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ABSTR_._T
i

This repoztcornpiles and surmrnarizes the information available in the
Radiation Effects Information Center's technical files on the effects of steady-
state, radiation on electrical Lusulating materials. The insulating materials

are classified as organic or inorganic wi_J_ separate sections on bulk._Fpe

spech-nens (film, sheet, etc. ), wire and cable insulation, encapsulating corn-
pounds, and connectors and terminals. It is the intent of the report to pro-
vide infozrnation for "ballpark" or broad estimates of the effect of radiation

on various insulating rnateTials and is meant to be used as a guide in the early

design stages. Detailed information as required in the terminal stages of a
design should be requested fzorn the REIC when details of all environmental

conditions, radiation exposure rate, and total dose are known.
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REPORT

on

THE. EFFECT OF RADIATION ON ELECTRICAL INSULATING MATERIALS

SUMMARY

Radi_tth, n damage to dielectric and lnRulating materialn is a function of
t¢,mperature and atmospheric conditions as w,_ll as the radiation environment.

Many materials arc more resistant to radiation in the absence of oxygen or

moisture and at lower temperatures. Because of this in['l, uence of environ-
mental conditions it is impractical to attempt to compile within this document

the detailed informati_,n that would be divectl 7 applicable to all circuit re- t

quirements and environmental conditions. The fabrication method used by
the manufacturer can also be a factor in the amount of damage that occurs

from radiation. For these reasons, it is th_ intent of this report to provide
"ballpark" type information for use in the early design phase o£ a system.

The more detailed information required as a design approaches finalization

may be ob:ained, when available, by submitting a specific request to the

REIC including details of radiation type, rate, and dose with other environ-
mental conditioas, i.e., space, vact{um, inert gas, temperature, etc.

: Organic Materials

Both temporary and permanent changes occur in the characteristics of
organic insulating and dielectric materials as a result of exposure to a

radiation environment. Enhancement of the electrical conductivity is the

most important of the temporary eHects with increases of several orders of

magnitude being observed. The conductivity increases exponentially in re-
sponse to ionizing _adiation until itreaches equilibrium at a value that i_

determined by the rate of exposure and ambient temperature for a speci:gc
material. Following the termination of the irradiation the induced conduc-
licit 7 gradually decreases. This decrease may include several discrete

decay time constants. ,% generalized expression for conductivity in insulat-

ing materials utilizing the "unit-step function", U_t), combined with basic
characte_'izations of the three intervals, i.e., exponential increase, equilib-

rium, and recovery yields the equation
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a(t, f) = u(t)% + U(t-a) % + A/_

"(t'a)Ir°(_)] Q}

_ _(t'h)/ri+ U(t-h) C_oq k io
l=l

where:

% : initial conductivity

A = empirical constant

r = time constant of response
o

6 = empirical constant

= gamma exposure rate

: O + A )6 equilibrium conductivity
_eq o 7 =

n : number of discrete decay time constants in the

recovery process

r. = decay time constants of the recovery
1

k. = weighting factors associated with the i th r.1

Other temporary effects, in addition to the enhanced conductivity, are
a reduction in breakdown and flashover voltages_ increases in a-c loss char-

acteristics, and variations in dielectric constants. These changes in elec-
trical charactQristics, however, are often not large enough to prevent the
use of the insulators in a radiation environment, particularly, if allowances

are made to minimize their effect on the circuits performance.



Permanent offecta of radiation on organic inRulating materials are

normally associated with chemical changes, the most important of which are
molecular scission and cross-linkage, The latter leads to hardening and

embrittIement; increased strength, density, and melting point; and a de-
crease in solubility, Chain scission produces almost the opposite change in
physical characteristics including decreases !.n hardness, tensile strength

and molting point, and greater solubility, This physical degradation in the
advanced stages is disastrous ;n that the insulating material br ,ks,

crumbles, or powders thus losing structural integrity and causing failure.

Changes in dissipation factor and insulation resistance have al_o occurred a_
permanent ,,fleets, but they are normally quite small and offer few problems

except in too most uncommon applications.

A comparison of the relative radiation resistance of organic insulating
materials to permanent effects is presented in Figure I.

Gas evolution, a secondary rea_tlon that occurs when organic insula-
tors are irradiated, is also a probtem becaus_ of pressure buildup in con-.
tined enclosures. Some of these gas species are corrosive and can be detri-

mental to electrical contacts, etc., especially in _oaled parts such as minia-
ture relays.

Inorganic Materials

In general, the inorganic insulating or dielectric materials are more
resistant to radiation damage than the organics. Atomic displacement is re-
sponsible for permanent damage in the inorganic insulators and is manifested

by changes in density, strength, and electrical properties. The density of
crystalline insulators decreases while that of amorphous insulators increases
from exposure to fast neutrons. The predominant effect on electrical prop-
ertles is a change in resistivity. A comparison of the relative radiation re-
sistance of inorganic insulators to permanent damage is presented in

Figure 2.

lnorganics experience a strong photoconductive effect from the energy
of incident radiation which is absorbed through ionization and electronic ex-

citation. Transient changes of several orders of magnitude are normally

tolerable, however, because of the high resistivityof inorganic insulators.
The generalized equation presented in the summary of effects on organic
materials is also applicable to radiation induced conductivity or photocon-

ductivltyin inorganics.

3
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Damage Utilityof OrRani_

{ ] Incipientto mild Nearly always usable

Mild to mt,dcrate Oflen _atislat,lory
Mode rate l- serf, re l+imiled lJs,,

Phenolic. glass laminate L t_'/J
Phenolic, asbestos filled L _ : rz/_;///4
Phenolic, unfilled I V/x/2/Z// ............

Epoxy, aromatic +type curing agent I ...... ::I2Z_'Y:'Z_
Polyurethane 1 v///z/7._ :_
Polyester, glass filled I VL'.:,'/. I
Polyester, mineral filled I r//z/zz/._,//////z/

Diallyl Phthalate, mineral filled I rZ//M////////////////Z/_
Polyester. unfilled I r/j///.
Mylar t r/H/z/////////// - -- I

Silicone, glass filled f v////////,ll
Silicone, mineral filled I v////.////_
Silicone, unfilled I r////z//,rl II i

Melamine -forrnaldehyde I v/J/J/J/l///

U r ea - for maldehyde ,. I v/z "J/H/HI .........
Aniline -formaldehyde . I r//////////////,
Poly sty r e ne ." [ r/z//////,

Acrylonitrile/butadiene/styrene (ABS} I v/z/z/z/z//.
Polyimide I [/////L-///A
Poly_inyl chloride i ,////// ....I
Polyethylene I r/z/z/z/,

Polyvinyl formal I r/HHHH/ llllrll
Polyvinylidene chloride t _'HH///HH,
Polycarbonate I , V/HH/////,

KeI-F Polytrifluoroch!or oethylene u r/z/z/////////. I
Polyvinyl butyr_l i _./j///// II III
Cellulose acetate I v/H/z/HI/. _-_

Polymethyl methacrylate , '//////////////J-.-......_
Polyaz,fide t V/H/H/ I I
Vinyl chlo _de -acetate I v/_ kk_
Teflon (T]_)
Teflon (FEP) I 'J/z/Jr
Natural rubber I v//_////////j//

Styrene-butadiene (SBR} n r/d/d/d/d/ -

Neoprene rubber I YJJ,'' '
Silicone rubber I V///.--_

Polypropylene I V/z/z/z/.
Polyvinylidene fluoride (Kynar 400) I. ,/M.'H//. I

t I i I I i I
10 4 10 5 10 6 10 7 10 8 10 9 I010

Gamma Dose, rado (Si)
I

FIGURE I. RELATIVE RADIATION RESISTANCE OF ORGANIC INSULATING MATEKL_LS j
q

Based upon c}anges in physical properties.
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Dama|e Utilityof Inor_anlc

I t Incipient to mild.. Nearly always usable
Mild to moderate Often satisfactory

.. Moderate to severe Limited use

Magne slum oxide E
"lllllI///ll/l///l/ll//i

Aluminum oxide I m "///////f /////i//llk l////

Quartz d _/_

Glass .(Hard) (<1016 n cm "Z)
Glass (Boron free)

Sap phi r e I Y,_H///_Hh'22////'_ I __
For ste rite u r_/_-_

SpineI t w/_2._////i///' I
Be rylli_rnoxide t I,HH,HH_>_/H I

1 I I 1 _I
1017 1018 1019 I0gO iO

, Neutron Fluence, fast n crn "2

"_ FIGURE 2. RELATIVE'RADIATION RESISTANCE* OF INORGANIC"
INSULATING 5/L%TERIALS. BASED UPON CHANGES

IN.PHYSICJ_L PROPERTIES

'*V_ie_ _Fea_lywithtemperature.
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INTRODUCTION

Dielectric and insulating materials as applied to electronic circuitry
are second only to semiconductor devices, such as integrated circuits,
transistors, diodeb, etc., in sensitivity to radiation. Consideration of this

sensitivity and what effects might occur as a result are of primary impor-

tance to the circuit designer and application engineer when designing a sys-
tem that includes radiation a.san environmental condition. The purpose of
this report is to as_i.st in providing information regarding the radiation

toleranc,_ of varfims insulating materials when used as other than a capacitor
dielectrJ.c. Information on capacit(,rs and their radiation tolerance is avail:

able in another report, "KEIC Report No. 44, The Effect of Nuclear Radi.a-
tion -n Capacitors".

'rh,: degradation of an insulating material's electrical properties is the

major concern of this report. Degradation of physical properties, however,
is also a consideration to the extent that in many applications the mechanical

failure of an insulator or dielectric will adversely affect its electrical char-
acteristics. If the reader's interest is such that he requires more informa-
tion than is presented herein concerning changes in the basic mechanical

characteristics of the organic insulating materials, he is directed to KEIC
Reports Nos. 21 and 21 Addendum, '1The Effect of Nuclear P.adiation on
Elastomeric and Plastic Components and Materials".

It is impractical to attempt to compile within this document the detailed

information that would be directly applicable to all circuit requirements and

environmental conditions. Often the damage experienced by an insulating or
dielectric material is dependent upon environmental conditions present in
addition to the radiation, such as temperature and humidity. The fabrication

method used by the manufacturer can also be a factor in determining the

amount of damage the.t might occur. For these reasons, this report is lim-
ited to generalized "ballpark" type information which is applicable to early
design considerations. Where information on a material in insufficient for

"ballpark" generalization, however, details of specific irradiations are pre-
sented. It is recomm_,nded that the more detailed information required in
the later design phases be obtained through a request to the Radiation Effects

Information Center for a file search in the area and conditions of specific

interest.

The effects of radiation as presented in this report are often identi-
fied as damage thresho_.d and/or 25 pe,'cent damage dose. These terms re-

late to changes in one or more physical properties, i. e. , tensile strength,
elongation, etc. , with damage threshold being the dose where the change is

00000001-TSC03



first detected. The 25 percent damage dose is that where a 25 percent

change in property occurs.

The scope of this report has been limited to the effects of steady-state

and space radiation. Transient or pulse radiation effects are, therefore, not
included in this document_ and those readers requiring such information are
referred to the TREE Handbook, _._

RADIATION EFFECTS ON ORGANIC MATEP_IALS

Organic insulating and dielectric materials experience both temporary

and permanent changes in characteristics when subjected to a radiation envi-
ronment such as that found in space and the field o£ a nuclear reactor or
radioisotope source. Data indicate that the temporary effects are generally
rate sensitive with a saturation of the effect at the higher radiation levels.

The enhancement of the electrical conductivity is the most important of the

t:emporary effects with increases of several orders of magnitude being ob-
served. The magnitude of the increase is dependent upon several factors in-
cluding the material being irradiated, ambient temperature, and the radia-
tion rate.

Absorption of energy, excitation of charge carriers from nonconducting
to conducting states, and the return of these carriers from conducting to
nonconducting states are considered responsible for the induced conductivity.
S. E. Harrison, et el, (1) have demonstrated that with steady-state gamma

irradiation between 10 -3 and 104 reds (H20}/s the excess conductivity has
distinct characteristics in three time intervals which are denoted as A, B,

and C in Figure 3. The conductivity increases exponentially in response to a
step increase in gamma dose rate, _, during interval A and is characterized
by

(,.o)(O-Oo) = A 1-e (1)

where

oo = initial conductivity

o = conductivity at time '%" ,

A = empirical constant

*Transient Radiation Effects on Electronics (TREE) Handbook, DASA 1420,
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r = k _"P = time constant of the response as a function of
O O

gamma dose, k and p being empi_'ical constants
O

(see Figure 4).

