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EPRI PERSPECTIVE

PROJECT DESCRIPTION

Equipment in nuclear plants must be qua lified  to perform safety-re lated  functions 

a fte r long periods of exposure to low-level radiation during operation and a fte r  

short periods of high-level radiation during accidents postulated fo r design. The 

effects of radiation on materials is therefore one of the topics addressed in the 

EPRI Equipment Q ualification  Supplementary Program (RP1707). This report by the 

Georgia In s titu te  of Technology presents the results of a lite ra tu re  search fo r data 

concerning the radiation resistance of organic m ateria ls. The data are intended 

eventually to be included in the computerized Equipment Q ualification  Data Bank 
(RP1707-2).

PROJECT OBJECTIVE

The main objective of th is project was to determine, to the extent possible, a low- 
level threshold dose fo r radiation damage to organic materials in plant equipment. 
Equipment located in a benign plant environment and exposed to less than the 

threshold dose during its  design l i f e  could be excluded from the general q u a lif ic a 
tion requirement fo r radiation testing or fu rth er analysis of radiation e ffec ts .
The information compiled can also assist in the design and q u a lifica tio n  of equip
ment subjected to high-level radiation doses.

PROJECT RESULTS

The report includes an overview of radiation effects  and an extensive l i s t  of 
organic materials in order of increasing resistance to radiation damage. An 

important finding is that a to ta l dose of less than 10® rads produces no s ig n ifican t 
degradation of mechanical or e le c tr ic a l properties. (Notable exceptions are equip
ment that contain Teflon® or semiconductor devices.) Also, at th is  le v e l, no 

sig n ifican t synergistic effects of radiation combined with other environmental 
stresses, such as elevated temperatures, were id e n tifie d . The results of th is  work 

w ill be of in teres t to u t i l i t y  engineers, architect-engineers, equipment manu
facturers, and regulatory s ta ff involved in the q u a lifica tio n  of equipment fo r  

radiation e ffec ts .

George S lite r ,  Project Manager 
Nuclear Power Division
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ABSTRACT

A l i t e r a tu r e  search was conducted to id e n tify  information useful in determining 

the lowest level at which radiation causes damage to nuclear plant equipment. 
Information was sought concerning synergistic e ffects  of radiation and other 

environmental stresses.

Organic polymers are often id en tified  as the weak elements in equipment. Data on 

radiation effects are summarized fo r 50 generic name plastics and 15 elastomers. 
Coatings, lubricants, and adhesives are treated as separate groups.

Inorganics and metal lies  are considered b r ie f ly . With a few noted exceptions, 
these are more radiation resistant than organic m aterials.

Some semiconductor devices and electronic assemblies are extremely sensitive to  

rad iation . Any damage threshold including these would be too low to be of p ra c ti

cal value. With that exception, equipment exposed to less than 10^ rads should 
not be s ig n ific a n tly  affected. Equipment containing no Teflon should not be s ig 
n ific a n tly  affected by 10  ̂ rads.

Data concerning synergistic effects and radiation sensitization  are discussed.

The authors suggest correlations between the two e ffec ts .
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SUMMARY

Much of the equipment used In nuclear power generating stations w ill be subjected 

to low-level irrad ia tio n  over the 1ife  of the p lant. In accordance with applica
ble industry standards and regulatory requirements regarding equipment q u a lif ic a 
tio n , the effects of such "benign" environments must be addressed e ither by test 
or by detailed analysis fo r a ll safety related equipment (including equipment 
not c lassified  IE ) . Additionally synergistic effects of irrad ia tio n  concurrent 
with other environmental stresses must be considered.

A comprehensive lite ra tu re  search was conducted to id e n tify  information useful 
in determining a low level radiation threshold for nuclear plant m ateria ls, compo
nents, and assemblies. Additional d e ta i1 on the type and extent of damage possi
ble under various conditions was sought to provide guidance in the selection of 
materials and components which must function in high-level or "harsh" environments.

Data bases consulted in this search included NTIS (National Technical Information 

Service), ERA (Energy Research Abstracts), Science Abstracts, EDB (Energy In fo r
mation Data Base) and INSPEC. These were computer searched through the Georgia 

Tech Library and Oak Ridge National Laboratory. Applicable information from miscel
laneous sources is also included. Equipment q u a lifica tio n  reports usual ly  provide 

l i t t l e  information re la ting  to damage thresholds and were not s p ec ific a lly  sought.

Two principal processes which occur in the interaction of radiation with matter 

are considered. Ionization and excitation of absorber atoms is the principal 
process leading to damage of organic materials through chemical reaction of the 

excited ions and/or free radicals. Damage to inorganic/m etallic  materials is 

prim arily related to physical displacement of electrons and/or atoms and conse
quent disruption of the crystal la t t ic e  structure of the absorbing m ate ria l.

With certain very notable exceptions, inorganics/metal1ics are much less suscepti
ble to radiation damage than organics. Semiconductor devices function through 

designed imperfections in crystal structure and are quite sensitive to fu rth er

disruption of those structures by displacement processes. Any a ll- in c lu s iv e  threshold 

id e n tifiab le  from existing data would be too low to be of practical value to the 

industry. Additionally the optical properties of glasses may be affected a t radiation  

levels approximately equal to those which a ffe c t the most sensitive organic m aterials.
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A separate review of the extensive theoretica l information and tes t data available on 

displacement e ffects  would be useful in establishing guidelines fo r the selection and 
use of semiconductor devices and complex electronic components.

This study addresses organic m aterials; no fu rther consideration of inorganic/ 
m eta llic  materials is made here. A dd itionally , simple organic compounds, generally  

not used in nuclear plant equipment, are excluded from consideration.

Information presented in th is  report concerning organic materials used in plant 

equipment suggests an exclusion from test or fu rther analysis should be allowed fo r  

nonelectronic equipment subjected to 10^ rads or less. Nonelectronic equipment
C

which contains no te flon  and is subjected to less than 10 rads should likewise be 

excluded. At these levels there is no s ig n ifican t degradation of mechanical or 
permanent e le c tr ic a l properties of the lis te d  m aterials. Also a t th is  level no 

indications were found in the lite ra tu re  search of s ig n ifican t synergistic e ffects  

of radiation combined with other environmental stresses or sensitization  to 

subsequently imposed stresses. In general, equipment fa ilu res  occur at some higher 
level involving considerably more than threshold degradation of component m aterials.

While each manufacturer's form ulation(s) of a p articu lar generic m aterial is s u ff i 
c ien tly  d iffe re n t to preclude s ta tis t ic a l treatment of tes t data, theoretical 
considerations supported by tes t data indicate that a specific threshold must exist 
fo r each m ateria l. In a ll  cases, the lowest id en tified  damage threshold is reported 

here. Many materials have not been studied in great d e ta il and estimates of th e ir  

thresholds may be reduced on the basis of fu rth er tests and analysis. Fortunately, 
the most sensitive materials have been studied extensively and reduction of the 

exclusion levels stated above is not anticipated.

The term "synergistic e ffec t" is used here when comparative data fo r simultane
ously and sequentially applied m ultiple stresses indicate nonequal .changes in a 

given m ateria l. The term "sensitization" is used when application of one stress 

changes the m aterial so that the rate (or type) of response to a subsequent stress 

is d iffe re n t from the orig inal m ateria l. "Sensitization" and "synergistic effects"  

are d iffe re n t manifestations of the changes that occur in materials under stress and 

are recognized as in terre la ted .

Direct data identify ing  synergistic effects fo r materials is extremely lim ited  but 
data identify ing sensitization effects is available fo r many m aterials. Inferences 

are made based on these sensitization effects concerning the synergistic e ffects  that
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occur in m u lt ip le  stress environments. Tables identify ing  materials f o r  which 

strong, moderate, and minor sensitization effects  are known are included.

From the lim ited information available i t  appears that selection of sequential tes t 
programs which maximize "sensitization" effects  w ill resu lt in the best achievable 

simulation of the synergistic effects that would occur in real environments.
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Section 1 

INTRODUCTION

Any equipment which performs a safety related function in a nuclear plant applica
tion must be proven capable of performing the necessary function(s) throughout its  

installed  l i f e  (including normal 1ife  and any accident conditions through which i t  

must function). That proof is provided by equipment q u a lif ic a tio n . The effects  
of a number of environmental stresses including temperature, oxidizing atmosphere, 
mechanical stress (including vibration and seismic e ffe c ts ) , hostile  chemical

environments, e le c tr ic a l stress, and radiation must be considered. As pointed out
1 q

by Carfagno and others, the exact duplication of the e ffects  of long term, low 

level and m ultiple stress environments is not techn ica lly  feas ib le .

Exact duplication is not the intention of equipment q u a lif ic a tio n . Industry stan

dards (IEEE, ANSI) id e n tify  methods which can be expected to provide at least 
equal degradation of the type(s) tha t could impair performance of a safety related  

function. Substantial e ffo rts  are made to provide assurance that effects which 

are not well understood are adequately simulated.

Among the requirements of NUREG 0588^® and IE B u lle tin  79-018^^ is an assessment 
of the effects of radiation environments previously considered benign (creating no 

s ign ificant stress on equipment). An additional requirement is that synergistic 

effects  of radiation in combination with other environmental stresses be evalu
ated.

The stated objective of th is work is to provide a technical basis fo r determining 

a low level threshold fo r radiation damage to nuclear plant m aterials, components 

and assemblies. An additional implied objective is to provide information useful 
in identify ing synergistic e ffec ts .

A comprehensive lite ra tu re  search was conducted to id e n tify  information useful in 

achieving these objectives. Data bases consulted included NTIS (National Tech
nical Information Service), ERA (Energy Research Abstracts), INSPEC, EDB (Energy 

Information Data Base) and Science Abstracts. These were computer searched using
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fa c i l i t ie s  at the Georgia Tech Library and Oak Ridge National Laboratory. 
References published p rio r to 1960 were excluded from the search but much 

s ig n ifican t tes t data from early  work is referenced in more recent publications. 
Some selective judgment was used to exclude summaries of summaries and treatments 

too general to provide new or s ig n ifican t information. Investigations of chemical 
reaction mechanisms are numerous but are cited here only as they appeared relevant 
to the objectives of th is  study. Many manufacturers have conducted radiation  

damage tests in various environments. Radiation resistant formulations with 

damage thresholds fa r  above those of the id en tified  generic m aterials are known.
I t  is unfortunate that much such information is not published because of pro
p rie tary  considerations. Also, regrettab ly , most a rtic le s  fo r which no English 

translations were available were excluded.

Results of a somewhat s im ilar but more lim ited survey are published as Appendix C 

of Reference 61. The few conflic ts  are discussed in Section 4 and id en tified  fo r  

specific  materials in Section 3.

Preliminary data searches indicated that the proposed method of treatment (to  

provide a s ta tis t ic a l treatment of radiation damage thresholds fo r a few materials  

and equipment items including complex electronic components) would not be 

feas ib le . S pec ifica lly , 1i t t l e  threshold information is available fo r complete 

component/equipment items. Also "threshold" in that context implies impaired 

function of the equipment and does not include consideration of the fa c t that many 

equipment items function acceptably with degraded m aterials. While a number of 
materials have been tested extensively, tes t environments vary as do formulations 

of generically s im ilar m ateria ls. An id en tifica tio n  of the lowest reported change 

in any property of a given m aterial with id e n tifica tio n  of tes t parameters 

whenever possible is a conservative and technically  ju s t if ia b le  approach to th is  

study.

Organic polymers are most often id en tified  as the weak element(s) in operating 

equipment and so as a group were selected fo r detailed study.

Inorganics and metal lies  are generally l i t t l e  affected by radiation  environments 

that cause considerable degradation in organic m aterials. Important exceptions 

are id e n tified  in Section 2 which is a general discussion of radiation  e ffec ts .
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Table 1-1 provides defin itions f o r  a number of the terms and units used in th is  

review.

Section 3 summarizes and references detailed tes t data fo r specific  m aterials. 
Materials are categorized on the basis of most frequent use as thermoplastic, 
thermosetting p las tic , or elastomeric m ateria l. A few materials are id en tified  in 

more than one category, though a specific  formulation would best f i t  a single • 
category. Further subgroupings are on the basis of chemical s im ila r ity . Mate

r ia ls  are id en tified  by generic name; an alphabetic index of some fami 1ia r  trade 

names is provided in the appendix.

Section 4 provides the authors' conclusions concerning the data reviewed along 

with a table of radiation damage thresholds (4 -1 ) and summary data concerning 

sensitization effects (Tables 4-2 through 4 -4 ). Some of the higher thresholds 

cited in Table 4-1 are based on 1imited information and may be accurate only fo r a 

single specific material and set of tes t conditions.

A user seeking information fo r a specific  m ateria l(s ) should f i r s t  locate its  

generic name through the appendix or an outside source such as the manufacturer's 

data. Applicable information concerning radiation effects  can then be located in 

Section 3 and Section 4.

Selection of materials fo r service in radiation environments on the basis of 
threshold information only is not recommended. Consideration of the type and 

extent of degrading effects of radiation and other environmental stresses on 

specific materials along with the operational requirements of a particu la r  

equipment design should resu lt in selection of equipment with a high potential fo r  

q u a lific a tio n .
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Table 1-1

DEFINITIONS

absorbed dose

aliphatic

aldehyde

alkane

alkenes

alpha

aromatic

beta

bremsstrahlung

covalent

crosslink

Curie

depth-dose

displacement

the amount of energy absorbed from the radiation f ie ld  
per unit mass of irrad ia ted  material

organic compounds characterized by open chain structures

organic compounds characterized by the presence of 
the H-C=0 radical

saturated a lip h a tic  hydrocarbon compounds characterized 
by single carbon-carbon bonds

unsaturated a lip h a tic  hydrocarbons characterized by at 
least one carbon-carbon double bond

a massive pos itive ly  charged p a rtic le  (He'*"*') emitted by 
certain  radioactive m aterials; p a rtic le  energy depends on 
the parent m ateria l; penetrating a b ili ty  is lim ited

organic compounds characterized by closed ring structure 
and resonance s tab ilized  (shifting/shared) unsaturation

a p a rtic le  emitted by certain  radioactive m aterials. A 
negatively charged beta has the characteristics of an 
electron; a pos itive ly  charged beta p a rtic le  is  a posi
tron (positrons are not a s ig n ifican t consideration fo r  
power plant environments)

electromagnetic radiation (photon) emitted when energetic 
electrons or betas lose energy due to the influence of
the e le c tr ic  f ie ld  of absorber atoms

a chemical bond formed by the sharing of electrons 
between adjacent atoms so that both remain e le c tr ic a lly  
neutral (neither is an ion)

chemical bond formed between separate polymer elements; 
crosslinking may be intermolecular (between molecules) or 
intramolecular (between parts of the same molecule)

the basic unit of in tens ity  of ra d io ac tiv ity ; equal to 
3.7 X lOlO disintegrations per second

the absorbed radiation dose at a p articu lar depth in a
specific absorber; depth-dose curves show the d is trib u 
tion of absorbed energy in a specific material

physical relocation of atoms/electrons of an absorber, 
through co llis io n  processes, resulting in disruption of 
the m ateria l's  crystal structure
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Table 1-1 (Continued)

DEFINITIONS

dose rate effects

elastomers

excitation

free radical

gamma

Gray (Gy)

G-value

ion

ionization

irrad ia tio n

ketone

an e ffec t on a material which is d iffe re n t in magnitude 
or type (fo r the same to ta l dose), depending on the 
irrad ia tio n  rate; e ffects  may be transient or permanent

natural and synthetic rubbers; elastomers should be able 
to undergo stretching to twice orig inal length and 
re trac t rap id ly , when released, to near orig inal length

a process by which energy is supplied to electrons, 
atoms, or rad ica ls, rendering them chemically more reac
tiv e

an atom or radical group of atoms having one electron not 
involved in bond formation; free radicals are highly 
reactive and usually highly mobile

electromagnetic radiation (photons) emitted by certain  
radioactive m aterials; gatrmas are more penetrating than 
comparable energy p articu la te  radiation

the SI recommended unit of absorbed dose which represents 
an absorption by a specified m aterial of 1 x 10^ 
ergs/gram; 1 Gray = 100 rads

the number of molecules of a specified type formed or 
consumed per 100 electron volts of energy absorbed by a 
system; i t  is also used to specify the number of reac
tions that occur per 100 eV absorbed

an e le c tr ic a lly  charged atom, ra d ic a l, or molecule 
resulting from the addition or removal of electrons by 
any of a number of possible processes

the process of ion formation

exposure to radiation

organic compounds characterized by the presence of the 
carbonyl group -C=0

LET

neutron

neutron activation

Linear Energy Transfer -  the radiation energy lost per 
unit length of path through a m ateria l, usually expressed 
in kiloelectron volts per micron of path; a higher LET 
value indicates more e ffe c tive  ionization of the absorber

an uncharged elementary p a rtic le  present in the nucleus 
of every atom heavier than hydrogen. Neutrons are 
released during fiss ion

a process by which absorber atoms become radioactive  
through capture of a neutron by the nucleus of the 
absorber
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Table 1-1 (Continued)

DEFINITIONS

polymers

rad

radiation

radical

radio lysis

Roentgen

scission

sensitization e ffec t

synergistic e ffec t

thermoplastic

thermosetting p lastic

threshold

organic compounds characterized by a repeating structural 
unit

the tra d itio n a l unit of absorbed dose representing the 
absorption by a specified material of 100 ergs per gram 
of that m ateria l. 1 rad = 10"2 Gy

the emission and propagation of energy through matter or 
space; also, the energy so propagated; the term has been 
extended to p a rtic les , as well as electromagnetic 
radiation

a group of atoms which take part in chemical reactions as 
a unit

decomposition of materials induced by irrad ia tio n

the h is to rica l unit of exposure to rad ia tion; one 
Roentgen (R) produces an absorbed dose in a ir  of 0.87 
rads ( a i r ) ; the absorbed dose in other materials depends 
on the energy of the radiation and the composition of the 
absorber

the process by which chemical bonds are broken; also, the 
number of bonds broken by the process

an e ffe c t on a material by a particu la r stress such that 
the rate  or type of response to a subsequent separate 
stress is d iffe re n t than i t  would have been for the 
orig inal material

an e ffe c t on a material of two or more stresses applied 
simultaneously which is d iffe re n t in magnitude or type 
than that of the same stresses applied separately

an organic m aterial which w ill soften on heating, but 
w ill revert to its  starting  properties on cooling

an organic m aterial which hardens permanently on heating 
or curing

(as radiation damage threshold)
the lowest radiation dose which induces permanent change 
in a measured property(s) of a m ateria l; also, the f i r s t  
detectable change in a property of a material due to the 
e ffe c t of radiation
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Section 2 

DISCUSSION OF RADIATION EFFECTS

Radiation interacts with matter by two principal processes which are of in terest 
here. Physical displacement of the atoms/electrons of a material resu lt in 

disruption of the m ateria l's  crystal structure. Ion ization /excita tion  processes 

resu lt in highly mobile and/or energetic atoms and ions. Though both processes 
occur fo r a ll m aterials, damage to metals/inorganics is p rin c ip a lly  re lated to 
displacement e ffec ts .

Chemical bonding of inorganics is ionic and so fu rth er ionization does not usually 

induce chemical reactions within the m ateria l. Chemical bonding of organics is 

covalent and damage to organic materials occurs v ia  chemical reaction resulting  

from ion ization /excita tion  processes. Displacement effects  are generally not s ig 

n ific an t fo r organics because of th e ir  less r ig id  molecular structure. The 

effects of e ither process may be subdivided into transient effects and permanent 

effec ts . This b r ie f discussion of complex e ffec ts  is not intended to be complete. 
References 22, 25, and 37 trea t basic concepts in some d e ta il and c ite  more r ig o r
ous treatments.

Whether a displacement occurs is determined by the masses of the co llid in g  p a r t i
cles and the energy available fo r a given c o llis io n . This implies that chemical 
composition, radiation type, and energy spectrum are of primary importance.
Whether a displacement is permanent (or damaging) depends on the structure and 

physical state of the m ateria l. Much of the to ta l dose absorbed by 

inorganics/metal lies  does not produce displacements and is dissipated with no net 
e ffe c t.

Much less of the to ta l dose absorbed by organic m aterials is dissipated. Most is 

used to in it ia te  or accelerate chemical reactions through ionization and exc ita 
tion of absorber atoms. The type of reaction is determined by the m ateria l. The 

extent of reaction is determined by the to ta l energy availab le . The effects  of 
radiation type and energy spectrum in modifying the to ta l energy available is usu
a lly  minor. This is a statement of the classical "equal dose-equal damage" 

approximation fo r organics.
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Most equipment items in nuclear plant environments are exposed to gamma radiation  

of various energies over th e ir  normal life tim es . Some are also exposed to beta and 

neutron radiation  of various energies. Only equipment in close contact with 

radioactive materials might be exposed to alpha rad ia tion . Accident environments 

would contain p a rticu la rly  high levels of beta and gamma rad ia tion . In short, the 

radiation environment is complex.

Test fa c i l i t ie s  are not available to duplicate such complex environments. Concur
rent neutron and gamma exposure can be provided by experimental reactor fa c i l i t ie s .  
Gamma exposures can be provided by concentrated isotope sources such as Cobalt-60 

or Cesium-137. Beta exposures can be provided by electron accelerator f a c i l i t ie s .

Exposure to radiation types separately may be possible but the matching of energy 

spectrums is not. A dditionally, both practica l and technical considerations 1im it 
the fe a s ib i l ity  of th is approach. Radiation simulation is most often performed by 

providing equal or greater to ta l absorbed dose to sensitive m aterials and compo
nents with an isotope source of gamma radiation and u til iz a t io n  of the "equal dose- 
equal damage" concept.

