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Report on
Radiation Effects State of the Art 

1963-1964

SUMMARY

Electronic Componentt and Equipnnent

During the 1963-1964 interval, reports available at the REIC indicate that 
radiation-effects studies in the transient- and space-radiation environments are grow­
ing rapidly (see the Programs in Progress portion of the electronic section).

A very large portion of the electronics work is in the semiconductor field, as 
this constitutes the most sensitive area outaide of organic insulation.

The best summary of the radiation-effects state of the art in electronics can be 
found in reviewing the various bar graphs of the electronics section, although Figures A 
and B provide a capsule digest.

More work is needed in the area of correlation of damage from various radiation 
forms and also in the transient area; in both cases the concentration should be on pro­
viding higher grade data.

Polymeric Materials

The major emphasis in current radiation studies continues to be in the areas of 
space environment, that is, combined environments of radiation, extreme temperatures, 
and vacuum. In general, materials having a high degree of cure, high molecular 
weight, good heat resistance, and little or no additive, such as a plasticiser, show 
promise for use in space environment. In many cases, the radiation resistance of a 
material is improved in vacuum because of the lack of oxygen, which is generally the 
major factor contributing to polymer deterioration.

Polyimide and phosphonitrillic chloride polymers have been reported as having 
improved radiation stability over presently used polymers and merit consideration for 
application in a radiation environment provided suitable components can be fabricated.
O-rings manufactured from rubber compositions containing antirads have shown im­
proved service life in a radiation environment. This O-ring, although substantially 
improved, still does not meet the requirements for many applications. Several struc­
tural adhesives and laminates have been found to be satisfactory in radiation exposures 
at cryogenic temperatures. These include polyurethane, epoxy and modified epoxy, 
phenolic, and polyester materials.

Continued work is needed in fundamental studies directed toward new and improved 
polymers having greater resistance to r.-diation damage. Also, damage mechanisms
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F
• hould be determined. More information is needed concerning the effect of high-energy 
impulse on polymers and the effect of exposure rate on various components. In addi­
tion, more data are needed regarding the amount of damage which may be sustained by 
elastomeric and plastic materials before failure occurs in the operation of the fabri­
cated component.

Lubricants. Flotation and Hydraulic Fluids

There was very little work in this area during the past year, and very few pro­
grams are in progress. Recent inquiries at the REIC indicate that there may be some 
increase in this area. This is particularly true in the space-radiation area.

Solid-film lubricants and hexafluorobeneene appear promising, although the solid- 
films are not usable in some cases and the current cost of hexafluorobensene may be a 
deterrent.

Ceramics

The rate of effort in the ceramics area was lower than for the previous year, and 
the number of current contracts indicates a further decline.

More information is needed on combined environmental effects, particularly in 
the space areas of temperature, vacuum, ultraviolet, protons, and electrons.

Space-Radiation Environment

This section reports on more up-to-date measurements of the trapped radiation 
environments including the data from Explorers 15 and 18, Injun 3, and some Soviet 
data.

Dosimetry

Some of the newer dosimetry practices are discussed. Atomic-displacement 
techniques and activation procedures are usual for neutron dosimetry, while chemical 
effects are discussed for gamma fields.

Recommendations for reporting procedures are also given.



Structural Metali and Alloys

The radiation-induced property changes in structural metals and alloys continue 
to be of importance to reactor designers and operators. The summarisation of data in 
this section reflects the increased use of structural materials in high-temperature 
applications.

This section also discusses the mechanism of radiation-induced property changes 
in ferritic and austenitic stainless steel, and high-temperature alloys.

General

Figure B is a crude approximation of where we stand with respect to materials 
development for use in various radiation environments. The bracketed areas give some 
estimate of the radiation levels to be expected from various systems.

V and vi



INTRODUCTION 

Thi ■ i1 the seventh 1tate-of-the- art summary of radiation-effect• activitie1 pre­

pared by the Radiation Effectl Information Center for the Air Force and NASA. The 

purpo1e of thi1 report, ba1ed upon the data proce11ed by the REIC, i1 to 1ummarize 

pro1re11 and review problem area■ in radiation-effect ■ activitie1. Thie review 1hould 

be helpful to tho1e re1pon1ible for plannina and executina radiation-effect ■ pro1ram1. 

It ii a revi1ion and updatin& of the 1962-1963 1ummary, ba1ed on new information 

obtained durin& the pa1t year. 

Thi■ report 1ummarize1 briefly (l) the current 1tate of the art, (Z) recent re1ult1 

of radiation-effect ■ 1tudie1, (3) pro1ram1 in pro1re11, and (4) Battelle'• conclu1ion1 

and recommendation■ in the followin& area1: 

(A) Electronic Component ■ and Eq1.iipment (Includin& Semiconductor ■) 

(B) Polymeric Material■ 

(C) Lubricant ■, Flotation and Hydraulic Fluid■ 

(D) Ceramic ■ 

(E) Space-Radiation Environment 

(F) D01imetry 

(G) Structural Metal• and Alloy•. 

Thi• report ii oriented around 1teady• 1tate nuclear, pul1e nuclear, and 1pace­

radlation environment,. 

Information on reactor-core material,, propul1ion 1y1tem1, 1hieldin1, and 

bloloalcal effect• ii not included. in thil report. 

Appendix I 1wnmarize1 the operation of the Radiation Effect• Information Center 

from June l, 1963, throuah May 31, 1964. 

Appendix ll li1t1 the available report• and memoranda il1ueci by the REIC. 

vii and viii 
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A-1 

ELECTRONIC COMPONENTS AND EQUIPMENT 

.(INCLUDING SEMICONDUCTORS) 

Current State of the Art 

There was an increase in the amount of material received during the pa1t year over 

that received during the previous report period. This increase, particularly apparent in 

semiconductor research, is possibly due to the need for radiation-effects information a• 

applied to space applications. 

The steady-state information for the 1963 period seems to follow a trend in which 

the sensitive components are being investigated as individual parts while the more­

radiation-reeistant components are being tested only in circuits. The pul1ed-radiation 

studies seem to be devoted to obtaining data and explaining the effects of radiation on 

some of the odd components such as Shockley diodes, field-effect transistor• 1 etc. A 

possible reason is that theories explaining the effects of pulsed radiation on the more 

common components have already been accepted. As far a• apace-radiation 1tudie1 are 

concerned, semiconductors (particularly solar cell•) are a big problem. 

In view of the large amount of information received this year and la1t, it wa1 de­

cided to revise and rewrite REIC Report No. 18. Thi• report i1 entitled "The Effects of 

Nuclear Radiation on Electronic Components". The rewritten report will contain a de­

tailed discussion of radiation effects on component parts and will include a semiconductor 

e ection. The new report should be published before October of this year. As a re1ult, 

this section of the state-of-the-art report ·will not contain any detailed diacu1siona, but 

will be a brief updating of information. 

Resistors 

The early experiments conducted to determine resistor suscep·~ibility to radiation 

damage produced sufficient data to allow the electronics engineers and circuit designers 

to use these parts with some confidence. At least their concern over the probability of 

failure is much leas than it is for the more-radiation-sensitive components. 

During 1963 few reports were received that contained resistor data. The informa­

tion that did come in was either the result of a manufacturer's inquiry a• to susceptibility 

of his particular parts or the result of system studies in which it was desired to rea• sure 

the designer that the specified resistors would not exceed the criterion of failure. 

In general the state of the art for resistors has not changed pronouncedly during 

the last year. Figure A-1 is an illustration of the state of the art on resistors. It 

should be remembered that many factor• influence the susceptibility of the re1istor1 to 

radiation damage. Much of the broadness indi cated for each category of damage i• 

caused by variation in u .sulation materials, s ·: ructural design, body enclosure, and 

winding schemes. One of the most critical characteristics that appears to show a direct 

relationship to radiation is the resistance of the element. Usually, the element with the 

highest value of resistanc for a group of unJts of one type from one manufacturer i• the 

most susceptible of that group. This is due mainly to the higher ratio of conductive 

particles to organic binder materials for carbon-composition resistors ; extremely thin 

films in carbon- and metal-film resistors ; and small .. diameter wire• for wirewound re­

sistors and potentiometers. Hence, only nominal vaJue• that were le•• than their re­

spective c riti c al -,1alues were used for the estimate• in Figure A-1. 
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A-3 

All the types of resistors presented in Figure A-1 show thresholds of radiation 

damage between 1012 and 1olb n cm-2 total fast-neutron exposure and from 10b to 

roughly 1010 ergs g-1 (C) of total gamma exposure. Severe dama@e can be expected £or 

resistor• of this group between 1015 and 1019 n cm-Z total fast-neutron exposure and 

108 and 1012 ergs g-1 (C) total gamma exposure. Although it may seem that reaiatora 

can be selected for mo t levels of radiation, this ia not alway• an easy task. One reason 

is that not all types of r sistors cover all ranges of resistance. Hence it may happen 

that, to get the value of resistance necessary, the designer will have to select a more 

radiation-sensitive type of resistor. Another area which needs studying is the damage 

mechanism(•) in resistors. Hopefully, studies of this sort would lead to a good empir­

ical prediction for radiation damage. 