During interval B the induced conductivity is at equilib,'ium and its

value is determined by the. rate of exposure and temperature for a specific

material. This condition is characterized to a good approximation by

wher_

A 7 and _ = empirical constants (see Table 1) and

: gamma exposure rate in rads (HzO)/s.

The equilibrium or .saturation of the radiation.induced conductivity is attri-
buted to two conditions: (1) equal rates o3 free carrier generation and car-

rier annihilation through recombination, and (Z) the rate of free carrier
capture in trapping states equals that of trapped carrier decay.

The induced conductivity gradually decreases following the termination
of the irradiation. The measured conductivity of interval C has been charac-
terized for several organic materials by

n -t/'r.

o : Oeq k.z e (3)
i:l

where

.8

_eq ao + A/_/ : equilibrium conductivity

n = number of discrete decay time constants in the

recovery process

r. : decay time constants of the recovery

k. weighting factors associated with the ith1 1

A generalized expression for conductivity in insulating materials utiliz-

ing the "unit-step function", U(t), was combined with the three basic charac-
terizations presented above for intervals A, B_ and C by S. E. Harrison,
et al, to yield the equation

9
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TABLE 1, MEASUREDVALUESOF Ay AND 6 FOR EIGHT MATERIAL_
AS DEFINED BY (o -O o) RA y_ 6 (1)

Temperature, l_ngeof _,
M_terlal C 6 A y rad_ (H_O)/sec

Poly_yrcne 88 0.03 4.0 x 10"1'/ 1.7 x 10.2 to 5.0 x 108

49 0.97 4.0 x 10"I? 1.7 x 10"2 to fi.0 x 108

60 0.9'/ 4.0x 10"17 1.7 x 10"2 to 5.0 x 103

Polyethylene.-- 38 0.74 ..... 5.2 x 10"1_ 8.8 x 10"_ to 1._/x 100

40 0.74 6..q x 10"1_ 8.S x 10"_ to I.'/x 103

60 0. '/4 1.6 x 10"1/_ 8.3 x 10"P' to 1.7 x 103

Epoxy14"/8-1 38 No measurablephotoeonductivfl;ybelow _"a,1.7

1.0 g. Sx 10"1'/ 1.7to 4._ x 108

49 No measurablephotoconductivitybelow _ ,, 9.0

1,0 3,8x i0"1_ 9,0to 4,2x I03

60 No measurable phemconduetlvlty below
_f .. 7.5 X 101

1.0 3.3X 10"lq ?.5 X 101to 4.2 x 103

Polypropylene 38 O. 88 3.8 x 10"17 1.8 x 10"3 to 6.0 x 103

H_film 38 1.1 8.8x _0"18 1.8x lO'3to6.0x103

Teflon 38 1.0 1.2x 10"16 1.8x lO'3to6.0xlO3

Nylon 38 No measumMephotoconducttvitybelow _ = 8.0

1.3 £.8x 10"18 8.0 to-6.0 x 103

Diallylphthslate 38 0.30 _.lx I0 "16 1.8x I0"3 to 3.0x 162

1,7 8.0x 10"20 3.0x 10£W 6.0x 103

Notes: (1) Data taken under steady state conditions after 1.8 x 103 seconds of
electrification.

(2) Fifteen samplesof poiyethylene, polystyrene,and Epoxy1478-1 and three
samples of the other mate_ial¢_vere measured.

(3) Temperature is +1 C.

: 11
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The cumulative results of the temporary effects a_ pertains tn the.
electrical parameters of insulating materials are a reduction in breakdown
and flashover voltages as well as an increase in leakage current or conduc-
tance - the latter also being identified as a decrease in the materials insula-
tion resistance. However, these temporary changes in electrical character-

istics are often not large enough to prevent the use of organic insulators and

dielectrics in a radiation environment. This is especially true if the de-
signer considers these changes and makes allowances to minimize their ef-

fects. Where the designer is under severe space limitations or the applica-

tion includes a high radiation exposure rate, however, it may be necessary
to limit insulating material considerations to the inorganics.

Permanent effects of radiation on organic insulating and dielectric

materials are normally associated with a chemical change in the material.
Most important among these chemical reactions that occur are molecular

scission and cross-linkage. These chemical reactions or changes modify

the physical properties of the material. A softening of the material, de-
creases in tensile strength and melting point, and a greater solubility could

be the result of chain scission. Crosslinking leads to hardening, an increase
in strength and melting point, a decrease in solubility, and an increase in
density. Thus, the permanent effects of radiation on orga: _c materials is
predominantly a change in the physical properties. This physical degrada-
tion, however, may also be disastrous to the electrical characteristics of a

component part sucl_ as printed circuit boards, wire insulation, and con- 1

nectors. Radiation induced embrittlement of insulating structures, such as
these, where the insulation cracks or flakes could in turn cause a circuit to

fail electrically through an "open" or "short" circuit. This is often the case

when an insulator or dielectric material fails in a radiation environment,
i. e., physical degradation followed by failure of electrical properties.

12
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changes in dielectric IosB or dissipation, factor and insulation r_sistance

have also been recorded as permanent effects from exposure to a radiation
environment, These changes, however, are often quite small and it would be

the more uncommon application where they would offer any problem,

A secondary reaction that may occur when an organic insulator or di-
electric is irradiated is gas evolution. It is unlikely that the volume of gas

would be of serious concern except in the case of organic fluids where sufft.-

cient pr_ssur_ may be produced to distort or rupture a sealed enclosure,
Gas ovolutitm from the solid organic polymern is loss than that f_r liquid,

because of a greater possib|lity of recombination and limited diffusion. An-

other problem with some evolved gas species is that they are c_rro,iw_.
This is tru_ of the gases produced durin_ the irradiation of h_tlogenated hy-
drocarbons such a, polytetrafluoroothylene (Teflon) and KeI-F, Failure
from other causes, however, is likelyto occur before the corrosion would

become a problem, but some consideration in this area may be advisable
when selecting sealed parts - like miniature relays - that contain electrical
contacts.

Environmental conditions other than the radiation contribute to the

degradation of organic insulators a_nddielectrics. Temperature and/or
humidity may be important for some materials with the gaseous content of

the ambient atmosphere being of serious import to others. For example,
the absence of oxygen is known to increase the tolerance of tetrafluoroethyl-

ene to radiation by one to two orders of magnitude. This could be an impor-
tant factor when considering its possible use in a radiation application.

RADIATION EFFECTS ON INORGANIC MATERIALS

Inorganic insulating and dielectric materials are_ in general, more
resistant to radiation damage than the organic insulators. Atomic displace-

me,is are responsible for nearly all of the permanent damage that occurs in i

inorganic insulators, but constitutes only a small part el the damage in
organic insulators. No new bond formations are produced by the irradiation

of the inorganic insulating materials, and it is left unaltered chemically.

A large part of the energy of.lncldentradiation is absorbed through

electronic excitation and ionization producing a strong photoconductive effect

in inorganic ceramics. A higher mobility of charge carriers in the inorganic
compounds and the excitation produced quasi-free electrons are responsible

for this photoconductive effect. The generalized expression for conductivity
in insulating materials_ Equation (4), is applicable to the inorganic materials

1S
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as well as the organics, However, data are not available to provide the.

measured values of A 7 and 5. The high resistivityof inorganic insulators,
however, permits transient changes of several orders of magnitude to be
tolerated in most applications,

Atomic displacements lead to permanent changes in inorganic insula-

tors which are manifested as changes in density, strength and electrical.

properties. The density of crystallln_ insulators decreases from exposure
to fast neutrons while that of amorphous insulators, such as fused quartz and

glass, increases. Change_ in resistivity is the predominant effect on elec-
trical properties with littleor no cha_gn c_ccllvrlngin a-c characteristics.

The reader is cautioned in selecti_:gan inorganic insulator for appllca-

lion in a strong thermal=neutron £1oldanclsh_utd be guldod by the capture

cross section of the material. High absorbers such as boron compounds may
transmute and cause dlsplaccment dan_age to the point of serious deterlora_
ties of elvctrlcal properties.

RADIATION, EFFECTS ON SPECIFIC BULK r
SHEET_ AND FILM INSULATIONS

Electrical insulations of the bulk, sheet, and film type have been inves-
tigated as to the effect of radiation on their physical and electrical properties
by a number of experimenters. This section of the report summarizes the
results of these investigations.

Polyt etr afluor oethylene (PTFE)

Polytetrafluoroethylene (commonly identifiedas Teflon _FE, but also
including the trade names Helen T]_E, Tet=an, Fluon_ Polyflon and Algoflon)

has demonstrated a rather high susceptibilityto radiation damage, which is
quite apparent from its loss of physical properties when irradiated, The

rapid degradation of these properties by ionizing radiation is primarily at-
tributed to a prevalence of main chain scission by liberated fluorine atoms
and the production of entrapped fluorocarbon gases. Tensile strength and

ultimate elongation decrease and the material becomes embrlttled through
this damage mechanism. The embrittlement becomes severe with extended

irradiation (107 reds) and the polytetrafluoroethylene crumbles and/or pow.-
ders, The approximate damage threshold and the 25 percent damage dose
are 1.7 x 104 reds and 3.4 x 104 fads, respectively.
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There is evidence that the damage observed when polytetrafluoroethyl-

one is irradiated is a function of several factors. These include the various

types of polytetrafluor_mthylene such as TFE and the copolymer FEP, the

ambient atmo6phere, and the test temperature, It has been demonstrated

that Teflon-FEP i.9 more radiation resistant than TFE. In vacuum, 10-rnil-
thick FEP has retained its elongation properties for _ a factor-of-10 higher
radiation exposure tha_l similar TFE-7 film. (2) In air there was a factor of
16 difference between the doses at which FEP and TFE-7 Teflon retained

equivalent elongation properties. These differences are illustrated in Fig-

ure 5, which also gives a comparison between the effects of irradiation in
vacuum and air at room ternpcrature for various sample thicknesses. The
absence of air or oxygen improves the radiation resistance of Teflon. These

data also show a trend in the damage-thickness relationship.

The effect of elevated temperature i_ combination with irradiation is to

accelerate the degradation of the polytetrafluoroethylene's physical prop-
erties, i.e., similar deterioration occurs at a lower total dose. For exam-

ple, in one study only negligible damage was observed at -65 F after a dose

of _-. 6 x 105 rads, while the tensile strength decreased 40 and 60 percent
after similar doses at 73 and 350 F. (3} _

Polytetraftuoroethylene also experiences changes in electrical prop-

erties when it is subjected to a radiation environment. The electrical

parameters that have shown a sensitivity to radiation include dissipation

factor or loss tangent, volume resistivity, dielectric constant, and dielectric
strength. The changes observect are often insignificant in many practical
applications as long as the materials mechanical integrity is maintained.

Therefore, even though changes in electrical properties do occur, the degra-
dation of physical properties is the criteria often used in determining the
acceptability" of this material for use in a specific application.

The volume resistivity of polytetraFluoroethylene decreases two or

three orders of magnitude from initial values of 5 x 1017 to 1 x 1018 ohm-era
or greater when irradiated under vacuum conditions to total doses of 106 reds

! and higher. The degradation may continue after the radiation exposure is
terminated with an additional decrease of one or two orders of magnitude
over a period of several days. Recovery may also occur with the volume re-
sistivity approaching its preirradtation value several weeks after the

irradiation.

Dielectric constant measurements of polytetrafluoroethylene during and
following exposure to a radiation environment have shown increases of less

than 15 percent when irradiated in air or vacuum to respective doses of
8 x 10 6 and 10 8 fads. t_ecovery is essentially complete within a day or two
after the irradiation. Similar results have also been obtained under vacuum

15
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conditions at cryogenic temperatures to a dose of 7 x 106 fads (C). (2) Hc_w-
ever, when this test was terminated at 9.5 x 107 rads (C), the final value for

the dielectric constant during exposure was approximately Z2 percent higher

than the initial cryotemperature value.

