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I. INTRODUCTION

Utilization of silvered teflon films on spacecraft has led to

considerable interest in property changes that occur upon exposure of

these  mater ia ls  to the space environment. This in teres t  has stimulated

a number of laboratory studies on exposure of these polymers  to simulated

space environments.  Results from these exposures have often produced
misleading or contradictory results for a variety of reasons.  Well known
examples include the severe degradation of mechanical propert ies

demonstrated in ear l ie r  studies and subsequently shown to be due to
oxygen effects , 1 , 2 and bleaching of r adiat ion induced coloration that

occurred  on exposure of vacuum i r rad ia ted  samples to air .

In this document chemical changes that occur on exposure of

f luorocarbon polymers to various s imulated elements of the space

environment a re  reviewed. The effects of ionizing and ultraviol e t/v is ib le

radiat ion as well as temperature and dose rate a r e  considered.  Although

a great  deal of l i te ra ture  exists on exposure of these mater ia ls  to radiat ion

in oxygen or air , these results a re  not general ly of interest  in this review

and , except for  a few areas , are  not considered fur ther .  Unless otherwise
noted , results discussed here  are  for polymers exposed to simulated

environments in vacuum or inert  gases , or for experiments in which

exposures to air or oxygen were unimportant.

The FEP (fluorinated ethylene-propylene) polymers are  of primary

interest  for space applications. However, most of the exist ing work has

been car r ied  out on TFE (tetrafluoroeth ylene) polymers.  Where data exists ,

relevant work on FEP is reviewed. In other cases , TFE results a re

discussed and anticipated di f ferences  between FEP and TFE noted, in

the following sections, chemical , charging, and structural changes observed

upon exposure of fluorocarbon polymers to various environments a re  reviewed.

The discussions consider event s taking place on a molecular or micro scale

and the impact the events have on macroscopic properties.  The report then

goes on to discuss the implication of these results with respect to recent

-5-
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C

space s imulation exposure tests , ‘~~ ~ application of existing data to space-
craft  problems , and the conduct of future experiments on space simulated
test ing of f luorocarbon polymer containing materials.
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II. FLUOROCARBON POLYMER CHANGES ON EXPOSURE TO
VARIOUS LABORATORY ENVIRONMENTS

A. Chemical Changes

1. Room Temperature Effects

In this section, chemical changes induced by exposure of these
materials to selected environments are considered. These include the

rupture of chemical bonds leading to the formation of free radicals (molecular

fragments containing unpaired electrons) or unsaturated species (molecules
possessing double bonds). Ionization and charge trapping phenomena are
considered below (Section II. B.).

Chemical bond rupture can occur at either C-C bonds (chain

sciss ion) or C-F bonds leading to the formation of f r ee  radicals.  Chain
scission generally leads to degradation of mechanical propert ies such as
tensile strength and elasticity 1~~2. Subsequent reactions between free

radicals can lead to cross-linking in the polymers and increases in ultimate

tens ile strength and embrittlement. 1,2 Net changes in polymer properties

will depend upon the relative importance of these processes. Additionally,
the formation of unsaturated species can cause yellowing of the polymers.

Similar to the case of TFE (for excellent reviews , see Refs.  6 and 7;
additional results, some of which are discussed in Refs.  6 and 7 may be
found in Refs.  8 - 15), exposure of FEP to ionizing radiation at roon~ temp-
erature led to the formation of f r ee  radicals resulting from C-C and C-F
bond ruptures 6, 7, 16 , 17 and having the s tructures -CF2’ and -CF2 CFCF2 .
[Actuall y, the original  work 16 , 17 indicated the former  radical was -CF 2 Q•
not -CF2.; however , work car r ied  out at Aerospace 18 and elsewhere 19

demonstrated that this was based on a mis interpreta t ion of the experimental
results and the former  radical  was , indeed , -CF 2.]. In addition , a thi rd
radical was observed in FEP, whose concentration increa s ed si gnificantly
with the fluorinated propy lene content of the polymer. This species was

- 7-
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identified as -CF2 C(CF 3)CF 2 ,  16,17 as had earlier been suggested. 20

In the presence of oxygen (air), these species readily react  to form peroxy

radicals. 6, 7, 21- 35

Examination of the experimental data indicated that , at low doses

(
~

- 10 Mrads), the total free radical yield for a given dose was an order of

magnitude higher in FEP than TFE. 16, 20, 36 However , with increasing

dose, the free radical yields in FEP leveled off while those in TFE continued

to increase. 26 In addition, radicals resulting f rom C-F rupture in both

polymers were more than an order of magnitude more abundant than those

resulting from C-C bond rupture. 6,7, 16, 17 This was somewhat surprising ,

in view of the higher strength of the C-F bond relative to that of the C-C bond

(> 100 kcal/mole versus ~...,8O kcal/mole, respectively 37 ).

This result was attributed to cage effects.  6, 7, 18, 19 That is, C-C

bond rupture does occur with a hi gher f requency than indicated by experimental

results.  However , this leads to the production of two hig h molecular wei ght

f ree  radicals t~ at a re  unable to diffuse apart in the viscou s polymers.

Consequently, there  is a hig h probability for  geminate recoinbination of

the two fragments.  In contrast , the smaller fluorine atoms , produced by

C-F bond ruptures , can readil y d i f fuse  throug h the polymers and combine

with other diffusing fluorine atoms, thus stablizing the hig her molecular

wei ght f ragments .

Decreases  in f r ee  radical yields from TFE and other polymers

i r rad ia ted  at hig h pressures  (up to 10 kbar) ,  where  cage effects  would be

expected to inc rease, are  consistent with this interpretation. 38 So also

are results from irradiations carried out in the presence of molecular

chlorine. 39 In the latter experiments, irradiation damage to TFE, as

measured by deterioration of mechanical  properties , was more severe

when chlorine was present, relative to vacuum irradiation.  In the presence

of chlorine , f r ee  radical pa i rs  formed b y i r radia t ion can react with the

-8-



I 
- molecular  ch lor ine  to form species that would preclude radical recombina-

tion, thus y ie ld ing  g r e a t e r  net polymer degradation.  Additionall y, at low
temperatures, one might expect the fragments  f rom C-C bond sc i ss ion
to be f r o z e n  in and not recombine until the polymer is warmed somewhat
to a point where  molecular motions can faci l i ta te  recombination. Effects
of this  type have been observed for other pol ym ers ir radiat ed at li quid
ni t rogen  temperatures.  40

The radica ls  de sc r ibed  above appear to be generall y stable to ultra-
violet li ght exposures , in contras t  to their oxygenated counterpar ts.  6 , 7, 18 , 30

One exception to this is the low temperature revers ib le  photoisomerization
of the -CF 2 C(CF 3)CF 2 - radical in FEP to form -CF 2 CF(CF2 )CF 2

-. 7, 17

This i somer iza t ion  would probabl y have little impact on macroscopic

propert ies  of the pol ymer .

A t ransformat ion that could impact macroscop ic phys ica l  proper t ies
is that of -CF 2. radicals  into -CF2 CFCF2

- upon exposure to 1.7 Mev
electrons as suggested by Hedvi g. 41 [Work car r ied  out at Aerospace 42

and elsew h er e ~~ has demonstrated that oxygenated f r e e  radicals a re

extremely radiation sensi t ive. } However , the experimental results

presented in Ref.  41 appear to be inconsistent  with this interpretat ion.
.

Although the -CF 2 CFCF2 - concentration did increase  durtng the electron

exposure , so also did the -CF2. and total radical yields . The complexity
of the experiment and insuff ic ient  d etail g iven do not permit an alternative
explanation to be put forth.

Several studies have indicated the formation of unsaturated species

in TFE pol ymers  on exposure to ionizing radiation as inferred by inf rared
and ESR (electron spin resonance) spectroscopic invest igat ions ~~~~~
(work in the latter re fe rence  was ca r r i ed  out at sub-ambient temperatures);

although an additional study indicated negative results.  48 The ESR

studies 46, 47 suggest the formation of fluorinated all ylic f r ee  radicals of

the type -CF2 CF=CFCFCF2
-. The posi t ive inf rared  results could be due

to these or other unsaturated polymer fragments. They could also be due to

-9-
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occluded gases since several  studies have indicated the formation of low

molecular weig ht unsatura ted fluoroca rbons in both TFE and FEP upon

ir radiation. 20 , 49 The lat ter  results , along with the s imi la r i ty  in s t ructures

between FEP and TFE , sugges t  that unsaturated species  could also be

produced in i r rad ia ted  FEP pol ymers.

Several studies have examined the effects  of ultraviolet  radiat ion

( 185 to 369 nm) and f luorocarbon polymers .  50-54 Decreases  in t ens i le

s t rength  and ul t imate elongation were observed for  TFE pol ymers exposed ,

at temperatures  of -70-600 °F, to ul t raviolet  radiat ion in vacuum or n i t rogen ,

suggest ing the occurrance  of chain scission. Similar exposures of FEP

fi lms ~~ y ielded property changes suggestive of chain sc i ss ion  processes  at

ambient or sli ghtl y hi gher temperatures, and c ross linking above ~~175 °F.

2. Low T emperature Effects

Onl y one study has been ca r r i ed  out on FEP i r rad ia ted  at low

temperatu r.e (li quid n i t rogen  tempera ture  17 ). In that stud y, the authors

concluded that -CF 2 C(CF 3 )CF 2
- was the p r imary  radical  formed. They

also su ggested the convers ion of this  radical  into -CF 2 CF(CF 2)CF 2 upon

expos u r e  to UV li ght , as desc r ibed  ear l ie r .  7, 17 No inf orma t ion on radica l

y i e l d s  was  g iven.