"Equal dose-equal damage" does not apply to inorganics/metal lies  so the e ffects  of 

plant radiation environments may not be well simulated. This is usually not impor
tant because most inorganics/metal lie s  show no s ig n ifican t damage even in the most 
extreme equipment environments. Special cases occur which require fu rther consid
eration . Though no detailed treatment of these was made in th is  study, some noted 

in the documents referenced by th is  study include:

1. In c rea se d  f r a g i l i t y  of some glasses and ceramics at exposures greater than
10 rads.

2. Changes in the optical properties of some glasses are noted at 10^ rads.

3. Transient changes in e le c tr ic a l properties occur, the significance of 
which is application dependent. In benign environments i t  appears that 
only complex electronic components and semiconductor devices might be 
affected.

4 . At least some semiconductor devices are very susceptible to radiation  
damage. Avery noted radiation induced fa ilu res  at less than 300 
rads.

Semiconductor devices have imperfect crystal structure by design and some of these 

are very much affected by any fu rther disruption of the crystal s tructure. Transi

ent changes in e le c tr ic a l properties which are unimportant fo r insulations may
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be s ig n ifican t to the proper function of complex electronic components. Radiation 

tolerances depend on design considerations and applications.

An in-depth study of such special cases would provide guidance fo r avoiding use of 
the most sensitive devices/components. C r ite r ia  might be id e n tified  which, i f  

met, would be proof of some minimum radiation resistance greater than the lowest 

value found.

Further discussion of radiation e ffects  herein are lim ited to those that pertain  

to organic polymers.

EFFECTS OF RADIATION TYPE AND ENERGY SPECTRUM

A tes t radiation environment must provide at least equal radiation dose to the 

most sensitive m aterials in an equipment as would occur in its  real plant environ
ment.

The energy of any radiation source is degraded as i t  travels through a m ateria l. 
The absorbed dose at some f in i te  depth in the material w i l l  be d iffe re n t from the 

absorbed dose at the surface (the amount depends on incident radiation energy and 

absorbing m ateria l) .  A "depth dose" p ro file  w i11 r e s u l t . D i f f e r e n t  radiation  

types may produce very d iffe re n t p ro files  in a given material or component.

Consideration of the LET (1 inear energy transfer) and penetrating a b ili ty  of 
radiation  types is useful in determining whether tes t radiation environments are 

adequate. LET is defined as the amount of energy deposited in a material per unit 
path length of the radiation and is usually expressed in keV/micron.

For alpha p a rtic le s , LET values are many times as high as fo r other radiation  

types. Penetrating ab i1ity  is very lim ited . The energy of a 5.3 MeV alpha is 

to ta lly  absorbed by a 35 micron layer of water. I f  alpha radiation  is a part of a 

p articu la r equipment environment, the e ffects  are s ig n ifican t only fo r th in  fi1ms 

or material surfaces in d irec t contact. Damage to such film s or surfaces might be
CO

greater than from equal doses of beta or gamma rad ia tion .

Beta p artic les  have LET values in organic materials approximately equal to those 

of comparable energy gamma photons. The penetrating a b il i ty  of beta radiation
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is strongly dependent on the density of the absorbing m aterial. Very dense mate
r ia ls  are quite e ffec tive  in stopping beta rad ia tion . The maximum penetration 

of a 1 MeV beta p a rtic le  in luc ite  p lastic  is about 3 m illim eters while in iron 

the range is reduced to about 0.5 mm.

Beta interactions also produce some Bremsstrahlung (photon) radiation which is
37e ffe c tiv e ly  low energy gamma rad iation . The ra tio  of energy deposited as Brems

strahlung to the energy deposited as beta is:

^Bremsstrahlung^^beta ~  EZ/800

E = beta energy in MeV Z = atomic number of material

The dose from Bremsstrahlung is usually less than 10% of the incident beta dose.

Neutrons penetrate more e ffe c tiv e ly  than alpha or beta partic les  of comparable 

energy because they carry no electronic charge. Neutron interactions with material 
are complex and no simple approximation of penetration depth was located. Usually, 
neutron effects are simulated by gamma rad ia tion . Neutron activation of absorber 
atoms produces radioactive m aterials. The effects are often not large fo r organic 

polymers but fo r components with m etallic  parts, contamination problems may be 

serious. LET values are higher than those of comparable energy gamma or beta 

rad iation .

Gamma radiation is most e ffec tive  in penetrating m ateria l. Energy is deposited 

at an exponentially decreasing rate given by:

D = D^e~ ^  ^

Dq = incident dose 

D = dose at depth X 

X = depth of in terest
^  = energy dependent absorption co effic ien t of material

I t  is certa in ly  apparent from consideration of the penetrating a b il i ty  of radia
tion types that considerably d iffe ren t depth dose p ro files  can occur. For organic 

materials shielded from d irect exposure to the radiation environment, gamma radia

tion is usually the only type that penetrates to the m ateria l.
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For organic m aterials or components d ire c tly  exposed to mixed radiation environ
ments fu rther consideration is necessary. Colwell (under Sandia Laboratories spon

sorship) generated comparable depth dose p ro files  fo r Cobalt-60 and fo r the mixed 

beta, gamma radiation environments hypothesized fo r a loss of coolant acci-
o Q 1 n C\C\

dent. ’ I t  was concluded that CO is an adequate simulator of the chemical and 

physical degradation that might occur in a p a rticu la r reactor cable. Adequacy fo r
other organic components is implied by considering that LET values are approxi-

3 52mately equal fo r gamma photons and beta p artic les  in organic polymers ’ and, 
therefore, should produce approximately equal damage in materials that are not 
th icker than the e ffe c tive  penetration depth of beta p artic les  (gamma simulation 

would then be more than adequate).

Neutron effects  may not be as well simulated since LET values are higher. Effects  

seem to be minor except fo r highly unsaturated polymers. Parkinson noted cross- 
linking of polystyrene by neutron irrad ia tio n  to be about three times as great as

A O
with an equal dose of gamma rad ia tion . Smaller effects  have been observed for

17highly unsaturated a lip h a tics . Most nuclear plant equipment w ill not be exposed 

to a s ig n ifican t neutron dose.

EFFECTS ON POLYMER CHEMISTRY

Absorbed radiation provides the energy necessary to in it ia te  chemical reactions.

The d irect e ffe c t is ionization and/or excitation  of the molecules of a m a te ria l.
In solid polymers free radicals are the most frequent re su lt; in liqu id  systems the 

production of molecular ions becomes more common. A number of competing chemical 
reactions may then occur, the most important of these being crosslinking (bonding 

between molecules or parts of a molecule) and scission (breaking of molecular side 

or main chains). The formation of low molecular weight gaseous by-products may be 

an important consideration in e ith er type of reaction. Irrad ia tio n  of materials in 

herm etically sealed devices may induce s ig n ifican t in ternal pressures from the 

expansion of such gases. Higher mole weight gaseous products may be "trapped" in 

thick polymeric m aterials and induce s ig n ifican t internal stress.

Em pirically determined G values are useful in making radiation damage predictions.
G values are used to specify the number of reactions of a p a rticu la r type induced
per 100 eV absorbed. I f  the G value fo r the reaction of in terest is known, an
"order-of-magnitude" estimate of the radiation damage threshold can be made. The

30following treatment is as suggested by Charlesby.

A certain  amount of chemical change is required to produce measurable change in the 

physical properties of a m ateria l. Most polymers require roughly one change
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per molecule. Defining a theoretical damage threshold, X, as the number of rads

required to produce one change per molecule a value can be calculated by:

X = (100/G) /  M(1.0365 X 10"^°) (Eq. 1)

M = polymer mole weight and G = G value (as defined above)

The equation is derived from:

1 erg = 6.24 X 10^^ electron volts (eV)
1 rad = 100 ergs/gm absorber = 6.24 X 10^^ eV/gm
m = the weight of one polymer molecule

po
= Mole weight polymer/6.02 X 10 (Avogadro's number)

(100/G) = number of eV/reaction since G = number of reactions per 100 eV

Then by d e fin itio n :

X = (100/G) 1 rad
^ ’ 6.24 X 10^^ eV/gm

which gives Equation 1. Substituting typical values of G = 2 and M = 1 X 10® gm 

in Equation 1 gives:

X = 4 .8  X 10® rads

G values are e ffe c tiv e ly  chemical reaction rate constants and lik e  rate constants 

w ill vary somewhat with environmental conditions. The radiation damage threshold 

is then p a r t ia lly  dependent on environmental conditions. I f  th is  dependence is 

s ig n ific a n t, con flic ting  estimates of the threshold value w ill  be found fo r the 

same material tested in d iffe re n t environments.

Any specific  material has a number of measurable properties which don't change at 
the same rate  and so the property selected fo r measurement substantially  affects  

the radiation resistance found. Differences in formulation can resu lt in "same 

generic name" materials with s ig n ific a n tly  d iffe re n t resistance to rad iation . 
Further, substantial quantities of long lived free  radicals persist in some 

m aterials a fte r  irrad ia tio n . This w ill resu lt in radiation sensitization  and/or 
dose rate e ffec ts .
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The types of reaction which can occur depend prim arily on the chemical composition 

of the absorbing m ateria l. Table 2-1 id e n tifies  whether the dominant reaction  

mechanism is cross linking or scission for many of the polymers treated in th is  

study. I t  must be recognized that environmental conditions and variations in fo r 
mulation influence the dominance of a particu lar mechanism fo r most m aterials. 
Materials id e n tified  in both parts of Table 2-1 are p a rtic u la rly  susceptible to 

such influences. Some effec ts  of crosslinking and scission on material properties 

are indicated in Table 2-2.

Radiation damage thresholds and overall radiation resistance are dependent on the 

polymer' s basic structure. An approximate order of radiation s tab i1ity  is: 
substituted aromatics > aromatics > a liphatics

Among aliphatics the approximate order is:
alkanes > ethers > alcohols > esters > ketones

This order is approximate only and does not imply that every polymer in one class 

is more resistant than a l1 polymers in a lower class. Also, basic compounds are 

generally more stable than comparable acidic compounds. Saturated aliphatics are 

more stable than corresponding unsaturated a liphatics . Unbranched chains are less 

reactive than branched chains. Compounds containing quaternary carbon atoms are 

p a rtic u la rly  sensitive to scission processes and are damaged by fa i r ly  low rad ia
tion leve ls . Teflon, b u ty l, rubber, polymethyl methacrylate and cellu lose are 

included in th is  group.

Physical mixtures of polymers w ill  usually resu lt in a product with radiation  

resistance between that of the most and least resistant component and d ire c tly  

related to the percent of each component present. Simple d ilu tio n  is in ferred. 
Nonhomogeneous mixtures would show nonuniform damage.

Copolymers frequently show much better radiation resistance than comparable physi
cal mixtures of the components. Since changes in chemical structure are involved, 
a polymer with greater or less resistance than e ither component is a p o s s ib ility . 

Usually the copolymer has an intermediate resistance not greatly  less than the 

most stable component. Copolymers often incorporate the most desirable character
is tic s  of the components.

Most commercially available materials contain additives and f i l l e r s  which in f lu 
ence th e ir  radiation resistance. Inorganic f i l l e r s  are not susceptible to
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damage at the levels of in terest here and are usually e ffe c tive  in increasing 

radiation resistance by d ilu tio n . Carbon black is usually least e ffec tive  and 

is thought to transmit most of the energy i t  absorbs to surrounding polymer molecules.

Organic additives are often used to improve the mechanical properties of the base 

polymer (p la s tic iz e rs , flame retardants, e tc . ) .  Most contain antioxidants. Many 

anti oxidants are used up by chemical reactions with oxygen. Others have been 

developed which do not change permanently but catalyze reactions of the base polymer 
which result in less degradation than the reactions which would occur in th e ir  

absence. "Anti rad" additives, including but not lim ited to anti oxidants, are 

those which have been found to be p a rticu la rly  e ffec tive  in increasing the rad ia
tion resistance of base polymers. Dramatic improvements in the radiation resis 
tance of the most sensitive polymers are possible. Crosslinking polymers are 

often rendered quite sensitive to oxidative degradation by radiation and the use 

of e ffec tive  anti oxidants can s ig n ific a n tly  improve th e ir  radiation resistance.

Additives can also have a detrimental e ffe c t. This is usually not of concern 

fo r plastics and elastomers although some halocarbon flame retardants are known 

to reduce the radiation resistance of some cable i n s u l a t i o n s . I t  is a s ign i
fican t concern fo r most lubricants. A number of the additives necessary fo r other 

desirable properties resu lt in a fin a l product which is often much less radiation
9

resistant than the base polymer.

Physical form can influence the extent of degradation. Highly c rys ta llin e  solid  

polymers may trap reactive chemical species and in h ib it or delay th e ir  reaction.
One polyethylene containing c rys ta llin e  and amorphous regions showed roughly three

38times as much crosslinking in the amorphous region. The c rys ta llin e  region
contained high concentrations of free rad icals. Surface area/volume ratios of

27tes t samples may impact the effectiveness of competing reaction mechanisms.

Radiation excited chemical species are stored to some extent in many solid polymers, 
including those which are nearly amorphous. Free radical "storage" occurs to 

a lesser extent fo r th in  film s and for semifluid and f lu id  polymers such as adhe
sives and lubricants. For these, access to both internal and external co-reactants 

is less lim ited . In any case the presence of trapped radicals implies a potential 
fo r delayed reaction. The mechanism(s) of such delayed reaction w ill depend on 

environmental conditions.
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Table 2-1

DOMINANT PROCESSES IN IRRADIATED POLYMERS

Crosslinking Scission

Polyethylene Polyisobutylene
Polystyrene Poly-a-methylstyrene

Polyacrylates Polymethacrylates
Polyacrylamide Polymethacrylamide
Polyamides Cellulose
Polyesters Cellulose acetate
Natural rubber Polytetrafluoroethylene

Synthetic rubbers (except polyisobutylene) Polychlorotrifluoroethylene
Polysiloxanes Polymethacrylic acid
Polyvinyl alkyl ethers Poly-a-m ethacrylonitrile
Polyvinyl methyl ketone Polyethylene terephthalate
Chlorinated polyethylene

Chlorosulfonated polyethylene

P o lyacry lo n itrile
Polyethylene oxide

Polyvinyl chloride Polyvinyl chloride

Polypropylene Polypropylene
Polyvinylidene chloride Polyvinylidene chloride
Polyvinylidene flu o rid e Polyvinylidene fluoride

Adapted from Reference 58 (and others)
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Table 2-2

EFFECTS OF CROSSLINKING AND SCISSION

Scission Crosslinking

CAUSES CAUSES

Decreased molecular weight Increased molecular weight
Decreased Young's modulus Increased Young's modulus
Reduced y ie ld  stress fo r viscous flow Impeded viscous flow

USUALLY CAUSES USUALLY CAUSES

Decreased tens ile  strength Increased ten s ile  strength

Increased elongation Decreased elongation

Decreased hardness Increased hardness

Increased s o lu b ility Increased softening temperature

Decreased e la s tic ity Decreased s o lu b ility

Gas formation

Embrittlement
Decreased e la s tic ity

SOMETIMES CAUSES

Embrittlement
Gas formation
Decreased melting temperature

Adapted from Reference 9
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EFFECTS OF COMBINED ENVIRONMENTS

As previously indicated, only the in i t ia l  ion ization /excita tion  of polymer 
molecules is independent of environmental factors. The chemical composition of 
the polymer determines possible reaction mechanisms. Environmental conditions 

determine which of these possible reactions w ill  occur and at what rates.

This implies that changes in a material subjected simultaneously to radiation and 

other environmental stresses could be d iffe re n t from the changes that would occur 
in the material i f  subjected to the stresses separately and sequentially. A 

"synergistic" e ffe c t could occur.

Few simultaneous (combined environment) tests have been performed to investigate  

synergistic e ffects  q u an tita tive ly  but a good deal of information is available  

concerning radiation "sensitization" of various materials to subsequent exposure 

to other environmental stresses.

For many polymers radiation s ig n ific a n tly  accelerates oxidative degradation. This 

is c le a rly  demonstrated by many comparative tests of identical materials  

irrad ia ted  in a ir  and in in ert atmosphere or vacuum. For a few polymers more 

"radiation damage" occurs in nitrogen or vacuum than in a ir .  This implies that 

oxidative reactions can in h ib it other more damaging reactions. For some materials  

"radiation damage" is about the same in e ith er environment. Oxidation is appar
en tly  not a s ig n ifican t reaction degradation mechanism fo r these. Problems occur 

in providing s u ffic ien t oxygen to more than the surface layer of solid polymers 

because oxygen diffusion is a slow process. Carefully prepared th in  fi1ms are 

often used fo r comparative tes ts . Post irrad ia tio n  acceleration of oxidative  

degradation is often observed fo r th icker solid polymer samples and is thought to 

be related to the reaction of "trapped" radicals as oxygen becomes accessible to 

them.

Enhancement of "radiation degradation" a t elevated temperatures is q u a lita tiv e ly  

well established fo r many polymers. For most th is  may be simply an acceleration  

of oxidative reactions which would occur over a longer time at lower temperatures. 
For others radiation may resu lt in s ig n ifican t changes in the thermal resistance 

of the polymers. Crosslinked materials have higher mole weights and elevated 

melting points may occur. Polymers which undergo dominant scission w ill  have 

reduced mole weights and may show s ig n ific a n tly  lower melting points.
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Some polymers appear to be more resistant to radiation plus elevated temperature 

than to elevated temperature alone. Radiation induced crosslinking appears to 

in h ib it oxidative degradation in some such m aterials, fo r others the e ffe c t may be 

related to an increased melting point of the polymer.

Many materials and components show reduced rad iation resistance when mechanical
stress is applied during irrad ia tio n , with in term itten t stress more damaging than
constant stress. This may be due in part to the production of free radicals by 

71mechanical stress. C rysta lliza tio n  effects  have also been suggested as s ig n if i 
es

cant to mechanical e ffec ts . Exceptions occur, a number of lubricants show bet
te r radiation resistance in dynamic than in s ta tic  tests . Most elastomeric seals 

exhib it less increase in compression set when irrad ia ted  under dynamic stress.

Materials fo r which sensitization  effects are known are indicated in Tables 4-2 

through 4-4 of Section 4.

In equipment q u a lif ic a tio n , combined stress effects  are simulated by sequential 

testing . The f i r s t  tes t is usually irra d ia tio n . Sensitization to subsequent 
environmental stress occurs ( i f  the m aterial is subject to s en s itiza tio n ). This 

is intended to simulate synergistic effects  as can be seen in the suggested dose- 
damage pro files  of Figure 2-1. The degradation indicated by section C would not 
be instantaneous, but appears to be because time is not a coordinate.

Figure 2-1

SUGGESTED DAMAGE PROFILES FOR SIMULTANEOUS/ SEQUENTIAL TESTS

Curve A = Simultaneous 

Curve BC= Sequential (

Dose
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Clough's investigation of low dose rate oxidation effects fo r two materials known 

to be susceptible to the combined influence of rad ia tion , oxidation, and temper

ature^® is of p a rticu la r in te res t. From graphical test data (reproduced in 

Figures 2-2 and 2-3) i t  is c le a r that the strongest synergistic e ffe c t is related  

to oxidation; degradation is blocked in nitrogen atmosphere. Ten to fifte e n  

percent decrease in elongation (most sensitive property) is noted for PE 

irradiated in a ir  at 83°C at ~  1 X 10  ̂ rads. This compares well w ith  damage 

thresholds indicated by higher dose rate tests at ambient temperatures fo r thin  

fi1ms. PE and PVC formulations with both higher and lower thresholds are
reported in the lite ra tu re  (See Section 3 ).

These tests provide an opportunity to compare simultaneous and sequential test 

data. Samples were subjected to 83 days of thermal stress and 83 days of 
irrad ia tio n  (~  10 megarads fo r PE and ~ 8.7 megarads fo r PVC), as indicated by 

points e and f  in Figures 2-2 and 2-3. Though each sequential test actually  

required two 83 day periods, a better comparison of effects is achieved by adding 

an equal stress lin e  to Clough's figure and sh ifting  the sequential test points to 

that lin e , as indicated by points e' and f ' .  I t  then becomes apparent that 

sequential testing approximately simulates the synergistic effects of the combined 

environment r f  radiation is the f i r s t  test and j f  dose rates are equal.

I t  is fu rther possible that points e represent radiation sensitized states for  

both materials and that fu rther thermal stress would result in degradation 

profiles  s im ilar to curve BC of Figure 2-1. I t  is not possible to address dose 

rate effects  an a ly tica lly  from th is  data since only one dose rate was used for  

each m aterial.

I t  should be noted that e ffo rts  to provide simultaneous stress environments don't 
always resu lt in more re a lis t ic  estimates of equipment or material service l i f e .  

Reference 44 (coatings) and Reference 59 ( insulations) report comparable 

sequential and simultaneous stress test resu lts . Unfortunately, in both cases 

there does not appear to be adequate access of a ir  to the simultaneous test 
f a c i l i t y  (small a ir t ig h t chambers). This is probably more serious in the 

insulation study which involves materials known to be sensitive to oxidative 

degradation.

Radiation induced transient increases in e le c tric a l conductivity are known at
1

levels below the threshold damage levels given here. There appears to be no 

s ig n ifican t e ffec t fo r equipment in low dose rate and low to ta l dose (benign) 

radiation environments.
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Figure 2 -2 Figure 2 -3

POLYETHYLENE DEGRADATION 
(Adapted from Reference 10)

Dose Rate=4.5 x 10^ rads/hr

POLYVINYL CHLORIDE DEGRADATION 
(Adapted from Reference 10)

3Dose Rate = 4 xlO rads/hr
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Section 3

RADIATION EFFECTS FOR SPECIFIC MATERIALS

Data for specific materials is presented in six d is tin c t groups on the basis of 
sim ilar properties or applications. These are:

Thermosetting Plastics

Thermoplastics

Elastomers

Lubricants

Adhesives

Protective Coatings

Within each group, materials with sim ilar chemical structures are presented 

together. The lowest threshold id e n tified  is indicated to the rig h t of the 

generic name unless there is good evidence that the value is not generally  

applicable. In that case, the lowest value found is discussed in the summary 

data. The property f i r s t  affected is indicated beside the threshold value.