! Significant increase_ of between _wo and fhree orders ot magnitude
occur in the low-f_'equency dls_jipation factor (60-I00 Hz) or loss tangent of
Teflon TFE when irradiated. This is true for irradiations at normal atmo-

spheric conditions (air) and in vacuum at room temperature _s illustrated
by the example shown in Figure 6, Exposure to radiation in an air environ _-
rnent results in an increase to a maximum value which is then maintained

during the irradiation. Irradiation.in a vacuum environment produces a

similar increase in dissipation factor, however, upon reaching a maximum

value this dissipation factor gradually decreases. The absorbed dose at
which the maximum occurs appears to be a function of the exposure rate in
that the peak occurs at a higher total dose with an increase in the rate of

exposure.

The recovery characteristics of the dissipation factor of Teflon irra-
diated in air and vacuum are quite different. That of vacuum irradiated
Teflon recovers rapidly and is essentially complete as long as it remains in

I the vacuum environment while the dissipation factor of Teflon irradiated in a
: normal atmosphere recovers gradually over several days or weeks. If the

vacuum irradiated Teflon is exposed to air or nitrogen after its recovery

under vacuum conditions the •dissipation factor increases sharply. Following

this increase, there is a more gradual recovery. Examples of these re-
covery characteristics are presented in Figure 7 after the exposure shown
in Figure 6.

Limited information on the effect of radiation on the dissil=ation factor
of different Teflon types indicate a difference in sensitivity to radiation. The
a-c loss characteristics of the copolyrner Teflon FEP-100 did not change

significantly when this material was irradiated to a total dose of
3.08 x 106 fads. (5) Similar radiation exposure caused substantial increases
to 0.408 and 0. 169 for TFE-6 (extrusion resin) and TFE-7 (molding resin),
respectively, in this same study.

Polychlorotrifluor.oethylene (Kel- F)

Polychlorotrifluoroethylene_ another fluoroethylene poIymer_ also ex-
periences severe degradation of its physical properties when exposed to a
radiation environment. It is reported to have a damage threshold of
1.3 x 106 rads (C) and a 25 percent damage dose of Z x 107 fads. (3) The
elongation of this material increased 47 percent and the impact strength

17
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decreased 16 percent when it was subjected to a total dose of approximate,ly
2.4 x 107 rads (C). (6) The ultimate _ensile strength was unaffected.

Electron irradiation with a total of 3.67 x 1016 e/cm 2 at 60 C so seri-

ously degraded a specimen of polychlorotrifluoroethylene that it could not be
measured as to its physical and electrical properties.

The degradation of the electrical properties of polychloretrifluoro-
ethylene from exposure to radiation includes a reduction in volume and sur-

face resistivity. Decreases of between one and two orders of magnitude

have been. observed in both of these parameters during X-ray irradiation to a

total dose of 2.1 x 107 rods in a vacuum environment. (5) Essentially, no
recover 7 was observed following the irradiation.

Measurements of dissipation factor during and following the irradiation

of this material has actually shown decreases or improvement in this cha_-

cateristic. Low values of 0. 001 after 1920 hours of recovery in air were
observed. (5)

A B.ussian study that included a total bremsstrahlung dose of 6 x 107

roentgens produced similar reductions in volume resistivity. (7)

Polyethylene

In some respects, polyethylene improves with exposure to radiation in
that its softening-point temperature increases for exposures of less than

107 rods (C). In addition, the tensile strength also increases until approxi-
mately 108 rads, after which it decreases and is 25 percent below the initial

value at approximately 1010 fads (C). (3) The damage threshold is greater
than 107 fads (C).

There are some differences in the results obtained from the irradiation

of polyethylene with thinner films degrading at lower radiation doses than

thicker films. This difference in behavior is attributed, at least in part, to
the oxidation of the polyethylene when it is irradiated. Other factors that
contribute to differing results are the various densities in which this material
is produced and the addition of fillers.

A study where polyethylene of low and high densities and another which

was carbon-black filled were exposed to an electron dose of 5.8 x 1016 e/cm 2
at 60 C illustrates the differences these factors make. (8) The hardness and

stiffness in flexure of the high-density material decreased as a result of the

irradiation while the low-density and carbon filled experienced increases in

20
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these properties. The high-density polyethylene also increased in tensile
strength and the others decreased.

The electrical properties of polyethylene also degrade when this

material is exposed to a radiation environment. Measurements of the insu-
lating qualities such as volume resistivity, surface resistivity, and insula_
tion resistance indicate that a decrease of up to three orders of magnitude
occurs in these parameters during irradiation with p_rmanent decreases of
one order of magnitude. The dissipation factor at l, KHz increases one to
two orders of magnitude as a result of irradiation and the dielectric constant
changes less than • 5 percent.

Polystyrene

Irradiation studies of polystyrene have shown it to be one of the most
radiation resis.tant plastics among those used for insulating purposes in elec-
tronic circuitry. It has a damage threshold of 10 8 rads (C) and does not ex-

perience 25 percent damage to its physical properties below 4 x 109 fads (C).

f Polystyrene is subject to postirradiation oxidation that continues for several
I weeks_ however, oxidation plays little or no part in the radiation damage that
I OC cur S.

_ Electron irradiation to a total dose of 5.8 x 1016 e/cruZat 60 C has

resulted in decreases of approximately 50 percent in the tensile strength

, and ultimate elongation. (8) The hardness and the stiffness in flexure also

decreased 1 percent and 13 percent, respectively, during this same s_tudy.
These results indicate the polystyrene becomes more flexible and so_ter as
a result of the irradiation.

• The insulating quality of polystyrene appears to be the only electrical

property that is affected by exposure to radiation. Permanent decreases of
one and two orders of magnitude have been observed in the volume resistivity
and insulation resistance of this material following doses as low as 4.5 x
106 rads and as high as 108 fads. Other electrical parameters such as
dielectric constant and dissipation factor have shown littleor no change from

exposure to a radiation environment within this range of totaldose.

4

Polyethylene Ter ephthalate

Polyethylene terephthalate (Mylar) has shown improvement in its physi-

cal properties when exposed to limited radiation doses with very little degra-
dation in electrical properties. There is, however, some disagreement con-
cerning the dose at which the trend toward improved physical pt'operties is
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reversed and degradation begins. Based upon available information, the best
estimate for the dose at which this reversal occurs is I06 to 107 rads (C) for

X-ray and reactor irradiation. Radiation exposure to doses of 108 rads and

above eause_ severe ernnbrittlernent of polyethylene terephthalate to a degree
that properties are unmeasurable.

Degradation of the electrical properties of polyethylene terephthalate
within the doses described above, 106 to 107 rads (C), is insignificant.

Changes in the insulation resistance, volume resistivity, ar_l surface resis-
tivit 7 as a result of irradiation are limited to approximately one decade.

The dielectric constant and dissipation factor remain, essentially,
unchanged.

Polyamide

Polyarnide (nylon) sheet or film insulation changes in both physical and
electrical properties when subjected to a radiation.environment. This
material experiences threshold damage at a dose of 8.6 x 105 r_ds (C) and

25 pe=cent damage at 4.7 x 106 rads (C). These..doses are based upon losses
in ultimate elongation and impact strength. Another property of polyamide
that deteriorates from radiation exposure is stiffness in flexure, which has
increased between 52 and 181 percent, depending upon the nylon type, after
exposure _o an electron dose of 5.8 x 1016e/cm 2 at 60 C.(8) This same ex-

posure improved-the tensile strength by 49 to 107 percent. This agrees
with other radiation studies which have shown increases in tensile_strength
of 25 percent for doses over 109 rads (C).

Information on the effects of radiation on the electrical properties of
polyarnide is limited to results of the electron irradiation mentioned above.

Exposure to this radiation environment produced an increase of approxi-
mately one order of magnitude in the insulation resistance and a decrease of
les_ than an order of magnitude for the dissipation factor. A decrease in
dielectric constant was .insignificant at 1 MHz and varied between 5 and

32 percent at 1 KHz, depending on the polyamide type.

Diallyl Phthalate

Diallyl phthalate with various fillers such as glass or Orlon has shown
exceptional radiation tolerance for a plastic insulating material. Little or no

permanent degradation of physical or electrical properties have been ob-
served with radiation exposures to doses of between 10 8 and 1010 rads (C).

Insignificant changes are observed in the hardness and flexibility" of this

material when irradiated to these total doses. The ultimate elongation and
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tensile strength of Orlon-filled dlallylphthalate actually increased or im_

proved with exposure to an electron dose of 5.8 x 1016 e/cm 2 at 60 C.

The electrical properties of dlallylphthalate such as dielectric con-

stant, dissipation factor, and insulation resistance are affected by exposure
to a radiation environment such as described above. The amount of degra-

dation or change in these parameters because of this exposure is of little

practical significance, Permanont changes in dielectric constant have been
less than 6 percent whila dissipation factor-, has recovered to below the ini-
tial value. Increases in in_ulation resistance durin_ exposure are followed

by compl_t_ recovery soon after the irradiation is terminated.

Polypr opylene

Polypropylene is subject to a severe loss in physical properties when
exposed to a radiation environment. Above a total dose of 107 fads (C) this
material becomes embrittled and experiences decreases in tensile and im-

pact strengths that approach 60 and 75 percent_ respectively_ at a dose of
5 x 107 fads (C). An electron fluence of 5.8 x 1016 e/cm 2 at 60 C resulted
in decreases of 87 to 96 percent in ultimate elongation and tensile strength.(8)
This electron fluence also produced a decrease in hardness of 25 percent

which is in agreement with results from other studies where polypropylene
became increasingly softer and more flexible with doses of between
Z. 6 x 108 and 8.7 x 108 fads when lower doses caused embr.ittlement of the
material. (9) The suggested mechanism for this reversal in the effect of
radiation is that at higher doses some of the polypropylene chains have be-

come low in molecular weight from chain cleavage and this lower molecular

weight material plasticized the remainder of the polymer.

The permanent degradation or change in electrical properties that oc-
curs when polypropylene i_ irradiated to the above doses is of little or no

practical significance. The dielectric constant decreases slightly and the
insulation resistance decreases less than am order of magnitude. Measure-

ments of a-c loss such as power factor and dissipation factor at 1 EHz to
1 MHz have varied from no observable change to an increase from between
0. 0005 and 0. 0008 to between 0.00Z and 0. 003. No information concerning

temporary changes that might occur during irradiation is available. 1

Polyur ethane

Polyurethane has shown good stability in both physical and electrical
properties when exposed to a radiation environment. Irradiation to doses up
to 7 x 108 fads (C) has caused very little change in flexure s_rength or
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modulus.(10) Aweight loss of 1 percent between this dose and 1.75 x 108

rads (C) indicates the possibility of approaching a damage threshold. No

information is available.above this dose, however, with the exception of the
results from an electron fluence of 5.8 x 1016 e/cm 2 at 60 C. (8) Serious

deterioration of physical properties occurred from this radiation exposure
and included a 67 and 176 percent increase in hardness and stiffness in flex-

ure, respectively. A 59 percent decrease in tensile strength and a 99 per-
cent decrease in ultimate elongation were also noted following irradiation to
this electron fluence.

Information concerning the effect of radiation on. the electrical prop-
_rties of polyurethane is limited to results from two radiation studies: the

electron irradiation mentioned above and a reactor exposure to a neutron

fluence of 1.2 x 1014n/cm 2 (E > 0.5 MoV) and gamma dose of 1.4x I0 6

reds at 16 C to 29 C. (11) Insignificant permanent changes in the insulating
properties, volume resistivity, or insulation resistan.=e of less than one
order of magnitude were observed as a result of these two studies. The dis-

sipation factor at 1 MHz was essentially unchanged while that at 1 KHz in-
creased approximately 30 percent in the reactor study (~6.0 to 7.4) and

doubled in the electron irradiation study (0.02 to 0.04). The only disagree-
ment in the results of the two studie_ was the dielectric constant which de-
creased 6-1/4 percent at 1 KHz from the electron irradiation and increased

approximately 16 percent from the reactor exposure. This difference is

unexplainable at this time; it may be from minor differences in the polyure-
thane or in the environmental conditions since the electron radiation study
was conducted in a nitrogen atmosphere while the reactor study was under
vacuum conditions.