T h r e e  d i f f e ren t  s tudies  were  c a r r i e d  out on i r rad ia ted  TFE at li quid

helium a n d / o r  li quid n i t rogen  temperatures .  19, 47 , 55 Th e result s and

i n t e r p r e t a t i o n s  of the results  f rom these  experiments were  quite d i f f e r e n t .

The observed ESR spectra  we r e  a t t r ibuted predominantly to trapped ch rages ,

all yl ic  type f r e e  rad ica l s , and -CF 2 .radica ls ~~ in addi tion to species

observed at room tempera tu re .  In the fo rmer  study 19 u l t r av io l e t / v i s ib l e

photoinduced changes  w e r e  observed at li quid ni t rogen tempera ture.

D i s c r e p a n c i e s  in the l imited results presented  precludes a more de f in i t ive

iden t i f i c a t i o n .  However , for purposes of the pr esent  e x e r c i s e , most of

the added species  present  at low t empera tu re  disappea r on warming  to

-110 °F and the remain ing  radicals  a r e  s imi la r  to those observed at room

tempera ture .  19, 56

-10-
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3. Hig h Tempera ture  Effects

Examination of the literature indicates that free radicals are

stable in both i r r a d i a t e d  TFE 55’ 56 and FEP 16 pol ymers  f rom room
tempera ture  up to 1ZO - 200 °F. Work c a r r i e d  out at Aerospace 36

ind ica ted increases  in f r ee  radica l  y ields wi t h i nc reas ing  tempera tures
dur ing  i r rad ia t ion  over th i s  range  and sli ghtl y hig her  (

~ 
2 50 °F). The

lat ter  resul ts , obtained for  TFE samp les ir radiated in air , we re at tr ibuted
to increased mobi l ity in the pol yrn cr , permi t t ing  f r ee  radica l  f r agmen t s
to d i f fuse  away f rom one another  before  recombining.  This suggests  that
m ec han ical pro p e r t i e s  would degrade more at hig her radia t ion temperatures
over this  range , a sugges t ion  supported by exper imental  results . 39

Above these  t empera tu res  radicals  decay,  ~~~ 41 , 55 57 presumably
due to recombination of f ragments  formed during chain s c i s s i o n , as wel l
as to cross  l i nk ing .  This would tend to lead to more or less degradat ion
of mechanical  p roper t i e s  than that observed at lower , above-ambient
temperatures, the actual effects  depending upon the re la t ive  importance of
geninate recombination and c ro s s - l i nk ing .  For FEP, th e co rss over po int
occurs  at -.., 175 °F. 54 , 58 Of course , ultimately, at suff ic ient ly hi gh
te mpera tu re s, the combination of thermal  and rad ia t ion  effects , 49 , 59 65

or heat alone 66 ’6
~ can lead to severe  pol ymer degradat ion.

4. Other Degradat ion Studies

In addi t ion to pol ymer damag e induced by exposure to var ious
elements of s imulated space radia t ion  environments, s eve ral addit ional

modes of damage have been investi gated. These include damage induced by
exposure of the fluorocarbon polymers to glow d i s cha rges  27 , 68 and
lasers .  69

— i i —
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B. Charging

There is ample evidence in the literature for charge generation
and stabilization in both FEP and TFE polymers on exposure to ionizing

radiation. Much of this interest has been stimulated because of the

potential use of teflon electrets in condenser microphones , electrostatic
recorders and other commercial devices , 2,70-78 Additional evidence

for charge generation and trapping comes from thermoluminescence, 7 9 8 1

photo- 82-86 and radiat ion-  87 induced conductivity,  and ESR 19 , 57 , 77

studies. References  cited here  includ e work ca r r i ed  out on FEP and/or
TFE in vacuum and /o r  a i r .

Charge s tabi l izat ion occurs from li quid helium 80 and li quid
ni t rogen 19 , 78 , 79 , 81 temperatures up to >350 °F. 71-76 Examination of
thermoluminescence 79-8 1 data indicates considerable structure in the
luminescence or conduction versus temperature curves , suggest ing multiple
trapp ing sites. Although charges produced at low temperatures decay
rapidly on warming to room temperature, 19, 78-81 those produced at
ambient temperatures are stable for periods of weeks to years  at those
temperatures. 71 ,72 ,75,89, 90 Trap depths range from .... 0.1 to

>2eV. 57, 70, 74, 78, 80, 81 The presence of gases, even inert gases,

during radiation was shown to be important. 79 Only one paper com m ents

on sample coloration and bleaching; 80 however, such effects would be
expected on the basis of the t rap depths.

The identif icat ion of trapping sites in these polymers  is not well
de fined.  However , it has been suggested that the shallower t raps (~c 1eV)
occur in the crystal l ine, amor phous , and in te r fac ial  regions of the
pol ymers , 77 , 79, 80 ,91 while the deeper traps (> 1eV) may be associated
with electron attachment to -CF2

.and -CF 2 CFCF2 radicals as well as
unsaturated s t ructures .  19 , 78 , 81

- 12-
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C. Structural  Effec ts

Virtual l y all of the work ca r r i ed  out on s t ruc tura l  studies of these
polymers  has been done on TFE materials .  A wide var ie ty  of techni ques
have been applied to such studies of uni r radia ted  TFE including in f ra red  92-96

and Raman 97- ’°2 spectroscopy,  x -r a y  di f f rac t ion , 103- 105 nuclear magnetic
resonan ce , 106-112 electron microscopy, 113 , 114 as well  as measurements
of specif ic  volume 3’ 115 , 116 and mechanical propert ies .  117-122 Theoretical
calculations have also been ca r r i ed  out. 123 , 124 Only four such studies ~~~~ 125~ 127

have been found on FEP, one of which deals with surface charac ter iza t ion  of
etched pol ymers.  127 Consequently, radiation induced changes in TFE
mater ia ls  wi l l  be discussed , followed by comments on FEP pol ymers .
Addit ional  studies on propert ies  of unir  radiated f luorocarbon pol y me r s ca n be

found in Refs .  128- 144 .

The TFE pol ymers  contain vary ing  degrees  of amorphous and crys ta l l ine

reg ion s , depending upon the i r  manner  of preparat ion, that exhibit  phase
t r ans i t i ons  associated with d i f fe ren t  molecular motions at ...,, -143, 66 , 86 , 260 ,
and 620 °F (Refs .  118, 145, 146 , and re fe rences  the re in ) .  Upon i r r ad i a t ion ,
chemical changes produce changes in the amorphous and crystalline structures

of the polymers that directly affect macroscopic properties.  For example,
a number of studies have demonstrated increases in c rys ta l l in i ty  upon exposure
to ionizing radiat ion (doses up to 100 Mrads)  in vacuum, as infer red  by results

from exper iments  ut i l iz ing a number of d i f fe ren t  analytical techniques.  147-154

( T h e  la t ter  resul ts  a re  for  samp les i r radiated in vacuum and measured in a i r ;
increases w e r e  also observed for samples i r radia ted and measured in
air. 3,146,154 , 155 .16 1 ) These increases are generally accompanied by a
lowering of the transition temperatures  noted above. 3, 146 , 148 , 152 , 160 , 161

Forma t ion  of -CF3 groups has also been observed in i r radia ted  TFE. 151 , 152

At hi gher  doses (.~300 Mrads) ,  decreases  in appa r ent crystaU inity were observed,

obse rved , 3, 148 , 157 , 160 as wet! as embrittlement and cracking. 3,147,149, 151, 160

— 1 3—



Additionall y, pos t - i r rad ia t ion  heat treatments led to fur ther  increases

in crys tal lin i ty .  3, 148 , 151 , 155 , 157 , 159 , 160

These various observations have been in terpre ted  in terms of

radiat ion induced changes on a molecular scale. Increased crys ta ll in i ty

at low doses is generally attributed to chain scission in the amorphous

reg ions of the pol ymer. 146 , 149 , 153 An additional p iece of eviden ce

supporting this conclusion is that low crystall ini ty TFE is more affected

by i r rad ia t ion  than hi ghly crystal l ine materials.  149 Becaus e of cage

ef fec t s  and the more r ig id s tructure in the crys ta l l ine  regions , chain

sc i ss ion  in these reg ions is thought to be followed by geminate recombination,

possibly with some disorder ing.  144, 148 , 157 Chain scission in the

amorphous regions is thought to permit disentanglement and reorder ing

of the polymer chains in those reg ions into a more ordered , preferred

st ructure .  146 , 148 , 153 , 155-157 , 160 These event s would be accompanied

by some reduction in molecular weig ht 148 , 149, 155 , 160 and , in vi ew of the

ESR results  described above , some recombination of chain ends . Cross-

l inking could also occur (e. g . ,  reactions of -CF2 CFCF2 with simila r f ree

radicals or with -CF 2.), as has been suggested. 146, 149, 156 Post-

i r rad ia t ion  heating could facilitate chain rearrangements  and /or  c ross-

l inking because of increased molecular motions at the hig her temperatures,

promoting fur ther  increases  in crystall ini ty as have been noted. 153

At hig her  doses , percentage changes in the amorphous regions become

smaller and d isorder ing  in the crystal l ine regions , because of radiation

induced defects and gas occlusion beg in to dominate, leading to reductions

in crys ta l l in i ty.  146 , 148 , 157 Integration of these effec ts  and those noted

in the preceeding paragraph contributes to a more ri gid s t ruc ture  and

embrittlement of the pol ymer at hig h doses. 149, 155 Formation of -CF3
groups can also contribute. 152 At lower doses , gases generated by polymer

irradiat ion may migrate  to incipient or radiation induced voids in the material.