Capacitor a 

Capacitors in general show the same trend as the resistor• in that some of the 

types are well explored from the radiation-exposure standpoint. The capacitor a differ, 

however, in that there is only a slight overlap in nominal values. Thia offer• the de­

signer only a limited range for selection. 

Capacitor data obtained from steady-state and space-radiation studies were 

definitely lacking during this period. The information which did come in waa usually the 

result of a circuit or system study. Pul1ed- radiation reports, how ver, contained a 

large majority of the capacitor information. Thia information covered practically all 

types equally and reported both individual and system capacitor studies. 

In conclusion, the present state of the art for capacitor• is illustrated b& the bar 

graph of Figure A-2. Moderate changes can be expected for from 1012 to 10 1 n cm-2 

fast-neutron exposure depending on capacitor type. Severe damage can be expected £or 

various types between 1014 and 1019 n cm-Z. 

Piezoelectric and Quartz Crystals 

During this survey period only a small amount of information haa been received 

on crystals, and moat of it ia concerned with a ayatem or a circuit. One investigation, 

however, studied the effects of various types of radiation on lead zirconium titanate and 

barium titanate. The data were erratic, but did indicate that the crystals may be useful 

in relatively high levels of radiation (but not above l x 1018 n cm-2). 

This area of study still lacks much information on radiation effects and damage 

mechanisms. A good comparison study of many individual crystals is needed. 

Electron Tubes 

It has been found in the past that the primary damage mechanism which limits the 

life of electron tubes in high-intensity radiation environments continues to be the damag­

ing effects to the glass envelopes and glass-to-metal seals. Recently the use of low­

boron-content glass has greatly increased the life of tubee. A problem remains, 
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A-5 

nowever, because irradiated components are still susceptible to shock and vibration. 
Several companies have been trying to solve these problems. The General Electric 
Company has been the most successful with its TIMM tubes that function well up to 
1018 n cm-2 fast neutrons. 

Figure A-3 indicates the sensitivity of various t pes of tub s to a radiation environ­
ment. It is possible the state of the art for electron tubes will be showing some int rest­
ing advances in the future. The radiation envirorunent aboard a nuclear-powered space­
craft coupled with the radiation vulnerability of semiconductor devices may promote the 
us of vacuum tubes in such vehicles. 

Transducers 

The information received during the report period on transducers shows that this 
ar a still is lacking data. It is evident from ome of the developments, however, that 
worl is being done in this area and that the technology is progressing rapidly. Thia 
growth can largely be attributed to various aeronautical and space programs that have 
emphasized the extreme need for transducers capable of withstanding damage when ex­
posed to elements of nuclear and high-temperature envirorunents. It should therefore be 
only a short time before the area of transducer information begins to fill out. 

The new information indicates that both pressure and displacement tranaducera 
have functioned with only small deviation up to a fast-neutron exposure of 1017 n cm-2. 
One device was a Colvin pressure transducer, and the other was a constantan foil atrain 
gage. 

In order to offer some aid for the selection of transducers for a nuclear environ­
ment, Figures A-4 and A-5 are presented. Some of the work is the reault of appraiaah 
of radiation-damage thresholds while the rest is the result of experimentation. 

Magnetic Materials 

The amount of information received on magnetic materiah during the paat year 
was about the same as in 1962. In looking over this information it is seen that, from a 
technological view, the thresholds of permanent damage due to steady-state nuclear 
radiation has been established for most types of aoft and hard magnetic materiah. 
Permanent effects as a result of bomb burst on some typical soft material• also have 
been covered. Very little, however, has been reported to date on transient effects re­
sulting from pulsed neutron radiation. Also, information concerning charged-particle 
effects on magnetic properties is lacking. 

Magnetic materials which have been incorporated into devices comprise one of the 
more radiation-resistant electronic components. Magnetic materials show no change in 
the important characteristics when exposed to radiation fluxes in the range 1015 to 
1020 n cm-2 fast nP.utrons. They have also been shown to withstand pulsed gamma 
radiation to a total exposure of 1 o9 ergs g-1 (C). 
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Electrical Insulation 

Electrical insulation has presented definite problems sinc e the b ginning of radia­

tion studies. Much of the knowledge now available has come about from th preparation 

of measurement circuits for basic components being irradiated, although in the past 

2 years much more information has been coming in as a result of r diation studies of 

particular insulations which might be used in systems. 

Pulsed radiation has probably caused the more difficult problems due to the 

transient effects induced in the insulation. The permanent effects can gen r ... lly be 

avoided by the proper selection of insulation. There are insulations whic h £unction well 

up to fast-neutron exposures of 1017 n cm-2. 

Figures A-6 and A-7 show the radiation damage thresholds for various common 

types of organic and inorganic insulation. From these figures it is seen that more in­

vestigation is needed in order to improve the radiation resistance of the organic 

insulations. 

Semiconductors 

Th area of semiconductor investigation has produced a large a.mount of informa­

tion during the past year. There is, however, one difficulty with this work. The 

majority of the information is on tests conducted to find the threshold of particular types 

of devices. The studies are not actually advancing the state of the art, but only adding 

to the number of different types of units tested. 

It has been known for some time that nuclear radiatu.'n causes p-n junction devices 

to degrade. Diodes show decreases in forward voltage with a constant voltage aero•• 

the junction. Also, the reverse leakage current and reverse brf~akdown voltage show 

increases. These are results of radiation-induced defects and decreases in minority­

carrier lifetimes. 1n solar cells these changes show up as a decrease in output. In 

transistors the changes are manifested as an increase in the saturation current, lcoo, 
and a reduction in common-emitter current gain, {3. 

The bar chart in Figure A-8 illustrates the threshold• of some of the common 

semiconductor devices. As inferred above, the area of radiation effects on semicon­

ductors needs basic studies to advance the state of the art, particularly from the device 

standpoint. 

Circuits and Systems 

Electronics engineers and circuit designers have developed several successful 

methods directed toward obtaining radiation-resistant circuits. One method used par­

ticularly with pulsed radiation is programming a computer with component equations and 

then having the computer perform a circuit analy1ia for each level of radiatio . A 

method most popular for steady-state circuitry is to design the circuit with radiation­

hardened components and/or components which have been shown to withstand the specified 
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lev 1 of radiation. On e designed, the cir it is teated to at least the necessary level 

and usually somewhat beyond. Of course, the de1igner in all case tries to apply tech­

niqu s of de sign which will compensate for the radiation effects. 

In many of the reports the indication• are that even though the1e technique• are 

not good they get results which in most cases are acceptable or slightly better. The1e 
techniques definitely require improvement. The level of radiation to which most of the 

circuits are being irradiated is in the rang . of 1013-15 n cm- 2 fa et-neutron exposure. 

With the need for circuitry that will operate well to high radiation exposure•, there i• 

a great need for a go d mpirical or statistical approach to de1igning radiation-re1i1tant 
ircuits. 

Programs in Progres1• 

Current programs on radiation effects on electronic components and materiale are 

s ummarized below. 

Admiral Corporation is determining the effects of nuclear radiation on frequency-control 

devic s. 

J rospac Corporation has an internal program to 1tudy radiation damage in ■elected 

ele tronic materials and piece parts. 

American Bos h Arma Corpor tion is studying radiation effect• on guidance and 
navigation equipment. 

American Concertone, Inc., is conducting research to develop a radiation-hardened 
telem try tape recorder. 

Battelle Memorial Institute is planning to teat 1everal thou■ and electronic part ■ to ■tudy 

their reliability in vacuum, at two radiation rate• and at two temperature ■• 

B 11 Telephone Laboratories, Inc. , has an internal program to 1tudy the radiation en­
vironment of Telstar, and the radiation effect• on ■olar cells and radiation-sen■ing 

semiconductor devices. 

The Bendix Corporation is de ,igning, fabricating, and qualification te ■ting electronic 

subsystems for start-up control of the SNAP l0A reactor. 

Th Bendix Corporation is studying the Q-factor technique as a means of predicting 

radiation damage to the gain of minority-carrier, bipolar transistor,. 

