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ABSTRACT 

An atomic oxygen Ion beam, accelerated from a tunable microwave resonant 
cav i t y ,  was used a t  Lewls Research Center t o  bombard samples o f  t h e  widely  
used poly imide Kapton. The Kapton experienced degradation and mass l oss  a t  
h igh rates,  which may be comparable t o  those found i n  Space Shu t t l e  operations 
i f  the  a c t i v a t i o n  energy supplied by the  beam enabled surface react ions with 
the  ambient oxygen. The s imulat ion reproduced the  d i r e c t i o n a l i t y  (ram-wake 
dependence) o f  t he  degradation, the change i n  o p t i c a l  proper t ies o f  t h e  
degraded mater ia l ,  and the  s t ruc tu re  seen i n  scanning e lec t ron  micrographs o f  
samples returned on the  Shut t le .  
produced no r a p i d  degradation. Energy Dispersive X-ray Analysis (EDAX) showed 
s i g n i f i c a n t  surface composition changes i n  a l l  bombarded samples. 

T r l a l s  with a subs t i t u ted  argon i o n  beam 

Mass loss ra tes and surface composltlon changes are discussed i n  t e r m s  o f  
F i n a l l y ,  the quest ion o f  t he  poss ib le  ox ida t i on  chemistry o f  the i n t e r a c t i o n .  

how t h e  harmful degradation o f  mater ia ls i n  low ea r th  o r b i t  can be minimized 
i s  addressed. 

INTRODUCTION 

Kapton and other mater ia ls  (such as carbon coatings and pa in ts )  undergo 
weight l oss  and surface degradation I n  low ea r th  o r b i t  ( r e f .  1) .  Kapton, a 
poly imide w i t h  wide app l i ca t i ons  I n  spacecraft technology, experiences surface 
roughening on micron l eng th  scales, a change i n  surface appearance from a 
glossy transparency t o  a m i l ky  translucence, a loss i n  weight, and changes i n  
i t s  o p t i c a l  proper t ies.  These changes, f i r s t  noted on t h e  ea r l y  Space Shu t t l e  
f l i g h t s  ( r e f .  1), have important impl icat ions f o r  conducting extended opera- 
t i o n s  using Kapton i n  l o w  ea r th  o r b i t .  Kapton has been used f o r  thermal con- 
t r o l  coat ings and e l e c t r i c a l  i nsu la t i on ,  and has been proposed as a f l e x i b l e  
subst rate f o r  l a rge  so lar  arrays because o f  i t s  exce l l en t  temperature 
s t a b i l i t y ,  extremely low surface conduct lv t ty  and f l e x l b l e  strength.  
important t o  know the  mechanism f o r  d e t e r i o r a t i o n  i n  low ear th  o r b i t  so t h a t  
Kapton may be modlf ied, coated, o r  replaced w i t h  other mater ia ls  i n  c r i t i c a l  
app l i ca t i ons .  

It i s  

It has been suggested t h a t  I n t e r a c t i o n  with the  res idual  atomic oxygen 
The major atmospheric atmosphere i s  t he  mechanism o f  degradation ( r e f .  1) .  

cons t i t uen t  a t  Shu t t l e  a l t i t u d e s  i s  atomic oxygen. Each atom o f  oxygen 
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impacts on an o r b i t i n g  veh ic le  w i th  an energy o f  about 8x10-19 J ( 5  eV), 
equiva lent  t o  the  impact energy o f  thermal atoms a t  about 60 000 K. 
temperature ox idat ion,  about which l i t t l e  I s  known, may then be the  reac t i on  
lead ing  t o  mass loss,  change of surface proper t ies,  e tc .  

High 

Though ox ida t i on  i s  a l i k e l y  hypothesis as the  mechanism o f  degradation, 
o ther  p o s s i b i l i t i e s  may e x i s t .  The mass loss  might be due t o  low energy 
sput te r ing ,  f o r  example. I t  i s  w e l l  known t h a t  spu t te r i ng  thresholds f o r  
metals seem t o  be higher than the  impact energies of atoms and molecules i n  
low ea r th  o r b i t ,  bu t  such thresholds have never been measured f o r  complex 
organic mater ia ls .  Also, chemical reactions w i th  other  species abundant i n  
low ea r th  o r b i t ,  such as molecular nitrogen, could no t  be excluded out  o f  hand. 

