sputtering where the glass surface is ¢os!
during depdsltion have also supported the ITO eoatinygs dependence on partial pres-
sure of okygen,

...
<,
o

—

o,
w
T

-
T

T IT1~. PRESSMRE OXYGEN TORR.
=3

v
-~

—
o

4 | 1 i
10* 1 10° 1’
BULK RESISTIVITY, |t OHM ém

S
w

Figure 3. Resistivity of Sputtered Indium
Oxide/Tin Oxide Films

ITO and indium films were prepared on Kaptbn ard FEP by conventional vapor
depdsition from a crucible gouree, dc coaxial sputtering and magnetrsn sputtering.
All techrlques have beeh suecedsful for ESD applications and Table 1ghows the base
variations in surface resistivities obtained from three different technigques,

Baaed bn reasurements to date, 250 & of I'TO have measurable but no catas-
trophic effecton & /e characteristics of filtns, Tables 2 and 3 give electrical add
optical data for ITO films deposited by sputtering techniques on FEP and Kapton thin
film gubstrates,

Other conductive varlations of semiicsnductor coatings are currently being con-
gidered euch as cadinium starnate and &lso variat{ons of aluminum oxide and oxides
of chrome,
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Table 1. Surface R

esistivities.of 100 A Films Deposited-by Various

Techhiques

Coaxial Magnetron In,04 Filament
Kapton 100K 19K 5 X 107
FEP 200 K 7.9 K 5 X mz
Mic¢rogheet Coverglass 90 K 7.9 K 5X 10

Table 2. Electrical and Optical characteristics 90% In203/ 10%
(ITO) Coated FEP

FEP Resistance ITO (Visible)
Thickness kQ/O Thickness, & Transmission .
0.002 76 - 318 250f 50 0.91
0.002 115= 352 250 % 40 0.90
0.005 183 = 450 250 + 50 0.87
0.002 516 =213 500 + 50 0.80
0.002 9,2 -353 500 £.50 0.81
0. 002 27 - 48.1 500+ 50 0. 81
0.005 d 1 -523 500f 80 0. 80
0.005 48 T 88 .-- 900 £ 50 0.77
0.005 Uncoated 0.9
0.002 Uncoated d. 95

Table 3. Eleetrical and Optical Characteristics
1 /A

90%IngOy4 /10

% SnO, (1TO) Coated Kaptbn (2 mil)

_ITO (Visible)
Thickness, & | Resistivity k/Q | Transmission
$00 6.45 - 0.75 £8.8
900 0.45 - 0.75 531
560 3-17 59.4
500 3-7 58.7
250 86- 150 59.9
250 §0 = 150 59.9

Uricoated 1010 &6.n
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3.1.1 - PRELIMINARY SCANNING ELECTRON MICROSCOPE (SEM)’
ANALYSIS OF KAPTON AND ITO COATED KAPTON

Surtace ¢hdracteristics 6f Kapton and ITO coated Kapton Were sbserved with
an electron mieroscope at 10, O0OX (seé Figures 4, 5, and 8), Figure 4 reveals a
uniform Kapton surfacé with no evidence of itiperfectiong, Figure 6 reveals a Bur-
face that underwent gevere flexirg (180¢ bend) with subsequent micro-fracturing of
the film. This defect did not affect the conductivity of the film under electron beam
bombardment as will be described later.

Figure 4. Uncoated Kaptsn Surface (at 10, 000x)
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32 Conductive Grids

Conductive ldttices were prepared by various teehniques on Kaptbn, Teflon,
ard Mylar. A summary Of the work-follows.

3.2.1 PHOTOETCHING

General Electric's stahdard microcireuit photoetehing techniques were used
to fbrm grid patterns oh Copper coated Kapton substrates. In our first trial a
1/2-in, patterh was successfully obtained having a line pattern 0. 15 in. wide and
1000 & thick. The techniques allow processing of line pattarns as thin as 0, 001 in.
and thieknesses. in the 100to 200 4 range. The copper lattice an Kaptbn film shown
in Figure 7 was prepared by the fallowing process:
(1) Art work IS generated to produce the desired grid.pattérn,
(2) The artwbrk is photé-reduced to the desired dimensions
and a negative is produced,
(3) An appropriate thickness of copper is vapor deposited on
the dielectric film,
(4) Photo-resist is deposited on the copper coating,
(5) The negative is placed over the phots-resist and is illuminated
with ultra-violet radiation,
(6) The UV exposed pattern is placed in a developing solution and
then baked at 120°F,
(1) The develbped pattern is rinseéd in agueous solution to remove
the developed photo-resist leaving the desired pattern whith is then:
(a) flushed with aleohol and dried.
(b} etched in chromic acid,
(¢) rinsed with water,.and
(d) rinded with MEK or trichloroethylene.

