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ABSTRACT
!

This report is an addendum to REIC Report No, 21 and
1 cresents the state of the art of the effects of nuclear radias«
tion on elastomeric and plastic components and materiais
t-om 1961 to the present,

The mechanism of radiation damage and the effects of
radiation ir various environments are briefly discussed,
Data summarizing the radiation-effects information on spe-~
cific components and on the various types of ¢lastomers and
plastics are presented in detail, Areas in which additional
ork is needed are indicated, Radiation polymerization or
vulcanization are not covered in this report,

The report is intended to be sufficiently inclusive to
make it valuable as a reference guide relative to radiation
eifects under varying conditions of temperaturc¢ iiz.{ vac-
uum or wlastomeric and plastic components and materials,
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THE EFFECT OF NUCLEAR RADIATION ON ELASTOMERIC
AND PLASTIC COMPONENTS AND MATERIALS
(ADDENDUM REPfRT)

e - -SUMMARY-ANDCO!/CLUSIONS ~ — = ~~———~—= -~ === ===

There is a widespread interest in poiynieric materials which may be usad in aero-
space applications, There is an increasing demand for information on thz behavior of
theze materials in a radiation environment (nuclear, uitraviolet and particle radiationj,
in a high vacuum, and at extrerne temperatures, This is reflected in the amount and
types cf publications which have become available since the publication of REIC Report
No. 21 on "The Effect of Nuclear Radiation on Elastomeric and Plastic Components and
Materials', The amount of data which has become available since 1961 is somewhat
limited, although both the quality and scope have improved, Thetrend, noted in Rapourt
No, 21, of testing components in the environments to be encountered in actual operation
has increased, Data on the behavior of polymers in a radiation-vacunr -extreme te-—-
perature environmznt have become available, Because of the difficulties in obtaining
data of this type, the amount is still limited, However, it is encouraging to see the
progress in this direction,

In genearal, materials having a high degree of cure, high molecular we:  :, goed
heat resistance, and little or no plasticizer or other volatile additive show .. ymise for
use .t .+ uvironment., In some cases, the radiation resistance of a mar.rial is ir:-

prove . in vacaurn because of the lack of oxygen which is generally the major contributing
fuct to pu), ver deterioration,

Polyimid.. and phosphonitrillic chloride pclymers have been reported as having
improved radiation stability over presently vied polymers and merit consideration for
further develcpment and application in end items, O-rings manufactured from rubber
compositions containing antirads have shown improved service life in a radiation en-
vironment, although this improvement stil' falls short of the requirements for many
applications, Several rtructural adhesives and laminates have been found to be satis-
factory in radiation exposures at cryogenic temperatures, These include po!yurethane,
epoxy and modified epoxy, phenolic, and polyester materiais,

In this addendum report, a brief summary of the effects of radiation and other
known envirormental conditions is given for end items ana .ual. ~'2l1s, A compariso.. of
the relative resistance is provided by Figurss 1 through 4 and Tables 1 and 2, which
show the stability of the various aslastomers and ple.stics to gamma radiation as well as
noting the general effects of vacuum and uliraviolet radiation on thess materials. At
the present time, data are not sufficient to definitely establish the life of a particular
material for oll conditions of exposure, but the data do give guidelines which will help to
determine the proper use of various types of polymeric materials,

In general, the vacuum environment has noc proven to be too severe, Mast of the
polymeric materials have not been too seriously affected by this environment and have
maintained satisfactory properties, Several plastic materials have shown premise for
use at cryogenic temperatures, In most cases, the effectr of nuclear radiation under
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TABLE 1, EFFECT OF VACUUM ON RADIATION STARILITY OF POLYMERS

Polymer

Effect of Vacuumd3)

Divlyl.phthasate
Epovy

Mylar

Poiy. nide (nylon)
Po.ycarbonate

Polyethylene

Polyvinyl chlotide

Siifcone

Teflon

ynar (polyvinylidene fluoride)
Tedlar (polyvinyl fluoride)

Kel-F (trifluoromonochloroethyiene)

—— e, S S = e —

Elastorers

Polyacrylic

Butyl

Hypalon (chlorosulfonated polyethylene)
Neoprene

Nitrile

Polysulfide

Polynr~thane

Silicont

Vivo: 2

No sigmficant effect

No sigficant effect
Improves stability
No sigmficant effect
Slight improvement
Improves stability
Decicases stability
Impreves stability
Improves stability substantially
No significant effect
No sigmficant effect
Improt »s stability

No significant effect

No significant effect

Decreases stability

No significant effect (conflicting data)
Decreases stability

No significant effect

No significant effect

No significant effect

Improves stability

() These offects are ou* general and individual compositions imay behave differently.

TABLE 2. EFFECT OF ULTRAVICLET RADIATION ON POLYMER STABILITY

Polymer Effect of Ultraviolet Energy
Plastics
Mylar Decreases tensile strength and el ngation
Polyamide (nylon) No significant effect
Polymethyl methacrylate Surface discoloration and crazing
Polyethylene Embritt)ement
Polypropylene Embutden..
Polyimide No significant effect
Polystyrene Yellows
Plasticized polyvinyl chloride Develops tacky and discolored surface
Teflon No significant effect
Elsstomers
Butyl Increases tensile strength and elongatior.
Hypalon (chlorosulfonated polyetliylene) No significant effect
Neoprene Increases tensile strengtn, decreases clongation
Nitrile Decreases tensile strergth and elongation
Styrene-butadiene (SBR) Decreases tensile strength and elongation
Silicone Surfzee crazing
Viton A No signif.cant effect

N

§

Ation




7 and 8

these conibined environments are not any more serious than under atmospheric condi-
tions as far as usefulness in various components is concerned. Some materials such as
Teflon have shown better propertiss in these combined environments. However, it re-
meins 2 matter of proper compounding and curing and individual study to dete:mine the
apyiicability of the variouc materials for a particular component use,

— ceem mmems fm e e s — ket e, v —— mdm m—— ——

Recommendations

(1) 1he recommendations made in REIC Report No. 21 are still applicable,
Although scme steps have been made to secure the data recommended in
that report, there is stili need for more work in these areas,

(2) More data are needed oi. :he amount of damage which may be accrued by
elastomeric and plastic materials before failure occurs in the operation
of the fabricated component, Information is needed or minimum strength
requirements before an item is considered inoperable,

(3) Many of the experimental space flights have been successful and (= .nany
of these there has been good use made of polymeric materials. One of
the more useful and relatively inexpensive pieces of information which
would be of extramely great value would be an accurate und comnplete
compilatinn of the elastomeric and plastic materials including trade
names and specific compositions which have proved successtul in these
anace missions. In cases where these data are of a proprietary nature.
su’icie. information should be made available so that designers of
{ {ure ve-icles and components- can be made aware of the availability of
‘nese ma >rials,

(4) Continued work is needed in fundamental studies leading to new and im-
proved polymers having greater resistance to radiation damage.

Bl u—




INTRODUCTION

This report is the first addendum to REIC Repc:i No. 21, "The Effect of .5 ~lear
Rad’ation on Elastomeric and Plastic Components a:l Materials' ~nd suminarizes data
published during the period April 30, 1961, and .2nrxil 30, 1964, on radiation effects in
polymeric components and materials. It also includes effects of vacuum, ultraviolet
radiatin~, and extreme temperatures, where these data are available,

There has been a noticeable decrease in the voiume of publizations during the pe-
riod covered in this report. This has been due in part to the amount of information
which had been collected previously and to the scope of this earlier information. How-
ever, part of the reason for ** ¢ lack of new information is due to a cutback in the rate
of effort and to a change in the overall objectives and pl. losophy of both Government and
industry, There is still a need for work to be continued on determining the effects of
radiation at high expcsures, the effects of exposure rate on components, high-impulse
effects, and the mechanisms of degradation of various elastomers and plastics. In this
last area, the amount of degradation which can be tolerated in various + omponent pa~te
before failure in operation needs to be determined,

Because of the intcrest in space vehicles, the greater portion of the present work
being do..e is concerned with the effects of combined environments such as v/ ~rum and
radiation and elevated and cryogenic temperatures and radiation, Because «! e inter-
est in space environments, data on the effects of vacuum and temperature a:e included
in tnis :po.st wvhich do not refer directly to radiation stability. However, i. :2 believed
that t* ese dat: will help to impart an understanding of the effect: of radiation in space.

A fe v ne+ polymers have baen developed which are of interest both with respect to
their properties and to their possible applicatiuns in a space-radiation environment.
These are discussed under the individual polymeric materials.

Elastomers and plastics for which no new information was found are not included
in this report and the reader is referred t¢ REIC Report No, 21, In this addendum re-
port, compon:nts are discussed, followed by the elastomers and then the plastics, ar-
ranged alphabetically,

it is often necessary in dealing with radiation exposures to convert from one uait
of radiation exposure t¢ another, particularly when comparing various reports, Table3
1ists the conve.sion factors which have been used by the REiC - .. making the necessary
conversions,

To permit comparison of data from varicus sources, reported in a variety of
units, it is frequently neceasary for the REIC to convert to the units recommended in
this memocrandurn. In many cases, insufficient information is presented to permit an
accurate conversion. Of the conversion factors listed below, those marked with an
asterisk have been adopted by the REIC to be ueed in such instances, The values are
approximately correct for hydrocarbons, assuming an average energy of 1 Mev for the
radiations, These values should be used wi*h caution and only in cases where informa-
tion is not available on materials composition and energy distribution ot the radiation to
permit an accurate conversion,

P ————————————————————————————————
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TAPRPLE 3. CONVERSION FACTORS

To Convart To Multiply By
Rads ergs g‘l 100
Ev g‘l (C) ergs g'l {C) 1.6 x 10-12
Roeatgen ergs g~} (C) " 87.1
Rep ergs g'l (C) 84,6
Rad (tissue) ergs g"l (C) 90.9
Rad (water) ergs g'l (C) 90.0
Mev cm-2(3) ergs g'l (C) 4.5x 10°8
Photons cm-2(a) ergs g~ (C) 4,5x10-8
Photons cm~2(2) rep 5 x 10-10
Rep hr-1{a) n cm-2 gec-1(b) 7.1x 104
Rad (C) hr-1(a) n cm-2 sec-1(b) 1,17 x 103
Rem hr-1(a) n cm=2 sec-1(b) 8.3x 103
{nvo) rad (C) hr-~1 4,58 x 10~6
n cm~2(a, b) rads (C) 4,17 x 109
n cm-2(a, ) ergs g"l (C) 4,17 x 10°7
(nvo) rads (C) 1.06 x 16-9
{nvo) ergs g~1 (C) 1,06 x 10=7

(a) Assumed :rage energy of 1 Mev,

(b) The term n cm”2 sec™1 may appear as nv and the term 6 cm*2 may
frequently « ypcar as nvt although uie terminology is not strictly corect
unless the "v* value is specified,
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COMPONENTS

ﬁ\._(_ihe sives

- --= - -~ -Adiesives aré available which maintain shcar strengths to a gamma sxposure of

1010 ¢6 1011 ergs g‘l (C) at room temperature. An epoxy-phenolic adhesive retained
exceilent shear strength after irradiation at 350 F to an exposure of 101! ergs g1 (c).

In order to retain useful ztrengths of adhesives as long as possible, it was recom-
mended that adhesive thicknesses of 10 mils or better be used.

In general, vacuum is not harmful to adhesives, but there are exceptions. Tensile
shear strengths of several adhesives either remained the same or increased when sam-
ples were exposed to 2 temperature of 200 C in a vacuum, Oxidation appears to be an
important factor in the degradation of adhesives at hizgh temperatures, Vacuum irra-
diation produced no detectable changes or only minor changes in the lap-: hear strengt™~
of adhesives tested by various investigators,

Information is available on the effects of radiation at various temperatures in air
for saveral adhesives, In general, these maintained their shear strength to a ;-mma
exposure of 1010 ergs g~1 {C). Studies with struct:rai adhesives have emphat .- :d their
stability in space environments, and several are commercially available that ave ser-
viceakl. . - » ‘qe vacuum and temperature conditions encountered in space, .owever,
care mn. .t be exexcised ir choosing adhesives since some compositions may be ad-
varse! affectsa: by vacuum, In the use of transparent adhesives for bonding transparent
mater ils, such .s polymethyl methacrylate, ultraviolet radiation is a factor to be
considered.

Effects of Nuclear Radiation

Hexcell 422-J (epoxy-phenotic) adhesive was tested in the form of lap-shear speri-
mens at room temperature and at clevated temperatures(”. Shear-strength te.its were
conducted at laboratory temperature (75 F) for samples irradiated at amblent tempera~
tures (110 to_130 F) and at 350 F for the samples irradiated at slevated temperatures,
Shear strengths of the samples irradiated at ambient temperature to gamma exposures
upto 1,7 x 1011 ergs g-! (C) were not greatly different froi. the . %car strength of the
control samples, Samples irradiated at 250 F and 310 F to 6,8 x 1010 orgs g-! (C)and
2.2 x 1011 erga g-1(C), respectively, stored for 7 d. vs at 350 F and then tested at
350 F, lost approximately 15 per cent and 10 per cen: of their shear strength, The con-
trol (unirradiated) samples under similar test conditions lost approximately 70 per cent
of their shear strength., Apparently heat alone affected the lap-shear strength to a much
greater degree than the combined radiation-heat environment. At temperatures above
310 F, the effects of heat alone and heat plus radiation [6 x 1010 ergs g~ (C)] were
about equivalant, The shear strength of specimens, both control and irradiated, ex~
posed to 450 F decreased from 2500 psi to abont 800 psi, Data are shown in Table 4,

(1) Refercnces appear on page 11,
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The effect of ,amma radiation on four adhesives was studied by McCurdy and
Rambosek{2), Included were:

EC-1469 A modified epoxy-based adhesive
AF-31 An elastomer-phenoiic film adhesive
AF-32 An elastomer-phernolic film adhesive
-EC-1639____ A modified phenol - adhesive — e o

All of these adhesives are relatively rigid and are used primarily for metal-to-metal
bonding. The effects of radiation on overlap shear strengths and on peel strengths in
air at roorn and at elevated temreratures were determined., Also, the effect of adhesive
film thickness was studied. In each case, the adhesive seemed to benefit slightly from
the additional crosslinking regulting from low or¢ cs of irradiationr. However, degra-
dation began at an exposure of > to 6 x 1010 ergs g1 (C). The principal effect of the
high exposure [8 to 9 x 1010 ergs g-1 (C)] was embrittlement,

Figure 5 shows the effect of radiation on the bond performance over a wide tem-
perature range, In most cases the high-temperature performance fell off in a way which
paralleled the room-temperature performance, EC-1469 maintained itz - zcperties to
about 6 x 1010 ergs g-1(C), while EC~1639 was relatively unaffected at an exposure of
9 x 1010 ergs g~1(C). The elastomer-phenolic films, AF-31and AF-32, were affected
by radiation to a greater extent than were the other adhesives, These rubber-modified
films maintained their performance at room temperature up to 4 x 1010 ergs g=!(C), but
at elevaied temperatures, both fell below the 1AIL-A 5090D, Type iI specificat . . after
about 1010 ergs g-1(C).

T .e three eiastomer phenolic films varied somewhat in flexibility and, therefore,
in ithc mount « peel strength at room temperature., The most rigid, AF -31, showed
the be i retenti, - of peel strength whan subjected to radiation, but all thr :e adhesives
deteriorated to asout the same over-all value ai.sr 9 x 1010 ergs g-1 (C). It was thought
that some gas formed at the interface,

To determine the effect of adhesive thickness, four bonds were madec which varied
in thickness from 1,2 mils to 16,1 mils. Perel strength varied from 10 to 30 pounds per
inch width, However, under irradiation, all the adhesives lost strength rather rapidly:
and at very high doses, there was little significant differenca in peel strengths The
absolute peel strengths were such, however, that the use of adhesive thickn2sses of
10 mils or greater was recommended to retain a useful strength as long as possible. .
Loss of peel strength was du.: to embrittlement and, to some extent, to degradation of
the adhesive,

McCurdy and Rambossk alaso tested three comp~site adhes’ves for use in bonding
honeycomb sandwich structures to metal surfaces, he composite consisted of a flexi-
ble adhesive to provide good peel strength at the metal intexface and a rigid adhesive to
provide wetting and filleting of the honeycomb core structure One of the adhesive sys-
tems checked consisted of an EC~1469 epoxy coating on an AF-i02 nitr.‘a~phenolic film,
The other two composites, AF-200/1593 and AF-202/1593 were not iden.ified as to
chemical typ2. The investigators found that radiation had an extremely detrimental ef-
fact on the properties of the rigid adhesive. Pes! strength deteriorated rapidly with
failure in the fillet area. With high doaage, fillets spalled bad'y, leaving a relatively
clean core surface. It was concluded that these composite adk 'sive films would not be
ruitable for high radiation areas in hcneycomb s'ndwich stiuctires where high peel
strength is important. Where beam structural strength is a 1v ore important function,
theee adhesives will performup to 3 to 4 x 1010 exgs g~ 1 {C) exposure dose,
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Figure 6 show: the difference in performance of the same three adhesive systems
unde- bending loads, It was lound that the relativeiy rigid high-density system
EC-1469/AF-102 maintained its perfor:-ance over tne whole range of irradiation, The
tw : composite films, AF-200/1593 and A¥-202;1593, deteriorated after an exposure of
3t 4x 1010 ergs g=) (C), hut not quite so fast in the beam structure requirement as
they Cid in the peel test, Failure again was in adhesiun to the core,

In an applications test, Litton Systems found that Epon VI did not prove satisfac-
tory for use as an adhesive for bonding 2 metal spring when the bond was subjected to a
radiution exposure of 1 x 1011 ergs g-1 (C) and a temperature of about 45 C(3). The
adhesive appeared to lack dimensional stability, a movement of 1 to 10 mils being suffi-
cient to seriously degrade performance,

Effects of Vacuum and Nuclear Radiation

Podlaseck and Suhorsky“‘) and Blackmon, Clauss, and associates(5) reported data
on the volatilization of adhesives in 2 vacuum and in a vacuum~radiation environment,
In order to determine the extent of bond weakening of epoxy, epoxy-phensiic, epoxy-
polyamide, and silicone adhesives, long-term exposures up to 1100 hours at 93 to 121 C
were carried out in vacuum, The samples were exposed to a vacuum of 10-6 torr and a
temperature of 200 F for £65 hours, followed by an exposure to 250 F and 10-6 torr for
312 hours. With the excepticn of one modified phenolic, supported adhesive fi,.-
Aerotond 422, the adhesives were stable ir these test environments, The sa‘....cs were
then ex~n~aed to 3,4 x 109 ergs g-! (C) in air, followed by exposure tc vacuun. .t tem-
perature. ot ' ) F and 300 F, and finally to a cycling (10 cycles) over a tempe.ature
range { -80 ¥ '¢c 200 F, As can be seen in Table 5, there was an increase in leakage
rate * severai -f the adhesives after exposure to radiation, However, additional ex-
posure to vacuur: and elevated temperatures decreased these leakage rates. It is be-
lieved by Blackmon and associates that the gamma radiation induced crosslinking, de-
polymerization, and chain scission so that low-molecular-weight fragments (e.g.,
hydrogen, carhon monoxide, carbon dinxide, and methane) were liberated and produced
porosity in the glue line, Subsequent exposure to vacuum and elevaied temperature per-
mitted flow in the polymers and realed up the pores,

Kerlin and Smith(6,7) teated structural adhesives for shear strength und :r com-
bined temperature, radiation, and vacuum environment, Data were included for the
following adhesives:

Adhesive Type Adhesive Type

Shell 929 Epoxy HT-42! Epoxy phenolic
Shell 934 Epoxy Epon 422 J Epoxy phenolic
Epon VIII Epoxy Metloond 4021 Nitrile phenolic
Marmco A Modified epoxy Scotchweld AF-6 Nitrile phenolic
FM-1000 Epoxy polyamide FM-47 Vinyl phenolic

Metlbond 406
Metlbond 408
Metlbond 302

Epoxy polyamide
Vinyl epoxy polyamide
Epoxy phenolic

APCO 1252 (formerly
Hexcel 1252)
Narmco C

Polyurethane

Polyurethane
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The adtosives were irradiated in vacuum to various gamma exposure doses and tested

in air after the irradiation in vacuum had been completed. According to Kerlin, the

data show that vacuum irradiation produced no dete.table change in the lap-shear

s rength of FM-1000, Metibond 496, and Epon 427 J, Also, only minor changes were

f:-nd for Shell 934, HT-424. and APCO 1252, Metlbouna 408 decreased 78 per cert in

lap-. hear strength, Epon VIII und Skell 929 decrease! by 12 per c:nt, and FM-47 de-

creased by approximately 42 per.rent. Metlbond :021 decrezsed by 25 per cent. while

Narmco C decreased by 48 per cent in shear sirengths. (In air, Narmco C lost prac-

tically all shear strength when irradiated.) Narmco A increased by 16 per cent in shear :
strength when irradiated in vacuum, Data are given in Table €.

Two adhesives, FM-10C0 (epoxy polyamide) and Metlbond 302 (epoxy phenolic),
were tested for ultimate shear strengtn in vacuum immediately after irradiation (thia
was described as a dynamic ‘~=t), The average ultimate shear strength of the test
specimens showed a significant increasing trend from the control tests, through the
static irradiation (air) tests, to the dyramic irradiation tests (Table A-1 in Appendix
A), This is attributed to a greater rate of crosslinking of the polymer relative to chain
scission by oxygen during irradiation, At the lower partial pressures of oxygen in the
higher vacuum, the rate of oxygen-induced chain gcission is decreased _.:d the relat’ =
rate of radialion-induced crosslinking is increased, leading to increased stiffness and
strength of the polymers,

Gray, et al, ,(8) irradiated lap-shear specimens prepared with epoxy, ¢ "xv-
phenolic, vinyl-phenolic, nitrile-phenolic, and glass-supported epoxy-film a® ives,
These were irradiated in air and in vacuum (10-6 torr) to a gamma exposure 1 109 ergs 3
g-1(C) . a . » aperature of 100 F maximum. The specimens were then testc - ‘or shea:x
stren .h at a 'amperature of -300 F, In all cases, loss in shear strength was small and '
the o 1gmal s ength of the adhesive bond specimens could be considered for the design
of parts to be s bjected to the above conditions,

DeWitt, Fodlaseck, and Suhorsky(9) reported on adhesives FM-47, a polyvinyl
butyral-phenolic adhesive, and HT-424, an epoxy-phenolic exposed to vacrum and ele-
vated temperature, FM-47, atter exposure for 3-1/2 hours at 250 F in a vacuum of
4,2 x 104 torr, decreased in peel strengtl. by 13 per cent and in shezar etrength by
7.1 per cent, HT-424, after exposure to 450 F for 4 hours in a vacuum having an ulti-
mate pressure of 5,9 x 10-4 torr, showed a 14,0 per ceut decrease in peel strength ard
0.6 per cent in shear strength, There was no change in color of the temperawre-
vacuum exposed samples, Both of these adhesives were evaluated as supported films,
the adhesive being coated on an open-weave glass fabric.

Levine(10) noted that oxidation is an important factor in the degradation of adhe-
sives at high temperatures, and he studied adhesive. performance in nitrogen, He found
that in this environment, serious degradation did not begin with epoxy-phenolic or phe-
nolic adhesives even after an exposure to 600 F for alm>st 190 hours, Data are shown
in Figure 7,

Kerlin!®) reported work done at the Genorge C, Marshall Space Flight Center on
the effect of a temperature of 200 C in air and in vacuum on several adhesives, These
included:
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Adhesive __Type Adhesive Type
Epon VIII Epoxy FM-47 Vinyl phenolic
Metlibond 406-1 Epoxy polyamide Metlbond 3024  Epoxy phenslisc
FM-1000 Enoxy polyamide AF.A Nitrile pheno'ic

Enon 422 J Epoxy phenolic Matlhond 408 Modified vinyl
.- e e e iem e mem e -, . .. 8DOXY nVlon

f'unsile shear strength of these adhesives either remained the same or increased when
samrples were exposed to a temperature of 200 C in a vacuum, In most cases, exposure
in air to 200 C for the same period of time, 24 hours, caused a decrease in tensiie
shear strength, The exceptious to this were FM-1000, AF-6, and Metlbond 408, With
FM-1000, shear strength increased both in air and in vacuum at the higher temperature,
although the increase was greater in vacuum than in air. Data on the AF-6 and Metlbond
408 were incomplete, 56 no conclusions could be drawn, However, it was evident that
these adhesives would withstand elevated temperatures better in a vacuum than in air,

Effects of Nuclear Radiation and

Cryogenic Temperatures

Five classes of adhesives were selected for evaluation at cryogenic temperatures
on the basis of promising high lap-shear strengths at -65 F and 75 F, (11} These were
not subjected to radiation. Lap-shear specimen: we.e tested at -423 F, -3°" | -100F,
and 75 F, utilizing epoxy-nylon adhesives (Metlbond 406, AF-40, and FM-1'")),
nitriie- ¢, > = adhesives (Metlbond 4041 and AF-32), epoxy-polyamide adl --ives
(Res’ reld N¢ 4 and Narmco 3135), an epoxy-phenolic adhesive (Metlbond 302-A), and a
polv .retbane dhesive (APCO 1219), Selection of adherends for testing was based on the
anticipatel use >f these materials in future missiles and spacecraft, the prevalent use
of some of these materials in the Atlas and Centaur, and the promising cryogenic prop-
erties of the base materials, The adherends utilized were 0, 020-irch EFH 301 CRES
{stainless steel), 0, 064-inch 2024-T3 bare aluminum, 0, 020-inch A-110-AT titanium,

0. 125~inch Conolon 506 (phenolic-glass fiber laminate) and 0, 125-inch Conolon 527
(polyester-glass fiber laminate), Butt-ter sile tests were conducted with 3/4-inch-round

a

stock Type 371 stainless steel and AF-40 epoxy-nylon adhesive,

The epoxy-nylon adhesives resulted in the higher lap-shear strengths :ith all ad-
herends over the entire temperature range of -423 F to 78 F. Values obtained at
-423 F are more than 100 per cent higher than any previously reported values for simi-
lar tests, Thc nitrile~-phenolic adhesive gave excellent rc.ul.- ¢ver the temperatur .
range of -320 F to 78 F but strength values dropped off zharply at -432 F, The epoxy-
phenolic adhesives gave uniform results over the ¢ ~mplete temperature range, These
results were significantly lower than the epoxy~nyion and nitrile-phenolic adhesives at
-320 F, 100 ¥, and 78 F, At -423 F the epoxy-pherolic is superior to the nitrile-
phenolics. Room-temperature-cured adhesives are generally inferior to those that are
heal cured, Of the three room-temperature-cured adhesives tested, the polyurethane
gave higher lap-shear strengths than the epoxy-polyamides with an aluminum adherend
and approximately the same strengths with stainless steel adherends, All the adhesives
tested had their highest lap-shear strengthe at -100 F,

Gray, et al, ,{8) irradiated in vacuum at ambient temperature specimens prepared
with epoxy, epoxy-phenolic, vinyl-phenolic, nitrile-pheunolic, and glass- supported
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es>oxy-film adhesives and tes.cd them at -300 F for ultimate shear strength. Results

are shown in Appendix 4, Figure A-]. The test results indicated that the cryogenic
temperature-vacuum environment aad no effect on lap-st 1r streuyih, Gray noted that
#recimens prepared with epoxy-phenolic, glass-supported epexy [ilm, and vinyl-pheno-

iic anneared to be only slightly affected bv vacuum. The effect was small enough that

tne original strength ot the adhesive-bondcu s 2z mers could be considered in the des-gn n
of narts for the above conditions, Epoxy and nit -:le-phenolic-adhesive-bonded speci-

mens showed no indication of deterioration. i

Yasui(12, 13} ;rradiated one polyurethane-adhesive-bonded and three epoxy-
adhesive-bonded test specimens immersed in liquid nitrogen, They were then tested at
liquid-mitrogen temperatures, Yasui found no effects of irradiation on single lap-shear
or flatwise ultimate strengths {or these materials. Data are shown in Figures A-2Z and
A-3, Narmco 3135, 3M 1463/1968, and Lefkoweld 109 are epoxy adhesives while APCO .
1219 is a {ilm-forming polyurethane polymer,

Coatings

When nuclear reactors are use< in spacecra‘t, gamma radiation may be present
in large quantities and may become an important design consideration, However, for
exposure to the normal elements of the space environrnent, nuclear radiation does not
appear to be so severe a nroblem as ultraviolet flux

Several coaiings have shown negligible change in a/e ratios as a resul -: ¢xposure e
o ol
to 17 S 1 () of cobalt-60 gamma radiation,

Zue s. fide in a silcone resin vehicle has afforded a very good combination of
o inf: redt e~y jon and long service life, in spite of the fact that considerable discolora- .
tion develo;ed ander ultraviolet irradiation, 7inc suifide in an acrylic coating matrix
also has shown good nromise,

Organic coatings were originally used solely for corrosion protection and decora- .
tion, Today, coatings used for temperature-control materials, have to survive and
function reliably on, and within, spac ~craft in a totally new environment, When using
coatings in thin films, the optical and _hysical changes vesulting from long exposure o
high vacuum, intense uitraviolet radiation, and variable temperatures have ‘o be
considered,

Coatings having selective properties can be used to contral radidWEE transf :r
by control of three basic optical properties: (1) reflectance, (2) absorptance, and
L - (3) emittance, {14) In most practical systems, a brlance between these three conditions
« will be used to obtain the desired tempcratures as illustrated in Table 7,

Prescnt-day coatings for spacecraft are designed to rely upon passive radiation
techniques in which the desired average critical temperature is achieved by properly
balancing the absorntivity of the surfaces for solar radiation (a) with their emissivity
for infrared radiation (€).