However , chain scission is still rather minimal, and the polymer can

accommodate the occluded gases. With hig her doses , the internal pressures

build up, possibl y as hig h as 300-400 atm 3. This , coupled with weakening

- 14-
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of the polymer s t ruc tu re  throug h chain scission processes , can lead to
cracking as the occluded gases force their way to the surface. 3, 155 , 157 , 160

The properties of unir radia ted FEP are somewhat similar to those

L 
of TFE in that various types of phase t ransi t ions are  observed, but at
d i f ferent  temperatures.  54, 125 One stud y indicated that nuclea r magnetic
resonance absorption versus temperature curves , associated with a low
temperature (P... -40 °F) transi t ion were  unaffected by irradiation of FEP. 126
Little is known about the overall effects of radiation on crystal l ini ty,  although
experimental evidence suggests chain sciss ion, such as occurs in TFE , also
occurs  in FEP, 16 , 17, 54 and mi ght be expected to have similar effects .
Cross- l inking appears to be quite important in FEP, 20 , 39 especiall y at
temperatures above 180°F, ~4 and would be expected to lead to more rigid
structures and embrittlement. One stud y suggested cross- l inking in the
irradiated pol ymer could be increased by heating or mechanical s tress.
Gas evolution in i rradiated FEP, 20 , 49 especially at high doses , might be
expected to lead to cracking as is observed in TFE. 3, 1j5 5, 157 , 160

D. Mechanical Ef f e c t s

The effects of mechanical stress on fluorocarbon pol ymers  is con-
sidered here. These effects will be important in the mechanical testing
of such materials exposed to simulated space environments. As in the
case of structural studies, v i rtually all of this work has been carr ied out
on TFE polymers.  However , many of the considerations presented here
would also apply to FEP materials.

A number of studies on TFE , 162 , 163 and other , non-fluorocarbon
pol ymers, 164-170 have demonstrated the production of f ree  radicals upon
mechanical  s t ress  of these materials. For TFE, 162 , 163 unlike the case
of i r radiat ion, f ree  radicals resulting from chain scission (-CF2 .) are  the
dominant species formed upon mechanical f r a c t u r e  of TFE. These scissions
a re  thought to occur at hig h s t ress  points in tie molecules, i. e., polymer
chain molecules t ravers ing  the amorphou s reg ions of the polymer and
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anchored at both ends in two different  crystall ine regions. 163 , 171- 174

Ocluded gases might be important with respect to increasing s t resses  in

these regions.

As has been suggested in the case of irradiated pol ymers  subjected

to ionizing radiation, ~~ cross- l inking due to reactions of f r ee  radicals

formed by mechanical f r ac tu re  might also be expected. These , of course ,

could also interact with f ree  radicals produced by irradiat ion of the polymers.

Changes in f r ee  radical concentrations and crystall ini ty with i r radia t ion and

thermal cycling (Sections II. A. and II. C.)  would also be expected to influence

results from mechanical tests. So also would the effects of the test temp-

erature, due to f ree  radical changes as well as phase changes in the pol ymer.

E. Dose Rate Effects

Onl y a limited number of studies have investigated dose rate effects

in fluorocarbon pol ymers.  Electret related studies have indicated that con-

ductivity during pul s ed radiation 83 and thermally stimulated post-irradiation

currents  76 a re  independent of dos e rate , although conductivi ty measured

during continuous irradiat ion may exhibit a sli ght dose rate dependence. 175

However , these studies were  carr ied out in air , generall y at low dose rates

(~-l Mrad /h r ).  Additional studies car ried  out on TFE in air  exhibited

dis t inct  dose rate effects on dielectric properties 176 and f r e e  radical

concentrations, 177 which are  probabl y due to the extreme radiation

sensi t ivi ty  of peroxide radicals formed by reaction of -CF2 CFCF2 with

oxygen. 42 , 43

The most relevant studies of interest  here concern increased degra-

dation and s tructural  changes observed as a function of dose rate. Degrada-

tion of TFE in a helium atmosphere , as measured by evolution of gaseou s

products , was found to increase  as the square root of the dose rate

(0. 1 -7. 6 M r a d s / hr ) ,  in experiments conducted at 625-840°F. 49

-16-
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Anal ys i s  of results  f rom nuclea r magnetic resonance experiments
conducted on TFE at dose rates of 0. 1 - 1.4 Mrad/h r  and temperatures
of -100 to 620 °F were  interpreted in terms of dose ra te/ tempera ture
ef fec t s  on pol ymer s t ructures .  153 Thu s, for i r radiat ions car r ied  out
at hi gh temperature  with subsequent cooling to room temperature after
irradiati on, it was suggested that chain scission leading to crystallination
(see Section II. C . )  could occur at low dose rates where  molecules had
ample time to reor ient  during i r radiat ion before cooling to room temp-
era ture. For samples i r rad ia ted  at hig her dose rates , at the same
temperature and to the same total dose , the reorientation and crystalliza-
tion would not be as extensive. Conceivably, in the latter case, f ree
radicals that did not reorient could undergo germinate recombination,
result ing in a lessor net amount of chain scission.

~
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III. DISCUSSION OF SPACE SIMULATION TEST RESULTS

In a recent series of tests , 4, ~ the properties of metalized FEP
films were examined af ter  exposure to simulated space radiat ion environ-
ments. Applicable condit ions in these tests a re  summarized in Table I.
Test A (Table r) was a short- term high exposure level , screening type of
exposure, while  tests B, C and D were  long term , low expos u re level
experiments. Test results for changes in tensile s trength and elongation
are  summarized in Table II. (For changes in optical propert ies for  these
mater ia ls, as well as test results for other materials , see Refs . 4, 5.. )

Comparison of the results for tests  A and B (Table II) indicates more
substantiated degradation of mechanical properties in the long-term, low
exposure level tests.  Major d i f fe rences  between these two tests , a side
from the greater  acceleration rate for test A, were  the greater  integrated
near UV flux and hi gher sample temperatures in test B relative to test A.
The h igher  temperature in test B could lead to slightly higher f ree  radical
yields (Section II.A. 3.). However, subsequent geminate recombination
and especiall y cros sl inking would also be expected to be greater  in test B,
both due to the hig her sample temperatures and the longer per iod of time
samples were  maintained at those temperatures (Section II.A. 3 . ) .  Although
geminate recombination would lead to restoration of mechanical properties ,
cros slinking would y ield a more r igid s t ructure with attendant changes in
mechanical properties, e. g . ,  decreases  in ultimate elongation. As noted
earl ier  (Sections II. A. 1 and II. A. 3), crosslinking in FEP becomes par-
ticularly important at temperatures > 175°F. Additionall y the hig her
temperature and longer duration of test B suggest relaxation phenomena
such as discussed in Sections II. D. and II. E. could also be more important
for these samples relative to those in test A.

• —•~~ - .——
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Table I. Simulated Space Radiation Exposures of Metalized
FEP Filmsa : Test Conditions

Test A B C D

Reference  4 4 4 5

Equivalent Months of Electron b 
60 39 39 84

Irradiat ion in Synchronous Orbit

Test Duration 3 days 6.4 mos 6.4 mos 11 wks

Aver age  Electron Accelerat ion 600 6 6 3 .
Rate  C

Near UV Accelerat ion Rated nominal 1. 5 2 . 5  2

Sample Temperatures During Test (°F) 150 200 100

Mechanical Properties Tested~ in situ in situ ex situ in situ

a Z..mil FEP Type A Teflon plastic films coated with vacuum-deposited silver
overcoated with Inconel.

b
Simulated with 80 + 120 key electrons (A, B , C) or 125 + 350 key electrons (D).

C
Electron exposures were  periodic during the duration of the tests so that
instantaneous accelerat ion rates were  hi gher , especially for tests B and C
and , to a lesser  extent for test D.

d 0 18 - 0. 40gm. Approximately the same UV flux was used in test A as in
tests  B , C and D. However , integrated nea r UV exposure was considerably
less.

eSamp les maintained at 15 °F except that one day a week they were  temp-
erature  cycled to -60 to -100 * 10°F with a concomittant reduction in the
near UV accelerat ion rate to 0. lx .

~in situ samples tested in the test vacuum environment. Ex situ samples
tested in air  af ter  vacuum irradiation.
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Thus the pic ture  that emerges f rom considerat ion of thermal

effects  is that  there  was probabl y a greater  degree of net chain sc iss ion

in tes t  A samples , with inc reased  cross l inking and relaxation (crystal l iza-

t ion )  in test  B samples. Test results (Table II) indicate the latter effects

were  more important in producing degradat ion of mechanical  propert ies .

Of course , the test B samples experienced a grea te r  integrated

exposure to near  IJV. As noted ea rlier (Sections I1.A. 1 and II.A. 3), nea r

UV exposures can lead to chain scission at temperatures <~~~175 °F and

c ros sl i nking  at temperatures > _ . 175°F. (Evidence for d i rec t  UV photol y sis

of the f luorocarbon pol ymers  can be seen in the test D results in Table II ,

as well as Refs .  50-54).  These considera t ions  lead to s imi la r  conclusions

to those discussed in the preceding pa ragraph for s t r ic t ly  thermal  effects.