The dose unit most often used by the nuclear industry is rads ( a i r ) . The unit
used in most of the data reviewed was rads (carbon). This is within about 1% of
rads a ir  fo r Cobalt 60, the most commonly used radiation  source. For some data,
dose was specified as rads (polymer), which is within 5% of rads (a ir )  fo r most
polymers. Gamma dose units are expressed here simply as rads, ignoring the small 
differences among these units. Neutron and beta doses are expressed as they were 

in the cited references. Some calculations and conversion factors are presented 

at the end of th is section.

THERMOSETTING PLASTICS

Thermosetting polymers harden permanently during heating or curing. Many of these 

rig id  plastics are quite radiation res is tan t, but are less vers a tile  than thermo
p lastics.
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Aminoplast Resins

These are reaction products of aldehydes and certain  amine compounds. They are 

most often used as molding materials but to some extent in adhesives and coatings.

Aniline Formaldehyde/threshold - 6.7 x 10  ̂ rads/impact strength. Impact strength 

of Cibanite increased above threshold dose with a 25% increase at 1.3 x 1Q7 rads 

but 50% loss at 1.2 x 1Q8 rads. Tensile and shear strength and elongation 

decreased at approximately the same rate with threshold, 25% decrease, and 50% 

decrease occurring at 9.1 x 107, 2.4 x 10^, and 3.6 x 109 rads, respectively. 
Elastic modulus was unchanged at the highest dose.^^

Mel amine Formaldehyde/threshold -  6.7 x 106 rads/tensile /e longation . Melmac 

(cellu lose f iH e r )  displayed approximately equal decrease in ten s ile  strength and
elongation with threshold, 25%, and 50% decrease at doses of 6.7 x 106, 6.6 x 10^,

and 1.6 x 10  ̂ rads. Shear strength exhibits the same threshold, but is reduced
more slowly. A 25% decrease occurs at 3.9 x 108 rads and 50% at 9.1 x 108 rads.
Impact strength was 1i t t l e  a ffec ted .36

Urea Formaldehyde/threshold -  7.5 x 106 rads/tensile /e longation . Plaskon Urea 

showed decreasing tensile  and shear strength and elongation. Threshold, 25% 

decrease and 50% decrease in these properties were observed at 7.5 x 106, 3 x 10^,
and 7.3 x 10^ rads, respectively. E lastic  modulus decreased s iig h tly  a fte r 3.2 x
107 rads. Impact strength decreased in i t i a l l y  at 3.2 x 10  ̂ rads and was reduced 
25% at 5.8 x 108 rads.36

Casein Resin/threshold -  4 x 106 rads/impact strength. A 50% reduction in impact 

strength of the protein-based resin , Ameroid, was induced by 3 x 10^ rads.
Tensile and shear strength and elongation were in i t ia l ly  changed at approximately 

10  ̂ rads and reduced to 50% of the orig inal value at approximately 108 rads. 
Elastic  modulus was unchanged.35

Epoxy Resins/threshold - 2 x 108 rads or greater/varies

References 26 and 42 report detailed investigations of the mechanical and
e le c tric a l properties of various epoxies. Novalac and glycidyl amine types are
even more radiation resistant than standard epoxies (DGEBA). With some curing 

agents, doses of 4 x 109 rads have resulted in no loss of mechanical properties. 
Reference 48 reports that standard epoxy resins cured with aromatic amines were
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more radiation resistant than those cured with a liphatic  amines or acid 

anhydrides; threshold damage occurred at 109 rads and 2 x 10  ̂ rads, 
respectively. Novalac has been found to be quite resistant to oxidation while 

many others are not. A combined environment of heat and radiation was found to be 
less severe than heat alone fo r one epoxy laminate.36 E lec trica l properties show 

some variation from exposure to radiation environments, but are of adequate 
s ta b il ity  fo r use in most electronic c irc u its .36

Phenoxy Resins/threshold - unknown

Though chemically sim ilar to epoxy formulations, radiation resistances of phenoxy 

resins appear to be generally less than that of epoxies. One tes t indicated a 
loss of 75% of the in i t ia l  tens ile  strength a fte r 3 x 108 rads with most of the 

m ateria l's  d u c til ity  also lo s t .36

Furane Resin/threshold -  3 x 1Q8 rads/tensile/elongation.

Duralon, an asbestos and carbon b la c k -fille d , furane-based resin, shows very good 

radiation resistance. The properties measured (tens ile  and impact strength, 

elongation, and e las tic  modulus) showed in i t ia l  degradation at 3 x 1Q8 rads and 

25% damage at 3 x 1Q8 rads.37

Phenolic Resins/threshold -  3 x 1Q6 to 3.9 x 1Q3 rads/elongation

U nfilled  and c e llu lo s e -fille d  phenolics are not p a rticu la rly  radiation resistant 
and a fte r  irrad ia tio n  become more susceptible to moisture damage and 

disin tegration . Phenolic laminates and m in era l-filled  phenolics exhib it very good 

s ta b ility  in radiation fie ld s . Phenolic laminates irradiated at temperatures as 

high as 900op reta in  flexura l strength as good as or better than nonirradiated 

controls. Oxidation may be inhibited by radiation-induced reactions in this  

case.36 E lec trica l properties are generally stable to high doses. Transient 
increases in leakage resistance of a factor of 10 have been noted in connectors 

u tiliz in g  phenolics, but recovery to orig inal values was rapid.33 The least 

resis tant phenolic resin reported was linen fa b r ic - f i l le d , with 25% damage shown 

at 3 X 106 rads. The most resistant was asbestos-filled (Haveg 41), with 25% 

damage a fte r 3.9 x 10  ̂ rads.36 Graphite f i l l e r s  do not appear to be e ffec tive  

with phenolics. G rap h ite -filled  Karbate exhibited threshold damage at 8 x 106 

rads. Some phenolic laminates have been found unaffected by as much as 8 x 10  ̂

rads.
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Polyester Resins (Excluding Phtha1ates)/thresho1d -105 to 10^ rads/elongation

Polyester resins (a l ly l ic  and alkyds) vary in radiation resistance, depending on 

the aromatic content and the nature of the crosslinking monomer. Threshold for  
radiation damage to most nonfilled resins are 105 to 106 rads.37 Elongation of 

Solectron 5038 (u n fille d ) was reduced approximately 20% at 8 x 1Q6 rads, and 50% 

a fte r lO^ rads. One m in era l-filled  polyester (Plaskon Alkyd) showed damage 

thresholds fo r te n s ile , shear, and impact strength, and elongation at 7.9 x 107 

rads; 25% decreases occurred around 3.5 x 109 rads.36
Polyesters may be guite sensitive to degradation by u ltra v io le t radiation and by 

oxidation. Like the phenolics, they show dramatic increases in radiation res is 
tance with inorganic f i l le r s .

One polyester-glass laminate exhibited no change in tensile  strength or e las tic  

modulus a fte r 4 x lO^ rads. E lectrical properties (permanent) of one mineral- 
f i l le d  polyester were unchanged a fte r 2.5 x 109 rads.65 Reference 61 reports a 

threshold fo r GPO-2 and GPO-3 laminates of 107 rads, but test data for those 

materials was not located.

D ia lly l Phthalate, G lass-F illed /threshold -  1.8 x 109 rads/tensile/elongation

Though technically a polyester, this material is treated separately because of its  

s ta b ility . Only minor changes in physical and e le c trica l properties have been 

noted for g la s s -fille d  DAP a fte r doses up to lOlO rads. Ultimate elongation and 

tens ile  strength increased ( improved) a fte r a beta dose of 1.8 x 10  ̂ rads at 60OC 

(5.8 X 10l 6 e/cm3, E = 1 MeV). Transient increases in insulation resistance were 

followed by rapid recovery.33 At a neutron dose of 1 x 109 rads (1.67 x 10l 6 

n/cm2, E ^ 2.9 MeV), d ia lly l phthalate was found suitable as connector insulation  
m ateria l.33 The 106 rad threshold indicated in Reference 61 is probably based on 

the threshold of the orlon f i l l e r .

Pol.yimide/threshold -  1Q7 rads/elongation/tensile strength

One polyimide film  was in i t ia l ly  affected at 10^ rads. Tensile strength 

increased, then dropped gradually, but was s t i l l  greater than 50% of the orig inal 
value a fte r 10  ̂ rads. Elongation decreased gradually beyond threshold and was 

reduced by ha lf at 10^ rads. DuPont H-fiIm  shows threshold loss of elongation at 
4 X 108 rads, but retained 50% of the original at 3 x 109 rads. Tensile strength
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was initially changed at 10^ rads, in air. In vacuum, elongation was first 
affected by 109 rads and retained better than half its initial value at 
r a d s . E l e c t r i c a l  (permanent) and physical properties of Kapton were stable to 
109 rads and were not greatly degraded after lO^O rads. Dielectric breakdown 
during electron irradiations have been observed to increase with increasing dose 
rate and/or elevated temperature.33 No documentation was found to support the 10® 
rad threshold indicated by Reference 61.

Polyurethane Res ins/threshold - approximately 107 rads/tensile strength

Polyurethanes are polyester or polyether diisocyanates. Thermoplastics and 
elastomeric forms are also available. Various curing agents and additives result 
in a range of sus ceptibility to radiation and to rad iation-sensitized oxidation.

STA-Foam AA-402 (urethane foam insulation) was reduced in compressive strength to 
34% of the original value by 8 x 107 rads when irradiated in air at 270C. 
Vacuum irradiation of the same material at 40OC to 9 x 1Q7 rads resulted in only a 
17% loss of compressive strength.4

Reference 36 reports that CPR-20 and CPR-1021 thermal insulations showed little 
change in compressive strength at 10^ rads. A urethane laminate exhibited initial 
weight loss at 1.75 x 10^ rads and 1% weight loss after 7 x 10^ rads. Minor 
decreases in flexural strength and elastic modulus were noted at 7 x 1Q3 r a d s . 36

An electron irradiation of one polyurethane to 1.8 x 10^ rads (5.8 x 10l6 e/cm^, E 
= 1.0 MeV) at 6Q0C resulted in serious physical degradation, including 67% 
increase in hardness, 76% increase in stiffness in flexure, 59% decrease in
tensile strength, and 99% decrease in ultimate elongation. A separate study,
including exposure to 1.2 x 10^4 n/cm^, E > 0 . 5  MeV, and 1.4 x 10® rads gamma
resulted in insignificant physical degradation. Permanent changes in volume
resistivity and insulation resistance were less than one order of magnitude for 
both studies. A polyurethane foam encapsulating com pound showed transient 
decreases in insulation resistance of nearly 103 during radiation exposure at a 
rate of 1.5 x l O ^  n/cm^/second (E >  0.1 MeV) and 6 x 104 rads/hour gamma. Full 
recovery occurred within 3 days after a total exposure of 1.5 x 10̂ 6 n/cm2 (E>0.1 
MeV) and 1.8 x 106 rads gam ma.33
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Silicone R e s i n s /threshold - app roximately 10^ rads/varies

K i r s h e r 3 7  suggests thresholds on the order of 10^ rads for silicone formulations 
except glass-reinforced resins.

Threshold loss of tensile strength for one unfilled silicone resin was noted at 7 
X  10^ rads and 50% decrease in that property after 7 x 10^ r a d s . 55

Reference 25 reports post-irradiation degradation of silica-filled polysiloxanes 
in air. The effectiveness of colloidal sulphur and ben zophen one additive in
reducing crosslinking and gas evolution are discussed. Phenyl methyl silicones
are more stable than dimethyl silicones.

Elevated temperatures usually result in reduced radiation resistance. Reference
37 estimates damage thresholds for silicone insulations at 4.5 x 1Q7 to 1.8 x 10^ 
rads at 250C, or 4.5 x 10® to 3.6 x 10^ rads at 200oc in air. Reference 33 notes 
satisfactory performance of one si 1icone-alkyd wire insulation after 5.3 x 10^ 
Roentgens at 150OC. Reference 59 compares damage to silicone insulations exposed 
to simultaneous and sequential radiation and elevated temperature (oxidation 
effects ma y  not be adequately reproduced in the simultaneous test).

One silicone-glass fabric laminate subjected to simultaneous temperature (500OF) 
and irradiation showed tensile strength 110% of that of a control soecimen 
subjected to temperature only after 2.1 x 10^ rads and 70% of the control value 
after 8.3 x 10^ rads. One heat-resistant laminate retained app roximately 50% of 
its original flexural strength after 8.3 x 10^ rads and 2 hours in boiling water 
(tensile and compressive strength were greater than the original v a l u e ) . 36 A 
silicone-asbestos laminate showed only minor changes in physical properties after 
6  X  1 0 6  rads at room temperature in a i r . 3 7

P yr rone/threshold - app roximately 103 rads/flexural strength/elastic modulus

Pyrrones are polyimidazopyrrolone polymers. The condensed aromatic ring structure 
is quite stable in radiation fields. Reference 55 reports threshold changes in 
flexural strength and elastic modulus at 1 x lO^ rads. Both increased gradually 
to lO^O rads. Electron irradiations to 1 x rads (E = 1 MeV) and 5 x 10^ rads 
(E = 2 MeV) resulted in insignificant degradation of mechanical and permanent 
electrical properties. At lOlO rads yield strength increased by about 70%; 
tensile strength was unaffected; and elongation decreased by two-thirds of the
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orig inal value. D ie le c tr ic  breakdown induced by electron irrad iations have been 

observed to increase w ith  increasing electron flu x  and to decrease w ith  increasing 

temperature. No d ie le c tric  breakdowns were observed fo r proton irrad ia tions with 

sim ilar p a rtic le  fluxes.

THERMOPLASTICS

Thermoplastics soften when heated, but return to th e ir  orig inal properties when 

cooled. These are the most versatile  p lastics . Crosslinking can transform them 

into thermosetting m aterials.

Acetal Resins/threshold -  6 x 1Q5 rads/tensile /elongation

Acetal resin is chemically polyformaldehyde. Test data was located only for the 

homopolymer, D elrin . Reference 61 lis ts  a 10^ rad threshold, which may have been 

derived from Reference 4, which gives an "order-of-magnitude" threshold of 10  ̂

rads, but referred to data showing a 7 x 105 in i t ia l  change. Reference 48 

reported 20% loss in tensile  strength at 3 x 10^ rads and 50% loss at 8 x 106 rads 

concurrent with 20% loss in elongation at 1 x 10  ̂ rads, 50% loss at 2 x 10® rads, 
and 90% loss at 3 x 10  ̂ rads for a 0.02-inch thick specimen. Reference 55 

reported a 6 x 105 rad threshold for tensile  strength and elongation fo r a Delrin  

with lower in i t ia l  tens ile  strength and elongation. A 25% loss of tens ile  

strength was observed at 1 x 10® rads, 50% at 4 x 10® rads, and 75% at 6 x 10® 

rads. Loss in elongation was 25% at 0.9 x 10® rads, 50% at 2 x 10® rads, and 75% 

at 3 X 10® rads. Reference 36 reports poor retention of physical properties at
4.4 X 10® rads. Tests reported were s ta tic , in a ir ,  at ambient temperature. The 

acetal copolymer is sold as Celcon. Some other copolymers are Alkon, Durathon, 
E rtaceta l, and Hostaform C. Chain scission is probably dominant. Acetals are 

often used as gears, bearings, or other molded-plastic parts.

Acrylic Resin/threshold - 7 x 10® rads/tensile /elongation

Acrylic resin is generally 90% or more polymethyl methacrylate. Test data for  

Lucite and Plexiglass give fa ir ly  s im ilar estimates of radiation resistance. 
Reference 36 reports in i t ia l  changes in tens ile  strength and elongation fo r Lucite 

at 7.5 X 10® rads, with 25% loss in elongation at approximately 10^ rads and 50% 

loss at 2 X 107 rads. Tensile strength was reduced by 25% at approximately 10  ̂

rads and by 50% at 2 x 10  ̂ rads. Loss in lig h t transmission was approximately 50% 

at 5.5 X 10® rads. Shear strength and impact strength were f i r s t  affected at
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approximately 107 rads. Both these properties were reduced by 25% at 4 x 1Q7 rads 

and 50% at 6.2 x 1q7 rads. The e la s tic  modulus began increasing at 1 x 107 rads 

and was 12% higher at 5 x 1Q7 rads. Increased oxidation has been noted following 

ir ra d ia tio n , but heating at 8Q0C in a ir  fo r 1-6 hours shows about the same 
degradation as 500 hours of room temperature storage.37 About 35 ml/gm of gas is 

evolved at a to ta l dose of 109 rads, Ggas is approximately 1 .5 . A portion of the 
gaseous products are trapped in the polymer. Heating during irrad ia tio n  causes 

foaming and expansion of the material to 5 to 10 times the orig inal volume by 

trapped gases. G(S) = 1.1 -1 .9  at room temperature in a ir ,  but increases at 
higher temperatures.

The softening temperature of polymethyl methacrylate is greatly  reduced by large 

radiation doses. Reference 21 reports a d is tin c t decrease in softening 
temperature a fte r 7.0 x 105 rads.

P o ly a c ry lo n itr ile /threshold -  approximately 1 x 106 rads/tensile  strength

Reference 25 gives a tens ile  strength threshold of 1 x 10^ rads fo r fibers  sub
jected to neutron irrad ia tio n  in a ir .  Reference 9 reports s ig n ifican t loss in 

tens ile  strength fo r Orion fibers  a fte r  8 x 106 rads and suggests a maximum use 

level of 5 X 107 rads. Dolan and Dynel are other commercial names fo r polyacrylo- 
n i t r i le  fib e rs .

Polymethyl Alpha-Chloroacrylate/threshold -  approximately 7 x 10^ rads/unknown

Reference 36 reports a damage threshold of 8.2 x 10  ̂ rads and 25% damage at 1.1 x 

10® rads, but does not specify the properties tested. Reference 37 reports 

radiation resistance sim ilar to polymethyl methacrylate and the threshold is  

assumed to be the same as that of PMMA. Tests were performed on commercial 
samples of G afite.

Cellulose/threshold -  1 x 10  ̂ rads/tensile  strength

Reference 9 found threshold radiation damage fo r cotton fib ers  irrad ia tio n  in a ir  

at about 10^ rads and a 23% loss in ten s ile  strength at 4.4 x 10® rads. Reference 

58 reports a decrease in breaking strength of 5 to 7% fo r 1 x 10^ rads. The basic 

component of e le c tric a l insulating papers is cellu lose.
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Reference 21 reports that post-irrad iation  degradation occurs only i f  the moisture 

content of irradiated samples is quite low. Degradation at higher doses is rapid. 
Decreases in c ry s ta llin ity  and increases in hydrolysis rates are noted. G(S) may 

be as high as 11. Reference 33 reports a fa ilu re  threshold fo r capacitors using 
paper d ie lec trics  of 1.04 x IQl^ neutrons/cm^ (E > 2.9 MeV) and 3.96 Mrads gamma 
at 850C.

Cellulose Derivatives

Chemical derivatives show better radiation resistance than the base polymer.

Cellulose Acetate/threshold - approximately 8 x 10^ rads/tensile  strength. Refer
ence 9 reports the 8 x 1Q5 rad threshold fo r Rayon fibers  and suggested use lim its  

of 2 X 107 rads. Reference 21 reports some reduction in thermal resistance. 
Temperature at break of specimens under constant stress was gradually reduced from 

17Q0C fo r the unirradiated samples to 135°C fo r samples which had received 2 x 

107. The e ffec t was the same in a ir  or N2 and at various dose ra tes. Reference 

36 reports in i t ia l  changes in shear strength of P lasticele  a t 2 x 10^ rads, 25% 

decrease at 2 x 1Q6 rads, and 50% loss at 3 x 107 rads. Impact resistance and 

elongation were degraded at about the same ra te . Tensile strength was 50% at the 

orig inal value of 6 x 10  ̂ rads.

Reference 37 notes that d ie le c tr ic  properties of cellulose acetate are stable to 

higher radiation doses than are the physical properties. Reference 48 reports 

Ggas =0-08 a fte r 10^ rads with 17 ml/gm evolved.

Cellulose Acetate Butyrate/threshold -  3.4 x 105 rads/e las tic  modulus. Tenite I I  

has been tested in fib e r  and th in  fiIm  form. E lastic  modulus is the f i r s t  

property affected. Reported thresholds are 3 .4  -  5 x 105 rads with an increase of 
approximately 20% at 3.2 x 10  ̂ rads. Impact resistance is affected above doses of 
6.8 -8 X 105 rads. A 25% loss in impact resistance occurs at 6.6 x lOS rads or 

more and 50% loss is noted at 19 -  30 megarads. Shear strength, elongation, and 

tensile  strength are affected at approximately 1.6 x I 06 rads, reduced 25% at 2.3 

X 10^ rads and 50% at 3.3 x 10  ̂ rads. Oxidation effects  occur. Reference 48 

reports better radiation resistance at high dose rates fo r 125-mi 1 thick samples.

Cellulose N itra te /threshold - 5 x 10^ rads/elongation. Elongation of Pyralin sam
ples was affected at 5 x 10  ̂ rads with a 25% reduction of that property at 3.5 x 

10^ and 50% loss at 1 x 10  ̂ rads. Impact resistance showed a threshold of 1 x 10^
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rads with rapid degradation above threshold. The value at 3 x 10^ rads was 50% of 
the o r ig in a l. Tensile and shear strength was affected at 1 x 1Q6 rads, but these 

properties were not degraded quickly. At 2 x 1Q7 rads, tens ile  and shear strength 

were 75% of orig inal values and 50% at 3 x 107 rads. Large quantities of gas are 

evolved.

Cellulose Propionate/threshold -  3 x 105 rads/impact resistance. Impact res is 
tance of Forticel samples was affected above 3 x 10^ rads,36 but was s t i l l  75% of
the in i t ia l  value a fte r  4 .4  x 10^ rads and 50% at 1.5 x 10  ̂ rads. Tensile
strength was reduced 25% at 5 x 106 rads and 50% at 1.5 x 107 rads. Elongation 

was reduced 25% at 3.5 x 106 rads and 50% at 1.5 x 10^ rads. Shear strength was 
affected by 4 x 106 rads, but was s t i 11 50% of the orig inal value a t 3 x 106 rads. 
Higher values are observed fo r thick samples^S and Gggg = 1.5 with 35 ml/gm 

evolved at 10  ̂ rads.