Organic coatings are virtually all very absorptive in the infrared and hence have
high emittance Such a surface is the mnet stable and efficient to use for long heating
periods, The short-wavelength abscrption can be readil, varied by pigmentation with
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TABLE 7. VEHICLE TEMPERATURE CONTROL(14)

Solar Temperature, F
T odting —_— "Xetrection " Absorption ~~ Er .itfance  “"SpheTe - Striped SpuereT T
W h.te 0.82 0.18 0.95 -135 ~20
Whate plus 0.47 0.53 0.95 =32 32
carbpon black
Fiat black 0,03 0,97 0.95 45 85
Flat black 0.05 9.95 0,80 65 120

plus aluminum

TA .LE 8. ORGANIC MATERIAL RADIATIVE PROPERTIES(!4)

_Organic Material a € a/€ Ratio
White (30% PV zinc sulfide) silicone 0.31 0.77 0,40
Gray silicone 0,53 0.95 n 55
Leafing aluminum in silicone 0,32 0.33 0.98
White lead carbonate (30% PV) silicone 0.46 0.46 l.v
Dull black (vinyi phenolic) 0.93 L 1,1
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organic and inorganic materials, The organic coatings will have a/c ratios of 1 or less
and car be used to give cool or cold surfaces in space (Table 8), It is obvious that the
reflectance and absorptance of the pigmented coating varies with the pigment. A leafing
aluminum pigment is the most efficient reflector i ultraviolet endFTgy. Several white
pigments are superior to leafing aluminum in the visible and near-infrared spectral
regions, but are inferior to it as a reflecior of uliravioiet energy. Of the nonleuling
pigments, basic white lead carbonate is superior to all others in eflecting ultraviolet

- mee—— -SRErgY: The white lead pigmented coatings 1ose mwuch of their efficiency as ultraviolet

reflectors when exposed to the simulated space environment, In other rcgions of the
spectrum, zinc sulfide is an excellent reflector of visible and near infrared energy,

Other paint fc- mulations use rutile, carbon black, red iron oxide, and chrome oxide
green in various amounts as pigments, depending on the a/€ ratio desired,

The ultraviolet spectrum of the sun ranges from about 100 A to 4000 A, Virtually
all the energy below 3000 A ~+d most of the energy between 3000 and 4000 A is filtered
out by the earth's atmosphere, As a result, coatings may absorb 10 to 100 times as
much ultraviolet light above the atmosphere as on the surface of the ground on a clear
day. Thus, ultraviolet light is definitely a serious radiation problem,

Intense radiation is the second major element of the space envizc..ment and ¢ Le
divided into two broad classes; electromagnetic and particulate, The electromagnetic
component of cosmic radiation has low intensity and is rather inconsequential as far as
coatings are concerned, When nuclear reactors are used in spacecraft, gamma radia~

tion of high energy may be present in large quantity and can become an impo=!:nt
consideration,

T .« 1+ n ingement of ionizing radiation in high doses on organic thin fii~s will also
resu!* in physical, chemical, and optical changes, However, for exposure to all ele~

mer 3 of the space environment, nuclear radiation is not so severe a protlem arsa when
compared to ulcraviolet flux,

Effects of Nuclear Radiation

General Dynamics(}5) and Lockheed **issiles and Space Company{16) are currently
engaged in dé*ermining the effects of nuclear radiation on the optical characteris. =2z ~f
therrnal coatings, This work is presently in progress and only limited data : re avail-
able, Preliminary results indicate that negligible change in the a/€ was experienced by

the materials listed below as a result of exposure to 107 ergs g=! (C) of cobalt-60
gamma radiation,

Kemacryl White Lacquer No, M49WC17 (Sherwin-Williams)
Kemacryl Black Lacquer No, M49BC12 (Sherwin-Williams)
Leafing aluminum pigment in Kemacryl acrylic v:hicie (Sherwin-Williams)

Nonleafing aluminum pigment in Kemacryl acrylic vehicle (Sherwin-Williams)

Fuller 517-W-1 Gloss White Silicone (W, P, Fuller Co,)

Fuller 517-B-2 Flat Black Silicone (W, P, Fuller C»,)
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Fuller 172-A-1 Aluminum Silicone (W, P Fulier (n,)
Fuller 171-A-152 Aluminum Silicone (W, P. Fuller Co,)
Dull Black Micobond L6X962 (Midland Industrial Finisher Co.)
LMSC White Silicate Paint on Al 1100 aium nuiv. alloy

The irradiations are to continue to 10}1 ergs g~ (C) gamma radiation and t» other types
of penetrating radiation,

Effects of Ultraviolet Radiatior

Fulk and Herr{17) dete....ined the vreight loss in vacuum of a numbes of polymeric
materials used in spacecraft, Compositions of the materials are listed in Table 9
while a typical weight loss-versus-time curve is shown in Figure 8, Fulk points out that
the ""total weight loss until stationary state' and the '"time to reach stationary state' are
important characteristics of each material. These values should be taken into acccunt
when selecting materials for vacuum and/or spacecraft use, Figare  nows typica:
curves for a number of good points,

Carroll{18) reported on the evaluation of materials used on early Mariner spacc-
craft, The results of screening tests on paints and nonpaint "whites' are lis‘~ 1n
Appendix A, Tables A-2, A-3, and A-4, and Figure A-4, The values of init .. . indi-
cated ‘~ Tohle A~4 and Figure A-4 are nominal values for the materials, T, alumi-
nized ¥ .P L. 1.1 showed the least degradation of the materials tested and is e lecgica’
choic for the top of the heat shield, For rigid paintable surfaces, either ZW60 or
ZW* z:rc su' ‘de paints {Table A-4) are recommended,

Effects nf Ultraviolet Radiation and Vacuum

Wahl, et al,,{19) and co-workers studied the effects of varicus combinations cf
ultraviolet radiations (2500 to 7700 A), moucrate temperature {290 F), vacuum pres-
sure {(9.0+ 7,0 x 10-6 torr), and atmospheric pressure (750 20 torr) on a commer ..l
white polyurethane enamel manufactured by Lowe Brothers Paint Company. “his
enamel consisted of two parts, No, Lil-2392 enamel and No. LH-2393 hardener, which
were mixed in equal vclumes just prior to use, The coating lost weight and changed
color from white to light brown, Total spectral reflectance measurements ind’cated
that the absorptivity increased as the ultraviolet radiation intcnsity and exposure time
increased, It was predicted that the long-time, close temperature contro. of a space
vehicle would not be successful using this polyureihane coating,

Clauss, ct al, ,(20) and Gaumer, et al, ,(21) at I_ockheed investigated the effect of
ultraviolet raciation and vacuurn on temperature-control surfaces, For clectronic
equipment aboard spacecraft to function properly, their temperatures must be main-
tained within a range of approximately 0 to 60 C, At the present time, wnite paints are
largely used as solar reflectors, but their a,< ratio is about 0,27 and is 10t low enough
for many practical applications, such as attzining luw temperature for i.frared sensors
to operate efficiently, Solar reflectors with an a/e ratio not greater tha1 0,1 are
needed, Tahie A-5 shows the o /e ratics of a group of rep:esentative m. terials
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Fuller 172-A-1 Aluminum Silicone (W, P Fuller Co.)
Fuller 171-A-152 Aluminum Silicone (W, P, Fuller Co.)
Dull Black Micobond L5X9262 (Midiand Industrial! T:nisner Co.)
- -EMSG -White-Silicate Paint on Al 1100 alum:.um alloy.
The irradiations are tc continue to 1011 ergs g=! (C) gamma radiation and to other types

of penetrating radiation,

Effects of Ultraviolet Radiation

Fulk and Horr(17) determined the weight loss in vacuum of a number of polymeric
materials used in spacecraft, Compositions of the materials are listed in Table 9
while a typical weight lcss-versus-time curve is shown in Figure 8, Fulk points out that
the "total weight loss until stationary state" and the ""time to reach stationary stace' arc
important characteristics of each material, These values should be $a} ni» intc accornt
when selecting materials for vacuum and/or spacecraft use, Figure 9 shows typical
curves for a number of good points.

Carrol(18) reported on the evaluation of matcrials used on early Marir~r space-
craft, The results of screening tests on paints 2.d nonpaint ""whites' are list in
Appendix A, Tables A-2, A-3, and A-4, and Figure A-4, The values of ini‘1.1 a indi~
cated 1 tan A~-4 and Figure A-4 are nominal values for the materials, T'. alumi-
nize¢ FEP Teflon showed the least degradation of the materials tested and is the logical
choi: ¢ yor the top of the heat shield, For rigid paintable surfaces, either ZW60 or
ZW4vu zinc sulirle paints (Table A-4) are r :cornmended,

Effects of Ultraviolet Radiation and Vacuum

Wahl, -t al, ,{19) and co-workers studied the effects of various combinations of
ultraviolet radiations (2500 to 7000 A), moderate temperature {290 F), vacuum pres-
sure (9.0+ 7,0 x 10-6 torr), and atmospheric pressure (750 * 20 torr) on a «ommercial
white polyurethane enamel manufoctured by Lowe Brothers Paint Company, This
enamel consisted of two parts, No, LH-2392 enamel and No, LH~-2393 hardener, which
were mixed in equal volumes just priov to use. The coating lost weight and changed
color from white to light brown, Total spectral reflectance mrc._.urements indicatea
that the absorptivity increased as the ultraviolet radiation intensity and exposure time
increased. It was predicted that the long-~time, cluse temperature control of a space
vehicle would not be successful using this polyurethane coating.

Clauss, et al, ,(20) and Gaumer, et al, ,(21) at Lockhaed investigated the effect of
ultraviolet radiation and vacuum on temperature-control surfaces, For electronic
equipment aboard spacecraft to function properly, their temperatures rnust be main-
tained within a range of approximately 0 to 60'C, At the present time, white paints are
largely used as solar reflectors, but their a/e ratio is about 0, 27 and is not low enough
for many practical applications, such as attaining low temperature for infrared sensors
to operate efficiently, Solar reflectors with an a/€ ratic rot greater than 0, | are
needed, Table A-5 shows the & /€ ratios of a group of representative materials
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evaluated, The types of surfaces exposed as well as the results of exposure tefts are
summarized in Table A-6, The des:gnation of the commercial coatings are 1) sted in
Table A-7, the compositions of the laboratory-prepared paints are listed in " able A-8,
The acrylic-base paints were more resistant to vis.ble yellowing than eithcr the epoxy

o silicone-base paints, For many of the organic-base paints, there was an increase of
approxirnately 50 per cent .n solar abscrpnvaty (o), whice the infrared emissivity i€)
rera.inec constant, This 50 per cent increase 1n the ./€ ratio of ¢ surface at room tem-
‘perature would result in An 1ncrédsé 5t 57 Fif ¥ .npér iture; © " - :

Alexander, et al, ,(ZZ) studied the effect of very-short-wavelength radiation
(1150 to 2000 A) on polymeric films. The percentage weight losses of various coating
materials are shown in Figure 10,

Miller and co-workersf{23) at Armour Research Foundation tested the stability of
white coatings in simulated spocc cuvironment (approximately 10~% torr va ‘uum, em=
perature varying from 150 to 275 F!, The results indicated that all synthetic oxide pig-
men's, except zinc oxide, darken appreciably in 100 equivelent solar hours; natural
mineral pigments proved more stable, Among the organic binders, a silicone-type
material arpearcd the most promising, Typical results are shown in Table A-G,

The weight loss through volatilization of pigmented coatings after exposure to a
simulated space atmosphere for 100 hours {ultraviolet radiution in vacuum, of 1 x 10=2
torr) was determined by Cowling, (24) The results are shown in Table A-10,

Effect- ~f L1t+aviolet Absorbers

Hormaz: (22} exposed tailored coatings, some of which contained ultraviolet ab-
sor rt <nch s

(1) 2, 2'-4,4" tetrahydroxybenzophenone (D50)

(2) Dihenzoylresorcinol (DBR)

{3) 2-hydroxybenzoylfer~ocene (HB.")
{4) 2-hydroxy-4-methoxy~2'-trifluorec.~ethyl benzophenone (DR1)

to ultraviolet and vacuum, He found that a flat white titanium dioxide-pigmented
silicone-alkyd coating showed good vacuum-thermal and ultraviolet-radiation stability,
A wide range of a/e values (0,20-0 85) based on this coating >r. available for various
temperature~-control conditions, Dispersion of an ultraviolet absorber in a clear film
over the besic coating exhibited o pretective action 1n reducing the weight loss through
500 F and in reducing Ax at 300, 400, and 500 F.

he black-leafing-aluminum system would provide high a /e values (0,90 to 1,40)
due to decreased emiltance values with increased leafing~aluminum conten{, Hormann
also indicated that above 400 F, polyurethane syste.ns are inadequate in a vacuum-
therm .l environment,

0)
in
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Field, Cowling, and Noonan(20) found zinc sulfide (Cryptone 800 produced by the
New Jersey Zinc Company) in a silicore vehicle afforded a very good combination of

wfrared emission aad long service life, 1n spite of the fact that considerable discolora- -
1 n weveloped under ultraviolet irradiation. Zinc sulfide in an acrylic coating matrix
{Acryloid A-10, Rohm & Haas) also showed good precm' e, In at ieast cne mstance, the e

acryhic formulation proved superior to all the silicore formulaticns,

Electrical Insulation

Insulation materials sucn as glass-diallyl phthalate, Formvar wire coating,
Silicone DC 997 varnish, polystyrene coil dop2, and polyolefin wire insulation have been en
satisfactory in room-temperat ire tests to an exposure of 1011 ergs g~1 (C).

A number of phenolic circuit boards tested have shown no deterioration at 1010
ergs g~! (C).

In gener..l, the effects on electrical properties of irradiation of clectrical insula~ -
tion in air and in vacuum are similar,

Polyimide film (Du Pont H-Film) shows excellent temperature and raciation sta- -
bility in air and in vacuum to at least 1010 ergs g-! (C).

In yencval, permanent changes in electrical properties of polymeric rr - ‘¢rials
with ir ... 1 are minor and the hife of the insulation depends upon its res. ‘ance to
mechk aical ¢, magye. However, transient effects due to exposure in a radiation {lux may ay
caus. diffscus, . The discussion in this section is limited to the physical properties of Y
some of th~ mic. e recent insulating materials which have been investigated, A more
comprenensive discussion of electrical effects vill be found in REIC Report No, 36,
"The Eifect of Nuclear Radiation on Electronic Components Including Semiconductor
Devices'', which is being published concurrently with this report,

Data have been obtained on Tedlar (p»slyvinyl fluoride), ¥ynar (polyvinylidine
fluoridz), and H-film (polyimide), some of the newer films which have appeared on the e
market, Also, limited data on effects of vacuum and radiation, and extreme tempera- -
tures and radiation have been collected,

Effects of Nuclicar Radiation

Kaufman and Gardner{27) determined the per ~rmance characteristics of resis-
tors, capacitors, and insulating materials used for printed~circuit bhoards or electrical al
connect>rs in a nuclear environment, At an exposure of 1 x 1011 ergs g~1 (C)[1.67 x
1016 1/ :m? {F,>2.9 Mev)], glass-diallyl phthalate was the most suitable material

tested as ap insulating material for connectors. Melamine, silicone rubber, and pheno- no-
li: were rated second best because of some degradation in their mechanical properties, s
Several laminates were tested for use as circuit-board insulation, Silicone-resin- sin-

impregnated Fiberglas was satisfactory as an insulation at an exposure of approximately ely
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1011 erg- g-1 (C), but the copper circuit could not be adequately bonded to this mate-
rial, Only slight discoloration of the circuit board occurred owing to irradiation, A
phenolic circuit board, 181 Volan A glass fiber impregnated with CTL-91D was exposed
to 1010 ergs g=1 (C) [2.5 x 1015 n/em2(E>2,9 Mev)]. No evidence could be found of
any discoloration, warping, or blistering, and the coonf' circuit remained firmly
bonded o the board.

Kcehler and Pefnay(za) reported polyethylene, Zytel Nylon 33, and polyvinyl
chloride as satisfactory insulation rnaterials to an exposure of 1010 ergs g-1 (C) in air
wher dry, Litton Systems, Inc. ,{3) in work to secure data on the performance of sub-
system components and hardware, exposed an LPR~10 drum to the neutron and gamma
flux of General Dynamics Ground Test Reactor (GTR). Exposure was to an integrated
neutron and gamma exposure of 1.3 x 1016 nvgt and 1 x 101l ergs g-1 (C) at a tempera-
ture of 30 C to 60 C. The specimens were at 45 C during the greater portion of the
time, Polymeric materials which were found satisfactory included silicone glass
insulation, Formvar magnet-wire coating, Silicone DC 997 varmsh, Raychem polyolefin
lead-wire insulation, polystyrene coil dope, and mineral filled diallyl phthalate (for the
terminal block).

Effects of Elevated Temperature

and Radiation

Campbell(29) studied the effect of combined heat and radiation on sever.' .agnet-
wire-insulation materials, including polyviny! formal, polyester, silicone, zr ! fluoro-
carbon .o aud varnishes, He found that the normal service life of sor.: materials
was ir .reased by as much as 800 per cent in a combined radiation and thermal envircao-
ment. He attr butes this te a balancing of the chain-scission and crosslinking mecha-
nism.s, Tabies '0 and 11 show a comparison of the service life of several insulation
coatings in a the rmal environment and that in a radiation-thermal environment, Radia-
ticn cxpcsures varied from 1,8 x 106 ergs g-1 (C) he=1(2 x 104 roentgens hr-!) to
1.6 x 108 ergs g-1 (C) hr=1(1.77 x 106 roentgens ur-1),

The normal service life at 1560 C of pslyvinyl formal was extended by 870 per cent
when the mate~ial was in 2 combined thermal-radiat 1 environment as compared with
the life in a thermal environment, Several other materials exhibited longer service liute
in the combined environment, lmprovement ranged from 162 per cent for the¢ combina-
tion of silicone enamel and silicone varnish at 240 C to 780 per cent for that of a goly~
ester eramel and oil-modified phenolic varnish at 200 C, On the other hand, polytetra-
fluoroethylene 2namel retained less than 1 per cent of its nc: =1 service life at 270 .,
when in a radiation field, '

Effects of Vacuum and Radiation

General Dynamica(b:” irradiated in air and in vacuum electrical insulation mate-
rials designated as DC~7-170 (silicone), Geon 2046 and Geon 8800 (polyvinyl chloride),
Estane 574GX1 (polyurethane), Kynar (polyvinylidine fluoride), Kel-F-81 (polytrifluoro-
ethylene), Duroid {a Fiberglas-reinforced Teflon), and Mylar (polyester), Physical
properties were determined before and after irradiation dnd the data arc shown in
Table A-11,
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TABLF 1!, RESULTS OF COMBIIED ENVIRONNENT EXPOSURES IN PROGRESS(29)

Exposure Time at

Per Cent of

Exposure Normal Therma.-  Exposure.  Fnd of Limited Normal Therrral Life
___ Insulation Material Temperature, Aging Life, Rate, Test Perlod, at End of
Enamel Varnish ¢ ht rorMe hr Limited Test Perfud(3)
Pnly\:myl..-, e e et e . et ee ———— oo . —— — - i & o 2+
formal None 200 190 0.5 ° 288 200
b
Polyvinyl .
formal None 180 280 0,04 1362 685
Aromatie
polyimide None 300 90 0,5 2660 282
Polyester Oil-modified
phenolic 20¢ 500 05 2793 112
Polytctra=
fluoroethylene  Nors 13 >10, 000 0,02 1882 <100

(2) Results not final; aging process being continued.

Silicone DC-7-170 increased in tensile strength 144 per cent, while elongation
decreased 83,5 per cent when subjected to a nuclear-radiation exposure of 9 199 ergs
g"l (C) in vacuum, Average weight loss was 0,2 por cent, The color chang:.! from a

light c.:~r to a dark brown during the vacuum irradiation,

Mechanical pro;:crties were
more ¢ :verely affected by the vacuum irradiation than by air irradiation,-

Kel F Leoame very britile with vacuum irradiation [exposure of 1010 ergs g-1(C)],

one specimen breaking during removal from th: vacuum chamber,

Weight loss was

0.29 per cent, When irradiated in air to 8 x 109 ergs g=1 (C), the specimens crumbled,
For polyvinyl chloride (Geon 2046 and Geon 8800), changes were somewhat greater in a

vacuume~radiation environment than in an air-radiation environment,

At approximately

1010 ergs g"l (C), changes in tensile strength were 20 to 30 per cent in vacuum and 5 to
15 per cent in air, Also, elongation decreased by 55 to 75 per cent in air and 80 to 85
per cent in vacuum, Kynar (polyvinylidene fluoride) increased in tensile strength by
about 20 per cent when irradiated in air to an oxposure of approximately 10% . rgs g-1
(C). In vacuum, the increase was negligible, Change in elongation was greater in

vacuum than in air, although there was little change in this property,

Polyurethane and Duroid are less affected by irradiation exposure of 109 ergs g=~!
(C) in vacuum than in air, Mylar increased in tensile strength, but decreased in elonga-
tion when irradiated in vacuum, No significant weight loss was noted, This material
appears satisfactory for applications in a vacuum=~-gamma radiation environment to
1010 erges g=! (C). However, it is susceptible to ultraviolet radiation damage,

Kerlin and Smith(6,7) also investigated the physical g
tric materials when irradiated in air and in a vacuam (10-

roperties of several dielec-
to 10-7 torr), These in-

cluded Marlex 6002 (high-density polyethylene), 7 flon TFE, Tedlar (polyvinyl fluoride),
and H-film (polyimide), Data are given in Table A -1¢, The polyimide {ilm showed the
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highest tensile strength and the greatest stability to radiation both is air and in a vac-
uum,  After 3 » 1010 ergs g=1 (C) exposure, tensile strength dropped only from 19,470
psito 17,903 psi when irradiated in air and to 18,877 psi when irradizted in vacuum,
Fiongation decrezsed {rom 128 per cent tc 83 per cent vhen irradiated in air and to

105 per cunt when irradiated in vacuum, Tedinr also showed good stability to radiation
both in air and in vacuum when irradiated to an exposure of 10% ergs g-1 (C).

Effects of Cryogenic Temperatures
and Radiation

Mylar C was irradiated at liquid-nitrogen and liquid-hydrogen teraperatures, (30)
At cryogenic temperatures, tnere was an increase in tensile strength and a decrease in
elongation, At the liquid-nitrogen temperature, gamma irradiation decreased the ten-
sile strength, but not below the original value at room temperature.

The polyimide film, HT-1, was also irradiated at liquid-hydrogen and liquid-
nitrogen temperatures, (30) Tensile strength of the polyimide film increased and elornga-
tion decreased at this temperature, but the effect of radiation up to 1010 ergs g~1 (C)
was very slight,

Laminates

ombined cffecte of radiation and vacuum [1010 ergs g-1 (C) and 10~7 torr] have
show: no deluirrious effects on the strength of various tested laminates except those
prep. red with i"araplex P-43 and Siiicone DC~-2104 resins, These decreased in tensile
strength when subjected to exposures higher thun 1010 ergs g~ (c).

Dynalam (glass fiber-phosphonitrillic chloride polymer) shows promise for use at
450 F and an exposure of 6 x 1010 ergs g-1 (C).