Several attempts were  made to determine the relative contribution

of thermal and near  UV effects to degradat ion of mechanical properties

noted in Table II. A simple three step mod el was der ived involving radiat ion

induced f r ee  radical  production, f r e e  radical recombination, and a thermally
induced f r e e  radical  t ransformat ion (chemical or physical  such as relaxation

of the f ree  radical  pol ymer molecule to a crysta l l ine  confi gurat ion) .  Crude

estimates of ra tes  for these various processes  could be obtained f rom the

l i te ra ture  cited in Section II. Results f rom the model calculations were

qualitativel y consistent with the data in Table II. Unfortunatel y, wi th in

the experimental  uncer ta in t ies  for the rates of the various processes ,

resul ts  from calculations wherein the thi rd  step was UV induced rather

than thermally induced , were  also consistent with the data . The l i tera ture

data do indicate that thermal effec ts  would be si gnif icant  in contributing to

the d i f f e r e n c e s  in resul t s  f rom test A and B. The role of UV exposures can

best be descr ibed  as small (e. g . ,  10%) to comparable to the thermal e f fec ts .

The lower temperature in test C relative to test B (100 °F versus

200 °F) would be expected to lead to sharply reduced geminate recombination

and cross l inking in test C samples as well as greater  net chain sciss:on

(Sections II .A. 1 and II.A. 3). Relaxation and reorientat ion of pol ymer
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segments  should be less. It would appea r then that chain sc iss ion  is the
dominant process  contributing to the results f rom test  C. Similar  to the
case of comparison of result s from tests A and B , the hig her UV flux used
in test  C, which  would also produce grea ter  chain sc i ss ion , does not pe rmi t
an accurate  determinat ion of the relat ive contributions of thermal and UV
effects  to the resul ts  in tests B and C.

The quantitative information f rom test D is very  limit ed , but

suggest ive  of even grea te r  degradat ion of proper t ies  than was experienced
in test  C. Since both the UV flux and integrated exposure were  less in

test D, the d i f fe rences  between the test C and D results appear to be due

pr imari ly to the lower tempera tures  in test  D, leading to the effects  descr ibed
in the preceding paragraph. (Note however , that the UV exposures are  likel y
to contribute to degradation in both tests C and D; only the d i f f e r ences  in the
results appea r to be explainable solel y on the basis  of thermal ef fec ts .

Althoug h the results in Table II appear to be exp lainable in ter ms

of temperatur e and UV effects , dose rate effects  cannot be ent irely ruled

out (see also Section II. E). In view of the available l i tera ture, it appears

that , except at very hig h dose rates (much grea ter  than those used in these

tes t s ) ,  these will  be small compared to thermal and UV effects .
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IV. CONCLUSIONS AND RECOMMENDATIONS

A. Application of Exist ing Data to Spacecraft  Problems

The inapplicabil i ty of data for  f luorocarbon pol ymers  obtained from
exper iments  conducted in the p resence  of oxygen (a i r )  to spacecraf t

prob lems has been d i scussed  b y a number of authors (Section Ii and
references  there in) .  One of the major conclusions result ing f rom a
revies~ of the l i t e ra tu re  is that thermal effects can play a very important
role in mater ia l  degradat ion  and must be cons idered  in any app l ica t ion of
exis ting data. Thus , for  example , above 17 5°F, radical rec ombination
and cros slink ing (Sections II. A. 1 and II. A. 3), as we ll as mechanical relaxa-

tion (Sections II. C and II . E) can be important in i rradiated FEP polymers ,
par t icular ly in long term exposure tes ts  at elevated temperatures .  Applica-
tion of data f rom such exposures to a spacecraf t  environment where  temp-
era tures  mig ht not exceed , say 50°F, could resul t  in misleading conclusions
regardi ng the s tabi l i t y of these mater ia ls  in the actual environment.  The
same would be t rue for  TFE mater ia ls  (Sections II. A. 1 and II. A. 3).
Extrapola t ion of h igher tempera ture  data to lower temperatures  is not s t ra i ght-

• f o rward , s ince the var ious  p rocesses  that can occur a r e  likely to have
substantial ly d i f f e r en t  t empera tu re  coef f ic ien ts .

Data rev iewed ear l ier  (Section II , especially Refs . 39 and 54), as

well as that in Table II indicate  that for  FEP materials hi gh temperature

data, depending upon the nature of the experiment, may serve only as a

lower limit to mater ia l  damage that would be exper ienced at lower temp-

eratures , while the opposite may well be true for  TFE material s (e. g . ,
tensi le  s t rength  and elongation decreased si gni f icant l y for  TFE i r rad ia ted

in vacuum at elevated tempera tures  39 )~
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Similarly, app lication of ioni zing r adiat ion data only, to the

estimation of space radiation effects is likel y to result in a lower

limit to damage that would actually be ex perienced.  Ultraviolet radiat ion

can degrade  FEP polymers  by itself (Sections II. A. I and II. A. 3, especially

Refs . 50-54 , and Table II, tes t  D). The latter may also act syne rg i s t i ca l ly

with ionizing radiation , although evidence for  this is not clearly established.
Such effects  mi ght be especially important at lower temperatures where

there is greater  stabil ization of trapped charges (Section II. B).

Overall , it is difficult  to quantif y these statements due to variabil i t ies

in t empera ture, exposure rates and other parameters  that could affec t  net

degradat ion in the exper iments  that have been car r ied  out to date. However ,

F the data in Table II and references  in Section II suggest that deteriorat ion of

FEP fi lms in an actual low temperature (< . ~~ 20 °F) space environment will

occur at a rate approximately 3- 10 times that observed for accelerated

(e . g.,  500X) ion iz ing  radiat ion (onl y) exposure rates at elevated temperatures
(e. g . ,  ~~~ 150-250 °F) . Ultraviolet effects  on top of deteriorat ion f rom ionizing

radia tion exposures onl y could increase  deteriorat ion rates by perhaps 10%

to a factor  of two. These values are  subject to considerable uncer ta inty.
They are offered only as very  crude numbers for estimating effects,  ari d

not as a substitute for  actual relevant laboratory results upon which actual
decis ions  concerning these mater ia ls  should be made.

B. Future Space Environmental  Exposure Tests

From the d i scussion  in Sections II and III , it is apparent  that

two of the c ruc ia l  va r i ab le s  that must be careful l y controlled in any future

tes ts a rc  the radia t ion dose rate and t empera ture. As d iscussed  in

Section III , the g r e a ter  de ter iora t ion  of mechanical proper t ies  observed

in the long term , low level radiation exposure of FEP film relative to short

term hig h level exposures is probabl y due to the extended t ime samples

were  maintained at elevated temperatures , ra ther  than t rue  dose rate effects .

Quite d i f f e r e n t  results  would probabl y be obtained for  the short term, hig h

exposure level samples if they were  maintained at elevated tempera tures  for

ex tended per iods  of time af ter  i r radia t ion.
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Tt ~n p t - r a t u r t -s sh ou l d  s i m u l a t e  as n ea r l y as  p o s si b l e  t h o se  a n t i c i pated

in sp ~I ( I . N I L I r  e - ( I \ e - r , s d mp h s  s h o uld  not  b & -  - xpo scd  to e XC e S S I V e  t ernp —

& r a t u r t - s  ~~~ ~- i- r~t d i a t i o n  s i n - t  t h e r m a l  e f f e c t s  can ho i n d u c ed  even a f te r

e m i  m a  t i on  of t h -  r a d i a t i o n  t - \po su  me (Sec t ion  I I .  Ad d i t i o n a l l y, the  l a ck
of d e f i n i t i v e  data on t h -  nos ~ i }) 11i ty  of sy n e r g i s t i c  e f f e c t s  h ’- t w e e n  i o n i z in g

and L V  r a d i a t i o n  s ug g est s  tha t  both should be used  in any f u t u r e  s imula t ion

stu d ie s .

W h er e  t e m p e r a t u r e  cy c l i ng  is emp loyed , e xp o s ur es  t e rmina t ed  on the

low t e m p e r a t u r e  end of the  cy c l e  w i l l  probabl y g i v e  the w o r s t  case  r e su l t s ,
S lf l C e  some a n n e a l i n g  of low t e mp e r a t u r e  damage  could occur  at t h e  hi g h

t e mp e ra t u r e  end of the cycle .  One f i n a l  comment r e l a t e s  to m e c h a n i c a l

t e s t i n g  of i r r a d i a t e d  samp les . As noted in Sect ion II D . ,  m e c h a n i  ;i l

s t r e s s  i t se l f  can induce damage in f l u o r o c a r b o n  pol yme rs .  F r et  r ;i l o -a l s

p roduced  b y m e c h a n i c a l  s t r e s s  could i n t e r a c t  w ith t hose  p r o d u c e d  t y

i r r a d i a t i o n.  A l t e r n a t i v e ly mechan ica l  s t r e s s  could cause  s l i p p a g e  o f

pol ymer  s u b s t r u c t u r e s, a l t e r i n g  the spa t i a l  d i s t r i b u t i o n  of r a d i a t i o n  i n d u c e d

f r ee  r a d i c a l s , that  could lead to more  or less  r eco m b i n a t i o n. Fo r t h e s e -

r e a sons  it i s  r ecommended that mechan ica l  t e s t s  be p e r f o r m e d  on a s t  r i t ~~
of samples i r r a d i a t e d  to d i f f e r e n t  exposure  levels , r a the r  than  a s i ng le se t

of samples i r r a d i a t e d  to d i f f e r en t  levels  and tes ted  a f t e r  each e xp o s u r e

i n c r e m e n t .

