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ABSTRACT

This report is an addendum to REIC Report No. 21 and
.-esents the state of the art of the effects of nuclear radia4.

tron on elastomeric and plastic components and materials
t, orn 1961 to the present.

The mechanism of radiatiou, damage and the effects of
radiation in various environments are briefly discussed.
Data summarizing the radiation-effects information on spe-
cific components and on the various types of elastomers 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 temperatuic. ;:.l vac-
uum ot, ,lastomeric and plastic components and materials.
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THE EFFECT OF NUCLEAR RADIATION ON ELASTOMERIC
AND PLASTIC COMPONENTS AND MATERIALS

(ADDENDUM REPr1RT)

There is a widespread interest in poiynw-ric materials which may be used in aero-
space applications. There is an increasing demand for information on tbh behavior of
thete materials in a radiation environment (nuclear, ultraviolet and particle radiation),
in a high vacuum, and at extreme temperatures. This is reflected in the amount and
types of 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. The trend, noted in Rapurt
No. 21, of testing componeutp in the environments to be encountered in actual operation
has increased. Data on the behavior of polymers in a radiation-vacwir -extreme te'--
perature environmncnt 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 general, materials having a high degree of Aare, high molecular ww., ', good
heat resistance, and little or no plasticizer or other volatile additive show -, ..miss for
use w sivironment. In some cases, the radiation rtsistance of a ma,".rial is inA.-
p-ove . in vacuum because of the lack of oxygen which is generally the major contributing
lact to ,•er deterioration.

Polyirnid,. and phosphonitrillic chloride plymers have been reported as having
improved radiation stability over prebently uted polymers and merit consideration for
further development and application in end items. O-rings manufactured from rubber
compositions containing antirads have shown improved service life in a radiation en-
vironnent, 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 materials.

In this addendum report, a brief summary of the effects of radiation and other
known enviror.nental conditions is given for end items ann ,ia'. -'als. A cornparisoa, of
the relative resistance is provided by Figures I through 4 and Tables 1 and 2, whch
show the stability of the various alastomers and plE.ttics to gamma radiation as well as
noting the general effects of vacuum and ult.raviolet radiation on thesa materials. At
the present time, data are not sufficient to definitely establish the life of a particular
material for all conditions of exposure, but the data do give guidelines which will help to
determine the proper use of various tfpes of polymeric materials.

In general, the vacuum environment has noc proven to be too severe. Most of the
polymeric materials have not been too seriouxsly affected by this environment and have
maintained satisfactory properties. Several plastic materials have shown promise for
use at cryogenik temperatures. In most cases, the effects of nuclear radiation under
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Damage Utility of Plastic
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TABLE 1. EFFECT OF VACUUM ON RADIATION STAPILITY OF POLYMERS

Polymer Effect of Vacuu.(a)

. . . . .DLJlyp~flh*~A• t.. - -- N4o siLlficant effect
Epoxy No significant effect
: ylar Improves stability
Poly. nide (nylon) No significant effect
Poycarbonate Slight improvement
Polyethylene Improves stability
Polyvinyl chloride Deczeases stability
Silicone Improves stability
Teflon Improves stability substantially
Kynar (polyvinylidene fluoride) No significant effect
Tedlar (polyvinyl fluoride) No significant effect
Kel-F (trifluoromonochloroethylene) Imrproi ,s stability

F.astorners

Polyacryllc No significant effect
Butyl No significant effect
Hypalon (chloeoulfonated polyethylene) Decreases stability
Neoprene No significant effect (conflicting data)
Nitrile Decreases stability
Polysulfide No significant effect
Polvwlr,-,'se No significant effect
Silicon! No significant effect
Vito: % Improves stability

(a) These ý-ffact. are os. 'general and individual compositions may behave differently.

TABLE 2. EFFECT OF ULTRAVIOLET RADIATION ON POLYMER STABILITY

Polymer Effect of Ultraviolet Energy

Plastics

Mylar Decrease! tensile strength and el, ngation
Polyamide (nylon) No significant effect
Polymethyl methacrylate Surface discoloration and crazing
Polyethylene Embrittement
Polypropylene Embirj.n,-
Polyimide No significant effect
Polystyrene Yellows
Plasticized polyvinyl chloride Develops tacky and discolored surface
Teflon No significant effect

Elastomers

Butyl Increases tensile strength and elongation
Hypalon (chlorosulfonated polyethylene) No significant effect
Neopeene Inmreases tensile strengtn, decreases .longatiora Ation
Nitrile Decreases tensile stregth and elongation
Styrene-butadiene (SBR) Decreases tensile streigth and elongation
Silicone Surf^.e crazing
Viton A No signifcant effect
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these combined environments are not any more serious than under atmospheric condi-
tions as far as usefulness in varioup components is concerned. Some materials such as
Teflon have shown better propertias in these combined environments. However, it re-
m•- ins a matter of proper compounding and curing and individual study to dete:mine the
ap, ,:icability of the variouc r-aterials foT a Particular conmponent use.

Recommendations

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

(2) More data are needed oe. .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 _' ,nazny
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 extremely great value would be an accurate and complete
compilation of the elastomeric and plastic materials including trade
names and specific compositions which have proved successful in these

*,FtRce missions. In cases where these data are of a proprietary nature.
sua•c.', information should be made available so that designers of
f ,ture ve'.icles and components- can be made aware of the availability of

* ,.Ceek- r;a trials.

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

This report is the first addendum to REIC Repc . 11o. 21, "The Effect of lear
Rad'ation on Elastomeric and Plastic Components azal. Materials" -nd surmmarizes datz
published during the period April 314 1961, and .1ril.30, 1964,. on radiation effects in
polymeric components and materials. It also includes effects of vacuuri, ultraviolet
radiat.n-., and extreme temperatures, where these data are available.

There has been a noticeable decrease in the volume of publications during the pe-
riod covered in this report. T his has been due in part to the amount of information
which had been collected previously and to he scope of this earlier information. How-
ever, part of the reason for "C e lack of new information is due to a cutback in the rate
of effort and to a change in the overall objectives and p1. losophy of both Government and A
industry. There is still a need for work to be continued on determining the effects of
radiation at high exposures, the effects of exposure rate on corrmponents, 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 variou: , .T-x.ponent ipa-t-
before failure in operation needs to be determined.

Because of the interest in space vehicles, the greater portion of the present work
being do..e is concerned with the effects of combined environments such as v;:-.,um and
radiation and elevated and cryogenic temperatures and radiation. Because 4-1 -_e inter-
eat in soace environments, data on the effects of vacuum and temperature a :o, included
in tnis - ,hich do not refer directly to radiation stability. However, i. '.ý believcd d
that f ese dat.e will help to impart an understanding of the effectL of radiation in space.

A fe.v ne,' polymers have been developed which are of interest both with respect to to
their propertiea and to their possible applicati-ns 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, componznts 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 unit
of radiation expos0ure tu another, particularly when comparing various reports. Table 3 3
list, the conveL sion factors which have been used by the RL-iG .. making the necess-ary y
conversions.

To permit comparison of data from various sources, reported in a variety of
units, it is frequently necessary for the REIC to convert to the units recommended in
this memorandum. In many cases, insufficient information is presented to permit an
accurate conversion. Of the conversion factors listed below, those marked with an
asterisk hl.ve been adopted by the REIC to be used in such instances. The values are
approximately correct for hydrocarbons, assuming an average energy of I Mev for the
radiations. These values should be used wi'h c.au.ion and only in cases where informa-

tion is not available on materials composition and energy distribution ot the radiation to 0
permit an accurate conversion.
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TA BLE 3. CONVERSION FACTORS

To Convetrt To Multiply By

Rads ergs g- 1  100
Ev g'l (C\ ergs g-l (C) 1.6 x 10-12
Roentgen ergs g- 1 (C) 87.1
Rep ergs g- 1 (C) 84.6
Rad (tissue) ergs g"1 (C) 90.9
Rad (water) ergs g-l (C) 90.0
Mev cm-Z(a) erg g-1 (C) 4.5 x 10-8

Photons cmZ2(a) erg: g- 1 (C) 4. 5 x 10-8

Photons cm-Z(a) rep 5 x 10-10
Rep hr-l(a) n cm" 2 sec'l(b) 7. 1 x 104

Red (C) hrIl(a) n cmnZ sec'l(b) 1. 17 x 105

Rem hr'l(a) n cm" 2 sec-l(b) 8. 3 x 103

(nvo) rad (C) hr- 1  4.58 x 10-6

"n cm-2(a, b) rads (C) 4. 17 x 10-9
"n cm-Z(a,b) ergs g'- (C) 4.17 x 104

(nvo) rads (C) 1. 06 x i0" 9

(nvo) ergs g-I (C) 1. •b 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 r. cm" 2 may

frequently ,pear as nrt although %ie terminology is not strictly correct
unless the "v" wslue is specified.

I
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COMPONENTS

Adhesives

........ --A-dlrives acf available which-mai-iif•r•i-har-itiriengthsto a ga-mma-exposure of
!010 to 1011 ergs g- 1 (C) at room temperature. An epoxy-phenolic adhesive retained

excellent shear strength after irradiation at 350 F to an exposure of I011 ergs g-l (C).

In order to retain useful iatrengths 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 a temperature of ZOO C in a vacuum. Oxidation appears to be an

important factor in the degradation of adhesives at hih 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 s9sveral adhesives. In general, these maintained their shear strength to a '--r,,ra
exposure of 1010 ergs g-I (C). Studies with struct-ral adhesives have empha •.' i.d their
stability in space environments, and several are commercially available that are ser-
viceal-I. " .` -- Ie vacuum and temperature conditions encountered in space. :,owever,

care mi. t be e>,ercised in choosing adhesives since some compositions may be ad-
verse! iffecte., by vacuum. In the use of transparent adhesives for bonding transparent

matex ils, tuch s polymethyl methacrylate, ultraviolet radiation is a factor to be

considered.

Effects of Nuclear Radiation

Hexcell 422-J (epoxy-phenowic) adhesive was tested in the form of lap-shear speri-
mens at room temperature and at cle-vated temperatures( 1 ). Shear-strength te.,ts 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 elevated temperatures.
Shear strengths of the samples irradiated at ambient temperature to gamma exposures
up to 1,7 x 1011 erg. g-I (C) were not greatly different froni, e , %.ar strength of the
control samples. Samples irradiated at 250 F and 310 F to 6.8 x 1010 ergs g" (C) and

2.2 x 1011 ergs g-I (C), respectively, stored for 7 d. ,,s at 350 F and then tested at
350 F, lost approximately 15 per cent and 10 per cent 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-I (C)] were

about equivalent. The shear strength of specimens, both control and irradiated, ex-

posed to 450 F decreased from 2500 psi to aboit 800 psi. Data are shown in Table 4.

(1) References appear on page Il1.



0a 00 '00 0 a R

- -1- .4.- . ' .444 .t .

-S : c: :lc :; ; i
000 001

04 1-. '0*

*10

,1 1- 4 - -
*0 0000 400 4

'4r '4'

r~0 00 Y!00 .9 IC

u 4 (n to w C4 4 to



13

The effect of ,amma radiation on four adhesives was studied by McCurdy and
Rambosek(2). Included were:

EC- 1469 A modified ep'oxy-based adhesive
AF-31 An elastormer-phenolic filmn adhesive
AF-32 An elastomer-pher'olic film adhesive:

_....... EC.-.139. - A-maiifie dphe ol.. ,,adheitieve

All cf 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 otrengths in
air at room and at elevated temperatures were determined. Also, the effect of adhesive
film thickness was studied. In each case, the adhesive seemed to benefit slightly from
the additional crosslinking resulting from low orc: rs of irradiation. However, degra-
dation began at an exposure of to 6 x 1010 ergo g- 1 (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 waywhich
paralleled the room-temperature performance. EC-1469 maintained itz . zcperties to
about 6 x 1010 ergo g-I (C), while EC- 1639 was relatively unaffected at an exposure of
9 x 1010 ergo g-I (C). The elastomer-phenolic films, AF-31 and AF-32, were affected
by radiation to a greater extent than were the other adhesives. These rubber-modified
films maintained their performance at room to.,mperature up to 4 x 1010 ergo g"J (C), but
at elevated temperatures, both fell below the ildIL-A 5ýi90D, Type II specificat-, . after
about 1010 ergs g-I (C).

T*-e three elastomer phenolic films varied somewhat in flexibility and, therefore,
in the -i.ount . peel strength at room temperature. The most rigid, AF .31, showed
the b( L retert-,, of peel strength when subjected to radiation, but all thr -e adhesives
deteriorated to a,)out the same over-all value ai.-ir 9 x 1010 ergs g-I (C). It was thought
that some gas formed at the interface.

To determine the effect of adhesive thickness, four bonds were made which varied
in thickness from 1. 2 mils to 16. 1 mils, Peel 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 difference in peel strengths The
absolute peel strengths were such, however, that the use of adhesive thickn~sbes of
10 mils or greater was recommended to retain a useful strength as long as possible.
Loss of peel strength was duý. to embrittlement and, to some extent, to degradation of
the adhesive.

McCurdy and Rambosek also tested three cnmp-s•ete adhes-ves for use in bonding
honeycomb sandwich structures to metal surfaces. 7he composite consisaed of a flexi-
ble adhesive to provide good peel strength at the metal interface 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-102 nitr. '-phenolic film.
The other two composites, AF-200/1593 and AF-ZC2/1593 were not idendified as to
chemical type. The investigators found that radiation had an extremely detrimental ef-
fect on the properties of the rigid adhesive. Peal strength deteriorated rapidly with
failure in the fillet area. With high dosage, fillets spalled bad'y, leaving a relatively
clean core surface. It was concluded that those composite adh -sive films would not be
ruitable for high radiation areas in honeycomb s'idwich st.'uct ires where high peel
strength is important. Where beam structural strength is a iY ore important function,
these adhesives will perform up to 3 to 4 x 1010 ergs g.-I (C) 3xposuro dose.
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Figare 6 show& the difference in performance of the same three adhesive systems
unde: bending loads. It was "ound that che relatively rigid high-density system
EC- 1469 /AF- 102 maintained its perfor,- ance over tne whole range of irradiation. The
tw conmposite films, AF-200/1593 and AlF-20ji 1593, deteriorated after an exposure of
3 t 4 x 1010 ergs g-J (C), hut not quite so fast in the beam structure requirernent .s
they Cid in the peel test. Failure again was in adbesiun to the core.

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

Effects of Vacuum and Nuclear Radiawion

Podlaseck and Suhorsky(4 ) and Blackmon, Clause, and associates( 5 ) reported data
on the volatilization of adhesives in a vacuum anid in a vacuum-radiation environment.
In order to determine the extent of bond weakening of epoxy, epoxy-phenhilc, 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 C65 hours, followed by an exposure to 250 F and 10-6 torr for
312 hours. With the exception of one modified phenolic, supported adhesive fi,,
Aerobond 422, the adhesives were stable it, these test environments. The sa' .. jes were
then ex-ede to 3.4 x I09 ergs g-I (C) in air, followed by exposure to vacuun, A tem-
peratare- ot .' F and 300 F, and finally to a cycling (10 cycles) over a tempL.-ture
range i -80 F aC 200 F. As can be seen in Table 5, there was an increase in leakage
rate - se'vrpl -.f the adhesives after exposure to radiation. However, additional ex-
posure to va.cur; 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, carbon monoxide, carbon dioxide, and methane) were liberated and produced
porosity in the glue line. Subsequent exposure to vacuum and elevated temperature per-
mitted flow in the polymers and realed up the poreuc.

Kerlin and Smith(6 , 7) tested 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 9Z9 Epoxy HT-421' Epoxy puenolic

Shell 934 Epoxy Epon 422 J Epoxy phenolic

Epon VIII Epoxy Metlbond 4021 Nitrile phenolic

Narmco A Modified epoxy Scotchweld AF-6 Nitrile phenolic

FM-1000 Epoxy polyamide FM-47 Vinyl phenolic

Metlbond 406 Epoxy polyamide APCO 1252 (formerly Polyurethane

Metlbond 408 Vinyl epoxy polyamide Hexcel 1252)

Metlbond 302 Epoxy phenolic Narmco C Polyurethane
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The adsives were irradiated in vacuum to various gamma exposure doses and tested
in air after thp irradiation in vacuum had been completed. According to Kerlin, the
data shoA that vacuum irradiation produced no dete-tablc change in the lap-shear

s .,ength of FM-i000, Metlbond 406, and Epon 422. J. Also, only minor changes were

f:."'d for Shell 934, HT-424. and A.PCO 1252. Metibonai 408 decreased 78 per cer' in
lap-. hear strength, Epon VIII and Shell 929 decrease,' by 12 per c,, nt, and FM-47 de-

creaaed by apprroxirate-y-AZ-p*er.rent. Metlbone 1!021 decreased by 25 per Gent.while
Narmco C decreased by 48 per' cent in shear strengths. (In air, Narmco C lost prac-
ticnlly all shear strength when irradiated.) Narmco A increased by 16 per cent in shear

strength when irradiated in vacuum. Data are given in Table 6.

Two adhesives, FM- 100 (epoxy polyamide) and Metlbond 302 (epoxy phenolic),
were tested for ultimate shear strengta in vacuum immediately after irradiation (this
was described as a dynamic ':-.0. 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 dynamic irradiation tests (Table A-I in Appendix
A). This is attributed to a greater rate of crosslinking of the polymer relative to chain

sciasion by oxygen during irradiation. At the lower partial pressures of oxygen in fhe

higher vacuum, the rate of oxygen-induced chain scission is decreased _.-d the relat'
rate of radiat.ion-induced crosslinking is increased, leading to increased stiffness and

strength of the polymers.

Gray, et al. ,(8) irradiated lap-shear specimens prepared with epoxy, r .xv-

phenolic, vinyl-phenolic, nitrile-phenolic, and glass-supported epoxy-film a-' ivks.

These were irradiated in air and in vacuum (10-6 torr) to a gamma exposure , 1 109 ergs

-1I (•G) . .t aperature of 100 F maximum. The specimens were then testt . "or sheax

stren .h at a ,imperature of -300 F. in all cases, loss in shear strength was small and

the )ý ignird t; ength of tht adhesive bond specimens could be considered for the design

of parts to be b, bjected to the above conditions.

DeWitt, Podlaseck, and Suhorsky( 9 ) reported on adhesives FM-47, a pol-;vinyl

butyral-phenolic adhesive, and HT-4Z4, an epoxy-phenolic exposed to vacram and ele-

vated temperature. FM-47, alter exposure for 3-1/2 hours at 250 F in a vacuum of

4. 2 x 10" torr, decreased in peel strengtl. by 13 per cent and in shear etrength by

7. 1 per cent. HT-424, after exposure to 450 F for 4 hours in a vacuum having an ult 4-

mate pressure of 5. 9 x 10-4 torr, showed a 14. 0 per ceýit decrease in peel strength and

0. 6 per cent in shear strength. There was no change in color of the temperature-

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-

sive: at high temperatures, and he studied adhesiv, pe;-formance in nitrogen. He found
that in this environment, serious degradation did riot 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( 6 ) reported work done at the George 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 FNI-47 Vinyl phenolic
Metlbond 406-1 Epoxy polyamide Metlbond VO2A Epoxy phenol.,
FM-1000 Epoxy polyamnide AF.-( Nitrile phenolic
Epon 422 J Epoxy phenolic Maetl'ond 408 Modified vinyl

---------------------------------------........ epoxy nylon

fL nsile shear strength of these adhesives either remained the same or increased when ten
sarmples were exposed to a temperature of 200 C in a vacuum. In most cases, exposure 3ure
in air to 200 C for the same period of time, 24 hours, caused a decrease in tensile
shear strength. The exceptiois to this were FM-1000, AF-6, and Metlbond 408. With 'ith
FM-1000, shear strength increased both in air and in vacuum at the higher temperature, :ure,
although the increase was gr'.oter in vacuum than in air. Data on the AF-6 and Metlbond Lbond
408 were incomplete, so no conclusions could be drawn. However, it was evident that iat
these adhesives would withstand elevated temperatures better in a vacuum than in air. r.

Effects of Nuclear Radiation and
Cryogenic Temperatures

Five classes of adhesives were selected for evaluation at cryogenic temperatures res
on the basis of Promising high lap-shear strengths at -65 F and 75 F. (0) These were re
not subjected to radiation. Lap-shear specimenE. we.e tested at -423 F, -3"."' . -100F, 00F,
and 75 F, utilizing epoxy-nylon adhesives (MetIbond 406, AF-40, and FM-1'. )),
nit-lie- ,, ý.-, 7: adhesives (Metlbonc 4041 and AF-32), epoxy-polyamide adl .-- ,ives
(Res .'eld Nc 4 and Narmco 3135), an epoxy-pbenolic adhesive (Metlbond 302-A), and a nd a
polv retfloic dhesive (APCO 1219). Selection of adherends for testing was based on the n the
antit-lpate'1 ust. :f these materials in future missiles and spacecraft, the prevalent use ýse
of some of these materials in the Atlas and Ct•.-taur, and the promising cryogenic prop- top-
erties of the base materials. The adherends utilized were 0. 020-irch EFH 301 CRES I's
(stainless steel), 0. 064-inch 2024-T3 bare aluminum, 0. 020-inch A-1 10-AT titanium, n,
0. 125-inch Conobon 506 (phenolic-glass fiber laminate) and 0. 125-inch Conolon 527
(polyester-glass fiber laminate). Butt-tet sile tests were conducted with 3/4-inch-round "ound
stock Type 371 stainless steel and AF-40 epoxy-nylon adhesive.

The epoxy-nylon adhesives resulted in the higher lap-shear strengths Alth all ad- 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- imi-
lar tests. Th. nitrile-phenolic adhesie gave excellent rc..ul.- c ver the temperatur., e
range of -320 F to 78 F but strength values dropped off sharply at -432 F. The epoxy- Ky-
phenolic adhesives gave uniform results over the c-'mplete temperature range. These se
results were significantly lower than the epoxy-nyion and nitrile-phenolic adhesives at at
-320 F, 100 F, and 78 F. At -423 F the epoxy-pherolic is superior to the nitrile-
phenolici, Room-temperature-cured adhesives are generally inferior to those that are are
heat cured, Of the three room-temperature-cured adhesives tested, the polyurethane ne
gave higher lap-shear strengths than the epoxy-polyamides with an aluminum adherend end
and approximately the same strengths with stainless steel adherends. All the adhesives 3ives
tested had their highest lap-shear strengthr at -100 F.

Gray, et ;i1. ,(8) irradiated in vacuum at ambient temperature specimens prepared ,ared
with epoxy, epoxy-phenolic, vinyl-phenolic, nitrile-pheiiolic, and glass- supported

S.. ... :" ; • • ' •|r -''-• •' .... • •i ... A W-L ' t l. ._, ! - - , -,, •



22

e.)oxy-film adhesives and tes.cd them at -300 F for ultimate shear strength. Results
are shovn in Appendix t, Figure A-]. The test results indicated that the cryogenic
temoerature-vacuum environment aad ro effect on Xy.-sl" Ir stre,,gth. Gray noted that

i-ecimens prepared with epoxy-phenolic, glass-supuported epoxy film, and vinyl-pheno-

iLc a,'.-eared to be only slightly affected by vacuum. T t 'e effect was srnall enough that

tne original strength ot the adhesive-bondc, -_'-ers could be considered in the des-gn n
of oarts for the above conditions. Epoxy and nit "de-phenolic-adhes ive-bonded speci-
mens showed no indication of deterioration.

Yasui( 1 2 , 13) irradiated one polyurethane-adhesive-bonded and three epoxy-
adhesive-bonded test specimens immersed in liquid nitrogen. They were then tested at

liquid-nitrogen temperatures. Yasui found no effects of irradiation on single lap-shear
or flatwise ultimate strengths 'r these materials. Data are shown in Figures A-2 and

A-3. Narmco 3135, 3M 146)/1968, and Lefkoweld 109 are epoxy adhesives while APCO D
1219 is a lilm-iorming ,o)yurethane polymer.

Coatings

When nuclear reactors are use'i in spacecraft, gamma radiation maf be present

in large quantities and may become an important design consideration. However, for
exposure to the normal elements of the space environment, nuclear radiatiun does not
appear to be so severe a oroblem as ultraviolet fluý:

Several ,.oa:ings have shown negligible change in k/c ratios as a resul -: (.xposure e
to !L- (V-) of cobalt-60 gamma radiation.

zii,• c:_ !ldp in a silcone resin vehicle has afforded a very good combination of

infi i-e ern,, ;on and long service life, in spite of the fact that considerable discolora-

tion developwled inder ultraviolet irradiation. 7inc su'lfide in an acrylic. coating matrix

also has sho%%n good 'romise.

Organic coatings were originally used solely for corro,3ion 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 resulting from long exposure to
high vacuum, intense ultraviolet radiation, and variable temperatures have 'o be

consid•.red.

Coatingt having selective prnper~ies can be used to cen'r-I radi'fttiansfir

by control of three basic optical properties: (1) reflectance, t2) absorptance, and
(3) emittance. (14) In most practical systems, a brlance between these three conditions
will be used to obtain the desired temperatures 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 absorptivity of the surfaces for solar radiation (c) with their emissivity

for infrared radiation (C).

Organic coatings are virtually all very absorptive in the infrared and hence have
high emrittance Such a surface is the rinqt stable and efficient to use for long heating
periods. The short-wavelength absorption can be readil-, varied by pigmentation with
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TABLE 7. VEIUCLE rEMPEPSATURE CONTROL( 1 4 )

Solar Temperature, F
- ---o Lbatg -- ectior --- i-rp-on -- ,itc- --Spe•e-.. S!t-Tsd p-jr-.

Wh.te 0.82 0.18 0.95 -135 -20

White plus 0.47 0. 53 0. 95 -33 32
car bon black

Flat black 0.03 0.97 0.95 45 85

Flat black 0.05 3.95 0.80 65 120
plus aluminum

TA LES8. ORGANIC MATERIAL RADIATIVE PROPERT1ES00~

Organic Material a /e Ratio

White (30(1/ PV zinc sulfide) silicone 0.31 0.77 0.40

Gray silicone 0.53 0.95 n

Leafing aluminum in silicone 0. 32 0.R33 0.E98

White lead carbonate (30% PV) silicone 0.46 0.46 1. U

Dull black (vinyl phenolic) 0.93 . 1. 1

i ! .~-
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organic and inorganic materials. The organic coatings will have a/c ratios of 1 or less 5b
and car be used to give cool or cold surfaces in space (Table 8). It is obvious that the e
reflectance and absorptance of the pigmented coating varies with the pigment. A leafing " n
aluminum pigment is the most efficient reflector./ ultraviolet ene'gy." Several white e
pigments are superior to leafing aluminum in the visible and near-infrared spectral
regions, but are inferior to it as a reflector of ultra,•.oiet energy. Of the nonlceL." :n.
pigrments, basic white lead carbonate is superior to A'1 others in eflecting ultraviolet

--. er• The white lead pigmented coatings lose niuc, of their efficiency as ultraviolet et
reflectors when exposed to the simulated space environment. In other regions of the
sjpectrum, zinc sulfide is an excellent reflector of visible and near infrared energy.
OU'er paint fe- mulations use rutile, carbon black, red iron oxide, and chrome oxide
green in various amounts as pigments, depending on the a/c ratio desired.

The ultraviolet spectrum of the sun ranges from about 100 A to 4000 A. Virtually dly
all the energy below 3000 A -. d most of the energy between 3000 and 4000 A is filtered ed
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 r
day. Thus, ultraviolet light is definitely a serious radiation problem.

Intense radiation is the second major element of the space envi.c..a.ent and c;. e ')e
divided into two broad classes; electromagnetic and particulate. The electromagnetic c
component of cosmic -tdiation has low intensity and io rather inconsequential as far as as
coatings are concerned. When nuclear reactors are used in spacecraft, gamma radia- a-
tion of high energy may be present in large quantity and can become an impo': ,nt
consideration.

T x & nl ingement of ionizing radiation in high doses on organic thin fiir-'s will also ,so
resul in physical, chemical, and optical changes. However, for exposure to all ele-
met.i of the space environment, nuclear radiation is not so severe a problem area when he
compared to ulktaviolet flux.

Effects of Nuclear Radiation

General Dynamics(15 ) and Lockheed Missiles and Space Company( 16 ) are currently ntly
engaged in dtermining the effects of nuclear radiation on the optical characterit. .e -f ofthermal coatings. This work is presently in progress and only limited date. ; re avail-,able. Preliminary results indicate that negligible change in the a/c was experienced by by

E the materials listed below as a result of exposure to 109 ergo g-I (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 ,hicle (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). )

MU
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Fuller 172-A-1 Aluminum Silicone (W. P Fltr to.)

Fuller 171-A-152 Aluminum Silicone (W. P. Fuller Co.)

Dull Black Micobond L6X962 (Midland Industrial Finishe- Co.)

LMSC White Silicate Paint on Al 1100 alum nurn, alloy

The irradiations are to continue to 1011 ergs g-I (C) gamma radiation and tb other types -pCs
of penetrating radiation.

Effects oi Ultraviolet Radiatior.

Fulk and Hcrr(17 ) dete..-ined the vweight loss in vacuum of a number" of polymeric ric

materials used in spacecraft. Compositions of the materials are listed in Table 9

while a typical weight loss-versus-time curve is shown in rigure 8. Fulk points out that that

the "total weight loss until stationary state" and the "time to reach stationary state" are are

important characteristics of each material. These values should be taken into acccunt nt

when selecting materials for vacuum and/or spacecraft use. Figure 9 snows typica;

curves for a number of good points.

Carroll(18 ) reported on the evaluation of materials used on early Mariner space- e-
craft. The results of screening tests on paints and nonpaint "whites" are lis'•- in

Appendix A, Tables A-2, A-3, and A-4, and Figure A-4. The values of init i. indi-

cated -*- T.-ble A-4 and Figure A-4 are nominal values for the materials. T), alurni-

nized T ...P '-t , showed the least degradation of the materials tested and is .,,e lcgica1  Cal
choic for th,. Top of the heat shield. For rigid paintable surfaces, either ZW60 or
ZW" z:,,ic su' ,*de paints (Table A-4) are recommended.

Effects of Ultraviolet Radiation and Vacuum

Wahl, et al.,(19) and co-workers studied the effects of various combinations cf

ultraviolet radiations (2500 to 7000 A), mouurate temperature (290 F), vacuum pres-

sure (9.0 * 7.0 x 10-6 torr), and atmospheric pressure (750 + 20 torr) on a commer .:a :ial

white polyurethane enamel manufactur ed by Lwe Brothers Paint Company. 2his

enamel consisted of two parts, No. Lil-2392 enamel and No. LH-2393 hardener, whic:h th
were mixed in equal volumes just prior to use. The coating lost weight and changed

color from white to light brown. Total spectral reflectance :neasurements indicated

thdt the absorptivity increased as the ultraviolet radiation intcaasity and exrosure time
increased. It was predicted that the long-time, close temperature contro. of a space

vehicle would not be successful using this polyuredbane coating.

Clauss, ct al. ,(20) and Gaumer, et al. ,(21) at Lockheed investigated the effect of of

ultraviolet radiation and vacuum on temperature-control surfaces. For electronic

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 re
largely used as solar reflectors, but their Mic; ratio is about 0.27 and is iot low enough gh
for many practical applications, such as attaining l.,w temperature for i. frared sensors ,rs
to operate efficiently. Solar reflectors with an a/l ratio not greater tha 1 0. 1 are

needed. Tah'e A-5 shows the G./C ratios of a group of rep-esentative m. terials

E
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Fuller 172-A-I Aluminum Silicone (W. P Fuller Co.)

Fuller 171-A-152 Aluminum Silicone (W. P. Fuller Co.)