Epoxy, nolyester, phenolic, melamine, and silicone laminates have been investi-
gated as to their behavior in a radiation environment, These do not appear to be ad-
versely affected by ruclear-rudiation exposure of 1010 ergs g-1 (C) and ultra riolet ex-
posures of 2 pyrons for 500 hours (1 pyron = 1 cal/ecmZ/min), The polyesters wers
found to be the more sensitive to ultraviolet irradiation, but may be improved with the
incorporation of ultraviolet stabilizers, Phenolics appear ts » leaat sensitive to ult.a-
violet exposure, Epoxy laminates show improved strengths when tested in a vacuum en-
vironment, Present information would indicate tha! cryogenic températnres will not be
a serious problem with structural laminates,

Eifects of Nuclear Radiation

Laminates called Dynalam consisting of 181 glass cloth (A=1100 finish) impreg=-
nated with AP-Resin-XHU (a phosphonitrillic chloride polymer) were irradiated fo:
55 hours at an ambient temperature (120 to 130 F) and at 450 F.“) Some of these
laminates contained an unspecified curing agent and some contained no curing agent,
All of them showed excellent radiation stability, The tensile strength of samples ‘r-
radiated in air at 130 F to an exposure of 1,7 x 1011 ergs g-1 (C) and tested at ro.n
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tenperature did not change more than 5 per cent. The tensile strength of samples ir- -
radiated at 450 F to an exposure of 6 x 1010 ergs g-1 (C) and tested at room temperature ure
dil not change appreciably, This was true for both laminates containing a curing agent nt

a.d for those with no curing agent, Data are given in Aopendix A, Table A-13,

Effects of Vacuum and Nuclear Radiaiion -

wn

NeWitt, Podlaseck, and Suhorsky(9) exposed samples in a vacuum of 10~4 to i0-5 -

torr to a temperature of 250 F to 400 F for a 7-hour period, Materials investigated and ind
test results are shown in Table A-14 in Appendix A, Only the phenolic 91 LD-Fiberglas las
laminate was significantly affected by the vacuum exposure. The compression strength th

of this material increased by 36,5 per cent. Wahl{19) conditioned specimens of poly-

ester (P-43), epoxy (Epon 81Z,, and phenolic (91 LD) laminates for 2 hours in an air-

circulating oven, After being cooled in 2 desiccator and weighed, the samples were

placed in a vacuum oven for 1000 hours, After 6 hours, pressure was 7.2 x 10-6 torr; r;
after 100 hours, it was down to 6 x 10-7 torr, and at the end of 1000 hours the pressure re
was down to 3 x 10”7 torr, Temperature ranged from 78 to 80 F. After 1000 hour:,

the samples were reweighed, In all cases luss of weight was less thau v, i per cent,

Data are given in Table 12,

TABLE 12, WEIGHT LOSS OF LAMINATES EXPOSED TO HIGH VACUUM FOR 1000 HOURS(19)

Polyester Phenolic P~ -
Maternal Samgle A s_ar_nplc B Sample A Sample B Samp! le A _ Sample B E
Oziginal .«c, ey 13,4794 13,6450 15, 1660 14,6469 14,1908 14,0570 70
Weight * ter E'coswrs  grams 13,4771 13,6408 15, 1526 14,6352 14,1908 14,0570 10
Loss in Weight
Grams 0,0023 0,0042 0.0134 0,0117 0.0 0.0
Per Cent 0.02 0,03 0,09 0,08 0.0 0.0
-
Boundy(3l) reports the per cent weight loss at a pressure of 10-6 torr and evpn- -
sure temperatures of 75, 150, and 300 F after periods of 1, 4; and 7 days. Data are
given in Table 13,
TABLE 13, WEIGHT LOSS FOR LAMINATES UNUER VACUUM -THERMAL CONDITIONS(31)
(Pressure, 106 mm Hg,
=
Weight Loss, per cent
Temperaturc, 75 F Tempe, _.ure, 150 B Temperature, 360 F -
Time, days Time, days Tine, days —
Materials 1 ) 8 1 4 2 1 4 7 7
Epoxy glass fiber 0.03 0, 0¢ 0.06 6.09 0,30 0,33 0,31 0.56 0.62 62
Phenolic glass fiber 0.11 v, 24 0.29 0.24 0.48 0,55 0,94 1,25 1,32 32
Phenolic cotton 0.41 0,95 1,14 0,393 1,32 1,36 1,84 1,83 1,89 .89
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The epcxy has a lower weight loss than the phenolics, It i1s believed that part of
the weight loss of phenolics is due to the release ¢f water formed during polymerization
and which has remained in the laminate,

Podlaseck and Suhor:ky(4; 32) show that the efiect of vacuum on weight loss {
polymers 1s to decrease the equilibrium weight~loss rate ar elevared temperatures.
They state that since the weight-loss rafe 1s prc .crtional to the degradation rate, the-
‘{mplication is that the normal rate of degradation observed in air can be considered to
consist of two modes: (1) an oxidative degradation which is dependeat on the partial
pressure of oxygen or water vapor available to the specimen, and (2} a pure thermal
degradation which is independent of the surrounding environment, A vacuum does not
appear to alter the equilibriun. weight~loss behavior of the unmodified crosslinked-
resin system used, but seemn.s only to provide an inert environment at temperatures
where oxygen increases degradation, Nitrogen and helium can afford the same protec-
tion as a good vacuum,

Because the rate of weight~loss increase, with increasing temperature, is less in
vacuum than in air, the upper temperature limit for the use ot many plastics may zc-
tually be increased for extended space exposures in radiation-proteciew arveas,

Gray, et al, ,(8) determined the tensile strength of several laminates ofter expo-
sure to radiation and/or vacuum, Table A-15 lists the materials tested, and Figure A-5
shows the effect of vacuum, radiation, and combined environment on these . .. ‘rials,
It may be seen from Figure A-5 that, except for the epoxy glass-fiber ma_e ... (Scotch-
ply 1407 ~6. Minnesota Mining and Manufacturing), there was little effect ¢ hese envi-
ronm "nts on .he laminates, With the Scotchply materials, the combined rad..iion [109
ergr g'l (C)! ind vacuum (10'6 torr) environment increased tensile strength; whereas
eitl, r factor -lone slightly decreaced this property,

Kerlin and Smith({7533) tested nine glass-fabric laminates and one honeycomb
laminatie for effects of radiation-vacuum environment, These included Mobiloy AH-81,
CTL-91-LD, and Conolon 506 (phkenolic), Paraplex P-43 and Selectron 5003 (polyester),
DC-2104 and DC~2106 (silicone), Epon 828 (epoxy), and HRP Houeycomb {phenolic),
Tests indicaied that the combined effects o. radiation and vacuum [approximately 1010
ergs g"l (C) and 10~7 torr] have no deleterious effect on the strength of the laminatc.
except for P-43 and DC~2104, Paraplex P-43 lost tensile strength rapidly fter 1010
ergs g"l {(C). At an exposure of 3,1 x 1010 ergs g~! (C) in vacuum, tensile strength
decreased by approximately 20 per cent as compared with a loss of 6 per cent when ir-
radiated in air to 3.9 x 1010 ergs g-1 (C), Similarly, the tensile strength of Silicor:
DC-2104 decreased after an exposure of 1010 ergs g~1 (C) iu vacuum. At 2,9 x 1010
ergs g"1 (C), tensile strength decreased by 15 per cent, In air, no loss was observed
at an exposure of 3,9 x 1010 ergs g=! (C), See Yzbles A-16 through A-19,

Effects of Nuclear Radiation and
Cryogenic Temperature

Yasuill3) irradiated two phenolic-impregnated glass-cloth laminates (Sincwave
and Hexcel) in liquid hydrogen to an exposure of 3,¢ x 108 to 2,1 x 109 ergs g~! (C).
Tensile strength and tear strength were determined while saniples were immersed in
liquid nitrogen, Exposure to 2 x 109 ergs g~1 (C) in lig' 1d nitrogen produced reo sigrifi-
cant effect on the tensile and tear strengths of either material, Dat2 are given in Fig-~
ures A-6 and A-7,
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Two laminates prepared by Lockheed~-Georgia Company for possible hydrogen
barriers also were evaluated, Laminate I consisted of two plies of Epon 820-resin~
impregnated 114 Fiberglas cloth laminated to 1 ply of aluminized polyester film with
t.¢ aluminum forming one exterior surface, Radiation results indicate that the strength
properties of the material were not significantly affecre | Ly exposure to 2.6 x 179 ergs
g=* IC). The same radiation exposure produc<d w.c sratistically significant eftects on
Laminate II which consisted of one p.y of 181 Fib- rglas cloth impregnated with ERL =~
2795/2870 epoxy resin and coated with six thin layers of Elastathane M~50,

Gray, et al, ,(8) irradiated phenolic, polysster, epoxy, and silicone laminates in
air and in vacuum (10-® torr for 2 weeks) to an exposure of 109 ergs g~1 (C). These
were then tested at a temperature of ~-300 F, Data are shown in Figures A-8 to A-11
(also compare with Figure A-5), According to Gray, the environmental conditioning im- -
proved the strength of epoxy with unidirectional glass fibers and phenolic with glass
fabric, However, phenolic with high~silica fabric exhibited a slight degradation in ulti-~
mate strength, No trend of improvement or degradation due to environmental exposure
was found for the remaining materials,

Kerlin and Smith(7) irradiated Conolon 506 (phenolic) and Paraplex P-43 {poly-
ester) at liquid-nitrogen and liquid~hydrogen temperatures to a gamma exposure of
6 x 1010 ergs g=1 (C), No significant change in ultimate tensile strength occurred at
the liquid~nitrogen temperature, Although tensile strength increased somewhat at the
liquid~hydrogen temperature, this was believed to be due to chemical reactions between
the ionized hydrogen and components of the adhesive rather than to the lowe:
temperature.

Effe. s of Va. ium and
Ultr.viclet R .ation

Wahl, et al,,(34,35,19) exposed three types of laminates to ultraviolet radiation
in vacuum, These included glass-reinforced polyester P-43, epoxy Epon 815, and phe-
nolic CTL-91 LD, The ultraviolet source was either an Osram HBO-109 high-pressure
quartz-mercury lamp or Osram HBO-100 W/2 mercury lamp which produce ultraviolet
and visible radiation from below 2500 to about 7000 A,

No significant degradation of the laminates occurred when exposed to radiation of
2 pyrons (2 cal/cm2/min) for periods up to 500 hours, To determine the relative effect
of exposure to vacuum and varying intensities of ultraviolet radiation for greater lengths s
of time, furthcr tests were conducted at 2, 3, 4, 5, and § pyzre

Examination of the specimens after exposure *o vacuum and ultra.iolet radiation,
of 2 and 3 pyrons intensity, for periods of 125 hours showed that the transparent poly-
ester and epoxy laminates became opalescent and the surface facing the radiation be-
came brown, This was not observed with the phenolic larninates since they were rela-
tively dark brown and opaque before exposure, With greater exposure to ultraviolet,
the polyester and epoxy laminates became more charred and blistered. The phenolics
did not char even with 4, 5, and 6 pyrons of ultraviolet, Compressive and flexurai
strength data are given in Tables A-20 and A-21,
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In summary, Wahl found tnat pressure showed little or no influence on flexural
modulus except with polyester at mrdarate temperature in the presence of ultraviolet
radiation, In all cases, higher temperatures decreased flexural strength, The extent
o: the influence is greatest with epoxy and least with phenolic, It is greztest in the
p: -sence of vacuum withcut radiation, and least in the presence of radiation 2t I aunc- -
sphere of pressure, The prcsence of radiation generally decreascd strength, The ef- .
fect way most pronouriced ~ith polyesier at roon témperaturé with 1 dtniosphere of T e
pressure, Wahl stat2s that heat or uitraviolet alone, or combined, have the greatest
influence on strength properties of the three types of laminates znd it is important to
separate these environmental elements when determining their efiect on plastic
materials,

Initial work would indicate that incorporation of an ultraviolet absorber ir the
polyester resin would be effec:ive in reducing degradation due to vacuum ultraviolet,
Tables A-22 through A-24 show the ultraviolet absorbers tried, weight loss, and flexural ral
strengths of laminates after exposure,

Potting Compounds

Potting compounds are available that maintain good dielectric-constant, dissipa-
tion~-factor, and volume-resistivity measurements before, during, and after 1rradiation n
to an exposure of about 1011 ergs g"l {C).

¥our poting compounds o be used in a vacuum-radiation environment, o higher
temp ratore < re is preferred to a room temperature cure, Solvent systems are gen-
eral' mnot sai. factory because they tend to be gaseous as a result of entrapped sclvent; -
this leads to po- osity,

Priting compounds have been found satisfactory for use in vacuum at 170 F to a
gamma exposure of 1010 ergs g~1 (C),

Effects of Gamma Radiation

According to Dexter and Curtindale{36) Dow Corning R-7521 (silicone resin) com- (-
bined with inorganic fillers such as silica sand or zirconium orthosilicate showed no ap~ p~
parent degradation of physical propertizs after irradiation exposures of 5x 1070 erg:

g'l {C) (500 megarads) at 23 C or after 1010 ergs g~1 (C) and 2050 hours at 200 C,

Because of its outstanding thermal endurance and radiation resistance, this system is
considered an ideal potting material for such equipment as canned motor puinps and
reactor~control-rod drives, Figure 11 shows the effects of combined heat and radiation n
on the electrical properties of R-7521 silicone resin,

Several potting compounds were investigated by Armstrong, {37) These include:
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Scctcheast No, 2 Minnesota Mining and Manufazturing Co,

Stycast 2651 MM Emerson and Cuming

RTV-501 Low Corning

Epon 828/D Shelt Chem:zal Co,

Insulating Lacquer 1162 A/B Dennis Ckomical Co,

12-007 hysol Carp,

Stayfoam AA+402 Am :rican Latex

EG 758 T Mica Corp,

Scotchcast Foam Resin No. 603 Minnesota Mining and Manufacturing Co,

Insulation resistance measuremets were taken before, during, and after irradia-
tion, Resistances of the sampics were (ound to be dependent on the exposure [exposure
rates varied from approximately 104 ergs g=} (C) hr=~! to 108 ergs g-1(C) hr~1], The
greatest change occurred in t*« Mica reference sample; the poiting materials served to
decrease the rate effects in the other samples, RTV-501 showed an appreciable char ze
in insulation resistances at the higher exposure rates, as did Denmis insulating Lacquer
1162 and Americar Laiax Stayfoam AA-402,

Bendix Corporation measured d.electric constant, dissipation fari~», and volume
resistivity before, during, and after irradiation of seven types of epoxy resins, (38)
Exposure was about 1011 e=gs g=1 (C) or 1.1 x 1016 nyst, Of the seven tested, five
were considered as stable potting and insulating materials at the exposure ot the test.
These included:

Maraset b22-E
K w4 /-M
Jsh 420 A
Scotcher t5
Scotchcast 212

Effects of Radiation and Vacuum

Curve is an impertant factor with potti ng compounds subjected to the radiation and
vacuum conditions of a space environment, A higher~temperature cure is preferred to
a room-.emperature cu'e, Solvent systems are generally not satisfactory as they tend
to dissolve the insulatiun of imbedded wire and retain residual solvent which .eads to
porosity,

Blackmou, 2t al, ,(5) determined the effect ot vacuum (15" 7 torr) and radiation on
a number of potting compounds at a temperature of 170 F, Some of the materials were
exposed to 1010 ergs g~1 (C) gamma radiation ir ai*, Table 14 summarizes the overall L
performance of the materials, No large changes in hardness or dielectric constant re-
sulted, The greatest variations were in weight loss ond, consequently, dimensional

stability, Twc of the materials, Epocast 202/9615 and Hysol 12-007 A/B were satisfac- -
«Cry on expcsure to vacuum and gamma radiation. According to Clauss(39), the Hysol

showed excellent stability, but cure shrinkage was greater than 2 per cent and shrinkage e
during exposure to vacuum at 170 F was 4, 5 per cent, Three materials that were tound 1
satisfactory after exposure to vacuum at 170 F were not subjected to radiation exposure, .
These included a polyurethane, PRC 1535 A/B (Products Research Company), a silicone e

elastomer, DC, 502/501 (Dow Corning Corp. ), and an epoxv-polyamide, Epibond 1210/
9615 (Furane Plastics Co, ).
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Keriin and Smith(®: 7) studied the effect of radiation and vacuums on several sili~
cone and 220Xy potting compounds, Tnese included:

Epon 828/2 Epoxy

Silicone DC~R7521 Siliconc

Scotchecast 212 Epoxy

R?‘V -501 Si! .one

RTV-50 Silicone elaswomer
EC-2273 Fluorinated elastomer

The altimate compressive strength of Epon 828/Z increased approximately 6 per cent
when subjected to a radiation exposure of 1010 ergs g=1 {C) at a pressure of 2 x 10~
torr. This chinge is not considered to be significant, There was no change 1n the weight
of the material and its color ..anged from amber to dark brown. Silicone DC-R7521

did not change significantly in weight or compressive strength at a radiation exposure of
9 x 109 ergs g1 (C)and a pressure of 2 x 10-6 torr, bat changed from a straw color to
dark brown. Data are given in Table A-25 in Appendix A,

RTV-60, a sil:conc elastomer, wa. exposed to radiation under :t_lic and dypa °::
conditions, The compre.sive strength was found to increase f{or a deflection of 0, 02
inch after an exposure ot 8,0 x 109 er¢s g~! (C) in vacuum, Samples exposed under
dynamic conditions required a 75 per cent increase in load to compress them 0,02 inch,
Statically exposed samples tested several weeks later required a 386 per cer! =ncrease
in load, A ioad of 1549 ps: was required tc compress the static irradiated s- e
25 per cent as compdared to a value of 203 ps1 for the control, a change of 6(. per cent,
Datr a . gt » . 1n Table A-Z6 and Table 15,

Tre axt Agation in »ir of Scotchcast 212 (epoxy) and EC~2273 (a fluorinated elasw
tomer) ha. I:itt* effect on their properties, Irradiation ir vacuum caused compressive
strength of the dcotchcast to increase by alniost 50 ver cent, A small increase was
noted far EC 2273, With RTV-501 silicone, radiation both in air and in vacuum in-
creased comnressive strength, However, in vacuum, the increase was more noticeable,
Data are given ir Table A~27,

Seals, O-Rings, and Gaskets

Elastomers which have shown promise for vse as seals, O-rings or gaskets for
use in a radiation environment include natural rubber, SBR. nitrile rubber, scme po'y-
urethancs, neoprene, Viton A and B, and silicone elastomers,

For temperatures above 300 F, Viton A, Kel-F, nitrile rubber, and silicone
elastomers may bz considered,

Elastomers which have shown promise when irradiated to 1010 ergs g-1 (C) at
room temperature include natural, SBR, mtrile, neoprene (if not immersed in water},
and some pulyurethane rubbers,

At elevated temperatures, the most radiatior.-resistant elastomers appeared to be
satisfactory to 109 ergs g-1 (C).

The addition ot antirads improved scmewhat the stability of mitrile, neoprene,
SBR, and natural rabb:rs, The antirads increased service lifc by about one order of

magnitude,
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Nitrile rubber is not seriously affected by racdiation either in air or in vacuum to
an exposure of 109 ergs g=1 (C}), At 1010 ergs g=! (C), the effect of irradiation is about
t.e same in air as in vacuum, Irradiation of neoprene to 109 ergs g"l (C) hag about the
g~me effect in vacuum as in 1ir. Radiaticn effects cr % :iton-B appeared to be sirilar
whather irradiated in air or in vacuum,

Ef ects of Nuclear Radiation

Morris and Caggegi(40) investigated 24 rubber vulcanizates and 93 antirads in an
effort to develop rubber gaskecs which would be resistant to nuclear radiation. The
vulcanizates were exposed to a gamma exposure of 1010 ergs g~1 (C)ata temperature
of 75 I, Elastomers examir~ included natural, styrene-butadiene, acrylonitrile,
acrylic, neoprene, v nylpyridine, polyurethane, silicone, fluorinated silicone, and
Viton-A., Using conipression set as the criterion for bahavior as a gaskat material, the
elastomers which werc the most satisfar tory were natural rubber, styrene-butadiene
containing 23,5 pes cent styrene polymerized at 41 F {Synpol 1500), and nitrile rubber
(Hycar 1072), It was found that the resistance to gamma irradiation of *tyrene-
butadiene rubber was improved if 1t was cared with dicumyl peroxide instead of sulfur,

Genthane S, a polynrethane, was rated as one of the best vulcanizates, but
Adiprene C, also a polyurethane, was questionable, Some of the specimens ~f the
latte © including the control, hot-compression set, and irradiated samples, < . ttered
whil2 « , anressed, Apparently, the strength of this vulcanizate was margir.., Silicone
vulcam e w2 a'.igh compression aet before irradiation and showed larg. iecrease:
in M- .t inden'ation™ after irradiation. Irradiation caused the Philprene VF-25, Viton
A~H , and 51 stic LS=-53 specimens to corrode the aluminum plates huiding them in
compression,

Table 15 shows the compression set and the decrease of Ma- :ndentation of sev-
eral vulcanizates after irradiation, The figures given are the ditferencesn between the
irradiated values and the original values,

The radiation resistance of the vulcanized rubbers with respect to compression
set can be improved by compounding with certain antioxidants, antiozonants, or with
certain chemicals containing aromatic rings or condensed ring structures, rhese are
discussed in the section on antirads,

In studius to determine the extent to which antirads cuan . ctect O-rings, Born
and Associates({41) investigated the effect of the more promising antirads in nitrile,
nitrile/styrene-butadiene (90/10), neoprene, and V:ton-A premium-quality compounds
used currently in commercial O-ring seal production, They found that on the basis of
absolute postirradiation property values as well as per.cent retention of initial values,
the nitrile rubber compound (NBR) plus 5 phr of Stabilite-FLX was the most promising
all-around candidate rubber compound of this group for O-ring seals for radiation ser-
vice, This formulation is compounded by Precision Rubber Products Corporatior.,

*hiast indentation is the deptl of penctration of a 0,125 -inch hemispherical indenter futo the sample with a 1000-gramn weight
resting on the indentor, Readings are iaken after ! minute and are expressea in hundredths of a miilimeter, This test utilizes
the Mast Indentometer Model 650-2, but otherwise it is the same test as ASTM D731-58, “Indentation of Rubber by Means of
the Pusey and Jones Plastometer”.
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TABLE 16, CHANGE IN COMPRESSION SET AND MAST
INDENTATION OF ELASTOMERS DUE TO
GAMMA RADIATION(40’

Comp.ession Set Decrease of Mastla)
due to Indentatic a due to
Rubber Radiation, % Radiation -
Adiprene C 55 12
Silastic S2048 59 174
Silicone W95 71 185
Synpol 1500 74 41
Philprene VP-25 77 62
Natural 78 42
Genthane S 79 26
Hycar 1071 79 55
Hycar 1041 80 49
Hycar 1042 80 39
Hycar 2001 81 51
Hycar 1001 82 43
Synpol 1000 82 46
Naugapol 1504 83 45
Synpol 8000 83 42
Naugapol 1023 84 57
Hycar 1002 84 43
v car 1043 84 48
Ncoprene WRT 85 59
H, :ar 1014 88 61
Hy. °r 4021 89 63
Sila stic LS-53 98 97
Viton A-HV 100 44

(a) Mast indentation 15 the depth of penetzation of a 0.125-inch hemispherical ndentor into
the sample with a 1000-pram welght test ~g on the indentor, Readings are ~aken after
1 minute and are expressed in hundredths of a millimeter, This test utilizes the Mast
Indentometer Model 850-2, but otherwise it is the same test as ASTM D531-58,
“Indentation of Rubber by Means of the Pusey and Jones Piastometer”,

General Dynamicsi!) irradiated four O-ring formulations manufactured by
Precision Ruther Products Corporatiorr (PRP), Three of th2 frrmulations were devsl-
oped in a cooperative program by B. F, Goodrich Co. and PKP to develop radiation-
resistant O-ring compounds; The fourth was a stadard PRP Viton-B formulation,
Data were given for a neoprene rubber containing £ parts Antiox 4010 and for Viton B,
These materials when irradiated at 375 F in air and in fluid maintained considerable
tensile strength and elongation, Data are given in Table 17,

Lewis(15) at General Dynamics irradiated an SBR rubber and a nitrile rubber
composition developed by Goodrich and Precision Rubber Products Companies, Both
contained an antirad to improve radiation resistance, These compositions appeared to
be serviceable to a radiation exposure of 1010 ergs g'l {C). (See Tablec 18 and 19,)
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Koehler and Pefhany(zs) tested a gaging system for reactor pressure tubes de-
signed to measure diameter, su.face defects, wall thickness, and straightness in a de-
fuelled, drained channel during periods of reactor shutdown, The ultrasonic crystal
used to trace the wall contour required a water ccupling to the tube wall and, therefore,
sume of the O-rings were wet or immersed in water during the testing of the gaging
sy:tem, As a result, soin: cf the O-ring materials were tested wet and some dry, de-
pend.ng on the location, The neoprene O-rings were found to be satisfactory to a radia-
tion exposure of approximately 1010 args g-1 (C;} both wet and dry. Although the O-
rings had hardened, they were considered satisfactory for this application, Silicone
rubber O-rings (Armet Green and Grey, and Linear White) and a white Teflon O-ring
were considered satirfactory when G v, but they hardened considerably when wet,

Effects of Vacuum and Nuclear Radiation

Gamma-radiation effects were determined by subjecting components containing
the seals to nuclear radiation. Solenoid valves, check valves, relief valver, actuators,
ball valves, and regulators were subjected to 2 weeks in a vacuum with the temperzture
cycled daily from =175 to +50 C, They were then subjected to radiation exposure in air
and finally to a repetition of the vacuum exposure, Although the effects of environment
on the seals in these components were not given directly and are not strictly compara-
ble, it would appear that neoprene, Viton-A, Kel-F, and some Teflon seals were satis-
factory, Butyl rubber, nitrile rubber, and other Teflon seals were adversely affected
and thus were not satisfactory,

T'-etyn r sealing materials within a solenoid changed in hardness or . ze,
thereb  increcsing the mechanical forces required to actuate the valve., This 1s illus-
tratic of the rvpe problems encountered. Leakage rates of components wth elasto-
mer seals a4 seats generally incseased as a resuit of the combined environmental
exposure testin_,

Kcrlin and Smith(6;7) evaluated Viton~-B, nit:ile rubber, neoprene, and natural
rubber as O-rings, These materials were subjected to nuclear-radiation exposure and
to vacuum, Data are given in Tables A-28 through A-31, Appendix A, Table A-28
shows the datu for O-rings whicii were irradiated in vacuum or in air and tested in air,
These were described as being static tests, Tables A-29 and A-30 contain data for
materials irradiated in vacumin and tested in vacuum, These were described as being
dynamic tests,

Examination of Table A-28 will show that nitrile ruhher 'Ta-ker Compound 66-
581) is not seriously affected by radiation either in air or vacuum to an exposure of
109 erge g"1 (C). At 1010 ergs g"l (C), the effect c irradiation is about the same
whether or not air is present, When tensile strength was determined in a vacuum
(dynamic tests, Table A-29), it appeared somewhat lower than when tested in air
{static tests). Weight loss was approximately 1 per cent (Table A-31).

Tensile strength and elongation of natural rubber O-rings changed considerably
when irradiated in vacuum to 9 x 109 ergs g=1 (C). However, up to 5 x 109 ergs g~1
(C), there was little difference between irradiation in air and in vacrum, No significant
change in weight occurred,
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Irradiation to an exposure of 10? ergs g~! (C) had nractically no effect on neo-
prene either in air or in vacuum. Dynamic te<., (tests in vacuum) showed little differ-
ence from the tests in air (see Tables A«28 and *-29),

Radiation effects on Viton-B appcared tu be similar whether irradiated in air or
in vacuum, Elongation aecreased consideradly after 109 ergs g~1 (C) (comparc
Tables A-28 and A-30).