322 PYRALUX I'OIL

Grids on Kaptbn films of thicknesses greater than 6. 803 in, upto 0,015 in. can
be photbetched from DuPotit's Pyralux, thin foil copper clod Kapton., This material
is formed usitig a process whereby the surface of the Kaptoh undergoes an activation
process whitch permits laminating the Kapton surface with copper and results in a
well adhering laminate. Thede clads are reported to he used where fine lines and
spacings are required. Etched edges are sharper thah those resulting from thin
film etching, thus minimizing field emission problems resulting from feathered
edges, wuhder electron bombdrdment.
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Figure 7. Photoetched Copper Lattice on Kapton, ..

3.2.3 MESH IMBEDMENT

The challenge to laminate finé wire mesh into FEP has been a most difficult
oné. Initial samples appeared to have all the proper mechanical charactéristics
except aluminum wire bond disrupted during flexure testing, Current tests indicate
that meshes of zine, nickel, or silver dttain a superiot FEP to métal bond.

Mesh material laminated into FER.thus far have yielded bond strengths only up
to 2 1b/inch.

3..2.4 SILK SCREENING TECHNIQUES

Silk screening masks with pitch varyihg from 3/8 to6 3/4 in, have been fabri-
cated. A silver epoxy scréening material, No, 11095, manufactured by Eléctro=-
scienceé Laboratories, Pennsauken, New Jérsey, appears to be very promiding,
The process for silk scréening is not antitipated to present a problem. it offers

potential as a conductive siirface for ground strap connections, for mechanical
interconnects and as a solderable siiface.

3.3 OSK and Soldr Cell Cover Glass Modification

Four coatings were ifivestigated for glass modification. One was alumino-
germénoborate glass modified with oxides of zinc, lead, and lithium. Another
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wae a lithium borosilicate modified With okides of lanthanum,. tantalum, zin¢, and
cerium, Thhe other two were conimtercislly available aquesus poétassium siligates.
The coatings were applied to Pyrex gldss couporig about 0,75 in. x 6,76 in. X
0,010 inecl, Transmittance data were obtained on all of the specimens, Surfice
resistivity datawere nbtained for all specirens except the lithium borosilicate
coating.

I he aluminogérmanoborate and lithium borosilicate glasses were developed
several years ago under AFML Contrac¢t F3316-71-C-1656, The former Was desig-
nated GI1*:-5973-8;the lattér IS GE-1TL,. Bbth Were selected for the current pro-
gram because of their very good transmission and resistance to beta irradiation.
Very fine particles (~ 10 u) of each glass were suspended in isopropyl alcohol add
the slurry was gently poured onto a coupon of the Pyrex glass deseribed previously.

After sufficient time for a sedimented layer to form, the excess slurry i8 Si-
phoned off, the coated Pyrex coupon-is dried and then fired at 5§50°C for times which
vary with the composition. Usually, a time between 5 add 10 min is sufficient to
bond the glass particles to each other and to the pyrex coupon. Subsequert examina-
tion revealed no stresses on the coated Pyrex chmpared tb an uricoated Pyrex
coupon.

.Kasil No. 1and *Kasil No..8, the agueouvs potassium silicates, are proprietary,
trademark registered products of the Philadelphia Quartz Compary, The No, 1
material has » K,0/8i0,, ratio bf 1:2,5; the No. 6 material has a K40/SiO, ratio
of 1:2.1. Both silicates are commercially available as liquids Which can be applied
as thin coatings by spraying, brushing or dipping.

Kasil No. 1and Kasil No. 6, as received from the manufacturer, were applied
to the Pyrex coupors. In addition, Kasil No. 1was modified with 0.5 percent CeO,
and applied to Pvrex coupons....In all cases, the silicate coatings were dried at
100°C for two hours.