Dull Black Micobond L'•X96Z (Midland Industrial 2:nisher Co.)

-- MSG Whte- Silicate Paint on Al 1100 alurr .,um alloy.,

The irradiations are tc continue to 1011 ergs g" (C) gamma radiation and to other types >es
of penetrating radiation.

Effects of Ultraviolet Radiation

Fulk and Horr(17 ) determined the weight loss in vacuum of a number of polymeric -ic
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 hat
the "total weight loss until stationary state" and the "time to reach stationary stace" are re
important characteristics of each material. These values should be t.41 - into ar.co--t it
when selecting materials for vacuum and/or spacecraft use. Figure 9 shows typical
curves for a number of good points.

Carroll(18) reported on the evaluation of matcrials used on early Marir-r space-
craft. The results of screening tests on paints a.ad nonpaint "whites" are lit in
Appendix A, Tables A-2, A-3, and A-4, and Figure A-4. The values of ini'•i, a indi-
cated i ±ai•; A-4 and Figure A-4 are nominal values for the materials. 7".. alumi-
nizea 2"EP Tv.Ion bhowed the least degradation of the materials tested and is the logical
choi. v )or th,- top of the hcat shield. For rigid paintable surfaces, either ZW60 or
ZW4u zinc sulii le paints (Table A-4) are r -:cornmended.

Effects of Ultraviolet Radiation and Vacuum

Wahl, !t al. 0(19) and co-workers stLdied the effects of various combinations of
ultraviolet ra~liations (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 kommercial ial
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 prio- to use. The coating lost weight and changed
color from white to light brown. Total spectral reflectance nr-t.,urements indicatec,
that the absorptivity increased as the ultraviolet radiation intensity and exposure time
increased. It was predicted that the long-time, ch,•e temperature control of a space
vehicle would not be successful using this polyurethane coating.

Clauss, et al. ,(20) and Gaumer, et al. ,(21) at Lockheed investigated the effect of of
ultraviolet radiation and vacuum on temperature-control surfaces. For electronic
equipment abyoard spacecraft to function properly, their temperatures must be main-
tained within a range of approximately 0 to 60'C. At the present time, white paints are re
largely used as solar reflectors, but their n IF ratio is about 0.27 and iA not low enough h
for many practical applications, such as attaining low temperature for infrared sensors rs
to operate efficiently. Solar reflectors with an a/C ratic not greater than 0. 1 are
needed. Table A-5 shows the OL/C 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
summdrized in Table A-6. The des-gnation of the commercial coatings are 1)h ted in
Table A-7, the compositions of the laboratory-prepared paints are listed in ' able A-8.
*ne acrylic-base paints were more resistant to vi5,ble yellovxing than either the epoxy
o silicone-base paints. For many of the organic-bast paints, there was an increase of of
a., roximately 50 per cer.t solar absrrpcivity (a), wh:.• the infrared emissivit;. (ci
rernineG constant. This 50 per cent increase in the ../c ratio of surfacc at roorr tern- M-
"p-erature W6uld result in ari-r&•s&5- 5-ThTh .npedr Itfr-e:--.--

Alexander, et al. ,(22) studied the effect of very-short-wavelength radiation
(lI&0 to 2000 A) on polymeric films. The percentage weight losses of various coating
materials are shown in Figure 10.

Miller and co-workers( 2.3 ) at Armour Research Foundation tested the stability of )f
white coatings in simulated b,.cc ejivizonment (approximately 10-6 torr va -uum, Lem-
perature varying from 150 to 275 Fý. The results indicated that All synthetic oxide pig- g.
ments, except zinc oxide, darken appreciably in 100 equivi'ent solar hours; natural
mineral pigments proved more stable. Among the organic binders, a silicone-type
material ar.pearcd the most promising. Typical results are shown in Table A-9.

The weight loss through volatilization of pigmented coatings after exposure to :4
simulated space atmosphere for 100 hours (ultraviolet radiation in vacuun. of I x 10-5
torr) was determined by Lowling, (24) The results are shown in Table A- 10.

Effer f - -f Ullt, aviolet Absorbers

Horm: ); exposed tailored coatings, some of which contained ultraviolet ab-

sor C, 'I.C!, s:

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

(2) Dibenzoylresorcinol (DBR)

(3) 2-1,ydroxybenzoylfer-ocene (HB±'"

(4) 2 -hydroxy-4-methoxy--Z'-trifluoro.- ethyl benzophenone (DR1)

to ultraviolet and vacuum. He found that a flat white titanium dioxide-pigniented
silicone-alkyd coating showed good va.'uum-thermal and ult.raviolet-radiation stability.
A wide range of .x/E values (0. 20-0 85) based on this coating Pr. vailable for various
temperature-control conditions. Dispersion of an ultraviolet absorber in a clear film
over the basic coating exhibited ., protective actior, in reducing the weight lostF through h
500 F and in reducing a at 300, 400, and 500 F.

Tlhe black-leafing-aluminum system would provide high a lc values (0. 90 to 1.40) 0)
due to decreased emittance values with increased leafing-aluminum content. Hormann in
also indicated that above 400 F, polyurethane systems are inadequate in a vacuaim-
thernm AI environment.
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F•ild, Covling, and Noonan( 2 6 ) found zinc sulfide (Cryptone 800 produced by the
New Jersey Zinc Company) in a silicone vehicle afforded a very good combination of
,nfrared emission aiud long service life, sntofues in site of the fact that considerable discolora-
ti n ý.eveloped under ultraviolet irradiation. Zinc sulfide in an acrylic coating matrix
(Acrrloid A-10, Rohm & Haas) also showed good prom, e, In at least one instance, the ie
acrylic formulation proved superior to all 1.he .,iiicoi'e formulations.

Electrical Insulation

Insulation materials sucr, as glass-diallyl phthalate, Formvar wire coating,
Silicone DC 997 varnish, polystyrene coil dopa, and polyolefin wire insulation have been en
satisfactory in room-temperit 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-I (C).

in gener.:, the effects on electrical properties of irradiation of electrical insula-
tion in air and in vacuum are similar.

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

In -a!, permanent changes in electrical properties of polymeric ry -'rials
wit' ,r .. . are minor and the life of the insulation depends upon its res,, :ance to
mecd" iical e. mase. However, transient effects due to exposure in a radiation flux may ay
cau., dimicuia, The disc,•ssion in this section is limited to the physical properties of
som,. of tt-, • , e recent insulating materials which have been investigateJ. A more
comprenensive discussion of electrical effects vill be found in REIC Report No. 36,
"The Effect of Nuclear Radiation on Electronic Components Including Semiconductor
Devices', which is being published concurrently with this report.

Data have been obtained on Tedlar (p'lyvinyl fluoride), tynar (polyvinylidine
fluorida), anl H-film (polyimide), some of the newer films which have appeared oil the
market. Also, limited data on effects of vacuum and radiation, and extreme tempera-
tures and radiation have been collected.

Effects of NucLear Radiation

Kaufman and Gardner( 2 7) determined the per'-rmance characteristics of resis-
tors, capacitors, and insulating materials used for printed-circuit boards or electrical al
connectrs in a nuclear, environment. At an exposure of l x 1011 ergs g-' (C)[I.67 x
10 i6 n/ :m 2 (F.n> 2 . 9 Mev)], glass-diallyl phthalate was the most suitable material
teited as an insulating material for connectors. Melamine, silicone rubber, and pheno- no-
li.: were rated second best because of some degradation in their mechanical properties. a.

Several laminates were tested for use as circuit-board insulation. Silicone-resin- dn-
impregzated Fiberglas was satisfactory as an insulation at an exposure of approximately elyI
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1011 erg- g-I (C), bit 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-91r) was exposed
to 1010 ergs g-l (C) [2. 5 x 1015 n/cmZ (En>2.9 Mev)]. No evidence could be found of
any discoloration, warping, or blistering, and the coppnr circuit remained firmly
bonded Lo the board.

Koehler and Pefnay(2 8 ) reported polyethylene, Zytel Nylon 33, and polyvinyl
chloride as satisfactory insulation materials 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 uf General Dynamics Grouid Test Reactor (GTR). Exposure was to an integrated
neutron and gamma exposure of 1. 3 x 1016 nvft and 1 x 1011 ergs g-I (C) at a tempera-
ture of 30 C to 60 C. The sppecImens 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 varnish, Raychem polyolefin
lead-wire insulation, polystyrene coil dope, and mineral filled diallyl phtha-ate (for the
terminal block).

Effects of Elevated Temperature
and Radiation

Campbell( 2 9 ) studied the effect of combined heat and radiation on sever, I agnet-
wire-insulation materials, including polyvinyl formal, polyester, silicone, :- f luoro-
carbon ,...' and varnishes. He found that the normal service life of sonr,: materials
was ir reased by as much as 800 per cent in a combined radiation and thermal environ-
ment., He attr butes this to a balancing of the chain-scission and crosslinking mecha-
nism3. Tblbiei, '0 and II show a comparison of the service life of several insulation
coatings in a tht rmal environment and that in a radiation-thermal environment. Radia-
tin cz.p Coures varied from 1.8 x 106 trgs g-I (C) hr' (z x 104 roentgens hr- 1 ) to
1.6 x 108 ergI g-I (C) hr-' (1.77 x 106 roentgens :irl).

The normal service life at 160 C of polyvinyl formal was extended by 870 per cent
when the mate-ial was in a combined thermal-radiat -i environment as compared with
the life in a thermal environment. Several other materials exhibited longer Fervice life
in the combined environment. Improvement ranged from 16Z per cent for thc combina-
tion of silicone enamel and silicone varnish at 240 C to 780 per cent for that of a poly-
ester eramel and oil-modified phenolic varnish at 200 C. On the other hand, polytetra-
fluoroethylene 3namel retained less thain 1 per cent of its r.c-., .- I ervice life at 270 Q•
when in a radiation field.

Effects of Vacuum and Radiation

General Dynamics( 6 , 7) irradiated in air and in vacuum electrical insulation mate-

rials designated as DC-7-170 (silicone), Geon Z046 and Geon 8800 (polyvinyl chloride),
Estane 5740XI (polyurethane), Kynar (polyvinylidirie fluoride), Kel-F-81 (polytrifluoro-
ethylene), Duroid (a Fiberglas-reinforced Teflon), and Mylar (polyester). Physical
properties were determined before and after irradiation fnd the data arc shown in

Table A- I1.
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TABLE M1. RESULTS OF COMB'.IED ENVIRONMENT EXPOSURES IN PROGRESS( 2 9 )

Exposure Time at Per Cent of
Exposure Normal Therma,- Exposure. End of Limited Normal Therrral Life

I__ Insulation hat.trial Temperature, Aging Life. Rate, Test Period. at End of

Elnamiel Varnish C hr ror/r hr Limited rest Periudj(a)

f,)rn11a1 None 200 190 0.5 288 S00

Polyvinyl

form al None 180 280 0.04 1862 665

Aroma tic

polyimlde None 300 940 0.5 2650 282

Polyester Oil-modified

phenolic 200 50n 0 5 2798 112

Polytetra -

fluoroethylene Nor.• 13 >10, 000 0.02 1882 <100

(a) Results not final; aging pro,.ess 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 A. I.9 ergs
g'9 (C) in vacuum. Average weight loss was 0. 2 per cent. The color changi.O from a
light - -,- to a dark brown during the vacuum irradiation. Mechanical prop-rties were
more ;verely affected by the vacuum irradiation than by air irradiation.

Ke] F locc-r:r.e vcry brittle with vacuum irradiation [exposure of 1010 ergs g-I(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-I (C), the specimens crumbled.
For poly-vinyl chloride (Geon 2046 and Geon 8800)p changes were somewhat greater in a
vacuum-radiation environment than in an air-radiation environment. At approximately
1010 ergs g- 1 (C), changes in tensile strength were 20 to 30 per cent in vacuum and 5 to
15 per cent in air. Also, elongL.tion decreabed 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-I
(C). In vacuum, the increase was negligible. Change in elongation was greater in
vacuum than in air, although there was little chanhe in this property.

Polyurethane and Duroid are less affected by irradiation exposure of 109 ergs g-1
(C) in vacuum than in air. Mylar increased in tens4 le 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 ergs g-I (C). However, it is susceptible to ultraviolet radiation damage.

Kerlin and Smith(6 , 7) also investigated the physical properties of several dielec-
tric materials when irradiated in air and in a vacuim (10-b to 10- torr). These in-

cluded Marlex 6002 (high-density polyethylene), T "flon TFE, Tedlar (polyvinyl fluoride),
and H-film (polyimide). Data are given in Table j\-u1. The polyimide film showed the
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highest tensile strength and the greatest stability to radiation both in air and in a vac-
uus. After 3 x 1010 ergs g-1 (C) exposure, tensile strength dropped only from 19,470
psi to 17, 903 psi when irradiated in air and to 181 877 psi when irradiatcd in vacuurn.
Elongation decreased from 128 per cent to 83 per cent when irradiated in air and to
10.) per cunt when irradiated in vacuum. nFd:sr ,l•o sihowed good stability to radiation
both in air and in vacuum when irradiated to an exposure of 109 ergs g-1 (C).

Effects of Cryogenic Temperatures
and Radiation

Mylar C was irradiated at liquid-nitrogen and liquid-hydrogen ternperatures. ( 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, FIT- 1, was also irradiated at liquid-hydrogen and liquid-
nitrogen temperatures. (30) Tensile strength of the polyimide film increased and elnr.ga-
tion decreased at this temperature, but the effect of radiation up to I0"O ergs g-I (C)
was very slight.

Laminates

Combined effects of radiation and vacuum [1010 ergs g-I (C) and 10-7 torr] have
sho%, ; no deli2',.;rious effects on the strength of various tested laminates except those
prep. red with I'araplex P-43 and Silicone DC-2104 resins. These decreased in tensile
strength when sLbjected to exposures higher th•on 1010 ergs g- 1 (C).

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

Epoxy, nolyesterp 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-radiation exposure of 1010 ergs g-l (C) and ultra 'iolet ex-
posures of 2 pyrons for 500 hours (I pyron = 1 cal/cm2 /min). The polyesters were
found to be the more sensitive, to ultraviolet irradiationp but may be improved with the
incorporation :f ultraviolet stabilizers. Phenolics appear ts I- 1,a.Rt sensitive to ult.a-
violet exposure. Epoxy laminates show improved strengths when tested in a vacuum, an-
vironment. Present information would indicate that cryogenic temperatures will not be
a serious problem with structural laminates.

Effects of Nuclear Radiation

Laminrates called Dynalam consisting of 181 glass cloth (A-1100 finish) impreg-
nated with AP-Resln-XHU (a phosphonitrillic chloride polymer) were irradiated fo.
55 hours at an ambient temperature (120 to 130 F) and at 450 F.( 1 ) Some of these
laminates contained an unspecified curing agent and some contained no curing agent.
All of thcm showed excellent radiation stability. The ten.ile strength of samples "r-
radiated in air at 130 F to an exposure of 1.7 x 1011 ergs g-I (C) and tested at ro-m
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te'nperature did not ch~ange more than 5 per cent. The tensile strength of samples ir-
radiated at 450 F to an exposure of 6 x 1010 ergs g-l (C) and tested at room temperature ;ure
did 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 Aupendix A, Table A-13.

Effects of Vacuum and Nuclear RadiaLion

DeWitt, Podlaseck, and Suhorsky(9 ) exposed samples in a vacuum of 10-4 to 10-5 -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(1 9 ) conditioned specimens of poly-
ester (P-43), epoxy (Epon 81l.' and phenolic (91 LD) laminates for 2 hours in an air-
circulating oven. After being cooled in a 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 I0-7 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 hours.
the samples were reweighed. In all cases loss of weight was lesa that, 'j. i per cent.
Data are given in Table IZ.

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

Polyester 1
h.enolic I _

Material Sample A Sample B Sample A Sample B Sarrle A Sample B

Origsina .', .' , 13.4794 13.6450 15.166U 14.6469 14.1908 34.0576 70

W'eight $; ,er E' cru,, grams 13.4771 13.6408 15.1526 14.6352 14.1908 14.0570 70

Lou 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( 3 1 ) reports the per cent weight loss at a pressure of 10-6 torr and expo-
sure temperatures of 75, 150, and 300 F after peilods of 1, 4. and 7 days. Data are
given in Table 13.

TABLE 13. W•IGHT LOSS FOR LAMINATES UNDER VACUUM-THERMAL CONDITIONS 3 1)

(Pressure, 106 mm Hg,

Weilht Loss, per ceat _____=_'_

Temperature, 7F P Tempe,..ure, 150 F Tempersture, 300 F
Time, days Time, days Time, days

Materials 1 5 8 1 4 1 1 4 7 7

Epoxy glass fiber 0.03 0.06 0.06 0.09 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 0.9'1 1.25 1.32 32

Phenolic cotton 0.41 0.95 1.14 0.93 1.32 1.36 1.84 1.83 1.89 . 89
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The epoxy has a lower weight loss than the Fhenolics. It is believed that part of A
the weight loss of phenolics is due to the release cf water formed during polymerization .ion
and which has remained in the laminate.

Podlaseck and Suhorz~ky(4, 3Z) show th0t the effect of vacuum on weight loss ýjf
polymriers is to decrease the equilibrium weight-lose rate at elevated temperatures.
They state that since the weight-loss rate is prc,.crtional to the degradation rate, the*
½-'nplication is that the normal rate of degradation observed in air can be considered to to
consist of two modes: (1) an oxidative degradation which is dependent en 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 A
appear to alter the equilibriunm weight-loss behavior of the unmodified crosslinked-
resin system used, but seems, only to provide an inert environment at temperatures
where oxygen increases degradation. Nitrogen and helium can afford the same protec- c-
tion as a good vacuum.

Because the rate of weight-loss increase, with increasing temperature, is less in s in
vacuum than in air, the upper temperature limit for the use of man% plastics may Z c-
tually be increased for extended space exposures in radiation-protecLt.L ajeas.

Gray, et al., (8) determined the tensile strength of several laminates J.Yter expo- )o-
sure to radiation and/or vacuum. Table A-15 lists the materials tested, and Figure A-5 A-5
shows the effect of vacuum, radiation, and combined environment on these rT . rials. i.
It may be seen from Figure A-5 that, except for the epoxy glass-fiber rnae -. , (Scotch- tch-
ply ' J,7 . Minnesota Mining and Manufacturing), there was little effect 0: .hese envt- nvi-
ronm -nts on .he laminates. With the Scotchply materials, the combined rad-. ion f l09 09
erg- g..1 (C)! md vacuum (10-6 torr) environment increased tensile strength; whereas
eitL r ia<-tor -!one slightly decreaced this property.

Kerlin and Smith(7 , 33) tested nine glass-fabric laminates and one honeycomb
lamina~c for effects of radiation-vacuum environment. These included Mobiloy AH-81, -81.
CTL-91-LD, and Conolon 500 (phenolic), Paraplex P-43 and Selectron 5003 (polyester), ter),
DC-Z 104 and DC-Z 106 (silicone), Epon 828 (epoxy), and HRP Honeycomb (phenolic).
Tests indicaed that the combiihed effects oi radiation and vacuum [approximately 1010 ,10
ergs g-I (C) and 10-7 torr] have no deleterious effect on the strength of the laminate-. es
except for P-43 and DC-2 104. Paraplex P-43 lost tensile strength rapidly Ffter 1010 t0
ergs g-1 (C). At an exposure of 3. 1 x 1010 ergs g-I (C) in vacuum, tensile strength h
decreased by approximately 20 per cent as compared with a loss of 6 per cent when ir- ir-
radiated in air to 3.9 x 1010 ergs g-I (C). Similarly, the terile strength of Silicor ý le
DC-Z104 decreased after an exposure of 1010 ergs g- 1 (C) i, vacuum. At 2.9 x 1010 0
ergs g-1 (C), tensile strength decreased by 15 per cent. In air, no loss was observed red
at an exposure of 3.9 x 1010 ergb g-' (C). See 'Tebles A-16 through A-19.

Effects of Nuclear Radiation and
Cryogenic Temperature

Yasui( 1 3) irradiated two phenolic-impregnated glass-cloth laminates (Sincwave e
and Hexcel) in liquid hydrogen to an exposure of 3. Z x 108 to 2. 1 x 109 ergs g- 1 (C).
Tensile strength and tear strength were determined whi.le samples were immersed in in
liquid nitrogen. Exposure to 2 x 109 ergs g-} (C) in liqi ,d nitrogen produced ro aigr.ifi- rifi.-
cant effect on the tensile and tear strengths of either material. Data are given in Fig- "1g-
ures A-6 and A-7.
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T,'o laminates prepared by Lockheea-Georgia Company for possible hydrogen
barriers also were evaluated. Laminate I consisted of two plies of Epon 820-resin-
impregnated 116 Fiberglas cloth laminated to 1 ply of aluminized polyester film with
t' e aluminum forming one exterior surface. Radiation results indicate that the strength
properties of the material were not signifcantly affect,. i by exposure to 2.6 x 119 ergs
g-' IC). The same radiation exposure produced ,r, !.atistically significant effects on
Lraminate-iI which cons isted-of -one 41 yi oL l8LF_ib - rgla .cothkinpro g na.teit

2795/2870 epoxy resin and coated With six thin layers of Elastathane M-50.

Gray, et al.,(8) irradiated phenolic, polyester, epoxy, and silicone laminates in
air and in vacuum (10-6 torr for 2 weeks) to an exposure of 109 ergs g-I (C). These
"were then tested at a temperature of -300 F. Data are shown in Figures A-8 to A-II
(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 Parapc'x P-43 (poly-
ester) at liquid-nitrogen and liquid-hydrogen temperatures to a gamma exposure of
6 x 1010 ergs g-I (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 hydi ogen and components of the adhesive :ather than to the lowei
temperature.

hrieý , of Vat. turn ;1nd
Ultra-viclet Rn-at, tion

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 ultravwolet source was either an Osram HLIO-109 high-pressure
quartz-mercury lamp or Osram HBO-100 VI/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 raidiation 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
of time, furthzir tests were conducted a: 2, 3, 4, 5, and 6 .r:- t

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 laminates 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 flexural
strength data axe given in Tables A-20 and A-7 1.

AMC-2
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In summary, Wahl found tnat pressure showed little or no influence on flexural

modulus except with polyester at rrnlerate temperature in the presence of ultraviolet

radiation. In all cases, higher temperatures decreased flexural strength. The extent

oz the influence is greatest with epoxy and Ieast with phenohc. It is greatest in the

p.,'sence of vacuum without radiation, and le'.st in the presence of radiation at I arr.o-

sphere of pressure. The prcsence of radiation geneially decrease.d strength. The ef-

f-eet %----nst-pr-anunzed 1hyst t&*tdrip~ifatiiY6 wih T Arff_9hUeoT______
pressure. Wahl states that heat or ultraviolet alone, or combined, have the greatest
influence on strength properties of the three types of laminates Lnd 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 in the

polyester resin would be effet,.ive in reducing degradation due to vacuum uiltraviolet.

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-rebistivity measurements before, during, and after irradiation

to an exposure of about 1011 ergs g-I (C).

%vr pt, tng compounds to be used in a vacuum-radiation environment, . higher

temp ratire ( ire is preferred to a room temperature cure. Solvent systems are gen-

eral' not sat- factory bezauoe they tend to be gaseous as a result of entrapped solvent;

this leads to po" osity.

P-)tting compounds have been found satisfactory for use in vacuum at 170 F to a

gamma exposure of 1010 ergs g-I (C).

Effects of Gamma Radiation

According to Dexter and Curtindale(3 6 ) Dow Corning R-7521 (silicone resin) com-

bined with inorganic fillers such as Ailica sand or zirconium orthosilicate showed no ap- p.
parent degradation of physical propertiis after irradiation exposures of 5 x 1010 ergF

g-1 (C) (500 megarads) at 23 C or after 1010 ergs g-1 (C) and Zt,50 hours at 200 C.

Because of its outstanding thermal endurance and r:diation resistance, this system is

considered an ideal potting material for such equipment as canned motor pumps and

reactor-control-rod drives. Figure II shows the effects of combined heat and radiation

on the electrical properties of R-75Z1 silicone resin.