A nitrile rubber containing an antirad (PRP 737-70) showed Letter tensile strength
when irradiated in air than in vacuum. After 109 ergs g~1 (C), elongation decreased
considerably in air, No comparable data for vacuum were given,

All of these materials except Viton-B showed good stability to radiation both in air
and in vacuum to about 109 ergs g‘l {C), but above that exposure, changes in physical
properties were large, Viton-B showed considerable change at 109 ergs g~1 (C). At
the highest exposures, natural and nitrile rubber appeared to bs damaged more by ex-~
posure to gamma radiation in vacuum than exposure in air. Neoprene ani Viton-B were
not tested to sufficiently high radiation levels in vacuum to determine the effect of
vacuum on gamma-~radiation damage,

Wahl and Robinson(35) exposed several elastomeric f2als to a gamma exposure of
5 x 106 ergs g-1 (<) in a vacuum (2 x 10~6 torr at beginning of exposure and 9 x 10~
torr at end of exposure) and measured weight and Durometer hardness changes, Sam-
ples remained in vacuum condition for 1 v cek follc'ing the radiation expo:u - before
they were tested. No gross physical property changes of the seals were 0. -crved, Data
are g .+ ir Table A=32,

Gx‘a;r'~ ) determined the effect of radiation and vacuum exposure on the compressive
an. tensile -~ rength of Fluorcbesios, a mixture of Teflon and random asbestos fibers,
The results v. these tests, shown in Table A-33, indicate that the material would still
remain useful as a gasket material fter radiation exposure of 109 ergs g'l (C) in
vacuun,

Gray, et al, ,(8) investigated the performance of seals and gaskets to determine
both design and material limitations, particularly those for unlubricated vacuum ser-
vice, The studies consisted of performance tests and the determination of leak rates in
static and dynamic operations, Tests included both rotational and reciprocating motion,
Leakage rates were measured by means of a helium leak dstector connected tq the in-
terior of the seal test container, The vacuum level was maintained below 10-6 torr ex-
cept in casc~ of seals for which leakage rates were too hiyl *> maintain the vacuur.,

All seals were dusted with molybdenum dis rlfide before installation, Elastomers
examined for ure as seals in reciprocating engincs included neoprene, silicone, Viton-
A, nitrile (Buna N), and Butyl rubbers, Also tested were Kel-F, polyethylene, and
polyvinyl chloride, Materials tested for rotating seals were silicone rubber, Viton-A,
Kel-F elastomer, Teflon, and Kel-F, Leakage rates and pertinent comments on wear
and abrasion effects are shown in Table A-34 in Appendix A,

Polyethylene and silicone rubber were the most effective seals for reciprocating
service, Leak rates were very low, 5 x 10-5 standard cubic centinieters of helium gas,
after test durations of 30 minutes, It was found that a dry lubricant such as molybdenum
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dfsulfide impr?ved performaunce, Silicone rubber and Viton-A proved to be good mate-
;1&}118 for‘ xjotétmna] motion,  Again, small amounts of dry lubricants were beneficial,
veal positioning and loading were found to be critical, and have to be carefully designed,

Teflon was particularly ineifective because of ity relatively rigid, i-flexitle prop-
ertics, The material wore rapidly since it was wst ne¢ porous as the slastomers and
would not accept a surface coating o’ lubricant s1.+h as molybdenum disulfide to reduce
friction and wear, Gray points out that self-lubricating properties of a material ap-
parently do not increase its life when operated as a dynamic vacuum seal,

Abrasion and tearing were major problems, Many of the seals were turned and
split after a few minutes' operation, Viton-A was an example of this mode of failure,

Static seal tests were conducted on the same elastomers used for the dynamic
tests, Seals were loaded to obtain the deflections and contact pressures ‘ecommended
by the manufacturers, Leak rates were measured before and after operation. Data are
given in Table A-34, Some seals such as silicone rubber exhibited a reducad leak rate
for static sealing after being subjected to dynamic operation,

Polyethylene and polyvinyl chloride (Vinylite) in an O-ring configuration were very
effective in static applications, These materials a5 well as the remainder of the elas-
tomers tested were not .preciably affected by a 2-week vacuum exposure at 1 x 10-7
torr,

In another study of sealants for space environment, Farkass and Barr-;(“)

screeae | .ove 1 elastomer materials for use as O-ring-type door seals, Thuase were
studie.. from tne standpoint of outgassing and leakage rates in a high vacuum environ-
ment. Apain, a radiation environment was not considered in these studies, Butyl

rubb.r, Viton-.\, neoprene, and Buna~N were roughly comparable in combined gas load
(leakage plus ovtgassing) during the screening tests, with preference in the order
named, Natural rubber was eliminatel because of excessive physical damage, and
Teflon waa rejected because of permanent deformation, Silicone O-rings were sub-
stantially poorer in combined leakage and outgassing, although the outgassing studies
rated the silicones as lowest in actual outg~ssing with Butyl, Viton-A, and neoprene in
descending order of merit, The degree of compression of the O-rings was found to be
an important factor and the effect of compression was approximately the sam« for all
the materials tested,

The effect of temperature was explored in the range from 25 C to 100 C. Helium
leak rate incrcased, at first, with increase in temperature {u1 .1: the elastomers
studied, However, different elastomers reacted differently to long exposure at 100 C.
The leak rate of the silicones ultimatecly decreased "y a hundredfold, but the deforma-
tion made it impossible to re-use the O-ring, Butyi rubber is not deformed by pro-
longed heating and the leak rate remains at the level {nitially reached, Neoprene and
Viton-A performed in a manner intermediate to these two extremes,

Tables 20, 21, and 22 show the air léak raten of the better elastomers at 2) C and
at 100 C, as well as the permeability and effact of loading on the air leakage rites,
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TABLE 26, AIR LEAK RATE OF ELASTOMLR COMPOUNDS(4X2)

Leak Raie std cc air/

ch/ year
Compound .V C 106 C
Sihicene (Compound 76-128) 2,2 3.6
Silicone (Compound 77-618) 2.1 3.6
Neoprene 0.03 0,29
Viton-A 0.022 0.4
Butyl <0, 001 0,37

(2) Elastomer was loaded by four clamps with 40 foot-pounds
torque on each clamp in addition to atmosphenic pressure,

TABLE 21, COMPARISON OF REAL AIR LEAK RATES OF ELASTOMER: AS MEASURED EXPERIMENTALLY AND AS CALCULATED
FROM PERMEABILITY VALUE(42)

Permubllitﬁ", Leak Rate at 100 C, std cc air/inch/year
Material std cc /cm- Ycm)atmysec) Calculated o, erimenuz_ﬁs

Viton-A 8.8 x 1078 0.36 0.4
Neopren= 7.0x 103 0.29 0.29
Silicore (C .npound 6-128) 450 x 10°8 18.40 3.60
Silicone Compound 7-01s) Ditto

Butyl 3,2 x 108 0,13 0.37

(a) Obtained from WA G Technical Report 56-331, References 20-23, cm* refers to thickness of material,
(b) The clamp torque was approximately 40 foot-pounds duzing these measurements,

TABLE 22, RELATION OF AIR LEAK RA.T OF GASKET MATERIAL TO LOADING{42)

M@Md_w&cmgn.
—Torque on Clamps, ft-1b Neopeene Stlicone ButyR® Vitoa-A
0 (atinospheric pressure) 1,28 10,0 <0, 001 1.1

10 0,22 4,0 <0,001 0.2
20 0,09 2,8 <0, 001 (.08
30 0,03 2.4 <0, 001 0,04
40 {(normal operating torque) 0.08 "2 <0,001 o 0, 022
60 0,03 0.2 <0, 001 0.02
80 0,08 2.0 <0, 001 0,02
100 0,018 1,6 <0, 001 0,01
150 0,002 1.4 <0, 001 0,01

(a) 1t should be pointed out that, in the case of a pressurized container subjected to space environment, the atmospheric pressure
would not ordinarily be acting to comptess the rubber sealant material. Therefore, the conclusion that an adequate seal can
be constructed employing the action of atmospheric pressure ~n a flanged door using a Butyl O-ring gasket should not be too
hastily drawn from these flgures,
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Thermal Insulation {(Foamed Materials)

Polyureth= 1e foamed materials appeared stable when irradiated to 5 x 108 to 1 x
179 ergs g-1 (C) in air and in vacuum, At cryogenic temperatures, the approximate
threshold point for compressive resistance was an expr rure of about 5 x 109 ergs g-1
(C). The radiation threshold at cryogenic tempercturazs for a polystyrene thermal insu-
lation was about 5 x 109 ergs g1 (C),

Two polyurethane foamed materials manufactured by Chemical Plastics Research
Company were irradiated in vacuum at General Dynamics and tested for compression
strength at 25 per cent deflection in air and in vacuum, (7} After a radiation exposure of
109 ergs g-1 (C), compressior. strength of CPR-20 did not change when tested iu air
(100 psi to 99 psi). When tested in vacuurn to a radiation exposare of 5 x 108 ergs g~
(C), compression strength for 25 per cent deflection increased to 124, 5 psi, With the
second material, CPR-1021-2, compression strength at 25 per cent deflection again did
not change significantly when tested in air after being irradiated in vacuum to 5 x 108
ergs g~1 (C) gamma exposure, Values were 33 psi and 29, 8 psi before and after irra-
diation, respectively, When tested in vacuum, after the same radiation exposure, com-
pression strength increased to 49,4 psi,

Stayfoam AA 402, also a polyurethane thermal insulation material was irradiated
at cryogenic temperatures, (43) There appeared to be an approximate threshold point
for compressive resistance of this material at ai: exposure of about 5 x 107 eres g-1(C).

Styrofoam 22, a polystyrene thermal insulation, showed a radiation th -. shold of

~

2to5x .. o gs g-1(C) at cryogenic temperatures,
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ELASTOMERS

Radiation data relative :o elastomeric materials since the publication of REIC
Report No. 21 have resulted »rimarily from radiation studies of end items and compo-
nents of operational equipiaest., Effcrts to develop new and improved materials nave
met with only limited succes:, and, as 2 result, these studies have been cut back., Data
on the effect of extreme temperatures 2ad of va.uum with radiation are included in this
roport. Many of the data ha\ e been presented in the discussion of various components,
but information of general sinificance is included under the several types of elastomers.
For information on those elastomers for which no additional pertinent data have been
recaived, the reader is refe ‘red to REIC Report No, 21, September 1, 1961,

Elastorrers are ammong the most sensitive to environment of any of the materials
considered for equipment to se used in spa.e.(44) Vulcanizates containing plasticizers,
oils, and other compounding ingredients ars more apt to be affected adversely by space
environments than are polym ers without these additives, ‘lowever, for applications
such as seals or gaskets, th:re ar2 few other materials which may be used satisfac-
torily. As 2 result; work is continuing in such areas to develop satisfactory seal
materials.

Polyacrylic Rubber

»a iation stability of acrylic rubbers is slightly inferior to those < nitrile
and r oprene rubbers. An exposure of 10’ ergs g~ l(C) will effect an over-a.l change in
phy-cal pro, 'rties of 25 per cent,

Hycar 4,21 exposed to 400 F for 5 days 11 vacuum retained appreciable strength,
although elongation decreased considerably.

No adaitional radiation-e{fects data were received since isruance of REIC Report
No. 21, However, some infornation on the effect of vacuum was noted, Hycar 4021
exposed to 400 F for 5 days in sacuum retained appreciable strength, although elonga-
tion decreased considerably, (45) Compound formulations and values of the rroperties
tested are given in Tables B-. and B-2 in Appendix E. These data arc incli ded to help
in design of parts for rpace, siace, in general, radiation deterioration in air is greater
than that in vacuum.

- Butyl Rubber

Buty] rubber has probably the least radiation stability of any of the common
synthetic rubbers, Twenty=-five per cent damage is reached for tensile strength and
elongation at about 109 ergs g=}(C).

Ultraviolet radiation in vacuum caused an increase in tensile strength of about 10
to 15 per cent, Elongation decreased 10 to 25 per cent,

No additional data on effects of radiation on butyl .ubber were received, Data on
the effects of vacuum and temperature are given below, DeWitt{9) found Butyl rubbers
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K-121 and K-1330 in reased in hardness, decreased in elongation, and only shightly
changed (7 per cent) in tensile strergth when exposed to vacuum (10"4 to 10-5 torr) and
elecvated temperature (250 1o 300 F),

Snyder(“’) expcsed Butyl rubber to ultraviolet in vacuum {1 x 105 torr) for 24,

96, axd 312 hours, In each case, tensile strength inccreased 1rom ubout 10 to 15 per
. - —cent... Elongation decreased from 10 10 25 per cert, Data are given in Table B-3,

Chlorobutyl, Chlorobutyl-Chloroprene Blends

An attempt was made to achieve a balanced radiation resistance by maintaining a
balanced crosslinking/scission reaction. These chlorobutyl-chloroprene blends were a
step in this direction, but did not produce the needed improvement,

Chlorobutyl elastomer has, because of its chlorination, additional crosslinking
sites, It was felt that garama radiation could cause crosslinking at these sites and
counteract the chain/scission reactions of regular Butyl compounds, Yor this study
Heitz and coworkers(47) selected polychloroprene as the blending elastomer because of
its widespread use as a seal material. Results are given in Tables B-4 through B-7 in
Appendix B,

After an initial stiffening period, the scission reaction became predom ..~nt in the
chlorct+) cormpound (suggesting a threshold exposure of about 109 ergs g"(()) for scis=
sion si~ular t. the one for crosslinking in other polymers). The scission efte.t seemed
to be wore predominant in air than in vacuum, The specimen surfaces decomposed to a
stick -tacky cundition, Comtined radiation prevented the formation of this tacky sur-
face, but that th's was purely a surface conditior. was indicared by a study of the other
physical properties,

Increasing the polychloroprene content of the blends increased the tendency for
crosslinking as indicated particularly by modulus changes and the iack of surface decom-
position except in spots on the clamped ends, and the compound (158-62) containing 75
parts chloroprene to 25 parts chiorobutyl exhibited no surface decomposition a 1ll,

The heat encountered, couplcd with the ultraviolet radiation, makes the discnssion
of combined radiation difficult, but it was felt that blending compounds raight be a good
way to achieve a balanced radiation resistance, by maintainir.g & halanced crosylinkir,/
scission reaction without adversely affecting the vacuum atabiiity,

Chlorosulfonated Polyethylene (Hypalon)

Hypalon 30 showed good stress-strain properties up to a radiation exposure f 3, 1
x 109 ergs g‘l(C).

The addition of 3. 3 parts hydroquinone improved the radiation rcsistance of a base
compound, Also, aromatic plasticizers such as Kenflex A improve stability,

In general, the effect of gamma radiation in vacuwin is more severe than that of
b radiation in air,
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Hypalon 30 as tested by Wattier, Newell, and Morgan(‘*s) showed good stress-
strdin properties up to an exposure of 3.1 x 107 ergs g~ (C), after which all properties
tested except ultimate str-igth underwent considerable change, Data are given in
Table 23.

“ABLE 23. ENGINEERING PROPE.&TIES“’ OF HiFnLON 30 ELASTOMER
VERSUS RADIATION'

Integrated Neutron

Flux (N), n cm™2 Slope of
(E>0.33 Mev){®)  Modulus at Load -
Gamma 100% Ultimate Ultimate Deflection
Exposure (G) Elorgation, Strength, FElongation, Compression Curve,
ergs g-L(C)(b) psi psi % Set, % Ib/in,
Control 1184/8.7/5 2769/3.4/5 212/8.1/5 32,7/7.3/3 2947/2.4/3
N 2.3 x 1013
G 5 1x107 1392/5.4/5 2945/2.8/4 208/4.7/4
14
& 1810 35.2/4.4/3  3293/3.6/3
14
g 88: igg 45.2/3.7/4 36 .. 35.8/4
N 1.2 x .0}% 6 214 26 4 1 4
G 3.1 10 1610/3.2/4 2688/7.3/ 5/
15
g f : 0 Ig: 1010 (864/3.8/5 88/12 /5 83.2/6.3/2 7680/3.7/2

(a) Data are given asX/S,N. /n, whereX = average value, S,D. = standard deviation of an individual obsetvation estimated
from the range, anc n= number of specimens used in calculati ¢ and 5. D.
(b) Ambient radiation ¢ mperatute; test temperature 80 F,

The effects of filler level, antirad, and curing time on the radiation resistance of
chlorosulfonated nolyethylenes were examined by Heitz. ) Addition of 3,3 parts
hydroquinone (13 -62) improved radiation resistance of the base compound (130-62).
Decreased cure t me of this formulation produced a compound (13i- £2) with a lower
radiation resistance rating (i.e., greater property changes) than the control compound.
(Sec Apgendix B, Tables B-8 through B~13,) Increasing the carbon black content (132-62)
lowered the rating, but a test of this compound after addition of an antirad (138-62)
indicated an improvement,

It was noted the antirad compound cured for 120 minutes and the compounds with
the higher level of carbon black showed an init.al decrease in modulus, indicating a
possible threshold exposure for crosslinking t¢ recome predominant, This 'threshold"
effect was masked by further curing of the material, In any event, crosslinking was
increased as the exposure time was increased.
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In general, the effect of straight gamma radiation in vacuum was more severe than
that of radiativa in air, The changes produced by the additioa of ultraviolet radiation
wer: mixed insofar as physical-property changes were concerned, The specimen
showed a marked increase in weight gain during air irradiation as opposed to vacuum
ir.adiation, indicating a strong oxidation reaction, The mixed radiaiion increas:d the
wexght gain in the vacuum cundition aad decrease? the zains in air.

== It mst be noted that it was impossible to separate the effects of heat aging from

the desired effects of the ultraviolet radiation, and the evaluation of the mixed gamma-~
ultraviolet radiation effects is colored by this fact.

Fluorocarbon Rubbers

Viton-A reaches threshold damage in air at a gamma exposure of 5 x 108 ergs
g‘l(C), and 25 per cent damage at 6 x 109 ergs g~ l(C). This rubber possesses poor
radiation stability when irradiated in air at temperatures higher than about 250 F. How-~
ever, it can be used at 400 F when irradiated to an exposure of 109 erys g"l(C) in jet
turbine oil.

In vacuum there was no significant change in tensile strength at an exposure of
1010 ergs g=1(C) at room temperature.

Viion-B irradiated in bis-phenoxy-phenyl ether at 400 F at an exposure .. 1010
ergs ' - ' <~ wed excellent retention of tensile strength but a decrease of L. per cent
in clon« ation,

ei~F :z . 'maged by 25 per cent at 6 x 108 ergs g"l(C) in air, It is stable in
silicate ester fluids at room temperature to 1010 ergs g-1(C).

Fluorcbatyl acrylate elastomer increases ; rout 40 per cent in tensile stoength and
20 per cent in hardness but decreases in elongation by 70 per cent when irrzdiated in air
to an exposure of 1010 ergs g"l(C).

According to Kerlin{6) there were wide variations in physical properties of cont~ol
samples of Viton-A, However, it wouid appear that, at gamma exposures of ., 6 x 1010
ergs g~ "{C) in vacuum, there was no significant change in tensile strength, On the
other hand, when Viton-A was irradiated in air, there was an increase in tensile sirength
of 39 per cent. Vacuum did not ippear to make a difference .a i~ change in elongaticn
due to radiation exposure, Weight loss was 1,2 per cent with a vacuum-nuclear radia-
tion exposure of 1,6 x 1010 erps g=1(C), DeWitt, et 21, ,{11) found that a vacuum of 5, 5
x 10-4 torr and a temperature of 400 F for €-1/2 hours caused only a slight decrease in
tensile strength and elongation of Viton~-A and practicelly no change in hardness, (See
Tables B-14 and B-15, Appendix B. )

Podlaseck and Suhorsky(4) measured the change in permeability of Viton-A after
exposures to vacram and ultraviolet for periods of up to 2 weeks. ‘The results (Fig-
ure B-1) showed that there were no significant, changes, Equilibrium weight loss at
177 C for Viton-A was given by Podlaseck as 20 grams/eq cm/eec x 1010 for a pressure
of 10=5 torr,
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Ossefort and Rubyl43) found that a Viton~B vulcanizate showed better properties
when subjected to 600 F in vacuum for 5 diys than when exposed to the same tempera-
ture in air, However, tensile strength had Jecreas.d from 2610 psi to 620 psi. At
50 F, tensile strength had decreased only to 2140 psi. Data are given in Table B-16,

Heitz and coworkers{#7) studied the efiect of the awmount and type of filler with
Vitor-A. They found that increasing the amount :f zarbon blac increased the amount
of change induced in the physical properties by exposure to irradiation. The compound
coutaining GPF (152-62) rated siightly lower than the compound containing MT black
{151-62), but the pattern of difference was not consistent between them,

Examination of the data :a Tables B-17 through B-20 shows that crosslinking, as
evidenced by increases in modulus and hardness and decreases in ultimate elongation,
started immediately and contued increasing as the exposure time increased,

¥ -diation in air produced greater changes than radiation in vacuum for all com-
pounz.3, At low carbon black levels, the combined gamma-~ultraviolet radiation produced
greater changes than did straight gamma radiation, but the situation was reversed for
the higher-carbon~black-content compounds.

The heat eifects present in the combined gamma-ultraviolet radiation conditions
agai- made evaluation of the eifects of ultraviolet irradiation difficult, However, the
heat resis.ance of the fluoroelastomers provided some help in separating the heat and
ultraviolet effects, by minimizing the effects of heat cn the elastomers.

Nitrile Rubber

Further work is needed to confirm reported results on the effect of rudiation in
vacuum because of conflicting data, For example, nitrile rubber appears to be less
radiation stable in vacuum than in air, Inair at 1010 ergs g=1(C) exposure, tensile
ltrength increased from 2459 psi to 3512 psi, In vacuum, tersile strength at 109 exgs

=1{C) decreased from 2630 psi to 203 psi.

On the other hand, some nitrile rubber O-rings were not aenously affe ted by
ra iation either in air or in vacuum to an exposure of 107 ergs g l(C) At 110 erge
“Y(C), the effect of radiation was about the same whether or not air was present,
When tensile strength was determined in a vacuum after irzradiation, it appeared some~
what lower thu:: when tested in air after being irradiated iu s vo -.nrn,

Additional work on nitrile rubber has include: studies of the effects of vacuum,
and nuclear radiation and vacuum, and some additivnal work on the effects of antirads,
The latter is discu: :ed in the section on antirads,

Bonanni{49) irradiated Buna N rubber to an exposure of 7.9 x 107 ergs g "l(C) in
uir, in a closed atmosphere, and in vacuum (5 x 105 torr), The per cent change in
weight was negligible in each case, In an ampule containing approximately 7 cubic
centimeters of air sealed under atmospheric conditions, the degradation of Buna N as a
result of gamma irradiation was inore severe than that in an open atmoapheric condi-
tion, The average tenlile strength was lower at an exposure of 7,2 x 10° ergs g~1(C),
and at 7,9 x 109 ergs g~ }(C) tensile strength was about iwo-thirds that of the samples

exposed to gamma irradiation in an open atmosphere., In a vacuum, Buna N lost more
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than 50 per cent of its tensile strength after exposure to 7.9 x 109 erge g=}(C). The per -
cent elongation followed a straight-line degradation, but with a lower per cent elongation 1
value in vacuum than in air, The value in a closed atmosphere was again intermediate,

Thas, nitrile rubber appeared to be less satisfactory when irradiated in a vacuum than

whea irradiated in air., Datz sre shown in Figures 12 and 13,

Kerlin!") found that air produced a harder 2'.d more brittle material with Buna N
(RA 30760), while vacuum irradiation produced a weak, tacky, ductile material, After
exposure to 1010 ergs g“(C) in air, tensile strength increased from 2459 psi to 3512
psi, while after exposure to 109 ergs g~ }(C) in vacuum, tensile strength decreased from 1
2630 psi to 203 psi, Data are shown in Tables B-21 and B~22 in Appendix B, No weight
loss occurred at a vacuum-gamma radiation dose of 7 x 107 ergs g~}(C). (Sze also dis-
cussion on nitrile rubber under seals, O-rings, and gaskets, )

DeWitt, et al, ,(9) studied the effect of vacuum (1.2 x 10=3 torr) and temperature
(300 F) on several nitrile elastomers, He found that vacuurm exposure increased hard-
ness and decreased elongation. but that tensile data were widely scattered and incon-
clusive,

Ossefort and Ruby(45) exposed plasticized and unplasticized nitrile rubber com-

pounds to vacuum and elevated temperatures, Properties were not seriously affected
after 5 days' exposure at 300 F in vacuum, Data are given in Table B-23,

Polychloroprene (Neoprene)

Teunsile .. »ength of neoprene varies depending on the type of polymer, cure, and
additives, but ir general, tensile strength decreases to a radiation exposure of 4. 3 to
8.7 x 109 ergs g~ *(C) and then increases with increasing radiation, Twerty=five per
cent chaage occurs at about 109 to 5 x 109 ergs g~ 1(C). Elongation decreases with in-
creased radiation exposure; while hardness does not change to an absorbed radiation of
4,5 x 107 ergs g'l(C).

Reports on the effect of vacuum and radiation on neoprene are conflicting, Somc
tests have shown improvement in properties in vacuum and others have showr less radia- a~
tion resistance in vacuum for neoprene., No doubt, the type of neoprene, the filler,
compounding materials, and cure affect the stabilily of the rubber in vacuum,

Data obtained on the effects of radiation on neorrene rubber in vacuum as com-
pared with radiation in air are conflicting. Kerlin{6) irradiated a neoprene rubber

(type not specified) in vacuum and in air and the dat: show the rubber to be very sensi-

tive to vacuum=-gamma radiation, At an exposure of approximately 1,9 x 109 ergs

g 1{c), tensile strength for the vacuum-irradiated samples decreased from 3134 psi to

191 psi; in air the decrease was from 3297 to 2769 psi. The decrease in elongation was ;
of the same order of magnitude in both cases, Weight loss was not considered signifi-

cant, Data are shown in Tables B~24 and B-25 in Appendix B,

On the other hand, Bonanni"”) irradiated a neoprene rubber to 7,9 x 109 ergs
g 1{C) and found little difference between the effect of radiation in vacuwmn, in air, and
in a sealed atmnospheric environment. Data are shown gr-phically in Figures 14 and 15,
Heitz, et al, ,(47) found that room~temperature irradiation in air generally produced
somewhat greater changes than room temperature irradiation in vacuum, although the
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differencee were in general not laree, There was one exception in which Neoprene
WRT having 35 parts of SRF carbor black showed a inuch greater change in tensile
strength in air than in vacuum (see Table 24),

TABLE 24, EFFECT OF GAMMA RADIATION AND VACUUM ON NEOPRENE WRT
COMPOUNDS AT ROOM TEMPERATURE(47)

Radiation  Tensile Strength, psi Elongation, per cent
Exposure, Irradiated Irradiated Irradiated Irradiated
Compound Description ergsg” ¥C)  in Air in Vacuum  in Air in Vacuum

138-62 35 parts SRF None 2303 537
carbon black 3,6 x 107 579 23
% 3x 107 2140 77
139-62 35 parts SRF None 2149 516
carbon biack, 3,6 x 107 1016 70
2% 4,3 x 109 1367 123
hydroquirone
140-62 35 parts SRF None 1835 517
carbon black, 3,6 x 199 1063 93
5% i 4.3x10° 1243 123
hydroquinorie
159-6 5¢ parts HAF None 2654 287
carbon black; 3.6 x 107 898 27
¢ red 40 min - - -
at .93 F
161-62 50 parts HAF None 1651 437
carbon black; 4,3 x 107 2116 53
cured 20 min 4.3 x 107 1864 47
at 293 F

The reasons for the conflicting data are not known, but could be due to the types
of neoprene studied, differences in compounding, and cure. No definite conclusions on
the relative effect of radiation in vacuum and radiation in aix can be made at this time.

Wattier, Newsll, and Mo'rgnn“” studied postirradiation effects on three neoprene
elastomers. They reported tensile data for specimens irradiated at 75 F and stored at
75 F and at =20 F for 1, 4, 11, and 29 days before testing. Data are given in Tables 25
and 26. Postirradiation changes were noted in two of the three neoprenes. In the
Kirkhill and Rubbercraft neoprenes (60 mils thick), a postirradiation decrease in teusile
strength with time occurred with room-temperature storage. There were no detectable
postirradiation effects in the special O-ring formulation of neoprene (78 mils thick) by
Parco. When neoprene is stored in an oxidizing atmosphere, postirrsdiation changes
probably will be more noticeable in thin samples th=a in thick onea due to the time for
diffusion of the oxyger through the rubber.
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Hcitz{47) studied the effect of cure, antirad {hydroquinone), and carbon-black type
and level on neoprene. Addition of 2. 0 parts of the antirad (Formulation 139-62, see
Tables B-26 through B-s1) decreased the radiat:or :nduced physical changes in air Ly
a’ out 20 per cent, and an increase in the level of 5.V parts decreased the changes by
abrut 30 per cent, However, changing {roin 35 part; u: SRF black to 50 parts HAT black
(159-62) decreased the changes to a greater extent,

In general, the reaction was predominantly crasslinking and the cresslinking in-
crcased markedly with increases in dosage. Room-temperature irradiation in air gen-
erally produced greater changes than room-temper:ture radiation in vacuum, but the
situation was generally reversed in the combined nuclear raidiation-ultraviolet radiation
exposures, The specimens scemed to gain weight during exposure, particularly after
air exposure, and this increase was even more markead by the addition of ultravinlet
irradiation and heat.

Snyder(“’) exposed neoprene to ultraviolet raciation in vacuum. Exposure was at
80 and 155 F for 24, 56, and 312 hours. Ultraviole. caused tensile strength to increase
and elongation to decrease. Values are given in Ta\sle B-32.

Data have aiso been reported for the effect of vacuum ard elevated temperatures
without exposure to radiation. DeWwitt!?) found that vacuum exposure of 5 x 10-4 tors
and a temperature of 300 F for 3 hours caused an increase in tensile strength and hard-
ness and a decrease in elongation (see Table B-15),

Ossefort and Ruby“s) showed the effect of exposure to elevated tempe:..iures and
vacuum D:¢': are given in Table B-33, Both plasticized and unplasticized r.:terials
were :sted. Samples were oven-aged for the same temperature exposures for compar-
ison In gene-:l, properties did not change significantly up to 212 F. At 300 F, and
S-day exposure. tensile strength decreased by approximately 25 per cent. However,
properties had not changed to such an extent as to affect serviceability for most
applications.,

Styrene-Buicdiene (SBE }

Styrene-butadiene rubber (SBR) commonly called GR-S resists radiation better
than most of the common synthetic rubbers, but i not equal to natural rubber in radia-
tion resistance. Threshold damage is vreached at 2 x 108 ery2 g=1}(C), and 25 per cer*
damage is accrued at ! x 10? ergs g~ 1(C).