The transmittance of uncoated Pyrex and each of the uncbated specimens is
shown in Figure 8. Examinhation of this data reveals that in the wavelength region
of 0,3 to about 1. 7 u there is very little difference in transmission between the
uncoated Pyrex and the silicate-coated Pyréx specimens. In the same range of
wavelengths, the aluminogermaroborate coated Pyrex specimens exhibit slightly
less transmidsion than the control specimen. The lithium borosilicate coated
Pyrex transmission is identical to that of the uncoated control sample throughout
the measurement spectrum, except far a slight absorption (due probably to the OH
radical) it about 3.6 . The difference in transmissioh for the twa 5973-8 coated
specirmens is due to the difference in thickness of the coatings, One (No. 2 speci-
mwen) i 0.4 mil thick: the other (No, 3 specimen) is 6.6 mil thick which represeht
a 30 percent increase in coating thickness. Electrical resistivity data shown in
Table 4 indieates that this property is significantly reduced by all of the coatings
with the agueous silicate coatings havihg the greatest effect.

“Fons=il 15 a trademark of Philadelphia Quartz Co,
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Figure 8 Transmittance of Coated and Uncoated 10-mil Pyrex Coupons

Table 4. Electrical Resistivity of Frit Coated Glassed

Speciman Coating Thickness Electrical Resistivity
No. Coating (Mils) ©/g)
1 Nane None 10°
s 5973-8 Glass 0.4 6.0 x 108
3 5973-8 Glass 0.6 4.0 x 108
4 Kasil No, 1 0.7 32 x 108
5 Kasil No. 1CeOy 1.0 8.0 X 102
6 Kasil No. & 2.6 6.0 x 10
7 ITL Glass 0.5 50 x 108 -

4. BASELINE DATA: RESULTS OF SCREENING TESTS

The initial ptiase of this program was cbncerned with gstablishing the per-
formance level of some typical spacecrak materiale. The dimulated space teets
weré conducted in the facility described previously., These teste established the
onset of discharging for the fsur materials listed in Table 5 at a curretit density of
30 nA/'cm2 « The point of discharge was determined visually in a darkened roém,
The qualitative data Collected i§ typified in the phiotograph of Figure 9, Which shbwa
drefig alohg the edges ofthe 1Xx 1in. tiles inthe OSR mosaie,
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Table 5, Summary of Static Charging Screening Tests at 30 nA/cm2

Material Onset of Discharging, kV
FEP Tenon, 5 mil = back surface silvered | 20
Optical Solar Reflecting (OSR) coatirig mosaic 12
Solar Array Composite, 0211 microgheet over 12
2% 2 ¢em cells

Figure 9. Arcingon anOSR Mosaic Under 15 kV - 30 nA /cm2 Electron Bombardment

5. STATIC CHARGE TESTING

5.1 lIintroduction .

Polymer materials were subjected.to electron beam bombardment in the facility
described previousty. Results of the simulated ¢nvironmental testing, which is
performed in a vacuum of less than 1078 Torr. are given in Table 5. Parameters
normally measured during electron bombardm.ent include: Primary beam current
(1p), surface leakage current agh and backplate leakage (through the sample)

current (1, ). The primary bean: current as measured ts the sun: of the cther
currents, that is,
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Table 6. Summary of Static Charging Tests
————— ¥
Semple No. Substrate Back Surface Coat :mnt Surface Coating Observations Conclusions
23 and 24. | 0.003" Mylar None None- Very large discharging occurring at Unsatisfactory for static charge
25 KV. 30 nA/ené followed by quies- control.
cence lasting five minutes during
which electro-luminescence prevailed —
26 0.005" FEP None 25UA° of 10 mole % No discharges observed or recorded. Suitable for_static charge,conrol
Teflon S0y in Inys. Electro-luminescence observed through | tO atleast 28RV Gne"30 n end
L 25 KV. 30nA/cme,
27 0.002" None 250A° of 10 mole % No discharges observed or recorded. Suitable for static charge congrol
Kapton SnO2 in 1n203. Electro-luminescence observed through | to at least 25 KV and 30 nR{cm¢.
25 KV, 30 nA/cm<.
28 0.002" FEP None Photoetched copper At 15 KV, 30 nA/cm2 clusters of elec- | Unsatisfactory performance. Prob-
Teflon grid with 1/2 in. trical discharges occurred at a rate ably .due to poor bond between
pitch. Copper fila- of 20 second within a 1 = in. diam- copper and FE?.
ments 0.015 in. wide | eter near center of sample. Other
x 3000A° thick. discharges occurred over entire 6 in.
diameter surface randomly. Discharge
amplitude to 200 nA.
30 0.005" FEP | 1000A° Vapor De- Sare as Sample 28 Same performance as noted for Sample | Unsatisfactory performance. More
Teflon posited Atuminum No. 28 except microscopic examination | intimate contact i s needed between
revealed sone copper grid filaments copper grid and FEP.
to be broken. _
31 0.003" None Photoetched copper No discharges observed visually or by | Suitable for ESD control to at least
Kapton gridwith 1/2 in. scope m%nitoring through (25 Kv. 25 KV and 30 nA/cme.
pitch.  Copper fila- 30 nA/cmé.  Some electro-luminescense
ments 0.015 in. wide observed.
x 0.003 in. thick
copper applied to
Kapton with DuPont
Pyralux.
32 0.001" Kapton None Silver Frit silk No. discharged observed vi