Ethyl Cellulose/threshold - 1.5 x 106 rads/impact resistance. Ethocel R-2 shows
in i t ia l  reduction in impact resistance at 1.5 x 106 rads, 25% reduction a t 5 x  10^
rads, and 50% loss at 1 x 107 rads.36 Elongation and shear strength are affected  

at 2 X 106 rads. Elongation is reduced 25% at 4 x  106 and 50% at 4 x 107 rads. 
Tensile strength is affected above 3 x 106 and reduced to 50% at 2 x 107 rads. 

Tests reported were fo r s ta tic  irrad ia tions in a ir  at ambient temperature. Refer

ence 48 gives Ggas approximately 4.6 with 105 ml/gm evolved at 10^ rads.

Haloqenated Pol.ymers

Many of the commercial halogenated polymers are chloride or fluoride  substituted  

vinyls; others are substituted polyolefins.

Polyvinyl Chloride, Rigid/threshold -  greater than 10^ rads. Reference 48 reports 

80% or better retention of ten s ile  and notch impact strength of a 0.17-inch thick  

sample irrad ia ted  in a ir  at 2 x 10  ̂ rads/hour and ambient temperature to a to ta l 
dose of approximately 10^ rads. Reference 33 reports very serious degradation at
1.3 X 10  ̂ rads fo r r ig id  PVC irrad ia ted  at 60°C with 1 MeV electrons. Radiation 

resistance is undoubtedly dependent on thermal and oxidizing conditions, as is the 

resistance of p lastic ized  PVC.
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Polyvinyl Chloride, P lastic ized /threshold -  5 x 10  ̂ rads/temperature at break. 
Reference 8 reports that DC re s is t iv ity  of one PVC cable insulation was affected  

a fte r 5 x 10® rads and s en s itiv ity  to hot water and steam was increased above th is  

value. Large decreases in oxidation resistance were noted above 5 x 10®.

Scission or crosslinking may predominate, depending on temperature and oxidizing  

conditions. P lastic izers and additives are not generally known for commercial 
m aterials, but a fa ir ly  large range of radiation resistances occur fo r d iffe re n t  

materials (Figure 3 -1 ). Reference 48 reports results fo r 4 and 20-mil samples of 
Geon 8630 irradiated in a ir  at room temperature. The 4-mil sample lost approxi
mately 20% of orig inal tensile  strength a fte r 7 x 10® rads, but retained less than 

50% afte r 1 x 10® rads. The 20-mil sample lost less than 20% of orig inal tens ile  

strength at 1 x 10® rads. Elongation of the 4-mil sample was reduced 20% by 1 x 
107 rads. 7 x 10  ̂ rads were required for the same change in elongation of the 20- 
mil sample. Similar indications of extensive oxidation effects were observed with 

4-mil samples of Geon 8640 irrad iated  in a ir  and vacuum. In a ir ,  tens ile  strength 

was decreased approximately 20% by 7 x 10® rads and 50% by 1 x 10® rads.
Elongation decreased 20% at 2 x 107 rads and 50% at 8 x 10^ rads. In vacuum, 
tens ile  strength was reduced 20% by 7 x 10  ̂ rads and elongation was reduced 20% by 

6 X 10  ̂ rads. References 21 and 39 note marked differences in thermal properties 

of irrad iated  PVC. A reduction in the melting temperature of the polymer occurs 

in a ir  (but not in vacuum). Reduction of the temperature at break of samples 

heated under constant stress was noted for samples a fte r  5 x 10® rads. A fter 1.1 

X 10  ̂ rads, a 30-40OC reduction in temperature at break was achieved. The rate of 
HCL evolution is affected by the temperature during and subsequent to irra d ia tio n . 
Ghcl = 5.41 (-90OC), = 13 (300C), = 23 (700C) a fte r  2 x 107 rads. Diffusion and 

permeability constant are increased by irrad ia tio n  but may decrease again at 
higher doses. Crosslinking is inhibited in a ir ,  but may be enhanced by inclusion 

of polyfunc-tional m aterials, such as polyethylene glycol dimethacrylate. The 

temperature-oxidation resistance of commercial materials w ill vary with the 

effectiveness of free radical scavengers and anti oxidants.

Polyvinyl F luoride/threshold approximately 107 rads/elongation. DuPont R-20 exhi
b its approximately 20% loss of elongation at 2 x 107 rads and 50% loss at 5 x 10  ̂

rads. Tensile strength was not appreciably affected below 1 x 10® rads. Sample 

thickness and dose rate were not given.48 Polyvinyl fluoride  is also marketed as 

Tedlar. Radiation resistance is probably less at elevated temperatures. One 
electron irrad ia tio n  at 60°C to 1.8 x 10  ̂ rads resulted in severe physical
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Figure 3-1

"SIMILAR" PVC CABLES IRRADIATED AT 20-40°C
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degradation but unchanged insulation resistance and a 1% decrease in d ie le c tric  

constant. Dissipation factor increased one d e c a d e .33

Polytetrafluoroethylene/threshold - 1.5 x 10  ̂ rads/elongation. Reference 47 

reports a threshold change of elongation at 1.5 x 10  ̂ rads for Teflon (TFE) in 

a ir ,  of tensile  strength at 2.1 x 10  ̂ rads, of shear and impact strength and 

e las tic  modulus at 1.8 x 10  ̂ rads. A 25% decrease was noted at 3.4 x 10  ̂ rads fo r  

elongation, 1.2 x 105 rads for tensile  strength, and 4 x 10  ̂ rads fo r shear 
strength. Impact strength increased 25% at 3.6 x 10  ̂ rads. Oxidation effects  

are quite large. Radiation resistance is approximately ten times greater in 
vacuum or f lu id . Teflon hoses tested under simulated operating conditions fa ile d , 
by leakage, at 1 x 105 rads when exposed to in term ittent flu id  pressure of 1,000 
psig and at approximately 1 x 10  ̂ rads when subjected to 1,200 psig s ta tic  

pressure. The radiation exposure-damage re la tio n  was re la tiv e ly  insensitive to 

temperature in the range of 100 to 350°F in that te s t. Teflon back-up rings (in  

f lu id )  have been found serviceable in some applications to approximately 4 x 10  ̂

rads, although physical degradation occurs.36. Sharp decreases in melting 

temperature were noted fo r irrad iations above 330OC.

Teflon-FEP (copolymer of fluoroethylene and perfluoropropylene) is more resistant 

that Teflon-TFE. Teflon-FEP shows ten times greater radiation resistance in 

vacuum and sixteen times greater resistance in a ir  fo r 10-mil f i l m s . ^6 Temperature 

effects  have been noted. Damage at cryotemperatures was negligible fo r a dose 
that produced 40% loss of tensile  strength at 730F and 60% damage at 350OF.

E lectrica l properties are affected d iffe re n tly  fo r irrad ia tion  in a ir  and vacuum. 
TFE volume re s is t iv ity  has been observed to drop by a factor of 102-103 in vacuum 

radiation and to drop an additional factor of 10- 10  ̂ a fte r irrad ia tio n  (gradual 
recovery may occur). One Teflon-insulated wire is reported to show s lig h tly  

reduced f le x ib i l i t y  at 103 rads in a 5 psia O2 atmosphere at 90OC. A sim ilar 

Teflon wire lacking a polyimide coating present on the f i r s t  wire did not show 
reduced f le x ib i l i t y  under the same conditions.33 This indicates that the 

materials were incompatible, not that the radiation level was s ig n ifican t.

Tetran, Fluorlon, and Hostaflon FT are a few of the other commercial names for  

polytetrafluoroethylene. Main chain scission is dominant and there is l i t t l e  e v i
dence of any crosslinking during irrad ia tio n .
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Pol.ychlorotrifluoroethylene/threshold -  1.2 x 10  ̂ rads/shear strength /elastic  

modulus. Reference 9 reports approximately 50% loss of elongation and impact 
strength with negligible change in ten s ile  strength at 1 x 10  ̂ rads fo r a 0.3 cm 

sample of Kel-F irradiated in a ir .  Reference 33 gives a 47% loss of elongation, 
16% decrease in impact strength, and unchanged tens ile  strength at 2.4 x 10  ̂ rads. 

Decreases in surface and volume re s is t iv ity  by a factor of 10-102 have been noted 
in the irrad ia tio n  of Kel-F to 2.1 x 107 rads with no post-irrad iation  recovery.

A concurrent decrease in dissipation factor occurred. (Reference 37 gives a 

threshold of 1.2 x 10® rads fo r shear strength and e las tic  modulus, 3.6 x 10® rads 

fo r elongation and impact strength, and 3.6 x 10^ rads for tensile  strength of 
Fluorothene. F if ty  percent (50%) damage levels were 1.1 x 10® rads fo r tensile  
strength, 4.1 x 10  ̂ rads fo r elongation and impact strength, and 2 x 10® rads fo r  
shear strength ( in i t ia l ly  increases above threshold, then decreases). Reference 

55 notes return to original values of volume re s is t iv ity , d ie le c tr ic  strength, and 

arc resistance fo r PCTFE a fte r 2 x 10® rads in a ir . Oxidation effects are not as 

dramatic as with Teflon, but radiation resistance is better in vacuum or inert 
atmosphere. Scission is dominant. Hostaflon and Trithene are additional trade 

names.

Polyvinylidene Ch1oride/threshold -  3.7 x 10® rads/elongation. Reference 37 

reports in i t ia l  change in elongation and impact strength at 3.7 x 10® rads.
Tensile strength and e las tic  modulus are affected at 6.4 x 10® rads and shear
strength begins to decrease at 4.1 x 10  ̂ rads. A 25% loss occurs for elongation 

and impact strength at 4.1 x 10  ̂ rads, fo r tensile  strength at 1.6 x 10® rads, and 

fo r shear strength at 5.5 x 10® rads. Reference 36 provides supporting data and 

notes general darkening and evolution of HCL. Tests were in a ir  at ambient 

temperatures on commercial samples of Saran. Data on comparable m aterials, such 

as Vestan, Velon, and D io rit were not found. Reference 48 reports lower radiation  

resistance for a vinyl chloride-vinylidene chloride copolymer with an approximate 

20% decrease in elongation and impact strength at 1 x 10® rads and a 50% decrease 

at 1 X 107 rads.

Polyvinylidene F luoride/threshold -  approximately 8 x 10® rads/not specified.
Kynar 400 showed only color change a fte r  10^ rads in a ir  or vacuum, but was b r i t 
t le  and lost flexura l and tensile  strength at 10® rads. Volume re s is t iv ity  was
reduced by approximately 10® a fte r 2 x 10® rads in a ir . Dissipation factor 

increased by less than a factor of 10. The d ie le c tric  constant was unchanged. No 

physical damage was noted a fte r 10® rads at cryotemperatures. Elevated tempera
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tures would be expected to increase radiation s e n s itiv ity . Reference 13 indicated 

the lowest value, but did not indicate property changes at that le v e l.

Tefzel Fluoropolymer (Copol.ymer of Ethylene/Tetrafluoroethylene) /threshold ? 

/elongation. Tefzel insulation exhibits a decrease in elongation of approximately 

25% at 2 X 1q7 rads and 50% at 3 x 10^ rads. Dose rate e ffects  were noted with 

higher rates leading to less damage fo r a given to ta l dose. This is probably due 

to greater oxidative effects at lower dose ra te s .28 E lec trica l properties are 

reported to be stable at much higher radiation doses. The manufacturer's data 

shows serious reduction in fle x  1ife  a fte r 1 x 1Q8 rads. Samples irrad iated  in 

nitrogen were not as much affected as those irrad iated  in a ir .

Polyvinyl Chloride Acetate/threshold - 1.4 x 106 rads/elongation. Reference 36 

reports softening and darkening of th is  material with evolution of HCL. Elonga
tion increases rapid ly  above threshold with a 50% increase noted fo r v in y lite  at 3 

X 1Q7 rads. Other physical properties are not affected u n til much higher rad ia
tion doses have occurred. Shear strength of v in y lite  is affected in i t ia l ly  at 5 x 

107 rads, tensile  strength at 5 x 108 rads, and impact strength at 4 x 109 rads. 
Reference 55 notes increased water absorption a fte r 1.5 x 10  ̂ rads. One polyvinyl 

chloride acetate sample irrad iated  at 600C to 1.8 x 109 rads (with electrons) 

showed l i t t l e  change in hardness and tens ile  strength while f le x ib i l i t y  increased 

approximately 30%. D ie lec tric  constant and dissipation factors were unchanged 

while insulation resistance decreased by 102.33 Reference 48 reports a 200% 

increase in elongation at 5 x 10^ rads, followed by gradual softening and weaken
ing of the p lastic .

A1iphatic Polyamide (Nylon F iber)/threshold -  8.7 x 10^ rads/flex  1ife

Reference 36 reports reduced fle x  1ife  of nylon t i r e  cords (nylon 6 , 66, and 66HT) 
at 8.7 X 10  ̂ rads, but also notes that tests on t ire s  containing these cords did 

not show as pronounced an e ffe c t. Irrad ia tio n  of the same fibers  in vacuum showed 
only a 10-15% reduction in fle x  1ife  a fte r 8.7 x 10^ rads. S en s itiv ity  to rad ia- 

tion in a ir  is estimated at four to fiv e  times greater than in vacuum. A number 
of e ffec tive  "antirads" are availab le . Doubling of radiation resistance is 

reported with Arcoflex C and a fo u r-fo ld  increase has been observed with quinone 

or pyrogallo l. Nylon fib e r  with an age res is to r and phenothiazine showed 1 i t t l e  

change in tensile  strength and 1.5 times orig inal elongation a fte r  1.7 x 1Q7 rads 

in a ir .  Reference 21 reports s im ilar behavior of nylon (polycaprolactam) 
irradiated at temperatures of -800C, room temperature, and lOQOC.
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Reports of transient e le c tr ic a l effects  were not found, but Reference 33 reports 

permanent effects from electron irrad ia tio n  to 1.8 x 109 rads (5 .8  x 1Q16 e/cm^, E 

= 1.0 MeV) at 6Q0C. Insulation resistance increased about one order of magnitude, 
dissipation factor decreased less than an order of magnitude, and d ie le c tr ic  con
stant at 1 KHz decreased a maximum of 32%.

Aramid/threshold -  7 x 10^ rads/elongation

Aromatic polyamides show considerably better radiation resistance than a liphatic  

types and are less sensitive to oxidation. Kevlar and Nomex nylon are better 

known trade names. Nomex yarns have been reported to be unaffected by 3.3 x 1Q8 

rads at ambient temperature. At SGQOF and 1.4 x 10^ rads, the yarn retained 45% 
of orig inal elongation and 62% of its  in i t ia l  ten s ile  strength.36 Reference 13 

classes Kevlar as sim ilar in radiation resistance to polyimides. The value 

indicated for Nomex, Reference 61 (24% loss of elongation at 108 rads), was 

probably determined at elevated temperatures.

Polycarbonate/threshold -  7 x 1Q5 rads/elongation

Reference 55 reports in i t ia l  changes in elongation of polycarbonate film  at 7 x
IQS rads. This property increased, then decreased to approximately 50% of
orig inal at 7 x 10  ̂ rads. Tensile strength f i r s t  increased at 3 x 10® rads, then 

decreased gradually. I t  was s t i l l  greater than 50% of orig inal at 1 x 108 rads. 
Reference 48 notes an approximate 20% loss in elongation and less than 20% loss in 

ten s ile  strength at 1 x 10  ̂ rads for 3-mil Macrofol film  irrad ia ted  in a ir  or 
vacuum. Reference 36 notes that Lexan was too b r i t t le  to tes t a fte r 2.6 x 10  ̂

rads at 250C in a ir .  The 10® rad threshold given by Reference 61 is probably an 

"order of magnitude" value and is in good agreement with the value noted above.

Polyolefins

These are a liphatic  alkene polymers. Only ethylene, propylene, and isobutylene-
based materials are useful commercially.

Polyethylene/threshold -  3.8 x 105 rads/increased elongation under stress. This 

threshold value does not indicate damage, but, ra ther, an improvement of orig inal 
properties.
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Reference, 36 gives data fo r  the irrad ia tio n  of Alathon 3 f i lm s  (va rious 

thicknesses) and for a 2-mil Marlex 50 sample. The Marlex lost approximately 90% 

of the orig inal elongation at 4.4 x 106 rads, but less than 15% of orig inal 
tensi le strength. The 3-,mil Alathon sample retained more than 90% of its  orig inal 
elongation and tensile  strength at 8 .7  x 106 rads, but rapid ly  lost strength above 

that dose. At 4.4 x 107 rads, ten s ile  strength was approximately 33% less than 

the orig inal value and elongation was decreased by approximately 87%.
Radiation resistance in vacuum is quite good, with approximately 50% loss in 

elongation and an increase of tensile  strength of nearly 50% a fte r 8 .7  x 10^ rads. 
Effective antioxidants are known and may greatly  improve radiation resistance 

(Figures 3-2 and 3 -3 ), but are not always used in commercial formulations. Many 

anti oxidants are re la tiv e ly  insoluble in PE and may mi grate from the polymer 
(p a rtic u la rly  at elevated temperatures), leaving i t  subject to rapid oxidative  
degradation. Reference 50 notes th a t, of 40 polyethylene insulations tested, only 

3 demonstrated adequate radiation and f i r e  resistance fo r nuclear applications.

Reference 8 reports detailed tests of commercial cable insulation and jacket 
m aterials, including HOPE (high-density PE), NF-CLPE, and CB-CLPE (n o n filled  and 

carbon b la c k -fille d  chemically crosslinked PE) cable insulations. They noted that 

d ie le c tric  loss was observed at 5 x 106 rads and oxidation resistance was greatly  

reduced at that dose. They recommended service lim its  of 1 x 10^ rads. Chapiro^l 

reports detailed investigations of oxidation-related dose rate  effects  and thermal 
effec ts . Increased melting points and other beneficia l e ffects of radiation  

cross linking of polyethylene are discussed (also see Reference 52). Outgassing of 
PE is extensive during irrad ia tio n . Data from Reference 10 is discussed in the 

preceding section. An appropriate damage threshold fo r most cable m aterials is 

about 1Q6 rads.

Polypropylene/threshold -  less than 4 x 10^ rads -  no specific  data. This 

threshold is determined on the basis of its  more susceptible chemical structure  

and general s im ila r ity  to polyethylene. Though the damage threshold in a ir  may 

appear to be as high as 1Q7 rads. References 52 and 32 report extensive post
irrad ia tio n  oxidation of polypropylene syringes a fte r s te r iliz a tio n  doses of 2 -
2.5 megarads. Reference 32 also notes that th is  sensitization  to oxidative  

degradation is to ta lly  blocked by beta-activated thioether additives.

lonomer Resins/threshold -  2 x 10® rads/elongation/tensile  strength. Reference 55 

reports th is threshold value, but does not report dose rate or sample thickness.
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Figure 3-2 and 3-3

EFFECT OF VARIOUS ANTIOXIDANTS ON OXIDATION RESISTANCE OF CROSSLINKED PE (20 MEGARADS)
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A lower threshold would probably be noted i f  oxidation effects  were maximized. 

Greater than 50% of original tensile  strength was retained at 9 x 1Q8 rads. F if ty  

percent(50%) of orig inal elongation was reported at 7 x 1Q7 rads. Radiation 

resistance would be dependent on the effectiveness of antioxidants, as are the 

polyolefins. Vacuum irrad iations to 5-10 megarads result in improved properties. 

Lichtenberg electron discharge effects  are less fo r sodium ionomers than zinc 
ionomers.30 No other data was found fo r organometallies.

Propylene-Ethylene Polyal1omer/threshold - 1 x 10  ̂ rads/tensile  strength/elonga
tio n . The polyallomer suffix  indicates a unique bonding mechanism. This material 
is neither a physical mixture nor a true copolymer. Data fo r ethylene-propylene 
elastomers would not be applicable.

A reduction to ha lf the orig inal ten s ile  strength occurs at 4 x 107 rads and h a lf 

the in i t ia l  elongation is noted at 7 x 10^ rads.55 Reference 35 reports results  

of irrad ia tio n  at room temperature, 205°F, and 25QOF. The overal1 radiation  

resistance is not good. Oxidation e ffects  have not been investigated.

Irradiation-M odified Polyolefin/no threshold reported. Reference 33 reports that 
wire insulated with th is  material (from Rayehem Corporation) completed a wet 

d ie le c tr ic  strength tes t a fte r a radiation dose of 500 megarads. No serious 

degradation in physical or e le c tr ic a l properties was noted at th is  radiation  

le v e l. This formulation must contain very e ffe c tive  antioxidantZ-antirad  

additives. Reference 61 indicates a 10^ rad threshold fo r polythermaleze.

Polyethylene Terephthalate/threshold -  4.4 x 105 rads/tensile /elongation

Dacron fibers  are not s ig n ifican tly  degraded below 2.5 x 107 rads.9 Dacron t i r e  

cords irradiated in a ir  and vacuum showed s im ilar f le x  l i f e ,  tens ile  strength, and 

elongation. Quinone and quinhydrone are e ffe c tive  antirads. Mylar (oriented PET 

film ) appears to be more radiation resis tan t than nonoriented fib e rs . Reference 

55 notes threshold changes in tens ile  strength and elongation at 4 x 1Q7 rads. A 

50% reduction in elongation is observed at 3 x 1q8 rads and a 50% decrease in ten
s ile  strength a fte r 6 x 1Q8 rads. Only s iig h t reduction in melting temperature of 
PET occurs with increasing radiation dose. Greater scission rates (degradation) 
occur at lower dose rates, but i t  is not certain  whether oxidation is i n v o l v e d . 25
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No thermal acceleration of radiation damage has been noted up to 200OC.36 Degrada
tion of e le c tr ic a l properties is in s ig n ifican t at 10^ r a d s . 33 Mylar film  capaci
tors have been found serviceable a fte r  108 rads.36 Outgassing during irrad ia tio n  

is minimal (mostly H2) • Mylar is susceptible to u ltra v io le t radiation and to com
bined heat and vacuum.