No data on the effect of radiation and vacuuru were reported, At elevated tempera-
tures, tensile strength is better in vacuum (no radiation) than in air,

Data on 1adiation effects on SBR rubber included the effects of some antirads and
are discussed in the section on antirads, Ossefort and Ruby{45) examined the effect of
vacuum and elevated temperature on SBR vulcanizates with and without an antiozonant,
Specimens with antiozonant lost their ozone resistance after exposure to vacuum at
either room or elevated temperature. The antiozonaat no doubt sublimed under vacuum
and so was removed {rom the vulcanizate., Data are given in Table B-34, Appendix B,
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Polysulfides

Polysulfide rubbers have poor radiation stability, An exposure of 108 ergs g~ lc)
in air is sufficient to damage Thiokol ST seriously. However, it retains its elongation
to a greater extent tnan do most elastomers. Afrer 2a exposure of 1010 ergs g~ *(C),
both Thiokol ST and FA retained cousiderable elingation, Thioko: materials can be_
used for applications where ‘flexibility ia required witiout any great strength, )

Differences in the effects of radiation in air and in vacuum are not marked,

Heitz, et al, ,“7) studicd the effect of gamma radiation. vacuum, and ultraviolet
on polysulfide elastomers. These were vendor compounded, and the orly xnown varia-
tion was the type of curing agent, Ome dichromate-cured compound (154-62), one lead
peroxide-cured compound {155-62), and two manganese dioxide-cured conupounds (146~
62 and 167-62) were tested. Data are given in Appendix B, Tables B-35 through B-39.

The main observable difference between the curing agents was in the inferior heat
resistance of the lead peroxide-cured compound {(155~62) compared with that of the other
three, although all compounds were affected by heat.

The primary reaction when irradiated was chain scission, and this grew more
marked as the exposure was increased. In the case of the lead peroxide and mangsnese
dioxide cures, this was indicated by decreases in mcdulus and hardness, T..
dichromate cure, however, produced slight increases in modulus along with - slight
decrca .- ! rdness, indicating a possibility of a more balanced crosslink - 1/ chain
scises:un reacuon,

The atin .sphere effect (i. e, , radiation in air versus vacuum) did not appear to be
marked. Eval.ation of the effects of ultraviolet irradiation was rendered impossible by
the heat which accomvanied the radiation and the heat lunlitivity of the compounds,

Wattier, Newell, and Morgnn“a) examined Thiokol ST rubbar for postirradiation
effects. There was evidence for some recovery of tensile strength, Materials tested
for 1, 3, 10, and 34 days after being irradiated to 1.1 x 1010 ergs g~ 1(C) increased in
tensile strength {(see Table B-40).

Polyurethane Rubber

Polyurethane rubber is one of the more radittion-» esiatant elastomers, It is
damaged by 25 per cent at an exponure of about 4 x 109 ergs g~ }(C). Hardness is
unaffected even at 8,7 x 1010 orgs g~ Yc).

Irradiation in vacuum has about the same effect aa irradiation in air, Ths cffects
of combined radiation and temperature up to 260 ¥ are approximately the same az for
radiation alone with respect to tensile strength, Elongation is greater at the elevated
temperatures,

Cure and filler are important considerations in deterniining radiation stability of
polyurethane rubbers,
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Polyurethane r ibber is recogmaed as being one of the more radiation-resjstant
elastomcrs., Born and associatesi®!) found Estane VC cured with 4 phr DiCup {dicumyl
peroxide) to be the most radiation-resistant compeund tested, It required an exposure
of 5.5 x 10? ergs g~ l(C.) to induce 50 per cent net compression set. On the other hand,
Adiprene C, a carbon-black-reinforced sulfur-cu.ed polyurethane, showed poor radia-
tiva resistance. Thus curc and filler are important considerations in determining
radiution stability. Bornindicated that thetype of crosslink appearcsd to play an important
role in the radiation resistance of the different rsiyurethanes. Also, spatial arrange-
ments of the polymer chains, the degree of aromaticity, and the polymer main-chain
composition were important factors in the radiation resistance of the polyurethane,

Effects of Temperature and Radiation

Wattier, Newell, and Morgan“s) irradiated fifteen commercial polyurethane
elastomers and studied the effect of postirradiation storage time on some of these and
the effect of elevated temperature on others, In general, their findings substantiated the
fact that polyurethane rubbers are among the most radiation resistant of the elastomers,
Ultimate tensile strength and elcngation of all the elastomers decreased at the highest
radiation doses, No major postirradiation effects are evident in their aata and for n.ost
of the elastomers a temperature of 260 F did not seriously affect tensile strength of
either the irradiated or nonirradiated samples, Elongation was greater for the samples
irradiated at 260 F than tor those irradiated at 80 F. n both cases, the test tempera-
ture was at 80 F. A summary of the polyurethanes rtudied and the results o. ' radiation
are shown in Table 27, Data for the individual clastomeras arc given in Tabl»: B-41
thro:_. - 50 'n Appendix B,

eilon * R«80T, a polyurethane elastomer produced by Sexberling Rubber Co. , was
irra 1ated 2t " F and at 250 F to a gamma exposure of 9.4 x 10 10 ergs g° (C) at the
lower temperat ire and 8 x 1010 ergs g=1(C) at tue higher temperature, {15) Preliminary
observations indicate that this elastomer has excellent radiation resistance. However,
the origina! hardness of the materials before irradiation was about 96, Shore A, which
is higher thai is desirable for most applications, Data are given in Table 28,

A flexible polyurethane foam, a blown polyether urethane produced by General
Foam Co,, was also irradiated at 75 ¥ and 250 F, Data arc given in Table 29, It can
be seen that at the lower temperature, comprassion s-‘t at 50 per cent dcflec ion ine
creued from 8 per cent to 20 per ceni at 107 ergs g }{C), to 95 per cent at 8,3 x 109
ergs g~ (C), and 100 per cent at 2,8 x 1010 ergs - I(c). Atthe highest dose, 9,4 x 1010
crgs g° (C), the material adhered to tre plates, At 250 F, ~~mpression set oi the v .ir-
radiated material was 103 per cent and irradiation did not change this value, However,
at an exposure of 8 x 1010 ergs g (C), shrinkage ¢nd sticking to the plates again was
encountered,

Effects of Radiation and Vacuum

Golden and Hazell{50) determined the effect of high energy radiation in air ard in
vacuum on polyurethane rubber. He found that tensile strength and elongatioa ware
steadily reduced by electron radiation, The effect 18 more marked in vacuum than in
air. In vacuum, complete loss of strength of Vulkollan Grade 2018/40 {hardness 60 % 5)
was caused by an exposure of 10 0 ergs g~ (C)
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TABLE 27, EFFECT OF RADIATION AND TEMPERATURE ON PCLYURETHANE

ELASTOMERS
Temperature
of Fxposure Iest Tensile
Irradiaticn, Dosela) s Ten:perature, S.cength, Elongation,
Polyurethane F ergs g~ }c) F TTPSTT T T per ceént
Genthane S 75 None 75 2360 468
(General Tire) 75 3.7 x 1010 75 386 63
3109-B-13 75 None 75 4745 434
{Du Pont) 75 2.1x 1019 75 3325 128
Disogrin 1-DSA- 75 None 75 7222 666
6865 75 2.2 x 1010 75 899 56
Disogrin 1-DSA-~ 75 None 75 4688 583
4250 75 2.2 x 1040 75 2574 77
Adiprene L (Du 80 None 80 5346 390
Pont) 12 Phr 7x 1010 80 1679 75
MOCA Cure: 260 None 80 5542 420
3hrat 100C 5.4 x 109 80 1513 299
Adipre e L-17 80 None 80 5949 328
18 nr MOTA 7x 1010 80 2650 63
Cu e&: ! h: .t 260 Noneq 80 6013 358
100 C 5.4 x 10° 80 3111 326
Adiprerc 1.-167 80 None 80 1002 452
5,8 Phr 1,4 7x 1010 80 604 69
Butanediol 250 None 89 1361 499
1 Phr 5.4 x 1 80 575 465
Trimethylprops
Cure: 4 hr at
140 C
Genthane S-1 80 None 80 5564 589
7 x 1010 80 906 26
260 None 80 5697 614
1.© x 1010 80 1218 138
Genthane S-2 80 None 80 2932 598
7x 1010 80 692 25
260 None 80 3008 622
1,9 x 1010 80 888 165
General Tire 80 None 80 4102 596
Type R 7x10'0 80 890 29
260 None 80 4160 609
1,9 x 1030 80 992 139




70

TABLE 27, (Continued)
Temperature
of Exposure Test Tensile
Irradiation, Dose(a‘), Tempccature, Strength, Elongation,
Palyurethane F ergs g~ 4(Cy ¥ psi per cent

Disogrin 1-DSA- 80 None 80 +989 685
0365 7 x 1010 80 830 36
260 None 80 4345 676
1.9 x 1010 80 1260 278
Disogrin 1-DSA- 80 None 80 5254 718
7560 7 x 1010 80 850 35
260 None 80 -- -
1.9 x 1010 80 1474 362
Disogrin 1-DSA- 80 None 80 5544 578
9250 7 x 1010 80 2424 27
260 None 80 4585 566
1.9 x 1010 80 2285 247
Disogrin 2-DSA- 80 None 80 (5418){b) 615
8445 7 x 1010 80 1050 4l
260 None 80 5082 555
1.9 x 1010 80 - --
Disc rin 2=D5 2= 80 None 80 5661 563
9840 7x 1010 80 2585 56
260 None 10 80 5917 599
1.9 x 10 80 2524 330

Disogrin 3-DSA-~ &0 None 80 (5759)(d)  (s588)(b)
8050 7x 1010 80 1075 44
260 None 80 - -
1.9 x 1010 80 - -
Disogrin 3-DSA- 80 None 1 80 3407 598
9045 7 x 1010 80 2472 49
260 None 80 2928 616
1.9 x 1010 80 2071 313

(a) Control specimens were subjected to the same nunnuclea: environmeni and test procedures as the itradiated ones,
(b} Numben in parentheses are values from equivalent test.
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TABLE 29. SUMMARY OF E¥FECTS OF IRRADIATION AT TWO TEMPERATURES
ON FLEXIBLE POLYURETHANE FOAM (BLOWN POLYETHER
URETHANE, GENERAL FOAM CO, ){15)

-

Temperature Compressicn
Gamma Exposure, Treatment, Density, Compression Deflactionb)
ergs g~1(C) F/hr 1b/4t3 Set(a), % psi

0 75/67 2,65 7,67 0. 500
3.2x 108 75/2 2.57 4,70 0. 565
1.2 x 10° 75/2 2.75 19. 42 1535
2.7x10° 75/6. 1 2,62 77.39 .. 466
B . %0 15/6.17 2.51 95,99 .. 340
.8x10'0 75/67 2,67 100, 34 0.171
ez 10? 75/67 2,86 (c) 0. 034
o 210/2 2,36 69,33 0. 591
2.7x 108 210/2 2.50 77. 37 0, 602
9.7 x 108 210/2 2,46 82,23 0. 542
0 240/6,7 2.30 99, 69 . 0,638
2.9x 10’ 240/6,7 2.48 99, 02 0. 525
1,11 1010 240/6.7 .59 100, 33 0, 407
0 250/ 67 2,33 103, 29 0. 764
2.4x 1010 250/67 2,64 102. 66 r, 330
8.0 x 1010 250/67 3,14 100, olc) 2,223

(a) Compressed to 50 ner cent deflection during irradiation and for time period of 312 hours. Average of 6 samples,
(d) Load required iu 25 per cent compression of 1+8q=1n, ~specimen area, Averaga <i . ° riples,
(<) Highest exposure groups adhered to plates, Some could not bs reinoved. Also shrank in size.
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Modulus was not greatly aifected by radiation. Swelling measurements indicated
that a greater degrec of crosslinking occurred during irradiation in vacuum than in air.
Specimens showed no loss of transparency after irradiation, but the pale amber color
was considerably intensified at thc higher doses. Nc voids or bubbles were formed.
Data are shown in Figures B-2 to B-S5.

Heitz, et al, ,(47) examined a polyurethane vuicanizate for st-bility to nuclear
radiation and ultraviolet radiation in air and in va:.uum. He found that ‘ne samples
underwent an initial crosslinking period after which chain scission was mcre pre-
dominant. The difference between air and vacuum irradiation appeared very small. The
weignt changes were also small in view of the extensive degradation of some of the speci-
mens. Regarding its resistance to gamma radiation alone, Heitz found that it com-
pared with the best of the silicones evaluated. Data are given in Table B-51.

DeWitt, et al, ,(9) teste. Adiprene L and C for effects of exposure to vacuum and
elevated temperatures (200 and 300 F for L and C, respectively). He found either no
rhange or an increase in tensile strength, hardness, and clongation. Vacuum precssure
obiained with Adiprene L would suggest that quite a bit of outgassing occurred,

Ossefort and Ru'cy“s) found that 5 days' exposure to vacuum at 20° F did not
significantly affect tensile strength, although elongation decreased about 50 per cent.
Hardness increased from 56 to 80, Exposure to the same temperature in air decreased
tensile strength by almost 65 per cent, but did not change hardness. Data are given in
Table B-52,

Effects of Racd ation and Fluid Immersion

Wattier, Newell, ani Morgan‘“’ irradiated four polyurethane elastomers while
immersed in selicted fluids, Those included:

Mil-L 7808 A phenoxy phenyl ether
4P3E A diester oil
Oronite 8515 A nonpetroleum=-base hydraulic fluid

Samples were immersed for approximately | month prior to irradiation and soaked fo~
2 months after irradiation, Data obtained were of a preliminary nature only, and no
conclusions were drawn except that irradiation in 4P3E fluid appeared to cause more
degradation than irradiation in the other fluids used, Data are shown in Tables B-53
through B=56,

Silicone Rubbers

The tensile strength of silicone rubber increases with irradiation in air up to an
exposure of approximately 109 ergs g'l(C), then it rapidly decreases. Elongation is the
property most affected by radiation, Most silicones retain 50 per cent elongation after
exposure to 5 x 109 ergs g" 1{C) at roo.n temperature, 109 ergs g=1(C) at 150 C, and
5x 108 ergs g~ l(C) at 200 C.

Nitrile silicone retained useful properties when irrrdiated in fluids such as
Oronite 8515, MIL-L~7808, and JP~-4 fuel to an exposure of 1010 ergs g-1(C),
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Changes in tensile properties of silicone elastomsars due to vacuum irradiatior

(camma) are, in general, equivalent to or somewhat greater than the changes induc<d by
irrvadiation in air, ' "

Vacuum exposure to 600 F for 5 days had no appreciable effect on tensile strength
of s.licon elastomers, altliongin exposure in air reduced tiiis property by about 50 ;.~r
cent, Elongatior was not greatly affected.

The surface of silicone rubber shows crazing and discoloration un exposure to
ultraviolet radiation.

Radiation-effects data havs been obtained on the following types of commenrcially
available silicone rubbers: dimethyl, methyl phenyl, methyl vinyl, methyl phenyl vinyl,
methy! trifluoropropyl, and nitrile siloxanes. Of these, the nitrile and methyl phenyl
silicone vulcanizates suffer tl.: least damage when exposed to gamma radiation in air
-wvhile the methyl trifluoropropyl type experiences the greates® damage. The methyl
vinyl and methyl phenyl vinyl silicones are intermediate with respect to radiation
stability. REIC Report No. 21 gives more detailed information regarding thesc types.
Additional information covered in this addendum includes effect of temperature and

gamma radiation-vacuum and gamma radiation, and some data on the ¢ficct of ultrav’ ‘lct
radiation.

Effects of Radiation and Temperatury

v ttirr, Newell, and Morgan“a) irradiated six silicone elastomers at -65 F,
80 F, ~ud 356 7. The materials were stored at the same temperatures until < sting,
Testi~z wag at =65 F, 80 F, and 300 F. Table 30 shows the changes in ultimate strength
due U irradiatinn at the three temperatures, Additional tensile data are presented in
Appendix B, Ta'les B-57 through B-63, for the control and irradiated specimens. An
examination of these tables will show that all silicone rubbers tested gave evidence of
extensive crosslinking, even when irradiated at -65 F. Ultimate strength increased
with exposure to a certain point, generally about 109 ergs g~1(C), and then decreased
with increasing exposure. This decrease appeared to be quite rapid above 109 ergs
g~ 1{C), as shcwn by comparing ‘he above tailes with Tables B-64 through B-67, The
increase in tensile strength was considered to bec a continuation of the crosslinking thet
was not fully completed by the usual curing process and the decrease was attyibuted to
chain cleavage. Tear strength decreased with increasing dose. It may be noted that the
tensile properties were sensitive to the test temperature, tensile strength decreasing
considerably at the 300 F temperature,

Two silicone rubbers, a methyl phenyl vinyl type (DC=916) and a nitrile silicone
(NSR-X5602), were cycled under compression during radiation, A nitrile elastomer
(Hycar 1001) was also tested for comparison. Data on the number of cycles and the com-
pressive strengths are given in Table B-68. The cycling of the material was found (o
have an effect on the nitrile silicone and the nitrile rubber, Compression set for NSR-
X5602 and Hycar 1001 was less for the cycled-compressed environment than for the
static-compressed environment, No difference was found for DC=916.

Dexter and Curtindale at Dow Corning Corpozation(36) determined the combined
¢ffects of gamma radiation and high temperatures on the electrical and physicdl
properties of liquid, semisolid, elastomeric, and resinova silicones, These tests
indicated that many silicone dielectrics exhibit appreciable resistance to changes in
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properties induced by exposure to gamma radiation at temperatures ra. ging from 150 C
tc 200 C.

These investigators state that the tensile sirongth of silicone rubbers, €. 8.,

&ilastic 16"'2 was unaffected by irradiation at room temperature and at 150 C to 1010
crzs g” (C.), whilc irradiation at 200 C decreased tensile strength (see Figure ©3 £},
In al cases, hardness of the tilicone elastomers increased with Case, the rate of in-
creage being greater at elevated temperatures, Jltimate elongation is the property
most affected by irradiation. Moat silicone elastomers retain 50 per ceut elongation
after exposures of 5 x 109 ergs g~ (C) ar room temperature, 109 ergs g~ l(c) at 150 C,
and 5 x 108 ergs g° }{C) at 200 C. Dexter and Curtindale state that an experimontal
radiation-resistant stock retained 50 per cent elongation after 9 x 107 ergs g~ }(C) and
340 hours at 200 C, indicating a life in radiation fields 15 times greater than that of con-
ventional silicone elastomers.

Electrical properties cxamined by these investigators included dielectric constant,
dissipation factor, volume resistivity, and electric strength. ‘The increasc in dielectric
constant of silicone elastomers irradiated at high temperaturcs was found to be less
than that of the same materials irradiated at room tempera:are. The increase wa: of
such magnitude as to cause only a slight change in the operating characiceristics of t..
materials, Dissipation factor was affected in a similar manner, but did not change suf-
ficiently to affect ite operation in electrical equipment. adiation exposure either at
room temperature or high temperature did not significantly affect the volume re aistw;ty
or electric strength of the silicone elastomers at these expcsures [_10l ergr g (C)]
The effect of radiation at 25 C, 150 C, and 200 C on the electrical propertie. of Silasatic
1662 ~.r~» ~hovn in Figure B-7,

Eff .ts of Ra.jation and Fluid Immsrsion

A nitrile silicone (General Electric NSR-S5602) was tested by Wzttier, Newell,
and Mcr gan“s) in a combination of fluid, temperature, and irradiation environments.
Specimens tested in fluids were immersed for approximately 7 days prior to irradiation
_ and 30 days after irradiation, Samples were then tested within 4 hours after removal
" from the fluid, Data are given in Tables b-66 and B-67. Degradation of the silicone
was noted in tluid MIL~1-7808, as indicated by the decrease in stress at 50 per cen:
elongation with exposure., Irradiations in Ornnite 8515 and air resulted in ar. increase
in stress at 50 per cent elongation with increasing exposure up to the maximum given
[about 109 ergs g~ '(C)]. There did not appear to be any major difference between the
tensile values obtained for the samplen~ irradiated at 260 F und those irradiated at 8¢ F,
Tests were run only at £0 F for JP-4 fuel immersion, In all cases, the nitrile silicone
appeared ro retai: uv ble properties when immersad in these fluids after a radiation
dose of 1010 ergs g=1(C).

Effects of Radiation and Vacuum

Silicone elastomers have been subjected to vacuum at room and at elevated temper-
atures, In general, outgassing and equilibrium-weight-loss rates are relatively low and
properties are not seriously affected, According to Jaffe and Rittenh0\|ae(5”, the
temperature £o5r 10 per cent weight loss per year in vacuum for silicone rubber is 200 C
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TABLE 30, EFFECT OF NUCLEAR RADIATION AND TEMPERATURE ON

TENSILE STREMGTH OF SILICONE ELASTOMERS{48)

Temperature
of Irradiation
and Gamm- Tensile
Te sting‘d ), Exposure, Strength,

Silicone Chemical Type F ergs g~ C) psi
DC-80 Methyl vinyl -65 0 1303
1.1x 109 1238
80 1] 1057
7x 108 1117
300 0 538
1.6 x 107 631
SE-361 Methyl vinyl =65 0 1050
L1x 107 1354
80 0 967
1.6 x 109 953
300 (0] =4
1.6 x 109 .
D™-675% Methyl phenyl vinyl -65 0 1190
7 x 108 944
1.1x 109 1109
80 0 992
1.6 x 107 936
300 0 533
1,6 x 199 670

DC-916 Methyl phenyl vinyl ~65 0 (1589)
1.1x 107 1404
80 o 4 1504
1.6 x 10 1182
300 0 8 489
1,3x10 772
1,6 x 109 322
1.1x109 611
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TABLE 30. {(Continued)

Temperature
of irradiation
and Gamina Tensile
Te sting‘a), Exposure, Strength,
Silicone Chemical Type ¥ ergs g~ 1(C) psi
SE-551 Methyl phenyl -65 0 1404
7x 108 1515
1.1 x 107 1259
80 0 976
7x 108 1078
1.6x 109 883
300 0 416
1.6 x 109 544
LS-53 Methyl trifluoropropyl =65 0 2052
1.1x 107 1076
80 0 1289
1.6 x 109 AK
300 0 172
1.6x 107 243

. ——— e A et P A i - —————————————————— et et
ey e AR e e e e ——————————

.1 Samples tocad at 300 F waie irradiated a:d stored at 330 F,
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(400 F). Podlaseck and Suhorsky(4) give the following data for equilibrium-weight-ioss ,
_ rates;
Equilibrium Weight
Temperature, Pressure, Loss Rate,
C orr g/{c nz)(seg
177 760 . 3.9
5x 1072 2
10-5 ND
204 760 46, 8
5 x 1072 9.6
1.6 x 10°2
10-5
232 760 74,9
9.5x 107! 11,3
6 x 10-2 7.2
10-3 5.7

Outgassing rates as given by these investigators(ﬁ are shown in Table 31, In general,
these rates are low, and silicones are uaeful in vacuum environment. In areas where
outgassing and possible recondensation may present problems, such as on optiral svr-
faces and electrica) contacts, silicones may be prefe:.ed over other elastom.'~ . and
plastic materials, Although silicone rubber has a relatively high permeabili‘y rate,
lose 01 g . =2 1 pressurized vehicles due to permeability is so small that it ~.ay be
disreg~ rded in most cases,

TAE. € 31, OUTGASSING RATES OF SILiCONE ELASTOMEAS{4)

Outgassing ate,
torr-liters/s.c e cm x 107

Elastomar After | Hr Aftec 2 't After 24 Hr T
S:licone rubber (Wacker R50) 70 17 -
Silicone rubber (Wacker R80) 180 41 -
Silicone rubber (24 hours, 95 per cent hurnidity) 230 46 -
Silicone rubber (outgassed + 24 hours dry N3) 13 - -
Silastic 25 6 -
Silicone rubber 94 3l .
Silastic X6145C 25 5.6 on
Silastic 8-104 (red, 62 duromater) 12 3,7 -
Silastic 80 (white, cured 24 hours &t 480 F, 28 6.0 -
74 durometer)
Silastic 50 (white, 55 durometer) 30 6.4 -
Silastic 67-163 (red, 61 durometer) 19 5.4 -
Silicone (red) -- - 0. 44
Silicone (green) - -~ 0, 44
Boundy(3” listed the weight loss of several silicones after exposure to tempera-

tures of 105 F and 300 F at a pressure of 1076 torr after a period of 7 days., Values are e
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given in Table B-69, Per cent weight loss was in the order of 1,5 per cent, Boundy
noted that an appreciable decrease in vacuum weight loss was noted when the rubber was
postcured, especially if the postcure temperature vas higher than the use temperature,

Fulk and Horr{!7) reported the stationary-atate weight-loss rate at 50 C for
several silicone rubbers as well as the weight loee accurring before they reached a
stationary state, Data are given in Table B-70, Stationary-state values were of the
order of magnitude of 10-5 g/sq cem/hr, Weight loss to reach stationary state varied
isym 4.2to0 5,8 x 10-3 g/ 8q cm for the elastomers, In general, a steady-state weight
loss was reached in 44 to 68 hours,

Ossefort and Ruby“5) e:xposed 2 methyl vinyl silicone rubbers to temperatures
from 400 to 700 F. Vacuum enposure to 500 F for 5 days had no appreciable effect on
tensile strength, although on exposure in air, this property was reduced by about 50 per
cent, Elongation was not greatly affected in vacuum exposure, Weight losses were
higher at these temperatures but this was also true in oven aged samples. Onme of the
silicones maintained almost 50 per cent of its tensile ztrength when exposed to 700 F in
vacuum. In air at this temperature, samples were too brittle to be tested, Data are
given in Table B-71. In general, the effect of elevated temperatures was greater in air
than in vacuum,

Heitz and coworkers{47) irradiated silicone elastomers in air and in vacuum with
gamma radiation, They found that atmospheric conditions as compared with vacuum
environment did not cause many significant differznccs in radiation effects co ' ese
materials, Where such differences did occur, gamma radiation in vacuum ... oduced
greate* . o~ inking in the dimethyl, dimethyl phe-yl, and dimethyl vinyl ty: s than
radia' .on in a.r, The reverse was true of the methyl phenyl vinyl compound tested.
Tabl s B-72 . :rough B-85 show the effect of radiation in air and in vacuum on tensile
stre .gth, 13C ~r cent modulus, ultimate elongation, hardness, and weight change for
six types of elostomers, The values after 100 hours of radiation are compared for
these rubbers in Table 32, It may be seen that changes in properties due to gamma
radiation iu vacuum were, in general, equivalent {0 or somewhat greater than those in
air,

These data are in general agreement with the findings of McGarvey(sz) who studied
the effects of radiation in air, oxygen, argon, and vacuum on various silicon: elas-
tomers and found that the media had little infiuence . n the vulcanizate's phytical proper-
ties at the exposures employed [1010 ergs g-1(C)].

Heitz indicated that room=temperature vulc «nizing cczag: i iz as a class, witl one
exception, were the most radiation resistant of the silicones. However, it should be
pointed out that tensile strength of these materials -vas lower than that of the high-
temperature-cured materials (see Table 32).