by scope monitoring (25




NOQMALIZED CURRENT

52 Mylar

As shown in Figure 10 for 83 mil thick Mylar there is no irddication of any charg-
ing beiow 2 kV, Absve 8 KV the drop in IS/IP {ndleates that the s¢condary emission
céeffivient {4 led  thah ohe causing a riet bulldup in negative charge. With the in-
¢reade in surface charge the durface leakage curreént ratis 'R“P increases, For
beam accelerations above 12 kV Charge penetratibn is sufficient in combination with
the space charge fields of trapped charges in the dielectric to cause cbnductivity.
This canductivity is referred to as électron Bonbardment induced conductivity, Dis”
charging arid electroluminescence results from this tendency of the dielectric to
hold 2 space.charge, Throughout the 2 t0 25 kV range the dominant electron loss
from Mylar is by secondary electron emission.

Figures 11 through 14 are photo micrograph8 of a Mylar durface after 25 min
of electron bombardment at 30 kv, 30 nA/crmi2. Damage i$ manifested as tracking
and treeing. Table 7 summarizeés the data for Figures 11to 14.

e ~ PRIMARY BEAM CURRENT
a ~ SURFACE ~EAKAGE CURRENT

I ~ UNCOMPENSATED SECONDARY
ELECTRON COLLECTOR (SEC; CURRENT

- BACKPLATE CURRENT

-t MYLAR 3 MILS
SAMPLE NO 24

. t
I lJJIllll 1 1 l,ll,llll 1 b I B S W
100 1000 10 000 100 00D
ACCELERATION POTENTIAL VOLTS

Figure 10. charging Characteristics of Mylar Film (3 miis) at 30 nA/cm?

637



8€9

Figure 11.

As Received Mvoar (200X)
Dark Field ltlumination

Figure 12. Electron Bombarded Alvlar (100<)
Plain Polarized
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Figure 13. FElectron Bombar@ed Mylar (200x)
Plain Polarized

Figure 14, Electron Bombarded liviar (400%)
Plain Polarized

-
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Table 7,

DPate Summary for Figurea 11 Through 14

Sample Sample | Samplem Sample%
~ No, 1 No. 2A/B No, 3 ~ No, 4
Material Mylar Mylar Mylar Mylar
Thickness 0.004 in. 0, 003 in, 0 003 in. 0,003 in,
Exposure Room Electron Flectron Electron
Illumination Beam Beam Ream
Voltage - 30 kev 30 keV 30 kev
Current --- 30 hA/cm2 30 nA/cm2 30 nAIcm2
Magnification 200x 100X 300x ~ 400X
Inclusion6 ~0.0001! in. Present Present Present
Microscope Dark Field Plain Plain Plain_
Illumination Polarizéd Polarized Polarized
Aluminum back Nane Yes Yes Yes
(not bonded)
Side Viewed === - Electron Electron Electron
L L . 1 Bombarded . . _Bombarded Bombardsdl

No visual evidence of electric discharges could be seen ‘at 50X magnification)
on the Mylar. However, at higher magnification brick pattern-treeing is evident.
as iilustrated by the photographs.

Brick pattern treeing, caused by electron beam irradiation etching, increases
the surface energy of the Mylar by breaking bonds at and witain a few microns of
the surface, W.ith respect to the troeing pattern, internal o1 frozen-in stresses may
result from molecular oriertatios ar from thermal stresses attributable to rapid
cooling of the polymer. The intensity of the crazing increases with exposure time
to electrons.