GOALS AND APPROACH 

It i s  des i rab le  t o  understand the mechanism o f  t h e  o r b i t a l  i n t e r a c t i o n  o f  
Kapton and other  mater ia ls  w i th  atomic oxygen, t o  see whether the  i n t e r a c t i o n  
i s  chemical o r  spu t te r i ng  i n  nature, t o  determine reac t i on  ra tes  and tempera- 
t u r e  and energy dependences, t o  i nves t i ga te  the  p o s s i b i l i t y  o f  i n t e r f e r i n g  
w i t h  the  I n t e r a c t i o n  through the  use o f  p r o t e c t i v e  coat ings o r  o ther  ma te r ia l s  
and t o  develop techniques f o r  t e s t i n g  mater ia ls  before f l i g h t .  A t  Lewis 
Research Center, i t  was decided t o  attempt the  s imu la t ion  o f  cond i t ions  i n  low 
ea r th  o r b i t  t o  i nves t i ga te  these matters. Since It i s  d i f f i c u l t  t o  accelerate 
n e u t r a l  atomic species t o  the  energies seen i n  o r b i t ,  i t  was decided t o  use 
accelerated ions i n  the  Lewis simulat ion. I t  I s  c l e a r  from work on spu t te r i ng  
( r e f .  2) t h a t  charge exchange w i th  the surface may occur long before the  
momentum exchange, so t h a t  by the  time the  reac t i on  energy i s  imparted by t h e  
incoming ions, they may be i d e n t i c a l  t o  neut ra l  atoms f o r  chemical purposes. 

Thus, an attempt was made t o  simulate the  impact cond i t ions  i n  low ea r th  
o r b i t  by acce le ra t ion  and impact o f  oxygen and qther  ions.  Then, the  exposed 
specimens were analyzed and t h e  r e s u l t s  compared w i th  those repor ted from 
S h u t t l e  f l i g h t  experiments and other labora tory  s imulat ions.  Reaction ra tes  
and sur face compositions were found. F i n a l l y ,  an attempt was made t o  under- 
stand the  labora tory  r e s u l t s  and see what l i g h t  they might  shed on the  f l i g h t  
r e s u l t s  and on the  reac t i on  mechanism, i n  order t o  simulate, understand, and 
suggest ways t o  con t ro l  t he  reac t ion  I n  low ear th  o r b i t .  

THE EXPERIMENT 

F igure 1 i s  a schematic drawing o f  the  experiment setup. 
p re l im ina ry  r e s u l t s  repor ted here, a tunable microwave resonant c a v i t y  was 
used t o  d i ssoc ia te  and i o n i z e  technica l  grade (99.5 percent) oxygen gas. 
gas was leaked i n t o  a glass container w i t h i n  the  microwave c a v i t y  and a f t e r  
i o n i z a t i o n ,  accelerated e l e c t r o s t a t i c a l l y  t o  impact on samples o f  Kapton. The 
experiment was done i n  vacuum tank no. 8 o f  the  E l e c t r i c  Propulsion Laboratory 
a t  Lewis Research Center. Tank no. 8 i s  a ho r i zon ta l  c i r c u l a r  cy l i nde r ,  about 
1 meter i n  rad ius and 4 meters i n  length.  
opera t ion  were maintained by d l f f u s l o n  pumps a t  about 1 . 3 ~ 1 0 - ~  Pa 
t o r r ) ,  compared t o  about 1 .3~10-4  Pa (10-6 t o r r )  w i t h  the  beam o f f .  The 
he lp  of Shigeo Nakanlshl o f  t he  N.A.S.A. Lewis E l e c t r i c  Propulsion Technology 
Sect ion was inva luab le  i n  ob ta in ing  the  experimental r e s u l t s  reported here. 