• ta led Informal on on these prog,ainiTs"' given In REIC Memorandum 13-C, " mpilatlon of Nuclear, Pulled , and Space 

Radlat n Eff cu Pro ecu " (U), Conf dentlal. 
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Bendix Corporation i• to eetablieh criteria for the deeign of microwave amplifiers and 
•election of conetituent material, compatible with the apace environment. 

Bendix Syeteme Divi ■ion i• etudying the relationship of neutron-energy spectrum and 
neutron-to-gamma ratio to bulk radiation damage for ■pace-vehicle components. 

Bendix Systems Divieion is concerned with the effects of radiation on transducer ■ at 
cryogenic temperature•. 

The Boeina Company is malting flash X-ray, Linac, Dynametron and Triga reactor tests 
to improve the capability for predicting radiation-induced transient behavior of elec­
tronic circuit&. 

The Boeing Company is determining the response of a thin-film memory system to 
tran■ient nuclear radiation. 

The Boeing Company is conducting radiation-effect ■ studie ■ on microcircuits. 

Brookhaven National Laborato:.y i• conducting radiation-effecu atudie ■ on optical, 
ultrasonic, and magnetic resonance properties of insulator ■, and on aolid- ■tate 

reaction ■• 

Burrough• Laboratories is determining the threshold of eu■ ceptibility and limits of use­
fulne ■■ of electronic componenu for advanced computer■ in nuclear environment ■• 

Burrough• Laboratorie• is to develop and test a computer model which will result in a 
guidance computer with an MTBF of 1500 hours while exposed to 5 x 1015 Nvt and 
9 x 109 erg ■ g-1 (C). 

Eurrough■ Laboratorie• i ■ obtaining and interpreting data of the parameter response of 
■ilicon transi ■tors exposed to pul■ ed nuclear radiation. 

Controls for Radiation, Inc. , i ■ conducting investigations of fundamental mechanisms in 
organic semiconductors of permanent and transient radiation effects. 

Dougla ■ Aircraft Company is continuing its internal program to study the performance 
of microminiaturize<l electronic systems and thin-film resistors in a radiation-vacuum 
environment. 

Electro- Optical Syetems, Inc. , is developing fabrication techniques to produce 
radiation-reeistant solar cells. 
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.3eneral Dynamic a/ Fort Worth i• etudying the effecu of irradiation in air and in vacuum 

on electrical ineulation., potting compound•., and dielectric materials. 

General Dynamic1/Fort Worth ia to conduct a eerie• of irradiation tests on NERVA 

co1nponent1. 

Gen ral Atomic Division of General Dynamic• i• u1ing optical techniques and the elec ­

tron linear accelerator to etudy radiation effects on eemiconductor1 and in1ulators. 

General Atomic Divieion of General Dynamic• ie making tran1ient-radiation-effects 

mechani1m 1tudiee on electronic parte. 

General Atomic Division of General Dynamic• ie etudying defecu reepon1ible for the 

degradation 1u!fered by eilicon solar cell• when expoeed to apace radiation. 

~neral Atomic Division of General Dynamic• i• inveetigating dieplacement radiation 

eHecta in semiconductor• aa related to energy of radiation., impuritie•., and annealiug 

behavior. 

General Atomic Division of General Dynamic a ia &tudying the effect• of pulsed gamma 

radiation on dynamic electronic components. 

General Electric Company i• studying the radiation effects on 1urvivable radio guidance 

syetema. 

General Electric Company is to develop a portable., radiation-hardened recorder to 

record etructure vibration. 

General Electric Company ie to develop radiation-hardened., portable equipment to 

measurf' the yield of nuclear detonations. 

General Electric Company hae an internal program to design eolid and secondary 

emission detectors for pulsed-radiation environmenu. 

General Electric Company i1 to design new technique• of instrwnentation and data ac­

quisition in puleed nuclear environmenu. 

General Electric Compa~ ie inveetigating the effect• of pulsed and steady-state radiation 

on microelectric component• and circuiu. 
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General Electric Company is evaluating the effecu of radiation on high-temperature, 
electrical 1witchgear for ■pace nu lear electri cal 1ystem1. 

General Electric Company i1 conducting radiation-effecu teau on Nimbua 1tabilization 
and control aub1yatem. 

General Electric Company ia studying the radiation effect ■ on electronics for space 
nuclear auxiliary-p\Jwer syatem1. 

G~neral Electric Company ia atudying baaic tranaient-radiation-effecta mechanism on 
electronic tube•. 

Receivin& Tube Department of General Electric ia continuing radiation teats on high­
temperature thermionic circuitry. 

Re-Entry Syatema Department of General Electric Company i• studying the re-entry 
vehicle heating, aignature, and effect• on electrical ayatems. 

Re-Entry Syatem• Department of General Electric Company i• de1igning a TIMM 
inatrumentation recorder and TIMM amplifier• which will be coamitronic (nuclear 
hard). 

The Tube Department of General Electric ia inveatigating microwave tubes in a pulsed­
nuclear-radiation environment. 

General Preciaion, Inc. , ia making determination• of radiation effects and mean• for 
hardenin1 guidance and control •y•tema. 

Geor1i• lnatitute of Technolo1y ia determining the effects of time, temperature, and 
radiation of the aging characteriatica of natural and aynthetic quartz-cryatal 
reaonatora. 

Huahea Aircraft Company ii atudying tranaient radiation effects on passive parts. 

H;f hea Aire raft Company i• atudying ba•ic mechani•m• of transient radiation effect ■ on 
e ectronic piece part•. 

Huahe• Aircraft Company ha• a program to develop radiation-hardened readout circuit ■• 
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Hughes Aircraft Company is determining transistor-design effects on radiation 

resistance of silicon planar transistors. 

Hughes Aircraft Company has an internal program to study surface ff ct on pac 

radiation on semiconductor devices and radiation damage to in ulator . 

Hughes Aire raft Company is studying the effects of pulsed radiation on guided-mi il 

electronic equipment. 

Infrared Industries Inc. , is studying the long-term effects of proton and electron ir­

radiation on PbS infrared detectors at 300 Kand 196 Kand lnSb infrared detectors 

at 77 K. 

International Business Machines Corporation i determining t,1e vulnerability of guidan 

and control systems to nuclear-weapon environment. 

International Busine11 Machine• Corporation is contracted to 1tudy the effect of pulsed 

nuclear radiation on selected electronic parts and material,. 

International Business Machines Corporation is to determine the effects of Van Allen 

belt radiation on the primary processor and data-storage unit of the Orbiting 

Astronomical Observatory. 

International B1.1sincss Machines Corporation is studying pulsed-radiation effects on 

aerospace digital c omputers. 

Ion Phy ics Corporation is conducting p-n junctions formation technique e aluations 

aimed at improving electron-radiation resistance of cells. 

The Johns Hopkin University i investigating the effect of geomagnetical!y trapped 

radiation on spacecraft comp nents. 

Ling-Tem o-Vought, Inc., is studying nuclear ramjet missile and sub ystems in 

radiation environments. 

Lockheed Aircraft Corpor~ is sere ning and obtaining performanc data on SNAP-8 

el ctrical-generating-system materials, controls, and component in a radiation 

environment. 
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Lockheed Aircraft Corporation is designing and inatalling vacuwn-chamber and 
radiation-effects testing equipment for the testing of expoaed transistors at controlled 

temperatures, and the testing of organic potting compound■ and electronic equipment 
subass mblies for Satu rn vehicles. 

Lockheed Missiles and Space Company is developing nuclear-radiation-hardened 
spacecraft subsystems. 

_______________ c_hn __ o_lo_g,__y is interested in space-oriented radiation effects 

troni c components and circuitry in active communication satellites. 

McDonnell Aire raft Compa.'ly is developing solid-atate radiation detectors and is studying 

energy levels in semiconductors using gamma radiation. 

Melpar, Inc., is conducting research on 2000 F power wire for launch, space, and 

re-entry conditions. 

Atomics International Division of North American Aviation, Inc., is studying the pulsed­
radiation e££ects on selected semiconductor compounds and devices. 

Atomic ■ International Diviaion of North American Aviation, Inc., is evaluating the 

effects of reactor radiation on instrument compartment components such as semi­
conductor modules, electromagnetic ontrol devices, and reactor control actuators, 

■enaors and insulation systems. 

Atomic ■ International Division of North American Avi ation, Inc., is investigating the 

behavior of battery electrodes in a variety of radiation fields. 

North Carolina State College is making theoretical and experimental studies of 
radiation-induced damage to semiconductor surfaces and the effects of this damage 

on aemiconductor device performance. 

Northrop Corporation is studying the transient radiation effects on specific circuits. 

Northrop Corporation is establishing and refining techniques for predicting the per­
formance of typical circuits for nuclear envirorunents. 