Parylene/threshold -  unknown

Poly-para-xylyenes and derivatives show better e le c tr ic a l, o p tic a l, and thermal 
properties than Mylar (applications are s im ila r ) , but mechanical properties are 

not as good and radiation resistance is considerably less than that of Mylar. No 
specific data was c i t e d . ^3, 48

Polyphenylene Oxide/threshold -  approximately 105 rads/tensile  strength

Reference 55 reports a s iig h t increase in ten s ile  strength at 105 rads. The 

material maintains s lig h tly  greater than orig inal strength to approximately 10  ̂

rads. Other properties are not reported. Noryl, PPO, and Alphalux 400 are 

commercial names fo r th is  polymer.

PolysuIfone/threshold -  approximately 5 x 10^ rads/flexural strength

Reference 16 reports th is  threshold and reduction of tens ile  and flexu ra l strength 

to h a lf the orig inal value a fte r 1.7 x I 08 rads ( in a ir )  fo r one aromatic 

polysulfone. Irrad ia tio n  in vacuum to 3.5 x I 08 caused l i t t l e  reduction in 

flexu ra l strength. Increased s e n s itiv ity  to radiation at elevated temperatures is 

noted. SO2 is evolved during irra d ia tio n . Reference 61 indicates an "allowable" 

dose of 10  ̂ rads, but no supporting tes t data was located by th is  search.

Polystyrene/threshold -  approximately 2 x 10^ rads/tens ile  strength

Bowmerl  ̂ found reduction of tensile  and flexu ra l strength to approximately 50% of 
orig inal values fo r unstabilized polystyrene sheets (3 mm) in a ir  at 3Q0C at 1 x 

108 rads, gamma. Only 25% of in i t ia l  values were retained a fte r 2 x 10^ rads. A 

6  X 108 rad vacuum irrad ia tio n  produced neglig ib le  changes in the same m ateria l. 
Commercial products contain various antioxidants and s ta b ilize rs . Reported 

thresholds range from I 08 to greater than 10^ rads. Reference 36 notes post
irrad ia tio n  oxidation effects  fo r commercial m aterials. Permanent decreases in 

volume re s is t iv ity  and insulation resistance of one or two orders of magnitude
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occur a fte r doses as low as 4 x 106 rads.33 Styrene is approximately three times 

more sensitive to neutron irrad ia tio n  than to gamma irrad ia tio n .

Acrylonitrile-Butadiene-Styrene/threshold -  approximately 10  ̂ rads. Tensile 

strength increases above threshold, but decreases a fte r about 2 x 108 rads.
51ig h tly  more than ha lf the orig inal value was retained a fte r  10^ rads.35 Other 
styrene copolymers also exhibit radiation resistances less than commercial 
polystyrenes. The extent of radiation protection achieved w ill  depend on the 

re la tiv e  proportions of the polymer components. S tyrene-acry lon itrile  and 

styrene-butadiene survived electron irrad ia tio n  to 1.8 x 10^ rads at 6Q0C, but 
e le c tr ic a l properties were degraded. Styrene-divinyl benzene was 1i t t l e  affected  
under the same conditions.33 Poly-alpha-methyl styrene also shows radiation  

resistance somewhat less than p o l y s t y r e n e . ^3 Since polystyrene shows post
irrad ia tio n  oxidation e ffec ts , copolymers probably also do, but no reports of th is  

effe c t were found. ABS and SAN are common trade names. The 10^ rad threshold 

indicated in Reference 61 may be an order of magnitude value, but i t  is used since 

oxidation effects might reduce the 2 x 10^ rad value (Reference 55) id en tified  in 

th is  search.

Vinyl Polymers

Vinyl polymers contain a high degree of unsaturation and may be susceptible 

to both scission and crosslinking processes (see Table 2 -1 ).

Polyvinyl Butyral/threshold -  approximately 3 x lO® rads/e las tic  modulus. E lastic  

modulus increases during radiation (indicates crosslinking). Elongation at break 

decreases. Reference 36 estimates a 25% damage level of 1.9 x 10^ rads.
Reference 55 indicates a 50% change in ten s ile  strength a fte r  1 x 103 rads and in 

elongation a fte r 3 x 103 rads. Butacite and Saflex are trade names fo r th is  mate
r ia l .

Polyvinyl Formal/threshold - approximately 1.6 x 107 ra d s /te n s ile /e la s tic  modulus. 

Irrad ia tio n  of Formvar resulted in decreased tens ile  strength and e la s tic  modulus. 
Reference 36 reports 1.2 x 1Q3 rads as a 25% damage leve l. References 55 and 48 

indicate 50% damage levels at about 10  ̂ rads. Scission appears to be dominant as 

i t  is in polyvinyl alcohol and polyvinyl acetate. Reference 61 indicates an order 
of magnitude threshold of 107 rads, which is in good agreement.
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Polyvinyl Carbazole/threshold -  8.8 x 107 rads/impact strength. A ll physical 

properties appear to be quite insensitive to radiation and are reported as 

unchanged at 2 x 109 rads.48, 55 Reference 36 indicates 25% damage to Grinian F at
4.4 X 1Q9 rads. Other commercial names are Luvican and Poiectron. The threshold 
value cited was determined fo r Poiectron.35

ELASTOMERS

This term includes natural rubber and a number of synthetics with s im ilar e la s t i
c ity . ASTM designations fo r most materials are provided in parentheses following  

the generic name.

Polyacrylate (ACM)/threshold - approximately 106 rads/set at break

Chapiro^l discusses crosslinking and scission rates fo r various esters of acry lic  
acid. Sim ilar crosslinkinq rates were noted fo r methyl, n -butyl, and isobutyl 

acrylates. Phenyl acrylate was more resistant to radiation-induced change. I t  

was also more resis tant than phenylethyl acrylate. Reference 37 notes that scis
sion is dominant fo r lower radiation doses, but that crosslinking is more 
pronounced above 8.7 x 107 rads. Reference 9 suggests a 25% damage level at 3 x 

1q8 rads. Reference 36 reports results of a number of separate tes ts . One test 
of set at break revealed threshold change a fte r  1Q8 rads and 25% increase a fte r 3 

X 106 rads fo r Hycar PA. Another study reported threshold change in compression 

set at 1.5 X 10^ rads and 25% increase at approximately 1Q7 rads. Elongation 

decreased, with threshold, 25% and 50% decrease at 3, 15, and 30 megarads, 
respectively. Tensile strength also decreased, indicating threshold damage at 4 x 

10^ rads and 25% at 6 x 107. Reduction of compression set through the addition of 
antirads was better than with most other rubbers. Hycar PA-21 with UOP-88 antirad  

exhibited approximately 50% compression set at 3.7 x 107 rads. The same 

formulation without the antirad showed 50% compression set a fte r 8.4 x 10^ rads.
Unirradiated controls took on only about 13% compression set. Alpha-napthyl amine 

and FIX ( N-phenyl-N' 0-tolyethylene diammine) are also recommended antirads.

Adduct Rubbers/threshold -  approximately 4 x 105 rads/tensile  strength/elongation

Adduct rubbers are made by reacting diene rubbers (polybutadine, isoprene, e tc . ) 

with alkyl mercaptans to remove unsaturations. Data was found only fo r methyl 
mecaptans of polybutadiene and one butad iene-acry lon itrile  adduct. Reference 9 

notes that better in i t ia l  properties often resu lt from the reduced unsaturation
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and that adduct rubbers show better radiation resistance ( p a r t ic u la r ly  at elevated 

temperatures) than natural or neoprene rubbers. Radiation resistance appears to 

increase with increasing saturation. Small changes in tens ile  strength and elonga
tion (less than 10%) were noted fo r 86% and 92% saturated (methyl mercaptan) 
adducts of polybutadine at 4.4 x 10  ̂ rads. Decreases in elongation of 
approximately 20% were noted at 1.9 x 10  ̂ rads. Tensile strength increased fo r  

both. A 65% saturated adduct of butad iene-acry lon itrile  showed s iig h tly  less 

radiation resistance, but more than its  corresponding butad ienacry lon itrile . 
Mechanical property changes at 4.4 x 106 rads were small. One study, including 

irrad ia tio n  of an 88% saturated adduct of polybutadine at 750F and 200op, 
indicated that radiation resistance was about the same at both tem pera tures.36 

Data on compression set characteristics was not found.

Butyl Rubber/threshold -  less than 7 x 105 rads/tens ile  strength

Butyl rubbers are copolymers of polyisobutylene with smal1 percentages of iso
prene. Butyls are the least rad ia tio n -res is tan t rubbers known. Reference 25 d is
cusses reaction mechanisms. Degradation is almost exclusively by chain scission 

(quaternary carbon structure) with G(S) = 4.1 -  5 .0 . I f  crosslinking occurs, i t  

is with G(X) less than 0.05. Polymercaptans and t-butyl-dichloro-benzene  

additives were found to in h ib it degradation somewhat.

Reference 36 reports one observation of a 25% loss of tensile  strength fo r butyl
rubber at 7 x 10  ̂ rads and a 50% loss at 3 x 10  ̂ rads. A 25% decrease in elonga
tion occurred at 5 x 106 rads and a 50% decrease at 7 x 106 rads. Higher dose 

levels were noted fo r another butyl rubber (tested at a d iffe re n t f a c i l i t y ) ,  with 

threshold changes in tensile  strength and elongation at 7 x 106 rads. A 25% 

decrease in elongation occurred a fte r  4 x 10^ rads and in ten s ile  strength a fte r 2 

X 107 rads. A 20% decrease in compression set recovery was noted at 9 x 106 rads 

fo r one material and a use lim it of approximately 4 x 10  ̂ rads fo r butyl gaskets
and seals (a t temperatures below 300°F) was suggested in Reference 37. Reference
8 suggests use lim its  fo r a butyl-based insulation of 5 x 106 rads. Changes in 

oxidation resistance were not found at that le v e l. References 51 and 53 indicate  

degradation of mechanical properties at 1 x 106 rads, and Reference 54 indicates 

"severe" damage to butyl rubber hoses in service at an accelerator f a c i l i t y  a t 5 x 
10  ̂ rads.
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Ethylene-Propylene/threshold -  1 x 106 rads/compression set

Although some experimental formulations showed poor radiation resistance, a number 
of commercial m aterials appear to be comparable to crosslinked polyethylene. As 

with other po lyo lefins, radiation resistance w ill  depend on the effectiveness of 
antioxidant systems (especially  at elevated temperatures). Reference 28 reports 

dose rate e ffects  with greater degradation at low dose rates when the to ta l dose 

exceeded about 2 x 1Q7 rads fo r one ethylene-propylene cable insulation.
Reference 8 d e ta iIs  effects  of radiation on cable insulation and jacket m aterials, 
including EPDM-based and EPM-based insulations (both mineral f i l l e d ) .  No changes 

in oxidation resistance were found following to ta l dose up to 10  ̂ rads (dose rate  
was 5 X 105 rads/hour). Elongation of the EPDM insulation was not s ig n ific a n tly  
changed a fte r  5 x 10^ rads, but was reduced to 48% of the in i t ia l  value a fte r  5 x
107 rads and 37% a fte r  1 x 108 rads. The EPM insulation retained 81% of its

unirradiated value a fte r  5 x 10^ rads, 41% a fte r  5 x 1Q7 rads, and 26% following 1 
X 108 rads. Reference 39 also reports very good radiation resistance of EP rubber 
(EPDM base) and that cables using special chloroprene jackets and EP insulation  

passed IEEE-383 tes ts .

EPDM retained 79% and EPM retained 90% of the orig inal ten s ile  strength a fte r 1Q8 

rads. Changes in permanent e le c tr ic a l properties were re la tiv e ly  unimportant. 
Reference 35 reports s im ilar results fo r ethylene propylene cable insulations, but 
reports that a fire -re ta rd a n t additive appeared to cause in s ta b ility  of e le c tr ic a l 
properties in an EPDM-based material at exposures above 1Q7 rads. Reference 55 

reports minor reductions in mechanical properties of EP-F234 a fte r 5 x 10'̂  rads,
but less than 25% decrease in those properties at 10® rads. A 50% decrease in
elongation was noted a fte r  2 x 107 rads and in ten s ile  strength a fte r 2 x 10  ̂

rads. The 5 x 10^ rad value is not cited above, since i t  is not generally  

applicable and does not represent s ig n ifican t change to the m ateria l.

Barbarin® recommended an EP compound (Parker-Hannifin E740-75) as exhibiting the 

best known combination of rad iation , f lu id ,  and temperature tolerance. He warned 

that variations in compounding can cause wide difference in properties. One EP 

compound showed 28.6% increase in compression set a fte r  107 rads and would be 

acceptable as a dynamic seal, while one (Parker-Hannifin E515-80) exhibited 46.6% 

increase in that property under the same tes t conditions. He recommended that no 

dynamic seals be used a fte r radiation doses greater than 107 rads due to excessive 

compression set. Reference 61 indicates a 107 rad "allowable" dose fo r EP as fo r  

polyethylenes.
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FIuoroelastomers/threshold -  10  ̂ to 10^ rads/compression set (most)

The use of fluoroelastomers fo r 0-rings, sealants, and gaskets is often desirable  

because of th e ir  high temperature resistance and com patib ility  with d iester 

flu id s , but in radiation environments, outgassing of corrosive acids and high 

compression set can occur. References 4 and 13 report "threshold" property 

changes between 1Q5 and 10  ̂ rads (no specific d a ta ). Barbarin^ suggests that 
fluoroelastomers not be used as dynamic seals beyond 106 rads and points out th e ir  

tendency to degrade in water or steam. He reports changes in mechanical proper
ties  a fte r irrad ia tio n  to 10^ and 108 rads in a ir  at room temperature. Both 

Fluorocarbon V747-75 and Fluorosi1icone L 677-70 took on excessive compression set 
a fte r 1Q7 rads (greater than 65^). Threshold changes in ten s ile  strength, 
elongation, and hardness were noted fo r fluorosilicone a fte r  1 x 1Q5 rads and fo r  

Kel-F Elastomer ( t r i f 1uoroch1oroethy1ene-viny1idine flu o rid e ) a fte r 2 x 1Q6 

rads.55 Vi ton A exhibits a radiation damage threshold of 5 x 10® rads in a ir  at 
ambient temperature.36 At elevated temperatures, radiation resistance of flu o ro - 
elastomers is reduced, p a rticu la rly  in a ir .  Reference 37 reports disintegration  

of Viton A (v iny lid ine  fluoride-hexafluoropropylene) samples irradiated to 8.7 x 

1Q5 rads at 40QOF in a ir .  Resistance in argon was s t i l l  extremely poor, with a 

75% decrease in tens ile  strength noted a fte r  5 x 106 rads at 40QOF. Vi ton A 

irrad iated  in MIL-L-7800 o il (d iester base) a t 40QOF showed only minor changes in 

tens ile  strength and elongation a fte r  4.4 x 106 rads and approximately 40% 

decrease in elongation and approximately 10% loss of ten s ile  strength a fte r  1.7 x 
107 rads. Of the fluoroelastomers, Kel-F and fluorosilicones (methyl silicone  

base) are probably the least res is tan t. Viton A and Poly FBA (1F4) appear to be
about equal in radiation resistance. A modification of Viton A, known as Viton B
or LD234, appeared to be about twice as re s is tan t, with about 50% decrease in
elongation and neglig ib le reduction in ten s ile  strength a fte r 1 x lO^ rads at

400OF in bis-phenoxy-phenyl ether. Viton B sealant formulations also demonstrated 

better retention of mechanical properties than Viton A. Two fluorinated polyester 
elastomers manufactured by Hooker Chemical, HA-1 and HA-2, were also recommended 

as among the most resistant fluoroelastomers.36 Dynamic tests have shown Viton A 

able to re ta in  sealing a b ility  in Versilube F50 and MLO-8200 at 83 megarads in one 

te s t, but allowed some leakage during the f in a l stages of a 380-hour tes t a t 200OF 

and pressure of up to 3,000 psi in Oronite 8200 a fte r  a to ta l radiation exposure 
of 5 X 10  ̂ rads. S tatic  seals performed acceptably under those conditions.37 

Viton B irrad iated  in vacuum has shown p o st-irrad ia tio n  degradation during 2 weeks 

storage in a ir .^  Long-term effects may be about the same as fo r Viton A.
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Use lim its  w ill depend strongly on application, but caution must be used in 

selection of fluoroelastomers above approximately 10  ̂ rads in dynamic applications  

and 1Q7 rads as s ta tic  seals.

A radiation crosslinked fluoroelastomer (copolymer of tetrafluoroethylene and 

propylene) discussed in Reference 52 should be investigated as p o te n tia lly  useful 
in nuclear applications. Properties appeared to be better than those of 

chemically s im ilar te fze l m ateria l.

Hypalon (CSM)/threshold - 5 x 10^ rads/elongation

Chlorosulfonated polyethylene is often recommended fo r e le c tr ic a l cable jackets in 
nuclear environments. Its  resistance to rad ia tion , temperature extremes, f i r e ,  
oxidation, and o ils  and greases (except aromatic and chlorinated) is quite good.

Though some CSPE formulations show early  decreases in e l o n g a t i o n , 8 ,  28  others show 

threshold changes in that property above 10^ rads. Reference 28 reports a very 

rapid drop in ultim ate elongation fo r one CSPE insulation to approximately 40% of 
the orig inal value a fte r less than 1.5 x 10^ rads. Further decreases were gradual 
and the material retained greater than 100% ultimate elongation a fte r  1.8 x 108 

rads. Two cable jackets showed much more gradual decline, with approximately 50% 

decrease a fte r  75-100 megarads. Both retained s lig h tly  less than 100% ultim ate  

elongation a fte r  1.8 x 108 rads.

Data from Reference 8 includes an 11% decrease in ultim ate elongation fo r one CSPE 

jacket a fte r 5 x 105 rads and a 41% decrease a fte r 5 x 10^ rads. At that rad ia

tion lev e l, ten s ile  strength was increased, oxidation resistance was not changed, 
and e le c tr ic a l properties were good. A recommended service l im it  was set at 5 x 

10  ̂ rads (as fo r a ll  jacket materials tes ted ), but i t  appears that a higher lim it  

could be acceptable.

One chlorosulfonated polyethylene exposed to 3.1 x 10  ̂ rads (gamma) and 1.2 x 10l 8 
n/cm2, E > 0.33 MeV, showed only 15% decrease in elongation and no s ig n ifican t 
change in ten s ile  strength. A fter 1.1 to 1.4 x 108 rads and 5.5 to 7.0 x 10l 8 
n /c m 2 ,  th is  material s t i l l  retained approximately 40% of the orig ina l elongation.

Reference 55 reports threshold changes in ten s ile  strength and elongation at 10^ 

rads with 50% decrease in elongation a fte r  6 x 10^ rads, and in ten s ile  strength 

a fte r 6 x 10  ̂ rads.
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Reference 39 indicates some of the v a r ia tio n s  in resistance of chlorosulfonated 
polyethylene to radiation, thermal aging, and high-temperature steam in re la tio n  

to variations in formulations.

Hydroquinone has been found e ffec tive  in increasing radiation resistance. 

Irrad ia tio n  in a ir  usually results in greater degradation than in vacuum. Actual 
values fo r radiation-induced compression set were not found (not generally used in 

sealing applications), but i t  is thought to be less resistant than most elastomers 
in that r e s p e c t . 37 Reference 51 indicates a 107 rad "allowable" dose fo r CSPE, 
which seems overly conservative.

Natural Rubber (NR)/threshold -  2 x 106 rads/compression set

The resistance of natural polyisoprene to radiation alone is good, but resistance 
to ozone and elevated temperatures is poor, and rapid degradation occurs fo r  

samples irradiated above threshold under stress. Antiox 4010 (N-cyclohexyl-N- 
phenyl-p-phenylenediammine) was found to be e ffe c tive  in increasing the radiation  

resistance.37 Threshold changes in compression set were noted a fte r  2 x 106 rads, 
in elongation a fte r 5.5 x 106 rads, and in ten s ile  strength a fte r  2.4 x 107 

rads.36 Reference 55 reports threshold change in compression set a fte r  5 x 10® 

rads. Elongation was f i r s t  affected by 9 x 10® rads and ten s ile  strength by 2 x 

107 rads. A 50% decrease in elongation and tens ile  strength occurred a fte r 1 x 

10® and 5 x 10® rads, respectively. Reference 25 provides information on reaction 

mechanisms. Retention of Yerzley resilience is excellent and resistance to 

changes in permanent set during flex ing  of irrad ia ted  natural rubber was good.36

Neoprene (CR)/threshold -  approximately 8 x 10® rads/compression set

Several neoprene cable ja cke ts  have been investigated fo r nuclear applications. 
BlodgettS reported decreased resistance to oxidation above 5 x 10® rads 

(resistance was reduced by h a lf a fte r 5 x 107 rads). Ultimate elongation was 93% 

of the in i t ia l  value a fte r 5 x 10® rads, but only 46% a fte r  5 x 107 rads.

Reference 28 reports greater degradation from simultaneous irrad ia tio n  and thermal 
aging than from sequential testing . Reference 39 reports the e ffec t of ketone- 
amine and thiocarbonate antioxidants on chloroprene rubber. One neoprene material 
showed greater degradation in vacuum than in a ir .  Tensile strength decreased by 

94% a fte r only 1.9 x 107 rads. Samples irrad ia ted  in a ir  decreased 16% in ten s ile
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strength fo r the same to ta l dose. Both a ir  and vacuum irrad ia tio n  resulted in an 

approximate 50% decrease in elongation at the 1.9 x 1Q7 rad le v e l. Another tes t 
indicated that two of three commercial neoprene compounds examined exhibited post
irrad ia tio n  degradation a fte r  storage in a i r . 36

Reference 13 rates neoprene as a preferred elastomer fo r space applications. Ref
erence 37 notes only minor changes in mechanical properties of one neoprene (aro
matic p la s tic ize r) a fte r  8.7 x 107 rads in a ir .  Reference 55 indicates threshold 

changes in compression set a fte r  2 x 106 rads, in elongation and set at break 

a fte r 5 x 106 rads, in s tra in  at 26 Kg/cm  ̂ a fte r  7 x 106 rads, and in tens ile  

strength a fte r  1 x 10  ̂ rads.