Apparently, large (micronsize)structures of 500 to 1000 & diameter spheres
develop in the dielectric during the fabrication process, andlie inrowsalongthe stretch
directian af the polymer fibers. They represent the distribution of highly organized
strain, due to fabticdtion stresses. The spheres, spatially ordered over a long
pet{od, are composed of highly ordered molecular groups (ard crystallites) which
may move as rheological identitiés, The tree patterns which develop over the
strain pattern are due to eurfece electric discharges at the patterns, Correlation
of physical properties (Farexample, % elangation, tenacity, .tear, modulus) with
structural size of brick pattern Is apparently Indicated,. especially in the brick size
of 1to 100 4. Strain distribution is an important parameter with respect to physical
properties.

Laminar structure may also arise in stretched polymers due possible to aniso-
tropic heat transfer during fabrication by anisotropic structure~ introduced into
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the polymer. The regularity displayed by these structures indic4tes that the applied
stress Hag been fairly uniform. In essence then, the parallel stretch direction
lilies and brick structure (unlike a grid structure, sinte the perpendicular lines.
originating frem parallel lin¢s, db not gererally dross adjacent »arallél lines)
are etched into one-why stretched pslymer films. The number of lines are depen-
dent upon the polymer history, In cbntraat, the two-waystretched polymer film
etchings reveal lamellatecomposition, each layer having brick wall-like structure,
Micron size bricks are apparently composad of Bpheres or groups of molecule6 of
about 700 4, aligned to a moderate extent. The electric discharge trees traverge
paths of least resistance alosg the varioue higher energy strain trajectories of the
brick pattern and to a lesser degree over the surface6 of the pslymer. Some die
lines also appear-on the Mylar film along which the electric digcharges traversed.
Mylar i8 not a commorily used external.spacecraft material because o it6 sen
sitivity to the radiatiorn cbmpanents of the natural space environment which cause
Catastrophic degradation in it8 physital propesties, The regultg of this investiga-
tion show that it is not suitable for use in a high electron flux environment, parti-
cularly when exposed directly to electron bombardment. However, its use in multi-
layer insulatiort (MLI/blankets) i8 acceptable where protected by a cover layer of a
protective maierial such as Kapton or Teflon or any other material which will shield
it from direct exposure.

5.3 11y03/Sn04 (ITO) Coating

Figdres 15. 16, and 17 show the effects of the ITO demiconductor coating on the
current/voltage chardcteristics o’ polymeric films. For bsth Kapton and Teflon
dubstrates the Secondary emission coéfficient is greater than 1for accelerating
potértials bélow 4 kV, The aluminized backing shows no effect on the characteris-
tic curves. The similarity between the curves for both Kapton and Teflon indicate
the dominant affect of the semicbnductor film with little effect on the croggover point
between Ir and Ig for the two dieléectrics. The rise ih durface leakage cutrert in-
dicates low charge buildup on the surface of the dielectrics.

Micrographs of 70 (286 &) coated FEP Teflon after electron beam irradiatibn
are shown in Figure 18b indicating "electron-etched!" cracking alid crazing. These
craze-cracks (due tb large applied anigotropi¢ stress or terngile force) run along
parallel direction of stréetch tines to which the matérial was subject (that is, lotigi-
tudinal drawing or pulling dnd radial blowing), as is evidence by the micrograph of
the unexpodéd spacecraft material (Figure 184) and tess evident cutside the election
beam irradiation area (¥igiure 18eJ, The stretch lines correspond to thé direction
of molecular orientation, preferehtialiy, sihce thé polymer undet the; coatihg has
less stretigth perpendicular to the airection of orfiéntation. Crystallization occurs
dlong these oriented .olecules,
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Figure 15. Charging Characteristics for ITO Coated Kapton Film at 30 nAlcm2
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Figure 17. Charging Characteristics for ITO Coated FEP Film at 30 nA /em?

Within thebe imperfeétions and voids intrapped gas is {onized by electron beam
charging. Locdl temperatures rise, chemical reactions secur and stress Is created,
as in the case of chemieal or vapor etching.

Intensity of crazing rises with éxpsdure time to the eleetron irradiation., Craz-
ing of polymers apparently ig relatéd to domain strustureé of the polymer (that i
definite homogenous regiond surrounded by otherd of like kind with boundaries be-
tween them). More erdze lines form whenever the stretching occurred withsut
lateral restraint than if the stretching occurred with latéral restraint for the same
stretching ratis.,

in edsence, crack-crazirg in polymers is agsociated with large micrbn size
regular structures, whi¢h in general oecur in anisotropically stretched (or uniform
applied stressed) films. This structure IS inherent in the film during the fabrica-
tion tHerefore a distribution of strain i8 prbduted by fabrication stress.
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Figure 18a, Transparent Semi-Conductor of 250 &
Tin and Indium Oxide (10 percent moie SnO: 90
ercent mole [n,03) on 2-mil FEP-Teflon Before
lectron Irradla%lon. Typical die lines appearon
the FEP-Teflon surface, under the transparent
semi-conductor