For the  

The 

Tank pressures dur ing  beam 
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The microwave c a v i t y  used a maximum o f  100 W o f  r a d i a t i o n  a t  a frequency 
o f  2450 MHz. 
+800 V, and the  acce le ra t ing  g r i d  (made o f  molybdenum, glass coated on one 
side) was biased t o  about -200 V. The i o n  beam produced was about 5 cm I n  
diameter, d iverg ing  as i t  traversed the space between source and Sam les .  A 
t y p i c a l  oxygen f l o w  r a t e  i n t o  the  microwave c a v i t y  was about 4.2x10-$ m3/s 
(25  standard cubic centimeters per minute). 

The c a v i t y  was e l e c t r i c a l l y  biased a t  a vo l tage o f  around 

The Kapton samples were supported by a s t r i p  heater wi th  at tached thermo- 

The samples analyzed i n  t h i s  paper were w i t h i n  5 cm o f  t he  a x i a l  beam 
couples. Source t o  sample d is tance was 10 cm f o r  some t r i a l s  and 23 cm f o r  
others. 
center.  The plasma mean f r e e  path i n  a l l  cases was longer than the  source t o  
sample distance. Decelerat ion of the beam was achieved f o r  some samples by 
b ias ing  the  aluminum backing t o  re ta rd ing  p o t e n t i a l s  o f  up t o  +lo00 V. The 
heater s t r i p  was insu la ted  from the  samples by 2 layers o f  2.5~10-3 cm t h i c k  
(1 m i l )  Kapton tape and from the  tank w a l l  by a f i be rg lass  mounting beam. A l l  
w i res i n  the  c a v i t y  were covered w i th  Te f lon  tub ing  t o  reduce glow discharges 
i n  the  tenuous gas. 

A re ta rd ing  p o t e n t i a l  analyzer (RPA) which could be swung i n t o  and out  o f  
t he  beam was used t o  determine the beam cur ren t  densi ty .  Typica l  RPA currents  
were 185 PA, which d lv lded by the  RPA area o f  13.4 cm2, g lves an average 
cen t ra l  beam cur ren t  dens i ty  o f  about 14 pA/cm2. 
the  beam was done w i t h  a 0.5 meter Jarre l l -Ash spectrometer w i t h  0.1 A resolu- 
t i o n .  
atomic oxygen, al though l i n e s  o f  neut ra l  atomic oxygen were prominent near the  
sample d is tance because o f  t h e i r  greater r a d i a t i v e  l i f e t i m e s .  
f l o a t i n g  p o t e n t i a l s  on the heater s t r i p  wh i le  the  beam was I n  operat ion were 
measured on the  thermocouple wires t o  be i n  the  range o f  +400 t o  +500 V. 

Spectroscopic analys is  o f  

The spectrum shows t h a t  most o f  the  beam consisted o f  s i n g l y  ion ized 

Equ i l ib r ium 

While the  oxygen beam was operating, a f a i n t  whi te  glow could be seen 
extending about 5 mm i n  f r o n t  o f  impacted surfaces. Behind the  sample holder, 
a d i s t i n c t  greenish t i n g e  could be seen I n  the  d i f f u s e  glow o f  the  beam. The 
wh i te  glow can be a t t r i b u t e d  t o  continuum r a d i a t i o n  from oxygen recombination 
a t  t he  surface. The green glow appears spect roscopica l ly  ( r e f .  3) t o  be from 
the f i r s t  negat ive bands o f  03, which one suspects i s  from i o n i z a t i o n  o f  
the  recombined oxygen by the impinging i o n  beam. 

Table I gives the  parameters o f  t he  Lewis p re l im inary  f e a s i b i l i t y  
s tud ies.  Fluxes were ca lcu lated f r o m  RPA currents ,  and estimated beam d ive r -  
gence and t o t a l  f luence from f luxes  and exposure times. I n  each case, t he  
expected thermal f l u x  o f  neut ra l  oxygen i s  greater  than the  i o n  f l u x  i n  t h e  
beam, and ye t  degradation occurred only i n  areas where the  beam a c t u a l l y  
s t ruck  t h e  samples. 
degradation. 