Northrop Corporation is determining physical effects of particular radiation on p-n 
junctions as a means for neutron-proton damage correlations. 
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Oak Ridge National Laboratory is s tudyi ng radiation effects in semiconductor , super­

conduc tors, and in ulating c rystals. 

Old Diminion College i1 inve1tigating the theory of defect annealing in irradiated 

semiconductors. 

Parametri . , is developing device to measure high temperatures in a nuclear 

roc k et e 

Purdue Univ r ity is conducting basi c radiation-damage studies on semi onductors, 

parti u larly germanium. 

Radio Corporation of Ame rica is conducting experimental and theoretic al studies of the 

ffect of radiation fro m natural and man-made sourc s on electronic-system ma-

t rial and compon e nt . 

Radio Corporation of America will evaluate Nuvi1tor1 in the DORF' reactor. 

Radio Corporation of America is making extensive irradiation of n-p solar cells, diode,, 

and insulation for the Nimbus program. 

Rand Corporation is continuing to investigate the effects o.! space radiation on the life­

t ime of communi c ation satellites. 

R ens s laer Polytec hni c Institute is investigating transient radiation damage in semicon­

du tor materials. 

R ns elaer Polytechnic Institute is dete rmining the effects of electron, proton, and 

n utron-gamma radiation on semiconductor materials and thin films. 

Aviation Corporation is studying the performance of microminiaturized elec­

':S Y tem and thin-film resistors in a radiation-vacuum environment. 

Sandia Corporation is continuing a tudy to determine the effect of secondary electrons 

produ d in inten gamma-ray fields on electronic-circuit components. 

Sandia Corporation is using analytical approaches to predict the effect that permanent 

damage in emiconductor devices has upon systems or circuits. 

Sandia Corporation is investigating the radiation-induced secondary photocurrents in 

transisto r s . 
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Space Technology Laboratories, Inc., is to irradiate different types of solar cells with 
1 Mev electrons. 

Sperry Gyroacope Company plane to conduct steady-state radiation and simulated space 
environmental teats on components to eatabliah tolerance levels for designs of elec­
tronic device ■• 

Sperry Gyroscope Company is conducting inveatigations on digital computers systems 
capable of withstanding reactor radiation level ■ approaching 102lnvft• 

UNIVAC Division of Sperry Rand Corporation i• atudying the effects of nuclear radiation 
on the MRV Computer. 

Sperry Rand Corporation ia atudying the pulaed-radiation effects on microwave ferrite 
duplexer a. 

Sylvania Electric Pr~ducta, Inc., is atudying the effect of reactor radiation on nonoper­
ating vacuum tube• for reactor irradiation of evacuated active circuit components. 

Texas Instrument• Inc. , ia investigating high-energy electromagnetic radiation effects 
on semiconductor devices. 

University of Michiaan i• analyzing the magnetic propertie• of the radiation-damage 
aite• in aemiconductors to determine the nature of the damage. 

The University of New Mexico ia carrying on experimental and theoretical research in 
support of the AFSWC transient radiation effects on electronic• program. 

Weatin1houae Electric Corporation is inveatigating atructure and fabrication procedures 
to maximize the resistance of webbed dendritic ailicon solar cell• to apace-radiation 
damage. 

Weatinahouae Electric Corporation i• conducting extenaive radiation-damage studies to 
develop solar-cell atructurea. 

Weatinahouae Electric Corporation i ■ inveatigating the mechanisms of current flow in 
auperconductor• by determining the effect• of radiation on their propertiea. The ex­
periment■ are to yield information on the radiation re•i ■tance of superconductor•. 

U . .S. Air Force Aeronautical System• Division is determinin1 the effect of 14. 1 Mev 
neutron radiation on the critical temperature• of superconductors NbZr and Nb 3SN. 
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U. S. Air Force Aeroapace Reaearch Laboratorie■ i• to determine the energy band 

atructure of cadmium aulfide utilizing electron irradiation. 

U. S. Air Force Cambridae Reaearch Laboratoriea ia determining the denaity of 

vacancy interstitial parts and defect energy level■ produced by neutron bombardment 

and gamma irradiation. 

U. S. Air Force Cambridge Re ■earch Laboratorie• i• determining the atomic cli ■place­

ment thre ■hold1 and annealing behavior of ■ emiconductor material• expo■ ed to electron 

bombardment at low temperatures. 

U. S. Army Electronics Re ■earch and Development i ~aboratories is continuing its in­

hou■ e program to develop communications and surveillance equipment which will func­

tion in a pulled-radiation environment. 

U. S. Army Frankford Ar■enal i ■ determining the effect ■ of tran■ ient radiation on the 

electronic component• of fire-control a■■ embliea. 

Harry Diamond Laboratorie• of the U. S. Army Materiel Command ia atudying nuclear­

weapon• effects on electronic material. 

NASA, Goddard Space Flight Center is comparing Hughe ■ diode ■, In 2591 with In 3887 

and diodes HMIN with HFIE under 2 Mev electron irradiation. 

NASA, Langley Research Center is atudying the electron-radiation damage to solar cell ■ 

and protective windows. 

NASA, Langley Research Center is making experimental in-beam meaaurement• of 

electron-charge storage and discharge in dielectric material111. Electron energie• of 

20 Kev to 1. 25 Mev are being utilized. 

U. S. Naval Ordnance Laboratory is determining the electron-radiation effects on 

magnetic materials. 

U. S. Naval Radiological Defense Laboratory i• ■tudying the effects of nuclear radiation 

on shipboard equipment. 

U. S. Naval Research Laboratory is investigating the effects of electrons and protons on 

solar cells and other components. 

U. S. Naval Research Laboratory is studying the effects of faat neutrons on ceramic 

bonded strain gages and is evaluating the electrical resistance of lead-wire insulation. 
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Conclusions and Recommendations 

A review of the state of the art for radiation-effects research on electronic parts 
and systems indicates that there is a general increase in activity in .1ch ar a, and par­
ticularly in the area of semiconductors. Although the larg st per entag , about 43 per 
cent, of work being done is in a pulse-radiation environment, spac radiation is b com­
ing much more important. Space-radiation studies account for 24 p r c nt of th total 
work, and the remaining 33 per cent is steady-state radiation studie . S m i ondu tor 
devices such as diodes, transistors, solar cells, arid integ rat d circ uit are of the most 
concern to the researcher. Considering only the electronic parts, s mi onductor­
device studies comprise roughly 56 per cent of the total investigations. In looking at 
both the electronic parts and the systems, 42 per cent is related to emiconductor de­
vices, 32 per cent is related to other electronic parts, and 26 per cent to cir uits and 
systems. These figures represent increases (in comparison with the 1962-63 period) 
for both semiconductors and other electronic parts. 

A study of the groups sponsoring re ■ earch in this area shows that the U. S. Air 
Force is conducting or ■ponaoring 37 per cent ; U. S. Army, 19 per cent; NASA, 15 per 
cent; DASA, 5 per cent; U. S. Navy, 5 per cent; AEC, 8 per cent; and other nongovern­
ment organizations., 11 per cent. 

All percentages are in terms of nwnber of contracts and not dollar value. 

Even though the study of radiation effects on electronic parts has shown a definite 
increase in activity ver the previous report period, there still is much work to be done 
to improve the devices and our knowledge of radiation effects. Devices such as trans­
ducer ■ still have not been studied to any large extent in a radiation environment. While 
re ■ i ■tor ■, capacitors, and tubes have been studied in the nuclear environment, they 
still lack the explanatory theorie ■ and equations for predicting radiation effects. The 
area of semiconductors., although investigated more than any other area, still needs 
device and fundamental studies. Of course, with the increased interest in space­
radiation effects., there are studies to be made in all areas of the electronic-parts field. 
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POLYMERIC MATERIALS 

Current State of the Art 

, he major emphasis in current radiation studies continues to be in the areas of 

spac e environment anc c r.Jmbined environments of radiation, elevated temperature , and 

vacuum. Also, radiatic.n effects at c ryogenic temperature• have been investigated. Thia 

latter work has been performed by only a limited number of organizations because of the 

type of equipment involved. 

There has been a noticeable decrea1e in the rate of effort in radiation-effects 

studies. Part of thi1 ia due to the amount of information already collected, but much of 

it is due to a cutback in Government funding and no doubt to a change in overall objec­

tives. However, there is a need for work to be continued on determining the effects of 

radiation at high exposures, the effect• of exposure rate on components, high-impulae 

effects, and the mec hanisms of degradation of various elaatomera and plastics. In the 

latter area, the amount of degradation which can be tolerated in various component parts 

before failure in operation needs to be determined. 