Figure 18b, FER/ITQ After Electron Irradiation at
the Central Region ofthe Electron Beam,

etched craze lines appear onthe FEP-Teflon surface,
together with fabrication die lines, under thetrans-
parent semi-conductor (200x)
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Figure 18c. FEP/ITO After Electron Irradiation
Near the Edge of the Sample Outside the Primary
Beam Projection Area

I'hr r.icron size structure of "spheres” (500t0 000 &) denotes distribution of
strain, due to fabrication stress. These "spheres' are highly ordered molecular
sroups and thev move as rheological Croups. Thr internal stresses may result
fron malecular orientation or from thermal stresses due to rapid cooling of the
polymer. In the case of single way stretchin fairly eventy spaced lone parallel lines
of uniform width (forexample, to7u) etched into the surface along the stretch path,
the lensity of the lines (for example, number of lines per unit tength) is apparentlv
nroportional to the stretch ratio, Whereas the line width is proportional to the
im er=e ofthis stretch ratio,
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54 Copper Grids

Figures 13to 23 represent the characteristie curves for Teflbn and Kapton sub-
strates of various thickness with copper grids applied by a4 photoetching process.
All of these curves show the same general behavior betweeti 1kv and 10 kV., AS in
the Mylar substrate the fow value of IR/IP indicates a net charge buildup on the sur-
face. Above 10 kV the penetratisn depth and charge buildup results in an increase
in the electron bombardment conductivity, An anomolous behavior was observed
in the 5-mildample of Teflon. piain and aluminized, with the copper grid below
1kV when the sécondary current indicated & current ratio greater than 1 (Figure 20),

Comparison of the valtage-current charaeteristics of 2-mil Teflon (Figure 19)
with 5-mil material (Figure 23) dhows that the resistanee bf FEP increases With
increased thickness, The relatively rapid rise of backplate leakage (through the
sample) current.. I beyorid 10 kV and the assbciated surface-currents, Ig» indis
cates the presence of micropores in the 2-mil thick film, some of which reach the
backplate, as indicated by Malter avalanche emissions from these sites, Thid ac-
counts for point emission distribution over the electron irradiated surface as a con-
sequence of the associated spreading potential.
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Figire 19, Charging Charactertstics for 2-mil FEP With Photoetched Copper Grid
at 30 nA/cm?
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Figure 26. Charglng Characteristics for 5-mil FEP With Phbtoetched Copper Grid
at 30 nA/cm?2

LZE

'P = PRIMARY BEAM CURRENT
! ~ SURFACE LEARAGE CURRENT

'S = UNCOMPENSATED SECONDARY ELECTRON
COLLECTOR CURRENT

" BACK PLATE CURRENT

- L— KAPTON 0.003 WiITH 1,2 X 1,2
COPPER GRID PYROLUX
SAMPLE NO 3¢

N U S LJ.LLL BT U U U S ST W ¥ R T S S W Y
100 10,000 100,000
ACCCLE“A"@J POTENTIAL, VOLTS
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Aside from the foregning Malter avalanche emission, discharge breakdown in
micropores of nccluded gas in the Teflon can result ‘n cavity ionization and thermal
breakdown prior to intrinsic breakdown. This would account for some observed
intermittent aparkihg observed, The moderdte decredsing surface leakage current,
[R' beysnd their respective peaks for bath the 2- and 5-mil materials indicates that
the residual gas surf- - discharge threshold forthe reduced charge (that is, ratio
of surface charge to dielectric constant) as a function of dielectric resistivity has
nét been attained for the thicker film within the applied primary electron beam
energy of 16 to = 20 k\'; wheread, it apparently did oceur for the 2-mil material
begirining about 15 k\V', Examining the 2-mil Teflon at 10X magnification revealed
that for the region displaying copious sparking:, eviderce of gaps in the copper grid
occurred (Figure24). Some filaments had.as many as six very small gaps (order
of a tenth of a millimeter) in one filament Within the grid patch (that is, 12in.).
Same grid filaments had gaps on the order of millimeters Wide. with rib evidence of
prior bording in those gaps,