Neoprene seals used in a simulated turbojet accessory system did not f a i 1 in a 

200-hour te s t. Temperatures were 190Op to 300Op, hydraulic pressure was 0 to 
1,000 psig, and radiation dose was 1.75 x 106 rads. Neoprene 0-rings used in a 

gauging system fo r reactor pressure tubes were found serviceable to 108 rads, 
though hardened.

Excessive compression set and loss of f le x ib i l i t y  may occur at radiation doses 

above a few megarads. Reference 48 reports changes in compression set recovery at 
8-9 X 105 rads.

N it r i le  (NBR)/threshold -  approximately 10® rads/compression set

Various copolymers of a c ry lo n itr ile  and butadiene are commercially availab le . The 

n i t r i le  group provides increased o il and solvent resistance and thermal resistance 

is good. N itr ile s  are resis tant to ozone cracking, but tend to stress crack.
Some generalizations can be made concerning variations in radiation resistance. 
Polymers with higher a e ry Io n itr ile  content tend to show better retension of 
ten s ile  strength. Elongation of high acrylo polymers is in i t ia l ly  high, but may 

decrease more rap id ly  than low acrylo compounds at moderate radiation exposures. 
This trend in elongation may reverse a t higher doses. In general, the absolute 

elongation value remains higher fo r the high acrylo compounds and overall 
radiation resistance is s lig h tly  better.

In a series of tests varying curing agents and a c ry lo n itr ile  content (50, 40, 33, 
and 20%), a peroxide-cured 50% copolymer showed the best overal1 resistance. With 

radiation curing, a 40% a c ry lo n itr ile  was more stable than higher or lower 

percentage acrylo compounds. A 20% a c ry lo n itr ile  was most stable of the su lfu r-
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cured polymers. S t a b i l i t y  of high and medium percentage acrylo compounds to a ir  

irrad ia tio n  is not greatly  affected by carbon black f i l l e r s  (strength and 

elongation), though better f le x ib i l i t y  seems to be retained with minimum carbon 

black. Resistance to irrad ia tio n  in JP-4 fuel was greatly  reduced by carbon black 

in both high and medium percentage acroly polymers. A large number of antirads  

have been found to improve overall radiation s ta b il i ty  and compression set 
characteristics. One n i t r i le  rubber with Antiox 4010 was not s t i f f  or b r i t t le  

u n til exposures reached 5 x 10^ rads.35 Reference 6 mentions two N itr i le  

formulations which show l i t t l e  compression set at 107 rads (N674-70 and N741-75), 
but does not give specific values. Reference 41 reports extensive tests of the 

physical properties of a commercial NBR 0-ring  compound. No s ig n ifican t 
difference was noted from irrad ia tio n  in a ir  or o i l . N itr ile s  with anti rads are 
highly recommended fo r dynamic seal application at low temperatures. Resistance 

to elevated temperatures is less than that of most other elastomers. Reference 13 
c lass ifies  NBR as a "preferred" elastomer.

Some formulations are probably not suitable fo r vacuum applications. Reports of 
softening, tackiness, and rapid ly decreasing ten s ile  strength of specimens 

irrad iated  in vacuum have been noted. This would indicate predominant scission.

The same materials irradiated in a ir  exhibited predominant crosslinking. One 

report of pronounced oxidation a fte r exposures above 4 .3  x 1Q7 rads was noted. 
Other tests indicated approximate equal radiation resistance in a ir ,  vacuum, or 

in ert atmospheres. Reference 55 notes threshold changes fo r Buna-N (probably no 
a n tirad ). Tensile strength was affected at 5 x 10  ̂ rads, increased to 

approximately 4 x lO^ rads, then decreased rap id ly . Elongation was affected at 
approximately 2 x 105 rads and decreased by 50% a fte r 7 x 10  ̂ rads. Set at break 

and compression set were affected at approximately 2 x 105 rads. Strain (a t 26 
Kg/cm^) was affected by 5 x 105 rads. The threshold noted above is given in 

Reference 36. Reference 37 reports s ta tic  and dynamic tests of Buna-N hoses at 
temperatures up to 350Op and s ta tic  pressures up to 1,200 psig and one 

in term ittent pressure test with 0 to 1,000 psig. Buna-N was a ll r igh t up to about 
4 megarads in the s ta tic  test and at least one megarad in the dynamic te s t. The 

elevated temperature was probably more s ig n ifican t than the radiation level in 

that te s t. Reference 61 also cites a 10® rad threshold fo r n i t r i le  rubber.
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Butadiene (BR)/thresho1d -  approximately 10® rads/compression set

References 21, 25, and 30 report various investigations of the chemical reactions 

induced in polybutadiene (and copolymers) by ionizing rad ia tion . The a ll-c is  

polymer is soft and elastomeric, the a ll-tra n s  polymer is c ry s ta llin e . The homo- 
polymer is less radiation resistant than its  corresponding a c ry lo n itr ile  and 

styrene copolymers. Resistance to compression set during irrad ia tio n  is less than 

that of natural rubber. Specific data is c ited in Reference 37 fo r mass 

polymerized polybutadiene containing 50 phr of HAF black. I t  retained 70% of the 

orig inal ten s ile  strength and 31% of the in i t ia l  elongation a fte r  1.7 x 10® rads, 
but hardness increased 20 Shore A units.

Polyisoprene. Synthetic/threshold -  10® rads (?)

Radiation resistance should be s im ilar to natural rubber, but no specific  data on 
physical properties was found. Reference 25 gives some information on chemical 
reaction mechanisms.

Polyurethane (ALL)/threshold -  approximately 10® rads/compression set

Polyurethane is usually rated with natural rubber in radiation resistance.

Balanced crosslinking and scission appear to occur in both a ir  and vacuum fo r most 
formulations with about equal damage in e ith er environment. One compound, 
Vulko lla , Grade 2018/40, did show more degradation in vacuum. Chain scission 

was dominant in that environment and a complete loss of strength was noted a fte r  

10® rads. Irrad ia tio n  at temperatures up to 260°F indicated th at ten s ile  strength 

was degraded about equally by radiation at ambient or elevated temperatures. 
Ultimate elongation of samples irrad ia ted  at higher temperatures was generally  

greater than that of specimens irrad ia ted  at ambient temperature. Compression set 
is g reatly  increased by elevated temperatures with or without rad ia tio n . Extreme 

moisture s e n s itiv ity  lim its  application. Irrad ia tio n  in the presence of moisture 

may lead to more rapid degradation. Estane VC cured with dicumyl peroxide has 

shown good radiation resistance with 50% compression set a fte r 5.5 x 1Q7 rads. 
Adiprene C, sulfur cured with carbon black reinforcement, showed poor radiation  

resistance. Polyester-based urethanes are more resistant than polyether-based 

m aterials. Both p-phenylene diisocyanate and diphenyl methene-4-4' -diisocyanate  

are e ffe c tive  antirads. One Estane, VC, retained 80% of its  in i t ia l  tens ile

3-30



strength at 6 x 107 rads and 50% at 2 x 1Q8 rads. A 20% decrease in elongation 

occurred a fte r 1 x 1Q8 rads and a 50% drop at 3 x 108 rads.'^^

Reference 37 reports threshold damage at 8.7 x 10® rads and 25% damage a fte r 4.3 x
107 rads. A tendency to soften (scission) was noted to about 4 x 108 rads, with 

hardening above that dose. Tensile strength and elongation both decreased 

gradually.

Reference 55 provides data fo r a urethane cable insulation without d eta iIs  of the
formulation. Tensile strength was decreased by 50% a fte r  1Q7 rads and by s iig h tly
greater than 75% a fte r 10^ rads. Elongation was approximately 90% of the orig inal 
value a fte r 107 rads and approximately 50% a fte r  2 x 108 rads. Hardness was 
s lig h tly  greater than the in i t ia l  value a fte r  107 rads and about 125% of the

unirradiated value at 108 rads.

Reference 6 reports data fo r polyurethane P642-70 0-rings. Hardness was unaffec
ted by 1Q8 rads, tensile  strength was unaffected by 10  ̂ rads, but decreased by 60% 
a fte r 108 rads; elongation was reduced 16% by 107 rads and 65% by 108 rads. One- 

hundred percent (100%) flexura l modulus was increased 30% a fte r 10^ rads and tear 

strength increased 22% a fte r 10^ rads, but was 52% less than the in i t ia l  value 

a fte r 108 rads. Compression set was 55.5% at 10^ rads and greater than 90% a fte r
108 rads.

Styrene-Butadiene (SBR)/threshold - 2 x 10  ̂ rads/compression set/elongati on

The most rad ia tion-res istant SBR rubbers are those with the highest styrene 

content. Crosslinking is dominant. Stress cracking has been noted a fte r doses as 

low as 4.3 X 107 rads. No data was found comparing a ir  irrad ia tio n  with vacuum or 
in e rt atmosphere irrad ia tio n , nor was any information found concerning the e ffe c t  

of elevated temperatures during irra d ia tio n . Ozone resistance is poor and 1imits  

application in radiation environments.Threshold changes in hardness were observed 

in GR-S-50 a fte r 5 x 10^ rads in one te s t, but 7 x 10® rads was required to 

increase the hardness from 62 to 67 Shore A units. Threshold changes in 

elongation, compression set, set at break, and stra in  a t 400 ps i/in^  were noted 

a fte r 2 x 10  ̂ rads. A 25% change in those properties occurred at 10^ rads.
Tensile strength was unchanged at that dose.36 The low dose change in hardness is  

not consistent with other data of the same tes t or with other tests and is 
probably an error.
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Reference 55 reports s lig h tly  higher thresholds fo r mechanical properties of Buna-
S. No change in hardness was noted below 107 rads. A 50% damage level was in d i
cated fo r elongation, set at break, compression set, and stra in  at 28 K g /c m ^  at 6 
X 1q7 rads. Tensile strength exhibited threshold changes at that level and hard
ness was less than 125% of the orig inal value.

Radiation resistance of Synpol 1500 was increased when acrid ine, pyrene, or f lu o r -  

anthene p lastic izers  were used. The best antirads found fo r Synpol 1500 were 

derivatives of p-phenylene diamine or phenyl naphthyl amine.

Reference 41 reports investigations of the radiation-induced changes fo r a commer
c ia l SBR 0-ring formulated s p ec ific a lly  fo r radiation resistance. Hardness was 
unaffected below 1.8 x 107 rads. Stress stra in  e ffects  were minor below 3.6 x 107 

rads and "good" tens ile  properties were maintained a fte r  1.2 x 10  ̂ rads. Elonga
tion was s t i l l  20% a fte r 1.6 x 109 rads. Compression set was the most sensitive  

property and was 50% a fte r  3 x 107 rads. That compound would be e ffec tive  as a 
dynamic seal at least to 107 rads and be useful fo r some applications at higher 

doses.

Silicones (UMQ)/threshold -  5 x 105 rads/oxidation resistance

Silicones exh ib it excellent resistance to extreme temperatures. Inorganic 

f i l l e r s ,  such as s il ic a ,  are generally needed to achieve good in i t ia l  tens ile  

properties. The silicone rubbers are more resistant to radiation than butyls and 

polysulfides, but a broad range of radiation resistances occurs, depending on the 

structure of the s ilicone molecule, the vulcanizing system, and the presence,of 
additives, such as f i l l e r s  and antirads. Environmental parameters, such as 

elevated temperatures, oxidizing conditions, and mechanical stress, may greatly  

a ffe c t radiation resistance. Reference 36 provides d eta ils  fo r the irrad ia tio n  of 
dimethyl, methyl v in y l, methyl phenyl, and other commercially available siloxanes. 
Reference 25 discusses comparative s ta b il ity  and chemical reaction mechanisms.

Oil and fuel resistance is usually less than that of neoprene or n i t r i le  rubbers. 
Radiation-induced compression set becomes excessive fo r many formulations. 
Outgassing during irrad ia tio n  is less than with hydrocarbon rubbers.

Reference 8 reports data fo r one dimethyl silicone cable insulation. A fter 5 x 

107 rads, tensile  strength was 100% of the orig inal value. Elongation was reduced
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to 90% o f  the in i t ia l  value a fte r 5 x 10^ rads and to 34% a fte r 5 x 10  ̂ rads. 
Oxidation resistance appeared to be greatly  reduced (by a factor of 10^ a fte r 5 x 

1Q6 rads and by a factor of 1Q6 a fte r  5 x 1Q7 rads). Despite th is , the cable was 

suggested as usable up to 5 x 1Q7 rads at 70^0 or below. In view of more recent 
data on low dose rate e ffec ts , following such a suggestion would seem imprudent.

Peroxide curing agents may leave residues which render si 1icone rubber more 

susceptible to oxidation. Radiation curing usually results  in better resistance 

to compression set.36

Reference 6 notes that two silicone 0-ring formulations showed acceptable resis 
tance to compression set a fte r 1Q7 rads. S 455-70 had 31.4% compression set and S 
604-70 had 20% compression set. Resistance of those formulations to s ilicone  

flu id s  and moisture was rated as poor.

Connectors employing silicone rubber insulations can withstand exposures to as 

much as 10^5 to 10l 6 neutrons/cm^ and 10^ Roentgens at 550C and s t i l l  provide 

reasonable e le c tr ic a l performance. Transient decreases in insulation resistance 

occur during irrad ia tio n  with minimums of less than 107 ohms. Encapsulating 

compounds RTV-501 and Sylgard 182 and 183 were not seriously degraded by exposure
to 2 X 10l 3 to 7.5 X 10l 5 n/cm^ and 2 x 10^ to 10^ Roentgens gamma. Dow Corning

R-7521 maintained good physical and permanent e le c tr ic a l properties a fte r  5 x 108 
rads at 230p or 1 x 1Q8 rads ? 20QOC.33

Reference 48 notes that one dimethyl s ilicone rubber lost 50% of its  in i t ia l  ten
s ile  strength a fte r  5 x 10^ rads at room temperature, or a fte r 5 x 10^ rads at 
200OF. S ila s tic  50-480 was found to be an acceptable seal material in 4500p o il  
a fte r 3 x 10  ̂ rads.36 Reference 61 also suggests a 106 rad threshold fo r s ilicone  

rubber.

Thiokol (PTR)/threshold -  3 x 10  ̂ rads/hardness

The radiation resistance of Thiokol ST and Thiokol PA polysulfide rubbers is 

comparable to that of butyl rubber. Though considerable crosslinking occurs, 
scission is dominant and a "tarry" texture w ill  be observed a fte r high radiation  

doses. Thiokol rubbers show better retention of ultim ate elongation than neoprene 

and polyacrylate elastomers, though ten s ile  strength is rap id ly  degraded. Thiokol 
ST containing alpha naphthylamine or N-phenyl-N-O-tolylenediamine and Thiokol PA
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containing beta naphthol { antirads) both showed ultimate elongations of 260 to 

280% a fte r  1.3 x 10^ rads.^^

Reference 36 reports that one Thiokol ST formulation showed a 50% decrease in ten
s ile  strength and elongation a fte r  only 1 x 106 rads. Another Thiokol ST tested 

at a d iffe re n t f a c i l i t y  exhibited threshold changes in elongation and set at break 

a fte r  5 x 105 rads, but only 25% decrease in those properties a fte r  4 x 10^ rads. 
Tensile strength and strain  at 400 psi were only s lig h tly  decreased a fte r  5 x 10  ̂

rads. Threshold changes in compression set were noted a fte r  6 x 105 rads and in 

hardness a fte r  3 x 105 rads during that te s t.

Three Thiokol sealants (PR 1201-HT, EC 801, and EC 1373), top coated with n i t r i le  
rubber, were irradiated in a ir  and JP-4 fu e l. Though somewhat degraded, they were 

found serviceable a fte r  2.5 x 10  ̂ rads. Another sealant (PR-1422) was found to 
maintain satis factory  stress-stra in  values a fte r  8.7 x 107 rads and 24 hours of 
p o st-irrad ia tio n  aging at 275°F. Only mi nor differences have been noted fo r com
parable irrad ia tio n s  in a ir  and vacuum.36

Lead peroxide, dichromate, and manganese dioxide-cured polysulfides show sim ilar 

radiation resistance, though the dichromate curing might be s lig h tly  better fo r  

overall radiation  resistance and lead peroxide curing is noted as y ie ld ing  
polysulfides with generally poor heat resistance.36

Vinylpyrid ines/threshold -  greater than 10® rads

Though specific  data is lim ited , the radiation resistance is indicated as quite  

sim ila r to that of natural rubber. Carbon b la c k -filie d  stock showed l i t t l e  change 

in tens ile  strength below 4 x 1Q7 rads. Elongation was not much affected a t 4 .3  x 
10^ rads, but was decreased by more than 25% a fte r 4.3 x 1q7 rads. S ilica-loaded  

stock lost tens ile  strength at doses of less than 5 x 10^ rads, but increased 

again at doses above 1 x 10^ r a d s . 37 No stress cracking was observed in tests at 
exposures up to 8.7 x 107 r a d s . 36

PROTECTIVE COATINGS

The radiation resistance of protective coatings varies with a number of factors , 

including pigments, p la s tic ize rs , solvents, catalysts, curing agents, and 
additives. Damage thresholds are seldom established from the tests performed, but 

References 9, 44, and 56 provide discussions of considerations necessary in the
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selection of coating systems for specific  applications. Reference 13 provides 

guidelines in the selection of thermal control coatings, as well as general 

purpose coatings.

Reference 44 presents the following generalized statements drawn from a number of 

sources:

1. Pigmented coatings are more resis tan t to radiation than those 
containing 1i t t l e  or no pigments. Carbon black in h ib its  damage, 
whi le some grades of titanium dioxide accelerate damage. Extender 
pigments appear to contribute to color change.

2. R ealis tic  comparisons of d iffe re n t coating systems can be made 
only i f  the same pigment compositions are used fo r a ll vehicles.

3. The choice of primer is important when a coating to be subjected 
to radiation is applied to metal substrates.

4. The degree of cure for any specific  system can influence apparent 
radiation resistance.

5. Residual solvents can influence radiation resistance.

6 . To a point, gamma radiation (and heat) in i t ia l ly  improves the 
physical properties of many organic coatings. Exposure to rad ia 
tion beyond a given point tends to excessively crosslink and/or 
degrade organic coatings. This leads to coating embrittlement 
which develops into fa ilu re . For epoxies applied to s te e l, 
fa ilu re  usually occurs at the metal-coating in terface.

Data is presented which indicates that fo r the systems tested ( including phenolic 

and epoxy-polyamide form ulations), sequential simulation of nuclear environments 

and accident conditions results in greater degradation of coatings than simultane
ous tests.

The influence of the surface to which the coating is applied is often quite s ig n i
fic a n t. For example, one vinyl coating (Amercoat 33) fa ile d  on an aluminum panel 
a fte r 2 x 10  ̂ rads, but fa iled  on a concrete panel only a fte r 1 x 10  ̂ rads.

Coating on concrete were, in general, more s ta b le .9 Further data on specific  

mounted coatings in that test are given in Table 3-1.

As indicated in Reference 13, many coating systems are not greatly  affected by 

radiation exposures below 10  ̂ rads. Phenolic alkyd enamels, s ilicone alkyd 

enamels, and alkyd-epoxy formulations may be useful above 10  ̂ rads.
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Table 3-1

RADIATION RESISTANCE OF MOUNTED PROTECTIVE COATINGS

Polymer Base Trade Names Surface
Gamma Dose 

108 Rads Appearance^

Furan Alkaloy-550t> Concrete 
Steel Rod

9.4
8.4

No fa ilu re  
No fa ilu re

Modified Phenolic Amphesive-801^ Concrete 
Steel Rod

9.4
8.7

No fa ilu re  
D rastica lly  
embrittled

Si 1icone Alkyd Solar Siliconec Concrete 6.7 No fa ilu re
Alkyd Steel 6.7 No fa ilu re

Epoxy Epon-395d Steel 6.7 No fa ilu re

Vinyl Chloride Amercoat-33s Aluminum

Concrete

Steel

2.1

10.5

8.7

Failed; 
blistered  
Failed; 
b listered  
Failed; 
b listered

Styrene Prufcoat^ Concrete

Steel

Steel (Wet)

8.7

8.7 

0.8

Failed; 
blistered  
Failed; 
cracked 
Failed; 
cracked

Vinyl Corrosite-22^ Aluminum 2.1 Failed; 
blistered

Concrete 11.0 Borderline
fa ilu re

a
b

c
d
e

f

g

Examined fo r b lis te rs , cracking, hardening, tackiness, etc. 
Atlas Mineral Products Company 

Solar D ivision, Gamble Skogmo, Inc.
The Glidden Company 

Amercoat Corporation 

Prufcoat Laboratories, Inc.
Corrosite Corporation

Source - Reference 9
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Reference 56 indicates three coating systems (two epoxy-based and one modified 

phenolic-based) that did not f a i l  a fte r 5 x 109 Roentgens in demineralized water. 
Evidence of greater radiation resistance in a ir  is also c ited .

Thermal control coatings are more susceptible to radiation damage. Threshold 

change is indicated fo r one silicone coating, S13G, a fte r only 105 rads, w ith  

appreciable damage a fte r 106 rads. Another s ilicone, Thermatrol 6A-100, was the 

best indicated in Reference 13, with threshold change at about 107 rads and 

appreciable damage s lig h tly  below 108 rads. Inorganics and acrylics were also 

indicated as preferred thermal coatings.