Theoretical studies are continuing. Some of the1e will result in a better under­

standing of mechanisms of degradation which in turn should lead to the development of 

more-radiation-resistant materials. However, a more concentrated effort is needed to 

speed up the development of polymeric materials which will meet preaent and future 

requirements. 

Moat of the information collected during the report interim wa1 on the effects of 

radiation on various components and products. These data are presented fir at on com­

ponents and then on elaatomeric and plastic materials. Presentations are made 

alphabetical! y. 

Radiation Effects on Polymeric Component• 

Adhesives 

The behavior of structural adhesives in space environment has been studied at 

General Dynamics/Fort Worth by Kerlin and aaaociatea, at Lockheed-Georgia by Yasui, 

at Martin-Marietta by Podlaseck, and at Aerojet-General by Gray and associates. In 

general, the studies point out that apace environment has little effect on shear strength 

of structural adhesives. Materials are available that are serviceable after expoaure to 

apace environment. Ultraviolet radiation will be a factor in considering tranaparent ad­

hesives which are used to bond transparent materials such as polymethyl methacrylate. 

General Dynamics ( 1, 2 )* reported the ah ear strength of nine structural adheaive1 

before irradiation, after irradiation in air or in vacuum, and, for two adhesives, after 

ir r :idiation at cryogenic temp c! ratures. The average 1hear strengths are given in 

Tables B-1 and B-2. The strengths of unirradiated 1amplea and of tho1e irradiated in 

air and in vacuum at room temperature 1how, in moat caae1, little difference. Excep­

tions are FM-47 and Narmco C. The strength of FM-47 decreased considerably after 

• Referen es ar at the end of c t Ion 8. 



A
d

h
e
si

v
e
 

S
h

e
ll

 9
2

9
 

S
h

el
l 

9
3

4
 

F
M

-1
0

0
0

 

H
T

-4
2

4
 

N
a
rm

c
o

 A
 

F
M

-4
7

 

M
e
tl

b
o

n
d

 4
0

2
1

 
M

et
lb

o
n

d
 4

0
6

 
A

P
C

O
 1

2
5

2
 

N
a
rm

c
o

 C
 

T
A

B
L

E
 B

-1
. 

A
V

E
R

A
G

E
 U

L
T

IM
A

T
E

 S
H

E
A

R
 S

T
R

E
N

G
T

H
S

 O
F

 A
D

H
F

.S
IV

E
S

 B
E

F
O

R
E

 
A

N
D

 A
F

T
 E

R
 I

R
R

A
D

IA
T

IO
N

( 
1

, 2
) 

S
h

e
a
r 

S
tr

e
n

g
th

 A
ft

e
r 

S
h

e
a
r 

S
tr

e
n

g
th

 A
ft

er
 

Ir
ra

d
ia

ti
o

n
 

in
 A

ir
 t

o
 

Ir
ra

d
ia

ti
o

n
 i

n
 V

ac
u

u
m

 
a 

G
a
m

m
a
 E

x
~

s
u

re
 

to
 a

 
G

a
m

m
a
 E

x
p

o
su

re
 

S
h

e
a
r 

S
tr

e
n

g
th

 B
e
fo

re
 

o
f 

3
. 

9 
x 

1
0

1 
E

rg
s 

o
f 

2
. 

9 
x 

1
0

1
0

 E
rg

s 
T

y
p

e 
Ir

ra
d

ia
ti

o
n

, 
p

si
 

G
-

1 (
C

),
 

p
si

 
G

-
1 

(C
),

 
p

si
 

E
p

o
x

y
 

2
2

6
4

 
2

5
1

0
 

1
9

7
3

 
E

p
o

x
y

 
2

5
6

2
 

2
8

4
0

 
2

3
2

0
 

E
p

o
x

y
 p

o
ly

a
m

id
e
 

6
2

8
3

 
6

0
8

6
 

6
1

1
7

 

E
p

o
x

y
 p

h
e
n

o
li

c
 

3
6

0
5

 
2

5
9

9
 

3
3

0
3

 
M

o
d

if
ie

d
 e

p
o

x
y

 
4

1
5

7
 

3
6

3
4

 
4

9
5

9
 

V
in

y
l 

p
h

e
n

o
li

c
 

4
3

1
5

 
3

7
1

6
 

2
5

6
1

 

N
it

 
il

e
 p

h
e
n

o
li

c
 

4
3

7
0

 
3

2
3

4
 

3
2

5
0

 
E

p
o

x
y

 p
o

l y
a
m

id
e
 

5
5

6
0

 
7

5
2

(a
) 

P
o

ly
u

re
th

a
n

e
 

2
7

4
3

 
3

2
6

z(
b

) 
3

1
8

1
 

P
o

ly
u

re
th

a
n

e
 

8
8

3
 

2
0

.8
 

4
5

4
 

10
 

-1
 

f 
10

 
-1

 
(a

) 
G

am
m

a 
xp

os
ur

e 
• 

4.
 9

 x
 1

0 
e~

s 
g 

cc
;. 

A
t 

a 
ga

m
m

a 
ex

po
su

re
 o

 
I 

x 
10

 
er

gs
 g

 
(C

).
 

sh
ea

r 
st
re
ng
th

■
 5

94
0.

 

(b
) 

A
t 

a 
ga

m
m

a 
ex

po
su

re
 o

f 
1 

x 
10

1 
er

gs
 g

· 
(C

),
 

sh
ea

r 
st

re
ng

th
 g

iv
e

n
 a

s 
34

1.
6 

an
d 

42
12

 I
n

 t
w

o 
d

if
fe

re
n

t 
te

su
. 

A
t 

a 
ga

m
m

a 
ex

po
eu

re
 o

f 
8 

x 
10

10
 er

gs
 g

·1
 (C

),
 s

he
ar

 
st

re
ng

th
 ■
 5

02
8.

 

0
, I N
 



T
A

B
L

E
 B

-2
. 

A
V

E
R

A
G

E
 U

L
T

IM
A

T
E

 S
H

E
A

R
 S

T
R

E
 

G
T

H
 O

F
 A

D
H

E
S

IV
E

S
 B

 
O

R
 

A
 

D
 

A
F

T
E

R
 I

R
R

A
D

IA
T

IO
N

 A
T

 C
R

Y
O

G
E

 
IC

 T
E

M
P

 
R

A
T

U
R

 
s

(2
) 

A
d

h
 

iv
 

T
y

p
 

' 
M

e
tl

b
o

n
d

 
E

p
o

xy
 

4
0

6
 

p
o

ly
a
m

id
e
 

A
p

c
o 

P
o

ly
-

1
2

5
2

 
u

re
th

a
n

e
 

S
h

e
a

r 
S

tr
 

n
g

th
 B

 
fo

r 
Ir

r
a

d
ia

ti
o

n
, 

p 
i 

R
o

o
m

 
T

e
m

p
 

-3
2

0
 F

 
-

4
2

3
 F

 

5
5

6
0 

2
9

9
0

 
3

2
5

0
 

2
2

4
0

 
5

0
4

0
 

5 
2

8
 

S
h 

a 
r 

S
t r

 
n 

th
 A

ft
 

r 
lr

ra
d

i 
ti

o
n

 a
t 

A
m

b
i 

n
t 

p 
u

r 
1

.0
 X

 
10

lO
 

( 1
1

0
 F

 
t o

 
p 

i (
b

) 

u
r 

1
0

1
0

 
r 

G
-

1 (
C

) 
E

r 
G

-
l (

C
) 

5
9

4
0 

7 
52

 ( 
) 

4
2

1
2

 
5

0
2

8
 

(a
) 

S
a

m
p

l 
s 

i r
ra

d
ia

te
d 

at
 

· r
yo

 
n

i 
t 

m
p

e
ra

tu
r 

. 
T

 
st

 
d

o
n

 l
ns

tr
on

 b
 

fo
r 

w
ar

m
in

g
 u

p
. 

( 
) 

T
 

st
 

d 
at

 r
 

m
 t

e
m

p
e

ra
tu

r 
. 

(c
) 

G
a

m
m

a
 

po
su

r 
• 

4.
 

10
1

0 
r 

s 
g

·1
 (C

).
 

S
h 

r 
S

tr
 

n
g

th
 A

 t
 

r 
Ir

r 
d

i 
ti

o
n

 i
n

 
L

iq
u

id
 

N
it

r 
n 

(-
3

2
0

 F
),

 
p 

i (
 

) 

p 
r 

x
p

o
 

u
r 

O
 

1
. 3

 
1

0
10

 
.2

 
10

1 

r 
g

s 
G

 -
1 (

 C
) 

E
rg

s 
G

 -
l (

 C
) 

2
2

9
2

 
1

6
0

0
 

4
5

 
2 

4
2

4
8

 

S
h 

r 
S
tr

 
n

g
th

 
A

ft
 

r 
Ir

 r
a

d
ia

ti
o

n
 

in
 L

iq
u

id
 H

y
d

ro
g

 
n 

( -
42

3 
F

) 
p

s
i (

 
) 

G
a
m

m
 

p 
u

r 
1.