Polyvin¥1idene Fluoride

Polyvinylidene fluoride (Kynar 400) has shown higher radiation toler-
ance than other fluorocarbons such as Teflon and Kel-F. It has demonstrated•

an ability to withstand irradiation to a dose of 107 fads (C) in air or vacuum

with no indication of degradation in physical properties except color change.
An order of magnitude increase in the radiation dose to 108 reds (C) and

above causes embrittlement and loss of flexibility and tensile strength. Low
temperature, however, increases the radiation tolerance of polyvinylidene
fluoride in that doses of this magnitude, 108 fads (C), at cryogenic tempera-

tures do not reach damage threshold.

Changes in the electrical properties of polyvinylidene fluoride include

decreases of between two and three orders of magnitude in volume resistivi.ty
during and after irradiation to doses up to 2.1 x 107 and 6.6 x 107 reds (C) in
an air and a vacuum-cryotemperature environment, respectively. (2) A de-
crease of approximately five orders of magnitude occurred with a dose of
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2.1 x 108 rads (C) in the air atmosphere. Dissipation factor increased less

than.one decade, and the dielectric constant was essentiall V unaffected by" the
irradiation.

M_s cellaneous Organics

R_diation effects information is available on organic bulk, sheet,

and/or film matel'ials other than those discussed on the preceding page. The
information, however, is limited to results from. eel 7 one radi_tion effects
test of each material. Therefore, these results are limited to the tabular

presentations of Tables 2and3. Table 2 is a listing of materials that wer_ so

seriously de_raded by the indicated radiation dos0 that their physical and

electrical,properties c_,uldnot be tested or measured. The listingin Table 3
consists of these materials that survived exposure to the radiation environ_

ment and includes some of the particulars concerning changes observed in

their physical and el.ectricat properties.

Ceramic

Ceramic insulating materials, such as silica, Steatite,Alsimag, Alex,

and Pvroceram, in sheet and other basic physical coufigurations have shown

virtuallyno change in a-c properties (dissipationfactor and dielectric con-
stant) with X-maT irradiation to doses up to 107 fads. Similar results have
also been observed with reactor i=radiation to doses as high as 1017 n/cm 2

and 109 fads (C). Permanent decreases of between one and two orders of

magnitude will occur in the volume and surface resistivityof ceramic Insu-

latingmaterials at these doses.

A change or darkening in color is the only observable change in the

ceramics physical properties at the above doses. Howevez_ investigations

of physical damage to doses of 1019 -1020 n/cm 2 have shown dimensional and
density changes. The latter varying from 1 to 1.7 percent depending upon the
material tested.

Mica

Mica is the only inorganic insulating material o*':er than ceramics on
which there are radiation effects data for sheet or o'Let oas_.c physical forms

of the material. These data are limited to the evaluation of physical damage

at total doses up to 5x 1013 n/cruZ and 1 x 108 rads at 200 C.(13) No sig-

nificant effect has been observed other than color darkening for most forms
of mica including flexible mica paper and flake and rigid-mica mat. A rigid,
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TABLE Z, MISCELLANEOU'S ORGANIC BULK, SHEET, AND/OR FILM
MATERIALS WHICH LIM/TED INFORMATION INDICATE AS

UNSATISFACTORY AT THE RADIATION DOSE INDICATED(8)
i . I.L........................................... ' I ......................................

! • I

Material _dentiftcation. Total integrated Exposure
'lit_ im

Acetal resin I,Z2 x 1016 e/cm z at 60 C

Acrylic plastic, molding grade 5,80 x I016 e/cm z at 60 C
(rubber modified)

Ally1 carbonate--plastic,cast 4. I0 x 1016 e/cm z at 60 C

Cellulose acetate 5.80 x 1016 e/cm z at 60 C

Cellulose butyrate 4. I0 x 1016 e/cm 2 at 60 C

Cellulose propionate. 4. I0 x 1016 e/cm z at 60 C

Chlorinated polyether Z.90 x 1016 e/Ginz at 60 C

Polydarbonate 5.80 x 1016 e/cm z at 60 C

Poly£1uoroethylenepropylene, Teflon FEP 3.67 x 1056 e/cm z at 60 C

(c opolyme r )

Polymethyl methacrylate, cast I.Z2 x 1016 e/cm z at 60 C

Polymethyl methacrylate, molding grade 4. I0 x 1016 e/cm z at 60 C I

Styrene acrylic copolymer 2.90 x 1016 e/cm 2 at 60 C

Polyvinyl chloride, DOP plasticized 3.67 x 1016 e/cm z at 60 C ,

Polyvinyl chloride, rigid 4. 10_x.1016 e/cm g at 60 C

Z6
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TABLE i. I_ADIATION EFFECTS ON MISCELLANEOUS ORGANIC BULK, SHEET, AND/OR
FILM MATERIALS WHERE ONLY LIMITED INFORMATION IS AVAILABLE

Materia I Total Integrated

ldenl ificatiun Exposure Rvmark_

Acrylcmltrile -t)uladiene b, g x l016 e/crn 2 at 60 C Hardness increased 13 perct, nt; fle×ibiltt_,,

- atyrm_e tensile strength and ultimate elorlgatlt_n
decreased 49, 58, and 9_ percent, rospec-

lively. Dielectric constant invreasod, 1,%

perconl and DI.' decrvaaod ,lightly. IR
increase.d. _g]

Styre.e-act'yhmitrih, ¢_,8 x 1016 e/cm Z at 60 C TenHih, r*lrength and ultimat- eh,ngati.n
c,_p,dynler decreased _4 and 47 percent, rospectiw,ly,

HardnesH was unchanged and flexibility in-

crea_ed 6 percent. Dielectric constant
increased 4 to b percent. DF incruast;d to
0,01 at 1 KHz and 0.40 at 1 MHz, IR de-
cre*:sc.d ore' decade. (8)

Styrene-butadione 5.8x 1016 e/cm 2 at 60 C Flexibility and ultimate elongation de-
(high-impact styrene) creased more than 90 percent and tensile

strength decreased 35 percent. Hardness
increased. Dielectric constant increased

slightly while DF increased -50 percent.
IR increased. (8)

Styrene-divinylbenzene 5.8 x 1016 e/cm g at 60 C Changes in physical properties were of no
practical significance. (8)

Polyvinyl chloride 5.8 x 1016 e/cm g at 60 C Insignificant changes in hardness, tensile
acetate strength, dielectric constant, and dissipa-

tion factor. Insulation resistance decrease

two decades. Flexibility increased 30

percent. (8)

Polyvinylfluoride 5.8 x 1016 e/cm 2 at 60 C Serious degradation prevented measure-
ment of physical degradation. Dielectric
constant decreased 7 percent and dissipa-
tion factor increased one decade. Insula-

tion resistance did not change, {8)

Epoxy/glass laminate Z x 1013 n/cm Z Unaffected (z)
(E >0. 1 MEV)
I x lO8 fads(C)

Epoxy/glass laminate 0.86 x 10 6 rads No induced conductivity and no change in
(copper clad) a-c loss properties. (5)

Polyester/glass Z. 5 x 106 rads Volume and surface resistivitydecreased
laminate three decades. Dissipation factor in-

creased from 0. 003 and 0. 006 to 0. 019

and 0. 010. No change in dielectric
constant. (5)

91-LD Resin/181-Volan 2.5 x 1015 n/Cm z at 55 C No degradation in physical properties. (lZ)
A laminates (copper
clad)

Silicone/glass _. 0 x 1013 n/cm z at 200 C 49 percent loss in flexure strength, slight
laminate I. 0 x 108 rads change in color, thicknes% and weight. (13)
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inorganic, bonded amber mica, however, experienced a 29 percent decrease
in flexure strength at the above dose.

R.ADIATION EFFECTS ON SPECIFIC WIRE

AND CABLE INSOLATION

Both organic and inorganic wire insulations have been tested and evalu-
ated as to their radiation resistance. A serious deterioration of physical

properties as a result of irradiation has occurred with some organics while
others have demonstrated a high level of radiation tolerance, surviving doses
of up to 108 fads (C). Special cables and wires insulated with inorganic
materials have shown similar radiation resistance to doses of 1010 and

1011 R. Changes in the electrical properties of wire having either organic
or inorganic insulation are generally of little practical significance and in-
clude both temporary and permanent effects. The insulation resistance may
decrease several orders of magnitude during irradiation and then completely
recover or recover to within one order of magnitude of the initial value when
the radiation exposure is terminated. Permanent decreases in dielectric
strength have also been observed following exposure to radiation as have in-
creases in dissipation factor and the attenuation of coaxial cables. Details
concerning these and other effects of radiation are discussed in the following

paragl"aphs as they pertain to specific wire and cable insulation.

Polytetrafluor oethylene

Polytetrafluoroethylene (Teflon) wire insulation has shown severe deg-
radation in physical properties as a result of exposure to a radiation environ-

ment. The extent of the damage that occurs is sensitive to total dose and
varies from a noticeable decrease in wire flexibility to the complete disinte-

gration of the material.

The lowest total dose at which information on changes in physical char-

acteristics is available is 103 rads with a 5 _sia oxygen atmo3phere and
ambient temperature of 90 C as other environmental conditions. (14, 15) A

decrease in flexibility was noted for a wire specixnen having TFE Teflon
insulation with an ML (polyimide resin} coating after exposure to these condi-

tions. Wire insulated with the copolyaner Teflon FEP and having this same
outer coating, however, showed no loss in flexibility, nor did a Type-E TFE
insulated wire per MIL-W-1687D. Similar results also occurred for a dose
of 6 x 104 rads with a vacuum of 10 -6 torr and a temperature of 150 C.

Z8
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These results indicate two possibilities: the TFE Teflon (pQlytetrafluoro-

ethylene) insulated wire with the ML coating has a lower radiation tolerance
and/or the 103 to 6 x 104 fads total dose is the threshold area for damage to

polytetrafluoroethylene insulated wire and damage to the other wire insular

tions was not yet apparent. The latter, i.e., approaching damage threshold,
would compare to damage thresholds determined by other experimenters.

The change in the physical properties of polytetrafluoroethylene insu-
lated wire and cable continues with increasing dose and complete deteriora-

tion has been reported after total exposures of 107 and 108 rads (C), The

damage is such that the inner core of a Teflon insulated coaxial cable will

appear sound, but will powder and crumble when stressed mechanically
through handling or testing. Failure of this type in a coaxial cable could be

expected to include shorting between conductors and/or between conductors
and the outer sheath or shield when radiation environments reach these dose

levels. This should be of special concern in applications that include vibra-
tion or other mechanical stresses as a part of the intended environment.

The irradiation of polytetrafluoroethylene insulated wire also results in
the degradation of electrical properties. Insulation resistance measurements
performed before and after irradiation have shown little or no significant
change in this parameter. Breakdown voltage has decreased as much as

50 percent between twisted pairs of wire having initial breakdown at voltages
as high as 15.8 to 28.2 kilovolts. (14, 15) The post test range was 9.1 to
14.2 kilovolts. Several electrical characteristics of coaxial cables have

• shown the effects of degradation. The attenuation of a 10-foot length of
RG-225/U at 400 lV'_I-Izincreased 0.20 db while the change for a similar

: sample of R.G 142/U was so great it could not be measured after a total expo-
sure of 3 x 1016 n/cm 2 (E > 0. 1 MeV) and 2.3 x 108 fads.(16.) The RG 142/U

cable also experienced larger increases in other measured parameters in-

cluding VSWl_ (1.19:1 to 2.4:1)_ apparent change in electrical length (0.224
wavelength), and phase shift (between 0 and +15 degrees).

Polyethylene

The physical and electrical properties of wire and cable that incorpo-
rate polyethylene as the insulating media have shown little or no degradation

for total doses up to 107 and 108 rads (C) at temperatures of from 15 C to
100 C. This is a comparatively high radiation tolerance for plastic insu-

lated wire. Some degradation is apparent in the physical properties after a
dose of 1 1 x 108 R with the darkening o£ the polyethylene_ but it still re-
mains resilie'_at with no indication of stiffness. It is estimated that threshold

damage occurs at approximately 5 x 108 R. Loss of flexibility has been ob-

served, however, after cable insulated with polyethylene and having outer
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jackets of either Estane or Alathon received a totaldose of I x 109 R. (17)
The polyethylene of both cables was brown, and brittleand broken on the
whre. The Estane jacket on the one cable was very pliable while the Alathon
jacket on the other was very brittle. This embrtttlement of the outer jacket
material of a cable can offer a problem, particularly with a coax or shielded

type, in that some materials used for this purpose become brittle at lower
doses than the polyethylene. Therefore, it can be the limiting factor in the
application of a cable rather than the insulating material used on the-o_tx_ or
wires the jacket encloses.