Several potting compounds were investigated by Armstrong. (37) These include-J:

~~~~~~ 1... ":.1 t"1 r
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Scctchcast No. 3 Minnesota Mining and Manufacturing Co.
Stycast 2651 MM En'erson and Cuming
RTV-501 Dow Corning
Epon 828/1) Shell Chemvzal Co.
insulating Lacquer 116?. A/B Demns Chkrrnical Co.
12-007 -.ybul C,,rp.
Stayfoam AA402 Am,- :'can Latex
EG 758 T Mica Corp.
Scotchcast Foam Resin No. 603 Minnesota Mining and Manufacturing Co.

Insulation resistance measuremevIs were taken before, during, and after irradia-
tion. Resistances of the sampls were tound to be dependcnt on the exposure (exposure
rates varied from approximately lo4 ergs g-I (C) hr"- to 108 ergs g- 1 (C) hr-11. The
greatest change occurred in t0'-' Mica reference sample; the potting materials served to
decrease the rate effects in the other samples. RTV-501 showed an appreciable charnge
in insulation resistances at the higher ixposure rates, as did Dennis Insulating Lacquer
1162 and American Lat•,x Stayfoam AA-.402.

Bendix Corporation measured d~electric constant, dissipation fa-t-,' and volur-e
resistivity before, during, and after irradiation of seven types of epoxy reslns. ( 3 8 )
Exposure was about 1011 e-gs g-l (C) or 1. 1 x 1016 nvft. Of the seven tested, five
were considered as stable potting and insulating materials at the exposure of the test.
These included;

Maraset b22-E
K L- I ,-M
.ish 42( A

Scotchc..' t 5
Scotchcas.' 212

Effects of Radiation and Vacuum

Cure is an important factor with pott; -g compounds subjected to the radiation and
vacuum condit-ons of a Fpace 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.

Blackmoii, at al. ,(5) determined the effect ot vacuum 1•,;" 7 tjrr) and radiation on
a number of potting compounds at a temperature of 170 F. Some of the materials were
exposed to 1010 ergs g-l (C) gamma radiation in ai, , Table 14 summarizes the overall
performance of the materials. No large changes in hardness or dielectric constant re-
sulted. The greatest variations were in weight loss Lind, consequently, dimensional
stability, Two of the materials, Epocast 202/Q615 and Hysol 12-007 A/B were satisfac-
,cry on exposure to vacuum and gamma radiation. According to Clauss( 3 9 ), the Hysol
showed etcel'ent 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 found
satsfactory after exposure to vacuum at 170 F were not subjected to radiation exposure.
These included a polyurethanc, PRC 1535 A/B (Products Research Company), a silicone e
clastomer, DC. 502/501 (Dow Corning Corp.), and an epox"-polyamide, Epibond 1210/
9615 (Furane Plastics Co.).

W &N 2%
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Krnin and Smith(6: 7) studied the effect of radiation and vacuum on several sili-
cone and eýoxy potting compounds, Tnese inc!,_ed:

Eoon 828/Z Epoxy
Silicone DC-R7 5? 1 Silicoric
Scotc hcast 212 EpC'y
RTV-501 Sil .one
RTV-o0 3hilicne eia - LU1,1er
EC- !273 Fluorinated elastomer

The altinnate c)mpresiive 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 10-5
torr. This ch;.nge is not considered to be significant. Tnere was no change in the weight ght
of the material and its color .. ,anged from amber to dark brown. Silcone DC-R7521
did not change significantly in weight or compressive strength at a radiation exposure of of
9 x 109 ergs g" 1 (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 silcont elastonicr, Aa exposed to radiation under zt_'iz and dyna
conditions. The cornpre.sive strength was founO to increase for a deflection of 0. 02
inch after an exposure oi 8. 6 x !09 ert b g-I (C) in vacuum. Samples exposed under
dynamic conditions required a 7S per cent increase in load to compress them 0. 02 inch. h.
Statically exposed samples tested several weeks later required a 386 per cer'. ncrease
in load. A load of 1549 psi was required tr compress the static irradiated s- Je
25 per eent as compared to a value of 203 osi for the control, a change of 6( -er cent.
Datai a . g. , n I lable A-Z6 and Table 15.

"I-c irt lidtion itn -r of Scotchcast 212 (epoxy) and EC-Z273 (a fluorinated elas.-
tomer) hal. 1.tt' effect on their properties. Irradiation ir vacuum caused compressive
strength of the acotchcast to increase by alniost 50 aer cent. A small increase was
noted for EC 2.73. With RTV-501 silicone, radiation both in air and in vacuum in-
creased comnressive strength. However, in vacuum, the increase was more noticeable. ,le.
Data are given ir Table A-27.

Seals, O-Rings, and Gaskets

Elastomers which have shown promise for use as seals, O-rings or gaskets for
use in a radiation environment include ".iatural rubber, SBR. nitrile rubber, scrne poly- Y-
urethan.os, neoprene, Viton A and B, and silicone elastomers.

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

Elastomers which have shown promise when irradiated to 1010 ergs g-l (C) at
room temper ature include natural, SBR, nitrile, neoprene (if not immersed in water),
and some prAyurethane rubbers.

At el vated temperatures, the most radiatiorn-resistant elastomers appeared to be be
.,atisfactorj to 109 ergs g-I (C).

The addition ot antirads improved somewhat the stability of nitrile, neoprene,
',3R, and natural rabb rrs. The entirads increased service lifu bi about one order of
ma g n t u d.
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Nitrile ruhber is not seriously affected by radiation either in air or in vacuum to
an exposure of 109 ergs g- 1 (C). At 1010 ergs g- 1 ,C), the effect of irradiation is about ut
t..e same in air as in vacuum. Irradiation of neoprene to 109 ergs g- 1 (C) has about the le
s.--ne effect in vacuum as in '•ir. Radiation effects cr. '%.ton-B appeared to be si-rilar
whether irradiated in air or in vacuum.

ELectn of Nuclear Radiation

Morris and Caggegi( 4 0 ) investigated 24 rubber vulcanizates and 93 antirads in an
effort to develop rubber gaskeLs which would be resistant to nuclear radiation. The
vulcanizates were exposed to a gamma exposure of 1010 ergs g-I (C) at a temperature
of 75 F. Elastomers exaznir*-i included natural, styrene-butadiene, acrylonitrile,
acrylic, neoprene, v nylpyridine, polyurethane, silicone, fluorinated silicone, and
Viton-A. Using comkpression set as the criterion for behavior as a gasket material, the he
elastomers which vere the most satisfactory were natural rubber, styrene-butadiene
containing 23. 5 pet cent styrene polymerized at 41 F (Synpol 1500), and nitrile rubber
(Hycar 1072). It was found that the resistance to gamma irradiation of -tyrpne-
butadiene rubber was improved if it was cured with dicumyl peroxide instead of sulfur.

Genthane S, a poly-,rethane, was rated as one of the best vulcanizates, but
Adiprene C, also a polyurethane, was questionable. Some of the specirmens e-f the
lattt including the control, hot-compression set, aj.d irradiated samples, , . ttered
€,, ii E? ',.re.sed. Apparently, the strength of this vulcanizate was margir,., Silicone ne
vulca•] 1W _-, a '.11 rompression set before irradiation and showed larg' ;ecrease- .8
in M- .t incen'atior"* after irfdd!att.on. Irradiation caused the Philprene VF-25, Viton
A-It and b5 tstik- LS-53 specimens to corrooe the aluminum plates hAur.g them in
compress'on.

Table IS shows the compression set and the decrease of Ma.- ndentation of sev- .
eral vulcanizates after irradiation. The figures given are the ditferencen between the
irradiated values and the original values.

The racliation resistance of the vulcanized rubbers with respect to compression
set can be improved by compounding with certain antioxidants, antiozone.nts, or with
certain chemicals containing aromatic rings or c,-ndensed ring structures. Lhese are
discussed in the section on antirads.

In studit. to determine the extent to which antirads :an •. ',t.ct O-rings, Born
and Associates(4 1) investigated the effect of the more promising antirads in nitrile,
aitrile/styrene-butadiene (90/10), neoprene, and Vton-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 Corporation.

"*Ms!ast indentation is the depti of penetration of a 0. 125-inch hemispherical Indenter into the sampli witli a 1000-grain weight it
resting on the indenter. Readings are taken after ! minute and are expresses in hundredths of a millimeter. This test utilizes
the Mast Indentometer Model 650-2, but otherwise it is the same test as ASTM M•31-56, "Indentation of Rubber by Means of 4
the Pusey and Jones Plastometer".



46

TABLE 16. CHANGE IN COMPRESSION SET AND MAST
INDENTATION OF ELASTOMERS DUE TO
GAMMA RADIATION( 4 0',

Comp:esion Set Decrease of Mastla)

due to Indentatic .• due to
Rubber Rddiation, % Radiation " ..

Adiprene C 55 12,
Silastic S2048 59 174
Silicone W96 71 185

Synpol 1500 74 41
Philprene VP-25 77 62
Natural 78 4Z
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 100Z 84 43
"!, :ar 1043 84 48
Neoprene WRT 85 59
H1, ar 1014 88 61
••1y, r 4021 89 63
Silaitic LS-53 98 97
Viton A-HV 100 44

(a) Mast indentation is the depth of penetration of a 0.125-inch hemispherical ,adentor into

the sample with a 1000-pram weight reo -" on the indentot. Readings are -. ken after

I minute and are expressed in hundredths of a millimeter. This test utilizes the Mast

indentometer Model 650-2, bu, otherwise it is the same test as ASTM D531-56.
"Indentation of Rubber by Means of the Pusey and Jones Piastometer".

General Dynamics(l) irradiated four O-ring formulations manufactured by

Precision Rublier Products Corporatior (PRP). Three of t. fe'ormulations were dev, l-

oped in a cooperative program by B, F. Goodrich Co. and PRP to develop radiation-

resistant O-ring compounds The fourth was a eta idard PRP Viton-B formulation.

Data were given for a neoprene rubber containing S 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

compositiomi 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 10 10 ergs g-I (C). (See Tablec 18 and 19.)
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Koehler and Pefhany( 2 8 ) tested a gaging system for reactor pressure tubes de-
signed to measure diameter, su:face defects, wall thicknest, and straightnesr in a de-
fuelled, drained channel during periods of reactor shutdown. The ultrasonic crystal
used to trace the wall contour required a water coupling to the tube wall and, therefore,
s*me of the O-rings were wet or immersed in water during the testing of the gaging
syztem. As a result, soinz of the O-ring mat'.rials were tested wet and some dry, de-
pendr.ng on the location. The neoprene O-rings vere found to be satisfactory to a radia-
tion exposure of approximately 1010 ergs g-1 (C) both wet and dry. Although the 0-
r;ngs 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 sati'facto-y when . v., but they hardeted 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 temperature
cycled daily from -175 to +50 C. They were then subjected to radiation exposure in n.r
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.

''-• 4 J,,rr sealing materials within a solenoid changed in hardness or .e,

thereb" increedsing the mechanical forces required to actuate the valve. This is illus-
t..ti, of the .:pe problems encountered. Leakage rates of components w-th elasto-
mer se'als i;, seats generally increased as a result 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 data for O-rings whichi were irradiated in vacuum or in air and tested in air.
These were described as being stdtic tests. Tables A-29 and A-30 contain data for
materials irradiated in vacuum and tested in vacuum. These were described as being
dynamic tests.

Examilnatlon of Table A-28 will stiow that nitrile rubber ',•a-ker Compound 66-

581) is not seriously affected by radiation either in air or vacuum to an exposure of

109 ergs g-I (C). At 1010 ergs g-I (C), the effect cf 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 racuum to 9 x 109 ergs g-I (C). However, up to 5 x 109 ergs g-I
(C), there was little difference between irradiation in air and in vacuum. No significant
change in weight occurred.
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Irradiation to an exposure of 109 ergs g-I (C) had practically no effect on neo-
prene either in air or in vacuum. Dynamic ce-'.. (tests in vacuum) showed little differ-
ence from the tests in Air (see Tables A-28 and ý-29).

Radiation effects on Viton-B appeared tk* be sirmilar whether irradiated in air or
in vacuum. Elongation aecreased considerably nfter !09 ergs g'- (C) (compar.
Tables A-28 and A-30).

A nitrile rubber containing an antirad (PRP 737-70) showed better tensile strength
when irradiated in air than in vacuum. After 109 ergs g-I (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-I (C), but above that exposure, changes in physical
properties were large. Viton-B showed considerable change at 109 ergs g-I (C). At
the highest exposures, natural and nitrile rubber appeared to be damaged more by ex-

posure to gamma radiatioi, iia vacuum than exposure in air. Neoprene and 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(3 5 ) exposed several elastom.nric taals to a gamma exposure of
5 x 106 ergs g-I (C) in a vacuum (Z x 10-6 torr at beginning of exposure and 9 x 10-6

torr at end of exposure) and measured weight and Durometer hardness changes. Sam-
ples remained in vacuum condition for I - cek follc-,ing the radiation expo. uL before
they were tetted. No gross physical property changes of the seals were o.) -rved. Data
are g 'Y Table A-32.

Gra'A•) determined the effect of radiation and vacuum exposure on the compressive
an. tensile .r ength of Fluorobesios, 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 after radiation exposure of 109 ergs g- I (C) in
vacuum.

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 detector connected to the in-
terior of the seal test container. The vacuum level was maintained below 10-6 torr ex-
cept in case- of seals for which leakage rates were too .d;i.l- '% -raintain the vacuur,.

All seals were dusted with molybdenum dis i1fide before installation. Elastomers
examined for use as seals in reciprocating enginas 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, Teflonp 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 centimeters of helium gas,
after test durations of 30 minutes. It was found that a dry lubricant such as molybdenum
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disulfide improved performahce. Silicone rubber and Viton-A proved to be good mate-

rials for rotational motion. Again, small amounts of dry lubricants were beneficial.

Sea! positioning and loading were found to be critical, and have to be carefully designed.

Teflon was particularly ineifective because of itr relatively rigid, jhflexible orop-

ertics. Thc materlal wore rapidly since it was iot .i, porous as the #,lastomers and

would riot accept a surface coating o:" lubricant st '-h as molybdenum .disulfide to.yedtce .

friction and wear. Gray points out that eelf-lubricating properties of a material ap-

prently 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

uplit 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 redaced 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 material1s as well us the remainder of the elas-

tomers tested were not ,preciably affected by a 2-week vacuum exposure at I x 10-7

torr.

In another study of sealants for Mpace euvironment, Farkass and Barr.,'04)
scrceae- ....*'e a elastomer materials for use as O-ring-type door seals. Thoi•e were

studie,: from t ne standpoint of outgassing and leakage rates in a high vacuum environ-

ineni. Again, a radiation environment was not considered in these studies. Butyl

rubb .r, Viton- , neoprenep and Buna-N were roughly comparable in combined gas load

(leakage plus c•itgassing) during the screening tests, with preference in the order

named. Natural rubber was eliminated because of excessive physical damage, and

Teflon was 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 outgrssing with Butyl, Viton-A, and neoprene in

descending order of merit. The degree of compression of the 0-rings was found to be

an important factor and the effect of compression was approximately the same- 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, oXi , 1. the elastomere

studied. However, different elastomers reacted differently to long exposure at 100 C.

The leak r'ate of the silicones ultimately decreased 'y a hundredfoldp but the deforma-

tion made it impossible to re-use the O-ring. ButyA rubber is not deformed by pro-

longed heating and the leak rate remains at the level initia•ly reached. Neoprene and

Viton-A performed in a manner intermediate to these two extremes.

Tables 20, 21, and 22 show the air Idak ratell of the better elastomers at 23 C and

at 100 C, as well as the permeability and effect of l3oading on the air leakage rmteti.
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TABLE 20. AIR LEAK RATE 0V ELASTOMILR COMiPOUNDS( 4
2Xa)

Leak Rate std cc air/
inch/ year

Compound .V C 100 C

Silscine (Compound 76-128) 2.2 3.6

Silicone (Compound 77"-018) 2.1 3.6
Neoprene 0.03 0.29

Vitcon-A 0.022 0.44
Butyl <0.001 0.37

(a) Elastomer was loaded by four clamps with 40 foot-pounds
torque on each clamp in addition to atmospheric pressure..

TABLE 21. COMPARISON OF REAL AIR LEAK RATES OF ELASTONMER.' AS MEASURED EXPERIMtNTALLY AND AS CALCULATED

FROM PERMEABILITY VALUE(
4 2 )

aPermea L"ak Rate at 100 C. std cc aIr/inch/year

Material std cc/(cm= (cmXatm Ysec) Calculated erimentaiP)

Viton-A 8.8 x 10-8 0.36 0.44

Neoprer- 7.0 x 10-3 0.29 0.29

Silcone (( .npou.,d 6-128) 450 x 10-8 18.40 3.60

SiLcm%, ;orrpound 77-01,S) Ditto

Butyl 3.2 x 10-
8  0.13 0.37

(a) Obtained .rom WAX:C Technical Report 56-331, References 20-23. cm
2 

refers to thickness ci material.

(b) The clamp torque was approximately 40 foof-poundb during these measurements.

TABLE 22. RELATION OF AIR LEAK RAr OF GASKET MATERIAL TO LOADING(
4 2

)

Air Leak Rate, std cc air/inch/year

Torque on Clamps, ft-lb Neoprene Silicone Butyla) Viton-A

0 (atmospheric pressure) 1.28 10.0 <0.001 1.3
10 0.22 4.0 <0.001 0.2
20 0.09 2.8 's0.001 C. 08
30 0.03 2.4 <0. 001 0.04

40 (normal operating torque) 0.03 ^, 2 <0.001 0. 022

60 0.03 ".2 <0.001 0.02

80 0.03 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) It 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 compress the rubber sealant material. Therefore, the conclusion that an adequate seal can

be constructed employing the action of atmospheric pressure m a flangcd door using a Butyl O-ring gasket should not be too

hastily drawn from these figurcs.
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Thermal Insulation (Foamed Materials)

Polyureth. -. e foamed materials appeared stable when irradiated to 5 x 108 to I x
119 ergs g-I (C) in air and in vacuum. At cryogenic temperatures, the approximate
threshold point for compressive resistance was an exnr mure of about 5 x 109 errs g-I
(C). The radiation threshold at cryogenic tem,.trtvri- for a polystyrcre thermal insu-
lation was about 5 x 109 ergs g-I (C).

Two polyurethane foamed materials manufactured by Chemical Plastics Research
Company were irradiated in vacuum at General Dynamics and teuted for compression
strength at 25 per cent deflection in air and in vacuum. (7) After a radiation exposure of
109 ergs g-I (C), compression strength of CPR-20 did not change when tested in air
(100 psi to 99 psi). When tested in vacuum to a radiation exposure of 5 x 108 ergs g-I
(C), compression strength for 25 per cent deflection increased to 124. 5 psi. With the
second material, CPR-102-2, 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-I (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 mnaterial at ar exposure of about 5 x 109 ergs g-! (C).

Styrofoam 22, a polystyrene thermal insulation, showed a radiation th. Shold of
2 to 5 x s gs g-I (C) at cryogenic temperatures.
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ELASTOMERS

Radiation tiata relative "o elastomeric materials since the publication of REIC

Report No. 21 have resulted 3rimarily from radiation etudies of end items and compo-
nents of operational equip:,tei t. Efforts to develon new and improved materi-als nave
met with only limited succes:,, and, as a res-Alt, these stidjes have been cut back. Data
on the effect of extreme temperatures ankd of a&, uumn with radiation are included in this
r.,port. Many of the data ha' e been preserteu in the discussion of various components,
but information of general siinificance is included under the several types of elastomers.
For information on those elastomers for which no additional pertinent data have been
received, the reader is refe -red to REIC Report No. 21, September 1, 1961.

Elastor'ers are ainong the most sensitive to environment of any of the materials
considered for equipment to 3e used in spa4.e. (44) Vulcanizates containing plasticizers,
oils, and other compounding ingredients are more apt to be affected adversely by space
environments than are polyrrers w:thou.t these additives. However, for applications
such as seals or gaskets, th..re are few other materials which may be used satisfac-
torily. As a result, work is continuing in such areas to develop satisfactory seal
mate rials.

Poll-ac rylic Rubber

- iation stability of acrylic ru bers is slightly inferior to those e( nitrile

and r oprene rubbers. An exposure of 10 ergo g' (C) will effect an over-a&l changu in
phý cal p-.,, -rties of 25 per cent.

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

No adoitional radiation-effects data were received since issuance of REIC Report
No. 21. However, some Information on the effect of vacuum was noted. Hycar 4021
exposed to 400 F for 5 days in eacuum retained appreciable strength, although elonga-
tion decreased considerably. (45) Compound formulations and values of the rroperties
tested are given in Tables B-i and B-2 in Appendix B. These data are Incli dad to help
in design of parts for npace, seice, in general, radiation deterioration In air is ;roater
than that in vacuum.

Butyl Rubber

Butyl 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 8"I(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 ard 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 slightly
changed (7 per cent) in tensile strength when exposed to vacuum (10-4 to 10-5 torr) and
elevated temperdture (250 to 300 F).

Snyder(4 6 ) exposed 3.,tyl rubber toa ultraviolet in vacuum (I x 10-' torr) for Z4,
96, a id 312 hours. In each case, tensile strength increased irom ..bout 10 to 15 per

S_cent-. Elongation decreased from 10 to Z5 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 -*ere a
stop in this direction, but did not produce the needed improvement.

Chlorobutyl elastomer has, because of its chlorination, additional crosslinking
sites. It was felt that gamma radiation could cause crosslinking at these sites and
counteract the chain/scission reactions of regular Butyl compounds. Yor this study
Heitz and coworkers( 4 7) 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 .,,int in the
chlorrl'-!.7 compound (suggesting a threshold exposure of about 109 ergs g-l(C;) for scis-
sion sialar t. the one for crosslinking in other polymers). The scission eflet seemed
t- be tore pr*i-ominant in air than in vacuum. The specimen surfaces decomposed to a
stick -tacky c., :dition. Cumbined radiation prevented the formation of this tacky sur-
face, but that tf,'a was purely a surface conditior, was indicated 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 lack of surface decom-
position except in spots on the clamped ends. and the compoun' (158-62) containing 75
parts chloroprene to 25 parts chlorobutyl exhibited no slirface decomposition a ill.

The heat encountered, couple-d with the ultraviolet radiation, makes the disc,!szion
of combined radiation difficult, but it was felt that blending compounds r, dght be a good
way to achieve a balanced radiation resistance, by maintainir.g a balanced crosslinkird/
scission reaction without adversely affecting the vacuum stability.

Chlorosulfonated Polyethylene (Hypalon)

Hypalon 30 showed good stress-strain properties up to a radiation exposure (:f 3. 1
x 109 ergs g- 1 (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 vacuum is more severe than that of
radiation in air.

S. . ... " ', '. " I' I !!ll 'I-' 1



57

Hypalon 30 as tested by Wattier, Newell, and Morgan( 4 8 ) showved goad stress-
strain properties up to an exposuur uf 3. 1 x 109 ergs gr'(C), after which all properties
tested except ultimate st'r, igth underwo3nt considerable change. Data are given in
Table 23.

'ABLE 23. ENGINEERING PRONfATlES(a) OF FWi.P.-LON 30 ELASTOMER
VERSUS RADIATION

Integrated Neutron
Flux (N), n cm-2  Slope of
(E >0. 3 3 Mev)(b) Modulus at Load -

Gamma 100% Ultimate Ultimate Deflection
Exposure (G) iElorgation, Strength, Elongation, Compression Curve,
ergs g1 I(C)(b) psi psi % Set, % lbin.

Control 1184/8. 7/ 5 2769/3.4/5 '212/8. 1/5 32.7/7.3/3 2947/2.4/3

N 2. 3x 1013
G 5.1 x 107 1392/5.4/ 5 2945/2. 8/4 208/4.7/4

N 1 x 114
N 1:84x 10 8 35.2/4.4/3 3Z93/3.6/3

N 8 x101 4

G 8 x108  45. 2/3. 7/4 36-,,);-.. 8/4

N 1. 2x .015
* 3.1 - 109 1610/3. 2/4 2688/7. 3/4 175/ /4

N 5. 5to 7. 0x 103
G 1.l1to 1. 4x 10 10 z864/1.8/5 88/12 /5 83.2/6.3/2 7680/3.7/2

(a) Data are given as i/S. r). /n. whereli a average value, S. D. - standard deviation of an individual observation estimated
from the range. and n anumber of specimens used in calculati P I and S.D.

(b) Ambient radiation ^"iperature; test temperature 80 F.

The effects of filler level, antirad, and curing time on the radiation resistance of
chlorosulfonatee riolyethylenes were examlz~ed by Heitz. (47) Addition of 3. 3 parts
hydroquinorie (13 -62) improved radiation resistance-, of the base compound (130-62).
Decreased cure t me of this formulation produced a compound C±.a £) with a lower
radiation resistance rating (i.e. , greater property changes) than the control compound.
(See Appendix B, Tables B-8 thi~ough B-13.) Increasing~ the carbon black content (132-62)
lowered hAie rating, but a test of this compound after aci4ition of an antirad (138-62)
indicated an improvement.

It was noted the antirad compound cured for 120 minutes and the compoutids with
the higher level of carbon black showed an init-all decrease in modulus, indicating a
possible threshold exposure for crosslinking t( ecome predominant. This "threshold"
effect was masked by further curing of the material. 7" any event, crosslinking was
increased as the exposure time was irncreased.



In general, the effect of stcaight gamma radiation in vacuum was more severe than
that of radi.t•iu. in dir. The #.hanges 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 vacaum
it.adiation, indicating a strong oxidation reaction. The mixed radiaLiog increas.d the
weight gain in the vacuum condition and decrca'cd t~c gains in air.

It -must be noted that it was impossibte to sc parate the effects of heat aging from
th.e 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'(C), and 25 per cent damage at 6 x I09 ergs g'l(C). Th.s 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 erio t( 1 (C) in jet
turbine oil.

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

Vi.on-B irradiated in bis-phenoxy-phenyl ether at 400 F at an exposure 1 l010
ergs g" wed excellent retention of tensile strength but a decrease of L, per cent
in elon, ition.

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

FluOrtbuatyl acrylate elastomer increases , )out 40 per cent in tensile stz'ength and
20 per cent in hardness but decreases in elongation by 70 per cent when irradiated 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 would appear that, at gamma exposures of A. 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 strength
of 39 per cent. Vacuum did not ippear to make a differenLL . t t: - 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 erpi g-l(C). DeWitt, et s4. 0(1) found that a vacuum of 5. 5
x 0o-4 torr and a temperature of 400 F for 6- 1/2 hours caused only a slight decrease in
tensile strength and elongation of Viton-A and practicil1y no change in hardness. (See
Tables B-14 and B-15, Appendix B.)

Podlaseck and Suhorsky( 4 ) measured the change in permeability of Vlton-A after
exposures to vacram and ultraviolet for periods of up to 2 weeks. rhe results (Fig-
ure B-I) 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/sec x 1010 for a pressure
of 105" torr.
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Ossefort and Ruby(4 5 ) found that a Viton-B vulcanizate showed better properties
when subjected to 600 F in vacuum for 5 d.,ys than when exposed to the same tempera-
ture in air. However, tensile strength had Iecreastd from 2610 psi to 620 psi. At
5S0 F, tensile strength had decreased only to 2140 psi. Data are given in Table B-16,

Heitz and coworkers(' 7 ) studied the etfei t ý,f tbe arnount and type of filler with
Vitor.-A. They found that increasing the amount t,' Carbon blac'k increased the amount
of change iniduced in the physical properties by exposure to irradiation. The compound
coitaining GPF (152-62) rated slightly lower that. the compound containing MT black
(151-62), but the pattern of difference was not consistent between them.

Examination of the data an 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 contirued increasing as the exposure time increased.

7"diation in air produced greater changes than radiation in vacuum for ali corn- I
poun:.a. At low carbon black levels, the combined gamma-ultraviolet radiation produced

greater changes than did straight gamma radiation, but the situation was reversed 'or

the higher-carbon-black- content compounds.

The heat effects present in the combined gamma-ultraviolet radiation conditions
agai- made evaluation of the effects of ultraviolet irradiation difficult. However, the
heat resisiance of the fluoroelastomers provided sorme help in separating the heat and
ultraviolet effects, by minimizing the effects of heat rn the elastomers.

Nitrile Rubber

Further -ork is needed to confirm reported results on the effect of radiation in
vacuum because of conflicting data. For example, nitrile rubber appears to be less
radiation stable In vacuum than in air. In air at I010 ergs g'l(C) exposure, tensile
strength increased from 2459 psi to 3512 psi. In vacuum, tensile qtrength at 109 ergs
g 1(c) decreased from 2630 psi to 203 psi.

On the other hand, some nitrile rubber O-rings were not seriously affe :ted by
raliation either in air or in vacuum to an exposure of 109 ergs g1 l(C). At 10 0 erge
g (C), the effect of radiation was about the same whether or not air was present.
When tensile strength was determined in a vacuum after irradiation, it appeared some-
what lower thi.i when tested in air after being irradiated it a v. *-_m. I

Additional work on nitrile rutiber has includeqi' studies of the effects of vacuum,
and nuclear radiation and vacuum, and some additiunal work on the effects of artirads. I
The latter is discut ;ed in the section on antirads.

Bonzanni( 4 9 ) irradiated Buna N rubber to an exposure of 7.9 x 107 ergs gS'(C) in
air, in a closed atmosphere, and in vacuum (5 x I0"5 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 more severe than that in an open atmospheric condi-
tion. The average tensile strength was lower at an exposure of 7. 2 x 10 ° ergs .- l(C),
and at 7. 9 x 109 ergs g- (C) tensile strength was about two-thirds that of the samples
exposed to gamma irradiation in an open atmosphere. In a vacuum, Buna N lost mo•re

I
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than 50 per cent of its tensile strength after exposure to 7.9 x 109 erge g-1 (C). The per
cent elongation followed a straight-line degradation, but with a lower per cent elongation
value in vacuum than in air. The value in a closed Ltmosphere was again intermediate.
Thas, nitrile rubber appeared to be less satisfactory when irradiated in a vacuum than
wh,.,i irradiated in air. Dat2 are shown in Figures 12 and I1.

Kerlin( 6 ) found that air produced a harder a..d more brittle material with Buna N
(RA 30760), while vacuum irradiation produced a weak, tacky, ductile material. After
exposure to 1010 ergs g'l(C) in air, tensile strength increased from 2459 psi to 3512
psi, while after exposure to 109 ergs g'l(C) in vacuum, tensile strength decreased from
2630 psi to 203 psi. Data are Rhown in Tables B-ZI and B-22 in Appendix B. No weight
loss occurred at a vacuum-garmma radiation dose of 7 x I09 ergs g'1 (C). (See also dis-
cussion on nitrile rubber under seals, O-rings, and gaukets. )

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(4 5 ) 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)

rensile ., -ength of ieoprene varies depending on the type of polymer, cure, and
additives, b,:t ir general, tensile strength decreases to a radiation exposure of 4. 3 to
8. 7 x 109 ergs g l(C) and then increases with increasing radiation. Twerty-five per
cent cha.ige 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 109 ergs g'l(C).

Reports on the effect of vacuum and radiation on neoprene are conflicting. Somt
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 stability of the rubber in vacuum.

Data obtained on the effects of radiation on neoprene 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"I(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, Bonannil.4 9 ) irradiated a neoprene rubber to 7. 9 x 109 ergs
g9 I(C) and found little difference between the effect of radiation in vacuum, in air, and
in a sealed atmospheric 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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differenc-s were in general not larae. There was one exception in which Neoprene