3 
x 

1
0

1
d 

E
r

g 
G

-1
(C

) 

1
9

7
8

 

4
5

3
6

 

OJ
 

I l,
.i

 



B-4 

irradiation in a uwn. Narmco C lost its strength almost ompletely aft r air i rrad ia-
tion, wh r a unde r va uum i rradiation, only a 50 per cent loss in stren t h w xp -
ri n ed. How v r, th is latter adhesive ha low shear strength before i rradia ti on . 

Gray, t al., (3 ) at A e r ojet-G n ral irradiated lap shear sp imen prep r d with 
epox , poxy phenoli , vinyl phenolic, nitrile-ph noli , and glass -suppo rted poxy-film 
adhe iv . Thes were i rradia ted in ai r and in va uum ( 1 o-6 to rr) to a gamma xposu r 
of 10 - 1(C)atat mperatur of l 00Fmaximum. Th se spe im n w e r th n 

h ar st r ngth a t t mp r a t u r of - 300 F. In all cases loss in sh a r 
s treng th wa mall and th o r iginal s tr n th (.)f th adh siv bond p im n ou ld b 
on ider d in th de ign of part s fo r the abov cond itions . 

Yasui (4 ) at Lo khe d i rr a d iated thre poxy dhesives and o ne polyu r thane 
adhe iv -bond d t st p im ns imm r d in liquid nitrogen. The w e r t n t s t ed a t 
liquid nitro n t mp r a tur s. o lo s in s h ar s tr ength of single-lap shea r or in ulti -
mate trength of flatwi e sp cim ns was noted. 

Hexcell 422 -J adhesive was t ted in the fo rm of lap- shear specimens at room 
temperature and at elevated temperatures. (5) Shear-strength tests were conducted at 
laboratory temperatur (7 5 F) for samples i rradiated at ambient temperatures ( 110 - 130 F) 
and at 350 F for the samples irradiated at an elevated temperature. Shear strengths of 
the samples irradiated at ambient temperatur e to gamma exposures up to l. 7 x l 0 11 rg_ 
g- 1(C) were not greatly different from the shear strength of the c trol sample . Sample 
irradiated to 6.8 x 10 10 ergs g- 1(C)and 2. 2 x 10 11 ergs g- 1(C) at 250 and 310 F re­
spectively, stored for 7 days at 350 F, and then tested at 350 F lost approximat ly 15 per 
cent and 1 µer cent of their shear str ngths. In contrast , controls which wer not 
irradiated lost approximately 70 p r cent of their sh a r strength. Th h ar str ngth 
of specimens exposed to gamma radiation [6 x 10 10 ergs g- l(C)] at 450 .F d er as d from 
2500 psi to about 800 psi whereas th controls decreased to 900 psi. Appa r ntly h at 
alone affected the lap shear str ngth almost a much as the combined radiation-h at 
environment. 

Koehler and Pefhany (6 ) irradiated E pon 815, an epoxy ement, and Contact 
Cement No. 910 (Eastman Chemical Products Inc.) in air to a radiation exposure of 
2 x l 0 l 0 and 1. 2 x 10 l 0 ergs g-1 (C), respectively. Both adhesi v s were reported as 
being satisfactory after this irradiat ion. 

Coatings 

General Dynamics (?) and Lockheed Missiles and Space Company(S) are currently 
engaged in determining the effects of nuclear radiation on the optical characteristics of 
thermal control coatings , b ut only limited data are available at this time. Preliminar y 
results indicate that negligible change in s/ €. was experienced by the materials listed 
below as a res ult of exposure to l o9 ergs g- 1 (C) of Cobalt-60 gamma radiation: 

Kemacryl White La quer No. M49WC 17 (Sherwin- Williams) 
Kema c ryl Black Lacquer No. M49BC12 (Sherwin-Wi lliams) 
Leafing aluminum pigm nt in the Kema c ryl a c ryli c vehicle 

(Sh rwin- Williams) 
Nonleafing alwninum pigment in the Kema c ryl ac ryli c vehicle 

(Sherwin- Wi lliams) 

Full r 517-W-l Glos Whit Sili one (W. P. Fuller Co.) 
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Fuller 517-B-2 Flat Blac k Silic one (W. P. Fuller Co.) 

Fuller 172-A- l Alwninwn Silicone ( W. P. Fuller Co. ) 

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

Dull Blac k Mi cobond L6X962 (Midland Industrial Finisher Co. ) 

LMSC White Sili ate Paint on Al l l 00 alwninwn alloy. 

The irradiations are to continue to 10 11 ergs g- 1(C) gamma radiation and with other 

type s of penetrating radiation. 

Carro11(9) reported the evaluation of materials used on early Mariner spacecraft. 

An aluminized FEP Teflon and two zinc sulfide silicone paints showed the least degrada­

tion when exposed to ultraviolet light. These, however, were not exposed to gamma 

radiation. 

Hormann ( 1 O) exposed tailored c oatings, some of which contained UV absorbers, to 

ultraviolet and va cuwn. He found that a flat-white titanium dioxide pigmented, silicone­

alkyd co.a ting showed good vacuwn-thermal and ultraviolet radiation stability. A wide 

range of a / values (0. 20 - 0. 85) based on this coating are available fo r various 

temperature- control conditions. Dispersion of an u.ltraviolt~t absorber in a clear film 

over the basic coating exhibi ted a protective action in reducing the weight loss through 

500 F and in reducing b,a, at 300, 400, and 500 F. 

The black leafing aluminum system would provide high a, / values (O. 90 - l, 40) due 

to decreased emittance values with increased leafing aluminum content. Hormann also 

indicates that above 400 F, the polyurethane systems are inadequate in a vacuum-thermal 

environment. 

Laminates 

Epoxy, polyester, phenolic, melamine, and silicone laminate, have been inveati­

gated as to their behavior in space environment. The1e do not appear to be adver1ely 

affected by nuclear-radiation t..,posure of l o1 O ergs g- 1 (C) and UV expoaure1 of 2 pyron1 

for 500 hours. The polyesters were found to be the more sensitive to UV irradiation, 

but may be improved with the inco1·poration of UV 1tabilizer1. Phenolic• appear to be 

least sensitive to UV expo1ure, Epoxy laminates show improved 1trength1 when teated 

in a vacuum environment. Pre1ent information indicate, that cryogenic temperature• 

ill not be a serious problem with etructural laminate,. 

Kerlin and Smith(l, l l) teated nine gla11-fabric laminate• anrl one honeycomb 

laminate for effects of radiation-vacuum environment. Theae included Mobiloy AH-81, 

CTL-91-LD, and Conolon 506 (phenolic), Paraplex P-43 and Selectron 5003 (polyeater), 

DC-2104 and DC-2106 (1ilicone), Epon 828 (epoxy), and HRP Honeycomb (phenolic). 

Tests indicated that the combined effect• of radiation and vacuum (approximately l ol O 

ergs g- 1 (C) and l o- 7 torr) have no deleteriou1 effect on the atrength of the laminate• 

except for P-43 and DC-2 l 04. Paraplex P-43 loet ten1ile atrength rapidly after l o1 O 

erg, g- 1(C). At an exposure of 3. l x 1010 erg• g- 1(C) in vacuum, ten1ile 1trength de­

creased by approximately 20 per cent ae compared with a loe1 of 6 per cent when ir­

radiated in air to 3. 9 x l O 10 erg• g- l (C). Similarly Si!4cone OC-2104, after l o1 O erg• 

~( 1 (C) in vacuum, decreased in tensile strength. At 2. 9 x l ol O erg• g- l (C), teneile 

strength decrea1ed by 15 per cent. In air no lose wae obeerved after 3. 9 x l o1 O ergs 

g-l(C). 
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Gray( 3) irradiated 9h nolic, polyester, epoxy, and ilicone laminates in air and in 
vacuum (lo-6 torr) to 10 rbs g- 1(C). The s e were then tested at a temperature of 
-300 F. he environmental conditioning improved the strength of epoxy with unidirec-
tional glaaa fiber a and phenolic with glaas fabric. However, phenolic with high silica 
exhibited a alight deg r adation in ultimate strength. No trend of improvement or degrada­
tion due to environmental exposure was found for the remaining materials. 