The electrical properties of polyethylene insulated wire and cable have
shown some degradation during and following exposure to a radiation environ-

ment. Insulation resistance is both rate and dose sensitive with changes of
one to three orders of magnitude observed during exposure. Recovery is
essentially complete foll_wing the termination of the irradiation. The char-

acteristic impedance of coaxial cables has shown some variation as a result
of xadiation exposure but the extent of these variations are of little signifi-
cance (0.5 to ~I0 percent). Data on other coaxial cable parameters is lim-

ited but indicate little or no change occurs in attenuation, VSWRr_Qr__a_pparent
electrical length when these cables are irradiated.

An induced current is also an electrical characteristic that has been

observed in electrical cable of various insulations. The only steady-state
radiation data concerning this effect is limited to polyethylene insulated
coaxial cable. (18) Currents of the order of 10-8 amperes were observed
during the cables exposure to the radiation which-included 1.2 x 1012
n/(cm 2. s) (E > 2.9 MeV) and 7.5 x 107 R/hr gamma at a reactor power of

i megawatt.

Silicone Rubber

Silicone rubber wire insulation does not experience noticeable degrada-

tion of its physical properties at doses up to 106 R. A slight change or light-
ening in color with a barely perceptible loss in resilience or flexibility has
been observed in flat-ribbon multiconductor wire insulated with this material

after an exposure of 107 R. (19) Serious deterioration of the wire's mechani-
cal qualities occurs with a total dose of 108 R and above. There is a definite

loss in flexibility and the silicone rubber insulation will crack and/or

crumble when the wire is stressed mechanically.

The insulation resistance of wire insulated with silicon rubber de-

creases one or two orders of magnitude daring irradiation wil_h recovery to
within one order of magnitude when the exposure is terminated. If the envi-
ronmental conditions also include moisture and/or elevated temperature the
combined effect can decrease the insulation resistance even further. The
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breakdown voltage of silicon wire insulation has shown some variation be-
tween pre- and postirradiation measurements after doses of 10 3 and 4 x 10 6
rads. (14, 15) These changes in breakdown voltage, however, include both
increases and decreases and are of little significance.

lUolyimide

Polyimide resin film, ML, wire insulation has shown no indication of
deterioration in physical or electrical properties up to a dase of I. 5 x 10 8
rads (C) and 4.4 x 1017 n/cm Z (E > 0.1 MeV). Flexibility and stripping
characteristics are unaffected with no visible difference between wire that
has been irradiated and that which has not. Measuremer_ts of electrical

parameters such as insulation resistance, capacitance, and dissipation fac-

tor have Shown no significant difference between pre- and postirradiation
values. Wire with a combination of glass braid and polyimide resin film
insulation exhibited a breakdown voltage of Approximately 1000 volts before
and after receiv.ing the total exposure-indicated above. (19)

The absence of degradation at doses up to.1.5 x 108 rads (C) demon.-
strates a high level of radiation resistance for this wire insule,tion with a
possibility of satisfactory performance at even higher doses,

Irradiation-Modified Polyolefin

Irradiation-modified polyolefin _ insulated wire has experienced no
serious degradation in physical or electrical properties when irradiated to
a total dose of 5 x 108 fads. The insulation may change somewhat in color_

but it remains flexible and has some degree of compressibilit 7. Wire spec-

imens insulated with this polyolefin have successfully met standard military

bend tests using a 10-D Mandrel following an electron dose of 5 x 108 reds
at 23 C. (Z0) A test to determine the corrosiveness of any gas evolved from

the polyolefin on copper and aluminnm surface mirrors was also included
in this same study. No corrosive effect was observed.

Information on the effect of radiation on the electrical properties of

irradia_ion-modi£ied polyolefin insulated wire is limited to comparisons of

pre- and post-test measurements. However, the designer should allow for
a decre_,se of one to three orders of magnitude in insulation resistance dur-

ing irradiation as a precautionary procedure. No significant changes of a
permanent nature occurred in the only study that included measurements of
insulation resistance and breakdown voltage on irradiation-modified poly-
olefin insulated wire. (14, 15) The two environmental combinations used in

this study were (1) ari X-ray dose of 6 x 104 reds with a vacuum of 10 -6 torr

*Unidentified as to whether polyethylene or polypropylene.
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and temperature of 150 C and (2) an X-ray dose of 1 x 103 fads with a 5-psia
oxygen atmosphere and a temperature of 90 C. The stability of the insulat-
ing qualities of this material when irradiated was also demonstrated in
another study when wire insulated with this material completed a wet dielec-

tric strength test of 2.5 kilovolts after a radiation dose of 500 megarads.(20)

Coaxial cable insulated with irradiation-modified polyolefin (polyethy-
lene) experienced an increase in attenuation of 0.30- and 0.40-db when ex-

posed to a total dose of 2.9 x 108 fads (C) and 3.0 x 1016 n/cm -2 (E > 0.1
MeV). (16) At the same time there was littlechange in VSWR and the ap-
paren*, change in electrical length was 0.08- and 0. 106-wavelangth.

Irradiation-modified polyolefin insulated wire and cable has demon-

strated a high tolerance for radiation when compared to other organic in-
sulations and should be suitable for many applications that include radiation
as an environmental condition.

Miscellaneous Organics

P_adtation effects information is available on five organic wire insula-

tions other than those discussed above. This information, however, is lim-
ited to results from onty one radiation effects test of each. Therefore, with
one exmept_on, this radiation effects information ia£_fined to the tabular
presentation of Table 4.

TABLE 4. RADIATION EFFECTS ON MISCELLANEOUS ORGANIC

WIRE INSULATIONS

Material Total Integrated

Identification Exposure (a) Remark s

Alkanex 5.3 x 107 R, Co-60 Satisfactory performance. 150 C

(encapsulated in rigid epoxy arid
semi-rigid silicone). (22)

Silicon-alkyd 5.3 x 107 R. Co-60 Satisfactory performance. 150 C

(encapsulated in rigid epoxy and
semi-rigid silicone). (ZZ}

Polypropylene 7. i x 107 rads(C), Co-60 Unsatisfactory, becomes brittle

and cr£tmbles (15 C, 55 C, and
lOO C). (Z3)

XE-9003A 4.08 x 1016 n/cm 2 Ambient temperature. Unsatis-

(E > 0.5 MeV) factory, insulation too brittle and

Gamme dose unknown cracked for postirradiation

testing. (24)

SE-975 4.08 x 1016 n/cm 2 Ambient temperature. Unsatis-
(E > 0.5 MeV) lactory, insulation cracked and

Gamma dose unknown too brittle for postirradiation

testing. (24)

(at These exposures are not to he interpreted as indicating superiority in

radiation tolerance of any material, They are the limits to which the

wires ur cables have been subjected and are not damage thresholds,
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The single exception is the results of a stud_ o_ electron irradiation of
polyethylene terephthalate insulated ribbon wire. (1) The purpose of the
study was to determine the effects of shunt capacitance on temporary effects
of the electron irradiation. Results of this study indicate that a voltage pulse
observed during irradiation at 3.1 x 1010 e/(cm 2' s) (E < 60 keV) at room

temperature varied inversely with the total capacitance in the system. The
average pulse height decreased from 5.1 volts at 1.1 x 10-9 farad to less than
0.01 volt at 1.0 x 10 -7 farad. Increasing the load resistance from 3 kohms

to 300 kohms increased the maximum pnlse height to 35 volts and 0.2 volt,

respectively, for the minimum and maximum capacitance values mentioned
above. After irradiation to a total dose of 1.1 x 1014 e/cm 2, electron dis-

charge p_tterns (Lichtenberg figures) were found in the insulation. Kough
calculations indicated that the power density along the discharge path is
adequate to produce the physical damage observed. The actual pulse height
of the discharges were possibly as high as 11,000 volts and power densities
of 3 x 1010 watts/era 2 were indicated if a discharge time of 0.01 micro-

second is acceptable. The data supports a postulate that a portion of the
incident electrons are stopped and stored within the. dielectric. This charge
increases with irradiation and at some point in time it is released and trans-

ported to the conductor and is observed as a voltage pulse.

Ceramic

Magnet wire insulated with ceramic enamel (Ceramicite and Cerami-
temp), has demonstrated a high tolerance for radiation for total doses up to
1.5 x 108 fads (C) and 4.4 x 1017 n/cm 2 (E > 0.1 1V£eV) at room temperature.
A tendency to powder during stripping tests is the only indication of deteriora-
tion of physical properties. The stability of electrical properties has also
been satisfactory with some loss in dielectric strength and insulation re-
sistance being observed. A decrease of approximately 16 percent occurred
in breakdown voltage or dielectric strength between pro- and postirradiation
measurements in one study. (19) Results of other studies have shown a
definite differe:._ce between the dielectric strength of irradiated and control
specimens. These differences could be termed insignificant with one excep-
tion where the results of a study shows a breakdown voltage of 60 to 160 volts
for irradiated specimens and 140 to 500 volts for control specimens. (13)

Considerable difficulty due to the hygroscopic property of the ceramic insula-
tion was encountered with these measurements and may have contributed to
some of the difference. Changes in the insulation resistance as a result of
exposure to a radiation environment have been insignificant.
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Miscellaneous Inorganics

Radiation effects information on seven inorganic wire insulations other

than the ceramic discussed above is limited to single evaluations of the radi-
ation resistance of each.wire or cable. Of the seven wires and cables tested,
four are standard products and three are special or non-production items.

Because of the limited information available, information concerning the
radiation resistance of these wires and cables are presented in the tabular
format of Table 5.

RADIATION EFFECTS ON ENCAPSULATING COMPOUNDS

En,:apsulating compounds that have been evaluated as to their radiation
resistance include epoxy resins, silicone resins, polyurethane, and an in-

organic, calcium aluminate. These materials, generally, experienced in-
significant changes in their physical and electrical characteristics from the
radiation exposures to which they were subjected. Any exceptions will be
discussed in the following paragraphs along with details concerning the ef-
fects experienced by all materials tested and the radiation environment to
which they were exposed.

Silicone resin encapsulating materials, such as RTV-501 and S71gard

182 and 183, have not been seriously degraded at radiation exposure doses of
2 x 1013 to 1.5 x 1015 n/cm 2 and 2 x 10 °to 108R gamma. Degradation of
the physical properties has been limited to a slight but insignificant weight
loss of less than 1 percent. Insulation resistance data show permanent de-
creases of 40 to 50 percent with the minimum resistance of approximately
1012 ohms after a total exposure of 1.5 x 1015 n/cm 2 and Z x 106 R gamma.
In the only study where measurements were performed during irradiation,
the insulation resistance decreased by something in excess of one order of
magnitude (>1012 ohms to 1 x 1011 ohms) when the reactor was at its maxi-
mum power level of 30 kW. (zg) An estimate of the neutron and gamma rate
at this level is 1011 n/(cm Z-s). (E > 0.1 MeV) and4x 105 R/hr.,
respectively.