-
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5 2 0 .  O R 7 A W A  V . A N C W A d V. C
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12’.. PA T ’T • T .  K . C
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EMPIRICAL ITAICULATIO’I S

52’ . F”! , P . K , A PI’) WIL’OI’l , F . C. ~ CD
lOUD . AFPL . EhITS. V’1, ? qI1 ( 1 q 6~~ )
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P ~O F A L” 1¼1

1 ? 1 - . SC’4~~A , J ,, Y A S I I ! W A R A E A , H . AN ’) P~O P I 7 -  V .  LB
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T FT
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1 5 0 •  ~ l 1 (“A , K.  Al.!) (.P TL F. H, C
J’ ! IR . A PP) .. Pl4 Y~~, 1/ 54 , 411,9(1967)
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(‘5 . “IPAW A W A , S. 41- IT TAK RMIJPA , T , c
JA D A PIp SF lOll” . A~’EL . PIIYS . V A 611 (1969)

y ’A P,S TTIOPI S AN !) °HA ~~ES OF P O L Y T E E A A F L IJOROETH YLEPIE

II I.. r,Irr,F Nr,5r- K H. 81.1: H !P7E 1. C C.
KISS. 3,, T r C H , HOCUSCU . K * R L — M A R Y .STIIDT V I? 515 (1970)

V - P A Y  0 1 1 - F R A C T I O N  AND INFPAR E O— SDE IITROSCOPTC STRUCTURAL STUDIES
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• j45~ IIFWPA ~4 1. A , 51-40 ~SE, K . (7, C
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5 5 $ • T l W t , 1. T A Y FII ICA , ‘I. API ’) MACI l l , S. C
JOUR . APPL. PCI_ VP’. SOT . Vt7 T?5!(1 q7~~)
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I~~O . ‘~~ R I) • C,, SU E S A C C I 4 I ,  ‘1. C
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V I ITS PIICN5I  S PECTRI J M API ’) S’~~UCT I)PF CR POLY(TETPARLUOROFTMYLENE)

141 . p Al RE , € • C (P
Nl’0L. ,~ 1 P 8 4 .  ‘ . SPEC. WUC I. OT’h~~P THAN P°OT ONS, WILEY , N. V ., 117 , 1974

FLUt”INE~~19 PIM P STUDIES OF FLUO ROC AR O ON POLYM ERS

11.1. C.U 1, ‘4., ‘CAW A I . T . A ID KU”IVA’IA , I. B
Y O ’ A t ’ 4 ” HT AI1PIFUNSIII) V 3 ,  983 (1971. )
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— F(UCAOE THVLF PIF

5 I ,~~
, NAK A C U~~U, 0. A N’) TAKE ” IIQA T. C
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JE I I I P •  bO LVIl . ~rI . , POL YP- P . C UEII . “‘). V I’. 1117 (1976 )
I SN)) PROTON P)M~ SPECT RA OF TEIP AFLU O POC T’IYLFNE-

P P D E V L E N E  0000LYM EA S

11.1.. . AT ’ I l ’ b ! t ’ l K , ,  E N C ’H !EA , P. tOY . 1., Y5 IIA U CH I, II.. TA V I ,  S. 514)) TAKEP4 UQ S, T. C
J A ” A 9 E ~~” JCIIJP . -“‘CL . PHV ~~. 1/16. 681 (1977)

F IN” ET RI lOT l IPE DR TIlE I T T — I  ‘ RA NS IT IOP l  AND MOLECJL AR MOTION IN
POLAIC TASELIIOR O E THYP_ FPIE

I~.
1- . SE’ IA TI C . A. AN !’ STA RYWFA TH ”P , 1-4 . 14,, JD~ CD

F O ~~1,ICHE . .4O CVFO LY PI. — F O R” C1-4 . 1/’, ‘.55(1961)
1Lt I (P INR_ Cf l 1- lT S I* I I ’~r, POL Y MERS • II. POLYTE TRA FLIJORDI I TI4VLFNE

( L ..-~~ ~FQ PI[ 0 , E • A ., V).lN~~, 
r~• F. ANt ¶A l l !R, J. A. 0

JO IIP , MAC.AQ IOI_ . ‘CI. P}1Y5, NI , Il’)(j9~~7)
ErF’CI OF N U C L E A R RA DIATION 01-I THE MECHANICAL RFLAXS TICN BEHAVIOR
f l E RCLVT ETPA FLLJODOET !IVL ENE

5 .7 . ~ lSl ’h - Tfl, ‘i. BC
JO’?Q• 0*1 h’~ • 5E0. JA 04 ‘1 1/f 5

~ 
A 67/ I ~~~~~~T HE FEE A C T S  I)R !)t l )T E9ON IPRSOI A T I O N  ON THE 1-IUCLFAP I IA G P ” T I C

A F S C N ~INr,E Tb-I T E F L O N

1~.~~. ~~~~ .~~, w . 0. TN r !  V Lj P l ~~, 0. F. B
J O ’ l ’ . DOLYN . T Cj •  , DA R T A , V~’~ 1.671(1161.)

“E F C T  flE E,API RI A PA (1.Sl’IO1-4 ON THE S”'CEFIC V OLUM E OF P O L Y T E T R A —
FL )JTPO E IHV L E P J E FR OM —84 DEGREE S C TO 44t DFE,CEES C I -

5 ’ . - !. MCI PE I PI . V~ C 6 C - 4P A I l .  J ’ )()A . A” PL . P’4 Y 5, 1/16, 185 (1965)
‘!YPIA”IC IIECHANI CAL STUDIES OR IRRADIA TION EFFECTS 11-4 POL Y TETRA—
C LIlT DO” T•4 V L PIE

5 5 0 .  P r’l b-r~~’c’4 , I’. ~, Al. ’) TMOMOEON , K. P. 1. 8
IO’P R . °‘)L V M .  ‘C~~• “A PT A— ? , 1/10, 479(t9’2)

p o L Y T r T ~~SFulo pO rt1-4y LrNr  E FFFCT S OR C . A MM A — R A f l I A T I O P I  01-4 FINE
ET P U C T ) J A 1

I’S. T IJ” TV S, M , 8
JAP APIF’F JOUR . APPI . PH!5. VII, 1 5 1 . 2 ( 1 9 7 ? )

PIIJ I T L E A P  MSr,IJETIC RESONANCE AB SO PPT IDP4 OF POLY TET RAF L UO R O E THY LFN E
6AF~~A -7 ARAI)IA TFI) AT HIGH TEMPERA TIJPES

I ” ? .  TI? (VA , N. - B
“)IVM . WIlD, 5€ 59(5)74)

flF GAMMA_ IPq*1)IATIDN ON THE CRYSTALLINE TRA NSITION TEMP—
E RAT I)”E I ‘I FCL V IT ITRAFLIJOROF Tb-4YLEME)

15 5 .  TPC )L~~D F , I’~ 51-41 PIULAY L, N. B
PAE,N. FFSON4NC~ 1/05, 711.1(974)

1-41-P S~~ECTROSCOP V 0” POLYMERS , KINETICS OF RADIATION DA MAG E AND
MATERIALS ASPECTS O~ TE”LON

1~~~4 ,  A (’I kE~~~T OPI , (1, M. AP I ’ )  55014 , 3• 1. B H
LUST.  iOU0 . CUF M . V23 , t9’7 (1c7~~)CFFFC TS (IF r . A M M A — 1 - . SD I A T  ION (‘N TIlE CAS Y IELDS AN )) C R Y S T A L & . I NX T Y  OF

PCLY (TET PA FL I.J OROF ~~I4YLFIJF)
(N” . NO SUT’ IY A , A ., M51’ IJ”A F, K,. W A T A U A ’ 3 1:, N. TA JIM A , M . AUG O W A K I , N , - fl

J O l lA .  APPL . PC LY M . S d .  V 7 ,  1 1 s(t 9 1 9 ~“Fc çTc OF f,AMP4 A FAOIA ’ION ON SOME °HYSI CA L PROPE RTIES OF
POL YIFfQAF LUDPOETUYLIIJ E RESIN

156.  W L I IF , 0. “. Sli d S A U E A , 1. A .  B
JOUR . DO L Y M. Cr’  • ~~A P T A t

PIUrL~~*.~ PA 5 T T O N~~E~~~~~ lr~~~~ POL YT ET R A F L U O P O E T H Y ) . E N E
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• “ 7 .  0~~r~~~;l~ P . 1’ ., l ’ ’,~~’ ,Li I .  P~ A l :  J ) ’ l~~ I , ~~. ‘I
1 1  • E , I V  -‘ • C , , - A - -’’ A — )  -J V , P ’ l  ‘I1~ - I

.— 1 ,TV T b -  4 4 1  7 1EV I’ l J T ’- ~ i i ~~ E)(4TF0 I~C L Y T E 7~~~FL 4CFOET HYL FNE
C )  V I  Il_ Ill DT ~~Ic L I l ) L ’ ~~~ T l ~~P 1’4

I’~ ’ . 1111’!.? , •- . B
I. , ‘III V - 

• 71 • JY “II I V ’ ’  I ’ )  8 )  ‘ i~, 8)
T ” ’  r - ” ) I 1,’ Wr T TII I’I ~~1lC T O V r T ) I A ~~rD P O L Y T E T P A F L ’ J f l A ) E T P ’ Y L P - t l~