Thus, the  impact energy must be important t o  t h e  

RESULTS AND ANALYSIS 

Visual  inspec t ion  o f  the bombarded surfaces showed t h a t  where the  oxygen 
beam had struck,  the smooth, ye l low transparent surface o f  the  Kapton had 
changed t o  a m i l ky  ye l low translucence. 
low f luence showed no such change; only a t h i n  t ransparent m e t a l l i c  f i l m  which 

Argon-bombarded samples a t  t he  same 
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EDAX showed t o  be molybdenum sputtered from the  uncoated s ide o f  t he  accelera- 
t o r  g r i d .  
rounding the  sample holder showed no degradation, nor d i d  areas outs ide o f  t h e  
beam. I n  one case (11/24/82) the  Kapton tape i n  the  center o f  the beam showed 
a t o t a l  loss o f  Kapton, l eav ing  only the  s t i c k y  s i l i c o n e  adhesive. The 
aluminurn backsides o f  argon-bombarded sample a t r l p s  had a scorched, blackened 
appearance near the  edges, which EDAX l a t e r  showed t o  be t h i n  molybdenum coat- 
ings, again presumed t o  be sputtered from the  accelerator  g r i d .  

Under oxygen bombardment, shadowed regions o f  t he  Kapton tape sur- 

Under the  scanning e lec t ron  microscope, the  oxygen bombarded samples 
showed a c a r p e t l i k e  texture,  w i t h  s t ructures about 1 pm I n  s i ze  and smaller. 
These a re  q u i t e  s i m i l a r  i n  appearance t o  samples returned by STS f l i g h t s  
(f!g. 2 fro!?! r e f .  4). 9y cnnt ras t ,  pr!st!ne sampler and argon-bombarded 
samples o f  Kapton were smooth under a l l  magni f icat ions.  

Also, under a scanning e lec t ron  microscope (SEH), an i n d i c a t i o n  was 
obtained t h a t  t he  surface conduct iv i ty  o f  Kapton was changed a f t e r  i o n  born- 
bardment. Both oxygen and argon-bombarded samples reta ined t h e i r  surface 
charge (as made v i s i b l e  by changes i n  magni f icat ion)  f o r  much shor ter  t imes 
than d i d  the  p r i s t i n e  con t ro l  sample. It i s  not  c l e a r  i f  the  change i n  sur- 
face conduc t i v i t y  i s  due t o  the  presence o f  sputtered contaminants o r  whether 
i t  may be due i n  p a r t  t o  changes i n  surface composition. 

Low energy EDAX analys is  o f  the samples was undertaken w i t h  the  valued 
assistance o f  Paul Aron o f  the N.A.S.A. Lewis Tr ibology Branch. The I n s t r u -  
ment used had a windowless detector,  a l l ow ing  very low energy e lect rons t o  be 
u t i l i z e d .  Although EDAX a t  h igh energies ( 2 . 4 ~ 1 0 ' ~ s  J or  1 5  keV) showed the  
presence o f  amounts o f  aluminum, s i l i c o n ,  and molybdenum i n  the  bombarded sam- 
p les (presumably sputtered from the  accelerator  g r i d  and tank w a l l  f i x t u r e s )  
and t h e i r  absence i n  the  p r i s t i n e  samples, i t  was o f  l i m i t e d  usefulness I n  
analys is  o f  t he  change I n  surface composition of  t he  Kapton. P r i s t i n e  Kapton, 
being an extremely good insu la to r ,  w i l l  acquire a charge through loss  o f  
secondary e lect rons f o r  I nc iden t  e lect ron energies above about 2 . 4 ~ 1 0 - l ~  J 
or  1.5 keV. Thus, t he  p r i s t i n e  standard would see EDAX electrons o f  a d i f f e r -  
ent  energy than those seen by the more conductive i o n  bombarded samples. 