Limited information on a polyurethane %am encapsulant indicates that
this material may be more sensitive to radiation exposure than other en-

capsulating materials. Decreases in insulation resistance have approached
three orders of magnitude during exposure to 1011 n/(cm z. s) (E > 0. I MeV)
and 4 x 105 R/hour. Full recovery occurred, however, within 3 days after
the irradiation was terminated with a total dose of 1.5 x 1015 n/crn 2 and

Zx 106Rgamma.
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TABLE ft. RADIATION EFFECTS ON MISCELLANEOUS INORGANIC WIRE HqSULAT_ON

Material Total Integrated

Identification Exposure Remarks

Silica-glass (39001-1-1b) 1. 5 x 108 rads _C) Room temperature. No visible signs ofdegrada
double shie'ldcd coax 4.4 x 107 n]cm _ tion. No electrical tests.(19)

(E >0. 1 MeV)

Quartz (39Q02-3-2b) 1.5 x 108 rads (C) Room temperature. No visible signs ofdegrada-
: multlconductor coax 4.4 x 1017 n]cm2 lion. No electrical tests.(19)

' (E >0. 1 MeV)

Asbestos and fiber 9.8 x 107 rads 200 C. No breaking, cracking, or spalling was

(Phosroc III, aSS-S- 4. 1 x 1013 n]cm 2 evident when subjected to a bend test. Weight
203) lead wire loss <0. Z percent. No electrical te_ts. Slightly

darker in color. (13)

, Mica paper-fiberglass 1.1 x 108 fads Z00 C. No breaking, cracking, or spalling was

(Mica-Ternp, aSS-5- 4. 5 x 1013 n/cm 2 evident when subjected to a bend test. Weight

• . 304 loss <0. 15 percent. Slightly darker in color. (13)

, S-994 Fiberglass 7.4 x I0 I0 R Environment also included a temperature of

: (Stainless steel over- 1.5 x 1019 n/cm Z 1200 F. Duration of test Z300 hours. The in-
braid and inner shield, (E >0.1 MeV) pile insulation resistance was within 1/2 decade
see Figure 8) of non-nuclear results in almost all cases. Tem-

perature was the overwhelming factor in deter-

. mining level o£ insulatiz)n resistance (_I07
ohms).(25, Z6)

Ceramic Kaowool and i010 . i011 R Cable met 1200 volt rms dielectric breakdown

Refrasil (Power cable) (Estimated) requirement. Also, withstood 2000 volt rms be-
3 x 1019 n/cm 2 tween conductor and ground for 5 m: _s. (Z7)

Magnesium oxide 5 x 107 rads (C) Met dielectric strength requirerv.e. .1 1200 volts
(Rhodium conductor 1.0 x 1015 n/cm 2 rms for 30 seconds. Insulation resistance de-

and platinum sheating) creased as much as four orders of magnitude be-
tween pro- and postirradiation measurements. (28)

(a) These exposures are not to be interpreted as indicating superiority in radiation tolerance of any
material. They are the limits to which the wires or cables have been subjected and are not

damage thresholds.
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Several, but not necessarily all epoxy resin encapsulants have shown a
radiation resistance that is above average for plastics. They have withstood
neutron and gamma doses up to 1.1 x 1016 n/cm 2 (E > 0.5 MeV) and 109 reds
(C) from a reactor source without serious deterioration. Similarly, electron

irradiation to a total exposure of 5.8 x 1016 e/cm2 (E = 1.0 MeV) at 60 C
produced only limited degradation of an epoxy's phys_,cal and electrical prop-

erties. Epoxies that have shown a s_tisfactory radiation tolerance within the

limits to which they. were tested are listed in Table 6.

Information concerning the degradation of an epoxy encapsulant's phys-

ical properties indicate that a noticeable darkening in color and a slight loss
in weight occurs when these materials are irradiated. Other changes that
have also been reported include increases in hardness (2 percent), stiffness
in flexure (4 percent) and tensile strength (8 percent), and decreases in ulti-
mate elongation (6 percent). These changes in physical properties should not
be of serious concern in the use of epoxies as encapsulants for electronic
components and. equipment.

The electrical properties of epoxy enc, apsulants show some variation
from exposure £o a radiation environment, but are generally of adequate
stability for use in most electronic circuits. The insulation resistance has
decreased by as much as two orders of magnitude during irradiation with a
minimum of 1.7 x 10 l0 ohms being reported. Recovery to near initial value
normally occurs soon after the irradiation is terminated. Changes in dielec-

tric constant, capacitance, and dissipation factor are insignificant with the
latter of the three showing the greatest sensitivity to radiation by increasing

approximately one order of magnitude.

The above information is representative of the radiation resistance of
several epoxy encapsulants, but the reader should be cautioned that one

epoxy (358-G) was considered as unsuitable following a test because it ex-
hibited large variations in volume resistivity during exposure. (24) The ex.-
tent of these variations is unknown and this information is included only as

precautionary information.

Calcium aluminate, an inorganic encapsulant, was evaluated as part of
one study where it was subjected to a total integrated exposure of 1 x 108

rads gamma and 4.1 x 1013 n/cm 2 at 200 C. (13) No significant changes

occurred between pre- and postirradiation measurements of capacitance,
dissipation factor, and insulation resistance. Dielectric strength was com-
parabl.e between control and irradiated specimens following the radiation
exposure.
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TA_L_ fL EPOXIESEXHIBITINGSATISFACTORY RADIATION
TOLERANCEAT THE EXPOSURESINDICATED

Epoxy Identification Total Integrated Exposure(a)

Blsphenyl A 8.8 x 107 rads gamma
3.6 X 1013 n/era 2

Eceobond 182 1 x 108 rads (C) gamma
2 x 1013 n/cm2 (E > O.1 MeV)

Epocast 17B 8.8 x 107 rads gamma
4.0 x 1018 n/ore2

Epon 828 6 x 10o R gamma
3.3 x 101fi n/ern2 (E > O.1 MeV)

Maraset 622-E 1 x 109 fads (C) gamma
1.1 x 1016n/cm 2 (E > O.6 MeV)

Novalak 8.8x I0q fadsgamma
4.0 x 1013n/cm2

Scotchcast5 1x 109fads(C)gamma
1.1x 1010rt/cm2 (E> 0.5MeV)

Scotchcast212 1x 109fads(C)gamma

1.1x 1016n/cm2 (E> 0.6MeV)

Stycast1095 Ix 108reds(C)gamma
2 x 1013n/cm2 (E> 0.1MeV)

Stycast2851MM 5 x 106Rgamma
3.3x 1015n4cm2 (g• 0.1MeV)

12.007 2 x 106R gamma

1.5x 1015n/cm2 (E• 0.1MeV)

412-M 1 x 109fads(C)gamma
1.1x 1016n/cm2 (E• 0.5MeV)

420-A 1 x 100fads(C)gamma
1.1x 1016n/cm2 (E• 0.5MeV)

1126A/B 2 x 106R gamma
I.5 x 1015n/om2 (E• 0.1MeV)

CF-8793 9.4x 107fadsgamma
3.8x 1013n/cm2

CF-8794 1.0x 108fadsgamma

4.0x 1013n/cm2
Unidentified 5.8x 1016e/cm2 (E= 1.0MeV)

(Mineralfilled)

(i) The_e exposures are not to be interpreted as indicating superi-
ority in radiation tolerance of any material. They are the
limRs to which the materials have been subjected and are not

damage thresholds.
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R.ADIATION EFFECTS ON CONNECTORS AND TERMINALS

Connectors and terminals used in electronic circuits have experienced
both permanent and temporary changes in their physical and/or electrical
properties. These changes are associated with the insulating material
rather than the metals used in these devices. The latter requires some con-

sideration, however_ since some metals used in connector and terminal con-
struction become radioactive when irradiated and thus offer a biological

hazard to maintenance personnel.

The degradation of the insulating materials physical properties, which
may ultimately lead to electrical failure, is a permanent effect and a major
concern in selecting a connector or terminal for a radiation environment.
This degradation of physical properties is manifested in the crumbling or
disintegration of some organics that are employed as the insulating media.
Thus, a connector or terminal that includes a material of this type will fail
through structural collapse in a ra'diation environment of sufficient total ex-

posure. Tetrafluoroethylene (Teflon) and similar, fluorocarbon materials are
well known for their lack of radiation resistance and this mode of failure.

Inorganic insulated connectors and terminals of the hermetic seal type,

those having glass-to-metal seals, have also experienced physical damage
when exposed to a radiation environment. This damage is in the form of
cracking and chipping in the glass area immediately surrounding the metal
pins used as conductors. Ifthis type of damage is more extensive than sim-

ple surface fractures a loss in the sealing properties of the connector will
result.

The changes in the electrical properties of connectors and terminals
are generally of a temporary nature with complete or what can essentially be

termed complete recovery soon after the irradiation has been terminated.
Changes in insulation resistance breakdown voltage and corona voltages have

been reported by experimenters. The consensus is that these parameters

are sensitive to the rate of irradiation. Data, however, lack sufficient con-
sistency at this time to provide an estimate of how much change may be ex-
pected for a particular rate. Differences in environmental conditions other
than radiation, such as humidity and/or minor differences in the same in-

sulating material, may be responsible for these inconsistencies. 4

Reports indicate that connectors employing rubber compounds such as
neoprene, silicone rubber, and Buna-N as the insulating material can with-

stand total exposures of as much as 1015 - 1016 n/cm z and 107 1%gamma at 55 C

and still provide reasonable electrical performance. Decreases in insulation
resistance of between one and two orders of magnitude have occurred during
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Radiation effects information on inorganic insulated connectors include

the glass hermetic seal type and a ceramic (alumina) insulated AN type con-

nector. Similar information is also available on ceramic insulated feed

through terminals. Insulation resistance data indicate that both types of con-

nectors have a decrease of approximately two orders of magnitude during

irradiation with recovery approaching preirradiation values after total expo-

sures of 2-i0x1015n/cm2 and 10? R gamma at 55 C. Results of insulation

resistance measurements on the ceramic insulated connectors are presented

in Figure 10. Combined effects of radiation and temperature (156 F) have

produced decreases of up to five orders of magnitude in insulation resis-

tance. (18) The glass hermetic seal type connectors exhibited breakdown

voltage characteristics in excess of 500 volts during irradiation and greater

than 1000 volts 3 weeks after the radiation exposure was terminated. Corona

voltage data on the ceramic insulated AN connectors show a range of 1.2-
1.8 kilovolts for all but two connectors. One connector exhibited a distinct

failure when the corona ignition voltage or a voltage breakdown of one pin

was observed to occur at approximately 100 volts while a second connector

experienced a decrease to between 600 and 800 volts in corona ignition

voltage.

A radiation study of several types of ceramic insulated feedthrough

terminals indicate that these units experience insignificant degradation from

a total exposure of 4.2 x 1013 n/ca2 and 9.3 x 107 rads gamma at 200 C. The
insulation resistance was 1014 - 1015 ohms before and after the irradiation.

It is recommended that the reader consult the section on sheet and bulk

insul'ating materials for additional information on the connector insulations

d._scussed above and others that may be of interest. In addition, the activa-

tion of metal parts provides a continuing source of radiation to the connector

and surrounding electronic parts even after irradiation from the primary

source has terminated. In the case of glass to metal seals, with materD:,ls

like Kovar or similar alloys, the interface between the metal and glass, a

most sensitive area, is in an area of high radiation concentration and thus

more subject to damage. Therefore, the selection of a connector for use in
a radiation environment must include consideration of both the insulating

material and the metal parts.
4

4;

00000001-TSG03



Allremainingconnectorsfallbetween
themaximum limitsof No.land the
minimum limitsofNo.I0.

i01

I .... ._n__ ConnectorNo.II

,o |
ud I0

}. :

'°_I-_- Ioo __x I
L _-_--_---_-_ ___o__o____o.__cooo_No.'o
0 1,0 2.0

nvf t x I0'5 '_

I [(;UI__E It). INSULATION RESISX'ANCE OF CERAMIC
, r Z_INS't",LA'rED C O_,_NECTORS( " )

43

00000001-TSG04



REFERENCES

1. Harrison, S. E•, Coppage, F. N., and Snyder, A. W., Sandia Corpora-
tion, Albuquerq'.e, New Mexico, "Gamma-Ray and Neutron-Induced

Conductivity in Insulating Materials", IEEE Transactions on Nuclear
Science, NS-10 (5), 159-167 (November, 1963). BRC Z2639.

2. Kerlin, E• E., and Smith, E. T•, "Measured Effects of the Various
Combinations of Nuclear Radiation Vacuum, and Cryotemperatures on

Engineering Materials", General Dynamics, Fort Worth Division, Fort
Worth, Texas, FZK-Zg0, July I, 1966, Biennial Rpt., May I, 1964-

May I, 1966, NAS8-2450, 470 pp. BRC 3357].