Effects of Ultraviolet Radiation

Podlaseck and thorsky“) investigated the effect of ultraviolet and vacuum at
26 C and 53 C on the permeability of silicone rubber, No significant changes in the
permeability rates were found, but the silicone rubber showed surface crazing as a re-
sult of the ultraviolet exposure. Ultraviolet exposure was equivalent to approximately
1300 hours of solar radiation for the samples testad at 535 C 2nd about 24 hours for the
samples tested at 26 C, .
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H.itz(47) fourd that combined radiation (gamma and ultraviolet) caused more
crosslinking than straight gamma radiation, the differences ranging from slight to
rmarked. The evaluation of this, however, is comgplicated by the fact that the ultra-

v olet radiation was accompanied by high temperatures. Since heating in vacuum causes
ch1in scission of silicone compounds, and it was not pussible to cool the specimens to
rooin temperature, Heitz acknowledges that a straightforward ev-luation of the changes
caused only by the ultraviolet radiation was very .difficult. However, specimens exposed
to ultraviolet light showed a marked discoloration of the surfaces toward the lamp, thus
indicating an ultraviolet-radiation-induced reaction. Data are given in Tables B-72
through B-85.

Studies to Improve Radiation Stability

The incorporation of arylene groups in the backbone structure of the silicone mole-
cule appears to be promising for imp: ved radiation resistance. Ossefori{53) ang
McGarvey(sz) at Rock Island Arsenal studied the thermal and radiation stability of
arylene-modified siloxanes prepared by Union Carbide Corporation, On the basis of this
work, it appears that the incorporation of arylene structures in the m.~".. chain does ot
contribute to their thermal stability or to their elevated-temperature properties, How-
ever, aryl-ether aryl and aryl-ether dimethyl silicones were found to possess signifi-
cantly better initial physical properties than did the conventional silicones and were
significantly better than any of the commercial types evaluated with respect *. radiation
stability, Figure 16 shows the chemical structure ot the arylene=modified 1 . . rials,
The a~vl-ether aryl vulcanizate retained some useful properties at exposur:r up to 3 x
10V e >t 8 C)in both vacuum and in air. Figure 17 shows a comparison - { the effect
of ga ama raciation on ultimate elongation of these materials as compared with those of
mett.yl pleny’ silicone and dimethyl silicone, Following is a comparison of the sffect of
radiation .n the several types of silicone rubbe.s as found by McGarvey,

Radiation Elongation After Exposuve
Res'stance of 5 x 109 ergs g=1(C) Type of Silicone
Good >50% of initial value Aryl-ether aryl
Aryl-ether dimethyl
Fair <50%, >20% of initiai value Nitrile
- Aryl dimethy!
Methylphenyl
Mdieik 1ohenylvinyl
Methylvinyl
Poor <20% of initial value Methyltrifluoropropyl

It was 2lsn determined that the physical preperties of the arylene-muodified sili-
cones cured by gamma radiation were equal to or better than those obtained with a
peroxide~type cure, A dose of approximately 10 .negarads produced optimum cures in
the aryl dimethyl and the aryl-ether aryl ziiicones, and about 15 megarads produced the
optimum cure for the aryl-ether dimethyl type,
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T #o other phases of the program included the preparation of arylene-modified
siloxanes connected by perfluoromethylene groups (Standford Research Institute) and the
preparation of arylene-modified silcarbanes (Yarsicy Research Laboratories, London).
't ne structures of these materials are indicated in Figure 18, Data on these modifica-
t' ns are not yet available.
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FIGURE (8, SILOXANE AND SILCARBANE POLYMERS

Antirads

A considerable amount of work Fas been performed to improve radiation resistance
of polymers by using antirads, Work has been done on the inc.ugation of antirads at
Mare lsland Naval Shipyard and at Rock Island Arsenal, Morris and Caggegi at the
naval shipyard investigated 93 antirads in an effort ;o develop rubber gaskets which
would be resistant to nuclear radiation, and McGarvey at the arsenal evaluated approxi-
mately 200 potential antirads to determine th~ best one for low=-acrylonitrile-content
nitrile {(NBR) rubber,

Morris and Cnuegl“o) were interssted in improving the compression~-set proper-
ties of gaskets, They found that improvement could be obtained by compounding with cer-
tain antioxidants, antiozonants, or with certzin chemicals containing aromatic rings or
condensed ring structures. Akroflex C, AgeRite HP, and Santoflex GP were among the
best antioxidants for improving the radiation stability of S;npol 1500 (SBR). Those
antioxidants having the best antirad properties were derivatives of p-phenylene diamine,
L phenyl naphthylamine, or a blend of thase chemicals,
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Some of the antirads which were good in Synpol 1500 were among the best also in
Hycay 1072 (nitrile rubber). Examples were Wingstay 100, Akroflex C, Akroflex CD,
and AgeRite HP, Antirads which were not outstanding in Synpol 1500 but which were
quite good in Hycar 1072 and Hycar 1041 were Santovar A. Jonol, and Deenax, All of
these are phenolic derivatives,

Vulcanizates were further improved in radiztion resistance when both an anti-
oxidant and a plasticizer with an aromatic ring structure were incorporated in th. rub-
bLer stocks. Five parts of Thermoflex A and 10 parts of dibenzyl phthalate lowered com=
pression set of Synpol 1500 from 74 per cent to 48 per cent after irradiation, It was
necessary to compound stocks with more carbon black to maintain the Shore hardness of
the plasticized vulcanisates wituin the range of 65 to 75.

Naphthalens was a plasticizer which was particularly effective in combination with
an antirad for nitrile rubber (Hycar 1072). AgeRite Hipar (5 part ' and Naphthalene
(10 parts) gave a vulcanisate with a compression set of 53 per cen! after irradiation,
Comprassion set of irradiated vulcanizates of Hyca¥ 1072 without {nese additives was
80 per cent and tlat for Hycar 1972 with AgeRite Hipar was 65 per cent,

Acridine, pyrene, and fluoranthene were other plasticisers which provided im-
proved radiation with antirads in Synpol 1500, Acridine was also outstanding with
antirads in Hycar 1072, These antirads are listed, with the chemical composition and
namse of the supplier, in Tables 33 and 34,

Mc(hrvey(“’ evaluated antirads on the basis of per cent of iniiial NBS sirain and
Shore ~ i ...« & values after an exposure of 5 x 109 ergs g=1(C). The comp:unds
whose - ulcanizites met the following requirements after irradiation were judged to
posse 4 3igni’f» ant antirad activity:

NBS strain, 50 per cent, >50 per cent of initial value
Ultimate elongation, 200 per cent, >50 per cent of initial valie
Ultamate tensile strength, >2000 psi,

Table 35 lists the 12 best antirads arranged in descending order according to their
antirad activity. From this table it can be seen that several aromatic nitro compounds
function as inhibitors of radiation damage in NBR rubber, In particular, 2,2-.iiphenyl
l-picrylhydrasyl (DPPH) and 1, 1-diphenyl-2-picrylhydrazine (DPPH;) appear to be the
most efficient antirads. The r. ‘chanism of their protectivae action was attributed to their
function as radiation-stabilised scavengers for free radicals produced by high-energy
radiation. It is not known how DPPH and DPPH; may attach to i.: {ree radicals
produced in the NBR vulcanisate,

The antirad activity of DPPH; present at a concentration of 5 phr was also investi~
gated in SBR, Butyl rubber, and natural rubber, A significant antirad activity was
oxhibited in onlv the SBR vulcanisate, as can be seen from Table 36,




87

TABLE 33. ANTIRADS FOR STYRENE-BUTADIENE (SBR) RUBBER{40)

Chemical Compoaition

Name {Supplier's Description) Supplier
Antioxidants and Antiozonants
Akioflex C Diphenyl-p-phenylenediamine + L. I. du Pont de Nemours
phenyl-alpha-naphthylamine & Co,
AgeRite HP Phenyl-beta-naphthylamine + R. T. Vanderbilt Co.

Santoflex GP

Wirg.. 00

Akr- lex CD

Thermoflex A

Dibenzyl phthalate

Acridine
Pyrene

Fluoranthene

diphenyl-p=-phenylenediamine

N-Cyclohexyl=N'~phenyl-p-
phenylenediamine

Alkyl aryl amine

Diphenyl-p-phenylenedizmine +
phenyl-beta~naphthylamnc

Di~p~methoxydiphenylamine +
diphenyl-p-phenylenediamine +
phenyl-beta-naphthylamine

Plasticizers

Dibenzyi phthalaie

Miscellaneous
Acridine
Pyrere
Fluoranthene

Monsanto Chemical Co.

Goodyear Tire an! Rubber Co, ’e

E. I. du Pont de Nemours
& Co.

E. 1. du Pont de Nemours
& Co.

Fastman Chemical Products

Eastman Chemical Products
Reilly Tar & Chemical Corp,

Reilly Tar & Chemical Corp.

e ————asttr rai—
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TABLE 34. ANTIRADS FOR NITRILE RUBBER

Name

Chemical Composition
{Supplier's Description)

Supplier

Wingstay 100

Akroflex C

Akroflex CD

AgeRii. ™

Santc ir A
Ionol
Deenax

AgePRite Hipar

Naphthaler.e

Acridine

Antioxidanta and Antiozonants

Alkyl aryl amine

Daphenyl-p-~phenylenediamine +
phenyl-alpha-naphthylamine

Diphenyl-p-phenylenediamine +
phenyl-beta-naphthylamine

Phenyl-beta-naphthylamine +
diphenyl-p-phenylenediamine

2,5-diterriary-amyl hydroqguinune
2, 6-Di-tert-butyl-4-methyl phenol
2,6 Di~tert-butyl-4-methyl phenol
Phenyl-beta-naphthylamine +
isopropoxy diphenylamine +
diphenyl-p-phenylenediami;ne
Miscellaneous

Naphthalene

Acridine

Goodycar Tire and Rubber Co.

E. 1. du Pont de Nemours
& COc

E. 1. du Pont de Nemours
& Co.

R. T. Vanderbilt C-

Mcnsanto Chemical Co.
Shell Chemical Corp.
Enjay Chemical Co,

R, 'Il. Vanderbilt Co.

Reilly Tar & Chemical Corp,

Eastman Chemical Products
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TABLE 35, EVALUATION OF THE SEST ANTIRADS IN NBR

Per Cent of Original Property After

5 x 107 Rads
Hardness, Strain,
Additive (5 Phr Polymer) Tensile Elongation Shore A NBS
None (Control) 92 33 116 34
2,2-Diphenyl~1-picrylhydrazyl 109 61 104 58
1, )J-Diphenyl-2-picrylhydrazine 98 63 108 55
N, N'-Diphenyl paraphenylenediamine 82 51 110 55
1=Fluoro=-2,4=dinitrobenzene 113 70 N 57
5=Nitro=1-naphthylamine 100 58 110 54
p-Phenylazoaniline 95 53 114 54
4- Phanylazodiphenylamine 91 51 112 53
2-Nitrodiphenylamine 97 51 112 52
Phenothiazine 93 51 115 52
p=Nitr.h .~ rile 97 52 118 52
p-Nitr- benzhy razide 9z 51 112 51
p=Nit sphenyil. ‘drazine 113 60 113 50

—

TABLE 36. EVALUATION OF DPPH; IN VARIOUS ELASTOMERS

Per Cent of Original Property After 5 » 107 Rads

Hardness, Strain,
Polymer Additive Tensile Elongation Shore A NBS
SBR None 98 55 117 51
" DPPH; 112 84 108 65
Butyl Nonc 4 71 59 -
" DPPH, 4 70 66 --
Natural None 86 67 112 64

" DPPH, 80 71 106 ‘78

et w —_———



90

FPLASTICS

As was true with elastomers, most of the data collected on plastics since the puh-
lication of REIC Report No. 21 have been in connectior .rith the materials usedin -rarinus
compone.ts for space vehicies or missiles. Eifv.ts »i combined environments such as
vacuum and radiation have been investigated. Mc.'t of this work was discussed in the
section on componments., However, those plastics for which new informatin1 was obtained
are discussed alphabetically in this section.

Three new polymers have been developed that look promising with respect to radi-
ation stability, These are the polyimides, poly n-vinyl carbazole, and the phosphonitril~
lic chlorides, More work needs to be done with these materials before it will be possible
to determine their suitability for specific applications. Ultraviolet radiation is important
in the use of plastics and deterioration can be serious under certain conditions of
exposure.

Ac r‘zlic s

Polymethyl methacrylate (Lucite or Plcxiglas) is unaffected by gamma radiation to
an exposure of 8.2 x 107 ergs g~ 1(C}, but tensile strength and elongation are ¢:-reased
by 25 per cent at an exposure of 1.1 x 109 ergs g~ !(C}. Physical properties * criorate
quite rapidly above that amount of radiation. Abcve 109 ergs g‘l(C) of abscri:d radia-
tivn, por ok 1 methacrylate becomes very brittle,

aformet. m or acrylic polymers shows that work has been done on the effects of
vacuu a, tempc. sture, and ultraviolet (UV) radia*ion on Plexiglas (methylmethacrylate)
and on acrvlic c.atings. Data for the latter are presented in the section on coatings,
and the information on the plastic is given here.

Effect of Ultraviolet Radiation

Wahl and Robinson{35) observed the effects of ultraviolet radiation (2 py:ons) and
vacuum (€. 0 £ 3 x 10-6 torr) for periods of 100 hours. Properties observed were sur-
face and color changes, spectral transmission, luminous transmittance, and haze.
Hardness, loss in weight, and changes in chemical structure after irradiation were also
determined, D-ta are given in Table 37, Also included for cuin; 2:.80n is Selectron 400,
a heat-resistant polyester, transparent glazing material. Wahl stated that the olastics
irradiated in a vacuum became slightly translucent a..d the haze measurements are of
questionable value.

After vacuum exposure alone, Plexiglas 55 and Selectron 400 specimens lost less
than 0.8 per cent in weight and there was no measurable change in Barcol hacdnesa.
With ultraviolet and vacuum, Plexiglas lost less than 2 per cent in weight and hardness
decreased slightly, Selectron 400 showed no significant weight loss but a considerable
jncrease in hardness, The irradiated Selectron 400 hecame very brittie and shattered
when indented with the Barcol hardness tester, The surface of the plastics turued brown.

i-
il-
ble
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TABLE 37. PROPERTIES OF VACUUM-IRRADIATED TRANSPARENT CLAZING
MATERIALS BEFORE AND AFTER 100-HOUR EXPOSURE(35)

Parallel Light

Haze, per cent Transmissiorr, Weight Lcas,
Before After ___perce.s per cent Barcol Hardness ;s
Material Exposure Exposure Before After After Before After T
Selcctron 400 6.2 74.8 89.3 22,3 0. 22 14 52
Plexiglas 55 4.8 68. 7 90. ¢ 20,0 1.89 58 54
Stretched 6.9 0.0 89.2 5.0 1.80 59 54

Plexiglas 55

NSt ———— e —————
—— ——————

—

Versluys, et al. ,(55) also irradiated Plexiglas in vacuum with ultraviolet, Data
are shown in Table C-1 of Appendix C. The outgassing was believed i> Ue adsorbed - -
trogen since the dissolved gas was found to be of mass 28. No discoloration was
observed.

Ringwood(56) states that polymethyl methacrylate tends to unzip or dep.!ymerize
in a vacuum of 10~8 torr at ambient temperatures under exposure to rays sl > :cr than
3800 # In space this effect is accelerated by the increase in temperature in the plastic 1c
caused oy tar absorption of infrared rays, Surface discoloration and crazing have been 1
obsgse: ved und: v the same ultraviolet exposure but at higher pressures (10'6 torr) when
test~1 in a ch mber maintained at 72 F.

Temperatures at which there is 10 per cent weight loss per year are 40 to 150 C

(105 to 300 F) for methylacrylate, and 100 to 200 C (220 to 390 F) for methylmethacrylate ate
in vacuum, An acrylate (MIL-P-5425) showed 0.3 per cent weight loss on disiccation,
an additional 0. 03 per cent on vacuum exposure, and maintained 0, 15 per cent (net weight ght

loss) after re-exposure to air(57),
Acrylonitrile

Wilcox, et al. ,(58) irradiated Acrilan in nitrogen with rmnrnochromatic light an-.
irradiated samples with a G30T8 lamp in nitrogen and in a vacuum, Data are included
in Tables C-2 and C~3., The shorter wavelengths | roduce greater changes in the tensile le
strength per joule of incident energy than the longer wavelengths produce. Tensile
strength is degraded about 1. 5 times as fast in nitrogen as in a vacuum. Jaffe and
Rittenhouse(sﬂ give 20 C (240 F) as the temperature for 10 per cent weight loss per year ar
for acrylonitrile polymer,

Acrylonitrile/Butadiene /Styrene Terpolymer (.:BS)

At room temperature, Kralastic MV (an ABS polymcrl increased in tensile strength gth
when irradiated to a gamma exposure of 2.8 x 1010 exgs g~ 1(C). At 9.4 x 1010 ergs

g l(C), tensile strength decreased by 30 per cent. At 250 ¥, the polymer lost two-thirds rds
of its tensile strength at an exposure of 8 x 1010 ergs g'l(C).
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Lewis{!5) determined the effects of irradiation on two types of ABS polymers at
75 F and at 250 F. These materials were Kralastic MV and Kralastic SRA plastics. At
75 F, both materials increased in tensile strength when irradiated to an cxposure of
2.3 x 1010 ergs g~ Yc)., At9.4x 1010 ergs g~ 1(C), tensile ztreagth decreased by ap-
prrximately 30 per cent of the original. The MV matciicl increased in tensile sir~ngth
from 3730 psi to a maximum of 5070 psi and then decrcased to 2141 psi, The tensile
strength of SRA material increased from 4730 ps. to 6330 psi and then decreased to
2820 psi. " In both cases, hardness increased with increasing radiation exposure. At
ele rated temperatures this change takes place more rapidly, and at 250 F Kralastic MV,
nonirradiated, has a tensile strength of 3670 psi, while after irradiation to an exposure
of 8 x 1010 ergs g~1(C) at 250 F tensile strength decreased to 1236 psi. Under the same
conditions, the SRA material decreased from 4350 psi to 875 psi. Hardness of both
materials increased with increasing radiation at the elevated temperatures in approxi-
matelv the same fashion as it 4id when irradiated ai room temperature.

Cellulose Acetate

Cellulose polymers are amon% the polymers least resistant to radiation damage.
At an exposure of 1,9 x 109 ergs g~1(C), cellulose acetate has deteriorated by 25 per
cent,

Weight-loss data for cellulose acetate and cellulose acetate butyrate or.y were

found. Riehl{57) indicates that neither material lost weight in 24 hours in vicuum after
firsl co aag ¢ constant weight in a disiccator,

Diallyl Phthalate

Diallyl phthalate has cthown excellent radiation stability. For example, a case
molded from diallyl phthalate Type FS80 vhich is flamepoof and lonﬁ-glau-ﬁber filled
was exposed tuo 4,3 x 1016 nvgt L the equivalent of 1.3 x 1010 ergs g=1(C)]. The radiation
resistance of this case was considered very good. (38} Also, coil forms, insu’ators, and
standoffs were relatively unafiected at an exposure of 6. 2 x 1012 ergs g~ i(C).

Although there are changes in electrical properties such as dielectric constant,
dissipation fac*nr, and volume resistance while exposed to & ru.'7tion flux, recovery of
these properties after exposure is very good. Electrical leakage resistance of diallyl
phthalate connectors was reduced to 0.1 of the initia' value at an integrated exposure of
8.8 x 1012 ergs g~ l(C). The connectors were remoyed from the radiation field and
within 15 minutes, leakage resistance had returned to the original value. (59,60)

Table 38 shows the change in leakage resistance with expoasure,

The aifect of vacuum and temperature on dia.lyl phthalate was studied by Podlaseck
and Suhoraky“ﬂ and Fulk and Horr(17), Data are presented in Tables C-4 and C-5. The
effect of temperature on weight loss in air ard in vacuum is shown in Figure 19, Diallyl
phthalate has a vary low equilibrium outgassing vate at moderate temperature similar to
those of epoxies and polyesters. But like these, the initial rutes are considerably higher
than those for fluorocarbons, silicones, and Mylar,
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TABLE 38. LEAKAGE RESISTANCE OF DIALLYL PHTHALATE
CONNECTORS IN PILE - DYNAMIC TESTING(60)

Radiatioa X<posure,

T.cakage Resistance(3),
nem=2 (En > 2.9 Mev)

megohms at 55 C

None 56
1.68 x 1014 36
5.04 x 1014 4)
1. 34 x 1015 33
2.27 x 1015 12.5
3,36 x 1013 6.8
5.12 x 1015 5.8
6.47 x 1015 5.2
9.24 x 1015 5.9
9.58 x 1015 5,1
1.31 x 1016 6.2
1.43 x 1016 6.8
1.67 x 1016 6.8
Scram + 2 min 17.5
Scram + 22 min 40
Scram + 42 min 58
Scram + 237 min 90
Scram + 24 hours 110

{2) nitial leakage T :asurement before installation = 4009 megohms at toom conditions;
ba-eline lcakage resistance » 56 megohms at §5 ",

'Egoxy Rui_n_s_

Epoxy resins are above average for plastics in radiation resistance, h.ving with-
stood ga: ima exposures to 9,5 x 1010 ergs g~ !(C) without appreciable deterioratizn.

Aromatic-type curing agents provide the best irradiat.c. rapistance,

Epoxy resins have low-weight-loss equilibrivm constants, although initial out-
gassing is somewhat greater,

Epoxy resine are considered for use in space applications primarily for laminates,
adhesives, encapsulating or potting materials, and coatings. In general, epoxy resins
have low-weight-loss equilibrium constants, although initial outgassing is somewhat

greater, In this latter respect it is inferior to the fluorocarbons and silicone but supe-
rior to the phenolics.

Equilibrium-weight loss data(18) are given in Table C-4. A comparison of the ini-
tial rates of weight loss of several materials as given by Gloria et al. ,(61) are shown in
Figure C-1. Weight losses were also obtained by Fulk(17) and are given in Table B-~70.
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At cryogenic temperatures, epoxies have the highest flexural strength, with phe-
rolics and polyesters following in that o.der, (8

Fluorocarbons

. Tefion FEP 100 (a copolymer of hexafluo: 5y : opene and tetrafluoroethylene) is con-
siderably more radiation resistant in air than is Teflon TFE (tetrafluoroethylene).
Threshold damage for Teflon TFE in air occurs at 1.7 x 106 args g“l(C;, and 25 per cent
dumage is accrued at an exposure of 3.4 x 106 ergs g~ ¥C).

In vacuum, tensile strengtt of Teflon TFE is satisfactory to 8 x 109 ergs g~ 1(C).

Fiberglas reinforced Teiion retainsd 40 per cent of tensile strength and some
flexibility at 1.2 x 1010 ergs g~ 1(C) in air.

Tedlar {polyvinyl fluoride) as a 4-mil film showed gcod radiation resistance to an
exposure of 1010 ergs g-1(C), but decomposed and gave off a considerable quantity o°
HCI above that exposurs,

Kynar(polyvinylidene fluoride) shows excellent retention of tensile strength when
irradiated in air and in vacuum to 109 ergs g~ 1(C).

Kynar 18 reported to have excellent resistance to ultraviolet radiation.

F'uoroc'. *bons with their excel. ent temperature and chemical resistance and with
gnond ¢ exnellr 1t electiical characteristics are of great interest for space applications.
Fluo .carpons ‘nr which iiformation is available include Teflon TFE {polytetrafluoro-
ethylene), Veflo. FEP (a copolymer «f hexafluorcpropene and tetrafluoroethylene),
Kel-F (chlorotrifluoropropylene}, Tedlar {polyvinyl fluoride), and Kynar (polyvinylidene
fluoride!

Teflon is probably the best illustration of the importance of cunsidering all factors
of space environment in determining the behavior of a material in space, Teflon has
poor radiation resistance in air and or.ginally this was believed to preclude its use fc:
space applications. However, in an oxvgen-frae atmosphere (as in a vacum) its radia-
tion resistance is improved by about two orders of magnitude. It is being used success-
fully for many applications in satellites and numerous studies have been made to deter-
mine the behavior of this material in spice. The following duta show the results of th~se
efforts. Most of the work has been with Teflon TFE, Teflon FZi and Kel-F, Limited
data are available on Kynar and Tedlar., Comparative properties of the first three mate-
rials in air are shown in Table C-6, Appendix C.

Effects of Nuclear Radiaticn

In ordex to determine: differences in radiation resistance among fluorocarbon poly-
mers, Wattier, Newell, ard Morgan(“) studied the radiation resistance of Teflon TFE,
Teflon FEP 100, and Tedl..r. They found that Tefion FEP 100 had considerably more
radiation resistance in ai1 than the standard TFE of the same thickness, Teflon FEP
also shows greater stabili:y in the absence i air, as can Ye noted in its radiation
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resistance when immersed in Cronite 8515 or in helium, Fiberglas-reiniorced Teilon
showed good radiation resistance. This mats rial retained some of its flexibility as well
as 40 per cent of its tensile strength ai a radiation expasure of 1.2 x 1010 ergs g-1(C).
Data are given in Tables C-7 through C-9.

Tedlar film decomposed and gave off a considersble quantity of HCI during irradia-

tion. Radiation resistance of the 0. 004-inch film wrs quite good up tu an exposure of
1.0to 1.4x 1010 ergs g~ }(C). Data are included in Table C-10. .

Effects of Nuclear Radiation and Vacuum

Golden and Hazell(so) irradiated Teflon in vacuum (lO'6 torr). No change in color
or opacity occurred at doses lese than 1.3 x 1010 args g~ !(C), but above this dose, disks
and film disintegratec., Polymers which had received a high radiation dose had a sharp
melting point {327 C) and gave a clear colorless melt, whereas unirradiated material
showed no visible change up to 400 C. Highiy irradiated mate.ial evolved gas at and
above the melting point.

Variation of tensile properties with increasing radiation dos+ are shown in Fig-
ure C-2, Table C-11 shows values as given by Shoffner(62), 1t may be seen in Fig-
ure C-2 that tensile strength equivalent to that of unirradiated material is maintained up
to an irradiation exposure of 8 x 109 ergs g"l(C). At higher exposures, the tensile
strength, although somewhat ervatic, is greatly decreared and at 1,2 x 1010 er; ~l(c)
is reduced to a negligible value. However, elongation is reduced from 200 per « »nt for
the univ. a '-* *A naterial to a few per cent after an exposure of 4 x 107 ergs g \e).
Thus dep adation reduces the extensibility before appreciably reducing tensile surength,
Infiare’ spectrc raphs of unirradiated samples and of those irradiated in air and in
vacuun. nave bee made. {82) Tuble C--12 shows the differences in urirradiated and irra-
diated samples,

Keriin(657) irradiated Teflon TFE and Kel-F ir vacuum (2.5 x 1077 torr) and
tested the speciinens while in vacuum (described as dynamic tests). The same polymers
were irradiaced in vacuum and in air and the tensile strength =nd ultimate elengation de-
termined in air (described a= static tests), Data are given nTablesC-13zndC-14. The
difference between the effects of irradiation in vacuum and 1n air on ultimate strength
and elongation can be seen in these tables, Althoughnot sirictly comparable, the ultimate
strength and elongation appear to be greater when the mate-ials are irradiated in vacuvm
than when irrsdiated in air. With Kel-F, tensile strength is greater than that for Teflon,
and neither irradiation in vacuum and nor irradiation in air saevirvaely affects tensile
properties.