LUBRICANTS

Radiation resistance of base o ils  is the dominant factor controlling the radiation  

resistance of lubricants. Finished lubricants may be more resistant than base 

o ils , but are commonly less resistant due to the influence of additives necessary 

to achieve other desirable properties. S tatic  tests may be quite misleading. 
Dynamic tests can resu lt in dramatic decreases (or increases) in apparent use 

lim its . References 9, 13, 24, 36, and 37 present data fo r many lubricants, 

including some dynamic tes t resu lts . Some useful generalizations taken from 

Reference 9 are presented below.

1. The id en tity  of the organic base flu id  is the most important 
factor in resistance to irrad ia tio n . Base materials vary a 
thousandfold in th e ir  susceptib ility  to rad io lysis . An 
approximate decreasing order of s ta b ility  is polyphenyls, poly 
(phenyl ethers), alkyl aromatics, a liphatic  ethers, mineral o ils ,  
aromatic esters, s ilicones, aromatic phosphates.

2. O i1 lubricants, in general, can be c lassified  according to dose 
ranges, as follows:

a. 10® rads or below: No unusual problem from radiation noted.

b. 10® to 10^ rads: Methyl silicones, a liphatic  d iesters, and
phosphate esters become affected; polymers in solution 
degrade. For most other cases, other environmental factors  
are contro lling .

c. 107 to 10® rads: Radiation effects on physical properties
render diesters and certain mineral o ils  marginal in perfor
mance. Oxidation s ta b ility  and thermal s ta b ility  are 
adversely affected fo r a ll f lu id s . Some lubricants are 
usable; some are marginal in th is range.
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d. lOS to 109 rads: Oxidation and thermal s ta b ility  of most
lubricants are seriously impaired. Major changes occur in 
most physical properties. A liphatic  ethers, aromatic esters, 
and certain mineral o ils  (ca re fu lly  selected) may be used.

e. 1Q9 to I qIO rads: Polyphenyls, poly (phenyl ethers), or
alkyl aromatics are recommended.

f . IQIO rads or above: Radiation damage becomes extremely
1im iting. Lubrication with even the best organic o ils  is 
very restric ted .

3. Additives normally used in lubricants, e .g . , antioxidants, a n ti
wear agents, EP agents, and antifoam agents, suffer radiation  
damage. Their depletion during irrad ia tio n , or th e ir radiolysis  
products, can cause complications below radiation levels at which 
the base o i1 degrades.

4. Selected additives reduce radiation damage in base o ils . They are 
most e ffec tive  in the least stable flu id s .

5. Oxidation d rastica lly  reduces the l i f e  of a lubricant. Radiation 
accelerates oxidation.

6 . The ro le of temperature is in terrelated  to that of oxygen, addi
tiv e s , and radiation dose. Radiation damage is generally a minor 
function of temperature below about SOQOF.

7. Under irrad ia tio n , greases f i r s t  soften because of damage to the 
gel structure and then harden because of cross linking of the o i l . 
Conventional greases are usable to about 1Q7 rads. Special 
products are available fo r use from 109 to 5 x 109 rads.

8 . Many machine elements have some tolerance fo r degraded lubricants.

In some cases, a system w ill function fo r a higher radiation dose 
than would be predicted from the s ta tic  ra d io ly tic  changes in a 
c r it ic a l physical property.

Bonded dry film  lubricants are generally most stable (with or without radiation) 
and th e ir use is recommended whenever possible.

ADHESIVES

Reference 15 provides data on the radiation s ta b ility  of many adhesives, though 

most are based on s ta tic  tests in a ir  at room temperature. A number of epoxy 

phenolic, vinyl phenolic, and modified nylon phenolic adhesives retained useful 
properties a fte r 10  ̂ rads.

Epoxy, epoxy-Thiokol, n itrile -p h en o lic , and n i t r i 1e-epoxy-phenolic adhesives 

retained useful properties a fte r 5 x 108 rads. A fter 108 rads, neoprene-phenolics
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exhibited useful properties and neoprene-nylon-phenolic adhesives maintained 
useful properties a fte r 5 x 107 rads. Reference 13 suggests that use of neoprene- 
nylon-phenolics and cellu losics (which would be even more sensitive) be generally 

avoided.

Oxidation is an important factor in the degradation of adhesives at elevated 

temperatures. Most show better thermal resistance in vacuum or inert atmospheres, 
but one epoxy-phenolic adhesive, Hexcell 422-J, retained better shear strength 

afte r exposure to 1Q9 rads at 35QOF in a ir  than a fte r exposure to the temperature- 
a ir  environment a l o n e . 36

DOSE CALCULATIONS/CONVERSIONS

The ICRU recommended unit of exposure for X or gamma radiation is the Roentgen (R) 
which produces an absorbed dose in dry a ir  under charged p a rtic le  equilibrium of 

0.869 rads:
1 Roentgen = 0.869 rads (a ir )

The absorbed dose in any other medium can be calculated i f  the energy of the 

exposing radiation and the composition of the absorber is known. The following 

equation and values for mass energy absorption coefficients ( wen/P ) and for 

equilibrium factor ( Agq ) are taken from Reference 63.
( ^en/ p ) -  carbon = 0.02670 

( '“ e n /p ;  -  a ir  = 0.02660 

Aeq (1.25 MeV CO-60) = 0.985
Then:

rad (medium) •  ( " e n / ,^  , ) medium

( (ien/P  ) a ir  <"<'')

rad (carbon) = (-02670)
(.02660)

rad (carbon) = 0.989 rad (a ir )

Reference 3 provides information on appropriate methods fo r measuring and calcu

la tin g  absorbed dose in specific materials resulting from exposure to various 

radiation sources. Factors that influence the to tal absorbed dose include 

radiation type and energy spectrum as well as chemical composition and thickness 

of the absorber.
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Occasionally, i t  is not possible to determine the absorbed dose from the informa
tion available. The following conversion factors taken from Reference 36 can then 
be used to make some estimate of the absorbed dose in organic polymers.

For exposure to:

1 M eV electrons

e/cm^ X 4.5 X 10”  ̂ =  rads

1 M eV photons
? _ o

y/cm X 5.0 x 10 s  rads

Thermal neutrons - -  0.025 eV

n/cm^ X 1.06 x 10"^ =  rads

Fast neutrons - -  average of 1 M eV

n/cm^ X 4.17 X 10~  ̂ =  rads

These values appear to be based on assuming a thick sample of material with a 
chemical composition s im ilar to tissue. They are indicated as rads (carbon) in 
Reference 36, but th is  is misleading. Although accurate within a factor of 2 or 
3 fo r most polymers, the neutron conversion factors would be in error by more 
than an order of magnitude fo r pure carbon.
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Section 4 

SUMMARY AND CONCLUSIONS

The summary threshold lis t in g  of Table 4-1 supports the suggestion that 
radiation effects are not a s ig n ifican t concern for organic polymers at or below 

lO'̂  rads. I t  is , therefore, suggested that nonelectronic equipment containing 

these materials w ill not be affected. I t  is further suggested that 
nonelectronic equipment without Teflon w ill not be affected at 10  ̂ rads or less. 
Further explanation is provided here fo r the few cases where radiation-induced 

change was indicated below 105. A threshold of 5 x 10^ fads was noted for one 

ethylene-propylene formulation, but the property changes were minor and 

conmercial materials show thresholds of 10  ̂ rads or greater (106 is the cited  

threshold in Table 4 -1 ). A threshold change in hardness was determined for 

styrene-butadiene rubber at 5 x 10  ̂ rads by one investigation . As indicated in 

Section 3, that value is probably in error; the lowest threshold reported 

elsewhere is 2 x 10  ̂ rads. The change in hardness ( i f  rea l) would not
s ig n ific a n tly  a ffect mechanical performance. The 8.7 x 10  ̂ rad threshold for
nylon fibers is of more concern. Roughly 25% reduction in fle x  l i f e  was noted 

fo r nylon 6 , 66, and 66 HT fib e rs . This tes t appears to have maximized 

synergistic e ffects . The fib e r form provided maximum a v a ila b ility  to oxygen and 

the flexura l cycling tes t provided a very sensitive damage indicator. Further 

degradation was gradual; 8.7 x 10  ̂ rads resulted in a 40-60% decrease in flex
l i f e .  Nylon sheets showed a damage threshold greater than 10^ rads.

In summary, the suggested exclusion levels are f e l t  to be quite conservative.
In 1 ite ra tu re  reviewed for th is  report, the lowest dose indicated as making a 

substantial contribution to equipment fa ilu re  was about 10  ̂ rads for Teflon 

hoses subjected to the additional stress of elevated temperatures and pressures. 
Other radiation induced equipment fa ilu res  are associated with doses of 10  ̂

rads or more.
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One p o lye thy lene /po lyv iny l chloride cable Insulation, containing a nylon inner 

sleeve, did show serious deterioration a fte r 10 years in service at ambient 
temperature of 30-40OC and an estimated radiation dose of about 2 x 10  ̂ ra d s .10 

The nylon in this case was exposed to more than 20 times the threshold damage 

level and more than twice the 40-60% damage le v e l. This may have contributed 

greatly to the overall component performance (see Section 3 data for PE and PVC 

fo r other pertinent inform ation).

No threshold is suggested for e le c trica l equipment which might f a i l  due to 

transient effects of high radiation dose rates; for normal "aging" dose rates, 
transient changes in e le c trica l properties are indicated as neglig ib le.

No threshold is suggested for semiconductor devices or electronic assemblies.

Appendix C of Reference 61 treats  a number of the materials treated by th is  

study and iden tifies  equipment types in which those materials are commonly 

found. The two reviews are basically  in agreement, but a few exceptions are 

worthy of note:

•  A 1Q9 allowable level is indicated fo r most laminates. Data 
considered in th is review indicates that cellulose (paper or 
c o tto n )-fille d  laminates would be seriously degraded by 10  ̂ rads.

0 D ia lly l phthalate (g la s s -f ille d ) is indicated as an exceptionally  
good e le c tr ic a l insulating m ateria l. The threshold cited is 
probably fo r u n filled  m aterial, which is not generally used.

0 A 10  ̂ rad allowable dose is indicated fo r most cable insulating  
materials. While accurate, i t  fa i ls  to indicate that specific  
materials are available which to lerate  much higher doses.

Table 4-1 iden tifies  the lowest threshold found for each m ateria l, the reference 

which provided that value, and the material property f i r s t  affected.

Tables 4-2 through 4-4 id en tify  materials fo r which sensitization effects were 

found for irrad ia tion  above threshold and the nature of that e ffe c t. I t  is 

suggested that test programs which maximize such sensitization effects w ill best 
simulate the synergistic effects that could occur fo r the materials in an 

operating environment.
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Sandia Laboratories and CERN (European Organization fo r Nuclear Research) have a 

number of active programs involving radiation e ffects  and are continuing to supply 

new information. The Radiation Effects Information Center of B a tte lle  Memorial 
In s titu te  supplied much of th is information reviewed here, but is not currently  

active in the f ie ld .  Two of th e ir major studies are not cited in the reference 

section. REIC 46 was neglected since that information is included in Reference 

33. REIC 38 was neglected because i t  deals p rin c ip a lly  with electronic compo
nents; information on organic materials is included in referenced works.

A substantial e ffo r t was made to include and reference a ll pertinent information 

from the lite ra tu re . One report id e n tified  too la te  to be included in the 

references was UD-NEMA Technical Report No. 708 (1964), which provides data for  

the irrad ia tio n  of a number of p lastic  laminates. Omission of that and any other 

as yet unidentified work was unintentional.
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TABLE 4-1 

SUMMARY LIST OF THRESHOLD DOSES

Generic Name 
Material

Lowest Reported 
Threshold (Rads)

Report
Ref.

Property
Changed

Polytetrafluoroethylene 1.5 X 104 47 Elongation

A liphatic  polyamide (nylon) 8.7 X 104 36 Flex 1ife
Cellulose 1 X 105 9 Tensile 

strength 
( increase)

Polyphenylene oxide 105 55 Tensile
strength

Polyester resins (u n fille d ) 105 to 106 36 Elongation
(most)

Fluoroelastomers 105 to 106 4, 13 Compression 
set (most)

Cellulose propionate 3 X 105 36 Impact
strength

C e llu lo s e -fille d  phenolics 3 X 105 36 Hardness

Cellulose acetate butyrate 3.4 X 105 55 Elastic
modulus

Polypropylene Approx. 3 X 1Q5 None Sim ilar to  
polyethylene

Polyethylene 3.8 X 105 21 Elongation
increase

Cellulose n itra te 5 X 105 55 Elongation

PVC (p las tic ized ) 5 X 1Q5 21 Thermal
resistance

Chlorosulfonated
polyethylene

5 X 1Q5 8 , 28 Elongation

Silicone elastomers 5 X 1Q5 8 Oxidation
resistance

Acetal resin 6 X 105 55 Tensile
strength/
elongation

Aniline formaldehyde 5.7 X 105 36 Impact
strength

Polycarbonate 7 X 105 55 Elongation

Acrylic resin (PMMA) 7 X 105 21 Tensile /
elongation

Polymethyl 
alphach1oroacrylate

7 X 105 37 Tensile
elongation

Butyl rubber 7 X 105 55 Tensile
strength
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Table 4-1 (Continued)

Generic Name 
Material

Lowest Reported 
Threshold (Rads)

Report
Ref.

Property
Changed

Cellulose acetate 8 X 105 9 Tensile
strength

G rap h ite -filled  phenolic 8 X 105 36 Elongation
Neoprene 8 X 105 48 Compression

set
P o lyacrylon itrile  (f ib e r) 1 X 106 25 Tensile

strength
Propylene-ethylene 
polyallomer

1 X 106 55 Tensile /
elongation

Polyacrylate elastomer 106 36 Set at break
Silicones 1 X 106 37 Tensile /

elongation/
hardness

Ethylene propylene 
elastomer

106 55 Compression
set

Butadiene rubber 106 37 Compression
set

N it r i le  rubber 106 36 Compression
set

Urethane rubber 106 55 Compression
set

Polychlorotrifluoroethylene 1.2 X 1Q6 55 Shear
strength/
e la s t ic
modulus

Polyvinyl chloride acetate 1 .4  X 106 55 Elongation
Ethyl cellulose 1 .5  X 106 36 Impact

strength
Parylene None established 55, 48
Styrene butadiene rubber 1 .8  X 106 37 Compression

set/elonga
tion

Vinyl pyridine rubber 2 X 106 36 Compression
set

Natural rubber 2 X 106 36 Compression
set

lonomer resins 2 X 106 36 Tensile /
elongation

Polyvinyl butyral 3 X 106 55 Tensile s t.
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Table 4-1 (Continued)

Generic Name 
Material

Polyvinylidene chloride 

Casein resin

Polyethylene terephthalate

Mel amine formaldehyde 
(c e llu lo s e -fille d )

Aromatic polyamides
Urea formaldehyde

Tefzel
Polyvinylidene fluoride  

Polyimide

Polyvinyl fluoride  

Polyvinyl formal

A e ry Io n itr ile  butadiene

Polystyrene

Polysulfone 

Polyurethane resin

Polyester resin (m ineral- 
f i l le d )

Polyvinyl carbazole 

Pyrrone resin

Epoxy resin
Furan resin (asbestos 
and C B -filled )
Polyester glass 1 aminate
Silicone-asbestos laminate
Asbestos phenolic laminate
G las s -fille d  d ia lly l  
phthalate

Lowest Reported 
Threshold (Rads)

Report
Ref.

Property
Changed

3 .7  X 106 37 Elongation
4 X 106 36 Impact

strength
4 . 4  X 106 36 Tensile /

elongation
6 .7  X 106 36 Impact

strength
7 X 1Q6 36 Elongation
7 .5  X 105 36 Tensile /

elongation
None established 28 Elongation
8 X 106 13 Not given
107 47 Elongation/

tens ile
1Q7 36 Elongation
1 .6  X 107 36 Elastic

modulus
107 6 1 ,  55 Tensile

strength
2 X 107 14 Tensile

strength
5 X 1Q7 16 Flex strength
6 X 107 37 Tensile

strength
7 .9  X 1Q7 37 Elongation

(most)
8 . 8  X 1Q7 36 Impact

strength
1Q8 55 Flexural

strength
2 X 1Q8 or more 2 6 , 42 Varies
3 X 108 37 Tensile /

elongation
4 X 108 38 Flexural s t.
6 X 108 36 Flexural s t.
1q9 36 Flexural st.
1 .8  X 109 33 Tensile

strength/
elongation
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Table 4-2

MATERIALS FOR WHICH STRONG SENSITIZATION EFFECTS HAVE BEEN DEMONSTRATED

I

MATERIAL

Acrylic
Resins

(PMMA)

(Lucite)
(Plexiglass)
(Perspex)

EFFECTS RELATED TO* 
O2 Heat Other

X
(gas)

Cellulose
(paper)
(plant fib ers) X

(H2O)

DEMONSTRATED BY

Increased oxidation rate following  
irrad ia tio n

Decreased "softening" temperature 
of irrad ia ted  acrylics ("softening" = 
increasing elongation under constant 
stress)

Gaseous degradation products 
cause "foaming" at high temperatures- 
gas diffusion is lim ited

Increased oxidation rate following  
irrad ia tio n

Increased H2O absorption and 
H2O s o lu b ility .

COMMENT

8OOC in a ir  fo r 1-6 hrs gave about 
the same damage as 500 hr a ir  storage

In i t ia l  softening temperature 260OC 
detectable change a fte r 7 X 10^ rads 
A fter 2.3 X 10  ̂ rads softening temp, 
was 150OC

At lower temperatures cracking 
and crazing would be expected

Does not occur i f  radiation was in 
in ert atmosphere, nor i f  moisture 
content was above 2%

Polyvinyl
Chloride

(PVC)

Lower radiation resistance in a ir  than 
in vacuum (same formulation)
Lower radiation resistance of thin  
film s in a ir  than thick samples (same 
formulation)
Lower radiation resistance at lower 
dose rates in a ir

Heating in a ir  following irrad ia tio n  
produces approximately the same 
damage as th in  film  or low dose rate  
tests

*  X - e ffe c t is re lated to environment marked 
No - e ffe c t is not related to environment marked 

blank- no data to indicate whether an e ffe c t re lated to that environment occurs



Table 4-2 (Continued)

MATERIALS FOR WHICH STRONG SENSITIZATION EFFECTS HAVE BEEN DEMONSTRATED

MATERIAL

(PVC)

EFFECTS RELATED TO 
O2 Heat Other

DEMONSTRATED BY

Reduced melting temperature a fte r  
irrad ia tio n  in a ir  (but not in vacuum) 
Increased outgassing rates at elevated 
temperature (a ir  or vacuum)

COMMENT

Total of 30-40°C reduction a fte r  
11 X 10^ rads
Outgassing is p rin c ip a lly  HCL

4S.I
CO

P olytetra- 
fluoroethylene

Teflon
(PTFE)

Lower radiation resistance in a ir  
than in vacuum (same formulation) 
Lower radiation resistance fo r thin  
film s in a ir  than thick samples 
(same formulation)
Temperature resistance not greatly  
affected in the range 100-350°F

FEP te flon  shows better oxidation 
resistance and better to ta l 
radiation resistance

Sharp reductions in melting point 
when irrad iated  at high temperature

A liphatic
Polyamide

(Polycaprolac-
tam)

(Nylon) NO

Reduced fle x  l i f e  of fibers  irrad iated  
in a ir
Lower radiation resistance in a ir  than 4 
in vacuum

Melting point unchanged a fte r  
8.7 X 100 rads
Sim ilar results at temperatures to 100°C

5X better resistance in vacuum



Table 4-2 (Continued)

MATERIALS FOR WHICH STRONG SENSITIZATION EFFECTS HAVE BEEN DEMONSTRATED

MATERIAL

Polyethylene

- f iI

Polypropylene

EFFECTS RELATED TO 
O2 Heat Other

DEMONSTRATED BY COMMENT

Lower radiation resistance in a ir  than 
in vacuum
Lower radiation resistance of thin f i lm s  
than thick samples ( in a ir )
Lower radiation resistance at low dose 
rates

Greatly increased heat resistance i f  
irrad ia ted  in vacuum 
Some increase in temperature resistance 
when irrad iated  in a ir  
Limit of 150OC in a ir

Increased oxidation rate following  
irrad ia tio n
Lower radiation resistance in a ir  than 
in vacuum

Crosslinking rates reduced above 350C

Related to peroxide formation

Radiation resistance generally 
less than polyethylene

Polystyrene

X
(LET)

Increased oxidation rate following  
irrad ia tio n
Lower radiation resistance in a ir  than 
in vacuum

Approximately 3 times as much damage 
from neutron radiation as from gamma 
or electron

LET effects  fo r highly 
unsaturated organics



Table 4-2 (Continued)

MATERIALS FOR WHICH STRONG SENSITIZATION EFFECTS HAVE BEEN DEMONSTRATED

MATERIAL

Polyester
Resins

(excluding

Phthalates)

EFFECTS RELATED TO 
O2 Heat Other

DEMONSTRATED BY

Decreased oxidation resistance

COMMENT

L it t le  d e ta il located 
Effect should be greatest with 
longest most unsaturated ester 
base

Fluoroelas-
tomer

■f=>I

Neoprene

Lower radiation resistance in a ir  than 
vacuum, in e rt atmosphere or o il
Increased oxidation rate a fte r  
irrad ia tio n
Some decrease in radiation resistance 
at elevated temperature in inert 
atmosphere

Lower radiation resistance at lower 
dose rates
Increased oxidation rates 
following irrad ia tio n  (2 out of 3 
formulations tested)

Lower radiation resistance in 
vacuum

Viton A "disintegrated" a fte r 8.7 
X 10^ rads at 400OF in a ir
"OK" a fte r 4.4 X 1Q6 rads at 
400OF in o il
Moisture resistance generally not 
good

Probable temperature effects

Apparently l i t t l e  to no cross linking  
fo r that formulation in vacuum 
(some in  a ir )