Kerlin and Smith(l) irradiated Conolon 506 (phenolic) and Paraplex P-43 (polyester) 
at liquid nitrogen and liquid hydrogen temperatures to a gamma exposure of 6 x 1 ol O ergs 
g- 1 (C). No aignificant change in ultin ·.: .te tenaile strength occurred at the liquid nitrogen 
temperature•. Although tensile atrength increa•ed somewhat at the liquid hydrogen tern- · 
perature, this was believed to be due to chemical reactions between the ionized hydrogen 
and components of the adhesive rather than to the lower temperature. 

A laminate consisting of 181 glass-cloth (A-1100 finish) impregnated with AP­
Reain-XHU (a phosphonitrilli chloride polymer) called Dynalam was irradiated for 
55 hour• in an ambient temperature (120-130 F) and at 450 F. (5) Some of the h~.minates 
contained a curing agent and some did not, The samples were tested at room tempera­
ture. After irradiation at 455 F to 6 x 1 o 1 O ergs g- l (C), tensile strength of a laminate 
containing a curing agent dropped from 39, 400 pai to 30,600 psi while the laminate with 
no curing agent decreased from 31, 000 to Z 1, 000 psi. 

Potting Compound• 

Several potting compounds have been found serviceable for space appli cations. 
Cure ie an important factor for stability in space, a higher temperature cure being pre­
ferred to a room-temperature cure. Solvent systems are generally not satisfactory, as 
they tend to disaolve the insulation of imbedded wire. 

Clau•• reported at the 1961 Proceedings of the Institute of Environmental Sci­
encea02) that Epocast ZOZ/9615 ahowed excellent stability to both radiation [1010 ergs 
,-1(C)] and vacuum expoaure. Hysol 12-007A/B also showed excellent stability, although 
cure ahrinka1e waa greater than 2 per cent and shrinkage during exposure to vacuum at 
170 F waa 4. 5 per cent. Three materials were found satisfactory after exposure to 
vacuum at 170 F. These were not subjected to radiation exposure. They were manu­
factured by Product• Reaearch Company and included PRC 1535 A/ B, Dow-Corning Cor­
poration'• DC 502/501 and Furane Plastic• Epibo 1210/9615 epoxy-po amide materials. 

Kerlin and Smith(l) studied the effect of radiation and vacuum on several silicone 
and epoxy potting compounds. These were: 

RTV-501 
RTV-60 
EC-2273 
Scotchcaat 212 
Epon 823/Z 

Silicone 
Silicone elastomer 
A fluorinated elastomer 
Epoxy 
Epoxy 

Epon 828/Z and Silicone DC-R7521 did not change significantly in weight or ompr ssive 
■trenath (compre■ sion-deflection) when irradiated to l o10 ergs g- 1 (C) at a pres sure of 
Z x 10-6 torr. Both material■ chan1ed in color to a dark brown. Compressive strength 
of RTV-60 ailicone rubber increa■ed con■iderably. Compresaion deflection at 25 per 
cent increased 667 per cent, while at O. OZ-inch compression this property increased 
405 per cent. Irradiation in air of Scotchca ■ t 212 and EC-2273 had little effect on their 
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properties. Irradiation in vacuum caused c ompr s sive s trength o f th S o t h ca t to in­

crease by almost 50 per c ent. A small increase wa s noted fo r E C-227 3. With S i li on 

RTV-501, radiation both in air and in vac uum inc rea s ed compr e ssive strength. T hi s 

in c rease was more noticeable in vac uum. 

Several potting compounds were investiga t e d b y Arm s trong( 13 >. T h e i n lud d : 

Scotchcast No. 3 
Stycast 265 l MM 
RTV-501 
Epo n 828/D 
Insulating La cquer 1162 A/B 
12-007 
Stay!oam AA402 
EB 758 T 
S c ot c hca st Foam Resin No. 60 3 

Minnesota M ining and Manufa c t u ring Co . 

Emer s on and Cuming 
Dow Corning 
Shell Chemic al Co . 
Dennis Chemi cal Co . 
Hysol Co rp. 
Ameri can Latex 
MICA Corp. 
Minnesota M i ning and Ma n u!a luri ng Co . 

Insulation-r e sistance measurements were taken before, during , and aft e r i rradiatio n. 

Resistances of the samples were found to be dependent on the exposure rate. The great­

est c hange o cc urred in the mica referenc e sample ; the potting materials served to d -

crease the rate effects in the other samples. RTV-50 l showed an appreciable c hang in 

insulation resistanc e at the higher exposure rates , as did Dennis Insulating Lacquer 1162 

and Ameri can Latex Stay!oam AA-402. 

Seals, O-Rings, and Gaskets 

Gray, et al. (3 ) determined the effect of gamma radiation on eeala by eubjecting to 

r a diation components containing the seals, suc h as solenoid valve•, check valves , relief 

valve s , ac tua t o rs, ball valves , and r e gulators. The e were subjected to 2 weeks in a 

vacuum with the temperature cycled daily from -175 to +50 C, then eubjected to radiatio n 

exposure in air, and finally to a repetition of the vacuum exposure. Although the effe t s 

of environment on the seals in these components were not given directly and a re not 

strictly comparable, it would appear that Neoprene, Vi ton-A, Kel-F, and some T eflon 

seals were satisfactory. Butyl rubber, nitri l e rubber and other Teflon seals were ad ­

versely affected. 

The elastomer sealing materials within a solenoid changed in hardness or size , 

thereby increasing the mechanical forces required to actuate the valve. This is illustra­

tive of the type of problems encountered. Leakage rates of components with elastomeric 

seals and seats generally increased as a result of the combi ned environmental-exposure 

testing . 

Gray( 3) also determine::\ the effect of radiation and vac uum exposure on the com­

pressive and tensile strength of Fluorobestos, a mixture of Teflon and random asbestos 

fibers. The material remained useful as a gasket material after exposure to 1 o9 ergs 

g-1 (C) in vacuum. 

Kerlin and Smith( 1, 11 ) continued their evaluation of Viton-B, nit rile rubber, Neo­

prene, and natural rubber as O-rings. These materials were subjected to nuclear radia ­

tion and vac uum environments and tested in air and in vacuum. Nitrile rubber (Parker 

Compound 66-581) was not seriously affected by radiation either in air or vac uum to an 

exposure of l o9 ergs g-1 (C). At 1010 ergs g-1 (C) , the effect of irradiation was about 
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Ten il tr ngth of th rubb r wa om what 
was appro ximat ly 1 p r ent in vacuum. 

Tensil strength and elongation of natural rubber O-ring hanged onsiderably 
when irradiated in vacuum to 9 x 109 erg g- 1(C). Howev r, up t o 5 x 109 ergs g- 1( 
there was little differen between irradiation in air and in va uum. o i gnificant 
change in wei~ht oc urred. 

Irradiation to 109 erg g- 1(C) had practi ally no ffe ton eoprene ither in air or 
in vacuum. T sts in va uum howed littl differenc from tests in air. Radiation ff ts 
on Viton-B also appeared to be similar , wheth r irradiated in air or in va uum. longa­
tion decreased considerably after l o9 ergs g- l (C). 

A nitrile rubber (PRP 737-70) contain ' ng an ntirad showed bett r t n il tr ngth 
when irradiated in air than in vacuum. However, after l 0 rg g - 1 (C), elongation d -

reas d con id era y. 

AU of th materials except Viton-B howed good stability to radiation both in i r 
and in vacuum to about 10 ergs g- 1 (C), but above this exposure hange in physi al 
properties were large. Viton-B howed considerable change at l 0 rgs g- l (C). At the 
highest exposure, natural and nitril r u ber appeared to b damag d mor by xposur to 
gamma radiation in va uwn than by exposure in air. The Neoprene and Viton-B wer not 
tested to sufficiently high radiation levels in vacuum to determin the effe t of v uum on 
gamma- radiation damage. 

General Dynamics< 5) irradiated four O-ring formulations manufactured by Pr -
cision Rubber Products Corporation (PRP). Three of the formulations w re develop d in 
a cooperative program B. F. Goodrich Co. and PRP to develop radiation-resi tant 
0 - ring compounds. The fourth was a standard PRP Viton-B formulation. Data w r 
given for a N oprene rubber containing 5 parts Antiox 401 0, and for Vito -B. The 
materials, when irradiated at 375 F in air and in fluid , maintained on id rabl t n il 
strength and elongation. Data ar given in Table B-3. 

Lewis<7>, at G neral Dynamic /Fort Worth irradiated two elastom r a O-rings. 
These were also compositions containing antirads and were developed by B. F. Goodri h 
and Precision Rubber Products Com.pani s. A summary of the eff cts of irradiation is 
given for these materials in Tables B-4 and B-5. These appear to be serviceable to a 
radiation exposure of 1O10 ergs g-1 (C). 