T A  - . T I ?  V T , “ . T P , ~) Y V P T ” 4 l l ’
~, ~. (4

E 1’4 I ‘ 1  I - ‘ I C • -T P1 1 VI I I  v ’  • -
~ 

- , 44 0 ( 1  ‘~C
T I I E  r r ’E V E )  ‘1 p~~ ; ) _ t o M A f l T A T - r o N  H ’ A T  T R E A T M E N T  ON 4’ O L Y T I T RA E L I J O P O —
I ‘‘‘PP _ I ‘4~

1~- 0 .  ‘ T ’ V ’4 . “ . ‘8. 1 . ’ I4N~ ‘ - I ‘ ‘IF • A P I - C . PH • V I , I ‘‘4  ( t ’~ 71)
~~P M) A ’~ I- ’ ” MF  ‘ ITT CII C~~~C Il C l U b - I S — PA  V T 1’~~V E1 T A T E O  P01 Y T E I A A R L U O R O —

T I I Y 5 E I J ”  14 1)1 1 IITr ,H F A ’ l ) A T T ON DOSES

I’ S .  “~~~~~!. ~~ . ~~. ii’I ~~~~~~~~~~ 0. T . p
i ll  IQ . P ‘J 4 ’ ) .  ~~

I’i )~~~ , 1’ IPT A 5 ,  V) 1 ,  7~.1 ( ( 0 7 ? )
~4I’ I 1 4 1 I 4 ’ F  I’Y C A M H A _ I14 1 ? A O T A T T I D N ON THE T P A . 1S I T I O N  T E M P F A A T U P F S  OF
1’ ~V ” T A I L )  jE P D L Y T E T R A F L I J ’ ) P O r T I I y L C P I E

11-. ’. 11W 4’  ‘ I~~ Ml , 7 ., SII ) “T I ’4A A .  b-i l  ~~Vj Ij IA) 3 A PA , II • AN D SO PIM A , J. i:
l1flI VU . JP’ I~ • 44 ’ 1~~A l  )~‘7 I)

TV C ’III r I V  S “4 T H F IO t .E ’T I IL IO PIV I IH A  1- 1)’,~~S QF FPA CT I JP F  OF POLYME R S
V T  I ~4

l ’~~ • A 7 4 (1.lI ’ I-V I ,  I’. All)’- S ITIIMA J . C
J ’C ’I .~ “Ot) ’ ’d . ‘C T.  ( “ PLA N . P1 -b Y ”. El) ,) V f 3  ( ‘ 3 1 ( 19 79 )

FT P  ~ V l C, EOC~ E O~ MA I N — T I - l A I N  SCISSION PRO D UCED N V  M E C H A N I C A L
F R A C T UR E OF PC LV ’ 10P6 AT LOW TEMPEPATU °F

I I I . , P I l E 1 A ’ t P , P. VI I.  V T L ’A ’ ! F V ,  I. V. 4) 10 ~S’)’SIC , V .  A , IC
5 ’ 4 , •  E P P 4 4 E , 01L,1 10 S T A t ”  1/’. 1 E 4 ? ( I ’ 8 S L.)

‘L E C T P O N  P A P Y 1 - P A C P I E T T C  A ESOIIA PIC E “‘F~~T P A  OF FPFF RA D I C A L S  III THE
0’ ~ !PIICT I I’ll p Pc r u o T s  0~’ ‘‘ILl P 0O LYM EPS

I I-’ . ‘ P ’ I l V - b - C V ,  • 1 - S ,  5111/051111 , 5 . V A . AN ) ) O MA SHFVS *( 11,  F. E • K
0 V I ” T  III! ’ . _ r C V L ,  1/9, 9 8 6 ( I’715)- I f’C~~-’ON P ( P A M A E , 1-4 F IIC “ ' SONA1 -4C~ STU DY OF THE PO1Y M F~ E1FT, RA D A T IO N

r’ Cl  API ! ‘I-I

l b - I - . ~ T 0 I 5- ’’ V .  V . A l l )  1 I I T Y A C . I!4 I’. V I I . W
r- ’L ~ ‘l , V I E ? , ()J5”P) A~I~ ~ 8 8 I ) 1 O 67)

TI lE  “~~E1- Q Y O T C A L S  F 14°MTN’, 1TIIA INC TH E I I E C H A P - V I C A L  OC ST °) I CT IC N OF
“ I I _ Y F T I l V L ~ Pj E A N T  E 1) L Y °0 O P Y L C N E

51- 7 . 1AP I ” 04 L L, ‘. A U )  “ ET E PL T PI , A ,
PO LV U . I El V~~44 i(~~”5 8 )

1 IN U1 I IAY TA I LY  STP FSSF F )  NYLON

1P, b- . P A K A F  1 /S K I T , V.  ¶ . A N D  VOPSI IKD V .  V .  Y E ,
PI)L V M . Sr I~~1~~~~ S~~ I ’ C 

5
?IF CI2INISM OF b-P’ C1-~A 1 -11CA L D E G R A f l A T IO N  OR PO LV—

ET I4 V I” 1- 1E

~~~~ 
f l E 1 / A ) ’ ”  A , I. W r I T E ‘ . ll , A Pi C W I L L IA M S  H, L.- Jf l IJ~ P-PA CPl~4 1- 1OL SI~I “HAS P7)1. ) 6~~V h973)- - 

RI-I F I E ~~1PCP P. PA Q A MA G N E T I C  RESONANCE ST UOY OF PIOL F J LA P  RING
Ql lp lLQE Ill I.E A II IILAR — II LL E ’ ) FLASTO II’RS SUBJECTED 1D I N E L A S T I C
DE FO RMA TION

1 70  5A * (  tl.1lCll T M ,~ Y ( P ’ A K A W A , H. AU’) SO IIMA , J, K
JOIN). OO L!M. SCI.~~~2fl~~Y~~. L~~TTE °S ” ‘g~~~~~I ~~~~~~~~~~~~~~~~~~~~~ M O L E C U L E S

T NDLCEO IV PI€ C IIANI CAL “QACT’JPE

1 7 ’ . PFT ~~PL IP. , ~ 
C

JO’ IR . PO L V M . SrI . P A R T  5— 2  1/7 , 1(65(1969)
Roll ’) QIJ ~ T 1JPE IN I4~~C,4lLY (IRIENTE)) C PV S T A L IT N E  POLYME RS

17?. K !I)’CII — RLE C ICEPI VOPI SITHRELTIIG, H. H. C K
JOIIP , “A CR C Pl O L. SIT1. R ( V . MA C PO MOL. CP’EM. C’.(’~~ 

~~~~HNl OuFS TO U I H  POLYMER

1 7 8  PET ‘PLIN , 5 , K
JC’lR 0OLYM ‘IT T P5 ” T  C ~ 57 ‘97 (1971)

C~~A 1N~~,I~TSSION ~ND F~~A 5ttC D E F O R M A T IO N  IN THE STRA INED
C KY ’TA L L !PIE POLYMER

j ”.. O FV A I E S  V . L, K
, IOU~~. POLYP’. ~ IT t . , PA~~T 

E P 7 )N PAP~~~A~,NETIC RESONANCE IN F RACTIIPE
P-IF (SPI A N ICS

( 7 ” , r.’o~~S,  ~. K
- 

‘CLI’)  ‘ T A T E  COMM . 1 / 55 ,  1A’5(I97’)
- 

- 
- OO” F D A T E  DFPFNOFNCE 0” CA R P I E R  M0~~T L I T V

17 1- Mfl~~~ V ” V ,  V .  K , 9 A V T” ) Rf .  5.  F. 11-10 V A O P O V ,  V.  I. S
V V E O Y f l M f l I .

~~~
OFr! I .SF4

}
R V i

~~~~~~~~~
9?))

PO Yf T ETR A RL UO POE T IIYL FP 1E> D UR IN G
T K - R A t T A I I O N  W I T I 0 0 — 6 0  G A M M A — R A Y S  AND W ITH F A S T  ELFCT RC P 1 S
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17’ . L 1 RIV E P, N. P.
J0’IA . CI4 F-l . PIIYS. 1 / S C ,  ?90’(I969)

ISP ¶‘FCT PA OF ORI ENT ED ‘OLYTET RS”LUO ROE THYLENE SUBJECTED TOn—P, cc’C PlJ( 5~~5 OF ELECTRONS

I

T HE FO L L OW I N G  R€FE °ENCE S CON TAIN A001T101441 TN ~ ORMATICN ON PROPERTIES OF

UN T R ’ S D I A T E C  A ll)) I P R A D I A T F r )  TEFLON AN)) RE LA TED MATERIALS, AS WELL AS
M ISEE L L EN E CUS STUD IES OIl THESE MATERIALS. REFERENCES ARF ALSO I NCLUD ED ON

TM P C V TA N T  RELATE )) W ORK OPI OTMEP NQP4 - .FL IJOROCARBON POLYMERS.