WRT having 35 parts of SfF carbon black showed a much greater Lhange in tensile
strength in air than in vacuum (see Table 24).

"TABLE 24. EFFECT OF GAMMA RADIATION AND V•ACUUM ON NEOPRENE WRT
COMPOUNDS AT ROOM TEMPELATUTRE( 4 7 )

"Radiation Tensile Strength, psi Elongation, per cent
Exposure, Irradiated Irradiated Irradiated Irradiated

Compound Description ergs g- I(C) in Air in Vacuum in Air in Vacuum

138-62 35 parts SRF None 2303 537
carbon black 3. 6 x 109 579 23

3 3x 109 2140 77

139-62 35 parts SRF None 2149 516
carbon biack, 3. 6 x 109 1016 70
2 % 4, 3 x 109  i167 123
hydroquione

140-62 35 parts SRF None 1835 517
carbon black., 3. 6 x 109 1063 93
5 70 j 4. 3 x 109  1243 123
hydroquinoxte

159-6, 50 parts HAF None 2654 287
carbon black; 3. 6 x 109 898 27
L red 40 mir. ....
at .93 F

161-62 50 parts HAF None 1651 437
carbon black- 4.3 x 109 2116 53
cured 20 min 4. 3 x 109 1864 47
at 293 F

The reasons for the conflicting dita 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, Newall, and Morgan(4 8 ) 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 mile thick), a postirradiation decrease in teusile
strength with time occurred with room-temperature storage. There were no detectable
postirradiation effects in the special 0-ring formulation of neoprene (78 mils thick) by
Parco. When neoprene is stored in an oxidizing atmosphere, postir rdiation changes
probably will be more noticeable in thin samples th-.n in thick ones due to the time for
diffusion of the oxyger through the rubber.

S..... - " Imilm :j '
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Hcitz( 4 7 ) studied tl.e 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-.MX) decreased the radiat-or' .nduced phyZical changes in air by
a out 20 per cent, and an increase in the level of 5. 0 parts decreased the changes by
abý,ut 30 per cent. However, changing froin 35 part j PL 3RF black to 50 parts lW.T black
(159-62) decreased the changes to a greater extert.

In general, the reaction was predominantly cr.sslinking and the crsslinking in-
creased markedly with increases in dosage. Room-temperature irradiation in air gen-
era!ly produced greater changes than room-temperiture radiation in vacuum, but the
situation was generally reversed in the combined nuclear rtdiation-ultraviolet radiation
exposures. The specimens seemed to gain weight during exposure, particularly after
air exposure, and this increase was even more marked by the addition of ultraviolet
irradiation and heat.

Snyder(4 6 ) exposed neoprene to ultraviolet rac.iation in vacuum. Exposure was at
80 and 155 F for 24, 96, and 312 hours. Ultraviole'. caused tensile strength to increase
and elongation to decrease. Values are given in Ta'ile B-32.

Data have aiso been reported for the effect of vacuum ai d elevated temperature5
without exposure to radiation. DeWitt( 9 ) found that vacuum exposure of 5 x I0-4 torlr
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( 4 5 ) showed the effect of exposure to elevated tempe,.tures and
vacuum Di:-' 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, ,projet les did not change significantly up to 212 F. At 300 F, and
5-day explo;ure tensile strength decreased by a,?proximately 25 per cent. However,
properties had not changed to such an extent as to affect serviceability for most
applications.

Styrene-But. diene (SBI

Styrene-butadiene rubber (SBR) rommonly called GR-S resists radiation better
than most of the common synthetic rubbers, but ic not e ual to natural rubber in radia-
tion resistance. Threshold damage is reached at 2 x 101 ergs g-I(C), and 25 per ceit,
damage is accrued at I x 109 ergs g'l(C).

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

Data un xadiation effects on SBR rubber included the effects of some antirads and
are discussed in the section on antirads. Ossefort and Ruby( 4 5 ) examined the effect of
vacuum and elevated temperature on SBR vulcanizates with and without art antiozonant.
Specimens with antiozonant lost their ozone resistance after exposure to vacuum at
either room or elevated temperature. The antiozonant no doubt sublimed under vacuum
and so was removed from the vulcanizate. Data are giwvn in Table B-34, Appendix B.
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Polysulfide s

Polysulfide rubbers have poor radiation stability. An expo s're of 108 ergs g- I(C)
in air is sufficient to damage Thiokol ST seriously. However, it retains its elongation
to a greater extent tnan do most elastomers. After &A exposure of 1010 ergs g- A((,),
both Thiokol ST and FA retained considerable eLingation. Thiokot materials can be
used for applic-itions where flexibility is required withiout any great strength.

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

heitz, et al. ,(47) studied the effect of gamma radiation, vacuum, and ultraviolet
on polysulfide elastomers. These were vendor compounded, and the or.ly Known varia-
tion was the type of curing aeant. One dichromate-cured compound (154-62), one lead
peroxide-cured compound (155-62), and two manganese dioxide-cured conpounds (146-
62 and 167-62) were tested. Data are given in Appendix 8, 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 manganese
dioxide cures, this was indicated by decreases in mc,-ulus and hardness. T.,
dichromate cure, however, produced slight increases in modulus along wit!' slight
decrea .,- t rdness, indicating a possibilit)y of a more balanced crosslink P,/chain
scle-,in reaction.

The alum. 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 accompanied the radiation and the heat sensitivity of the compounds.

Wattier, Newell, and Morgan(4 8 ) examined Thiokol ST rubbor for postirradlation
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 g81(C) increased in
tensile strength (see Table B-40).

Polyurethane Rubber

Polyurethane rubber is one of the more radibtlon-i.esistant elastomers. It is
damaged by 25 per cent at an exposure of about 4 x 109 ergs g-I(C). Hardness is
unaffected even at B. 7 x 1010 ergs g- I(C).

Irradiation in vacuum has about the same effect as irradiation in air. The effects
of combined radiation and temperature up to 260 F are approximately the same ag for
radiation alone with respect to tensile strength. Elongation is greater at the elevated
tempe rature s.

Cure and filler are Important considerations in determining radiation stability of
polyurethane rubbers.

PAR_~
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Polyurethane ribber is recognized as being one of the more radiation-resistant
elastomcrs. Born and associates( 4 1) found Estane VC cured with 4 phr DiCup (dicurnyl
peroxide) to be the most radiation-resistant compound tested. It required an exposure
of 5. 5 x 109 ergs g (C) to induce 50 per cent net compression set. On the other hand,
Aiiprene C, a carbon-black-reinforced sulfur-cu.ed polyurethane, showed poor radia-
tiva resistance. Thus cure and filler are irnrw)rtant considerations in determining
radi;.tion stability. Born indicated that thetype of crodslink appearid to play an important
role in the radiation resistance of the different p• ayurethanes. Also, spatial arrange-
rmints 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(4 8 ) 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 elongation of all the elastorners decreased at the highest
radiation doses. No major postirradiation effects are evident in thair aata and for £awst

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. I'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 Z7. Data for the individuaal elastomers are given in Tab',> B-41
thro.,,, n- 50 "n Appendix B.

".eilon . R-80T, a polyurethane elastomer produced by Seiberling Rubber Co., was
irra rated rt F and at 250 F to a gamma exposure of 9. 4 x 1010 ergs gSl(c) at the
lower temperat Are and 8 x 1010 ergs g-l(C) at tne higher temperature. (15) Preliminary
observations indicate that this elastower has excellent radiation resistance. However,
the oriblnal hardness of the materialn before irradiation was about 96, Shore A, which
is higher thait 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 F and Z50 F. Data arc given in Table 29. It cais
be seen that at the lower temperature, comprassion sct at 50 per cent daflec ion in-
creased from 8 per cent to 20 per cent at i09 ergs g'l(C), to 95 per cent at 8.3 x 109
ergs g- (C), and 100 per cent at 2.8 x 1010 ergs 1;I(C). At the highest dose, 9.4 x 1010
ergs g'l(C), the material adhered to ti.e plates. At 250 F. ','rnipression set oi the u ,ir-
radiated material was 103 per cent and Irradiation did not change this value. However,
at an exposure of 8 x 1010 ergs g"I(C), shrinkage rnd sticking to the plates again was
encountered.

Effects of Radiation and Vacuum

Golden and Hazell(5 0 ) determined the effect of high energy radiation in air and in
vacuum on polyurethane rubber. He found that tensile strength and elongation were
steadily reduced by electron radiation. The effect is more marked in vacuum than in
air. In vacuum, complete loss of strength of Vulkollan Grade 2018/4U (hardness 60 * 5)
was caused by an exposure of 101 0 ergs g- l(C).
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TABLE 27. EFFECT OF RADIATION AND TEMPERATURE ON POLYURETHANE
ELASTOMERS

Temperature
Exposure ft. st Tensile

Irradiation, Dose(a), Tenmperature, SLt.ength, Elongation,
Polyurethane F 4rgs g- l(c) F p-s " 'per" cent

Genthane S 75 None 75 2360 468
(General Tire) 75 3.7 x 101 75 386 63

3109-B- 13 75 None 75 4745 434
(Du Pont) 75 2. 1 x 1010 75 3325 128

Disogrin I-DSA- 75 None 75 7222 666
6865 75 2. Z x 1010 75 899 56

Dixogrin I-DSA- 75 None 75 4688 583
4250 75 2. Zx 100 75 2574 77

Adiprene L (Da 80 None 80 5346 390
Pont) 12 Phr 7 x 1010 80 1679 75
MOCA Cure: 260 None 80 5542 420
3 hr at I00 C 5.4 x 109 80 1513 299

Adipr- Le L-! P7 80 None 80 5949 328
18 nr MOr k 7 x 1010 80 2650 63
C, e: I h: ,•' f60 None 80 6013 358
100 C 5.4 x 109  80 3111 326

Adipre" 1,- 167 80 None 80 1002 452
5. 8 Phr 1,4 7 x 101 0  80 604 69
Butanedlol 2"40 None 9 80 1361 499
1 P.•r 5.4 x it £0 575 465
Trimethylprop?
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
1.9 x 1010 80 1218 138

Genthane 8-2 80 None 80 2932 598
7 x 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 7 x 101 0  80 890 29

260 None 80 4160 609
1.9 x 10 10  80 992 139

_ II lU I • .U.
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TABLE 27. (Continued)

Tempe ratur-
of Exposure Te st Tensile

Irradiation, Do se(a), Tem.c:-iture, Strength, Elonr tion,
P-ilyurethane F ergs g!(Cj F psi per cent

Disogrin I-DSA- 80 None 80 4989 685
b-365 7 x 0I10 80 830 36

260 None 80 4345 676
1.9 x 1010 80 1260 278

Disogrin I-DSA- 80 None 80 5254 718
7560 7 x 1010 80 850 35

26 None 80 ....
1.9 x 1010 80 1474 362

Disogrin I-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 (5 4 18 )(b) 6A
8445 7 x 1010 80 1050 ,t

260 None 80 5082 555
1.9 x 1010 80 -- --

Dis. rii•2-D: n - 80 None 80 5661 563
9840 7 x 1010 80 2585 56

260 None 80 5917 599
1.9 x 1010 80 2524 330

Disogrin 3-DSA- 80 None 80 1.5 7 5 9 )(b) (588)Jb)

8050 7 x 1P 10  80 1075 44
260 None 80 -- --

1.9 x 1010 80 -- -

Disogrit, 3-DSA- 80 None 80 3407 598
9045 7 x 1 010 80 2472 49

260 None 80 2928 616
1.9 x 1010 80 2071 313

(a) Control specimens were subjected to the same nonnucleaj envlronrnent and test procedures as the irradiated ones.
(b) Numbers in parentheses are values from equivalent test.
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TABLE 29. SUMMARY OF EFTFECTS OF IRRADIATION AT TWO TEMPERATURES
ON FLEXIBLE POLYURETHANE FOAM (BLOWN POLYETHER
URETHANE, GENERAL FOAM CO. )(15)

Temperature Compre s sion
Gamma Exposure, Treatment, Density, Compression :eL-'ction(b)

ergs g 1(C) F/hr lb/ft 3  Set(a), 1 psi

0 75/67 2.65 7.67 0. 500
3. 2 x 108 75/2 2.57 4.70 0.565
1.2x 109 75/2 2.75 19.42 )."1
2. 7 x 109  75/6.7 2.62 77.39 466
8. . , 75/6.7 2.51 95.99 ,.340

8 x 100 75/67 2.67 100.34 0.171
).4 x 1') 75/67 Z. 86 (C) 0.034

0 210/2 2.36 69.3. 0.591

2.7 A 1O
8  210/2 2.50 77.37 0.602

9.7 x 108 210/2 2.46 82.23 0.542
0 9240/6.7 2.30 99.69 0. 638

2. 9 x 10 9  .40/6.7 2.48 99.02 0.525
1.1 7. 1010 240/6.7 -t, 59 200. 33 0.407

0 Z'50/67 2.33 103.29 0.764
2.4 x 1010 250/67 2.64 102.66 r. 330
8. 0 x 1010 250/67 3.14 100. 0(c) j. 223

(a) Comprmsd to 50 W cent deflection during irradiation and for time period of 312 hours. Average of 6 semples.
(b) Load requiteWd." 26 per cent compreuuion of 1-sq-on. -specimen am. Averigazi',, - r. pies.
tc) Highest expoure groups adhered to plates. Somn could not be remnoved. 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 the higher doscs. Nc, voids or bubbles were formed.
Data are shown in Figures B-2 to B-5.

Heitz, et al. ,(47) examined a polyurethane vuicinizate for st-bility to nuclear
radiation and ultraviolet radiation in air and in va.::uum. He found that tne samples
mrnderwent an initial crosslinking period after which chain scission was mere pre-
dominant. The difference between air and vacuum irradiation appeared very small. The
wcignt 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-S1.

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 elongation. Vacuum pressure
obtained with Adiprene L would suggest that quite a bit of outgassing occurred.

Ossefort and Ruby( 4 5 ) found that 5 days' exposure to vacuum at 2(W 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 Lf Rae ation and Fluid Immersion

Wit~ier, Newell. ani Morgan(4 8 ) irradiated four polyurethane elastomers while

immersed in selscted fluids. Those included:

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

Samples were imnerseed for approximately I month prior to irradiation and soaked 10-
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 Rubberm.

The tensile strength of silicone rubber increases with irradiation in air up to an
exposure of approximately 109 ergs g 1'(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
5 x 108 ergs g 1 l(C) at 200 C.

Nitrile silicone retained useful properties when irrod.iiated in fluids such as

Oronite 8515, MIL-L-7808, and JP-4 fuel to an exposure of 1010 ergs g1 l(C).
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Changes in tensile properties of silicone elastomers due tu vacuum irradiatior

(gamma) are, in genter;il, nq'liv.lent to or somewhat greater than the changes indurt.1 by

irradiation in air.

Vacuum exposure to 600 F for 5 days had no appreciable effect on tensile strength

of .. licon elastomers, altholigh exposure in air reduced tius property by about 50 ;.:r

cent. Elongation was not greatly affected.

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

Radiation-effects data have been obtained on the following types of commercially

available silicone rubbers: dimethyl, methyl phenyl, methyl vinyl, methyl phenyl vinyl,

methyl trifluoropropyl, and nitrile siloxanes. Of these, the nitrile and methyl phenyl

silicone vulcanizates suffer thl, least damage when exposed to gamma radiation in air
•A'hile the methyl trifluoropropyl type experiences the greatest 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 these types.

Additional information covered in this addendum includes effect of temperature and

gamma radiation-vacuum and gamma radiation, and some data on the Lf..c~ct of ultrav" -Lt

radiation.

Effects of Radiation and Temperaturu

7." ft;-r, Newell, and Morgan(4 8 ) irradiated six silicone elastomers at -65 F,

80 F, .-,id 35U F. The materials were stored at the same temperatures until !-.sting.

Testi-.3 was al -65 F, 80 F, and 300 F. Table 30 shows the changes in ultimate strength

due ( irradiatL.n at the three temperatures. Additional tensile data are presented in

Appendix B, Ta•Ies 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"l(C), and then decreased

with increasing exposure. This decrease appeared to be quite rapid above 109 ergs

g- 1(C), as shown by comparing the above tables with Tables B-64 through B-67. The

increase in tensile strength was considered to be a continuation of the crosslinking th',t

was not fully completed by the usual curing process and the decrease wan attlibuted 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 compiession duringf, radiation. A nitrile elastomner

(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 Wo

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 eiuvironment than for the

static-compressed environment. No difference was found for DC-916.

Dexter and Curtindale at Dow Corning Corpo.,ttlon 3 6 ) determined the combined

effects of gamma radiation and high temperatures on the electrical and physical

properties of liquid, semisolid, elastomericp and resinov:j 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 ral.ging from 150 C
to 200 C.

These investigators state that the tensile ,trongth of silico nie rubbers, e.g. ,
J1astic 16A2, was unaffected by irradiation at room temperature and at 150 C to 1010

e_:•s g" I(C), while irradatic.r at 200 C decreased t ensiie strength (see Figure B 5).
Li a. cases, hardness of the r.i1lcone elastomers increased with Case, the rate of in-
crease being greater at elevated temperatures. Jltimu.te elongation is the property
most affected by irradiation. Most silicone elastomers retain 50 per ceitt elongation
fter exposures of 5 x 109ergo g- (C) at room temperature, 109 ergs g-l(C) at 150 C,

and 5 x 108 ergs g" I(C) at 200 C. Dexter and Curtindale state that an experimental
radiation-resistant stock retai-ted 50 per cent elongation after 9 x 10, erg. g' 1 (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 examined by these investigators included dielectric constant,
dissipation factor, volume resistivity, and electric strength. The incre'ase in dielectric
constant of silicone elastomers irradiated at high temperatures was found to be less
than that of the same materials irradiated at room tempera-.,re. The increase waL of
such magnitude as to cause only a slight change in the operating chara•ieristics of t...

materials. Disaipation factor was affected in a similar manner, but did not change suf-
ficiently to affect its operation in electrical equipment. adiation exposure either at
room temperature or high temperature did not significantly affect the volume resistivity
or electric strength of the silicone elastomers at these expcoures [0101 ergr. g-1C)].
The effect of radiation at Z5 C, 150 C, and 200 C on the electrical propertie.; of Silastic
1602 -.r- -hovwn in Figure B-7.

Eff .ts of Radiation and Fluid Immersion

A nitrile silicone (General Electric NSR-S560Z) was tested by Wattier, Newell,
and Mcrgan( 4 8 ) in a combination of fluid, temperature, and irradiation environments.
Specimens tested in fluids ware 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 fluid MIL-L-7808p as indicated by the decrease in stress at 50 per cen%
elongation with exposure. Irradiations in Oronite 8515 and air resulted in a?. increase
in stregs at 50 per cent elongation with increasing exposure up to the maximum given
[about 109 ergs g" I(C)]. There did not appear to be any major difference between the
tensile values obtained for the sample.q irradiated at Z60 F and those irradiated at 8P F.
Tests were run only at S0 V for JP-4 fuel immersion. In all cases, the nitrile silicone
appeared to retair. us.oble properties when immersed in these fluids after a radiation
dose of 1010 ergo g'-(C).

Effects of Radiation and Vacuum

Silicone elastomers have been subjected to vacuum at room and at elevated temper-
atures. In general, outgo suing and equilibrium-weight-losu rates are relatively low and
properties are not seriously affected. According to Jaffe and Rittenhouse( 5 1 ), the
temperature far 10 per cent weight loss per year in vacuum for silicone rubber is 200 C
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TJABLE 30. EFFECT OF NUCLEAR RADIATION AND TEMPERATURE ON
TENSILE STREN:GTH OF SILICONE ELASTOMERS( 4 8 )

Tempe rature
of Irradiation

and Gamm" Tensile
Testingfd), Expotsure, Strength,

Silicone Chemical Type F ergs g 1(C) psi

DC-80 Methyl vinyl -65 0 1303
1. I x 109 1238

80 0 1057
7 x 108 1117

300 0 538
1. 6 x 109 631

SE-361 Methyl vinyl -65 0 1050
1. 1 x '09 1354

80 0 967
1.6 x 109 953

300 0
1.6x 109

Dt-675 Methyl phenyl vinyl -65 0 190
7 x 10 8  944

I. 1 x 10 9  1109

80 0 99Z
1.6 x 109 936

300 0 533
1.6 x 10 9  670

DC-916 Methyl phenyl vinyl -65 0 (1589)
1.1 x 109  404

80 0 15041. 6 x 109 1182

300 0 489
1.3 x 108  772
1.6 x 109  3z2
1. I x 109 611
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TABLE 30. (Continued)

Tempe rature
of irradiation

aitd Gamrm Tensile

Te stingla), Exposure, Strength,
Silicone Chemical Type F ergs g-l(C) psi

SE-551 Methyl phenyl -65 0 1404
7 x 108 1515

1. 1 x 109 1259

80 0 976
7 x 108 1078

1, 6 x 109 883

300 0 416
1.6 x 109 544

LS-53 Methyl trifluoropropyl -65 0 2052
1. 1 x 109 1076

80 0 1289
1.6x 109 rI.

300 0 472
1. 6 x 109 -'43

, SrnplPs t,. .,J at 300 F wte irradiated a.-d stored at 350 F.
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(400 F). Podlaseck and Suhorsky(4 ) give the following data for equilibrium-weight-loss
rate s.:

Equilibrium W tight

Temperature, Pressure, Loss Rate,
C .orr _ L c-r/2)Xsec)

177 760 3.9
5 x 10" 2  2
10-5 ND

204 760 46.8
5x 102 9.6
1.6x 10-2
10-5

232 760 74.9
9.5x 10"1 11.3
6x 10- 2  7.2
10-5 5.7

Outgassing rates as given by these investigators( 4 ) are shown in Table 31. In general,
these rates are low, and silicones are useful in vacuum environment. In areas where
outgassing and possible recondensation may present problems, such as on opti,-•l t,,r-
faces and electrical contacts, silicones may be prife2.ed over other elastom.' , and
plastic materials. Although silicone rubber has a relatively high permeabili'y rate,
loss oi F g -ý i pressurized vehicles due to permeability is so small that it -•.ay be
disregs,'ded in most cases.

TA!" E 31. OUTGASSING RATES OF SILICONE ELASTOMEJS( 4 )

Outgassin•c Y ate,
torr-liters/st.¢ ,c• c'nx 107

Elastomer After 1 Hr •,ftc A r After 24 Hr

S~licone rubbe- (Wacker R60) 70 17 --

Silicone rubber (Wacker R80) 180 41 --

Silicone rubber (24 hours, 95 per cent humidity) 230 46 --

Silicone rubber (outgassed + 24 hours dry N2) 13 ....
Silastic 25 6 --

Silicone rubber 94
Silastic X6145C 25 5.6 --

Stlastic 8-104 (red, 62 durom,4ter) 12 3.7 --

Silastic 80 (white, cured 24 hours rt 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 1% listed the weight loss of several silicones After exposure to tempera-
tures of 105 F and 300 F at a pressure of 10-6 torr after a period of 7 days. Values are
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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 was
postcured, especially if the postcure temperature was higher than the use temperature. re.

Fulk and Horr( 1 7 ) reported the stationary-state weight-loss rate at 50 C for
several silicone rubbers as well as the weight lt.l- occurring 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 cm/hr. Weight loss to reach stationary state varied I
1- -m 4. 2 to 5. 8 x 10"3 g/sq cm for the elastorners. In general, a steady-state weight ht
loss was reached in 44 to 68 hours.

Ossefort and Ruby(4 5 ) ex..posed 2 methyl vinyl silicone rubbers to temperatures
from 400 to 700 F. Vac-.-.:ur c-.:p,,:re to 600 F for 5 days had no appreciable effect on n
tensile strength, although on exposure in air, this property was reduced by about 50 per 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. One of the
silicones maintained almost 50 per cent of its tensile strength when exposed to 700 F in 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 vwits greater in air air
than in vacuum.

Heitz and coworkers(4 7) irradiated silicone elastomers in air and in vacuum with ith
gamma radiation. They found that atmospheric conditions as compared with vacuum
environment did not cause many significant differsnccs in radiation effects c 1) 1ese
materials. Where such differences did occur, gamma radiation in vacuum :, .duced
greate -, inking In the dimethyl, dimethyl phe--fl, and dimethyl vinyl tj -s than
radia, -on in a.r. The reverse was true of the methyl phenyl vinyl compound tested.
Tab: s B-7 2 ,rough B-85 show the effect of radiation in air and in vacuum on tensile
stre .gth, 100 :.r cent modulus, ultimate elong'ition, hardness, and weight change for
six types ol 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 in vacuum were, In general, equivalent ýo or somewhat greater than those in in
air.

These data are in general agreement with the findings of McGarvey( 5 2 ) who studied tdied
the effects of radiation In air, oxygen, argon, and vacuum on various silicon. elas-
tomers and found that the media had little influence .n the vulcanizate's phyLical proper- per-
ties at the exposures employed [1010 ergs g4 l(C)J.

Heitz in-icated that room-temperature vulc Anizing c(,tn,:; -, irls as a class, witl one 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 Suhorsky( 4 ) 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- "e-
suit of the ultraviolet exposure. Ultraviolet exposure was equivalent to approximately ly
1300 hours of solar radiation for the samples testkd at 51 C end about 24 hours for the ie
samples tested at 26 C.
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H.itz( 4 7) found that combined radiation (gamma and ultraviolet) caused more
crosslinking than straight gamma radiation, the differencas ranging from slight to
rmrked. The evaluation of this, however, is complicated by the fact that the ultra-
v olet radiation was accompanied by high temperaturets. Since heating in vacuum causes s
c"-tin scission of silicone cornpounds, and it was n't pu:..sible to cool the specinuo-x to
rooa,• temperature, Heitz acknowledges that a straightforward ev-luation of the changes
caused only by the ultraviolet radiation was very difficult. However, specimens exposed ad
to ultraviolet light showed a marked discolora&ion of the surfaces toward the lamp, thus 3

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- e-
cule appears to be promising for imp, ved radiation resistance. Ossefort( 5 3 ) and
McGarvey( 5 2 ) at Rock Island Arsenal studied the thermal and radiation stability of
arylene-modified siloxanes prepared by Union Carbide Corporation. On the basis of this is
work, it appears that the incorporation of arylene structures in the mn-.., chain does ,'c t
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 conmmercial types evaluated with respect * radiation a
stability. Figure 16 shows the chemical structure ol the arylene-modified T , l rLlsf.
The a-vl-ethe r aryl vulcanizate retained some useful properties at exposur . up to 3 x

01 ) g ,C) in both vacuum and in air. Figure 17 shows a comparison -f the effect A
o1 ga .ama rasiation on ultimate elongation of these materials as compared with those of
meP',1 pleny' silicone and dimethyl silicone. Following is a comparison of the effect of A
radiation vn the' several types of silicone rubbe,'s as found by McGarvey.

Radiation Elongation After Exposure
Resastance of 5 x 109 eras £"l(C) Type of Silicone

Good >50% of initial vsaue Aryl-ether aryl
Aryl-ethe r dimethyl

Fair <50%, >20% of initiai value Nitrile
Aryl dimethyl
Methylphenyl
Zdin tI.'henylvinyl
Methylvinyl

Poor <20% of initial value Methyltrifluoropropyl

It was elao determined that the physical properties of the arylene-modifled 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 ejihcones, and about 15 megarads produced tha
optimum cure for the aryl-ether dimethyl ty'pe.
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T.vo other phases of the program included the preparation of arylene-modified d
siloxanes connected by perfluoromethylene groups (Standford Research Institute) and the id the
preparation of arylene-modified silcarbanes (Yar slay Research Laboratories, London). don).
'j ne structures of these materials are indicated in Figure 18. Data on these modifica- ica-
tV ns are not yet availAble.-

Me Me

-F (CFZ)N i0

N--Ito4 ix

Fluorinated-Arylene- Modified Polysiloxane

Me1
\ /O §-S.

Me ix

Arylene-Modified Silcarbanes

FIGURE 18. SILWXANE AND SILCARBANE POLYMERS

Antirads

A considerable amount of work 'as been performed to improve radiation resistnnce stance
of polymers by using antirads. Work has been done on the in-.-.&igation of antirads at , at
Mare Island Naval Shipyard and at Rock Island Arsenal. Morris and Caggegi at the
naval shipyard investigated 93 antirads in an effort ;o develop rubber gaskets %hich t
would be resistant to nuclear radiation, and McGarvey at the arsenal evaluated approxi- txi-
mately 200 potential antirads to determine th- best one for low-acrylonitrile-content A
nitrile (NBR) rubber.

Morr's and Caggegl(4 0 ) were interxsted in improving the compression-set proper- fpe r-
ties of gaskets. They found that improvement could be obtained by compounding with cer- & cer-
tain antioxidants, antiozonants, or with certain chemicals containing aromatic rings or v or
condensed ring structures. Akroflex C, AgeRlte HP, and Santoflex GP were among the • the
•est antioxidants for improving the radiation stability of Spnpol 1500 (SBR). Those
antioxidants having the best antirad properties were derivatives of p-phenylene diamine, Oine,
phenyl naphthylamine, or a blend of these 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, Akroilex C, Akroflex CD,
and AgeRite HP. Antirads which were not outstanding in Synpol 1500 but which were
quite good in Hycar 107Z and Hycar 1041 were Santovar A. Jonol, and Deenax. All of
these are phenolic derivatives.

Vulcanizates were further improved in radiation resistance when both an anti-
oxidant and a plasticizer with an aromatic ring structure were incorporated in th- rub-
ber 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 vulcanizates within the range of 65 to 75.

Naphthalene was a plasticizer which was particularly effectiee 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.
Compression set of irradiated vulcanizates of Hyca'k 1072 withoat Lase additives was
30 per cent and tLat for Hycar 1072 with AgeRite Hipar was 65 per cent.

Acridine, pyrons, and fluoranthene were other plasticizers 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
name of the supplier, in Tables 33 and 34.

McOarvey( 5 4 ) evaluated antirads on the basis of per cent of initial NOS strain and
Shore : , . a values after an exposure of 5 x 109 ergs g-1(C). The componds
whose - Acanisntes mot the following requirements after irradiation were judged to

8posse - 2igni!i .vnt antirad activity:

NBS strain, 50 per cent, >50 per cent of initial value
Ultimate elong~ation, 200 per cent, >,5O per cent of Initial va•tio

Ultunate tensile strength, >2000 psi.

Table 3a lists the ro best antirads arranged in descending order according to their

antirad activity. From th13 table It can be seen that several aromatic nitro compounds
function as inhibitors of radiation damage in MDR rubber. In particular, 2,2-,dphenyl
l-picrylhydrasyl (DPPH) and 1, l-diphenyl-2-picrylhydrazine (DPPH2 ) appear to be the

t most efficient antirads. The n,- chanism of their protective action was attributed to their

function as radiation- stabilized scavengers for free radicals produced by high-enersySradiation. It is not known how DPPH and DPPHZ may attach; to ;;.- free radicals

produced in the NfR vulcanisate.

The antirad activity of DPPH2 present at a concentration of 5 phr was also investi-
gated in SBR, Butyl rubber, and natural rubber. A significant antirad activity was
exhibited in only the SBR vulcanisate, as can be seen from Table 36.
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TABLE 33. ANTIRADS FO)R STYRENE-BUTADIENE (SBR) RTJBBER( 4O)

Che~mical Composition
Name (Supplier's Description) Supplie r

Antioxidants and Antiozonarts

Akioflex C Diphanyl-p-phenylonediamine + L . 1. du Pont de Ne mours9

phenyl-alpha-naphthylamint & Co.

AgeRite HP Fhenyl- beta- naphthylamine + R. T. Vanderbilt Co.
diphenyl-p-phenylenediarnine

Santoflex GP N-Cyclohoxyl-N'-phenyl-p- Monsanto Chemical Co.

phenylenediamine

Wirý, *An Alkyl aryl amine Goodyear Tire an: Rubber Co.

Akr- 1'~x CD) Diphenyl-p-phonylenediamine + E. 1. du Pont de Nemours

p.henyl-beta-naphthylammo & Co.

Thermoflex A Di-p-methoxydlphenylamine + E. I. du Pont do Nemours
diphenyl-p-phenylenedlamine + & Co.
phenyl-beta-naphthylamine

Plasticizers

Dlbenzyl phthalate Dibenzyi phthalate Eastman Chemical Products

Miscellaneous

Ac ridine Ac ridine Eastman Chemical P roduc~ts

Pyrene Pyroer. Reilly Tar & Chemical Corp.

Fluoranthene Fluoranthene Reilly Tar & Chemical Corp.
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TABLE 34. ANTIRADS FOR NITRILE RUBBER

Chemlical Composition
Name (Supplier's Description) Supplier

Antioxidanta and Antiozonarnts

Wingatay 100 Alkyl aryl amine Goodyear Tire and Rubber Co.

Akroflex C Diphenyl-p-phenylenedia-mine + E. 1. du Pont de Nemnours
phenyl-alpha-naphthylamine & Co.

Akroflex CD Diphenyl-p-phenylenediamine + E. 1. du Pont de Nemours
phenyl-beta-naphthylamine & Co.

AseR-L. " Phenyl-beta-naphthylamine + R. T. Vanderbilt C:-
diphenyl-p-phenylenediamine

Santa a.r A 2, 5-clite rilary-ramyl hydroq'tiitune Mcnsinto, Chemical Co.

lonol 2, 6-Di-tert-butyl-4-methyl phenol Shell Chemical Corp.

Deenax 2,6 Di-tert-butyl-4-methyl phenol Enjay Chemical Co.

AgeRite Hipar Phenyl-beta-naphthylamine + R. T. Vanderbilt Co.
isopropoxy diphenylamine +
diphe nyl-p-phenylenediam~ne

Miscellaneous

Naphthalene Naphthalene Reiliy Tar & Chemical Corp.

Acridine Acridizne Eastman Chemical Products
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TABI. 35. EVALUATION OF THE 6EST ANTIRADS IN NBR