Furthermore, e lect rons o f  2.4~10-15 J (15 keV) energy have a mean f r e e  
path i n  Kapton o f  about 6.4~10-4 cm (0.25 m i l ) ,  making bulk cornposition and 
geometrical e f f e c t s  (due t o  t he  texture o f  t he  oxygen bombarded surface) 
important i n  the  analysis.  For these reasons, EDAX a t  I nc iden t  energies o f  
1 . 6 ~ 1 0 - ~ 6  J (1.0 keV) was undertaken. A t  t h i s  energy, t he  mean f r e e  path o f  
e lect rons i n  Kapton should be about 7 . 6 ~ 1 0 ' ~  cm (0.03 m i l ) ,  i nsu r ing  t h a t  
t he  t r u e  surface composition would be measured, a l l ow ing  only f o r  shadowing on 
the  X-ray counts from textured surfaces. 

Taking mass at tenuat lon c o e f f i c i e n t s  and f luorescence y i e l d s  from 
Robinson ( r e f .  5) ,  and assuming a 3 percent m e t a l l i c  mass f r a c t i o n  f r o m  
sputtered metals, t he  r e l a t i v e  C, N, and 0 abundances a t  t he  surface could be 
determined. Table I1 gives a summary o f  t h e  present r e s u l t s  on samples a t  
d i f f e r e n t  EDAX e lec t ron  energies. 
measured w i t h  the  1.0 keV energy I s  s i g n i f i c a n t l y  d i f f e r e n t  from the  p r i s t i n e  
Kapton used as a c a l l b r a t i o n  f o r  both oxygen and argon-bombarded samples. 

There i t  can be seen t h a t  t he  composition 
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These r e s u l t s  a re  i n s e n s i t i v e  t o  e r r o r s  i n  the  t o t a l  count ra te ,  e l e c t r o n  
penet ra t ion  depth, and percentage of  metals assumed, l a r g e l y  because the  
penet ra t ion  depth i s  so small t h a t  there i s  l ess  than 20 percent absorpt ion 
f o r  X-rays from any species. 
may be compared t o  t h a t  which would occur i f  p r i s t i n e  Kapton l o s t  40 percent  
o f  i t s  carbon atoms (normal iz ing t o  C, N, and 0 only)  o f  

The composition obtained from the  EDAX ana lys is  

Element Percent 
C 59.4 
N 10.1 
0. 30.5 

suggesting t h a t  the  major change I n  cornposition o f  t he  surface i s  a severe 
loss  o f  carbon. 
and 15 keV a re  so much la rge r ,  a loss o f  carbon only  near the  surface i s  also 
cons is ten t  w i t h  the  measurements made a t  those energies. 

Since t h e  e lec t ron  penet ra t ion  depths a t  energies o f  4 keV 

Auger ana lys is  o f  o ther  samples done by W. Gordon and R. Hoffman o f  Case 
Western Reserve Un ive rs i t y  and communicated t o  us before p u b l i c a t i o n  has con- 
f i rmed these r e s u l t s  f o r  the case of oxygen bombardment (severe loss  o f  
carbon) bu t  was q u i t e  va r iab le  f o r  argon-bombardment. 
t h a t  f o r  the  oxygen bombarded samples the  surface has su f fe red  a severe carbon 
loss,  wh i l e  f o r  t he  argon-bombarded samples the  s i t u a t i o n  i s  more compli- 
cated. For the  argon-bombardment case, composltion changes may be due t o  
s e l e c t i v e  spu t te r i ng  ( r e f .  6 ) .  whi le f o r  oxygen bombardment beam dece lera t ion  
may have made spu t te r i ng  u n l i k e l y .  Since chemical i n t e r a c t i o n  i s  i nd i ca ted  a t  
any r a t e  as the  source o f  surface damage i n  the  oxygen case, t h e  major 
chemical change appears t o  be ox ida t ion  o f  carbon on the  surface, which then 
evolves as gaseous carbon monoxide o r  d iox ide,  leav ing  a carbon depleted sur- 
face. 
carbon coatings i n  LEO ( r e f .  3). 