Figure 24. FEP Teflon
(2-mil) Showling Discontinu-
ities (As a Result of Electron
Bombardmert) in the Photo-
stched Copper Grid Along
Extrusion Lines in the
Polymer




The unsatiafactory performance of thts particular capper gridded Teflon is
attributed tn the numerous and amall gaps in tab many fifaments of the grid. yp.
furmity of honding IS suspect, since ns evidencé of bonding occurs in the larger
(seyveral millimeters) wide gaps. The copper filaments themselves have cledn dis-
tinet edges,. with no raggedness, and of uniform, constant width. By electricallya
iucreasing the surface energy of the Teflon, substantially improved bonding and
absence of f{lament gaps is anticipated. Therefore, capper grid bond Teflon war-
rants impreved processing and re-test.

Throughout the range of primary electron beam valtdge, V_, (> 200 to > 20 kV),
the <lominant electron loss from 5.-mil PEP is by secondary electron emission as
indicated by its [

The surface leakage current, g is relatively dominant, with respect to the
backpiate leakage current.. I frbm 850 v to 10 kv, whereas beyond this voltage
(~ 12.5 kV) the backplate leakage current, [, ~ssutties relative doniinance over the
surface leakage curtent. Iy

The backplate leakage current. II , Is relatively regligible, {rom abbut 200 V
to about 10 kV and then rises abruptly approaehing 15 kVv. Near 30 kV, meters
indicated electric discharging to be occurring at relatively frequent intervals (that
is. 1per 20 sec), . However, actual eleetric discharging could not be sé¢en bn the
gample in spite of several small (that is, «<1/10 mm) and a few substantially larger
(that is, several mm) gaps in the copper grid filamentg which were found during the
post test microscopic examination.

= -
B

Silk Sereen Grid on Kapton

A net charge buildup is observed {see Figure 25) for accelerating potentials

above 1 kV for I-mil Kapton with a silk screen silver grid. Above 4 kV the sur-
fare leakage shsws a decrease along with a faster decline in the secordary electran
emiseion, Abhove 10kV the predominant charge movement is by EBC indicating
significant renetration into the dielectric substrate and large charge buildup on the
surFace,

The superior performance of the silk sereened.Kapton i¢ evident tram its
voltage-current characteristics with respect to the substantial secondary electton

emission (SEE) yield and backplate ledkage current. In contrast, the surfice léakage

I'-¢" hond breaking by electron irradiation or displdaeing siufficiesnit E's by O's vid
microwave discharge, the surfaceenérgy of Teflon canbe increased frofn 102° 1 4°
(matural) to 65~ ¢+ 8° rontart angle with a water vapor microwave discharge. The
surface [ree energy, Fgo, of the dielectric relative to vactium is rélated to the
eritibrium contact angsle 0, by proportion: Egg = [{(1 + coB 8) + 75}2. The

¢ axitoum reversible work of adhesion, Wa, of 1Re two solid surfaces, Sj, Sz, in
contact, is related tn the contact angle, 8, b?]/ the proportion: Wwa = (1 + cor 8),
emphasizing only the rontart angle among other intentionally undefined and omitted
variahles, for the Interim.
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Figure 25, Charging Char4cteristics for Kapton Film (8 -mil) With Silksereened
Copper Grid

current, Ig, although initially large, subsequently decreases rapidly, due to the
rapid rise in backplate leakage ctrrént beydnd 4 kv primary electroil beam energy.
Lp to the latter voltage, the dominant electron current loss from thid material s
due to SEE current, Ig; and to a minor degree. surfare leakage current, Ige while
the backplate current, 3 reméained negligible. Héwevér, beyond a primary elec-
tron beam energy of 4 kV, the dominance of backplate leakage current, i raptdly
asserts Itself. While the SEE current, Ly relatively rapidly de¢reases, the back-
plat&leakage current. [; , becormies gubstantially deminant beyond 8 kV With re-
spect to the SEE current, Ig» and surface leakage current. t*

Examihation of the silver-grid bonded Kaptor (at 10X magnification) reveals
that the rilaments of tho grid are of fairly uniform width and deposition, They are
uniformly well bonded to the Kaptsn, However, there are some regions of silver
scarcity In that (scalized portions of some filament6 have; extremely thin (~1/10
width of filamerit) silver bridges connecting them, defeets Which must e remedied
to obtaiin optimum performance. The surface of thé silver filaments are relatively
rough, though apparently thi{s disadvantage does nbt causé locdlized dischdrges,
Die marks are evident on the central regions of the Kapton windows of the grid (due
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to procéssing, However, ¢lectron irradidation etching of the Kapton (hond breaking)
is nbt obvtous at 100x irnd 400X magnification (Figure 26), That is, no parallel
single~ nor doublé-way stretch (stress) patterns, ror brick-stress pattern is evi.
dént, This is appdrerntly attributed to the charge dissipative ability of the grid in
conjunction with significant ciectron bombardment induced conductivity in the
Kapton, between the grid filaments, as Well as thé substantially lower resistance
of the thin (1-mil) Kapton.