Per Cent of Original P.,operty After
5 x 107 Rads

Hardness, Strain,
Additive (5 Phr Polymer) Tensile Elongation Shore A NBS

None (Control) 92 33 116 34
ZZ-Diphenyl- l-pierylhydrazyl 109 61 104 58
1, i-Diphsnyl-?-picrylhydrazine 98 63 108 55

N,N'-flipbenyl paraphenylenediamine 82 51 110 55
1-Fluoro-2,4-dinitrobenzene 113 70 1 : f, 5.
5-Nitro- 1-naphthylamine 100 58 110 54
p-Phonylazoaniline 95 53 114 54
4-Phanylazodiphenylamine 91 51 112 53
Z-Nitrodtphanylamine 97 51 112 52
Phenothiazine 93 51 115 52
p-Nitr.1h .-- i' rile 97 52 118 5Z
p-Nitr• .*nzhyf.razlde 9z 51 112 51
p-NIt ,phenypl ,drazine 113 60 113 50

TABLE 36. EVALUATION OF DPPH2 IN VARIOUS ELASTOMERS

Per Cent of Original Property After 5 x 107 Rads
Hardness, Strain,

Polymer Additive Tensile Elongation Shore A NBS

SBR None 98 55 117 51

"DPPH2  112 84 108 65

Butyl Nono 4 71 59 --

DPPHZ 4 70 66 -

Natural None 86 67 112 64
"DPPH2 80 71 106 '78



90

PLASTICS

As was true with elastomers, most of the data collected on plasticb since the pub- -
lication of REIC Report No. 21 have been in connection ..,Ath the materials used in -,a'rinus ous

componets for space vehicles or missiles. Lifwta -r" 4Lonibined e'nvironments such as
vacuum and radiation have been investigated. Mc .t of this work was discussed in the
section on components. However, those plastics for which new inforrnatioi was obtained ed
a,- discussed alphabetically in this section.

Three new polymers have been developed that look promising with respect to radi- i-
ation stability. These are the polyimides, poly n-vinyl carbazole, and the phosphonitril- il-
lic chlorides. More work needs to be done with these materials before it wiln be possible ble

to determine their suitability for specific applications. Ultraviolet radiatirn is important ant
in the use of plastics and deterioration can be serious under certain conditions of
exposure.

Acr'ylics

Polymethyl methacrylate (Lucite or Plcxiglas) fs unaffected by gamma radiation to to
an exposure of 8.2 x 107 ergo g- (C), but tensile strength and elongation are e.Wreased I
by 25 per cent at an exposure of 1. 1 x 109 ergs g 1 l(C). Physical properties ', c'iorate •
quite rapidly above that amount of radiation. Above 109 ergs g 1 I(C) of absor;:!d radia-
tiun, pal .,h I methacrylate becomes very brittle.

diornnt. ,n or. acrylic polymers shows that work has been done on the effects of
vacuu a, tempe, ýture, 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( 3 5 ) observed the effects of ultraviolet radiation (2 py; ons) and
vacuum (6. 0 * 3 x i0-6 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 itfter irradiation were also
determined. D:-ta are given in Table 37. Also included for LuIY) k.Bon is Selectron 00, 0,
a heat-resistant polyester, transparent glazing material. Wahl stated that the plastics
irradiated in a vacuum became slightly translucent a.~d the haze measurements are of
questionable value.

After vacuum expostre alone, Plexiglas 55 and Selectron 400 specimens lost less
than 0. 8 per cent in weight and there was no measurable change in Barcol har'dnes3.
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
increase in hardness. The irradiated Selectrn 400 became very brittle and shattered
when indented with the Barcol hardne.3s tester. The surface of the plastics turned brown. n.
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TABLE 37. PROPERTIES OF VACUUM-IRRADIATED TRANSPARENT GLAZLNG
M4ATERIALS BEFORE AND AFTER 100-HOUR EXPOSURE( 3 5 )

'Parallel Light

Haze, per cent Transmissior-, Weight Lois,
Befor6 After ___ cepi... per cent Barcol Hardness

Material Exposure Exposure Before After After Before After r

Seloctron 400 6. 2 74.8 89.3 22.3 0. 22 14 52

"Plexiglas 55 4.8 68.7 90. C, 20.0 1.89 58 54

Stretched 6.9 '0. 0 89.2 5.0 1. 80 59 54
Plexiglas 55

Versluys, et al. ,(55) also irradiated Plexiglas in vacuum with ultraviolet. Data
are shown in Table C- I of Appendix C. The outgassing was believed L2 L;e adsorbed "-
trogen since the dissolved gas was found to be of mass 28. No discoloration was
observed.

Ringwood(5 6 ) states that polymethyl methacrylate tends to unzip or dep.!'ymerize
in a vacuum of 10-8 torr at ambient temperatures under exposure to rays sfi :(r than
3800 P In space this effect is accelerated by the increase in temperature fn the plastic LC
cauqed ov tar absorption of infrared rays. Surface discoloration and crazing have been
obse jed imd-,r the same ultraviolet exposure but at higher pressures (10-6 torr) when
test-, in a ch tuber maintained at 72 F.

Temperatures at which there is 10 per cent weight loss per year are 40 to 150 C
(100 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(5 7 ).

Acrylonitrile

Wilcox, et al. (58) irradiated Acrilan in nitrogen wit%. rmonochromatic light an,,
irradiated samples with a G30T8 lamp in nitrogen and in a vacuum. Data are included
in Tables C-Z and C-3. The shorter wavelengths i roduce greater changes in the tensile le
strength por 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( 5 1) give 20 C (240 F) as the temperature for 10 per cent weight loss per year tar
for acrylonitrile polymer.

Acrrylonitrile/Butadiene /Styrene Terpolymer (4 ..BS)

At room temperature, Kralastic MV (an ABS polyrrr) increased in tensile strength gth
when irradiated to a gamma exposure of 2.8 x 1010 ergs g'l(C). At 9. 4 x 1010 ergs
9" I(C), tensile strength decreased by 30 per cent. At 250 F, the polymer lost two-thirds rds

of its tensile strength at an exposure of 8 x 1010 ergs g 1 l(C).
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Lewis( 15 ) detormined the effects of irradiation on two types of ABS polymers at
75 F and at 250 F. These materials were Krahstic MV and Kralastic SRA plastics. At \t
75 F, both materials increased in tensile strenfth w'hen irradiated to an cxposure of
Z. 3 x 1010 ergs g'l(C). At 9.4 x 1010 ergn g- (C), tensile :trength dec'eased by ap-
prnximately 30 per cent of the original. The MV rnatcii,-1 increased in tensile si:ngth h
from 3730 psi to a maximum of 5070 psi and then deLreased to 214' 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..ated temperatures this change takes place more rapidly, and at 250 F Kralastic MV, V,
noni-radiated, has a tensile strength of 3670 psi, while after irradiation to an exposure e
of 8 x 1010 ergs g'l(C) at 250 F tensile strength decreased to 1230 psi. Under the same le
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-
mately the same fashion as it Nd when irradiated at room temperature.

Cellulose Acetate

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

Weight-loss data for cellulose acetate and cellulose acetate butyrate or. were
found. Riehl( 5 7) indicates that neither material lost weight in 24 hours in vacuum after
firsL co a.ig r constant weight in a disiccator.

Diallyl Phtha~ate

Diallyl phthalate has ehown excellent radiation stability. For example, a case
molded from diallyl phthalate Type FS80 v'l1ich is flamepoof and long-glas s-fiber filled
was exposed to 4.3 x 1016 nvft tthe equivalent of 1. 3 x 1010 ergs g'1(C)]. The radiation on
resistance of this case was considered very good. (38) Also, coil forms,. insu'ators, and rnd
standoffs were relatively unaffected at an exposure of 6. 2 x 1012 ergs g- '(C).

Although there are changes in electrical properties such as dielectric constant,
dissipation facfnr, and volume resistance while exposed to a r.-";.ion flux, recovery of If
these properties after exposure is very good. Electrical leakage resistance of diallyl
phthalate connectors was reduced to 0. 1 of the initial value at an integrated exposure of
8.8 x 1012 ergs g- I(C). The connectors were remo-, ed 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 expos.re.

The aifect of vacuum and temperature on dia-lyl phthalate was studied by Podlaseck -ck
and Suhorsky%4 ) and Fulk and Horr(' 7 ). Data are presented in Tables C-4 and C-5. The he
effect of temperature on weight loss in air ard in vacuum is shown in Figure 19. Diallyl yl
phthalate has a very low equilibrium outgassing rate at moderate temperature similar to to
those of epoxies and polyesters. But like these, the initial rates are considerably highar ier
than those for fluorocarbons, silicones, and Mylar.
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TABLE 38. LEAKAGE RESISTANCE OF DIALLYL PHTHAL.ATE
CONNECTORS IN PILE - DYNAMIC TESTING(6 0 )

Radiatioa '. ,posure, .- akage Resistance(a),
n cm" 2 (En > 2.9 Mev) megohms at 55 C

None 56
1.68 x 1014 36
5.04 x 1014 41
1. 34 x 1015 33
Z. 27 x 1015 12.5
3. 36 x 1015 6.8
5.12 x 1015 5.8
6.47x 1015 5.2
9.24 x 1015 5.9
9.58 x 101"5 5.1
1.31 x l016 6. z

1.43x 1016 6.8

1.67x 1016 6.8

Scram + 2 min 17.5
Scram + ZZ min 40

Scram + 42 min 58
Scram + Z37 min 90

Scram + 24 hours 110

(a) ;,ltial leakage ,rriasurement before installation u 4009 megohms at room conditios;

bweline leakage tesitance a, 56 megohms at 55 .

Epoxy Resins

Epoxy resins are above average for pla3ti-.s in radiation resistance, h ,ying with- -h-

stood gat ima exposures to 9.5 x 10 10 ergs g- I(C) wfthout appreciable deterioratizn.

Aromatic-type curing agents provide the best irradi'tc-, resistance.

Epoxy resins have low-weight-loss equilibrium constants, although initial out-

gassing is somewhat greater.

Epoxy resins are considered for use in space applications primarily for laminates, tea,
adhesives, encapsulating or potting materials, and coatings. In general, epoxy resins to
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- ini-
tial rates of weight loss of several materials as given by Gloria et al. ,(61) are shown in % in

Figure C-I. Weight losses were also obtained by Fulk(17) and are given in Table B-70. 70.
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At cryogenic temperatures, epoxies have the highs .st flexural strength, with phe-
nolics ann polyesterb following in that o. der. (8)

Fluorocarbons5

Teflon FEP 100 (a copolymer of hexafluoi oj,: -pene and tetrafluoroethylene) is con-
si'ierably more radiation resistant in air than is Teflon TFE (tetrafluoroethylene).
Threshold damage for Teflon TFE in air occurs at 1. 7 x 106 ergs g'-l(Cj, and 25 per cent
dmage is accrued at an exposure of 3. 4 x I06 ergs g- I(C).

In vacuum, tensile strengtlb of Teflon TFE is satisfactory to 8 x 109 ergs g- I(C).

Fiberglas reinforced TtAan retainzd 40 per cent of tensile strength and some
flexibility at 1.2 x 1010 ergs g'l(C) in air.

Tedlar (polyvinyl fluoride) as a 4-mil film showed good radiation resistance to an
exposure of 1010 ergs g"I(C), but decomposed and gave off a considerable quantity ol
HCl above that exposure.

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

Kynar is reported to have excellent resistance to ultraviolet radiation.

F1 oroL-.-bons with their excel. ent temperature and chemical resistanc• 2,nd with
gvnd t exr.ellr -t electrical characteristics are of great interest for space applications.
Fluo .cartins 'eir which ii.formatior is available include Teflon TFE (polytetrafluoro-
ethylene), Teflo. FEP (a copolymer t f hexafluorpropene and tetrafluoroethylene),
Kel-F (chlorotrifluoropropylene), Tecflar (polyvinyl fluoride), and Kynar (polyvinylidene
fluoride'

Teflon is probably the best illustration of the importance of considering all factors
of space environment in determii.ing the behLvior of a material in space. Teflon has
poor radiation resistance in air and orLginally this was believed to preclude its use fo:
space applications. However, in an ox\rgen-fr'-e atmosphere (as in a vacuum) 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 ditta show the results of th-se
efforts. Most of the work hai been with Teflon TFE, Teflon F-i-" 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 order to daterminf: differences in radiation resistance among fluorocarbon poly-
mers, Wattier, Newell, aP.d Morgan(4 8 ) studied the radiation resistance of Teflon TFE,
Teflon FEP 100, and Tedl .r. They found that Teflon FEP 100 had considerably more
radiation resistpnce in air than the standard TFE of the same thickness. Teflon FEP
also shows greater stabili:y in the absence ca air, as can 14e noted in its radiation
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resistance when immersed in Oronite 8515 or in helium., Fiberglas-reinforced Teilon
showed good radiation resistance. This matf rial retained some of its flexibility as well
as 40 per cent of its tensile strength at a radiation exp-sure of 1. 2 x 1010 ergs g-l(C).
Data are given in Tables C-7 through C-9.

redlar film decomposed and gave off a ccnsiderable quantity of HCI during irradia-
tion. Radiation resistance of the 0. 004-inch film wrs quite good up tu an exposure of
1.0 to 1.4 x 1010 ergs g-l(C). Data are included in Table C-10.

Effects of Nuclear Radiation and Vacuum

Golden and Hazell( 5 0 ) irradiated Teflon in vacuum (10-6 tort). No change in color
or opacity ocLurred at doses less than 1. 3 x 1010 ergs g'-(C), but above this dose, disks
and film disintegratee. 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. Highly irradiated nmate i al evolved gas at and
above the melting point.

Variation of tensile properties with increasing radiation dose are shown in Fig-
ure C-2. Table C-I I shows values as given by Shoffner( 6 2 ). It may be seen in Fig-
ure C-2 that tensile strength equivalent to that of unirradiated material is maintained up
to an irradiation exposure oi 8 x 109 ergs g'l(C). At higher exposures, the tensile
strength, although somewhat erratic, is greatly decreared and at 1. 2 x I010 err -- I(C)
is reduced to a negligible value. However, elongation is reduced from ZOO per -nt ior
the uni- t. "' - naterial to a few per cent after an exposure of 4 x 109 ergs g kC).
Thus des, adatior, reduce3 the extensibility before appreciably reducing tensile s9icngth.
Inf&are' bpe,-trc raphs of unirradiated samples and of those irradiated in air and in
vacuun, nave b-, made. (82) Table C- 12 shows the differentes in urirradiated and irra-
diated samples.

KerL;n( 6,, 7 ) irradiated Teflon TFE and Kel-F ir vacuum (Z. 6 x 10-7 torr) and
tested the specimens while in vacuum (described as dynamic tests). The same polymers
were irradiat.ed in vacuum and in air and the tensile strength itnd ultimate elongation de-
termined in air idescribed am static tests). Data are given ,nTablesC-l13andC-14. The
difference between the effects of irradiation in vacuum and in air on ultimate strength
and elongation can be seen in these tables. Althoaghnot st rictly compnrable, the ultimate
strength aad elongation appear to be greater when the matef-ials are irradiated in vac-uum
than when irradiated in air. With Kel-F, tensile strength is greater than that for Teflon,
and neither irraeiation in vacuum and nor irradiation in air Pto-.1,qyv affects tensile
properties.

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

The eifects of radiation on Duroid 5600, a glass-fiber-reinforced Teflon, and un-
filled Teflon are similar. Kynar and Tedlar both rhow excellent retention of tensile
strength and elongation 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 templrature 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( 6 3 ) 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(6 4 )
compares the outgassing of Kel-F and Teflon. He states that significant weight loss for
K.".-F begins to occur at abot 250 C, and for Teflon at about 350 C. Outgassing rate bor
Teflon at 25 C is 1. 6 x I0-7 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 4dentity 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"gtorr)
of the Bendix Mass Spectrometer for -ore than 5 years has given no mass -spectrum-
analysis evidence of outgassing or b- ti..-own of the Teflon tubing.

Buckley and Johnson( 6 5) conducted experiments to determine the oaftects 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 and
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" . rface
degradation of the particles.

Puckle) letermined the influence of fillers on the wear of Teflon and KoL-F in
vacur .a. Fill. re uswd for these studies included ass fiber, molybdenum disulfide,
copy e, silvwi. and graphite. The addition of glass fibers and copper powder markedly
improved the fr-ction and wear characteristics for PTFE. Molybdenum disulfide offered
essentially no improvement. It is baliRved that improvement came as a result of dis-
sipation -,f frictional heat. The effect 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 thet heavier-molecular-weight fragments of the
polymer unit. With glass-filled compositions, the principal decomposition product was
fluorine. Copper-filled Teflon gave very small concentrations of decompositi n
products.

As a matter of comparison, Buck•ey found the friction :%.r- wear characteristics of
a polyimide resin to be superior to those of Teflon TFE in vacuum. This polyimlde 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 extensive use in connection with liquid oxygen (-325 F) and liquid hydrogen
(-425 F)(6 4 ). The plastics retain some degree of ductility at these temperatures. Fig-
ure C-4 shows the tensile behavior of the fluorocu.rbon plastics in the subzero regions,
According to Vickers( 6 6 ), FEP has an impact strength of 2. 0 ft-lb/in. while Kel-F
(medium crystallinity) has an impact value of 1. 25 ft-lb/it.. Elongation of FEP is four
times as great as that for Kel-F at -420 F. On the other hand, Bringer( 6 4 ), measurirg
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thcrmal contraction between room temperature and liquid-oxyger. or -hydrogen tem-
perature, found that reflon contracts roughly twice as much as Kel-F., (See Figilre C-5).

Kel-F was irradiated (nuclear) at cryogenic temperatures by Yasui( 13 ). At radia-
tion exposures to 2.6 x 109 ergs g-I(C), the Kel-F 2-mil film was not significantly af-
feci~ed by irradiation in liquid nitrogen (see Figure C-6).

•&ffcts 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 considerabLy less affected. In-
creases in dielectric constant and dissilation factor depend on the ambient oxygen con-
centration during exposure and recovery.

The dielectric constant and dise-pation 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 diusiua-
tion factor of Teflon. Recovery characteristics are shown in Figure C-3. Changes i,.
dielectric constant are shown in Figure C-9. In the case of FEP, dissipation factor and d
dielectric constant were unaffected by X-ray irradiation in vacuum (Figures C-10 ana
C-I l), although physical and optical property changes were evident.

Measurements of electrical properties made during irradiation without :-rnoval
"from , r.- ire given by Bringer(6 4 ). A comparison of the eflects of X-r, ; irradia-
tion on :ne d&b:,ipation factor of PTFE in both air and in vacuum are given inI.gureC-12. 2.

Effects of Ultra. iolet and Vacuum

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

Phenolic Resin.s

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

The addition of fillers, particularly mineral fillers, increases the stability of phe- e-
nolics. Phenol-formaldehyde with asbestos filler (Haveg 41) shows excellent radiation
stability, beiag 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 damaged by 25 per cent at an exposure of f
3.9x 1011 ergs g'1 (C).
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Phenolic laminates irradiated to an exposure of 2 x 109 ergs g- I(C) at tempera-
tures of 600, 700, 80n, and 900 F showed flexural-strength values equivalent to or
higher than those for laminates heated to these tempieratures with no irradiation.

Redeker and Van Sickle(6 7) studied the effect of t .diation on phenolic-model com-
pounds in a fundamental approach to determninj La,,-. chemical repctions involved. They
found that the ring-connecting methylene bridges -rere most easily broken when ortho tn
a hydroxy group. The hydrogen-oxygen bond appeared to be the most labile to radiol-
",-yis, 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-
len's into resins as a means .o( providing energy sinks or dissipators for the absorbed
radiation is desirable.

Phosphonitrillic Chloride Polymers

Glass-cloth laminates with this resin showed excellent stability It 455 F and a-
exposure of 6 x 1010 ergs X"i(C).

A blend of this resin and acrylonitrile showed excellent tensile strength whe.. irra-
diated in air to 1011 ergs g-I(C). However, elongation decreased to about 25 .-tr cent
when the blend was irradiated to 2. 5 x 1010 ergs g- IC). Elongation decrear'. -rom

136 per cent to 94 per cent when heated to I 10 F for 33 hours with no irradit t- )n,

jenerRl Dynamics(I) developed a resin which is a derivative of phosphonitrillic
ch1c. dc and, % ch is designated as AP-Raein-XHU. The resin contains a number of un-
reac .ed poik., 6- oups (hydroxypheotyl) which can be reacted with selected curing agents
and motovneric or polymeric mabirials containing reactive constituents. Blends of this
resin with phenolics, polyesters, 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 strength, and excellent environmental
resistance.

Several of the phosphonitrillic chloride polymeric blends were irradistu d both at
•'ooam temperature and at elevated temperatures. A blend of the AP-Rewin XHU and
acrylonitrile was prepared and irradiated in air, and immersed in 5P4E polyphenyl
ether (Monsanto Ob- 124) at temperatures ranging from 75 to 340 F. Data for this mate-
rial are showt, in Table 39.

In general, exposure of the blend to elevated '...mperatures and radiation resulted
in an increase in tensile strength, elastic modulus %compression), and hardness. How-
ever, elongation decreased from 138 per cent to 94 per cent when the blend was heated
to 110 F for 33 hours with no irradiation. When irradiated to 2.5 x 1010 ergs g-I(C) in
air at this same temperature, elongation decreased to 26 per cent. Elongation was
S0 per cent when the material was immersed in the polyphenyl ether for 33 hours at
110 F with no irradiation. After irradiation to 2. 1 x 1010 ergs g-I(C) in the oil at 110 F
(33 hours), elongation was 30 per cent. Gla, s-cloth laminates of this resin showed ex-
cellent radiation stability at 455 F to an exposure of 6 x 1010 ergs g'I(C). Data are in-
cluded in the section on laminates.
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Polyacetal

No radiation data were found for this polymer. Podlaseck and Suhorsky( 4 ) gave the i the
eq-ilibrium-weight-loss rate for Delrin 500 and Delri'..•07 (carbon-black-filled 500); see see
Table C-4 in Appendix C. Values were also g.vt.*ac by Fulk( 17 ) in Table B-70 (Appen-
dix B). These were the only data found for this . 5lymer.

Polyamide (Nylon)

Nylon, tested in sheet form, reaches threshold damage at an absorbed radiation of a of
8. 6 x 107 ergs g I(C) and 25 per cent damage at 4. 7 x 108 ergs g 1 (C). Its tensile
strength increases with :adiation, reaching 25 per cent increase at 1011 ergs g- I(C).

Nylon fiter was reported to have lost more than 50 per cent of its original strength tgth
at an exposure of 8.5 x 108 ergs g- I(C).

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 Pefhany( 2 8 ) reported that nylon (Zytel 33), when irradiated to Z x
1010 er, %- ' C) in a dry atmosphere was satisfactory and could be used in g, gaging Sys- aye-
tern f r react'r pressure tubes designed to measure surface defects during periods of If
rear or shutu' wa. A nylon ring used in this equipment was also satisfactory, although 1h
its color chimngc J to a brown.

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

The stability of nylon in space environments will vary according to the orocessing ing
of the material. However, in general, nylon is useful under space conditionb.
Podlaseck and Suhorsky( 4 ) give the equilibrium-weight-loss rate as follows:

Ec•u•u!• "ium-Weight-

Temperature, Pressure, Loss Rate,
Material C tor, S/(sg cm)(sec) x 1010

Nylon (Zytel 105) 50 5 x 10E' 0.33
(carbon-black-
filled 101) 100 5 x 10"F 3.3

Nylon (Zytel 31) 50 5 x 10-6 0.89
(electrical grade
nylon) 100 5 x l0-6 3.3

Nylon (Sytel 101) 50 5 x 10"6 0.94
(standard grade
nylon) 100 5 x 10-6 4. 2
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Jaffo and Rittenhouse( 5 1) give the temperature for 10 per cent weight loss per year Lr

for nylon in high vacuum as 30 to Z10 C (80 to 410 F). He indicates nylons show high

decomposition rates in vacuum. However, Riehl( 5 7 ) states that nylon lost 0. 05 per cent t

wei'zht oni desiccation and 0. 01 per cent more on vacuum exposure. It returned to its

original weight (<0. 001 per cent difference) on re-expos : - to air. He thus claims that

vacuum exposure served only to provide more di aafic desiccation.

Boundy(3 1) reported the weight loss of Nylon- 101 in vacuum (10-6 torr) at 75, 150. ).

and 300 F. Even at 300 F, the weight loss was only about 0. 63 per cent (see Figure 20).

0.60
PRESSURE 10MM H1

-0.70 MAT.:.:1AL NYLON-lOgI-.
z 3000 FWJ 0.40 ••-

gobJ0.5o

U0 0.40 - - -0-
0

1-0.30 " -"

0 1 2 3 4 5 6 7 8 9

EXPOSURE TIME (DAYS)

FIGURE 20. PER CENT WEIGHT LOSS VERSUS TIME AT I0-6 TORR
AND VARIOUS TEMPERATURES FOR NYLON( 3 1)

Hargreaves( 6 8 ) exposed Nylon 66 to thcfrmal radiation in vacuum. Results are

given in Table C-19 in Appeadix C. He found that heat and vacuum (10-5 torr) decreass- ad

the over-all transmission in the 220 to 330 myr range. The effect of heat and vwcuum 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. Specimens heated to 275 C

darkened, fused, and were insoluble in a calcium chloride-met"y. dicohol solvent. The

fiber was brittle and useless ai 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 torr) with ultraviolet for

91 hours shows very slight discoloration, and retains good tear and tensile strengths.

Because of its stability in vacuum, and becaus'e of its use as bearings which need

no lubrication, nylon has been examined for ube as a *ry lubricant for spat.e applications. .is.
Bowen( 6 9 ) determined the wear of nylon materials containing various fillers. Tests were ire

run at rubbing reocities of 4',0 and 230 ft/min. at temperati:res of 86 F and 160 F. rhe le

load on the test block was 3 pounds (150 psi for a 2-mm scar width). The atmosphere
iitropen. The nylon which did not contain a lubricant filler was unsatisfactory; it
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was considered better with 40 per cent MoS2 filler (Nylasint 144) than with ?0 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 exposure of 8 x 109 ergs g- I(C),
but these properties decreased rapidly after 9 x 109 ergs g' l(C). It can probably be
considered as useful to 1010 ergs g 1 l(C).

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

At 300 F, polycarbonates are superior to nylon with "espect to vacuum-thermal
stability.

Polycarbonates have excellent impact strength and dimensional stability and re-
sist thermal-oxidative degradation up to 150 C. They are reasonably good with respect A
to radiation resistance. (7r0) Lexan (General Electric polycarbonrte) retained most of its its
original strength and toughness after irradiation to 8 x 109 ergs g- I (C). However, in
another investigation, a sample irradiated in air(l 0) was found to have lost 8.! 1,.nsile
strength at an exposure of 2. 9 x 1010 ergs g-I (C). Oxidation is relatively z -i'or below w
an e.t:.. -- -.- o' 8. 8 x 109 ergs g- (C). Merlon polycarbonate irradiated at Mc, F to a
dose c& J. 5 x .010 ergs g- I (C) in air showed no appreciable change in hardneis. Its
ultir- ,te stre, "-th decreased from 8590 psi to 2070 psi. At 1010 ergs C-I (C), elongation on
dec; ased fro.,, 104 par cent to 54 per cent. At an exposure of 2 x 10 1 ergs g-I (C),
the material w. j too brittle to determine these properties. Thus it would appear that
these materials would be satisfactory to an exposure of about 1010 ergs g-I (C), but that lat
propert.',s begin to fall off considerably above that exposure.

Samples irradiated in vacuum were very brittle after an exposure of 8. 8 x
1010 ergo g I (C). Giberson(7 1) states that it is possible that less than this exposure
dose would be required to obtain this degradation. Evidently the radiation stebility ox
this polymer in vacuum is just slightly better than its stability in air. Giber ion con-
cluded that degradation of polycarbonates in an irradiation field occurs by a chain.-
scis sion mechanism.

Moulton and associates( 7 2 ) 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 degrad-ation of the polymer.

Jaffe and Rittenhouse( 5 1) give 180 C (350 F) an 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. ,(61) tested Lexan in vacuum and found its initial weight loss to be be
similar to that of Teflon. There was no apparent change in physical appearance up to its its
heat-distortion temperature. The initial rates of weight loss of Lexan, epoxy, nylon-
phenolic, and silica-phenolic were found to increase significantly with decreasing mate-
rial thickness, indicating that the diffusion of the reaction products throuf-h the bulk of
the material was a controlling factor in the weight-loss p.'ocess uf these nmaterials.
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BounCy(3 1) determined the weight loss of polycarbonate resin in a vacuum
(10-6 torr) at 75P 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 ccitcerned.

I I F 4

EXPOSUR TIME MM)YS

FIGURE 21. PER CENT WEIGHT LOSS VERSUS TIME AT
10-6 TORR AND VARIOUS TEMPERATURES

FOR POLYCARBONATE(
3 1)

Polyesters

U rileld pol.,-eaters have poor radiation stability, hardening and developing small
cracks under irrac.ation. Their properties begin to change at approximately 10 7 to
108 ergs g- I (C).

Oriented films appear to have greater stability than the random polymer. Mylar
(polyethylene terephthalate) has been reported as reaching threshold damage at an expo-
sure of 4. 4 x 108 ergs g-l (C) and '5 per cent uamage at about 8. 7 x 109 ergs g-I (C).

Irradiation of Mylar in vacuum to 8. 7 x 109 ergs g" (C) produced the sarr a damage
as 4.4 x 109 ergs g"l (C) in air.

Mylar is unaffected during thermal aging up to 200 C (39? F) b,, irradiation, excer.
at levels above 10o1 0 ergs g- I (C).

When exposed to ultraviolet in a vacuum, Mylar 4ecreases in tensile strength and

elongation.

Polyesters are used in laminates and in coatings and are covered in those sections
of this report. Matacek( 7 3) reported on work in which cumulative Qtepwise weight losses
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'S 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 bensoyl peroxide can cause depoly-
motrization under proper conditions. This and the fact that ra 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 Mylar A and Mylar C in air and in vacuum. Al- .1-

thý.agh earlier tests had shown irradiation to be less damaging in vacuum than in ;.,r Lr

(part.cularly with a 3-mil film), later results (see Table C-22 in Appendix C) would d

indicatc that there is little difference between irradiation in air and in vacuum.

Yasui( 1") irradiated Mylar film, aluminized Mylar, and several Mylar laminates irtes

at cryogenic temperatures, There were no significant effects on these materials. Data Data

are shown in Figures C-13 to C-15.

Mylar capacitors were tested for performance characteristics in a nuclear-

radiation field at Bendix Systerms Division of Bendix Corporation( 38 ) and at Litton Indus- Indus-

tries(2 7 ). The results of the tests at Bendix indicated that film capacitors were well ell

suited for use in radiation environments, at least up to an ex:posure of approximately 31y
1010 ergs g- I (C) (about 1015 nvft). Capacitance and dissipation factor were little af- af-

.ected by irradiation. Leakage resistance was reduced during irradiation whenever the r thA

reactor was at power, but no permanent changes in leakage resistance were observe.,. ved.

The capacitors became slightly radioactive during the irradiation; this activity was suf- s
ficiently small to indicate that these capacitors do not present a serios handling proolem ,roblem

when used in radiation environments with thermal-neutron shielding. Litton Industries, tries,

on the other hand, found that the Mylar film-foil capacitors suffered permanf wt legrada- grada-

tion in insulation resistance, i. e., their insulation resistance showed neglig.,.!e recov- 3cov-

ery 2 " ," - sz ter removal from the environment. The exposure was 1011 (rs g-I (C) -I (C)

(1016 r cm"•, En > 2.9 Mev). Also, it .,as shown that the electrical propertics of ca- . ca-

pacit- -s r'ad, 'rom the same dielectric material but by different manufacturers differed L.iered

cons ierably fC rm one another.

Mylar has been found to have extremely low outgassing rates at room temperature, eature,

similar in this respect to fluorocarbons and silicores. Riehl(5 7 ) tested the stability of ty of

Mylar under i~gh vacuum (Table C-23). Plain and aluminum-vapo r-coated Mylar films films
were exposed to various temperatures at a pressure of 10-1 to 10-6 torr for a duration ation

of 72 hours. It was found that Mylar, with or without an aluminum coating, exhibited ted

only a slight loss in flexibility after exposure to the test conditions at room tempera- va-

ture. At 100 C, under the same conditions of pressure and time, weight loss to were 3re

appreciable. Both coated and uncoated films warped and/or wr' .ded, and all sarmples ples

suffered appreciable losses in flexibility. Similar tests at 150 C produced increased ed

weight losses and distortion.

Effects of Ultraviolet Radiation

Versluys, et al. ,(55) subjected Mylar to ultraviolet radiation at 10-8 torr to a dose a dose

of 50 hours of insolation in the 1300 to 1850 A band and 565 hours in the 1100 to 1300 00