King, R. W., Broadway, N. J., and Palinchak, S., "The Effect of•J •

Nuclear Radiation on Elastomeric and Plastic Components and Mate-

rials", Battelle Memorial Institute, Radiation Effects Information Cen-
ter, Columbus, Ohio, REIC Report No. Zl, September 1, 1961,

AF 33(616)-7375, 344 pp, Avail: DDC, AD Z67890.

4. Frisco, L. J., Muhlbaum, A. M., and Szymkowiak, E. A., The Johns
Hopkins University, Dielectrics Laboratory, Baltimore, Maryland,
"Some Effects of S}mulated Space Environment on the Electrical Proper-

ties of Dielectrics", Dielectrics in Space Symposium, Westinghouse
Research Labs., Pittsburgh, Pennsylvania (June 25-26, 1963).
BRC 26133.

5. Frisco, L. J., "Dielectrics for Satellites and Space Vehicles", John

Hopkins University, Dielectrics Lab., Baltimore, Mart, land , Rpt.
No. 3, March 30, 1962, Final Rpt. , March 1, 1959 - February 28,
196Z, DA-36-039-SC-78321, 145 pp, Avail: DDC, AD 2768_7.
BRC 18651.

6. Johnson, R. E., and Sicilio, F., "Radiation Damage to Plastics and
Coated Fabrics-l", Convair, Fort Worth, Texas, NARF- 58- ST, MR-N-

175, January ZJ, 1958, AF 33(600)-3Z054, 55 pp.

7. Bazin, A. P., "Effect of the Bremsstrahlu_ng Radiation From a 25 Mev

Betatron and of 14 Mev Neutrons on the Electrical Conductivity of Poly-
meric Dielectrics", Soviet Physics-Solid State, 4 (I0), 2213-2216
(April, 1963)•

44

l

00000001-TSG05



8. Pascale, J. V., Herrmann, D. B., and Miner, R. J., Bell Telephone

Laboratories, Inc., Murray Hill, New Jersey, "High Energy Electron
Irradiation of Plastics for Communication Satellites", Dielectrics in

Space Symposium, Westinghouse Research Labs. , Pittsburgh, Pennsyl-

vania (June 25-26, 1963).

9. Bolt, R. O., Carroll, 3. G., Hav-ington, R., and Giberson, R. C.,

"Organic Lubricants and Polymers for Nuclear Power Plants", Paper

presented at the Second International Conference on the Peaceful Uses

of Atomic Energy, Geneva, Switzerland, 15/P/2384 (September 1- 13,

1958).

10. Bonanni, A. P. , "New Urethane Laminates Have Good Flexural Proper-

ties", Aeronautical Materials Laboratory, Naval Air Material Center,

Materials in Design Engineering, 5__33(l), 9 (January, 1961).

1I. "Polymeric Materials Irradiation Data Submittal", Lockheed Aircraft

Corp., Lockheed-Georgia Co., Georgia Nuclear Labs., Marietta,

Georgia, ER-7887, i%_ay, 1965, NAS8-5332, 49 pp. Avail: NASA,

N65-35361. BRC 29440.

12. Kaufman, A. B. , and Gardner, L. B. , "NGL Platform Nuclear Radia-

tion Program Volume I - Research and Analytical Data Section", Litton

Systerns, Inc. , Flight Control Lab. , Woodland Hills, California, ASD-

TR-61-511, January, 196Z, Final Rpt., AF 33(600)-41452, 312 pp.

BRC 17353.

13. "Electrical Insulation Materials SNAP 8 Radiation Effects Test Program

Volume II", Lockheed Aircraft Corp. , Lockheed-Georgia Co.,_pany,

Georgia Nuclear Labs., Marietta, Georgia, ER-7591, Volume 2, Novem-

ber, 1964; 148 pp, Avail: NASA, X65-15262L BRC 28756.

14. Frisco, L. J. , and Mathes, K. N. , "Evaluation of Thin Wail Spacecraft

Wiring, Volume II: Summary and Conclusions", General Electric

Company, Research and Development Center, Schenectady, New York,

NASA-CR-65Z14, September 28, 1965, Final Report, NAS9-4549, 82 pp,

Ava_.h NASA, N66-17284. BRC 34952.

15. Frisco, L. J., and Mathes, K. N., "Evaluation of Thin Wall Spacecraft

Wiring, Volunle I: Test Results", General Electric Company, Research

and Developn_ent Center, Schenectady, New York, NASA-CR-65215,

September 28, 19o_. Final Rpt., NAS9-4549, 471 pp, Avail: NASA
N66-17283. BRC 35183.

45

i

,_ ...................... . -- 7- 7 ;:

00000001-TSG06



16. "Radiation Effects Program (Volume 2 - Appendixes 1 through 7)",

Lockheed Missiles and Space Company, Sunnyvale, California, SSD-
TDR-64- 190, December,. 1964, Summary Rpt., Tech. Doc. Rpt.,
AF 04(695)-136, 300 pp, Avail: DDC, AD-458641 and NASA, X65-15465.
BRC 27211.

17. Doman, D. R. , "Gamma Irradiation Effects on Candidate Electronic,
Lighting, Optical, Instrument, and Structural Components for In-

Reactor Monitoring Equipment", General Electric Company, Hanford
Atomic Products Operation, Richland, Washington, HW-76263, January

23, 1963, AT(45-1)-1350, 60 pp. BRC 22628.

18. "Preliminary Results of Experiments 11 through 17 Conducted at the
Western New York Nuclear Research Center Reactor During the Time

Period December 17 through DecemBer 21, 1962", Westinghouse Elec-

tric Corp., Astronuclear Lab., Pittsburgh, Pennsylvania, WANL-TME-
250, 5anuary 16, 1963, 15 pp. BRC 34594.

19. Azary, Z. P., and Burnett, J. R. , "TCC Control Systems - Transducer
Evaluation, Wire Evaluation, and Calorimetric Detector Development",
Edgerton, Germershausen & Grier, Inc., Santa Barbara, California,

S-245-R, March 3, 1964, Final Rpt., 89 pp. BRC 25542.

20. Lanza, V. L. , and Halperin, R. M., "The Design and Development of

Wire Insulations for Use in the Environment of Outer Space", Raychem
Corp. , Redwood City, California, Paper presented at the 12th Annual

S)_mposium on Communication Wires and Cables, Asbury Park, New
Jersey, December 4-6, 1963, 14 pp, Avail: DDC, AD 656095.
BRC 23465.

21. Miller, W. E., and Phillips, D. H., "Effects of Shunt Capacitance on

Transient Effects Caused by Electron Irradiation of a Polyethylene
Terephthalate Insulated Ribbon Wire", Langley Research Center, Lang-

Ley Station, Hampton, Virginia, NASA-TN-D-3321, March, 1966, Tech.
Note, II pp, Avail" NASA, N66- 19036. BRC 34227.

It
22. Hemmenway, S. F. , and Kruetzkamp, I. W. , Compatibility of Magnet ,

Wires in Potting Compounds Under Gamma Ir.-adiation",General Elec-
tric Company, Atomic Products Division, Aircraft Nuclear Propulsion
Dept., Cincinn: .i,Ohio, XDC-59-8-229, August 19, ]959, AT(II-I)I71,

AF 33(038)-21102, andAF 33(600)-38062. BRC 10847.

46

00000001-TSG07



23. Hansen, J. F. , and Shatzen, M. L. , "Radiation Effects on Electrical

Insulation", Paper presented at the 3rd Semi-Annual Radiation Effects
Symposium, Lockheed Aircraft Corp., October 28-30, 1958, Volume 5,

Avail: DDC, AD 2.96310. BRC 8718.

Z4. "M_TC System Study", Bendix Corporation, Systems Division, Ann
Arbor, Michigan, BSR-371, December, 1960, Final Rpt., Vol. I, Part

II, AF 33(600)-35026, 458 pp. BRC 15101.

Z5. Long, W. G., and Keating, W. E., North American Aviation, Inc.,
Atomics International, Canoga Park, California, "Design and Evaluation

of a High Temperature, Radiation Resistant Cable Harness. Pt. 1 -

Design Requirements: Physical, Electrical, Materials, and Termina-
tions", Insulation, 12 (Z), 37-40 (February, 1966). BRC 31154.

26. Bong, W. G., and Keating, W. E., North American Aviation, Inc.,

Atomics International, Canoga Park, California, "Design and Evaluation
of a High Temperature Radiation Resistant Cable Harness. Pt. 2 -
Electrical Properties: Thermal-Vacuum and Radiation Testing", Insula-

tion, 12 (3), 52-56 (March, 1966). BRC 31303.

_7. Fuschillo, N. , and Mink, F. V., "Investigation for 2000 F Power

Wire", Melpar, Inc., Falls Church, Virginia, AFAPL-TR-66-97,
November, 1966, AF 33(615)-Z7Zl, 10Z pp. BRC 34400.

2.8. Zwitsky, K. M., Fuschitlo, N., Hahn, H., Lare, P. 5., Pentecost,
J. L. , and Stawecki, G. D., "Z000 F Power Wire for Aerospace Envi-
ronment", Westinghouse Air Brake Company, Melpar, Inc., Falls
Church, Virginia, AFAPL- TR-64- 127, November, 1964, Final Rpt.,

April 1, 1963 - September 30, 1964, AF 33(657)-11046, 71 pp.
BRC 25803.

29. Armstrong, E. L., "Results of Irradiation Tests on Electronics Parts

and Modules Conducted at the Vattecitos Atomic Laboratory", Lockheed
Aircraft Corporation, Missiles and Space Division, Sunnyvale, Califor-

nia, SS-840-T62-6, LMSC-A054870, August 27, 1962, AF 04(695)-136,

163pp, Avail: DDC, AD-459127. BRC 19607.
I

• "A Study of the Reliability of Elec- 430. Hanks, C L., and Hamman_ D. J.,
tronic Components in a Nuclear-Radiation Environment, Volume I -

Results Obtained on JPL Test No. 617, Phase II to Jet Propulsion Lab-

oratory", Battelle Memorial Institute, Columbus Laboratories, Colum-
bus, Ohio, June 1, 1966, Finat Report, 217 pp. BRC 33142.

47

00000001-TSG08



BIBLIOGRAPHY

1. Frisco, L. 5., "Dielectrics for Satellites and Space Vehicles", Johns
Hopkins University_ Dielectrics Lab., Baltimore, Maryland, Rpt. No. 2,
March 15, 1961, Int. Rpt._ May 1, 1960-February Z8, 1961, DA-36-

039-SC-78321, Avail: DDC, AD 256900. BRC 14429.

Z. Bringer, R. P., "Fluorocarbon Plastics Under the Influence of Unusual

Environmental Conditions", Minnesota Mining and Manufacturing Com-
pany, March 30, 1962, Paper presented at the National Symposium on
the Effects of Space Environment on Materials, St. Louis, Missouri,

May 7-9, 1962, _-Zpp. BRC 17339.

3. "Collected Papers of the Dielectrics in Space Symposium, Jtme 25-26,

1963", Westinghouse Electric Corporation, Research Lab., Pittsburgh,
Pennsylvaaia, NP-13539, June 25-26, 1963, 87 pp BRC 26133.

4. Jolley_ C. E., and Reed, J. C., "The Effects of Space Environments on
Insulation on Teflon TFE and FEP Resins% E. I. Du Pont De Nemours

& Co., Inc., Plastics Dept., Wilmington, Delaware, November Z8-30,

1962, 20 pp, Avail: NASA_ N63-20174. BRC 23034.

5. Lell, E. , Bausch & Lomb, Inc._ Rochester, New York. , and Weeks, R.

R. A. , Oak Ridge National Laboratory, Oak Ridge, Tennessee, "Dielec-
tric Measurements in Some Irradiated Glasses", 196Z Conference Radia-
tion Effects on Glass_ Rochester, New York., Summary Paper No. 11,
3 pp. BRC 17405.

6. Currin, C. G., and Smith, F. A., Product Engineering Laboratories,
Dow Corning Corp., Midland, Michigan_ "Effect of High Temperature and
Nuclear Radiation on Silicone Insulation Systems", Electrical Manufactur-
ing, 64 (4_, October, 1959, pp I10-115 and 179. BRC 11158.

7. Lyons, C. J., and Leininger, R. I., "Radiation Effects on Insulation,

Wire and Cable. Pt. I. Elastomers and Plastics", Insulation, May,

1959, pp 19-26. BRC 10194.