It may be noted that Teflon FEP shows better radiation stability in air than does
TFE, but the improvement in vacuum is minor,

The etfects of radiation on Duroid 5600, a glaas-fiber-reinforced Teflon, and un-
filled Teflon are similar, Kynar and Tedlar both thow excellent retention of tensile
strength and elungation when irradiated in air and in vacuum (see Table C-15)., Accord-
ing to Kerlin, Kynar does not have low-temperature properties as good as those of
Teflon. It has, however, excellent resistance to ultraviolet radiation,
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The foliowing data show the effect of vacuum and tempsrature with no irradiation.
At 100 C, and after 100 hours exposure to a pressure of }0~7 torr, the weight loss of
TFL resin was found by Jolley and Reed(63) to be 0. 04 per cent and that of FEP resin
was 0. 08 per cent. No comparable data were found for Kel-F. However, Bringer(64)
compares the outgassing of Kel-F and Teflon. He states that significant weight loss for
K:i-F begins to occur at atout 250 C, and for Teflon at about 350 C. Outgassing rate tor
Teflcn at 25 C is 1.6 x 10°7 torr-liters/{sec){sq cm). This compares with a value of
3.7 x 10°7 torr-liters/(sec)(sq cm) for aluminun. The rate of outgassing of Teflon TFE
and FEP decreases with time. This is also true for Kel-F. Table C~16 gives the mole
per cent and ‘dentity of evolved gases fur Teflon TFE at 71, 180, and 200 C.

Analyses of gases evolved from vacuum outgassing of Teflon have indicated that no
degradation of Teflon resins or of their properties occurs in high-vacuum service at
room temperature. Tubing of Teflon in use in the vacuum systems (10"6 to 5x 10" torr)
of the Bendix Mass Spectrometer for ~~ore than 5 years has given no mass ~spectrum-
analysis evidence of outgassing or b.. ss..own of the Teflon tubing,

Buckley and J ohnson(65) conducted experiments to determine the cifects of vacuum
on friction and wear for three polymers, including Teflon (PTFE) and Kel-F (PCFE).
Both friction and wear for unfilled PTFE and PCFE in vacuum were nearly the same anc
were high. In general, the wear mechanism of the two polymers sliding on stainless
steel surfaces was one of an abrasion process. It was found that heat generated at the
sliding interface was transferred to the wear particles abraded from the polymer and ad-
hering to the metal surface. This increased surface temperatures and cause! . urface
degradation of the particles.

Puckley letermined the influence of {illers on the wear of Teflon and Kei-F in
vacur a, Fill- ©» used for these studies included _.ass {iber, molybdenum disulfide,
copp «, silver and graphite. The uddition of glass fibers and copper powder markedly
improved the fr-ction and wear characteristics for PTFE, Molybdenum disulfide offered
essentlally no improvement. It is belinved that improvernent came as a result of dis-
sipation ~f frictional heat. The e¢ffect of fillers can be seen in Figure C-3.

Decomposition products were studied for PTFE, With unfilled polymer, the prin-
cipal products of decomposition were the heavier-molecular-weight {ragments of the
polymer unit. With glass-filled compositions, the principal decomposition prnduct was
fluorine, Copper-filled Teflon gave very small coacentrations of decompositi »n
producte.

As a matter of comparison, Buckiey found the friction nrd wesr characteristics of

a polyimide resin to be superior to those of Teflon TFE in vacuum. This polyimide was
stable to 500 F.

Effects of Cryogenic Temperatures

The utility of Kel-F and Teflon at cryogenic temperatures has been proven in prac-
tice by their oxtensive use in connection with liquid oxygen (~325 F) and liquid hydrogen
{~425 F)(“). The plastics retain some degree of ductility at these temperatures, Fig-
ure C~4 shows the tensile behavior of the fluorocurbon plastics in the subzero regions.
According to Vickers(66), FEP has an impact strength of 2. 0 ft-1b/in, while Kel-F
(medium crystallinity) has an impact value of 1, 25 ft-lb/ir.. Elongation of FEP is four
times as great as that for Kel-F at -420 F. On the other hand, Bringer(64), measurirg
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thermal contraction between room temperature and liquid-oxygen or -hydrogen tem-
perature, found that Ceflon contracts roughiy twice as much as Kel-F. (See FigureC-5).

Kel«F was irradiated (nuclear) at cryogenic ternperatures by Yasuifl3), At radia-

tion exposures to 2,6 x 109 ergs g~ 1(C), the Kel-F 2-mil film was not significantly af-
fecved by irradiation in liquid nitrogen (sce Figure C-6).

©f{lects of X-Ray and Vacuum

Low-frequency loss properties of TFE polymers are drastically affected by X-ray
irradiation, (63 High-frequency loss properties are considerabiy less affected. In-
creases in dielectric constant aind dissipation factor depend on the ambient oxygen con-
centration during exposure and recovery,

The dielectric constant and diseipation factor of Teflon FEP resins are unaffected
by X-ray irradiation in vacuum for measured frequencies of 60 cps to 100 kcps.

Figure C~7 shows the effect of X-ray irradiation in air and in vacuum on dissipa-
tion factor of Teflon, Recovery characteristics are shown in Figure C~s. Changes i..
dielectric constant are shown in Figure C~9. In the case of FEP, dissipation factor and
dielectric constant were unaffected by X-ray irradiation in vacuum (Figures C-10 ana
C-11), although physical and optical property changes were evident.

Measurements of electrical pr%perties made during irradiation without :~moval

from .x, - .re are given by Bringer(64). A comparison of the eftects of X-r: : irradia-
tion on .ne dis:.ipation factor of PTFE in both air and in vacuum are given ink.gureC-12,

Effects of Ultra-1olet and Vacuum

Wilcox, et al, ,(58) irradiated Teflon with mcenchromatic light in nitrogen and with
a G30T8 lamp in nitrogen and in vacuum, Data are given in Tables C-17 and C-18. The
shorter wavelengths are more damaging than the longer wavelengths. Ultraviolet pro-
duces greater changes in elongation than in tensile strength; irradiation in a vacuum is
approximately 14 times as severe as that in nitrogen.

Phenolic Resins

Unfilled phenolics stand fairly low in radiatior resistanc2, 25 per cent damage be-
ing accrued at an absorbed dose of 109 ergs g~ I(C). When irradiated, they swell, be-
come very brittle, and tend to crumble.

The addition of fillers, particularly mineral fillers, increases the stability of phe-
nolics. Phenol-formaldehyde with asbestos filler (Haveg 41) shows excellent radiation
stability, beiig one of the more radiation-resistant plastics. It is unaffected by a radia-
tion exposure of 3.9 x 1010 ergs g'l(C) and is dainaged by 25 per cent at an exposure of
3.9x 101! ergs g~ l(C).
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Phenolic laminates irradiated to an exposure of 2 x 109 ergs g~ }(C) at tempera-
tures of 600, 700, 800, and 900 F showed flexural-strength values equivalent to or
higher than those for laminates heated to these temoeratures with no irradiation.

Redeker and Van Sickle(67) studied the effect of : »diation on phenolic-mode! com-
pounds in a fundamental approach to determin: Lasic chemical reactions involved. They
found that the ring-connecting methylene bridges ~ere most easily broken when ortho to
a hydroxy group. The hydrogen-oxygen bond appeared to be the most labile to radiol-

y¢is, followed closely by the carbon-oxygen bond. Their work suggested that, for radia-~ -
tion environmental applications, as many para links should be used in the polymer as is
possible. The work also suggests that incorporation of polyhydroxybenzenes or naphtha- -

lenes into resins as a means ( providing energy sinks or dissipators for the absorbed
radiation is desirable.

Phosphonitrillic Chloride Polymers

Glass-cloth laminates with this resin showed excellent stability a! 455 F and a
exposure of 6 x 1010 ergs g~ 1(C).

A blend of this resin and acrylonitrile showed excellent tensile strength whe.. irra-
diated in air to 101! ergs g~ 1(C). However, elongation decreased to about 25 -»r cent
when the blend was irradiated to 2.5 x 1010 ergs g~ 1{C). Elongation decrear . .rom
138 per cent to 94 per cent when heated to 110 F for 33 hours with no irradis - on,

seneral Dynamics{!) developed a resin which is a derivative of phosphonitrillic
chlc de and « hich is designated as AP-Resin-XHU. The resin contains a number of un-
reac.&d pola.  “oups (hydroxyphenyl) which can he reacted with selected curing agents
and monomeric or polymeric ma.srials containing reactive constituents. Blends of this
resin with phenolics, polyesiers, epoxies, polyamides, and many elastomers can be
prepared. The cured resin or resin-polymer blends are reported to have flame resis-
tance, high heat stability, high structural ztrength, and excellent environmental
rosistancs.

Several of the phosphonitrillic chlorido polymeric blends were irradistcd both at
*oom temperature and at elevated temperatures. A blend of the AP-Resin XHU and
acrylonitrile was prepared and irradiated in air, and immersed in 5P4E polyphenyl
vther (Monsanto OS-124) at temperatures ranging from 75 to 340 F. Data for this mate-
rial are showr in Table 39.

In general, exposure of the blend to elevated ..mperatures and radiation resulted
in an increase in tensile strength, eiastic modulus (compression), and hardness. How-
sver, elongation decreased from 138 per cent to 94 per cent when the blend wae heated
to 110 F for 33 hours with no irradiation. When irradiated to 2,5 x 1010 ergs g~1(C) in
air at this same temperature, slongation decreased to 26 per cent, Elongation was
50 per cent when the material was immersed in the polyphenyl ether for 33 hours «t
110 F with no irradiation. After irradiation to 2.1 x 1010 ergse g- }C) in the oil at 110 F
(33 hours), elongation was 30 per cent. Glars-cloth laminates of this resin showed ex-
cellent radiation stability at 455 F to an exposure of 6 x 1010 ergs g~ l(C). Data are in-
rluded in the section on laminates.
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Polzacetal

No radiation data were found for this polymer. Podlaseck and thorsky(4) gave the
eqrilibrium-weight-loss rate for Delrin 500 and Delrm $07 (carbon-black-ﬁlled 500); see
Tabla C-4 in Appendix C. Values were aigo g.ven 5 Fulk{17) in Table B-70 (Appen-
dix B). These were the only data found for this ;- ;lymer. .

Polyamide (Nylon)

Nylon tuud in sheet form, reaches threshold damage at an absorbed radiation of
8.6 x 107 ergs g (C) and 25 zer cent damage at 4. 7 x 108 ergs g~ (C) Its tensile
strength increases with adiation, reaching 25 per cent increase at 1011 ergs g~ Yc).

Nylon fiher wag reported to have lost more than 50 per cent of its criginal strength
at an exposure of 8.5 x 108 ergs g~ ey,

The service life of nylon in air can be increased by the use of antirads or
antioidants,

Nylon shows good heat stability in vacuum,

Koehler and Pennny(zs) reported that nylon (Zytel 33), when irradiated o0 2 x
1010 er_s 4 C} in a dry atmosphere was satisfactory and could be used in = gaging svs-
tem { r reactor pressure tubes designed to measure surface defects during periods of
reac.or shutd wn. A nylon ring used in this equipment was also satisfactory, although
its color chunge3 to a brown.

Although the following data are not concerned with the effects of nuclear radiation,
they are of interest with respect to space applicitious. These include weight-loss data
in vacuumn, and the effect cf thermal radiation, ultraviolet, and the effect of fillers on
lubrication properties of nylon in vacuum.

The stability of nylon in space environme:its will vary according to the orocessing
of the material. Howcvor, in general, nylon is useful under space conditions,
Podlaseck and Suhouky( give the equilibrium-weight-loss rate as Iollows:

Equil't slum-Weight-

Temperature, Pressure, Loss Rate,
Material ¢ tors §/{sq cm)(sec) x 1010

Nylon (Zytel 105) 50 5x 1076 0.33

{carbon-black-

filled 101) 100 5x 10~f 3.3
Nylon (Zytel 31) 50 5 x 106 0.89

(electrical grade

nylon) 100 5x 1076 3.3
Nylon (Zytel 101) 80 5x 1076 0.94

(standard grade

nylon) 100 5 x 1076 4.2
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Jaffe and Rittenhouse(51) give the temperature for 10 per cent weight loss per year L
for nylon in high vacuum as 30 to 210 C (80 to 410 ¥). He :indicates nylons show high
decomposition rates in vacuum. However, Riehl{57) states that nylon lost 0. 05 per cent t

wei-ht on desiccation and 0. 01 per cent more on vacuum exposure. It returned to its
original weight (<0. 001 per cent difference) on re-exposn:e to air. He thus claimas that
vacuum exposure served only to provide more d: astic desiccation.

Boundy(31) reported the weight loss of Nylon- 101 in vacuum (1076 torr) at 75, 150.

and 300 F. Even at 300 F, the weight loss was only about 0. 63 per cent (see Figure 20). )
0.80
PRESSURE 10%uM MG
o~ O.70] MATZ:IAL NYLON ~ 10!
'z' 300°F
3 0.60 =
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o
< 0.3 —di50° F
b o
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FIGURE 20, PER CENT WEIGHT LOSS VERSUS TIME AT 10-6 TORR
AND VARIOUS TEMPERATURES FOR NYLON(31)

Hargreavel(“) exposed Nylon 66 to thermal radiation in vacuum, Results are
given in Table C-19 in Appeadix C. He found that heat and vacuum {10~5 torr) decreage ad
the over-all transmission in the 229 to 330 my range. The effect of heat and v:cuum is,
first, to induce crosslinking but later, to induce chain scission. However, less than
2 per cent of the chemical structures are affected. Thermal radiation in the range of
180 to 275 C has no significant effect on *he melting point, Spccimens heated to 275 C
darkened, fused, and were insoiuble in a calcium chloride-methy: aicohol solvent. The 3
fiber was brittle and useless as such, but the basic structure was unchanged.

Wilcox, et al. ,(58) found that changes in tensile strength of nylon were produced
twice as fast by ultraviolet in nitrogen as in a vacuum (see Tables C-20 and C-21).
Blackmon(5) states that nylon irradiated in a vacuum (10=7 tocr) with ultraviolet for
91 hours shows very slight discoloration, and retains good tear and tensile strengths.

Because of its stability in vacuum, and because of its use as bearings which need

no lubrication, nylon has been examined for use as a 4ry lubricant for space applications. as.
Bowen(69) determined the wear of nylon materials containing various fillers. Tests were sre
run at rubbing vetocities of 40 and 230 ft/min. at temperatures of 86 F and 160 F. The e

load on the test block was 3 pounds (150 psi for a 2-mm scar width). The atmosphere
iitroren, The nylon which did not contain a lubricant filler was unsatisfactory; it
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was considered better with 40 per cent MoSZ filler (Nylasint 144) than with 20 per cent
carbon-~graphite (even though the friction is higher because of the expected poor lubri-
cating qualities of graphite in a space environment). Outgassing tests, however, indi-
c:ted that Teflon would be more acceptable than the nylon.

Polycarbona.es

Lexan retained strength and toughness after an expoaure of 8 x 109 ergs g~ }(C),
but these properties decreased rapidly after 9 x 109 ergs g~ }C). Itcan probably be
considered as useful to 1010 exgs g-1(C).

Radiation resistance ot Lexan in vacuum is only slightly better than that in air.

At 300 F, polycarbonates are superior to nylon with :sspect to vacuum=thermal
stability.

Polycarbonates have excellent impact strength and dimensional stability and re-
sist thermal-oxidative de radation up to 150 C. They are reasonably good with respect
to radiation resistance. { Lexan (General Electric polycarbonrte) retained most of its
original strength and toughnen after irradiation to 8 x 107 ergs g1 (C). However, in
another investigation, a nmple irraditted in air{11) was found to have lost 2. tonsile
strength at an exposure of 2,9 x 1010 ergs g'l (C). Oxidation is relatively 1 ii:0r below
an ex;. vz of 8,8 x 109 ergs g~ ! (C). Merlon polycarbonate irradiated at ’~ F to a
dose ¢f 3, 5 x .010 ergs g (C) in air showed no appreciable change in hardneus. Its
ultir .te strer «th decreased from 8590 psi to 2070 psi. At 1010 ergs q (C), elongation
dec: ased fro..© 104 per cent to 54 per cent. At an exposure of 2 x 10!l ergs g° 1(c),
the material w: s too brittle to determine these properties. Thus it would nppear that
these materials would be satisfactory to an exposurs of about 1010 ergs g~ (C), but that
propert.:s begin to fall off considerably above that exposure.

Samplu irradiated in vacuum were very brittle after an exposure of 8.8 x

ergl g * {C) Giberlon(") states that it is possible that lass than this expoaure
dose would be required to obtain this degradation. Evidently the radiation stebility ot
this polymer in vacuum is just slightly better than its stability in air. Giber .on con-
cluded that degradation of polycarbonates in an irradiation field occurs by a chain-
scission mechanism.

Moulton and associates{72) studying the effect of X-ray irradiation on the optical,
electron paramagnetic resonance, and diffusion prcnerties of Lexan found that X-ray
irradiation induced cross linking rather than degralation of the polymer.

Jaffe and Rittenhouse(51) give 180 C (350 F) as the temperature for 10 per cent
weight loss per year in vacuum, but indicate that the basis for this value is not too re-
liable, Gloria, et al, ,( 1) tested Lexan in vacuum and found its initial weight losa to be
similar to that of Teflon. There was no apparent change in physical appearance up to its
heat-distortion temperature, The initial rates of weight loss of Lexan, epoxy, nylon-
phenolic, and silica-phenolic were found to increase significantly with dacreasing mate-
rial thickness, indicating that the diffusion of the reaction products throurh the bulk of
the material was a controlling factor in the weight-loas poocess uf these ruaterials,
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Boundy(“) determined the weight loss of polycarbonate resin in a vacuum
(107 torr) at 75, 150, and 300 F. Data are shown in Figure 21. At the higher tempera-

tures, polycarbonate is markedly superior to nylon as far as vacuum-thermal stability
is concerned,
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FIGURE 21. PER CENT WEIGHT LOSS VERSUS TIME AT
106 TORR AND VARIOUS TEMPERA MURES
FOR POLYCARBONATE(31)

Polyesters

U iilled poi,=sters have poor radiation stability, hardening and developing small

cracks under irrac.ation. Their properties begin to change at approximately 107 to
108 ergs g'l {C).

Oriented films appear to have greater stability than the random polymer. WMylar
{polyethylene terephthalate) has been reported as reaching threshold damage at an expo-
sure of 4.4 x 108 ergs g'l (C) and 25 per cent uamage at about 8. 7 x 109 ergs g-1 (C).

Irradiation of Mylar in vacuum to 8. 7 x 109 ergs g'l (C) produced the samr : damage
as 4.4 x 107 ergs g~ 1 (C) in air,

..q—-—w“ W AR NEGNE: 6 S AR MRS PRI SR A sas 2o < <7

Mylar is unaffected duri;xg thermal aging up to 200 C (397 ¥) bv irradiation, excer.
at levels above lolo'ergn g'l (C).

‘When exposed to ultraviolet in a vacuum, Mylar iecreases in tensile strength and
elongation,

Polyesters are used in laminates and in coatings and are covered in those sections
of this report. Matacek(73) reported on work in which cumulative stepwise weight lonses
were obtained. One of the resins tested was unfilled Paraplex P-43 polyester. After ex-
posure to 400 F' and a vacuum of 4 x 10~3 torr for 24 hours, the polyester had lost
20 per cent in weight, and testing of this material was discontinued. Luperco ATC had
been used as the catalyst, and it has been shown that benzoyl peroxide can cause depoly- 1
marization under proper conditions. This and the fact that ro filler was present may
have been part of the reason for the high weight loss. :
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Polyethylene Terephthalate (Mylar)

Kerlin and Smith{7) irradiated Myiar A and Mylar C in air and in vacuum. Al-
theagh earlier tests had shown irradiation to he less damaging in vacuum than in «ur
(part.cularly with a 3-mil film), later results (se: Table C-22 in mppendix C) would
indicate that there is little difference between irradiation in air and in vacuum.

Yasuil1?) irvadiated Mylar film, aluminized Mylar, and several Mylar laminates
at cryogenic temperatures. There were no significant effects on these materials. Data
are shown in Figures C-13 to C-15,

Mylar capacitors were izsted for performance characteristics in a nucleac-
radiation field at Bendix Systeras Division of Bendix Corporation(38) and at Litton Indus-
tries{¢?), The results of the tests at Bendix indicated that film capacitors were well
suited for use in radiation environments, at least up to an e:iposure of approximately
1010 ergs g'l (C) (about 1015 nvgt). Capacitance and dissipation factor were little af-
‘ected by irradiation. Leakage resistance was reduced during irradiation whenever the
reactor was at power, but no permanent changes in leakage resistance were observe..
The capacitors became slightly radioactive during the irradiation; this activity was suf-
ficientiy small to indicate that these capacitors do not present 2 seriovs handling proolem
when used in radiation environments with thermal-neutron shielding. Litton Industries,
on tne other hand, found that the Mylar film-foil capacitors suffered permanr nr degrada-
tion in insulation resistance, i.e., their insulation resistance showad neYlig'u!e recov-
ery 2% . s 2°ter removal from the environment. The exposure was 10 1 Ty8 g'l (C)
(lO16 r cm"e, E, > 2.9 Mev). Also, it .;as shown that the electrical propertics of ca-
pacit- vs n-ade from the same dielectric material but by different manufacturers differed
cons lerably {. ‘m one another.

Mylar has been found tc have extremely low outgassing rates at room temperature,
similar in this respect to fluorocarbons and silicores. Riehl(57) tested the stability of
Mylar under Ligh vacuum (Table C-23). Plain and aluminum-vapor-coated Mylar films
were exposed to various temperatures at a pressure of 103 to 10 torr for a duration
of 72 hours, It was found that M.ylar, with or without an aluminum coating, exhibited
only a slight loss in flexibility after exposure io the test conditions at room tempera-
ture. At 100 C, under the sane conditions of pressurc and time, weight loss :s were
appreciable, Both coated and uncoated films warped and/or we' <led, and all samples
suffered appreciable losses in flexibility. Similar tests at 150 C produced increased
weight losses and distortion,

- -

Effects of Ultraviolet Radiation' ’

Versluys, et al. ,(55) subjected Mylar to ultraviolet radiation at 1078 torr to a dose
of 50 hours of ingolation in the 1300 to 1850 A band and 565 hours in the 1100 te 1300
band., Weight loss was 0.2 £ 0.2 per cent. Vacuum exposure alone gave 0.3 % 0.3 per
cent. The released gas was analyzed by means of a mass spectrometer and found to be
nitrogen, which was assumed to be adsorbed to the Mylar

Table C-24 shows the effect of vacuum and combined vacuum and ultraviolet on
Mylar aluminized on one side, as determined by Snyder(“l. Ultiaviolet (770 hours'®
exposure) caused a decrease of 43 per cent in tensile strength and a decrease of
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88 per cent in ultimate elongation. Table C-25 shows the effect of ultraviolet and
vacuum on the tensiie strength at butt-seamed areas using Mylar tape with various
adhesives.

Wilcox, et al. ,(38) irradiated Mylar in nitrogen and in vacuum with ultraviolet
(Tooles C-20 and C~21). Elongation decreased faster for samples irradiated in nitrogen
than 1t did for samples irradiated in a vacuum. Ailso, tensile strength was less affected
in vacuum than in nitrogen.

Blackmon, et al. ,(5) also reported the effects of ultraviolet and vacuum on Mylar,
both metalized and nonmetalized. After 91 hours at 80 F and 10~7 torr, there was no
change in the aluminized Mylar. The uncoated 5-mil material turned brown and dis-
integrated on handling.

In summary, Mylar has 10w outgassing in a vacuum at room temperature. How-
ever elevated temperatures and, particularly, uliraviolet adverselv affect weight loss
and tensile properties.

Polxethzlene

Polyethylene is unaffected by radiation to an absorbed radiation of 1.9 x 109 ergs
g'l (C), and accrues 25 per cent damage at 9.3 x 109 ergs P‘l (C). Tensile .t~ ngth
increases at first, but at approximately 1.1 x 1010 ergs g~ 1 (C), it begins to secrease,
and i® 2% ner ¢ snt lower than the initial value at approximately 1012 ergs g~* .C).

-olyethv'zne is subject to oxidation when irradiated. As a result it is more stable
in va aua: thar n air,

Kerlin and Smith{7) found that Marlex 6002, a high-density polyethylene, irradiated
in air to an exposure of 109 ergs g'l (C) decreased in elongation from 907 per cent to
14 per cent. lowever, in vacuum, the decrease was only to 675 per cent, Tensile
strength increased both in air and in vacuum but the increase was slightly higher in
vacuum. Data are shown in Appundix C, Table C-26,

Gray, et al. ,(8) found polyethylene, along with silicone rubber, to Le th: most ef-
feciive seal for reciprocating service in a vacuum environment. Leak rates were very
low (5 x 10~3 standard cubic centimeters of helium gas per second) after test durations
of 30 minutes. Gray suggests that a dry lubricant such as mnivhdenurh disulfide shou'd
be used to obtain good results. Polyethylene :nd Vinylite (poiyvinyl chloride), in an
O-ring configuration, were also effective in static s~aling applications. They were not
appreciably affected by 2-week vacuum cxposures at 1 x 10-7 torr.

Jaffe and Rittenhouse(51) list polyethylene and polypropylene as exhibiting good-
to-excellent behavior in high vacuum, Fulk{17) determined the equilibrium-weight-loss
rate for irradiated polyolefins (probably polyethylene). Values are given in Table B-70
(Appendix B}.

Versluys, et al, ,(55) studied the effect of ultraviolet on polyethylere and noted
that weight losa in vacuum with no irradiation was 0. 3 £ 0. 2 per cent, but when irra-
diated, no weizht loss was observed. The exposure did nci change the appearance of the
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polymer. The exposure of the sample was equivalent to 28 hours of insolation in the
1300 to 1850 A band and 1975 hours in the 1100-1300 A band.

Wilcox, et al. ,(58) irradiated polyethylene with ultraviolet light in nitrogen and in
va~aum. A wavelength of 244 mi{ was monre damaging ch..1 the 314 or 369 mi. Also;
chanes in tensile strength were produced about threz times faster in nitrogen than in 2
vacuum (see Table C-20).

Polmrogzlene

Polypropylene has been found to be inferior to polyethylene in radiation resistance.
At an exposure of 8. 7 x 109 e-.s g‘l {C), it has become brittle and lost all of its elonga-
tion and most of its tensile strength,

Sauer(74) in his studies of the effects of gamma irradiation on the dynamic
mechanical properties of various polymers has shown that crosslinking efficiencies of
polypropylene are from one and one-half to two times greater for quenci.cd isotactic
polypropylene samples than for annealed specimens.

Polzallomex s

Ir .adis? d to an exposure of 9.4 x 1010 ergs g"l C) at 75 F, a propyler ~-ethylere
polya’' omer r-tained only 25 per cent of its tensile strength. Above 2.8 x 1010 ergs
g=1 /), Liardr ses decreased and the material became very tacky. Elongation decreased
conniderabiy berveen 3 x 108 ergs g=! (C) and 109 ergs g'l (C).

These materials are defined as crystalline thermcplastic polymers produced from
two or more different menomers, These are not copoly:ners in the usual sense, nor are
they blends, but are more like block polymers. One of the more interesting of these is
the propylene -ethylene polyallomer. This polymer exhitits many of the best properties
of both high~dcnsaity polyethylene and crystalline polypropylene. Propylene-ethylene
polyallomers are superior to the linear polyethylene in flow characteristics, ioftening
point, hardness, stress-crack resistance, and mold shrinkage. They overcome the
most serious property deficiencies of crystalline rolyproypylene, offering lower brittle-
ness temperatures, higher impact streagths, and lcos notch zensitivity, However, the
polyallomers retain the desirable built-in hinge effect that is exaibited by crystalline
polypropylene. Polyallomers in many respects are as easy to mold as crystalline poly-
propylene and easier to mold than linear polyethylene.

In wire covering and cable jacketing, the propylene-ethylene polyallomers offer a
good balance of impact strength, elongation, stress-crack resistance, and low-
temperature toughness while retaining the desirable electrical properties of the other
polyolefins.