band. Weight loss was 0. 2 * 0. 2 per cent. Vacuum exposure alone gave 0. 3 * 0. 3 per I per

cent. The released gas was analyzed by means of a mass spectrometer and found to be to be

nitrogen, which was assumed to be adsorbed to the Mylar

Table C-24 shows the effect of vacuum and combined vac-uum and ultraviolet on on
Mylar aluminized on one side. as determined by Snyder( 4 (i. Ultiaviolet (770 hours'

exposure) caused a 4ecrease 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 tensile strength at butt-seamed areas using Mylar tape with various

adhesives.

Wilcox, et al. ,(58) irradiated Mylar in nitrogen and in vacuum with ultraviolet
(T-.)les C-20 and C-2 1). Elongation decreased faster for samples irradiated in nitrogen gen

than it did for samples irradiated in a vacuum. Also, tensile strength was less affected ed
in vacuum than in nitrogen.

Blackmon, et al. ,(S) 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 iuw outgassing in a vacuum at room temperature. How-
ever, elevated temperatures and, particularly, ultraviolet adversely iffect weight loss
and tensile properties.

Polyethylene

Polyethylene is unaffected by radiation to an absorbed radiation of 1. 9 x 109 ergs

g- (C), and accrues 25 per cent damage at 9.3 x 109 ergs -1 (C). Tensile ., -.:ngth
increases at first, but at approximately 1. 1 x 1010 ergs g' (C), it begins to ,jecrease, 3,
and ip ?r w-r t -in. lower than the initial value at approximately I012 ergs g- c).

olyeth,,ne is subject to oxidation when irradiated. As a result it is more stable uie

in va itwu; tbar. n air.

Kerlin and Smith( 7 ) found that Marlex 6002, a high-density polyethylene, irradiated ited

in air to -n exposure of 109 ergs g- I (C) decreased in elongation from 907 per cent to
14 per cent. However, in vacuum, the decrease was only to 675 per ce:nt. Tensile

strength increased both in air and in vacuum but the increase was slightly higher in
vacuum. Data aze showvn in Appundix C, Table C-26.

Gray, et al. ,(8) found polyethylene, along with silicone rubber, to Le h r most ef- f-
fective seal for reciprocating service in a vacuum environment. Leak rates were "ery
low (5 x 10-5 standard cubic centimeters of helium gas per second) after test durations
of 30 minutes. Gray suggests that a dr)" lubricant such as rnlbdenurht disulfide shou'd Id
be used to obtain good results. Polyethylene .nd Vinylite (polyvinyl chloride), in an
O-ring configuration, were also effective in static sealing applications. They were not A
appreciably affected by 2-week vacuum exposures at I x 10-7 torr.

Jaffe and Rittenhouse( 5 1) list polyethylene and polypropylene as exhibiting good-

to-excellent behavior in high vacuum. Fulk(17) determined the equilibrium-weight-loss ss
rate for irradiated polyolefins (probably polyethylene). Values are given in Table B-70 70
(Appendix B).

Veraluvs, et al. 0(55) studied the effect of ultraviolet on polyethylene and noted
that weight los1 in vacuum with no irradiation was 0. 3 * 0. 2 per cent, but when irra-

diated, no weight loss was observed. The exposure did no, changc the appearance of the 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 1 100- 1300 A band.

Wilcox, et al. ,(58) irradiated polyethylene with ultraviolet light in nitrogen and in
vaurum. A wavelength of Z441 mj. was more damaging Lh-.. the 314 or 369 mA. Al qo;
char,•es in tensile strength were produced about three times faster in nitrogen than in a
vacuum (see Table C-20).

Polypropylene

Polypropylene has been found to be inferior to polyethylene in radiation resistance. e.
At an exposure of 8.7 x 109 e:.Zs g-I (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.:d isotactic
polypropylene samples than for annealed specimens.

Polyallomex s

Ir .4di.A. d to an exposure of 9.4 x 1010 ergs g- I 'C) at 75 F, a propyler '-ethylerne •
polyal amer r-tained only 25 per cent of its tensile strength. Above 2.8 x 1010 ergs
gI1 , ), hardr ;as decreaied and the material becamc very tacky. Elongation decreased .
considerably betw.een 3 x 108 ergs g'- (C) and I09 ergs g" (C).

These materials are defined as crystalline thermoplastic polymers produced from n
two or more different munimers. These are not copoly:ners in the usual sense, nor are ce
they blends, but are more like block polymers. One of the more interesting of these is
the propylene -ethylene pol-allozner. This kAIvrmer exhitits many of the best properties
of both high-density polyethylene and crystalline polypropylene. Propylene-ethylene
polyallomers are superior to the linear polyethylene in fl-w characteristics, ioftening
point, hardness, stress-crack resistance, and mold shrinkage. They overcome the
most serious property deficiencies of crystalline polypropylene, offering lower brittle-
ness temperatures, higher impact stre.'agths, and 11oa notc:h sensitivity. However, tle
polyallomers retain the desirable built-in hinge effect that is exhibited 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 oi impact strength, elongation, stress-crack resistance, and low-
temperature toughness while retaining the desirable electrical properties of the other
polyolefins.

Lewis(15) irradiated a propylene-ethyl,:ne pol'iallomer at room temperature and at Atemperatures of 205 to 250 F. When the malerial was irradiated to 9. 4 x 1010 ergs

g-1 (C) at 75 F, tensile strength decreased from 4380 psi to 1100 psi. Above 2. 8 x

1010 ergs g-l (C), hardness decreased and he material became very tacky. Elongation
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decreased ronsiderably between 3 x 108 and 109 ergs g- - (C). At 250 F, after irradia-
tion to an exposure of 2. 4 x 1010 ergs g-I (C), the specimens were stuck to the foil
wrapper and tore easily. At ZOO F, tensile strength dcreased from 4390 psi to 1300 psi si
at a, exposure of 2. 9 x 109 ergs g- I (C) while elongation decreased from 688 per cent to to
34 per cent at an exposure of 9. 7 x 108 ergs g-I (C). Data are shown in Table 40.

TABLE 40. SUMMARY OF EFFECTS OF IRRAD'ATION AT TWO £EMPERATURES
ON PROPYLENE-ETHYLENE POL'iALLOMER (CRYSTALLINE
POLYMER) (EASTMAN)(a)(15)

Gamma Tensile Ultimate
Exposure, Temp, Hardness(b), Yield Strength(a), Strength(a), Elongatior(a),
ergs g- I (C) F Shore D psi psi %

0 75 63.9 3280/123/15 4380/482/15 770/60/15
3. 2 x 108 80 67.1 3460/84/15 4050/493/15 771/63/15
1.2 x 109  80 69.5 3470/171/15 2015.7/15
2.7 x 109 75 70.3 2860/79/14 5
8.3 x 10 9  75 71.6 2130/122/15 2-3
2.8 x 10 1 0  75 64.7 2880/100/15 22/5/15
9.4x 1010 75 35.4(c) 1100/75/13 30/9.0/13

0 250 69.7 3300/44/15 4390/196/15 688/40/15
2.7 x 108  205 68.9 3330/62/14 3100/469/15 68"'!2Z/11
9.7 x 108  205 68.7 3360/93/15 311.1',015
2. 9 x -,o '.30 69.4 1300/135/14 -'mall
1.1 'X 1,,' 035 63. 1 1400/135/15 5
2.4,. 010 45 (d) (e)
8.0 0 ,)48 (d) (e)

(a) Data are liven as 7/S. D. /n, where " ý avcrage value, S.D. n standard deviation of an individual observation estimated
from the range, and n = number of specimens used in calculating x and S. D.

(b) Average of 30 measurements.
(c) very tacky.
(d) Too tacky to measure.
(e) Specimens were stuck to foil wrapper and tore easily.

Polyimide

Nomex yarn (Fiber HT-1) was reported to be unaffected to an exposure of 3. 3 x
1010 ergs g" if).

At 500 F and 1. 4 x 109 ergs g- 1 (C) gamma exposure, the yarn retained 45 per
cent of its elongation and 62 per cent of its tensile strength.

at Polyimide fiber L HT- I (Du Pont Nomex yarn)] has approximately the same
strength characteristics as nylon, with greatly increased resistance to heat and gamma ia

irradiation. (75) There are no melt-flow characterieics below 750 F. It does not have -e
the objectionable melt-drop characteristics of nylon. Its strength is unaffected by expo- po-
sure to 3. 3 x 1010 ergs g- (C) gamma irradiation. No practical solvents for this yarn rn
are knownt at present.
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McGrath( 7 6 ) irradiated 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 wore irra-
diated, the colors used buiiig International Orange and Olive Green. Strength and elonga- a-
tion properties are given i% Tables C-27 through C-34 in Appendix C. It may be noted

in Tables C-3C and C-33 tbat. the natural yarn when irradiated at 500 F to an exposure of )f
1. 4 x 109 ergs g- I (C) retaived 45 per cent oi its eioewation and 62 per cent of its
strength. Variations between the dyed yarns and the 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. M(7) irradiated polyimide fibers JHT-I (Du Pont)], poly-
benzimidazole, and thiazcle polymer (Southern Research Institute). During ultraviolet
irradiation of HT-1, no volatile pvoducts were detected. No differences in degradation

were noted between irradiations ;n air, nitrogen, or vacuum (10-3 and 10-6 torr) (see
Figure C- 16). Exposure to e... rgy at a wavelength of 369 n* caused greater deteriora-
tion than that at 244 or 314 n4&. 'rradiation of polybenzimidazole fibers with 253. 7 mU
light from the G30T8 lamp produced4 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 intermkediate between those produced by irradiation in oxy-
gen and in vacuum.

Fibers of a thiazole polymer appeared not to be affected differomtly in nitrogen.
oxygen, and vacuum. As shown in F"igure C-18, no loss of tensile utrength due to X-ray Ly
irradiation was apparent, but some .0ecrease in elongation was noted.

')1 Pont "H" film, considered Ivr use as a hydrogen barrier, was irraltated (nu-
clear) _•i.le ,.imersed in liquid nitro en. (13) Tensile and tear strengths of >inil sheet t
were .imilar to those of 2-mil Mylar. These properties were not significantly affected I
bye.- o•lre t 2 x 109 ergs g- (C). lata are shown in Figure C-19. Radiation did not t
affect hydrogen permeability,

Mathes( 7 8 ) evaluated wire insula ion for cryogenic applications after thermal aging ng
in air and vacuum and after moisttire eoposure. Among the materials examined were
HML (a heavy aromatic polyimide enamel), HML asbestos [a polyivnide solution (ML)
coated, felted asbestos], and Glass/ML [a p-olyimide solution (Du Pont ML) coated glass 3s

fiber insulation]. These were also examined at cryogenic temperatures. The advan-
tages of the ML material is that it haa the greatest flexibility at cryogenic tenperatures, 4,
excellent thermal stability, mechanical toughness, and no measurable thermal cut-
through. Its disadvantages are that it is available only as a relatively thin film coating
aaid it is somewhat sensitive to moisture. Evaluation of coated wires consisted of re-
peated mandrel flexibility tests in liquid hydrogen. Figures C-.t, and C-Z1 give a ctm-
parison of breakdown voltage in air, vacuum, and liquid nitrogen. Voltage breakdown of of
HML is not significantly affected by thermal aging, even at 250 C.

Buckley and Johnson(6 5 ) investigated the usefulness 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 tort and at ambient temperatures 5

to 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 to
lose weight at an appreciable rate, and at 875 F, tl-e rate was too high to follow with the Is
recorder.
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Friction and wear studies were conducted in vacuum (109 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-
wbht high (Figure C-L-3). However, the wear for the polyimide is only one-fifteenth that
obtained with Teflon, and the friction is also lower.

With polyimide sliding on itself, the friction kas higher than w.th polyimide on
stainless steel, but wear was 1/500th that of the p( yimide on. metal (Figure C-Z4).,

A 15 per cent graphite-filled polyimide composition was also examined in frictio.a
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( 7 9 ) examined six insulated wires for use in a space environment.
One of these was "Suroc" FEP w/corona etched, bonded "ML polyimide" manufactured
by Supernant Wires; another was Teflon FEP and "H" film laminated into tape and
helically wrapped. On the basis of weight loss, diss2pation 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 wLs
quite sensitive to ultraviolet degradation.

Polystyrene

Polystyrene is one of the most radiation resittan, of all polymers. It e). t-
thresbol'i dearadation at an eposure of 1010 ergs g- I (C) and 25 per cent darra> e at
greater t in 1011 ergs g' (C).

, c.p~'re, of I01? ergs g- I (C) are required in a vacuum .o produce significant
change in it,• in-fr.red spectra.

Polvityrene film was not affected at 75 F by an exposure of 8 x 109 ergs g- 1 (C).
At 9. 4 x 10 " ergs g-I (C), it retained 54 per cent of its initial tensile strength.

Lewis( 15 ) irradiated polystyrene film .-t 75 F to an exposaire of 9.4 x 1010 ergs
g- 1 (C). Tensile strength did not change appreciably until after an exposure of 8 x 109
ergs g- I (C). At an exposure of 9. 4 x '101 ergs g- ý(C), the polystyrene retai aed
54 per cent of its initial tensile strength. Ultimate elongation decreased from 6. 5 per
cent to 3. 2 per cent (see Table 41).

TAM' t 41. EFFECT OF IRRADIATION 01I TENSILE PROPERTIES OF Po0 'Vp-rNE FILM( 1 )

Gamma
Exposure. Temp, Tensile Stre•,•,thi(a), Ultimate

ergs g8! (C) F psi Elongatioda), 17

0 75 1120/40/15 6.5/0.29/15
3.2 x 108 75 1130/32/14 6. 8/0.44/14

1.2 x 109 75 1090/28/15 6.3/0.46/15
2.7 x 309 75 1090/31/15 6.4/0.32/15

8.3 x 109 75 1080/45/15 6.3/0.40/15
2.8 x 1010 75 9'16/102'b6 5.3/0.49/15
9.4 x 1010 '75 512/52/1,1- 3.2/0.2E/15

(a) Data are given as i/S. D. /n, where i average value, S.D. standard deviation of an
indiidial observation estimated from the range, and n" number of specimens used in
calculating 7 and S.D.
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Riehi( 5 7) found that high-impact polystyrene lost only moisture in vacuum at room
:ernporature 2nd at 50 C. At 100 C, sustained weight loss occurred.

Versluys, et al. ,(55) tested Trycite- 1000 film (Dow polystyrenLe film - 1 mil) for
weif, t loss after exposure to vacuum and to X-ray in va.u,_in. Weight loss in botk. rases
was 0. 1 per cent. The expasure did not cause a chngL mn appearanc i. Insolation was
for 128 hours for the 1300 to 1850 A band and 3500 rours for 1100 to 1300 A band.

Blackmon, et al. , and Clauss( 5 , 3 9) determined the effect of elevated tempera-
ture o, plstic potting compounds. Eccoseal HI-Q, a polystyrene-solvent system,

showed no visible eff.cts after room-temperature vacuum exposure, but vigorous bub-
bling and outgassing resulted at 170 F in vacuum (10-7 torr). This was probably due to
the trapped bolvent.

Polyurethane

A polyurethane foam sandwich sample showed no reduction in meci-...ical proper
ties up to 10 ergo g- 1 (C), the largest exposure to which the sample was subjected.

The compressive strungth of a polyurethane thermal insulation appeared higher
when irradiated in vacuum than when irradiated in air.

K- -',n -ind Smith( 7 ) irradiated two polyurethane thermal-insulation matei ,1I in

air and it vac.,. n. These were tested for compression strength. Irradiation - an ex-
poture .f 5 x ILI to 109 ergs g- 1 (C) did not seriously affect this property. Compres-"
sive s" er.gtl- wl ýn tested in a vacuum appeared somewhat higher. Data are given in
Table C-35, App,.idix C.

The effect of nuclear-radiation exposure at cryogenic temperatures was examined
on four polyurethane foams by Yasui. (1 i The materials were Magnolia Foam,
Marfoam, CPR 20-3 Foam, and Douglas Insulation. Data are given in Figures C-25 to
C-28. There %%as no statistically significant difference between the controls and irra-
diated specimens of Magnolia Foam or Marfoam. CPR-ZO-3 increased about 39 per ce'-t
in shear strength in the anisotropic direction. Yasui attributes this to the fact that the
individual cells within the foam were elongated in this direction and were mutually paral-
lel. Radiation did not affect compressive propertien.

Matacek(8ui investigated the effect of humidity during cur' uIL a polyurethane resin
(Multron R-10/Mondur C) with respect to weight loss in vacuum. The materials cured

at high humidity had a greater weiuht loss when expotied to elevated temperatures in

vacuum than those cured at low humidity.

Clauss and Blackmcn, et al. ,(5, 39) in their investigaLions of encapsulating

materials, found PRC 1535A/B satisfactory after vacuum-temperature exposure. The

material was not irradiated, but on the basis of its radiation stability 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 appreciable change when Grinlan F glastic was irradiated tc ? x
10 ergs g- I (C' at room temperaturc.

Grinlan F plastic (poly n-vinyl carbazole)(15) showed extremely good radiation
resistance at room temperature. When the material was irradiated to an exposure of
2 x 1011 ergs g-I (C), there was no appreciable change in hardness, specific gravity, or -, 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 4Z. SUMMA:,'! 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- I (C) F at 25 C Shore D psi

0 75 1.185 91.5 2900/206/15
4. 9 x 108  75 1. 187 88.8 2630/448/14
1.8 x 10Q 75 1.187 a9.8 2700/421 :
3.6 x 109 50 1. 186 88.2 Z690/3711'5

.10 50 1.188 89.4 2660/32,'!5

3..5 x IilO 50 1.188 88.9 2830/132/14
Z. • X 1 70 1.188 91.3 2590/274/14

(a) t verage Ui 30 measuremnents.
(b) Data arc given as i/s. D. n, whete m '. avrage Yalue, S.D. standard deviation of individual observation

crt..nated from the xange. and n a number o! specimens usece in calculating i and S. D.

Silicones

Silicone resins, used for laminates, coatings, and insulating materials, ar# not 3t
seriously degraded at exposures to 109 or 1010 exgs g-I (C) and, with the proper filler, ter,
are satisfactor'v to 1011'ergs g-I (C).

The stability of silicones to radiation depend upon their structure. The presence !nce
of phenyl ý,. -ups in the silicone chain increases racdiation stability, while the presence of :e of
methyl groups increases flexibility.

Dexter and Curtindale(3 6 ) investigated the combined effects of temperature and
radiation on silicones. Samples were irr.tdiated at temperatures of 150 and 200 C.
Electrical and physical properties were mreasured 24 hours or longer after removal
from the radiation source. Since time constants of the decay of transient effects on sili- sili-
cones are less than 10 minutes and stable properties are attained within 1 hour, tran- I-
sient effects were not considered in this work. Electrical properties were. measured at d at
room temperature and in some cases at elevated temperi.tures. Materials evaluated
included"
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Silicone Fluids

Dow Corning 200 Fluid, 20 Lentibtokes Dimethylpolysiloxane
Dow Corning 200 Fluid, 1000 centistokes Dimethylpolysiloxane
Dow Corning 510 Fluid .. enyimothylpolysiloxane

Dow Corning 710 Fluid Phenylmethvlpolysiloxane
Sylgard 51 Dielectric Gel Dimethylpolysiloxane

S.•icone Compounds

Dow Corning 4 Compound Silica-filled dirnethyl silicone
Dow Corning 5 Compound Silica-filled phenylmethyl silicone ,e

Silicone Elastomer

Silastic 1602

Silicone Resins

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

Dow Corning 980 Impregnating varnish Glass cloth filled
Dow Corning Sylgard 182 Solventless resin No filler

In general the effect of the elevated temperature was to decrease the r,-.uation re-
sistanc, .u, % material by approximately 50 per cent. Electrical propertie, :)f the sil:- i-
cone ".uids di I not change significantly during exposure to radiation and high tempera-
ture. (.5fl, tu 10 C). Their usefulness is limited by their increase in viscosity. Effects ts

of temnperzr•rt :tnd radiation on electrical and physical properties of silicone fluids are a
shown in Figurus C-29 and C-30 in Appendix C.

Silicone insulating compounds are used as sealing materials in electronic apparatus tus

and as a water-repellant surface coating for ceramic insulators. The phenylmethyl
based compounds gelled after a radiation e'oosure of 4 x 109 ergs g-1 (C) (40 megarads] Is]

at room temp^rature, 2 x I09 ergs g-I (C) at 150 C, or 109 ergs g! (C) at 200 C. ThA e
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 tie gelation
dose. Data are shown in Figures C-31 and C-32.

Silastic i602 is discussed in the section on silicone eiasi. ;rs, while R-7521 ,s
included in the discussion on potting compounds. Data on the effects of temperature and W
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. P.s such, they are "e

discussed under those headings in this report. According to Jaffe and Rittenhouse (51),
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 Mylar as showing good-to-excellent behavior in high
vacuum. Podlaseck and Suhorsky(4 ) show the equilibrium weight loss for silicones at
elevated temperatures (see Table C-4). At atmospheric pressure, these losses appear r
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 stabllht,.
It- properties begin to change at a radiation exposure ,; 1. 9 x I09 ergs g- 1 (C), while it it
is da.,naged by 25 per cent at an exposure of 1.1 x iCf 0 ergs g- (CI).

Tensile strength of PVC is not affected urtil it is given a radiation dose higher than In
that which affects polyethylene. However the tensile strength of PVC decreases more
rapidly than that of polyethylene, whereas its elongation decreases less rapidly than that at
of polyethylene.

The liberation of hydrogen chloride when PVC is irradiated makes this material
unsuitable for many applicat" :.'s in a nuclear environment.

Aitken and associates( 8 1 ) investigated the effect of plasticizer, filler, and stabil-
izer on the radiation resistance of polyvinyl chloride. Two levels of radiation exposure e
were used, 1010 ergs g-l (C) and 2 x 1010 ergs g-l (C). The polymer used for this
study was Geon 101. Fillers were carbon black (Vulcan black XXX), p"•cipitated w1 it-
ing (97 per cent CaCO3 , 99. 98 per cent passes 200 mesh), china clay (Stockalite), ana-

tase titanium dioxide (Tionaa G), and rutile titanium dioxide (Runa R. G. ). Plasticizers
studied were tritolyl phosphate (TTP), Reoplex 100 (a sebacate polyester used in formu- tu-
lations which require maximum extraction resistance), and dioctyl sebacate. Stabilizers ers
included white lead paste ground in DOP (dioctyl phthalate) in a ratio of 7: 1 "., * eight and and
used --. level, of 8 parts per hundred parts of polymer, and "Stabilizer Mi, tre", a
nonle;4t mixr. re normally designed to confer ther~nal stability to PVC form.'.ations.
This nixtnre, consisted of:

Material Parts by Weight

Organic tin (Stancle,-e DBTL) 1. 2
Organic cadmium (Ferroclere 202) o. 4
Epoxidized oil (Ferroclere 900) 1.0

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. *,evels of
filler were 10 per cent and 20 per cent by weight of the total (plasticizer plus pol-imcr).

None oi the interactions reached the level of signfiv- ,.- ii changes of tensile

strength. However, on the basis of elongation and tensile values before and after radia- ia-
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- 1 (C) and 25 per
cent after 2 x 1010 ergs g-I (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.



Plasticizer content may bc adjusted to suit the requirements of
the formulation. F(;r a given plasticizer, the decrease in elongation
was independent of the plasticizer concentration. (Note that plasti-
ctzer 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 resi.stance 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 black 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).

(3) Stabilizer

With Reoplex 100 plasticizer, stabilizer Mixture X is to be ''-.:-

"e- ed; with tritolyl phosphate there was no difference between th.. wo

stat.ilizers.

(4) Co!, 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 titanium dioxide
and stabilizer Mixture X.

Specimens containing precipitated whiting were almost as gocd an
those with titanium dioxide. One effect 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
"wer,' 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 arAbient temperature. No weight loss s
was observed after exposure to ultraviolet for a total insolation of 120 holirs in the
1300 to 1850 A band and 2140 hours in the 1100 to 1300 A band.

Blackmon, et al. ,(5) exposed pigmented poyvinyl fluoride and polyvinyl chloride ie
to ultraviolet for 96 hours in a vacuum of 3 x l0" torr at 80 F. The fluoride film dark- Lrk-

ened slightly, but no appreciable change in flexibility or tear strength was noted. The ie
film retained an excellent appearance. The PVC film, however, turned brown, and
voids and blisters from exuded plasticizer becamt evident. The film had a poor
appearance.
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Matacek( 7 3 ) Ln his report on stud.es to deterrmine the vacu-.,-_ volatUAtv of
resins indicated that VMCH, a vinvIchloride-acetate copolymer, lost 60 per cent of its

weight when exposed to a temperature of 300 F for 24 hours. Polyvinyl butyral (VYny;1-
i'e XYHL) lost 40 per cent of its weight. This temperature is, of course, high for these "

r.-. terial, but this wou1l show their limitations for bpa.e applications.
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TABLE A-1. TEST ENVIRONMENT AND RESUL-, -FOR HIGH-FORCE DYNAMIC-
TEST MATERIALS: STRUCTURAL ADHESIVES( 6 )

Ultimate
Material Radiatiofn 53 Shear Tmwerature Presslre
and Type Gama Strength, Avg. Fig. Avg. Fig9)
of Test [egs/gm(C)J Thermal 8)2.9 Klev EM.1 Mov psi F No.O(Gtorr) No.

Fm-lO0O 0 0 0 0 6302 77 - 760 -

(control specimens) 6117
6004
5946

High- 1.1(10) 1.82(14) 1.83(15) 7.0(13) 6050 157 D-16 3x10-1 4.2
Force (vacuum irradiation) 6096
Tester 6825

483D49nO

High- 1.9(10) 5.1(14) 4.15(15) 1.7(14) 7016 - - s(-6) 4. :3
Force (vacuum irradiation) 6W97
Test 76e9

anstron 9..5(9) 1.34(14) 1.51(15) 5.95(13) 6062 207 0-16 3xl10 4.2
Tester (vacuum irradiation) 6200

590
6A85

Metlbond 0 0 0 0 2323 77 - 760 -
302 (epoxy (control specimens) 2510
phenolic) 2570

High- 1.6(10) 1.0(14) 2.33015) 8.8013) 2984 157 0-16 3x101 4.2
Force (vacuum irradiation) 2938
Tester 2949

27.'

High- 2.05(10) 4.57(14) 4.32(15) 1.96(14) 3613 - 5(-6) 4.3
force (vacuum irradiation) 3680
Tester 3310

3497

S .... ,' ' •1•,* • •" • * 11 "~ ll | !!!ll4 I5
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TABLE A-1. (Concluded)

Ultimate
Material Radiation mmao . Sh.ar u nrae .. a..
aow Type Germ Msi ua L... h•Stert Fo.i) Av)
of Test kmssi pl M

Metibond 3D2 9.01,(9) 1.34(14) 1.51(15) 5.95(13) 2566 207b D-16 3x10"l 4.2 .2
(spxy phowl- 2415

2355
Instren 2536
Tester

•,, Avezola value/standard deviation on an individual basis.

(b., Estimeted value based on toemrature of FM-IO00.

(c) '!p'ure$ ve, ti , 6.
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TABLE A-4. OPTICAL PROPERTIES OF BEST MATERIALS
TESTED(18)

At Termination

Initial of 3 Months
PrpLjL Venus MItsion

Material be 4 us ', t
-' LOOK a a, 3001 X

Zinc sulfide-silicona ZW 40 0.26 0.90 0.7* O.M 0

Zinc sulfide-silicona Z/i 60 0.21 0,91 0.29 0.91 i1

Aluminized FEP teflon 0.26 0.84 0.31 0.84 ;4
(Type *Ap 5 mil

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

(b) So iigniticant change in e 00K w~s found for any materials due to
UV exposure.
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TABLE A-13. TENSILE STRENGTH OF DYNALAM LAMWNATES(I)

Exposure
Gamma, Neutron, Ir r ad. Tensile Strength**; psi

Type* ergs g-I(C) n crniz (E>Z.9) Temp, F Sheet I Sheet 2

A Controls Controls 75 39,411/4,5Z8/6 31,163/2,453/8 /8

A 5.6x 1010 5. Zx 1015 120 36,894/6,650/5 Z9,372/2,20,/5 /.

A 1.7 x 1011 1.7 x 1i16 130 38,317/3,082/5 29,559/1,Z58/5 /5

A Controls Controls 450 " 1, 157/7,724/5 20,'' . 5,226/5 /5

A .010 7.,2x 1015 455 28,160/3,494/5 22,-'.'0/1,82(./S /5

B Gc.:.O ols Controls 75 40,073/8,633/5 3Z,080/4,173/3 I

B 5.6 3 1010 5.2 x 1015 120 44,047/4,184/4 3Z,706/4,870/5 /5

B 1.7 x 1011 1.7 x 1016 130 41,29711I,674/4 31,563/3,502/5 /5

B Controls Controls 450 30,822/2,988/3 21,962/2,735/5 /5

B 6.0x 1010 7. 2x 10)5 455 30,684/4,995/4 21,252/3,953/5 /5

*A - with caring agent
B - withos't curing agent.

"•Data are given as x/S.D. in, where 7 = average value, S. D. =tandard deviation u! an L. ', al observativn estimated rom )m
the range, snd a = numbet of specimens used In calculating R and S.D.
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TABLE A-20. FLEXURAL STRENGTH OF LAMINATES AFTER

EXPOSURE TO VACUUM AND VARIED INTENSITY (35)

OF ULTRAVIOLET RADIATIUN35

Radiation
Falling TwNie of Average* Ultimate Average* Flexiral

on Specimens, L,.po.:re, Flexural Strength, Modulus x 106,
pyrons hours psi psi

Polyester P-43 Laminate

Control 0 59,300 2 4
2 15 61,800 2.6
3 125 64,400 2.8
4 25 50,100 2.5
5 3 Z4,200 -
6 3 --

Epoxy Epon 815 Laminate

0 84,400 3.8
2 125 84,700 3.8
3 125 84,000 3.8
4 25 57,600 3.5
5 3 39,800 -

6 3 --

Phenolic CTJL-91 Laminate

0 0 63,900 3.6
2 125 61,700 3.6
S125 56,700 3.5
4 25 49,500 3.0
5 3 57,100- 3.2
6 3 --

* Average of four specimens.
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TABLE A-7.I COMPRESSIVE STRENGTH OF LAMINATES
AFTER EXPOSURE TO VACUUM AN! VARIED
INTENSITY OF ULTRAVIOLET RADIATION 3 5

Radiation Average* Average*

Falling Time of Compressive Compressive

on Specimens, Exp'- sure, Strength, Modulus x 106,

pyrons hours psi psi

Polyester P-43 Laminate

Control 0 40,900 3.
2 125 47,300 3.1

3 125 51,900 3.2
4 25 40,800 3.1
5 3 39,900 3.1

6 3 --

Epoxy Epon 815 Lan'.nate

0 0 53 900 3.5
2 125 48,400 3.5
3 125 51,300 3.5
4 Z5 43,U,00 3.4
5 3 44,200 3 4

6 3 --

Phenolic CTL-91 Lanainat,

0 O 44,800 3.5

2 - 125 39,400 3.5

3 125 39,300 3.5

4 25 31,500 3.4
5 3 32, 6,0 3.4
6 3 --

*Average of four specimens.
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TABLE A-32. EFFECT OF VACUUM AND GAMMA RADIATION
ON SEALS(

3 5 )

Weight

Specimen Code Change, Change in Shore
No. percent Durometer Hardness

1A Alleghany Plastic -. 01

B Teflon X 0

ZA TDXE 121 No. 72 1.08 -2
B Acrylonitrile 1.06 -1

3A 50%6 Teflon -. 01 -3
B Loaded XIT351 -. 04 -3

4A TDXE-35 No. 74 1.16
B Acrylonitrile 1. 10 -7

5A Rubber -. 85 -9
B 366 YV -. 85 -4

6A En-Jay Butyl -. 09 +2
XI 351 -.,09 +2

Rubber 0 -14
5Z4A 0 -7

8A Linear 0 -1
B Copolymer XP-9-13 0 -1

9A Parker 1.00 -10

B B-496-7 1.00

10A Rubber 1.00 +2

B 524A 1.00 +4

11A Neoprene -. 53 0

B No. 74 Compound 1.007 0

12A Neoprene 1.009 0

B No,. 72 Compound 1. 010 0

13A Rubber -. 86 +1

B 366 YV -. 79 +2
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TABLE A-33. FLUOROBESTOS TEST DATA(a) (8)

I. Compression Tests (Federal Test Method A01-3331)

Compressibilit.x, Recovery,
Specimen No. percent percent

Control Test
1 800.0 94.6
2 590.0 91.5
3 325.0 95.4
4 1,150.0 91.3

Average 716.2 9q.2
Irradiated Specimens

[109 erg/g(C)]
1 331.8 95.9
2 657.1 93.5
3 500. 0 95. 0
4 940.0 93.6

Average 607.2 94.5

II Tensile Tests (Strain Rate = 0. 1 in. /min)

Elastic Elongation 0. 2% Offset Ultimate
Limit, in 1 in. , Hardness, Yield Strength, Stress,

Specimen No. psi percent Shore B psi psi

Control Test
1 2,156 2.0 93.0 1,927 2,226
2 1,847 8.0 92.0 1,667 1,964
3 2,053 2.0 92.0 1,681 2,257
4 1,982 6.0 89.0 1,429 2, 30

Average 2,009 4.5 91.5 1,676 Z,206
Irradiated Specimens

[109 erg/g(C)]
1 495 0 86.0 542 554
2 957 2.0 85.0 1,081 1,106
3 1,005 4.0 86.0 1,130 1,176
4 1,058 3.0 66.0 1,128 I,'22

Average(b) 1,007 3. 0 85.7 1,113 1,168

(a) All specimens 0. 07-inch thick (nominal).
(b) Data from Specimen No. 1 not included in average. Specimen

defective.
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TABLE A-34. TESTS WITH ELASTOMER SEALS( 8 )

S atic Dynamic

Leakage Leakage
Seal Type Sample (std -c (std cc

No. Test Duration He/sec) He/sec)

Reciprocating Seals
Neoprene 1 Start 0.80 0.20

30 min 2.40 1.00

z Start 0. 54 0.24
30 min 0.95 0.08

3 Start 0.22 (J. o45
30 min 0. 0095 0. 014

Silicone Rubber 1 Start 0.19 0.38
30 min 0. 26 0.33

2 Start 0.87 1.50
10 min (test stopped, leakage rate greate-.

than 10 std cc/secl

3 Start 2.50 3.40
30 min 4.90 4.30

Viton A 1 Start 1.40 0.60
40 min 0.02 0.20

2 Start 0.35 0. 65
30 min 0.13 0. 17

3 Start 0.0001 0.20
35 min 0.50 0. 10

Kel-F 1 Start 1.00 0.12
20 min (seal failure) -

2 Start 0.31 0.07
10 min (seal failure) -

3 Start 0. i, 0. 14
10min(sealfailure) -

Buna N I Start 0.36 0.03
30 min 0. 10 0. 032
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TABLE A-34. (Continue?')

Static Dynamic

Leakage Leakage

Seal Type Sample (std cc (std cc

No. Test Duration H-e/sec) He/sec)

Reciprocating Seals
Buna N 2 Start 0. 55 0. 040

30 min 0. 10 0. 15

3 Start 0.32 0. 24
30 mrin 0. In 0. 18

Butyl I Start 0.80 0.28
30 min 0.02 P 06

2 Start 0.22 0. 20
30 min 0. 038 0. 038

3 Start 0.004 0. 03
30 min 0.47 0.50

P"/ethyleae I Start 0.0001 0. 00b
30 min 0.000i 0.012

2 Start 0. 0001 0. ,,4
30 mrin 0. 00Z 0. 01

3 Start 0. 2 0. 10
30 min 0. 0001 0. 005

Vinylite 1 Start 0. 0090 0. 20
30 min . 0040 0. 60

2 Start 0. 0010 0.01
30 n-in 0.0010 O.02

3 Start 0.00 0 0.03
30 min 0.0010 0.01

Rotating Seals
Kel-F 1 Start 0.28 0.50

30 min 0.30 1.00

2 Start 0.2) 0.48
30 min (seal destroyed 0. 16

by wear and abrasion)
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TABLE A-34. (Cornluded)

Static Dynamic
Leakage Leakage

Seal Type Sample (std cc (std cc
No. Time Duration He/sec) He/sec)

Rotating Seals
Kel-F 3 Start 0. 34 0.38

30 min (seal destroyed
by wear and abrasion)

Silicone Rubb-r I Start 0. 044 0.06
30 min 0.35 0.80

2 Start 0.i5 0.2b
30 min 0.25 0.54

3 Start 1.00 1.00
30 min 0.28 0 1

"1 Start O. i4 C. ";3
30 min 0.01 0.U2

2 Start 0.032 0. 10
30 min 0.016 0.019

Start 0. 10 0.22
30 min 0. 008 0.02

Kel-F Elastomer Start 0.28 0.50
30 min 0.30 1.0

Start 0.34 0.38
30 min (a) (a)

3 Start ., 26 0.4b
30 min (a) (a)

Teflon 1 & 2 Start 0. 1 (a)
30 min (a) (a)

(a) Leakage excessive.



A-70

w 'U

z U)
00 w

ia Jz Z

0 r* :

(a Wi * *.

g ~ ~ So- Lo,. E

*~U .- go * .
00 *;* 0 . .*

4.- zX a *~*. * z