Table 4-3

MATERIALS FOR WHICH "MODERATE" SENSITIZATION EFFECTS HAVE BEEN DEMONSTRATED

MATERIAL

Cellulose
Acetate

EFFECTS RELATED TO 
O2 Heat Other

NO

DEMONSTRATED BY

No dose rate influence over range 
of 9.2 rad/sec to 0.9 rad/sec

Same results air/vacuum

Temperature at break under constant 
load decreased from 170OC 
unirradiated to 135°C a fte r  
2 X 107 rads

COMMENT

I Tefzel Lower radiation resistance at low dose 
rates
Reduced fle x  l i f e  in a ir  (not in N2) Reductions in thermal

resistances probable

Polysulfone Lower radiation resistance in a ir  
than in vacuum
Lower radiation resistance at e le 
vated temperature



Table 4-3 (Continued)

MATERIALS FOR WHICH "MODERATE" SENSITIZATION EFFECTS HAVE BEEN DEMONSTRATED

MATERIAL 

Epoxy Resins

EFFECTS RELATED TO 
O2 Heat Other

Phenolic
Resins

X
(H2O)

-p>
I X X

Polyurethane
Plastics

DEMONSTRATED BY

Results are variable - depends on 
curing agent
Novalac is rated as especially  
oxidation resistant

Some greater resistance to heat plus 
radiation than to heat alone

Cellulose f i l le d  and u n filled  resins 
show increased s e n s itiv ity  to 
moisture a fte r  irrad ia tio n

Temperature plus radiation less 
damage than temperature alone for 
some

Variable oxidation resistance from 
"minor" to ~  four times as 
sensitive to radiation in a ir  as in 
vacuum

COMMENT

Oxidation may be blocked by 
radiation crosslinking

Oxidation may be blocked by 
radiation crosslinking

Moisture s e n s itiv ity  is 
application lim iting

Silicone  
Resins

Increased oxidation rate following 
irrad ia tio n  fo r s ilic a  f i l le d  
polysiloxanes
Lower radiation resistance at 
elevated temperatures

Silicone-alkyd insulations and 
glass f i l le d  laminates are more 
resis tant to temperature plus 
radiation than to temperature alone

Oxidation may be blocked by 
crosslinking



Table 4-3 (Continued)

MATERIALS FOR WHICH "MODERATE" SENSITIZATION EFFECTS HAVE BEEN DEMONSTRATED

I

MATERIAL

Ethylene
Propylene

Chlorosul
fonated Poly
ethylene

Buna N 

Rubber 

(N it r i le )

EFFECTS RELATED TO 
O2 Heat Other

DEMONSTRATED BY

Lower radiation resistance at low 
dose rates

COMMENT

Cable insulation

One formulation showed unstable Incom patib ility  with f ir e -
e le c tr ic a l properties a fte r irrad ia tio n  retardant additive

Lower radiation resistance at low dose 
rates
Lower radiation resistance in a ir  than in 
vacuum

Some show greater degradation in a ir  
than vacuum

(Mechanical Dynamic Pressure Test 3500F 
stress)

Overall aging resistance may 
be poor

Passed 350OF dynamic test 
a fte r 1 X I 06 rads

Silicone  
rubber

Increased oxidation rates following  
irrad ia tio n  - -  peroxide cured
Minor changes in thermal properties

Peroxide residues involved



Table 4-4

MATERIALS FOR WHICH TESTS INDICATE MINOR TO NO SENSITIZATION EFFECTS

MATERIAL

P o lyv inyli
dene
Fluoride
(Kynar)

EFFECTS RELATED TO 
O2 Heat Other

DEMONSTRATED BY

Equal radiation resistance in 
a ir  or vacuum

COMMENT

No comparative tes t at elevated 
temperatures found

!

Polycarbonate
(M acrofoil)
(Lexan)

Polyethylene
Terephthalate
(Dacron)
(Mylar)

Equal radiation in a ir  or vacuum of 
3 mil Macrofoi1 film

Flex l i f e  of Dacron fibers  same for 
a ir  or vacuum irrad ia tio n  (other 
properties also)

Minor reduction in melting point 
Radiation resistance unaffected up to 
temperatures of 20OOC

Low dose rate tes t shows greater 
scission rates

No comparative tes t at elevated 
temperature found

Reasons uncertain, occurs in a ir  or 
vacuum

Polyimide
(H -film )
(Kapton)

Radiation resistance in a ir  is about 
half as much as in vacuum



Table 4-4 (Continued)

MATERIALS FOR WHICH TESTS INDICATE MINOR TO NO SENSITIZATION EFFECTS

MATERIAL

Adduct
Rubber

EFFECTS RELATED TO 
O2 Heat Other

DEMONSTRATED BY

Higher saturated adducts show 
greater radiation resistance

Equal radiation resistance at 
750F to 200OF

COMMENT

Butyl
Rubber

No decrease in oxidation resistance Poor radiation resistance
Scission dominant

I Polyurethane
Rubber

Equal radiation resistance in a ir  or Moisture sensitive  
vacuum

Tensile strength retention same to 
260OF

Thiokol
Rubber

Comparable radiation resistance in a ir  Scission dominant 
or vacuum

Radiation followed by thermal aging 
no s ig n ifican t change

Aramid
(Nomex)
(Kevlar)

Better resistance to elevated Radiation induced cross 1 inking
temperatures following irra d ia tio n . appears to block oxidative
About equal resistance to temperature degradation
alone as to simultaneous temperature/ 
radiation
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APPENDIX

(ADAPTED FROM REFERENCE 55 AND OTHERS) 

Alphabetic Index Of Plastics by Trade Name

(A)

TRADE NAME CHEMICAL NAME

ABCOLITE Polystyrene (PST)
ABSON A cry lo n itrile  butadine 

styrene (ABS)
ACETOPHANE Cellulose acetate
ACROLITE Urea formaldehyde
ACRILAN Acrylic resin
ACRYLOID Polyacrylester
ACRYSOL Polyacrylester
ACRYTEX Polyacrylacid
AFCOLENE Polystyrene
AGILENE Polyethylene
AGILIDE Polyvinyl chloride
AKULON Polyamide
ALATHON High-pressure polyethylene
ALBAMIT Melamine formaldehyde
ALGOFLON P o lytetra f1uoroethy1ene (PTFE)
ALKATHENE Polyethylene
ALKON Polyacetal
ALKYLDALE Polyester
ALPHALUX 400 Polyphenylene Oxide (PPO)
ALTUGLAS Acrylic resin
AMEROID Casein resin
AMPACET Polystyrene
ARALDITE Epoxy resin
ARNITE Polyethylene terephthalate
AROPOL Polyester
ASTRALIT Polyvinyl chloride (PVC)
ALTAC Polyester
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(B)

TRADE NAME 
BAKELITE

BENVIC
BEXOID
BEXTRENE
BLENDEX

BONOPLEX
BUTACITE
BUTOFAN

CHEMICAL NAME 

Phenolics
Polyvinyl chloride
Polystyrene
Phenoxy
Polysulfone
Polyvinyl chloride
Cellulose acetate
Polystyrene
A c ry lo n itr ile  butadiene 
styrene (ABS)
Polymethacrylester
Polyvinylbutyral
Copolymer butadine styrene

(C)

CALADENE

CAMPCO C119
CAPRAN (Film)
CARDURA
CARINA
CARINEX
CARLONA
CARLONA P
CASCO RESINS
CATABOND
CATALIN
CEAPREN
CELLIDOR
CELLIT
CELLOFOAM
CELLOPHANE
CELSON
CIBANITE
COVISIL

Phenolic 

Polycarbonate 

Polyamide (Nylon 6)
Epoxy resin 

Polyvinyl chloride 

Polystyrene 

Polyethylene 

Polypropylene
Urea formaldehyde, phenolic
Polyester
Phenolic
Polyester

Cellulosics
Cellulosics
Polystyrene

Cellulosics
Polyoxmethylene
Aniline formaldehyde
Silicone
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TRADE NAME CHEMICAL NAME

CR 39
CRYSTIC
CYCOLAC

CYMEL

Di allyl-polycarbonate  

Polyester

A cry lo n itrile  butadiene 
styrene (ABS)
Melamine formaldehyde

(D)

DACRON
DAPLEN
DAPON
DAPCEN

DARVIC
D.C. RESINS
DEDERSON
DELRIN
DESMODENE
DESMODUR
DESMOPHEN

DEVCON
DIAFLON
DIAKON
DIORIT
DOLAN
DOWEXSON
DRALON
DURALON
DURATHON
DURETHANE
DUREZ
DURITE

DYLAN
DYLENE
DYNAPOL
DYNEL

Polyethylene terephthalate  

Polypropylene 
D ially lphthalate  

Polyester

Polyvinyl chloride
Silicone
Polyamide
Acetal
Polyester
Polyurethane
Polyurethane

Epoxy Resin
Polytetrafluoroethylene (PRFE)
Polymethylmethacrylate
Polyvinylidene chloride
P olyacrylon itrile
Polystyrene ( sulfonated)

P o lyacrylon itrile
Furan resin
Polyacetal
Polyurethane
Phenolic

Phenolic
Polyethylene

Polystyrene
Polyester

P o lyacrylon itrile
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(E)

(F)

(G)

TRADE NAME CHEMICAL NAME

EKAVYL
ELVAZET
EMULTEX
EPIALL
EPIKOTE
EPON
EPOPHEN
EPOXYLITE
ERINOLD
ERTALON
ERTALYTE

ERTAPHENYL
ERVALKYD
ESTANE
ETHOCEL

Polyvinyl chloride 

Polyvinyl acetate 

Polyvinyl acetate 

Epoxy resin 

Epoxy resin 

Epoxy resin 

Epoxy resin 

Epoxy resin 
Casein resin 

Polyamide

Polyethylene terephthalate  
Polyphenylene oxide 

Alkyd resin 

Polyurethane 

Ethyl cellulose

FLEXON
FLUON

FLUORLON
FLUOROTHENE

FORMICA
FORMVAR
FORTICEL

Polyvinyl chloride

Polytetrafluoroethylene (PTFE)
Polytetrafluoroethylene (PTFE)

Polychlorotrifluoroethylene  
(PCTFE)
Mel amine-formaldehyde 

Polyvinyl formal 
Cellulosics

GABRASTER
GABRITE
GANSOLITE
GEDEX

GELVA
GEON

Polyester 

Urea formaldehyde 

Casein resin 

Polystyrene 

Polyvinyl acetate 

Polyvinyl chloride
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TRADE NAME CHEMICAL NAME

GLIDPOL
GRILON

Polyester

Polyamide

(H)

H FILM and HI FILM
HALON
HAVEG
HEPCULON
HETRON
HI FAX
HOSTAFLON

HOSTAFLON IF  

HOSTAFORM C 

HOSTALEN G 

HOSTALEN PPH 

HOSTALIT 

HOSTYREN 

HYDEFLON

Polyimide
Polytetrafluoroethylene (PTFE)

Phenolic
Polypropylene
Polyester
Polyethylene
Polychlorotrifluoroethylene  
(PCTFE)
Polytetrafluoroethylene

Polyoxymethylene
Polyethylene
Polypropylene
Polyvinyl chloride
Polystyrene

Polytetrafluoroethylene (PTFE)

( I )

IGAMID U
IGELIT
IXAN

Polyurethane 

Polyvinyl chloride 

Polyvinylidene chloride

(K)

KAPTON (FILM) 
KAPBATE
KEL F

KOPOSEAL
KRALASTIC

KYNAR

Polyimide
Phenolic

Polychlorotrifluoroethylene  
(PCTFE)
Modified polyvinyl chloride
A cry lo n itrile  butadiene 
styrene (ABS)
Polyvinylidene fluoride
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(L)

TRADE NAME CHEMICAL NAME

LACQRENE
LACTOPHANE
LAMINAC
LEGUVAL
LEKUTHERM
LEXAN
LORKALENE
LUCITE
LUCOVYL
LUPOLEN
LURAN
LUSTRAN

LUSTREX
LUVICAN

Polystyrene
Cellulosics
Polyester
Polyester
Epoxy resin

Polycarbonate
Polystyrene
Polymethyl methacrylate 

Polyvinyl chloride 

Polyethylene
Styrene a c ry lo n itr ile  (SAN)
A cry lo n itrile  butadiene 
styrene (ABS)
Polystyrene
Polyvinyl carbazole

(M)

MAKROLON
MARAGLAS
MARBLETTE

MARCO MR
MARFOAM
MARLEX

MARVINOL
MELINEX
MELMAC
MELOX
MERAKLON
MERLON
MOPLEN
MOWILTH
MYLAR
MULTRON

Polycarbonate
Epoxy resin
Phenolic
Polyester

Polyurethane
Polyethylene
Polyvinyl chloride
Polyethylene terephthalate
Melamine formaldehyde
Melamine formaldehyde
Polypropylene
Polycarbonate
Polypropylene
Polyvinyl acetate
Polyethylene terephthalate
Polyester
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(N)

TRADE NAME

NAILONPLAST 

NOMEX YARN 

NORYL 

NOVODUR

NOVOLAC
NUCLON
NYLON

CHEMICAL NAME 

Polyamide

Polyamide (aromatic)
Polyphenylene oxide

A c ry lo n itr ile  butadiene 
styrene (ABS)
Epoxy resin

Polycarbonate
Polyamide

( 0 )

OLETEMP

OPALON
ORGAMID
ORIZON
ORLON
OROGLAS

Polypropylene

Polyvinyl chloride

Polyamide
Polyethylene
Polyacrylon itrile
Polymethacrylester

(P)

PARAPLEX 

PARLENE N,C,D 

PERLON
perlon' L
PERSPEX
PHENOLINE
PLASTISSUE
PLASKON ALKYD
PLASTACELE
PLEOGEN

PLEXIDUR
PLEXIGLAS
PLEXILEIM
PLIOVIC
PLYOPHEN
POLECTRON

Polyester
Parylene
Polyurethane

Polyamide
Polymethyl methacrylate 

Phenolic
Polyethylene film  

Polyester 

Cellulose acetate 

Polyester
Polymethyl methacrylate 

Polymethyl methacrylate 

Polyacrylacid 

Polyvinyl chloride 

Phenolic

Polyvinylcarbazole
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(R)

(S)

TRADE NAME CHEMICAL NAME

POLYDUR Polyethylene
POLYFLON Polytetrafluoroethylene
POLYOX polyethylene
POLYSTYROL Polystyrene
POLYTHENE Polyethylene
POLYTHERM Polyvinyl chloride
POLYVIOL Polyvinyl alcohol
PPO Polyphenylene oxide
PROFAX Polypropylene
PROPATHENE Polypropylene
PROPIOFAN Polyvinyl acetate

RAYOLIN Polyolefin

RAYON Cellulosics
RESIMENE Melamine formaldehyde
RESINOL Phenolic
RESINOX Phenolic

RESOCEL Phenolic
RESOFIL Phenolic
RHODANITE Cellulose acetate
RHODOPAS Polyvinyl acetate

RHODORSIL Styrene a c ry lo n itr ile  (I
RILSAN Polyamide
ROSITE 2000 Phenolic

SAFLEX Polyvinylbutyral

SAN S tyrene-acrylon itrile
SARAN Polyvinylidene chloride
SARAN F Polyvinyl chloride
SELECTRON Polyester
SICRON Polyvinyl chloride
SILMAR Polyester
SODETHANE Polyurethane
SOLITHANE Polyurethane

A-8



TRADE NAME CHEMICAL NAME

SOLVIC
SOMOPLAS
SOREFLON
STRUX
STYROFOAM

STYRON
STYROPOR
SURLYN
SUSTONAT

SYLGARD
SYNVAREN
SYNVARITE
SYNVAROL

Polyvinyl chloride
Polyvinyl chloride
Polytetrafluoroethylene
Cellulose acetate

Polystyrene

Polystyrene
Polystyrene
lonomer resin
Polycarbonate
Silicone
Phenolic
Phenolic
Urea formaldehyde

(T)

TEDLAR 

TEFLON 

TEFLON FEP

TENITE
TENITE BUTYRATE

TERLURAN
TERPLEX
TERYLENE
TETRAN
TEXIN
TORTULEN P
TREVIRA
TRIACEL
TRITHENE

TROGAMID
TROLEN P
TROLITUL
TRULON

TUFNOL

Polyvinyl fluoride
Polytetrafluoroethylene

Copolymer of hexafluoropropy- 
lene and tetrafluoroethylene

Polypropylene
Cellulose acetate butyrate

Styrol polymer
Polymethacrylester
Polyethylene terephthalate
Polytetrafluoroethylene

Polyurethane
Polypropylene
Polyethylene terephthalate

Cellulose acetate
Polychlorotrifluoroethylene

Polyamide
Polypropylene
Polystyrene
Polyvinyl chloride
Phenolic
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(U)

(V)

TRADE NAME CHEMICAL NAME

TYBRENE A cry lo n itrile  butadiene 
styrene (ABS)

TYGON Polyvinyl chloride

UDEL Polysulfone
UKAPON Polyester resins
ULTRAMID Polyamide
ULTRON Polyvinyl chloride
UROX Urea formaldehyde

VARCUM Phenolic
VELON Polyvinylidene chloride
VESPEL Polyimide
VESTAMID Polyamide
VESTAN Polyvinylidene chloride
VESTOLEN Polyethylene
VESTOLITE Polyvinyl chloride
VESTYRON Polystyrene
VIBRATHANE Polyester
VIBRAIN Polyester
VINAROL Polyvinyl alcohol
VINAVIL Polyvinyl acetate
VINIDUR Polyvinyl chloride
VINNAPAS Polyvinyl acetate
VINNOL Polyvinyl chloride
VINOFLEX PC Polyvinyl chloride
VINYLITE A Polyvinyl acetate
VINYLITE Polyvinyl chloride
VIPLA Polyvinyl chloride
VISCOSE Cellulosics
VYBAK Polyvinyl chloride
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(W)

TRADE NAME

WELVIC
WOPALON

CHEMICAL NAME

Polyvinyl chloride 

Cellulose acetate

(X)

XYLONITE
XYNEL

Cellulosics  

Polyvinyl chloride

(Z)

Z FOAM

ZETAFIN

ZYTEL

Polyurethane 

Polyethyl acrylate  

Polyamide
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Alphabetic Index fo r Elastomers by Popular Name

POPULAR NAME

Acrylics

Butyl GRI

EPR

Fluoroelastomers

Hypalon

Natural Rubber

CHEMICAL DESIGNATION

Polyacrylate

Isobutylene-isoprene

Ethylene propylene

Vinylidene fluoride  
hexafluoropropylene

Fluoro-silicone

Trifluorochloro-ethylene-
vinylidene-fluoride

Chlorosulfonated
polyethylene

Natural polyisoprene

TRADE NAMES

AeryIon 
Angus HR, SH 
Hycar
Lactaprene 
Paracil OHT 
Precision acrylics  
Thiacril 
Vyram

Bucar butyl 
Enjay butyl 
Hycar
1.1, rubber 
Oppanol B 
Petro-Tex butyl 
Polysar butyl 
Precision butyl 
Vistanex MM

Angus KR 
APK 
C 23
Dutral N 
Enjay EPR 
Nordel 
Olethene

Angus VA, SV 
Fluorel
Precision fluoro  
Vi ton

Precision fluoro silicone  

S ilas tic  LS 53

Angus HN 
Hypalon
Precision hypalon

Coral
DRP
Natsyn
Okolite
Shell isoprene 
Trans P.R.
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POPULAR NAME CHEMICAL DESIGNATION TRADE NAMES

Neoprene GRM Chloroprene

N it r i le ;  Buna-N; 
G.R.A.; N.B.R.

Acrylonitrile-butadiene

Polybutadiene; 
Buna; S.K.A.

Butadiene

Angus G 
Neoprene 
Okoprene 
Perbunan C 
Precision neoprene 
Sovprene
U.S. rubber neoprene

Angus DS, WR, FR,LR, E, P
Butacri1
Butraprene
Chemigum
Chemivic
FR-N
Herecrol
Hycar OR
Parker N it r i le
Perbunan
Polysar Krynao
Precision N itr i le
Royalite
Tylac

Ameripol CB
BR rubber
Budene
Cisdene
Diene
Duradene
Duragen
Polysar tacktene 
S.K.B.
Texus synpol EBR 
Trans 4 or cis 4

Polyisoprene Synthetic Synthetic polyisoprene Ameripol SN
Coral
DPR
Natsyn 
PhiIprene 
Shell IR
Trans PIP C ariflex

Polyurethane Di isocyanate-polyester or 
polyether

Adiprene
Chemigum XSL
Conathene
Conti Ian
Cyanoprene
Desmodur
Desmolin
Disogrim
Elastocast
Elastolan
Elastothane
Estane
Genthane
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POPULAR NAME CHEMICAL DESIGNATION TRADE NAMES

SBR; Buna-S; 
GRS: SKB

Styrene-butadiene

Guidfoam
Lamigom
Mearthane
Microvon
Multrathane
Pagulan
Phoenolan
Polyvon
Precision urethane
Solithane
Tex in
Vorylen
Vulcarprene
Vulkollan

Ameripol 
Angus R.G.
ASRC Polymers
Butaprene S
Carbonix
C ariflex
Chemigum IV
Copo
Darex
Duradene
Flosbrene
FR-S
Gen-flow 
Gentro
Hycar OS, E, TT
Krylene
Kryflex
Navgapol
Naugatex
PhiIprene
P lio flex
P lio l i te  S
P lio tu f
Polysar S
S Polymers
Solprene
Synpol
Tylac

Silicone Polysiloxane Angus SIL, SIS 
Arcosil 
Cohrlastic  
Fairprene
General E lec tric  SE HW 
Parker Silicone  
Rhodorsils 
RTV
Silastene 
S ila s tic
Union Carbide K.Y.
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POPULAR NAME CHEMICAL DESIGNATION TRADE NAMES

Thiokol; GRP Organic polysulfide Alkylene polysulfide  
F.A. polysulfide rubber 
Perduren
Precision Thiokol 
S.T. polysulfide rubber 
Thioplasts 
Vulcaplas

Vinylpyridine Butadiene-2-methyl- 
5-vinyl pyridine

PhiIprene
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