Lewia“s) irradiated a propylene-ethyl:ne poliyallomer at room temperature and at
teraperatures of 205 to 250 F. When the ma‘erial was irradiated to 9.4 x 1010 ergs
g~ (C) at 73 ¥, tensile strength decreased from 4380 psi to 1100 psi. Above 2.8 x
1010 ergs g~1 (C), haordness decreased and he material became very tacky. Elongation
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decreased ronsiderably between 3 x 108 and 107 ergs g=* (C). At 250 F, after irradia-
tion to an exposure of 2.4 x 1010 ergs g‘l (C), the specimens were stuck to the foil
wrapper and tore easily. At 200 F, tensile strength decreased from 4390 psi to 1300 psi
at a- exposure of 2.9 x 109 ergs g‘x {C) while elongation decreased from 688 per cent to
34 per ceut at an exposure of 9.7 x 108 ergs g'l (C). Data are shown in Table 40.

TABLE 40. SUMMARY OF EFFECTS OF IRRAD'ATION AT TWO [EMPERATURES
ON PROPYLENE-ETHYLENE POLYALLOMER (CRYSTALLINE
POLYMER) (EASTMAN){a)(15)

Gamma Tensile Ultimate
Exposure, Temp, Hardnes s(b) » Yield Stz'ength(a), Strength(a) R Elongatior(a),
ergs g~} (C) F Shore D psi psi %

0 75 63.9 3280/123/15 4380/482/15 776/60/15
3.2x108 80 67.1 3460/84/15 4050/493/15 771/63/15
1.2 x 107 80 69.5 3470/171/15 20/5.7/15
2.7 x 109 75 70.3 2850/79/14 5
8.3 x 107 75 71,6 2130/122/15 2-3
2.8 x 1010 75 64.7 2880/100/15 22/5/15
9,4 x 1010 75 35, 4{c) 1100/75/13 30/9.0/13

0 250 69.7 3300/44/15 4390/166/15 688/40/15
2.7 x 108 205 68.9 3330/62/14 3100/469/15 687/22/11
9.7 x 108 205 68.7 3360/93/15 3407/15
2.9x:.9 230 69. 4 1300/135/14 small
lLLlxin Y 235 63,1 1400/135/15 5
2.4 x .00 245 (d) (e)
8.0x .00 148 ) (e)

(a) Data are given as x/S,D, /n, where ¥ = average value, S,D, = standard deviation of an individual observation estimated
from the range, and n = number of specimens used in calculating X and 3. D,

(b) Average of 30 measurements,

(c) very tacky.

(d) Too tacky to measute,

(¢) Specimens were stuck to foil wrapper and tore easily,

Polximide

Nomex yarn (Fiber HT~1) was reported to be unaffected to an exposure of 3.3 x
1010 ergs g1 ¢€).

At 500 F and 1.4 x 109 ergs g"l (C) gamma exposure, the yarn retained 45 per
cent of its elongation and 62 per cent of its tensile strength.

st Polyimide fiber | HT~1 (Du Pont Nomex yarn)} has approximately the same
strength characteristics &s nylon, with greatly increased resistance to heat and gamma
irradiation. (73} There are no melt-flow characterie.ics below 750 F. It does not have
the objectionable melt-drop characteristics of nylon. Its strength is uraffected by expo-
sure to 3.3 x 1010 ergs g ° (C) gamma irradiation, No practical solvents for this yarn
are known at present.
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McGrath{76) izradiated Nomex yarns at 100, 400, 500, and 600 F. These were
then oven aged for 2 hours. The natural yarn and two-color sealed yarns wcre irra-
diated, the colors used being International Orange 2ad Olive Green. Strength and elonga-
tivn properties are given it Tables C-27 through C-34 in Appendix C. It may be noted
in Tables C-3C and C-33 thar the natural yarn when irradiated at 500 F to an exposure of
1.4x 109 ergs g~ (C) retained 45 per cent of its eiongation and 62 per cent of its
strength., Variations between the dyed yarns and tae natural yarns were believed to be
due to a variation in the yarns and twist of the yarns rather than to the color process.

Stephenson, et al. ,{77) irradiated polyimide fibers [HT-1 (Du Pont}], poly-
benzimidazole, and thiazcle polymer (Southern Research Institute). During ultraviolet
irradiation of HT~1, no volatilc products were detected. o differences in degradstion
were noted between irradiations in air, nitrogen, or vacuum (10'3 and 1076 torr) (see
Figure C-16). Exposure to e... rgy at a wavelength of 369 mjl caused greater deteriora~
tion than that at 244 or 314 my, ‘“rradiation of polybenzimidazole fibers with 253. 7 myu
light from the G30T8 lamp produced greater deterioration of tensile properties in oxygen
than in nitrogen or in vacuum (see Figure C-17)., Irradiation in nitrogen produced ef-
fects in elongation that were internediate between those produced by irradiation in nxy-
gen and in vacuum,

Fibers of a thiazole polymer appeared not to be affected differently in nitrogen,
oxygen, and vacuum, As shown in ¥igure C~18, no loss of tensile strength due to X-ray
irradiation was apparent, but some <ecrease in elongation was noted.

™ Pont "H" film, considered fur use as a hydrogen barrier, was irrsiiated (nu-
clear) t.aile :. imersed in liquid nitrogen, (13) Tensile and tear strengths of >-1nil sheet
were -imilar to those of 2-mil Mylar, These properties were not significantly affected
by e Josnre tr 2 x 109 ergs g'x (C). Uata are shown in Figure C-19, Radiation did not

affect hydrogen permeability.

Mathes(78) evaluated wire insula :on for cryogenic applications after thermal aging
in air and vacuam and after moistLre e;'posure. Among the materials examined were
HML (a heavy aromatic polyimide enamel), HML asbestos [a polyimide solution (ML)
coated, felted asbestos], and G'ass/ML [a jolyimide solution (Du Pont ML) coated glass
fiber insulation]. These were also examined at cryogenic temperatures. The advan-
tages of the ML, material is that it hag the greatest flexibility at cryogenic te.aperatures,
excellent thermal stability, mechanical toughnees, and no measurable thermal cut-
through. Its disadvantages are that it is available only as a relatively thin film coating
sad it is somewhat sensitive to moistu~e. Evaluation of coated wires consisted of re-
peated mandrel flexibility tests in liquid hydregen. Figures (~i{ and C-21 give a cum-
parison of breakdown voltage in air, vacuum, and liquid nitrogen. Voltage breakdown of

HML is not significantly affected by thermal aging, sven at 250 C.

Buckley and J ohnson(65) investigated the usefuiness of polyimide resins as lubri-
cants in the space environment. To determine relative stability in a vacuum, some
evaporation studies were conducted in vacuum to 10-8 torr and at ambient temperatures
tc 875 F. Data are shown in Figure C-22. Evaporation rate was less than 10~10 g/

(sq cm)(sec) from ambient temperatures to 500 F, Above 500 F, the polyimide began to
lose weight at an appteciable rate, and at 875 F, the rate was too high to follow with the
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Friction and wear studies were conducted 1n vacuum (lO9 torr} with polyimides
sliding both on metals and on themselves. Although friction for polyimides on
Type 440 C stainless steel was relatively low, wear to the polyimide rider was some-
whzt high (Figure C-23). However, the wear for the polyimide is only one-{ifteenth tha:
obtained with Teflon, and the friction is also lower.

With polyimide sliding on itself, the friction was higher than w.th polyimide un
stainless steel, but wear was 1/500th that of the pu yimide on metal (Figure C-24),

A 15 per cent graphite-filled polyaimide composition was also examined in frictioa
and wear studies. The presence of graphite in the polyimide did not improve its lubri-
cating characteristics; relatively high friction and wear were obtained.

Suess and Neff{79) examiusd six insulated wires for use in a space environmeant.
One of these was "Suroc'" FEP w/corona etched, bonded "ML polyimide' manufactured
by Supernant Wires; another was Teflon FEP and "H" {ilm laminated into tape and
helically wrapped. On the basis of weight loss, dissipation f: tor, dielectric constant,
capacitance, and abrasion resistance, the best selection appeared to be an extruded
Teflon and the FEP-ML coated wire. However, he found that the FEP-ML coating wis
quite sensitive to ultraviolet degradation.

Polzstxrene

Polystyrene is one of the most radiation resistan: of all polymers. Ites+r .1s
threshold dearadation at an exposure of 1010 ergs g"l {C) and 25 per cent damra; e at
greater t in 1011 ergs g7 " (C).

+ xpeanrer of 1012 eras g1 (C) are required in a vacuum .o produce significant
change n 1ite infrnred spectra.

Polvstyrene film was not affected at 75 F by an exposure of 8 x 109 etgs g~ (C).
At 9.4 x 101U ergs g'l (C), it retained 54 per cent of its initial tensile strength.

Lewis(!5) irradiated polystvrene film * 75 F to an exposure of 9.4 x 1010 ergs
g'l (C). Tensile strength did not change a pre:iably until after an exposure of 8 x 109
ergs g‘l (C). At an exposure of 9.4 x 1010 ergs g=! (C), the polystyrene retaiied
54 per cent of its initial tensile strength. Ultimate elongation decreased [rom 6.5 per
cent to 3.2 per cent (see Table 41),

TAB.* 41, EFFECT OF IRRADIATION O}! TENSILE PROPERTIES OF PO! v+TVRFIE FILM1Y)

Ganuna
Exposure, Temp, Tensile Strength(3), Ultimate
ergs 871 (C) F psi Elongatior(), %
0 5 1120/40/15 6.5/0,28/15
3.2 x 108 6 1130/32/14 6.8/0,44 /14
1.2x 10% 15 1090/28/15 6.5/0,46/15
2.7x 300 % 1090/37 /15 6.4/0,32/15
8.3 x 107 5 1080/45/15 6.3/0.40/15
2,8 x 1010 5 916/102 /1% 5.3/0,49/15
9.4 x 1010 5 512/52/18 3,2/0,28/15

(a) Data are given as X/S.D, /n, where X = average value, §,D, = standard deviation of an
individual observation estimated from the range, andn= number of specimens used in
calculating X and S, D,
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Riehi(57) found that high-impact polystyrene lost only moisture in vacuum at room
temperature and at 50 C. At 100 C, sustained weight loss occurred.

Versluys, et al, ,(55) tested Trycite-1000 film (Dow polystyreue film — 1 mil} for
weig' t loss after exposure to vacuum and to X-ray in vacu.m. Weight loss in both cases
was 0.1 per cent. The exposure did not cause 2 change in appearanc:. Insolation was
for 128 hours for the 1300 to 1850 A band and 3500 -ours for 1100 to 1300 A band.

Blackmon, et al., and Clauss({5,39) determined the effect of elevated tempera-
ture oa plustic potting compounds. Eccoseal HI-Q, a polystyrene-solvent system,
showed no visible eff.cts after room-temperature vacuurn exposure, but vigorous bub-
bling and outgassing resulted at 170 F in vacuum (10°7 torr). This was probably due to
the trapped -olvent.

Polzurethane

A poly‘fxl'ethane foam sandwich sample showed no reduction in meclz...ical proper
ties up to 10" " ergs g'l {C), the largest exposure to which the sample was subjected.

The compressive strength of a polyurethane thermal insulation appeared higher
when irradiated in vacuum than when irradiated in air,

Ke='in and Smith{?) irradiated two polyurethane thermal-insulation mater ils in
air and ' vacuw. n. These were tested for compression strength. Irradiation - an ex-
poeure £5 x 103 to 109 ergs g'l (C) did not seriously affect this property. Compres-’
sive 5 ength wi 'n tested in a vacuum appeared somewhat higher., Data are given in
Table C-35, Appcadix C.

The cffect of nuclear-radiation ex?osure at cryogenic temperatures was examined
on four polyurethane foams by Yasui. {13) The materials were Magnolia Foam,
Marfoam, CPR 20-3 Foam, and Douglas Insulation. Data are given in Figures C-25 to
C-28. There was no statistically significant Cifference between the controls and irra~
diated specimens of Magnolia Foam or Marfoam. CPR-20-3 increased about 39 per cent
in shear strength in the anisotropic direction, Yasui attributes this to the fact that the
individua’ cells within the foam were elongated in this direction and were mutually paral-
lel. Radiation did not affect compressive properties.

Matacek(8Vi investigated the effect of humidity during curc uu a polyurethane resin
(Multron R-10/Mondur C) with respect to weight loss in vacuum. The materials cured
at high humidity had a greater wei ht loss when exposed to elevated temperatures in
vacuum than those cured at low humidity.

Clauss and Blackmon, et al, ,{5,39) in their investigations of encapsulating
materials, found PRC 1535A/B satisfactory after vacuum-temperature exposure. The
material was not irradiated, but on the basis of its radiation stubility in air, it would be
anticipated as being satisfactory in the combined radiation-vacuum-temperature en-
vironment. They stated that it had a high mold shrinkage and turned slightly brown after
170 F aging. They rated it as appearing satisfactory as an encapsulant.
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Poly n-Vinyl Carbazole

There was no appreciahle change when Grinlan I ylastic was irradiated tc 2 x
1ol ergs g‘l {C} at room temperaturc.

Grinlan F plastic (poly n-vinyl carbazole){*3) showed extremely good radiation
resistance at room temperature. When the material was 1irradiated to an exposure of
2 x 101! ergs g"l (C), there was no appreciable change in hardness, specific gravity, or
tensile strength. Values for the last property were 2900 psi and 2590 psi before and
after irradiation, respectively. Data are shown in Table 42,

TABLE 42. SUMMAZ"” OF EFFECTS OF IRRADIATION ON GRINLAN F
(POLY N-VINYL CARBAZOLE) PLASTIC(15)

.

Gamma
Exposure, Temp, Specific Gravity Hardness(a), Tensile Strength(b),
ergs g=1 (C) F at 25 C Shore D psi
0 75 1. 185 91.5 2900/206/15
4,9 x 108 7% 1. 187 88. 8 2630/448/14
1.8 x 10° 75 1. 187 29.8 2700/421 ' :
3.6 x 109 50 1. 186 88.2 2690/3717'5
.10 50 1. 188 89. 4 2660/324 !5
3.5 x 0 50 1. 188 88.9 2830/132/14
2,09 11 70 1, 188 91.3 2590/274/14

(a) 4verage «i 30 measurements,
(b) Data arc given as X/5. D, /n, whece X = avcrage value, §.D. = standard deviation of individual observation
cst..nated from the range, arnd n = number o! specimens use¢ in calculating X and S, D,

Silicones

S.licone resins, used for laminates, coatings, and insulaiing materials, ar~ not
seriously degraded at exposures to 109 or 1010 ¢, gs g'l (C) and, with the proper filler,
are satisfactorv to 1011 ergs g1 (C). B

The stability of silicones to radiation depend~ upon their structure. The presence
of phenyl ;. vups in the silicone chain increases racliation stability, while the presence of
methyl groups increases flexibility.

Dexter and Gurtindale(36) investigated the combined effects of temperature ard
radiation on silicones. Samples were irradiated at temperatures of 150 and 200 C.
Electrical and physical properties were mr.easured 24 hours or longer after removal
from the radiation source. Since time constants of the decay of transient effacts on sili-
cones are less than 10 minutes and stable properties are attrined within 1 hour, tran-
sient affects were not considered in this work. Electrical properties wer= measured at
room temperature and in some cases at elevated temper~tures. Materials evaluated
included:
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Silicone Fluids

Dow Corning 200 Fluid, 20 centistokes Dimethylpolysiloxane
Dow Corning 290 Fluid, 1000 centiztokes Dimethylpolysiloxane
Dow Corning 510 Fluid Plhenyimethylpolysiloxane
Dow Corning 710 Fluid Phenylmethvlpolysiloxane
Svlgard 51 Dielectric Gel . Dimethylpolysiloxane

Suicone Compounds

Dow Corning 4 Compound Silica-filled dimethyl silicone
Dow Corning 5 Compound Silica-filled phenylmethyl silicone

Silicone Elastomer

Silastic 1602

Silicone Resins

Dow Corning R-7521 Solventless resin Silica sand or zirconium
orthosilicate filled

Dow Corning 980 Impregnating varnish Glass cloth filled

Dow Corning Sylyard 182 Soiventless resin No filler

In general the effect of the elevated temperature was to decrease the r..uation re-
sistanc: .1 1 material by approximately 50 per cent. Electrical propertie: >f the sili-
cone ".uids di { not change significantly during exposure to radiation and high tempera-
ture. (i56itc 30 C). Their usefulness is limited by their increase in viscosity. Effects
of tenperzrure and radiation on electrical and piiysical properties of silicone fluids are
shown 1n Figurus C-29 and C-30 in Appendix C.

Silicone insulating compounds are used as sealing materials in electronic apparatus
and as a water-repellant surface coating for ceramic insulators. The phenylmethyl
based componnds gelled after a radiation e rovosure of 4 x 109 ergs g'l (C) | 40 megarads]
at room temp-rature, 2 x 109 ergs g=1(C) at 150 C, or 109 ergs g-! (C) at 200 C. The
expected life of a dimethyl based compound is about one-half of this. Electri:ally,
neither compound was significantly affected by radiation doses in excess of tue gelation
dose. Data are thown in Figures C-31 and C-32,

Silastic 1602 is discussed in the section on silicone eiusi -v.ers, while R-7521 ;s
included in the discussion on potting compounds. Data on the effects of temperature and
radiation on the various silicones are shown graphi.ally in Figures C-29 to C-37.

Silicone resins are also used in laminates, coatings and seals. As such, theg are
discussed undar those headings in this report. According to Jaffe and Rittenhouse! 1),
the temperature for 10 per cent weight loss per year in vacuum for methyl phenyl sili-
cone resins is greater than 380 C (710 F), Jaffe lists silicone resins along with Teflon
polyethylene, polypropylene, and M)Ilar as showing good-to-excellent behavior in high
vacuum. Podlaseck and Suhouky“ show tl.e equilibrium weight loss for silicones at
elevated temperatures (see Table C-4). At atmospheric pressure, these losses appear
high, but in a vacuum they are considerably lower and within a usable range.

’
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Vinyl Polymers

Polyvinyl chloride (PVC) is equivalent to polyethylene in its radiation stabality.
It- properties begin to change at « radintion exposure 37 1.9 x 107 ergs g‘l (C), while 1t
is damaged by 25 per cent at an exposure of 1,1 ¥ iclo ergs g~1 (C).

Tensile strength of PVCisnot affected urtil it is given a radiation dose higher than
that which affects polyethylene. However the tensile strength of PVC decreases more
rap.dly than that of polyethylene, whereas its elongation decreases less rapidly than that
of polyethylene.

The liberation of hydrogen chloride when PVC is irradiated makes this material
unsuitable for many applicati ~»s in a nuclear environment.

Aitken and associates{81) investigated the effect of plasticizer, filler, and stabil-
izer on the radiation resistance of polyvinyl chloride. Two levels of radiation exposure
were used, 1070 ergs g'l (C) and 2 x 1010 ergs g~ (C). The polymer used for this
study was Geon 101. Fillers were carbon black (Vulcan black XXX), n—acipitated whit-
ing (97 per cent CaCQCj, 99.98 per cent passes 200 mesh), china clay (Stockalite), ana-
tase titanium dioxide (Ticna G), and rutile titanium dioxide (Runa R.G.). Plasticizers
studied were tritolyl phosphate (TTP), Reopiex 100 {a seLacate polyester used in formu-~
lations which require maximum extraction resistancej, and dioctyl sebacate. Stabilizers
included white lead paste ground in DOP {dioctyl phthalate) in a ratio of 7:1 "+, \eight and
uged - * = Yevel of 8 parts per hundred parts of polymer, and ''Stabilizer Mi>tire', a
nonlea. mixi. re normally designed to confer ther:nal stability to PVC form. .ations.

This nixture consisted of:

Material Parts by Weight

Organic tin (Stanclere DBTL) 1
Organic cadmium (Ferroclere 202) 0.
Epoxidized oil (Ferroclere 900) 1

bt

The mixture -vas used at a level of 2, 6 parts per hundred parts of polymer.

Plasticizer-polymer ratios of 35/65 and 45/55 by weight were used. I.evels of
filler were 10 per cent and 20 per cent by weight of the total {plasticizer plus polymecr).

None of the interactions reached the level of significii.» {1 changes of tensile
strength, However, on the basis of elongation and tensile values before and after radia-
tior., the following conclusions were reached:

(1) Plasticizer Type and Content

Tritolyl phosphate showed the least degradation; the average drop
in elongation was only 8 per cent after 1 x 1010 ergs g'l (C) and 25 per
cent after 2 x 1010 ergs g'l (C). Reoplex 100 lost 36 per cent and
59 per cent, respectively, under the same radiation exposures. Only
dioxtyl sebacate (DOS) showed a decrease in tensile strength.

Tri-xylyl phosphate has been shown to be identical in radiation
stability to tri-tolyl phosphate.

it
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lasticizer content may bc adjusted to suit the requirements of
the formulation. Fcr a given plasticizer, the decrease in elongation
wag independent of the piasticizer concentration. (Note that plasti-
cizer ratios used were 35/65 and 45/55 parts by weight of plasticizer
and polymer. )

(2) Filler type and content

No filler gave a better resistance to the degradative effect of
radiation than was obtained in the absence of filler, but china clay
and titanium dioxide {anatase) gave compounds that were no worse
than those without filler, whether judged on the basis of actual elonga-
tion after exposure or on the basis of retention of initial elongation.
Carbon biack gave 2 very low initial elongation which was well re-
tained. Whiting is very poor in retention of elongation and shared with
carbon black the lowest actual elongation after exposure.

Addition of filler produced a small proportional diminution of the
initial elongation, and the average effect of exposure to radiation was
proportional to this initial elongation and independent of the filler con-
tent (zero to 20 per cent filler).

{2) Stabilizer

With Reoplex 100 plasticizer, stabilizer Mixture X is to be -~
“ar- =d; with tritolyl phosphate there was no difference between th.: “wo
staiilizers.

{4) Cel- stability

With respect to color only, the best filler was anatase titanium
dicxide, the best plasticizer was DOS, the best stabilizer was Mixture X,
The best individual formulation was DOS with anatase tilanium dioxide
and stabilizer Mixture X.

Specimens containing precipitated whiting were almost as gocd as
those with titanium dioxide, One efiect observed was that the wire
staples holding the specimens to the card were rusted and corroded in
nearly all the specimens except those containing whiting, There was
very little exudation.

Versluys, et al, ,(55) found no weight loss in » 2-mil polyvinyl chloride film after ter
exposure to a vacuum of 10-8 torr for 8 hours at ar:bient temperature. No weight loss ss
was observed after exposure to ultraviolet for a tota! insolation of 120 hours in the
1300 to 1850 A band and 2140 hours in the 1100 to 1300 A band,

Blackmon, et al. ,(5) exposed pigmented polyvinyl fluoride and polyvinyl chloride e
to ultraviolet for 96 hours in a vacuum of 3 x 107/ torr at 80 F. The fluoride film dark- wrke
ened slightly, but no appreciable change in flexibility or tear strength was noted. The e

{ilm retained an excellent appearance. The PVC film, however, turned brown, and
voids and blisters from exuded plasticizer became evident. The film had a poor

appearance.
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ire XYHL) lost 40 per cent of its weight. This temperature is, of course, high for
r.. steriale, but this would show their limitations for spa.e applications.

n
n
t

matacek(?3) in hie report on studies to determine the vacuum velatilaty of orynees
resins indicated that VMCH, a vinvlchloride-acetate copolymer, lost 60 per cent o
weight when exposed to a temperature of 300 F for 24 hours. Polyvinyl butyral (V1
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TABLE A-1. TEST ENVIRONMENT AND RESUL? : FOR HIGH-FORCE DYNAMIC-
TEST MATERIALS: STRUCTURAL ADHESIVES(6)

Ultimate
Material Radistion 5: Shear  Temperature __ Pressure
and Type Gamma uggg: ﬁ%& Strength, Avg. Fig., .Awg. Fig()
of Test  [ergs/om(C) ] Thermal £52.9 Mev £58.1 Mev  psi E No.(oltorr) No.\®
FR=-1000 [+] [+] 0 0 6302 n - 760 -
{control specimens) 6117
6004
504¢
withse
High- 1.1(10) 1.82(14) 1.83(1%) 7.0(13) 60%0 157 D-16 3x10-1 4.2
Force (vacoum irradiation) 6096
Tester 6525
480
High- 1.9(10)  5.1{14) 4.15(1%) 1.7(14) 7016 - -  9-6) a3
Force (vacuum irradiation) 6897
Test ; 7689
7 19
Instron 9..5(9)  1.34(14) 1.81(15) 5.95(13) 6082 27 D0-16 Mol 4.2
Tester (vacuum irradiation) 6200
5900
618%
1
Metlbond /] 0 0 0 2323 n - 760 -
02 (epoxy {control specimens) 2510
phenolic) 2570
High= 1.6(10) 1.0014) 2.33(1%) 8.8(13) 2964 15" D16 :107! 4.2
Force {vacuum irradiation) 9%
Tester 2049
27°7
0
K]
High~ 2.05(10) 4.97(14) 4.32(15) 1.98(14) %613 - - 5(=5) 4.3
Force (vacuwm irradiation) 3680
Tester 3310
k74




TABLE A-1. (Concluded)

Ultimate

Material -% SSP--“‘
and Type Gamma trength
of Test [ergs/om(c)) ?Ro‘&l% Nev E5.T W psi

M&M—

4 xFXtorr) D)

Betibond 02 9.1%(9) 1.34{14) 1.51(1%) 5.95(13) 2586

(epoxy phenol- 9%
ie 205
Instren 2536

Tester ﬁz
1

0m p-16 Mmoo~ 4.2

\. Average valus/standard deviation on an individual besis.
in) Estimeted value based on temperature of FM=1000.

(c) ‘teures giver &) relnragce 6,

o)
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TABLE A-4. OPTICAL PROPERTIES OF BEST MATERIALS

TESTED(18)
At Termination
Initial of 3 Months
Material Qg ‘290 K ag {a) ¢ 300 ¥ X
Zinc sulfide-silicona ZW 40 0.26 0.90 G.=14 0.0n 0
Zinc sulfide-silicona Zd 60 0.21 0.91 0.29 0.91 11
Aluminized FEP teflon 0.26 0.84 0.31 0.84 4
(Type "A", 5 mil

(@) These values représent the maximum degradation that test data
ivdicate may occur during a 3-month Venus mission.

(b) o signiticant change in ¢ 300K w. s found for any materials due to
UV exposure,

4
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TABLE A-13., TENSILE STRENGTH OF DYNALAM LAMINATES(!)

Exposure

e —

——
—

Gamma, Neutron, Irrad. Tensile Stren&th**, psi
‘Type* ergs g~1(C) ncm~¢ (E>2.9) Temp, F Sheet 1 Sheet 2
A Controls Controls 75 39,411/4,528/6  31,163/2,453/8
A 5.6 x 1010 5.2 x 1015 120 36,894/6,650/5  29,372/2,20(/5
A 1.7 x 1011 1.7 x 1016 130 38,317/3,082/5  29,559/1,258/5
A Controls Controls 450 *1,157/7,724/%  20,'" . 95,226/5
A v ¢ 1040 7.2% 1015 455 28,160/3,494/5  22,.°0/1,82(!5
B Ces. rols Controls 75 40,073/8,633/5  32,080/4,173/3
B 5.6 1010 5.2 x 1015 120 44,047/4,184/4  32,706/4,870/5
B 1.7 x 1011 1.7 x 1016 130 41,297/11,674/4 31,563/3,502/5
P Controls Controls 450 30,822/2,988/3 21,962/2,735/5
B 6.0x 1010 7.2x 10'3 455 30,684/4,995/4  21,252/3,953/5

*A - with curing agent
B = without curing agent,

©Data are glven as x/5,D, /n, where ¥ = average value, §,D, =atandard deviation ot an x..  Ldual observatica estimated rom
the tange, sad o = numbet of specimens used in calculating X and 8.D,

/3
/5
/5
/5
/5
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