I t  may be concluded 

This hypothesis i s  cons is tent  w i t h  the  reported rap id  l oss  o f  pure 

The surface o f  the  oxygen bombarded samples became q u l t e  s o f t  ( e a s i l y  
scratched) w i t h  abraded sections los ing  t h e i r  m i l ky  translucence and becoming 
ye l l ow  and transparent, much l i k e  the p r i s t i n e  samples. No v i s i b l e  amount o f  
m a t e r i a l  was l e f t  on the  scratch ing implement, imply ing t h a t  t h e  change o f  
o p t i c a l  p roper t ies  was i n d i c a t i v e  only o f  a change i n  surface s t ruc tu re .  

The ind ices  o f  r e f r a c t i o n  o f  the samples were measured us ing e l l i p -  
sometry. The e l l ipsometer  used a He-Ne lase r  o f  wavelength 6328 CI and had a 
r e s o l u t i o n  o f  -0.1" I n  p o l a r i z e r  and analyzer angle. Despite some d i f f i c u l t y  
i n  keeping the  samples f l a t ,  repeatable measurements were obtained, w i th  the  
f o l l o w i n g  resu l t s :  wh i l e  the  p r i s t i n e  samples were very s i m i l a r  i n  o p t i c a l  
p roper t i es  t o  the  aluminum backing on the  p r i s t i n e  sample (which proved t o  be 
coated by a t h i n  f i l m  i t s e l f )  the  Ion bombarded samples were s i g n i f i c a n t l y  
d i f f e r e n t .  The r e a l  and imaginary par ts  o f  t he  index o f  r e f r a c t i o n  a re  g iven 
i n  Table 111. 

The v a r i a t i o n  w i t h  p o s i t i o n  on the  argon-bombarded sample can be ascr ibed 
t o  va r ia t i ons  i n  the  amount of sputtered molybdenum on the  surface a t  d i f f e r -  
en t  po in ts ,  p o s i t i o n  2 c l o s e l y  resembling the  apparent o p t i c a l  p roper t ies  o f  
t he  p r i s t i n e  sample. 
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Although the  samples were aluminum backed, the  surfaces o f  the  oxygen 
bombarded samples, and i n  p a r t i c u l a r  o f  sample 2, were q u i t e  opaque, and t h e  
o p t i c a l  measurements were thus probably no t  heav i l y  in f luenced by the aluminum 
backing. These values are probably not  i n t r i n s i c  t o  ox id ized Kapton i t s e l f ,  
bu t  a re  i n d i c a t i v e  o f  t he  values as changed by the  surface s t ruc tu re ,  as d i s -  
cussed by Fenstermaker and McCrackin ( r e f .  8) .  

A t  t he  laser  wavelength (6328 A )  and 70' angle o f  incidence used, there  
was no apparent specular r e f l e c t i o n  observed f o r  sample 2. The observed 
change i n  re f lec tance o f  t he  oxidized Kapton may be due t o  the  pecu l i a r  sur- 
face s t r u c t u r e  seen i n  the  SEM photos, which when d is turbed by scratch ing the  
surface, rever ts  t o  the  o p t i c a l  proper t ies o f  smooth Kapton. 

An attempt t o  c a l i b r a t e  the beam i n t e n s i t y  by the  changed o p t i c a l  proper- 
t i e s  o f  argon-bombarded samples, as described i n  M l r t i c h  and Sovey ( r e f .  9) ,  
f a i l e d  because o f  t he  t h i n  sputtered molybdenum f i l m  deposited i n  the  present 
experiment. 

Mass loss from the  Kapton f i l m s  was evident from the  complete loss o f  
ma te r ia l  i n  the  beam center i n  one t r i a l .  An estimate, from the  depth o f  
ma te r ia l  removed and the  measured beam f luxes,  of t he  mass loss r a t e  from two 
o f  our t r i a l s  i s  g iven I n  Table I V .  The apparent mass loss rates seem much 
h igher  than those (-3.72~10'24 g/O atom) seen i n  Shu t t l e  experiments 
( r e f .  10). 
oxygen atoms and molecules i n  the  tank, which had a much greater  f l u x  against  
t h e  sample than d i d  the  i o n  beam. The absence o f  react ions outs ide o f  t h e  
beam area can be explained I f  the  a c t i v a t i o n  energy f o r  the  react ions i s  
suppl ied only  by the  energet ic ions I n  the  beam. I n  Table V a re  given calcu- 
l a t e d  reac t ion  rates per thermal c o l l i s i o n  i n  the  tank, assuming the  i d e a l  gas 
law and pure oxygen a t  the  tank pressure. 
those found on the  Shut t le ,  and lend f u r t h e r  credence t o  the  hypothesis t h a t  
t he  reac t i on  seen i n  the  l a b  i s  t he  same as t h a t  occurr ing i n  o r b i t .  