Figure 26. K\;a\})_ton
Fi mS(l-mil)d S!tlh

; ; Silk Screene ilver
a. (100 x) Grid Filament Grid After Electron

Bombardment

b, (400 x) Kapton
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There wers no measureable didcharges far this material during electron
bombardment thesugh 26 kV and is appdrently & sdtiafastary prospect for spaco -
craft thermal blanket applicadtion,

6. CONCLUSIONS

Mixtures of indium and tin oxides (98/10) reduce the surface resistivity of
polymeric films sufficiently to control static charge buildup in simulated environ«
mental tests. In this study a film thickness of only 25b A was sufficient to attain
a resistance in the 168 uhm-em range withbut significantly feducing the visible

transparency of FEP Teflon. No discharging occurred under electron bombard-
ment to 25 kV with an asdociated current density as-nigh :2 30 nA/em?. The
additional data needed to qualify this material for spacecrad uge is that which will
show reasonable stability id the space envirotunen: and resistance to damage by
flexing the coated film.

On the first condition it is hypothesized that bnly slight discoloration of the
ITO will occur under space UV and electron irradiation because of the thinness of
the coating required (s 250 &) to obtain the conductivity to spread out the charge
arising from solar substorma. This hypothesis is based on data taken an ITO
coated OSR's produced by OCLI and Lincols Laboratory in the CE Combined Effects
Chamber in 1975 for the AFML Spénsored Thermal Control Coating Development
Program. 3 A Adg bf 0.bl was related to ITO coating duting a EUVS exposure. The
reason for the Slight effect of the degrading ITO on the peérformancs of the solar
reflecting mirror is that the extinction coefficient i not only a function of the amount
of light that is absorbed in the ITO, but also its thickness. A long term exposure
to UV and low energy (few ev) particles (electrons and protons) which are depbsited
primarily in the conductive coating and FEP or didruption of the FEP surface during
coating deposition will thereby reduce performance of the aciymer under irradiation,
Thebe effects should be minimal using Magnetron equipment to deposit coatings be-
causde of the very low temperature rise which oceura during the deposition process,

Cratking or crazing of ITO fitims during flexing of tht polymer substrate may
¢r may not affect static charge control performance, Preliminary .data indicates
that thig Will not be a problem, Microcracks in afi ITO coated Kapton film Were
observed (under a microgcupe) after vigorsus flexing of the filln, However, the
sample showed no discharges, and IN fact, performed ab welf as at unfléxéd speci-
nén t6 30 kv, 30 nA/cm2,

Once these potential problam areas havé beed cleared, ITO can convehiently be
deposited in quantities large encugh for spacecraft systems using canventlonal
roll-codtirg equipment.
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Our migliminary evaluations {hdicate that eonductive geids fefimed by photo-
etehing copper of ailk~screarning silver filled paint ah Kapton to be affective in
controiling discharging to 2fi kV and 30 nAlem®, A square 1/2«in, grid pattern
wag usod based on an analysis recontly completed for AFML . 4 Optimization of tho
grid pitet can be done empirically, Howéver, this item dees net appear to he
critical from a passivé temperature central point of view because Kapton is not
used for control of critical surfaces and in uging 0,015-in, wide filmanzts only
8 percent of the Kapion gurface IS savored by the grid.

Very poor performance was obtaired from FEP Teflon with ¢copper grids be-
cause of poor bonding of the grid to the polymeric film, A remedy ta this situation
is not apparent, bécause bonding can only be improved by etching the FEP surface
and this has prbven to significantly disrupt the UV stability of the FEP. Alter-
riatively, heat sealinga wire grid into the Teflon surface is another approach, but
it to0 s expected to affect the stability of the FEP film in radiation environments.
This is a cause far concern because back surface metallized FEP is used for passive
temperature control of critical surfaces where even minor changes in solar absorp-
tance préduce unwanted temperature increases.
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