( 7 8 . A N 0 ” P SON, ‘4, ~~~ E(W ICF S~ R. N. AND b-1t’LSCHFP, F. 4, 0
J O l l A .  PIP IV O . “~~I, PO L YP’ . P11y 5, 5I)• VI’ 79 (19715 )

‘ L F C l~~ON OO l IO ’—A ~~O” DT 0P  P9OP~~PTIES OR THI N “OLYMIR E~~LIIS ON

~ T (  ICIPPI . p . TE P4FL !J0POE THYLE PIE PO LVNERI 7FO BY RE .10W
0~~SCHAP I .E ECH IITOUSS

H Kj7 ’ l, A S K EW , U. I., PE~~ T , T .  N. AN T MA l L E N ,  J. C.
C O I A T I O P V  ~ f c • V ’  ‘ l ? ( I ’ b B )

‘- PcL I lou~) A L K S l 4 c c  IN IO) lT?T NC,  RA D I A T I O N

IA) . fl5~~1A A H (V, 1
• A.. °‘)CAT (’V, V. A.. K07’N , V .  I. A N D  PAN SH IN, B. I. K

I- I’. A NTI’ . MEAl ’ . MAT E’) . V II , 94 (jQ75)
EF F IC T CE E L E C T R O N — P R O T O N  I R R A D I A T I O N  ON THE RATE OF STRESS
“ 7 L A Y A T T O P I  IN POLV MS Ii S

181 . r IS RP IA DA . P., CI)Pfl t Sr,HI, 0., O~ LL ! 5I~~”, A. ANO MEt E A . 8 HI
,JO II • )T )W ~ PII Y5, 1/4I.~ 51,77(1966)

P ’AI P• C I4L JPI C ISS ION A N D  ISA SPEC TRA OF I R R A D I A T E D  POLY TE IRA—
FL IJCPCE T IIYLEIIE OKIOS

18)’ • RO B Y I E I I A , ft . 1/,, ~ EP L Y A N T ~ 5. N. All) ) KLTN $HPONT, E . R . I K
)JY S C K O LM O L , ‘‘( lT!~~. S F. Cl 1/ 17, ~ A 9 (1975 )

“‘p c~~lJ(y OR f,A M M S - ! R R S P I A T E O  POIY(V IN YL  FLUOPIOT) AW l) PO LY—
(TPTILSICPOETHVL )PI”)

K‘II. ‘4 E 1-In, ~ . 3, SN)) KO ENIG , J. L.
Jfll)5~ )‘11F ’4. ~ W V S V S ~ ~b, ’5 ( 11)70I

“ ( M A N  ~ CAT ~~. P N? IN C RY~~1SLIINE POLYETHYLENE

C1~~
i.. B ’PP , I . f l •  AND 5I ’ MAN, 0.

)/$ 7_ 7P:’ lTL ’ I ’ N Irc~ t A T l~~ll  S ~~ V ITY

I8’ . B)’ J’ CV A ’, II . F . A l )’  KCIWOV, ~. II. N

5~~Fr A 0 C cFO U P~ Ii~ W~~VIIIVE O DURING BOM BAR DMENT OF
V Y E C KO MOL.  ~O rç ~~N. ~ EP~~R V1~~• ‘“'I

PIPLY ( T F T A A F L I I O P O I T T ’ 4 Y L E N F )  FILMS BY M E D I U M — E N E R G Y  ELEC TRONS

K1-5 k . PIlC 1-AN~~PI , IT, P . A ’ ’)  M T L L F R ,  P . 1.
JO IA. APP L. PI-lyc . V T? 1.001(1966)

5 - P A Y  LINE PPP OA F E1- 1IPI C, Ill 1S01’SCTIC POLYSTYRENE

5 8 7. C HA CI-I A TY , IT , SIl l’ ‘,- I IOTA NT,  1- , K
JO l lA . CH IN . p Ily c . V EA, 150u97fl

ELEITI°ON PA *P’A GN F TIC PE SONANCE OR FL ’JOFI P IATE D A LI PHATYC RADICALS

1(8. Tb -lA Ir 5. P G R A Y  R.  W .  AII M MITCPIJ ’l , N , C. C
JI~IIP , UA f C P . CI~r•  V A  V 97 ( (q71)

U N I c L S P I A P - h I S L  O R I E N T A T I O N  Ill HOT — RO LL ED POL YMERS
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j ’q IT OL 1-M AIl f t .  H. AND -1OH1-(, 0.
J0 IJl~. S”FL. PHYS. V”., 1.9’(1951)

A MET IIO ! FOR TNCPES !!1-IC THE E L E C T R I C A L  PE S I S T I V I T Y  OF IPISULA TORS
IJIlIl EP ICN!7TPIG RA 0 IA T I r I W

5 V f l ,  T V P CV I C H , I’ . U. 561) C~~!L ,  P. 4 .  K
JO IN). M A T E R .  ‘(1. VA , ¶C9U971.)

D~~F C A M A T I O ,4 OF “O L Y O X YM E T H Y L E N E  BY POLLI NG

S R I .  G A A S , D • W,  SlID P’C CQU M N. C. ‘ C
P~ST IIPF ( pl-1y5. ~C! . (  1 /71 1. 117(19’S)

( P K T 4 5 1 ’ ICII IN A~lLLEP °OL V’)W VIiETHYLENE

104 ~. C”4 lb-I , J. H. Sb- I T T A O. “ I. B K
PRIT . JOIJP . s’ rt . PIIY S ‘116 9A1 (19A5)

P TSIT0OP. LI F~~1IME~ IN NEUTRON— AND GA HE- 4A — IppAor A rFo c’OL Y MEPc

59~~• HA I~~W A R A , N. , T A C . f t 1 . S, T. YS IICHIOA, E., SHINO HA PA , I. AN )) XA G I Y S , 1. 6
ICORUNFNI ~ OIIRLNSHU ~~ 116(1971.)

ACCELE RATIN G EFFECT OF HAL O G ENAT EO METHANE ON THE P A D IA T IC N
O F G R A O A T I O N  (IF C ’OLYT ETRAFL UOROET b- I YL F N E

— A R ’.. H Sll , K, L. KLINE I. F. AND T OMLENSOP I J, N. BC E”
JIlIIP. A P PI . P~~L YM. SrI. yR . 1~~67 (1~)55)T H E A H A L  C O N O L I C T T V I T Y  0” POLYTETRARLUO POETHYLENE

195.  T W A R A 1- IS( I  S . Sb-In W T I I PA , I. V
JS”A N ~~SE JOUR . A PPL . PHY S . V1. 91. (1965)

NU CLE IP M A G N E T I C  R”~~ONA NC ” STUD Y OF M O L E C U L A R  MOTION 114 POLY-
E THYL TNE CR Y S T A L

1 9 €.  KEL LER, A , SN” PO”E , C. P . K
JollA . MA TFC . S d .  VA 1.53(1971)

I1)EATI F ICAhON OF STRUCTURAL PROCESSES ZN DEFORMA T ION OR CRIENTED
P 01 V 5T H VL

t~~7 . MIL ’S, J. K. AN t NEWELL , Ti. M. A 0
• JOl lA . APPI . PCLY’l . SC!. 1/9, 1.81(1965)

F FFFCT’ OF r,SMMA-IRPAOIAT !O ’l OPJ TU E LOSS PROPERTIES OF D I E L E C —
TRIES I N VACUUM

5 5 8 .  ‘IlL IPICHUIK , V .  K., 71-1051-101/, C. S. ANO ~S b-4 E7 HET S KIT ,  S. V A .  J
V V S C K E M O L .  T O F C I PI . SEP . B VI?, 6S’(1970)

EIl P~~A T I C N  OF F REE R A D I C A L S  IN POLVI ’FRS 01101147, THE SIM IJLT SIIE OUS
ACT !C I. OF ICPII7INE, RAD IA TION AND LIGHT

¶ 5)), NLP ( Ii ’SFV,  V .  I. “‘UK ‘I. A. A K H V L F f i tA N l , I. C.. SSA T U P Y A N ,  R . A. .
7b-lrl)’ II-’000V l~ . ‘4 . ~‘4D A R I K f N  A. 0.
TfO~~. I EIC~~PPA . KHI II . V 7 6~~9 (t966)A NAL Y SI S OF E5~ SPECTRA OR FLUOROCARION RADICALS IN I P P A D I A T E D

T F 1’ P A R L  liE P IlETH VL E

‘0 0 .  Plll~~ Ell Y~ P . V .  SU E- C~~Oc S,  1.
,)QIIR. A P E - L. P~~YE . V 35, 17~~( 1q154)

P’IL A P I ’ A T T O N  OF O !ELE CT~~ICS BY NUCLEA R RADIATION. II. G A M M A — R A Y —
) P , t l E~~’) PI)LAF’I7ATION

7 5 1 .  b- ’ ’ IS ( A P ) ’ , ‘I. A . ,  P A N TA N F I I  P. 0. AN)) JACO BS S. C
I 1I T- . S”A CET P A FT CO PI +S P ’IPI ATI D N CONE . M LR C H  7— 9, 1978, COLO R S )))) SPRINGS,

- - C O L C P A I O
SIt VFP—T EE L ON CONTAMINATION/ULT RAV IOLET RACTATIC U STUdIES

? )7, F”TFP L~~N , S. K
JO l lA . HATE ’). ~ lTI. 1/1.. ‘90(1971)

MOLICII LA P MODEL ))F DRAW ING POLYE TH YL ENE AN D POL Y PFOPY LEN E

‘01. P ” F Y PV  3 . ‘ . 11-1!) WHEFL”P F~ J K
P I A ~~LQ F ( Pb-IYS . Sd .) V~~3€ , 6ôU97?)PIIA ?E TRANSFOP’ISTIOPIS Tb-I COLD ROLL ED POLYO XVME THYLE I-I E

71)1.. CE)! ~ . I’ . SCH PAMM R~ F. A PI?) C L A R K , A .  F , ABC ))8 PV r T E N~~rS V I ’
MC C M S N I C A L , TH E~~M A L, AN D ELECTRICAL PROPERTIES O~ S E L E C T E D
“01