It i s  poss ib le  t h a t  t h i s  may be due t o  react ions w i t h  thermal 

These ra tes  are  consis tent  wi th  

SUMMARY AND INTERPRETATION OF RESULTS 

The fo l l ow ing  aspects o f  the  Shut t le  returned samples were reproduced i n  
the  Lewis i o n  beam experiments: 

(1)  Visual appearance 

( 2 )  SEM surface s t ruc tu re  

(3) Change from specular t o  d i f f u s e  r e f l e c t i o n  

( 4 )  D i  r e c t i o n a l i  t y  ( ram dependence) 

I n  add i t ion ,  the  mass loss i s  consistent w i t h  ra tes  seen i n  o r b i t  i f  ambient 
thermal gas i n  the  experiment could share i n  the  a c t i v a t i o n  energy suppl ied by 
the  beam. 
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The fo l l ow ing  f ind ings were new t o  t h i s  experiment, and suggest f u r t h e r  
t e s t s  on the  Shu t t l e  samples: 

(1) Reduced scratch res is tance o f  surface 

(2) Loss o f  carbon from surfaces 

(3)  Enhanced surface conduct iv i t y  

(4 )  Confirmation t h a t  chemistry i s  involved i n  surface s t r u c t u r e  changes 

The s t ruc tu res  seen on Ot bombarded Kapton surfaces seem t o  be respon- 
s i b l e  f o r  t he  change i n  specular r e f l e c t i v i t y .  I n  add i t ion ,  t he  loss  o f  
carbon suggests tha t  t he  surface s t ruc tu re  seen m y  be piodiiced by oxygen 
p r e f e r e n t i a l l y  a t tack ing  c e r t a i n  bonds i n  the  palymer. The bonds which a re  
probably at tacked most r e a d i l y  are the C-N bond ( E  = 3.2 eV), t he  C-0 bond 
( E  = 3.7 eV), and the  C-C bond (E = 3.8 eV) ( r e f .  ll), a l l  w i t h  energies below 
the  apparent Impact energy o f  atomic oxygen i n  LEO. Breaking o f  t h e  C-N and 
C-0 bonds breaks the  polymer chain, weakening the  mater ia l  and a l l ow ing  
penet ra t ion  o f  succeeding 0 atoms deeper i n t o  the  p l a s t i c .  
succeeding breaks o f  the  C-C bonds can a l l ow  ox lda t ion  o f  t he  dangl ing carbon, 
lead ing  t o  a v o l a t i l e  product and mass loss.  

Furthermore, 

CONCLUSIONS 

It i s  encouraging t h a t  t h i s  stmulat ion o f  LEO condi t ions us ing O+ i o n  
beams has succeeded i n  q u a l i t a t i v e l y  reproducing a l l  o f  t he  observed charac- 
t e r i s t i c s  o f  t he  i n t e r a c t i o n  o f  Kapton w i t h  the  ear th 's  atmosphere I n  Space 
S h u t t l e  f l i g h t s .  
l n g  o r  reac t i on  w i t h  other species, s ince s imulat ion w i t h  O+ was successful, 
and h igh  energy impact by an i n e r t  gas d i d  no t  produce the  observed charac- 
t e r i s t i c s  o f  samples returned from o r b i t .  It may be poss ib le  t o  t e s t  a 
v a r i e t y  o f  mater ia ls  f o r  r e a c t i v i t y  and q u a n t i t a t i v e  mass loss ra tes using 
0' i o n  beams i n  the  laboratory .  