8. WelIer_ J. F., CampbelI_ F. J., and KaIlander, J. W., U. S. Naval
Research Lab. _ Washington, D. C., "Space-Radiation Effects on Elec-

trical Insulation and Semiconductors"_ Electro-Technolog, _ February,

196Z_ 10 pp. BRC 17356.

48

00000001-TSG09



9. Brooks, H. B., Cedei, A. E., Haley, F. A., Kertin, E. E., and
Newetl, D. M., "The Effects of Radiation on Selected Materials -

Insulators, Lubricants, Fluids, and Metals", Convair, Ft. Worth,

Texas, NARF-59-Z6T, MR-N-Z39, July 31, 1959, AF 33(600)-32054,
Avail: DDC, AD-ZZ8113. BRC 10960.

10. "Glennite Instrumentation Wire - Type RC-101 Radiation, Humidity and

Water Resistant", Gulton Industries, Inc., Metuchen, New Jersey,

June, 196Z, ButtetinA101, Trade Literature. BRC 1846Z.

11. Treichler, G. E., "Radiation Testing of Electrical Wire, Connector and

Potting Samples", Bell Aerosystems Company, Buffalo, New York,

December lZ, 1961, Memo Rpt., 10 pp, Avail: DDC, AD-288363.
BRC 18895.

12. Pendleton, W. W., "Development of Magnet Wires Capable of Operation
at 850 C and Under Nuclear Radiation", Anaconda Wire and Cable Com-

pany, Magnet Wire Research Lab. , New York, New York, Interim
Scientific Rpt. No. 6, March 1 - September 30, 196Z, AF 33(657)-7473,

17 pp, Avail DDC, AD-Z88Z09. BRC 18896.

13. Garshick, A. , Boston Insulated Wire & Cable Company, Boston, Massa-

chusetts, "Radiation - Resistant Wires for Satellites", Military Sys-
tems Design, April, 1963, pp lZ-15. BRC 19104.

14. Kertin_ E. E., "Investigation of Combined Effects of Radiation and
Vacuum and of Radiation and Cryo-Temperatures on Engineering Mate-

rials - Volume I: Radiation-Vacuum Tests"_ General Dynamics/Fort

Worth; NucLear Aerospace Research Facility_ Fort Worth, Texas,
FZK-161-1, Jar.uary 5, 1963_ Annual Rpt., November 9, 1961 -

November 8, 196Z. NASS-Z450, 340 pp. BRC 19136.

15. "NARF Final Progress Report"_ General Dynamics/Fort Worth, Nuclear

Aerospace Research FaciLity, Fort Worth, Texas_ NARF-6Z-18P,

FZK-9-184, Final Progress Rpt., October 1, 1961 - September 30,

196Z, AF 33(657)-7201, 375 pp, Avail: DDC, AD-41Z780. BRC Z1064.

16. Pendleton, W. W. , "Radiation-Resistant Magnet Wire for Use in Air and

Vacuum at 850 C", Anaconda Wire and Cable Company, Muskegon,
Michigan, ASD-TDR-63-164, July_ 1963, Tech. Doc. Rpt., July, 1960-
December, 1962_ AF 33(657)-7473, 104 pp, Avail: DDC, AD-414198.
BRC 21151.

49

•-- " .... Su ', ....

O0000001-TSGIO



17. Kerlin, E. E., and Smith, E. T. , "Measured Effects of the Various

Combinations of Nuclear Radiation, Vacuum and Cryotemperatures on

Engineering Materials", General Dynamics/Fort Worth, Nuclear Aero-

space Research FaciLity, Fort Worth, Texas, FZK-17Z, September 30,

1963, Qtly. Prog. Rpt., June 1- August 31, 1963, NAS8-2450, IZl pp,

Avail: NASA, N63-Z3807. BRC 21263.

18. Sherwin, J. S., "RIFT Radiation Effects Irradiations No. 1 and 3 Elec-

trical Cables", Lockheed Aircraft Corp. , Missiles & Space Company,

Sunnyvale, California, NSP-63-39, May ZZ, 1963, NAS8-5600, 50 pp,

Avail: NASA, X64-16033. BRC ZI4Z0.

19. Armstrong, E. L. , "Results of Irradiation of Snapshot Piece Parts at

GE Vallecitos Laboratory", Lockheed Aircraft Corp. , Missiles & Space

Company, Sunnyvale, California, September 3, 196Z, Progress Report

No. ii, i00 pp, Avail: DDC, AD-ZgZ364. BRC Z1440.

Z0. Bartel, W. B. , "Study of Reliability of Electronic Components in a

Nuclear Radiation Environment", California Institute of Technology, Jet

Propulsion Lab., Pasadena, California, July 5, 196Z, Reliability Engi-

neering Document No. 8, 150 pp. BRC 21581.

Zl. Steele, O. P. , Ill, "Evaluation of Inorganic Motor Insulation Under Space

Environment", Atomics International, Canoga Park, California, CONF-

161-Z, Zl pp, Paper presented at Dielectrics in Space Symposium,

Pittsburgh, Pennsylvania, June, 1963. BRC ZZS03.

ZZ. Vondracek, C. H., Westinghouse Research Labs., Pittsburgh, Pennsyl-

vania, "Inorganic Insulation for Electrical Equipment in Space Environ-

ments", Paper presented at the Sixth National Symposium on Materials

for Space Vehicle Use, Seattle, Washington, November 18-Z0, 1963,

Volume 3, September 3, 1963, 13 pp. BRC ZZ960.

Z3. Campbell, F. J., U. S. Naval Research Lab., Washington, D. C.,

"Combined Environments Versus Consecutive Exposures for Insulation

Life Studies", Paper presented at the Conference on Nuclear Radiation

Effects, Jointly sponsored by the Institute of Electrical and Electronics

Engineers, the Professional and Technical Group on Nuclear Science,

and the University of Washington, Seattle, Washington, July Z0-Z3, 1964,

9 pp. BRC z5Zgl.

50

O0000001-TSG11



Z4. Ringwood, A. F., General Electric Co., Missile & Space Div., Valley

Forge Space Technology Center, Pennsylvania, "Behavior of Plastics

in Space Environments", Plastics, 4!1 (6), January, 1964, pp 173-174,

176, 180, 226, 228, Z30_ and Z34. BRC 25462.

Z5. Kerlin, E. E., and Smith, E. T., "Measured Effects of the Various
Combinations of Nuclear Radiation, Vacuum, and Cryotemperatures on

Engineering Materials - "Volume II: Radiation-Cryotemperature Tests",

General Dynamics Corp., Nuclear Aerospace Research Facility, Fort

Worth, Texas, FZK-188-2, May 1, 1964, Annual Rpt., November 9,

1962 - April 30, 1964, NAS8-2450, 300 pp. BRC 25507.

26. Kerlin, E. E., and Smith, E. T., "Measured Effects of the Various
Combinations of Nuclear Radiation, Vacuum, and Cryotemperatures on

Engineering Materials", General Dynamics, General Dynamics/Fort

Worth, Nuclear Aerospace Research Facility, Fort Worth, Texas,

FZK-Z17, October 30, 1964, Qtly. Prog. Rpt., May 1- September 30,

1964, NAS8-2450, 73 pp. BRC 25788.

27. Johnson, M. C. , "Borated Insulators in a Radiation Environment", The

Bendix Corporation, Research Lab. Division, Southfield, Detroit, Mich-

igan, Bendix-RZZSZ, February 8, 1963, 4 pp. BRC 26169.

Z8. Robinson, M. N., Kimble, S. G., and Walker, D. M., "Low Flux
Nuclear Radiation Effects on Electrical and Electronic Components

(BMI-LF-3)", North American Aviation, Inc., Atomics International

Div., Canoga Park, California, NAA-SR-9634, December I, 1964,

AT(II-I)-Gen-8, 186 pp. BRC Z6414.

Z9. "Engineering Investigation and Tests Which Further Substantiate System

Feasibility and Provide Data Relative to the Development of a Nuclear

Low Altitude Supersonic Vehicle - Part II - Technical Information

Volume I0 - Nuclear Radiation Effects Test No. 18 - Flyaway", Ling-

Temco-Vought, Inc., Vought Aeronautics Div., Dallas, Texas, ASD-TR-

64-91, Part II, Vol. I0, NS-S-415, December, 1964, Tech. Rpt.,

October I, 1963 - December 31, 1964, AF 33(657)-12517, Zll pp,

Avail: DDC, AD-459663. BRC ZTZ04.

30. Kerlin, E. E., and Smith, E. T., r'Measured Effects of the Various
Combinations of Nuclear Radiation, Vacuum, and Cryotemperatures on

Engineering Materials - Volume I: Radiation-Vacuun: and Radiation-

Vacuum-Cryotemperature Tests", General Dynamics/Fort Worth, Fort

5l

0000000]-TSG] 3



Worth, Texas, FZK-188-1, May 1, 1964, Annual Rpt., November 9,

1962- April 30, 1964, NAS8-2450 521 pp, Avail: NASA, X65-13564.
BRC 27239.

31. Learn, J. R., andSeegers, M. P., "Teflon-Pyre MLWire Insulation
System", Simplex Wire and Cable, Httemp Wires Company, Paper pre-
sented at 13th Symposium on Technical Progress in Communications

Wire and Cables, Atlantic City, New Jersey, December 2-4, 1964, 7 pp,
Avaih DDC, AD-458555. BRC 31222.

32. Greyson, W. L., and LaSa[% J. I., "Properties of Various Wire and
Cable Constructions Insulated With "H" Film", Tensolite Insulated Wire

Co., Inc., Tarrytown, New York, Paper presented at 13th Annual Wire

and Cable Symposium, Atlantic City, New Jersey, December Z-4,
1964, 6 pp, Avaih DDC, AD-458588. BRC 31223.

33. "AEC-NASA Space Nuclear Propulsion Office Preliminary Test Reports

for Ground Test Reactor (GTR) Test No. 12A", Aerojet-General Corp.,
Sacrament% California, RN-S-0121, August, 1964, SNP-I, 40 pp.
BRC 3Z330.

34. "Final Test Report for Radiation Effects Test on Pyle ZZM-W-2416-

1850 Connector", Aerojet-General Corporation, Sacramento, California,
RN-S-0234, June, 1965, SNP-I, 7 pp. BRC 32390.

35. "l<ockbestos Ultra-High Temperature", Rockbestos Wire and Cable Cona-

pany, Los Angeles, California, Trade Literature, 19 pp. BRC 33630.

36. Goetzel, C. G., Rittenhouse, J. B., andSingletary, J. B., "Space

Materials Handbook", 2nd Edition, Lockheed Missile and Space Con%-
pony, Sunnyvale, California, January 1965, ML-TDR-64-40, AF33(657)-
10107, 712 pp.

37. Dau, G. 3"., Battelle-Northwest Lab. , Richland, Wash. , and Davis,
M. V., Univ. of Arizona, Tucson, Ariz. ,"Gamma-lnduced Electrical

Conductivity in Alumina", Nuclear Science and Engineering, 25 (_),
July, 1966, pp 223-ZZ6. BRC 3Z719.

38. Patrick, A. J., "Irradiation Damage to Ceramics, Metallic-Ceramic

Bonds, and Brazing Alloys", University of California, Los Alamos

ScientificLab., Los Alamos, N. M., LA-3285-MS, April Z6, 1965,
W-7405-Eng-36, 47 pp, Avail: NASA, N65-23646. BRC 29z,31.

52

9-

00000002



EL.

39. ,,Research Program for the Long Term Testing of Cylindrical Diodes
and the Irradiation of Fuel and Insulator", General Electric Co.,

Special Purpose Nuclear Systems Operation, Pleasanton, Calif.,
GEST-2045, Dec. 17, 1965: Qtly. Summary Kpt. No, 6, Sept. 18-
Dec. 17, 1964, NAS3-2544, 76 pp. BRC 29836.

40. May_r, J. T., "Summary of Radiation Effects on Thermionic _nsulator
Materials"_ NASA, Lewis Research Center, Cleveland, Ohio, NASA-
TN-D-4414, Feb., 1968, 34pp, NASA, N68-17095. BRC 37906.

53

GPo 871-146

00000002-TSG05