~~I’E • P(E , 0, J• K
J O N ), RO LVM .  CCI. 5-2 VA 11(7(1970)

ME T MEI S OF ~ESC R IC T I ON  OF ORIENTAT ION IN POLYMERS

‘C- A .  SA d -I ‘~ , S. K
J o l l A . P’A CQoM ))l. ‘CI . PHA S . I) 1, I~~j ( I 972)

PEQ~ ISTEPIT IPITEPNAL - O L A R Z 7 S T I O N S  IN PO L V I E T H Y L E N E  IEREPNTM SLA T! )
F ILM S. I. STQESS— Z?IDUCE I) POIAR I7AT IONS

7 5 7 .  S E lIP Ir IIFU , II. f l O A P ~REPGFA , U. SPIll KA I4”L IA KOPULOS , 8.
A P ”L~ ‘PF,I”))’C . V2 1., 1.09 (1970)

SN “ xPE’IMFU)AL r.ONTITTITUTIOP4 TO T147 MEASUREMENT 0” OPTICAL
“'ICIRA BY SCATTERED TRANSMISSION

, 4 P . S F P ( E E V ,  A . I., YCVNIE ,A , V. V., OEEV, VU, S. AN )) SEP,FNKDV, V. I. BC
POI Y M. MUCH. VA 178 (1972)

S 51IIPIY 0” THE SPECIAL FEATURES 0” STRESS RELAXATIO N IN I A P S O T A T—
ED EO L V TE TPAE L (IOR OE THYL !NE

‘0’ . SET ), V . • HAP A 1 . S’Ir T A N A K A , K , KJA PANE CI I~3llC . A °”L . PHY5. v7 , I1 (1’~€A)P H5 ’ C  TISAN!EOPMATION A’I’) O E F O P M A T I O N  PPOC FSS ES IN ‘PIUP~T EO POLY—
~ 1 T’I U
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7 * 0 .  Sl~~ lO~~A , !, ‘. M. II, ?) r.P0V ES C. w , V
p O l l S , I’A T ’ ~ ‘C T.  v~ 101?Ul71) ‘

11W FLA STI~ DEFOR M(TII)PI 1)” ORIENTED DD LY PP O PY LEN E AND POLY-
ET H Y L E N E . OEFODII AT !ON M ECHA N ISMS

‘11. ‘Td14~~W 1/. F,~ VATT1E ~~ - S. “. AND IKS°POV V. 1.
V Y S ) ~’(CMO 1. Cf l F f !14~ S~~P. “ , VI? 010 (1930)

ClI P~P-FdT TOII OF T .IEAHO~~TI’4ULSTEO CURRENT IN r,A MMA— IFRADIA TED
rO1 Y,~rEo W I T H  MO LFCULE”  MOTIONS

‘A ?. 5
~~” X E , w . ~ , K

P F ) C .  P’ IY ’ . 5 C C . ( LPP1f lON ) V A Y  911 (1955)
FL FIT’O’, ROMAAP ?)’1EN3 EFFECTS IN TH IN DIELECTRIC LAYERS

2 1 1 . ST E P NA ’ l O V .  V .  “ ., V A I S R F P C,, S. F. S A ID KSP POV. V. 1. 8
Ff 7 , 1(14 1 1’. ‘4 1KM. “A V E R . ‘17 78 ( 1 97 1)

C”F ICT C” T HE RA )~IAT IO Pl DOSE ON THE R A D IA T I O N  C REE P OF POLYMERS

fl’.. T1f lb -A 5 I’. F., L O b - I ’, J, F , SDE PA T I , C. A , AND MCP HERSON , J. L. CD
~ IOU” ., (9( J’JUF I 9~~A)

FE F E C T S  Si~ F A B R I C A T I O N  ON TUE PPI)DIPTIES OR TE FLON RESINS

‘1” . W~~’ l t1” L ICH , I. MEIILLO. L.. COA’tIEP, C, M. DAVIDSON , I. AND SU VOER , C . K
p O l l S . I’SSQI3M0L. SET. PHYS. 9 1

S U P” P T ”  P IE LT ING AND C P ST I I L L I ZA T I O N  OR P O L Y ET H Y L E N E

‘IN . W LPll ~F P 1 I E H  B . A NT ‘4EL IL LO 1. 
- 

K
C4” b- . VII’ , ~5 0 ( 1 Q A 8 )
M C P C H C L O r,V Alit) TRI)W1 14 OF EX ~~ENDEO CHAIN C P Y S T A L S  OF POLYETHY LEN 5

17 . AS S ( N  TWA , N . API )) 7 AI( E P’llCS, I • K
CO IYMFA V IS 1-At (19fl.)

M!I ’AOSC C P IC O PS ” PV A T I O P I S  OR THE C R Y S T A L L I ZA T I O N  P°OCESSE S OF
‘0L A 5 THYL EN ! UN d ER HIGh “RESSURE

7 18. Y ç f l t , ‘ ., Dl)!, K . .  T 5~.4J OA , N. 51-Il) K’ J ”I YA PIA , I. K
111 1 1 5 . AP EL . Ph-AS . ‘141., 2 2 11( 19 7 1)

C PV ’ I A L L I T C  SI7E O1STRI))IJTI IIN AN !) L A T T I C E  D IS TORT IONS IN POLY—
FT H Y L .~N F “ACM A N A L Y S E S  0~ CEBVE—SC HERRE R LINE PROF ILES

‘lq . ‘l~’I IlIlIA 7,. 5, 51-In ‘IILINCHIJ ’( I!, IC . J
V Y S ~~IoOMO L. S O f t E N .  VI’ .,

A C C I M U L A T T O N  KINETICS 0” FREE RADI C E LS IFJ POLYM E °S SUBJECTED TO A
SIP’ULVANFI) IJS ANT ) P !PIO1)IC ION IY ING R A D I A T I O N  ANC LIGHT
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LA NORATORY OPERATIONS

The Labora tory  Operal ions of The AC r I I ,pac-e  Corporat ion is conducting
experimental and theore ti ca l  inves t iga t ions  necessa ry  for the evaluation and

app lication of sc i e n t :  fic advances to new m i l i ta ry  onc epts and sys lems  V e T —
Sat i l it y  and f lex ibi l ity  have lu-en developed l~ a hig h dcgre~ by the la boratory
personnel in dealing with Ihe many prohlems encountered in the nation ’s rapidly
developing space and missile sys tems . Expert ise in the lat ,- s I  sc ienti f ic des-el-
opments is vital to the accomplishment of t a s k s  re la ted to these  problems . The
laborator ies that contribute Ii., this research  Re,’ :

Aerop hys ics  Laborator:~~ Launch and r I-n’ ry aerod ynamics , heat t rans-
fer , reentry phys ics , c hemical k ine t ic s , s t ruc tu ra l  mechanics , f l i g ht dynamics.
atmospheric pollution, and high-power gas lasers.

Chemistry and Phy s ic s  Laboratory:  Atmosp her ic react ions and atmo,-
pheric- optics , c hemical reac t ion-  - ‘s polluted atmosp heres , chemical react ions
of exci ted species in rocket  plun” s , chemii a) Ihermll.l ynacniI s . plasma and
laser-induced reac t ions , laser  - emis t rv ,  proplilsion h,-rnisl ry, space vacuum
and radiation e f fec ts  on roa le t- - - lubrication and s u r f a c e  phenomena , photo-

‘ sens it i ve  mate rials and sc-rc a - s , high Prec is ion la s e r  rang ing, and Ihe appl-
I It :  n of physic - , and -h’- ro : yl i v  III problems of law ,-nf::r c - , : - , - r t  and bii,mrdi i:ne.

E lec t ron ics  Researc h  i h , r  o r :  Elect i :n:ag net : theory.  d c  d l  c -s - and
Fropagat l  on phenomena , including plasma e le - Iro mag net i  I ?) ant ::,,: e lec t ron ic ,.
laser. , and e lec t r i l— o pt i i r s ;  communication sc i ences , applied c - Icc  tr ,,nic s , se mi-
con ducting, superconducting, and c r yst a )  dev ice  ph y s i c  s , l ipt lc al and a: :us t :ca l
Imaging: atmospheric pollution: mi’limeter w a v e  and f a r - I n f r a r e d  technology,

Materials Sc ,ence s Laboratory:  Development of new mater ia ls ;  metal
matrix composite, and new forms of carbon; test  and evaluation of grap hite
and ceramics  in reentry;  spacecraf t  mAter ia ls  and e lec t ron ic  components in
nuc lear ss eapons environment ; application of f racture mechanics  to s t r e s s  cor-
rosion and fati gue-induced f rac tu res  in structural  metals.

Space Sc iences Laboratory: Atmospheric and ionospheric phy s i c s , radia-
tion from the atmosphere, density and composition of the atmosphere, aur o r a e
and airgiew ; magnetosp heric phy s i c s , cos mic rays , generation and propagation
of plasma waves  in the n:agnetosphere; solar phy s i c s , stu d ies of solar magnetic
f ie lds;  spAce a s t ro no rt  y, x - r a y astronomy; the e f f e c t s  of nuclear explo s i o n s.
magnetic storms , and so lar ac t iv i t y on t he ear th ’ s at mosphere , ionos phere , and
magnetosphere; the e f fec ts  of opt ical e lect romagnet ic , and part iculate radia-
t ions in space on s pace s ys tems .

TUE AEROSPACE CORPORATION
El Segundo , Calif ,,rriia
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