~~~~: .* . .**.** * . *

::o 
*.

4 ~ 4*~ *.**~* *. *.** .**. :*.

a* cc. ca

**..*****~~~ *.* * . *U* .**
>* 0* -1 0*.. : *..*

W3 (L ZLC

D-35



A-71

ATMOSPHERE -LIQUI D NITROGEN

10

8

4

KS 1CONTROL 5 IRRADIATED * ±ISo

FIGURE A-Z. RADIATION EFFECTS ON NARMCO 3135 AND 3M 1469/1968
ADHESIVES(1 3)



A-' 2

ATMOSPHERE -LIQUID NITROGEN

NUCLEAR EXPOSURE 2(14) TO 1.6 (15. NVT
14.2 (6) TO 2 6 1F

APCO 1219 - LEFKOWELD 109/LMS2-

STRENGTH STRENGTH

10 --
SHEAR TENSILE SHEAR TENSILE

a

0 Aa

KS~CONTROL fIRRADIATED t±i ;DS. _

FIGURE A-3. RADIATION k• FECTS ON APCO IZ19 AND -,.:r'zOWELD 109/LM5:.,
ADHESIVES(I 3 ) *1



*~ / A-73

(6

_________ ___ _ '"

5 02

_ IA A
V I- -

00 - U

1100

I I.-

- - N~dOe 2V10



A-. 74

__ _ _ _ _ _ _ __ _ _ _ _ _ _ 01

w-w

C)

0 0

Y.- A

IL u

W:! 4

00W

w* s- to

u~~m R4~~ W Uo 4do
IL I-,

ze a U0ZU WWJ
wgj~~z~ 0~l~O~ q

0.~~~ a-I o. W04 0. 00 .



A-75

ATMOSPHERE-LIOUID NITROGEN

NUCLEAR EXPOSURE 2.3 (14) TO I.7(I5)NVTr
N 3.2(6) TO 2.1(7) R 1

TENSILE STRENGTH TEAR STRENGTHJ

LONG. TRANS. LONG. TRANS.,

48 12

40

32

KSr

oe LB

16 4

o l

MCONTROL 5 IRRADIATED 0 ±1SD

FIGURE A-6. RADIATION EFFECTS ON SINEWAVE LAMINATE( 1 3 )

I



A-76

ATMOSPHERE-LIQUID NITROGEN

2.3(14) TO I.7(I5)NVT
NUCLEAR EXPOSURE

3.2(6) TO 2.1(7)R

TENSILE STRENGTH TENSILE STRENGTH

LONG. TRANS. LONG. TRANS.-

T24

40

32 ,I

24 LB
KSI

i "

CONTROL IRRADIATED * ±1I SD

FIGURE A-7. RADIATION EFFECTS ON HEXCEL IuAMINATE( 13 )



- A-77

w4

040 C.

ww
49. to~

42 IL
02o 0

-Il

w o-i .---

0ne00

0 :2

5w- -aJ

02 w IL

LMOL



A-78

z

0 Z Z9
go (a MW

IL 0

-- W 0 -

z ~U,

U,.

z 00

0 00 )t

OW W. W

It* w WI

w ~ wZ4 w0
AI4ZJ w

0.L .0~L U U04*



z

o :7

0

w
'IL

U)U 0H
o

t -J

I~l II 0w T z 9

ZN
40 j .Ir rU

.W CLL. C

.U._

(L W
(L~

0-0w >>Mt >>nzL »'XO >>Cu

71 0 0 0

0 U8(
w ILL



A-80

o

-- w

gd ; 0)

w* I-

2:

Ix.**.I*.*L
* ~ ~ c .*.*.* Cu 0

I.-,j
U, _

IX P
t ow

flww
U- C

h. ;. . .

uiz

k 0 0 0

cc 0

> w~ >
is -



APPENDIX B

I�ELASTOMERS

5p.



B-1

o' F-o

0%

0 vt

N 0N

.,q N tnm in In 0-) 0

In Ni0 N tnc, 0

t) I 0 0

0 4 n

.-I C4 0 N in- 0
.0 4

e' ~c 0 0N In4 -

-4 -- 4 a -4

:0%44 fo .