Oxidat ion i s  undoubtedly responsible, as opposed t o  sput ter -  

Regardless o f  t he  spec i f i c  chemical reac t ion  involved, It has already 
been found t h a t  other mater ia ls  a re  min imal ly  reac t i ve  o r  nonreact ive ( r e f .  
8). It may be poss ib le  t o  r e t a i n  the des i rab le  cha rac te r i s t i cs  ( r a d t a t i o n  
resistance, e l e c t r i c a l  resistance, strength, f l e x i b i l i t y ,  and h lgh  temperature 
s t a b i l i t y )  o f  Kapton f o r  use as a substrate by coat ing I t w i t h  less  reac t i ve  
f i l m s .  Oxygen i o n  beam bombardment I s  a feas ib le  method o f  t e s t i n g  such new 
mate r ia l s  before using them i n  space. Much work remains t o  be done a t  Lewis 
and elsewhere i n  t e s t i n g  mater ia ls  and understanding the  react ions which take 
place. 
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TABLE 11. - PERCENTAGE BY WEIGHT OF 

ELEMENTS C, N, AND 0 

[Assumes 3 percent  meta ls ,  normal ized 

(a )  Argon bombardment ( E  = 1 .6x10-16 J o r  1000 eV) 

t o  C t N t O  = lOO.O.] 

e- Energy 

1.6~10-l~ J (1.0 keV) 

6.4~10-l~ J (4.0 keV) 

2.4xlO-ls J (15.0 keV) 

Element ut.% 

58.1 
8.5 
33.4 

66.9 
6.5 
26.5 

72.8 
6.6 
20.6 

Pure Kapton, 
w t  .% 

71.1 
7.2 
21.6 

71.1 
1 . 2  
21.6 

71.1 
7.2 
21 -6 

(b)  Oxygen bombardment ( =  < 4.8~1 0-1 J o r  30 eV) 

e- Energy 

1.6~10-l~ J (1.0 keV) 

6.4xlO-lc J (4.0 keV) 

2.4xlO-ls J (15.0 keV) 

Element ut.% 

61.2 
7 .O 
31.8 

70.4 
7.1 
22.4 

66.8 
8.6 
24.6 

Pure Kapton, 
ut.% 

~ 

71.1 
7.2 
21.6 

71.1 
7.2 
21.6 

71.1 
1.2 
21.6 



TABLE 111. - COMPLEX INDICES OF 
REFRACTION FROM ELLIPSOMETRY 

11/24/82 

12/09/82 

~ ~~ I I o n  I Sample I n ( r e a l )  I K ( imag inary )  

0' 1 . 3 ~ 1 0 ~ ~  > 2 . 8 ~ 1 0 - ~ ~  T o t a l  l o s s  o f  1 m i l  l a y e r  

0' 2 . 4 ~ 1  O1 25x1 0-22 SEM photos 

Sample 2 
Sample 1 
P o s i t i o n  1 
Sample 1 
P o s i t i o n  2 

P r i s t i n e  

1.16 
2.72 

2.420.4 

1.020.3 
0.5fO. 2 

-0.22* 
-0.34 

-0.820.6 

'2.220.1 
'1.920.1 

~~ 

*E r ro rs  f o r  t h e  oxygen bombarded samples 
a r e  <0.1 i n  both p a r t s  o f  t h e  index  o f  
r e f r a c t i o n .  

TABLE I V .  - D E R I V E D  RATES OF REACTION ASSUMING 

ONLY ION BEAM REACTION 

Date Method 

TABLE V. - DERIVE0 RATES OF 

REACTION ASSUMING AMBIENT 

OXYGEN REACTION I Date I Thermal I ( g / c o l l i s i o n )  I 
f luence 

11 /24/82 -1.9x10 >2x1 o - ~ ~  1 12/09/82 I -9.4~10" 1 21 x l  0-25 I 



TUNING 
PISTON 

Figure 1. - The experimental setup. 



(a) Lewis Research Center 0' beam exposure. (b) STS-2 orbital exposure. 

Figure 2 - Surface structure of exposed samples. SEM magnification 10,ooOX. 
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