co 0 00.oo Ix4 .0 40

~~~ 14O

'd~ ~ 4 8 o 4 toU ~ ~ ~ r 0 bkoe 0 ~ N~I 4z t o E Nu,4co HU U Z 4



B-.Z

N r 4

*1~C. 0

* 0~

L0 0

06 41 41

0
0 00 0 0 4

-4J 0

0 4) 41 41 1

14 4)
0 0

N Cý

ed 0 V 0 U .

OD -) 61 41 4-3 C

(d 4J +

4 0n

0% 0D 0 00

k4 14 14 k 0

-4 to 1A 
0

N

4) d) 4) -, -
4), ~ 1 4 $-1 1

*~~4 - /)U P

""e4 0 U6 0 P4  m.~1

bO 4)Q 0 (d to- N N N
?o )k1



B-3

4-11 I

00,

oL

04.

>.

0 
1

(7 Ac 10
x 0 0- ~ p 00

4414

0

1401 ~

a.. C L b
.0 0

COL 0 ' - ;
0 4 I



BB-4CI

0 i z 0 Qlm

0'

00

0C$ 0 0 0 0

0~S 0< it) C. - D OD

> ~ C' D w co OD) 1

-4 '-4

C 0 . . . + + +

+ 4
%0-4 O %

M~0 N Nl Nl N N N

14 ot) if. in' dt) ons i03 0o 4 M ~ ..M i- 4 -4-# .

4. 0

Am.~ 00 0m ON

O0 N 0N 0- N g

"0.-. M' C) 0 0
0 54

0~ 0L

0 1) 0

24 0 0

.0 F- x o Co) Co U. A0,

0 0 0
lb 9L0 a 0 0 0.

C.4 .4 Ci 44 $

v~0 0 v0 00 v 00
C 01 c 04C-

vw> > >

04 04 -4-
cl -I X

54 -4

z>
4 ca4



B-5

,,4

0'

0~-

0 u.u0 UN H -4 W en

Cl 0 c

'7-

.0 V

0

00 P4

OiFA



B-6

3C

IFIN
+ +7

'0

'A 0 a 10 '0 r4C) A

0 0'

ti 04 -

0 '

~14 N C) NN ~

04 c
N) N3 D 00 0

k N V') N *

-4 44

uU1 0 X ) C I

-4 ol C. N 19

I1 0 '0 tA (I t

oG 0 -4 . '0 N 0)
0 M d)ý 4 -4 -4

0I V4 N 4 x x x x x

0 -4 0

I ~ ' C 4) di

z U4

U.

c '- U .

N 0 C')~ A '

C4 -; q. U' 1



B- 7

14)

00

4)U . $4
*.0 0 0

404

100

N ho u~ m. uQ

00
84 40

41 -$4 4ý 00
4(? 4.'b 0

.0 E 44) 
4

bC 0

"V4 '0'

$44 00 0 4
ra 4 4 ) ~ N4 4

c~~~I4 .2 ' 40 *$ 0$ $404)

W4 0. 0.-,o f

04 P41$4 4J~

.,4 0 14~ 'A4~
.0 *(dj o. 04) (d 00

$4 -4

0. ., 0.oa .

W 00 0; (

>%;4000000ov
o$4 .0 a 0 4

4) 41 4) 4
*' 0 $4 to

0d 0~ U

u 4)

4) U

0 0. 0 0 0 0

0,.- 0 w --



B-8

C:
4J -4L~' f, '.0 Im

4) 0

vi + 4

+ -4 -
+; + + + + +

X0

'.0
0 0 0'; a '0 00

4) . ) 0) C C
- ~ C-

"41
S' 0

0 k' LO en ~ 01 Cy) C) 10

0 0 tM m~N'0 0 .

C~3 0~ m 3c
n C; a. C' 0 0N
n'~ + V' +-

0..'

1:1 -

0) A: )

0C -- +)

04 r- C1 .)

o 0' -40
4ý4 -4 N 4 '0 N

%.0 -)4 -4

004 x x )C x x
' 4 t- 0 .

E4 .o '0 if) if) ?- a)

0 0 - Ln-(9L

0 Q 0 0

0 'o 04 %ih 0 0 ..

44044C4 4.

'-.4~ - *0MEMO* -



B-9

4) 4) 0 ru 0 w
-C .C-, fC
+1 . 4)0 4J 4 )D

0 tf. 0 tltl-..
4P 0 Er= VC ko

ec 0 0.,.4)
C'J C >- u 00 0 .

0 0 4,'4 -.4 -
".,4.0 u 4J0 V 4-ý %O

ko k M4J P0.m0 c 00 -1- .,0 0 E= C 0
0 a CL -4 -r 0 ., C
0 E 4J> +-4 L)-')C
k W 0 .0 0 .• -4H
0.C c t0 T3 V m

0 r. .,W r- a4 )
a C 4 m ( 0 *.)

0H 4J 00 C " : a ) I
• , . *..'-A 0Q 0 c

0 0(flt 0.0 d0 4 *
.. 0 u w.- . 1

IC t# af . 4. 004)

.-0 09) rj U )0 c 'o Lo .9 0 0 4.Un

)) V)-,4 0 V fu c0 Q -.

fuk . 04D *,j C 4-0.
d)0 fu c C a + 0 0 E

k 0. o' . k (St+) r 0 0 e- 0 .0-1•
0 $ 04 0 4mc- .0 4- 0

0 *-. 2o 0 -0 C :V+;

n4 • .. V.4 "- 4'-.u "0) UO.3

S00 M. 0

0 4)0 E 0 0 4)

0)r (0 4 OV 0'4 .s Ora4).

.- 1 ) c" 0.0000
m 4 0il 0V .0.5M0: 'A

4) k1 V k U) 3CC 4J 4J4

X4 0 Cv 4-4 k14 -14* W-2 .0
0qLf (D 0) a0 01 ( 0

0 +1 (a (oOC -0) * -4
() 0 C 2 00 C C' . U O

-H w) 0 0,4. . . 'W .-

4) +) C Co 4) - ) -(-'C (o 0 0.. H
1.4 m c (d 4- 0)~ EC> 0'- 4,-1 m40 V,-
(a 0 4) 0). 0-$ a' 0- In..4E UOC

044)0 - (o c L) m.( H"- u()

4) CL c 00 E ) c cs 0 w0 0 0
$4 " -4 0H N X Uk a~ e ~ ~ V- 04) 40.c +0. a)

4J V J 0 V- 4 -
44) 4o 4). 4) k '1 4 4 4) f4 )0 4

m -1 C n 01 M )( C U

:3 4-) k ~ 4)C 0u4 0'

$4 4) 0 4i
(D 4) d) (

__~4- .___104 U



B- 10

04J a f 'J c 0 IT

04 1( C' C4 m~ '10

++ + + +

160

U)0 N ~ FD 0

oo OD OD O

4J4

8? ? _?

0'

0 Im
0 (1) in i

-4 0
00 (41'4) Q 0 '

a. c 'm - a

010

0- I0 r

.0' 0 0) 0f 0 C)

0C') 1 l 0 C'. OD

01 -4

44. IL L.N

CO 4J H o

; \o c i a

4'- - N-~ -'-C V of) - - -



B-11

(0

C;0,
0.0

0 0

(0 CU C 4 0)

0 0 to 0 -H
C CO6

;-VU10 to .

002 U C 0 4J0
14-

C ~ g
43 W C C. (.4j
*0'- CC'J0 00

c AF c 4 MCV0
00(0 M -4( to a

04( IC 2 -
(000 (0 -1 -0

(-4 4 0-4 >.. c V C

04-'k 1 0 a

C 0 4-S .0 24
(0 (v 02 10 c

c 0 Z. 41

4) 0A C. c0 c -0
*2 3 0 x

04 41'-
4-) (0 00 c 0

14 ) MC4~ * W 0 0>0
0*4 .- 4~ -V -4 0 (4

to CC C4 I. >.
0 m 40 to4.1

4- ka.4 0.C o0 OC4O
(o W -- 9 0)0 9q C 4 4.C400
14 4 08CS 4-C 14-- 0

r. M 0. -40V 4 - -
-4 _u .0 -4 4)t C.

to4. C~. 9 -H H 9oc4-:4
4J ta-4q k.( 0 U)

* ~ * 22>.00.4.

*6 .401 (a l E .9'

aww to ,(C.( > 0 -
0 t -4 - to , .C .a L

914 (f)0 .4 "~a



B-12

rzr4
r4

8r Q Q 0 r4 O-I

s-4

or- -

04

Vý 0

.04
0



B-13

I C
I i.

coI 04, r 0 LO 0 "

CEON
+ ++ + + + +

14J to LA lA 4 Ln Cl)

C; + + + + + + +

o ) N C N C14 LA .

~00

o 10 44 C to N 4
4) E m 1 + I I

Z . 4 C~

o ~ 0 00 N0

0'

r- '1 N co N -

ý1 m m-- ) (' -

, "-1 0= + + + +

N6 N04o

0] -1 44.)
0 1 0 C 0 0 +)

0 C

' n to 0 04 cl -4 " (0 N 4

-in in .- C0'0 ' ) L
43L

0b 0 N 0 (0P 0' 0' 4)
-4 44 4 4

4J c
0~ k0 0

114A

C) 4

Cc k4 14
c IV

0 LU C e0L4a L 1~ A m'. k4 Z) m "4W 0 m
Z k 0 4) > >. +. 3 'C C '1 14 )

N U * k + *

04 M U) -0 (' ')-LA '



B- 14

0)

4J 0 > -H
0)4) 4)0S'

r ~ U) 40 >
C6 0 0 O0U
44 i-= V3- r-'

.41 4) o)0 t

0 0 4) 3 O
54 i t4,'.9 OP4S~J .,14 0
S 4-) 0 4- . 44-4 .- 4-'43 d)M ) -ý4

U) 00 U)*' rU 154 k 4-'
o ON'' ~ U 41 0to+j d-

CL CCU OC (a.)U 0 o t" 1
*Nx ~0 4 -164 OO_0 0(ar

'-44. d)'0 0 40
~4? 4..5 k U C

4-) a)3 0)Co
*-t 4-) 4) 0)0 C t > 4-) r-

m 0C -H 004 0100.

0 3 " c -0 *.)4 .,I co
0 ~ ~ ~ 0 40( 0-

(a. C4 .4 -H +) 540
> z4).4 k c 0 m Ck 0 4.0

'4 00 t" 0 0-S

k 3( -H U-M 'Doala4)u
Z r->. .- vC5U 04. >

o . -00 4 U4)'4 0"-4P

4) 0 CD305. 4) D 4 014 tW 4.-0

m 0 3) 40 4) 4 00 *)e-1544Lr= 0 0 43 *
CY)~34 0000x ( i .

14 3: .,4 4 C ) 0) 4J 4 C 0)e
Im 05 1 r= 40 (D 4-) 0 0 3:

.X4 1 4 ) -4-)W 43 ~ C 4- a) U .-H M*0

c -A v 4 :- C: 0U) 0--4- cc
o44 .0 0 0

.0 U) Ct.4) CL 0 54- k

c0 (v 0 0 ). : 4) fC0 10 0*
4 0

0
4) ý: 4)604c )0 U) ) .4

00 s '.- cC .40. k00) n 404
4) tX0 11)40-- C7 1 w:3 4U0o

toU M *- H ~ 4co 40 (0054 -405C
4) tEC'- ý4-4 *.04C a)- 0..-0

4- -0 *.4-' co c -0 -4J ) =--4.,

43 94) ' > to34U C7V)

43 0) 2 r_ .4) tv 0k C C

U ~ " 4.0. 
00- C - C 0 0 .

VOO .1 CU 4-3 0 0 -0-4

44 (a a 004- 035 )(a V H 4)0.V 0
0 436043 t 4 . a) R- .4) .H4)U4-5

4) CD.4C3 4-. I- w3 ~Ce c .9 Lo

0H r-0 43 4300-(1)0 0 OHC0-110
l U) IC 0- C5H4k x k - +) 1343

004)4F ) 40.-4) 4 -It 4- -44 (A 4-

4 4- 0 0 D a)U1 aH-

0L 04 -C C01 ) OC ) )-

t4. 43) u J J4 3 - V C k4 L) >

4-. C 4- 0

-A4 43

46( >5

I-. -4)



B-15

4J '-

+ + + I + +I

0 ;+ +

0 vo 10 10 0 D1' 0CD DD D OD CD 0, co OD

00

4a 0

4J -4 N1 04 0 0C u+. (14 M' t- '

o -f 0
04) 4 c- (1) 11 r N.

O o Lo0 1 t %

Cl 15: 0D 0'C

0) V) if) CD N )

0 4)
Ing C) I 41 -

00

0n 0
U) 40 C ) C~M %DD 44 54

-4 C11.1

C; 1 t- - 1 54

4) 41

Li. U + CL

P (O' oN - 14 4J 44.

C'u+
4 ~ ~ $.> ~ .( 4

54?0 54 .Ci k. + 4 .C 0i

U) IV 4 . 4N

Z ~ P- 0' () > wA >0 C' k- < H dl

_ w .9 + -



B-16

+) ~ U) C

0
C~ ~ ~ 25CW- ,

0 0 0 l.'c 4 0 .4)

Oo04 k 4-'
0 +'O 0~ *.-

H ~ - 1.4 0U -4 4.)- ) C

-4 WU' M.41 ". J
0 ~~ 014.1O( (

a) 0 k ~ L A~ - 0) -4

0 0 H w IV 0.-

" ( C"-4 .1 "404
o; r (C0 0 4 .0 >

0 CP 0 M W.CJ E 4-0
k~ 0N I( CL -I 0 +0.CC

WU 4J)- C 0 4- ;A 4- .1"4 0
a> OC flOa 0 -(

.H -* UH A 4 .) + (

CC (n40 CC 00C. H
c c- 0 -.Cf)0 *..c c 0+ 00.-

0.. -1 ( 4)A -P 4

1 4- 0c OC >-O a 0 CD -4 4-. 4-)
t H 0 -HO (4-j (A1.

U) 1f0 -4 -4 C 4-' r C C'0 M
HO 0 I'U .00 c 4)0 0 -

:j$ - 0, .,1 0 f.) C.-
4 0 ruC- 4'0 4J C C.-40'

o J 4 k- 4)((U ' 0 0 4- H.-

u -40 a) az0( 0 MS (D U0 e

*-I( fu c rd$4 )H + F404- - 00 0
)e) L 0> IM (1 qL -4O-

C C-4 CC) 40 .0 c 0 4-)
o 0 u c c*.C V)'

1  0 0 .-4

aJ*- 0'. -M " W44,I 04 . 'o CC
0, , 4)..0-A 4 (U 4) 04 00H

(n (dUk4-) a00 0.- 4,U
.- 4 0)04 C 0 $4 0 04

a ( C> -0 A0 Loa)V 4)ro 4 +(t

.04-) 0. A. 4-. k (U H *

4) H - (a c -4
Q)4- 0.,0V( (o V
N"- 0 eC M00(u

4 0. HH2CH Wt 00
H .0 0C Otok >t (
H 3 4-.(-4) P0 4

OW( 4 4)O 3 0 ( 4-' '
.- ( 006k W cCO0 .C -
4-) 0. 0U) W 4-) 4- i '0C - 0 C C F

(X uXUx 4-) -4 0 M rU

0 ) W .4) W 1H P-H O3

(d 4 4 4+.4-.4.'0'0t 4+- ..-4 U)4-)
HC u0 14 C: 4 (A )

4-) .. 0) :3 0) A, 4 C
+) 4&). 0) H LHO 0 OH 0
u 4-. 4 aC1, (o CC 4) (vIi HO

4ý0U)

4J0

_ -I. 0



B-iP

cI - N '.0 Ic

+ + + I + +

0 -4 ~ C 4 .

0O CO 4 M -n c

113
N . .0 '

0.

a4 Cj 10 .0

M. C1 f - C
N: OD %0 N

+ + + +

co 0. cq 1

'0 N4 t0 co a)N
00 0V 04 0 0C

0 v 0o 0

n CO4 n r

-. -.. 0.
N. NU. -'A.

OD, 4lCO

N C1 U .4. k2
NC. LA . ~ +. + I4

'2 I -S N O ' 0 '. - '



B-I

%0 0
4J

) i)n 00
* >$

cA . 0. = -k . -

0I C 0 . EC to

4C fO E0 0.

-0 0 CC 4
.4Ifl>. 04J 4

U~~~ 004 4C '
4-) > x -4 0. OC

0 $410 C 4 00
* fC,4 caTs .-4 .40

to..4

0) 0~ C 0 .40

a 00. -40 41 > Cu

0 .- 44 CA :1-40
0t.. 0V

0 0 mv 0 ,
A4 .0 kC re-4

o C0,@ 0 ~ 3
*> M00-4$ ri0 0o

&S w04 00 c 4)J
a 4J 4)3V0 fno0

to 0 $4 o
u 0 -1 00. 0 $4

k -. >$409# :1 $ .0 0oý 0 to to - Wý *
-. 0. kn6. %0 0

> e xC f"> C
$4 -M CD4 0.4 00m

.0 m *0 0 wi4 - 44

0 -v0 r '0 m OC
Oc I.0 4) .4 C $40 ~
n0 0 ** 0'4- 0

S 1 C) *, $40 0-4 r
.14 0 0$. 4 0.
> $40 k 0 -A 410 * h-1>

k~ 044)0l 04.0C .4j>

.> 0~ X0 4J > "0$k

f3c .0 X NO' *-A$
40I ~ C: C: Cl) 0

.44 c0 '0 U)I 0~
0 k $4E.C 4J r.O 0.-H44

.4H .40 4) 0 .0 "04 .4 0
.4 4J > WO-4 6.,-4 4- 4) 41

-4 0 C. 0 4' ý 4.)4 -4 4)0
13 0 0 m U "a A (

r. 4 C .1 r_4 C 4+4'
0 0 4J( n 3' 0 0.

4.0 00 C-4.4

U 4) CH Ito
4JCII3



B- 19

- ) .0 N r- M0't (

in % o c,4 a,0
U, 14 . 0
0+ + + + + +

3-4

S + 4+ +

*0

U~ V)

44 3
I-0

0~ 2
N. N 4

1) ~ ~ ~ O 0 .C' ') C) '

4 +4 -

a -4

a" C (D

41ý 41

4) C.
-4 -4

4 -4 X4

41 ti Ci

C,4~~ 1( 1



B- 20

m 0 U0
.J C 0 C . . "0

0 00

4J~ 4 o (a -4s

04 .-4 Ok4fO

4J -4C

'Co 4 -0 r

o 04 30 004 4 >

43 -4. ~ 0C4

14C 1> qC C

C 03.41 C

la 09 :1 o -17~ ex

0014.4- 0 .4J . c040 1
140d c0 CL 0tl4'AC: 0 .

C44.U 4 .a) 0034-' 4.

-- 4 0 0 C.-' c4

41-4 0U'. (n

IV 4' 4)d .,4C u c

-40 0 c4 0 c*

w. -4 .9 0 0P o -

x .0 ~ 0 (a 0 *4 4

-0 0443 i7 4 4 i9
0) ~ S r.+ 0 3 4c v k



B- 21

0 fl

3c+ 0

943

00

4-4

4-

0

0~ c

-~ 0C

40 0

0~~~ * 0 (4

do (1 -4 X4.

N 4 0

0 '0

00 E I1
4 00

ff0+ ->4-

0~A 434

'~~14 k3 .

044J

C0 C ~ 4J 0
z 0 4

1-w n



B-22

Table B-14. ELASTOMERS TESTED FOR EFFECTS OF
HIGH TEMPERA rURES IN A VACUUM 9

Elastomers

Silicone (DC 651, 916, 2071), a polysiloxane high polymer useful
over the temperature range of -130°F to 500 0 F.

Adiprene ("L" and "C"), a urethane polymer useful over the tem-
perature range of -65°F to 175°F.

Buna N, an acrylonitrile-butadiene polymer useful over tempera-
ture range of -60 0 F to 200°F.

Buty! (K-121 and K-1330), an isobutylene isoprene polymer useful
over temperature range of -70°F to 250*F.

Neoprene, a chloroprene polymer useful over the temperature
range of -60°F to 200°F.

Viton A-U-74. a co'-",mer of vinylidere fluoride and he•;afluoro-
propylene useful o.cr the temperature range of -4701 :o 5007F.

Silicon sponge, closed cell recommended for use from -100°F
to 480°F.

!'
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Table B-17. RECIPES AND CURE SCHEDTILES OF THE
FLUOROELASTOMERS (V!TON A) USED IN
THE IRRADIATION STUDIES 4 7

Compound Data - Fluoroelastomer

Com.pound Comound Compound
15o-62 M51-62 152-62

Reciwe. varts by weight

Viton A 100 100 100

XT black 25 60 -

GPF 61ack - - 60

*0 15 15 15

HMAC 1.5 1.5 1.25

_ Cure Shedule

All compounds were press cured for 30 inlnites at 300 F,
and post cured for 28 hours at-400 F.

RM V-- Emi
I igw ý 1
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Table B:-26. RECIPES AND CUFJE SCHEDULES OF THE
POLYCHLOROPRENES USED IN THE
IRRADIATION STUDIES 4 7

Compound Data - Polychloroprenes

Co~und Conpowim apound Coupo~uid Compound
138-62 139-62 )*-62 159-62 16l,-62

ReciRe. parts by veight

Neoprene WRM 100 100 100 100 100

W• black - - - 50 50

: :5 5 5 5 5

V •' Steari *aicid 1 1 1 1
)to 4 8 8

__,droquino 2.0 5.0 - -I

Tatrawthyl thiuram
disuflfide - -1 1.

Desmothiasyl sulfide - 2 2
.•Cure Sechedule I

aw.Cue tii•-, min. 40 40 4o 40 20

Cure texperature, T 293 293 293 293 293

__ _ __ _ _ __ _ __ _____I "I I.. I__ II____

•rU
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T"able B-35. CURE SCHEDULES OF THE POLYSL TL.FIDES
USED IN THE IRRALIATION STUDIES 4 7

Recipe, Parts

Corpound Curing Data Base Compound Accelerator

146-62 MnOz Cured 100 10

154-62 Dichromate Cured 7.5 1. 0

155-62 Pb-peroxide Cured 100 10

167-6? MnOz Cured 100 10

•. compounds above were cured at room temperature for
Sleast ont week before exposure.

!

I
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TABLE B-68. COMPRESSMN CGCUNG OF ELASTOMEP-) DURING MRADIATION
4 8

Inmtegrated Neutron
Flux (N). n cm-

2  Noncycled

(E > 0.33 Mev)(b) Uncompresed Noncycle •SComSesed Cycled Compressed~c)

Gamma Load- Load. Load-

Exposure (G), Irradiation Deflection, Deflection. Compression Deflection, Compression

ergi gkc)iD) Time. hI lb/in. lb/in. Set, 0 lb/in. Set, 0'

NSR-X5602(d)

Control 13371/9 /3 1230/4.8/8 16.4/16.4/8 133311.8/3 7.2/16 /3

N 2 x 10
14

G 4x 108 1 200013.9/4 1470/6.6/4 48.1/11 /4 1627/2.9/3 27.2/18 /3
3 2040/6.7/4 1410/6.9/4 48.8,4.,5 .4 1600/4.4/3 11.9/ /1

Mar 10o1(d)

Control 1720/2.8/3 1785/3.3/8 13.3/14 /4 1750/2.1/3 01-14

N 3.8 x 1014

G 4.8x 108 1 1990/2.9/4 2070/5.4/4 40.1/3.8 /4 1820/7.8/3 13.3/14/2
3 1890/0 /4 2.60/2.3/4 51.4/9 /4 193A/I /3

DC-916-d)

Sitral 1544/2.3/4 1663,'4.4/4 24.5/27.6/4 1675/2.7/2 15.3/ .1/2

3 x

G3.8x108 1 2056/7.1/4 2431/9 /4 54 /11 /4

N 2 8 x 1014

G 4.2 x 108  3 1968/6.2/4 2363/6.2/4 61.1/12 /4

N 4 x 10
14

G 4.5 x 108 2275/3.9/2 54.6/1.2/2

N 3.3 x 1014

G ,3 x 108 3 2450/7.3/2 43,3/1.6/2

(a) Data are given ati/S.D./n, where&m average value, S.D, a standard deviation of individual observation

estimated fru;, the range, And n" number of speclmens used in calculatlng' a,,•. :. r..

(b) Ambient radiation temperature.

(cl Number of cycles are as follows:
Numbe- of Cycles

Before Durhlg A fter

ý!aterlal Power Level Irradiation Irradiation Irradiation Total

TControl 14,000

NSR-X5602 3000 kw, 1 hr 8,600 4,460 920 13,980
1 1000 kw, 1 hr 920 11,680 900 11,700

Control 10,800

Hycar 1001 3000 kw, 1 hr 3,600 3.600 3.600 10,800
1000 kw, 3 hr 900 10,800 .- 11,700

Cosatrol 5,400

3000 kw, I hr 900 3,600 900 6,400
DC-916 1000 kw, 3 hr 9 900 10,800 9vuU 12,600

Control 12,600

(d) Test temperatre, 80 F.
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Table B-72. PRESS AND POST CURE SCHEDULES OF THE
SILICONES USED IN THE IRRADIATION STUDIES 47

Compound Guri-ig _hate

39-62 Conductive silicone; post cure 24 hours at 410*F

56-62 Press cure 10 minutes at Z5j°F; post cure 3
hours at 40 0°F

58-62 Press cure '0 minutes at 250'F; post cure 24
hours at 480°F

105-62 Press cure 5 minutes at 240'F: post cure 24
hours at 48( 0°F

106-62 Post cure 12 hours at 480"F

107-62 Pos. cure Z4 htrs a 480°F

109-62 Post cure 4 ho.rs at 470"F

Post cure 16 hou s at 300°F

I ._I6," Post cure 24 hou",i at4•4W0F

120-62 Room temperaturc vulcanizing silicone

147-62(a) Room temperature .alcanizing silicone

148-6ý(O) Room temperature vulcanizing silicone

1 4 9 - 6 2 (c) Low-density room-temperature vulcanizing
silicone

(a) 96 parts compound, 4 parts curing agent

(b) 100 parts compound, 0.5 parts "fhermolite T-12

(c) 100 parts compound, 10 parts accelerator
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TABLE C-Z. PHYSICAL PROPERTIES OF ACRILAN IRRADIATED
IN NITROGEN WITH MONOCHROMiATIC LIGHT( 5 8 )

Tensile
Tncident Energy, iwvelength, Strength, Yucng's Modulus, Elong,•inn,

joules/cxa2  ml 103 psi 101 psi per cent

0 - 33.4 3.97 24

179 369 34.3 3.18 20
1269 369 36.0 3.37 36
2200 369 34.6 4.49 18
5644 369 33.8 3.06 48

1082 314 34.0 1.12 38

58 244 36.0 - 33
193 244 31.5 0.82 30
225 244 34.6 1.45 11.5
649 244 18.6 2.83 14

TA., B, C-3. PHYSICAL PROPERTIEz OF ACRILAN IRRADIATED

WITH G30T8 LAMP(
5 8 )

Irradiation Time, Tensile Strength, Young's Modulus, Elongation,
hours 103 psi 10' psi par cent

A. Irradiated in Nitrogen

0 33.8 3.97 24
24 35.4 3.51 24
CO 25.4 - 16

162 23.7 3.8, 19

B. Irradiated in a Vacuum

5 31.7 2.30 30
67 29.9 1.92 28
91 29.0 3.78 18

149 27.0 4.42 18



C-3
Table C-4. SUMMARY OF EQUILIBRIUM WEIGHT LOSS DATA( 4 )

Equilibrium Weight
Temperature Pre:zure Loss Rate

Material (C) (to,-r) (gm/cm2/sec x 1010)

Phenolic 121 760 ND

121 9.5 A 10-1 0.4
121 2.2 x 10- 0.9
177 76o 56.1
1T7 9.5 x 10- 16.0
177 4 x 10-2 15.3177 10O-5 15.0
204 760 30.1
2o4 9.5 x 10-1 8.6

204 4.6 x 10-2 6.5204 1.2 x 10-5 6.5

Epoxy 121 760 ND121 9.5 x 10-I 1.1

121 7 x 10-2 1.0
177 760 11.4
177 9.5 x 1•-L 4.7
177 4 x 10-9 5.0
177 10-5 4. 3
204 76o 97
204 9.5 x 10-1 25
204 3.6 x 10-2 20
204 10-5  19

Tefi.on 149 760 ND
204 760 ND
204 9.5 x lo-1 0.2

DiaZly! Phthalate 149 760 12.1
149 9.5 x 10-1 3.5
149 2.3 x 10-2 2.0
149 1o-5 1.1
177 760 20.9
177 9.5 x 10-1 .t
177 1.6 x 10-2 12.1
177 10-5 7.7

Mylar 149 760 ND
149 10-5 ND

Silicone 177 760 3.9
177 9.5 x 10-1 2
177 k x 10r2 0.9
177 10-5 ND



C. 1

TABLE C-4. (Continue,,)

Equilibrium Wciýnht
TemperaturF Pressure Loss Rate_ _ Material fC -t • ( /~ 2/ c ! lO

2o0 760 46.8
204 9.5 x 10-1 9.6
204 1.6 x 10 2  3.3904 lor- 5 7.3
232 760 (4•
232 9.5 x 1or-1 1-3
232 6.0 x 1O''2 00 7Z2i

Vitun A 172
Irradiiated polyolefin 50 5 iO- 6  013020

Wire insulation N)j02E iOOý1 18-2.3

Irradiated polyolef~n -aiable 50 5 x 10- 6  c.18

Tubin&• type ýru,' ;e01 100 5 x 10-6 1.1

Nylon 105) 50 5 x o-6 ". %3
3.00 5 x 10-6  -.3

/ - Epiall 1288 molding 50 5 x 1o- 6  o.44
//Compoan• 100 5 x 10-6 18

Irradiated polyolefin 50 0.472

Experimental type 100 22-23

100 5.5

Epiall 1459 epoxy 50 5 x 10-6 0.72

Molding compound 100 1.31

Nylon (Z.YTEL 31) 50 5 x 10- 6  0.89

Nylon (ZYT 101) 50 0.91,
100 4.2

Delrxin 50Y 50 ' LO(, 0.,j
100 .

--I



C-5
TABLE C-4. (Concluded)

Equilibrium Weight
Temperature kressure Loss Rate

Mterial (C) (torr) (gm/cm?/sec x 1010

DAP type 3-2-530 50 5 x 1O- 6  1.75
100 3.34

DAP type 52-01 50 5 x 10-6 2
100 5 x 10" -4.4

DAP type 1-530 50 5 x 1o 6
100 ý10-3

DAP type - 5Q 5 x 10 6  2.3

100 3.06

Devcou F epoxy 50 5 x10 6  2.5

Room temperature cure 100 5
P:, ",- .5 50 4 . 2

INo 3.1

A. =t-ong :poxy 50 10.6

Room tempe,, ture cure 100 17.8

Phewolic laminate 50 10.3-12.2

Grade XX natural 100 24.8

Phenolic laminate 50 5 x 10-6 10.8-11.7

Grade LB 103 100 8.9-9.5

Phenolic laminate 50 13.3-14.4

Grade LBB natural 100 10.6-12

Epiall 1552 100 5 x 10-6 12.6

Mold " compound

- 4
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C-7

TABLE C-6, FLUOROCARBON PLASTICS COMPARATIVE PROPERTIES( 6 4)

Property PTFE PFEP PCTFE

Cryitalline Melting Point, C 327 285 220

Specific Gravity 2.13-2.20 2.14-2.17 2.10-2.16

Tensile Strength, psi 1500-3000 1500-3000 4500-5500

Elongation, per cent 150-450 250-330 100-175

Compressive Strength, psi
at 0,2% offset - - 5500
at 1.0% offset 600 - 7850
at 2.0% offset - 1400 8400

Coefficient of Friction 0.04 0.08 0.43
against steel

Hardness, Shore D 65 55 80

Diele cric Coistant 2.10 2.10 2.59

Diss-paTion F•.-tor (1000 cps) <0.0002 <0.0002 0.0215

Moisture Absorptionp per cent 0 0 0

dlater Vapor Iransmission Rate
10 ril filr 100% R.H. at 25 C, - 0.310 0.030
gms/0hrs/m

M•aximum Recommended Service
Temperature, F 500 400 390

Chemical Resistance Ine:'t to most chemicals 3nd Impervious to corro-
solvents with the excepticcn sive chemicals; nighly jhly
of alkali metals. Halogena- resistent to most
ted solvents at nigh tempera- organic solvents.
tures and pressure have Swelling may occur with with
some effect. some highly halogenated lated

and aromatic compounds. Inds.
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C-13

TABLE C-12. TEMTATIVE ASSIGNMENTS OF INFRA-RED
pEAS(8"- )

Infra-red Peak (cm 1-1 Due to
Irradiation in: Tentative

Vacuum Air Assignment

3472 COOH

3096 COOH

-- 1880 enhanced

-- 1757 COOH

1350 1350 )
) Unsaturation?

981.8 983.7

1)

-- uzzx§,LN r z
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C-23
TABLE C-16. VACUUM DATA FROM OTHER WORK( 6 3)

Mo 1 % Gases Evolved

"Weight of
Samples, Temperature, Volume of Gasp

9m C F-._Z) CO2  N2  02 cc/gm.

Teflon TFE* 0.9010 71 12.07 - 62.51 25.42 0.0067

0.9010 180 14.10 -- 64.64 21.26 0.0164

0.9010 200 6.28 1.78 72.88 19.06 0.0172

Pressira at 10-6 mm Hg-

TAOLE C 17. PHYSICAL PROPERTIES O TEFLON FILMS IRRADI-
ATED WITH MONOCHROMATIC LIGHT( 5 8 )

Tensile
IncidenA EnezJgyq Wavelength, Strengtht Young's Modulus, ELongationt

'e" U mT) 103 psi 10' psi .er cent

57,3 244 10.4 - 142
,8 b 244 11.36 4o4 178

103.0 244 9.08 4°6 120
252.0 244 6.52 5.6 44

,Iadiate~d with Nitioaen

0 - 4.02 0.0965 1164

5644 369 4.14 0.167 850

649 314 4.40 0.144 950
11w0 314 3.68 0. 1"14 745

132 244 3.68 0.0832 725
300 244 3.48 0.076 700
497 244 3608 - 800

Each of the observations recorded was an average of two separate measurements,
except for the controls) which were averages of 8-10.

. .. . . ... - .
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C-2ý

TABLE C-20. PHYSICAL PROPERTIES OF PLASTIC FILMS
IRRADIATED WITH MONOCHROMATIC LIGHT( 5 8 )

Tensile

S,--,tit Energy. Wavelength, Strength, 'ioung's Modulus, Elongation,
jouies/cmz tmi 10'1 psi 105 psi percent

A. Polyethylene Irradiated in Nitrogen

0 - 5.52 5.90 512

179 369 7.04 2.49 270
2200 369 7.49 4.6 342
3160 369 5.77 4.62 343

475 314 5.59 4.95 290
623 314 6.28 2.25 290

1053 314 4.09 4.92 Z25

87 244 5.86 5.39 95
290 Z44 4.05 6.17 50

400 244 2.07 4.91 16

A rely hvlene Irradiated in a Vacuum

5t,7 244 7.41 4.09 Z3Z
595 244 7.48 5.51 190

B. M•ylar Irradiated in Nitrogex.

0 - 17.3 2.64 46

1269 369 20.J 1.32 36
3096 369 7.68 1.36 40

585 314 14.46 1.5 17
921 314 6.30 7.75 18

58 244 16.7 2.47 47
57 244 15.6 2. )o 28

225 244 12.46 2. 69 7
314 244 12. 1 3.02 11

B. Myla•r Irradiated in a Vacuum

1375 `44 6.56 1.42 11

t1



C-?,7

TABLE C-20. (Concluded)

Tcnsile
Incident Energy, Wavelength, Strength, Young's Moduluo., Elongation,
joules/cmz M11 103 psi 105 psi percent

C. Nylon Irradiated in Nitrogen

0 - 11.32 4.6 153
158.5 369 11.24 4.0 203
376.1 369 10.28 6.8 157

IU.i4 369 11.6 - "133
--2100 369 11.02 6.4 137

F 89 314 10.8 6.4 140
336 314 11.04 5.4 168

1234.4 314 11.56 6.5 133
1450 314 10.82 5.2 182

I
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TABLE C-Z. PHYSICAL PROPERTIES OF PLASTIC FILMS
JRRADIATED WITH A G30T8 LAMP(5 8 )

Irradiation Time, Tensile Strength. t oung' s Modulus, Elongation,
hour 103 psi !Q5 psi percent

A. Polyethylene Irradiated in Nitrogen

0 5.52 5.90 512
8 6.24 4.447 550

24 4.32 2. ?'2 ZOO
47 2.82 5.62 95
72 2.08 4.955 6

154 1.57 3.9 7

B. Polyethylene Irradiated in Vacuum

22 6.24 5.70 520
48 4.82 5.73 270
68 5.02 1 13 l0.

168 3.28 3.21

C. Tc"[on irradiated in Nitrogen

4. 0Z 0.0965 1164
92 4.00 -- 1086

120 3.90 0. 0972 750
559 3.79 0.0968 770

D. Teflon Irradiated in a Vacuun

40 3.80 0.0564 1160
68 3.46 -- -.

139 3.04 0.0590 520
146 2.85 0.057 500
6b; 2.59 0. 051'1 520

E. Nylon Irradiated in Nitrogen

0 8.32 2.46 131
42 8.96 3.31 135
78 6.32 3.08 80

180 3.56 6.17 14
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TABLE C-Z1. (Concluded)

Irradiation Time, Tensile Strength, Young's Moci, lus, Elongation,
hour 103 psi 105 psi percent

F. Nylon Irradiated in a Vacuum

8 8.36 2.2 230

24 7.92 3.75 260
68 7.06 3.75 182

140 7.04 5.73 161
190 6.8 11.03 111

G. Mylar Irradiated in Nitrogen

0 17.3 2.64 46
22 13.5 1.28 21
45 13.6 -- 14

161 10.5 1.98 12
192 9.7 1.37

"hi. Mlar Irradiated in a Vacuum

28 18.0 1.89 54
68 17.5 1.63 58

120 15.6 1.30 30
172 14.0 2.14 11
190 13.8 1.90 14
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TABLE C-27. STRENGTH PROPERTIES OF NOMEX YARNS FXPOSED TC EU.EVATED

TEMPERATUREP 76)

Tenacity. Strength Fetained,
rams/denier %

Int. Olive Int. Olive
Natur', Orange Green Natural Orange Grc-n

Original 5.92 5.85 5. 58
Orignlud , 2 Hr at 400 F 5.64 6.03 6.83 93.6 103.07 :04. 4
Original + 29 Hr at 500 F 5.09 5.50 4.20 85.9 94.0 75.5
Original + 2 Hr at 600 F 2.13 3.29 2.86 37.0 56.3 51.3

TABLE C-28. ELONGATION PROPERTIES OF NOMEX YARNS EXPOSED TO ELEVATL .
TEMPERATURE(7

6)

Elongation, Elongation Retained,

Int. Olive Int. Olive

Natural Orange Green Natural Orange Green

Original 14.2 11.2 12.0
Original + 2 Hr at 400 F 12.3 12.6 12.0 86.6 112.5 100.0
Original + 2 Ht at 500 F 10.3 11.6 '7.6 72.5 103.5 63.3

Original + 2 Hr at 600 F 2.2 5.5 3.9 15.5 49.2 32.5
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TABLE C-29. STRE.N TH PROPERTIES OF NOMEX YARNS EXPOSED TO GAMMA RADIATION AND/OR
ELEVATED TEMPERATURE (400 F)(

7 6
)

Tenacity. Stength Retained.
_ '_t•:- .r denter _____________

Int. Olive 1J1L. Olive
Naturtl Orange Green Natural Orange Green

Original 5.92 5.85 5.58
Origiral + 2 Hz at 400 F 5.54 6.03 5. E3 93.6 103.0? 104.4

_ . ,^8(a) .. 32 5.^3 5.69 89.8 101.7 101.9
Gamma, 7.0 x 10

8 
+ 2 Hr at 403 F 6.22 6.46 5.70 105.06 110.4 102.1

Gamma, 7. 0x 108/400 F(b) 5.30 5.64 b. 81 8O.5 94.7 104.1

Gamma, 7.0 x 10
8

/400 F + 2 Hr at 400 $(b) 5.40 5.82 5..51 91.4 99.5 98.8
Gamma, 7.0 x 108/400 F + i ,Hr at 500 F 4.41 5.26 2.38 74.5 89.9 42.7

Gamma. 7.0 x 108/400 F + 2 Hr at 600 F 2.56 2.87 2 . 38(a) 43.3 49.1 42.7
Gamma, 1.4 x 1 09(a) 5.71 5.75 5.62 96.5 98.3 100.7
Gamma, 1.4 x 109 + 2 Hr at 40C F 5.58 5.98 5. SE 94.3 102.2 100.0

Gamma. 1.4 x 109/400 F 4.76 5.54 3.31 80 5 94.7 69.3
Gamma, 1.4 x 109/400 F + 2 Hr at 400 F 4.02 5.04 2.98 6719 86.2 53.4
Gamma, 1.4 x a09/400 F + 2 lit zt •50 F 5.11 4.25 2.38 86.4 1 .. 7 42.7
Gamma, 1.4 x 109/i00 F + 2 H, At 61J9 F 3.47 3.73 2.92('%: 58.6 63.8 52.5

(a) Normal operating temperature, appnox. 100 F.

(b) F indicates gammr and temperature simultaneously
+ hours at F indicates oven aging.

(c) L'rayed and brittle.

Noi, .,amma exposure in ergs g'(C).

TAPI; C-30. STRE•'(rTH PROPER'Ib 0' OF NOMEX YARN. IXPOSED TO GAMMA RADIATION AND/OR

ELEVATED TEMPZ!FATURE (500 r)(76)

Teiacit y, &rength Retained,
gramsl/denier _,

Int. Olive Int. Olive
Patural Orange Green Natural Orange Green

Origirhl 5.92 5.85 5.58
Original + 2 lirt 500 F 5.09 5.50 4.2U 85.9 94.0 75.5

Gamma. 7.0 x 108 5.32 5.95 5.69 89.9 1u1.7 101.9
Gamma, 7.0 x 108 + 2 Hr at 500 F 4.60 4.74 2.0 77.7 81.9 35.0
Gamma, 7.0 x 108/500 F 4.68 5.0 3.14 79.1 85.5 66.3
Gamma, 7.0 x 10

8
/bO0 F + 2 Hr at 400 F 4.52 4.9 2.7C" 76.4 83.8 49.5

Gamma, 7.0 x 108/800 F 4 2 fr at 500 F 4.34 4.8 ,.a r ',j.4 82.1 60.3
Gamma, 7.0 x 108/500 F + 2 Hr at 600 F 3.43 3.09 3 .1 3(b) 07.9 63.1 56.1
Gammb, 1.4 x log 5.71 ,."'6 5.62 96.5 98.3 100.7
Gamma, 1.4 x 109 +2 Hr at 500F 4.43 4.33 2.69 74.8 82.6 48.2
Gamma, 1.4 x 10

9
/500F 3.67 , 4.89 4.52 62.0 83.6 81.1

Gamma, 1.4 x 109/500 F + 2 Hr at 400 F 4.24 4.72 4.06 71.6 80.7 72.8

Gamma 1.4 x 109/600 F +2 Hr at 500 F 4.19 4.46 4 .2db) 70.8 76.1 75.3

Gamma, 1.4 x 109/500 F + 2 Hir at 600 F 3.58 393( 3.645 a) 60.5 67.9 63.7

(a) Frayed and brittle.
(b) Frayed.
Noe: Gamma exposure in ergs gl(C).
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TABLE C-31. STRENGTH PROPERTIES OF NOMEX YARNS EXPOSED TO GAMMA RADIATION/AND/OR
ELEVATED TEMPERATUI• -6¢0 F)(76C )

Ti:nacity, Strength Retained,
Gramns/den&W. qo

In%. Olve Int. Olivc

Natural 'range Green Naturdl Clange Green

Original 5. '2 ).S5 5.58
Original + 2 Hr at 600 F 2. I 3.29 2.86 37.0 66.3 51.3
Gam-,, a. 7.0 x 10 5.32 5.95 5. r9 89.9 101.7 101.9

Gamma, /.0 x 10
8 + 2 HIt at 600 F 2.93 3.06 2.40 49.5 52.3 43.1

Gamma, 7. 0x 108/600 F 2. 77 3.54 2.31 46.8 60.6 41.6
Gamma, 7.0 x 108/600 F + 2 rir at 400 r 2.q7 3.11 3.10 50.2 63.5 55.6
Gamma. 7.0 x 10$/600 F + 2 ir a.t 500 F 2 "5 3.12 .5(b) 46.8 53.4 44.8

Gamma, 7.0 x 108/600 r +9 ",. at 600 F 2.09 3.04 2 . 65(a) 35.7 51.9 47.6

Gamma, 1.4X109 5.71 5.75 5.62 96.5 98.; 100.7
Gamma, 1.4 x 109 , 2 Hr at 600 F 2.74 2.74 2.54 46.2 46.8 45.5

Gamma, 1.4 x 109/600 F 2.13 1. 0 •4a) i. Ma) 36.0 17.9 18,'.
Gamma, 1.4 x 109/600 F + 2 Hr at 400F 2.07 2.22 1 . 77(b) 34.3 37.5 31.8Gamma, 1.4 x 109/600 F + 2 Hr at 500 F 2.30 2.35 2. 12 (a) 38"'9 40.2 38.0

Gamma, 1.4 x 109/600 F + 2 Hr at 600 F 1 .8 a) 2 . 4 1(a) 2 .14a) 31.9 :..2 38.6

(a) Frayed and brittle.
(b) Frayed.

Note: Gamma exposure in ergs g-
1

(C).

TABs." C"12. ELONGATION PROPERTIES OF NOMEX YARNS EXPOSED TO GAMMA RADIATION.
OR ELEVATED TEMPERATURE (400 F)(26)

Elongation, Elongation Retained,

lit. Olive T
nt. Olive

Natural 0?nge Grceen Natural Orange Green

Original 14.2 11.2 12.0
Originil + 2 Hr at 400 F- .. 3 12.6 12.0 86.6 112.5 100.0
Gamm.. 7.0 x 108 11.5 14.1 13.2 81.0 125,9 110.0
Gamma, 7.0 x 108 42 Hir at 400 F 16.2 14.9 11.5 114.1 133.0 95.8
Gamma, 7.0 x 108/400 F 11.2 12.1 12.9 78.9 108.1 107.5

Gamma, 7.0 x 108/400 F + 2 lIr at 400 F 11.8 12.2 11.6 83.1 108.9 96.8
Gamma, 7.0 x 1p

8
/400 F + 2 lit at 500 F 7.8 10.5 2.5 54.9 93.7 20.9

Gamma, 7.0 x 1 0b/ 4 0 0 F 1 2 lit at 600 F 3.3 4.2 2.8 23.3 37.5 23.3

Gamma, 1.4x109 d 16.0 12.9 13.7 aCo.6 115.2 114.1
Gamma, 1.4 x 109it2 hr at 400 F 13.5 13.9 13.7 95.1 124.1 114.1

Gamma, 1.4 x 109/400 F 8.5 U.l.3 4.3 59.9 94.6 35.8
Gamma 1.4 x 109/400 F + 2 Hlt at 400 F 6.3 9.8 3.4 44.4 87.5 28.4

Gamma, 1.4 x 109/400 F 2 lr at 500F 3.5 7.3 208 24.6 65.2 23.3

Gamnis. 1.4 x 109/400 F + 2 Ih at 600 F U.b 7.1 4.6 46.8 63.4 38.4

Note: Gamma expo'Jre in ergs g'l(C).

0o

'1
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TABLE C-33. ELONGATION PROPERTIES OF NO',,X YARNS EXPOSED TO GAMMA RADIATION
AND/OR ELEVATED i EMPERATURE (600 F)(76)

Elongationt, Elongation Retained.

Int. Olive Inc. Olive

Natural Oia::;,. Green Natural Orange Green

Original 14.2 11.2 12.0
Original + 2 Hr at 500 r 10.3 11.6 7.6 72.5 :03.5 63.3

Gamma, 7.0 x 10 8  
11.5 14.1 13.2 81.C 125.9 110.0

Gamma, 7.0 x 108 + 2 Hr at 500 F 8.3 8.8 2.4 58.5 78.6 20.0

Gamma: 7.0 x 1 06/ 5 0 0 F 10.3 10.3 0 .2 12.5 93.7 35.0
Gamma 7.0 x 108/500 F . 2 Hr .a, 400 F 8.4 8.6 3.6 59.2 76.8 30.0

Gamma, 7.0 x 108/500F+2 Hi A. -00F 8.7 10.5 5.3 61.3 95.1 44.2

Gamma, 7.0 x 108/5G0 F + 2 Hr at 600 F 6.6 1.8 5.3 46.5 69.7 44.2
Gamma, 1.4 x 109 15.0 12.9 13.7 105.6 115.2 114.1
C-amma. 1.4 x 109 + 2 Hr at 500 F 8.8 10.5 3.7 61.6 95.1 30.8
Gamma, 1.4 x 109/00 F 6.4 10.8 9.6 45.1 96.4 80.8

Gamma. 1.4 x 109 /500 F + 2 Hr at 400 F 8.6 11.4 7.7 60.6 101.8 62.2
Gamma, 1.4 x 10

9
/50u F + 2 Hr at 500 F 8.8 0.9 9.6 61.8 8'1.5 80.8

Gamma. 1.4 x 109 /500 F + 2 Hr at 600 F 7.3 11.0 9.0 44.4 98.2 75.0

Note: Gamma exposure in ergs g-l(C).

"•ABLE ,.-34. ELONGATION PROPERTIES OF NOMEX YARNS EXPOSED TO GAMMA RADIATION

AND/OR ELEVATED TEMPERATURE (600 F)(76)

Elongation, Elongation Retained,

Int. Olive Int. Olive
Nlatural Orange Green Natural Orange Green

Original 14.2 11.2 12.0
Original + '- Hr at 600 F 2.2 5.5 3.9 16.5 49.1 32.5

Gamma, 7.0 x 108 11.5 14.1 13.2 81.0 125.9 110.0
Gamma, 7.0 x 108 4 2 Hr at 800 F 5.1 5.7 3.8 35.9 50.9 31.7

Gamma, 7.0 x 108/600 F 4.5 6.8 3.4 31.8 60.7 28.3

Gamma, 7.0 x 108/600 F + 2 Hr at 400 F 5.3 7.6 5.0 37.3 67.8 41.7
Gamma. 7.0 x 10

8
/600 F ÷ 2 Hr at 500 F 4.8 5.2 3.4 3'1.8 46.4 28.3

Gamma, 7.? 108/600 F 4 2 Hr at 600 F 3.1 5.9 5.2 ,..- !2.7 43.3
Gamma, 1.4 x 10 13.5 12.9 13.7 95.1 115.2 114.1

Gamma, 1.4 x 10o + 2 Hr at 600 F 4.3 4.2 3.8 30.3 37.5 31.7
Gamma, 1.4 x 10

9
/600 F 3.2 6.0 1.7 22.5 53.6 14.2

Gamma, 1.4 x 10
9

/600 F 4 2 Hr at 400 F 3.9 3.9 -2.6 27.5 34.2 21.7
G'mma, 1.4 x 10

9
/600 F + 2 Hr at 500 F 4.0 4.6 3.6 28.2 41.1 30.0

Ganama, 1. x 109/600 F + 2 Hr at 600 F 3.6 5.1 3.6 26.8 45.5 30.0

Note: Gamma exposure in ergs g'l(C),



C-40~

I be NCO

E-f

N OD' 'ro 0 444 o44 m
u

I4~~E488 .0 .0 .0C-4-

z Cc

I.. -C *- c s

0 E M'

%.0 '- 0N a,

-04 hS - .40 k4 ..-

0'.' < -4

u 45 .

2 0'

v. z . S . 5 4 . S S

IZ 5.4 05 0

10



C0-41

- .In

ao ! P;
0,

0k

A I

100

OD 0...
C4 r

0.0

04

*o w

o -.0



C-4I

102

0 TEFLON

0 LEXAN

K) NYLON-PHENOLIC

SSILICA-P;ZNOLLIC
L{ EPOXY

iO-3
SAMPLE THICKNESS:- O.188 IN.

S10-4

I-

10-510)6

0 00 k:00 300 4^0 500 600

T (OF)

FIGURE C-1. INITIAL AATES OF WEIGHT LOSS FOR ORGANIC MATERIALS
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FIGURE C-2. TENSILE PROPERTIES OF IRRADIATED
POLYTETRAFLUjOROETHYLENE FILM

(VACUUM 10- 6 mm Hg)(8Z)
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cc 0.1

Note: Sluir~ig velocity.. 3)0 feet per minute; loac., 1000 grams;

z 0.4- ambient pressurt, 10-" millimete& of mercury; duration
- of run, 1 hour; no external specimen heatihzg 6

W

UNFILLED 15 PERCENT 25 0ERCENT 10 PERCENT 15 PERCENT
PTFE GLASS FIBER GLAS, FIBER M S2 1N GLASS F3ER,

IN PTFE INd PTFE FTFE 5 PERCENT
M052IN

7 PTPE

FIGURE C-3. COEFFICIENT OF FRICTION AND RIDER WEAR FOR VARIOUS
POLYTETRAFILUOROETHYLENE COMPOSITIONS SLIDING ON
440-C STAINLESS STEEL IN VACUUM (10-9 Mm Hg)
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PJ MOSPHERE -LIQUID NITROGEN

UC14) TO 1.8 (15)NVT

SEXPOSURE (6 TO 2.6(7)R

TENSILE STRENGTH TEAR STRVNIGTH
28 LONG. TRANS. LONG. TRANS

24 _ _ _ _ _ _ _ _ _ _
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12

KSI
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OLIL .oo -0

SCONTROL DIRRADIATED * ±- SO

.FIGURE C-6. RADIATION EFFECTS ON KEL-F FILM(13)

0l



C-48

IRRADIATEO IN AIR
- IRRAOIATEO IN VACUUM
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FIGURE C-7. EFFECT OF X-RAY IRRADIATION ON TF6-6
(DISSIPATION FACTOR)(6 3)
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FIGURE C-8. RECOVERY CHARACTERISTICS OF TFE-6 SPECLMENS
AFTER X-RAY IRRADIATION( 6 3 )
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FIGURE C-10. EFFECT OF X-RAY IRRADIATION ON FEP-100
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FIGURE C-12. COMPARISON OF THE EFFECTS OF X-IRRADIATION ON
THE DISSIPATION FACTOR OF PTFE-6 IN VACUO
(5 x 10- 6 mm Hg) AND IN AIR( 6 4 )
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ATMOSPHERE-LIQUID NITROGEN

S2,3(14) TO I.Tl1I)NVT

NUCLEAR EXPOSURE 3.2(6) TO 2.1(7)R

TENSILE STRENGTH TEAR STRENGTH
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32
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FIGURE C-15. RADIATION EFFECTS ON ALUMISEAL FILM( 1 3 )

(Mylar-Aluminum- Myl, r. Laminate)
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FIGURE C- 16. EFFECTS ON TENSILE PROPERTIES OF HTT-I FIBERS BY
IRRADIATION IN VARIOUS ENVIRONMENTS WITH

253.7 mP LIGHT(7 7 )
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FIGURE C- 17. EFFECTS ON, TENSILE PROPERTIES OF POLYBENZIMIDAZOLE
FIBERS BY IRRADIATION IN VARIOUS ENVIRONMENTS WITH
Z53. 7-mr LIGHT( 7 7)
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FIGURE C- 18. EFFECTS ON TENSILE PROPERTIES OF FIBERS OF
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ATMOSPHERE-LIQUID NITROGEN

12.3 (14) TO 1.7 (15) NVT
NUCLEAR EXPOSURE

N13.2(6) TO 2.1(7) R
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FIGURI C-19. RADIATION EFFECTS ON DUPONi' "H" FILM(13)
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FIGURE C-Z0. COMPARISON OF BREAK9OWN VOLTAGE UNDER DIFFERENT
TEST AMBIENTS FOR FILM-COATED WIRES(

7 8 )
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I X 10-5

RIDER SPECIMEN
RIDER SPECIMEN CUT FROM....
rUT FROM PARENT STOCK
APRENT STOCK PERPENDICULAR TO

4 .1 PRAALLEL TO COMPRESSION FORCE

w COMPRESSION FORCE ....

. . . . . . . . . .. . . . . .... .

2 0.00012

0.4-

IL 1
b-

10.2-

LL... .....

POLYIMIDE POLYIMIDE POLYIMIDE 15 PERCENI
ON 440-C ON 440-C ON GRAPHITE-FILLED
STAINLESS STAINLESS POLYINIDE POL.YIMIDE ON
STEEL STEEL 440-C, STAINLESS

RTEEL "

FIGURE C-23. COEFFICIENT OF FRICT ION AND RIDER WEAR FOR
p VARIOUS MATERIAL COMBINATIONS IN VACUUM

(1-9 mm Hg)

Note: Sliding velocity, 390 feet pd'r miziutd; load,
1000 grams; duration of run, 1 hour; no
external specirner. heating( 6 5)
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FIGURE '1-Z5. RADIATION EFFECTS ON MAGNOLIA FOAM( 1 3 )

)'I I-



C-66

/l

ATMOSPHERE- LIQUID NITROGEN
S2(14) TO 1.8705) NVT

NUCLEAR EXPOSURE 4.2 (6) TO .6( 7) R
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FIGURE C-26. RADbL.TION EFFECTS 0": ,!A-M70AM( 1 3 )
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ATMOSPHERE-LIOUID NITROGEN
23 (14) TO I.?(15)NVT
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