Koehler and Pefhany(6) test d a aging system for reactor pressure tubes designed 
to measure diameter, urface defects, wall thickness, and straightness in a defuelled, 
drained channel during periods of reactor shutdown. The ultrasonic crystal used to trac 
the wall contour required water coupling to the tube wall, and therefore some of the O­
rings were wet or immersed in water during the testing of the gaging system. As a re­
sult, some of the O-ring materials were t sted wet and some dry, depending on the 
location. Neoprene O-rings were found to be satisfactory to a radiation exposure of 
approximately 10 10 ergs g- 1(C) both wet and dry. Although the O-rings had hardened 
they were considered satisfactory for this application. Silicone rubber O-rings (Armet 
Green and Grey, and Linear White) and a white Teflon O-ring were considered satis­
factory when dry, but they hardened considerably when wet. 

Electrical Insulation 

Electrical-insulation materials designated as DC-7-170 (silicone), Geon 2046 and 
Geon 8800 (polyvinyl chloride), Estane 5740Xl (polyurethane), Kynar (polyvinylidine 
fluoride), Kel-F-81 (polytrifluorochloroethylene), Duroid (a Fiberglas-reinforced T flon) 
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TABLE B-4. SUMMARY OF EFFECT OF IRRADIATION AT ROOM TEMPERATURE 
0 : PRPC O-RING COMPOUND 4387 (SBR RUBBER)(?) 

Gamma Specific Gravity Compre11ion Hardne11, Tensile Ultimate 
Expoaure, at 25 C Set, Shore A Strength, Elongation, 

erga/g- 1(C) Before After %(a) Before After psi(b) % 

0 9.04 1890.6 449.3 

4.9xl08 1. 164 1. 172 14.42 64.6 64.4 2014. 1 453.3 

1.8 X 109 1. 166 1. 173 27.88 65.0 65.0 2003.2 427.3 

3.6 X 109 1. 165 1. 157 43.26 65.0 67.4 1811.2 339.4 

1. 2 x 1o10 1. 162 1. 160 74.95 65.0 75.6 1779.7 209.5 

3.5xlOlO 1. 163 1. 184 89.77 64.8 86.4 1749.2 65.5 

1.6 X 10
11 

1. 160 1. 211 3601. 8 18. 3 

(1) Total time in comprea ion for all spec mens, 31 0 hoU1s. 
(b) Tensile 1lue1 are a\'er1ge for H, samples. All others are average for 5. 
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B-12 

irradiated and their physical propertie tested at Gen ral 
hani al prop rties are presented here ; the ele trical proper­
ar di ussed in the se tion entitl d Electronic Components 

Silicon DC 7-170 increased in tensile str ngth 144 per cent while elongation de­
creased by 83. 5 per ent wh n subjected to 8. 8 x 108 ergs g-l(C) in vacuum. Average 
weight los was about O. 2 per cent. M hanical properties were more severely affected 
by the vacuum-irradiation environment than by irradiation in air. 

Polyvinyl chloride materials and polyvinyliden chloride are affected to approxi­
mately the same extent in vacuum and in air. Polyurethan and Duroid are less affe ted 
by irradiation of 109 ergs g- 1(C) in va uum than in air. Mylar increased in tensile 
strength, but creased in elongation when irradiated in vacuum. No significant weight 
loss was noted. Mylar C was also irradiated at liquid nitrogen and liquid hydrogen tem­
peratures. (2 ) The effect of the cryogenic temperatures was to increase tensile strength 
and decrea e elongation. At the liquid nitrogen temperature, gamma irradiation de­
creased th tensile strength, but not below the original value at room temperature. This 
material appears satisfactory for applications in a vacuum-gamma radiation environment 
to 1010 ergs g- 1(C). However, it is susceptible ~o ultraviolet-radiation damage. 

Koehler and Pefhany( 6 ) reported polyethylene, Zytel Nylon 33, and polyvinyl 
chloride as satisfa tory to 10 10 ergs :,- 1(C) in air when dry. 

Dielectric Materials 

Kerlin and Smith ( l, 11 ) investigated the physical properties of several dielectri 
materials when irradiated in air and in a vacuum (lo-6 to 10-7 torr). These incl ded 
Marlex 6002 (high-density polyethylene), Teflon TFE, Tedlar (polyvinyl fluoride), and 
H-film (polyimid ). The polyimide film showed the highest tensile strength and the 
greatest 1tability to radiation both in air and in a vacuum. After 3 x 1010 ergs g-l(C), 
ten1ile strength dropped only from 19,470 psi to 17,903 psi when irradiated in air and 
18,877 psi when irradiated in vacuum. Elongation decreased from 128 per cent to 83 per 
cent when irradiated in air and 103 per cent when irradiated in vacuum. Tedlar also 
showed excellent stability to radiation both in air and in vacuum when irradiated to l o9 ergs g- l (C). Mar lex had a greater elongation than these before irradiation, but after 
l o9 ergs g- 1 (C), this property decreased to a greater extent. 

When irradiated t cryogenic temperatures (liquid hydrogen and } ·quid nitrogen)( 2 ), 
tenaile strength of the polyimide film increased and elongation decreased due to the tem­
perature, but the effect of radiation up to 1 o1 O ergs g- 1 (C) was very slight. 

Thermal Insulation 

Two polyurethane foamed materiala manufactured by Chemical Plastics Research 
Co. were irradiated in vacuum at Genera! Dynamics and tested for compression strength at 25 per cent defle lion in air and in vacumn. (1) After l o9 ergs g- 1 (C), compression 
strength of CPR-20 did not change when tested in air (100 psi to 99 psi). When tested in 
vacuum to 5 x 108 ergs g- 1 (C) compression strength (compression deflection) at 25 per 
cent deflection increased to 124. 5 psi. With the second material, CPR-1021-2, com­
pression strength at 25 per cent deflection again did not change significantly when tested 
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in air after beina irradiated in vacuvm to 5 x 108 era• 1· 1 (C) aamma. Value■ were 

33 p■ i and Z9. 8 pui before and after irradiation. When te ■ted in vacuum, after the ■ame 

radi:ation expo■ure, compre■■ion ■tren1th increa■ed to 49. 4 p■i. 

Stafoam AA 40Z, al ■o a polyurethane thermal-in■ulation material, wa■ irradiated 

at cryogenic temperaturea.(Z) There appeared to be an approximate thre■hold point for 

compre■■ive re■ i■tance of thi ■ material at an expo■ure of about 5 x 109 era■ a·l(C). 

Styrofoam ZZ, a poly ■tyrene thermal in■ulation, ■bowed a radiation thre■hold of 

Z-5 x 109 erg■ a· 1(C) at. cryoaenic temperature■• 

Radiation Effect■ on Ela■tomeric Material■ 

Additional data on polyurethane rubber and foam, arylene modified ■ilicone■, 

nit rile rubber, and Neoprene rubber■ were received at REIC durina the report period. 

Polyurethane Rubber 

Seilon UR-SOT, a polyurethane ela ■tome1· produced by Seiberlina Rubber Co.
1 
wa■ 

irradiated at two temperature•, 75 F and ZSO F; the gamma expo■ure wa■ 9. 4 x 10 0 era■ 

g- 1(C) at the lower temperature and 8 x 1010 erg■ g·l(C) at the higher temperature.(?) 

At the lower temperature, compre■■ion ■ et increa■ed from 74 per cent to 95 per cent, 

ten■ile ■trength decrea■ed from 4648. 4 p■i to 1967. 8 p■ i, and elongation decrea■ed from 

623. 8 per cent to 4Z. 1 per cent. Shore A hardne■■ changed from 96. 5 to 92. 5. At 250 F, 

after 8 x 1 o1 O erg■ g· 1 (C), ten■ile ■trength wa■ 1751. Z p■i and elonaation wa■ 50. 5 per 

cent. Hardne■■ decrea■ed from 95. 8 to 84. 8, and compre■■ion ■ et increa■ed to 106. 7 

per cent. 

A flexible polyurethane foam, a blown polyether urethane produced by General 

Foam Co., wa■ al ■o irradiated at 75 F and ZSO F. At the lower temperature, compre■-

sion ■ et at SO per cent deflection increa■ ed from 8 per cent to ZO p,ar cent at 109 erg■ 

g· 1 (C), to 95 per cent at 8. 3 x 109 erg■ 1· 1 (C), and to 100 per ce.it at 2. 8 x 1 olO erg■ 

g- 1 (C). At the highe■t expo■ure, 9. 4 x 1o10 erg■ ,-1 (C), the material adhered to the 

plates. At ZSO F, comprea ■ion ■ et of the unirradiated material wa■ 103 pfr cent. At 

Z. 4 x 1010 erg■ ,·l(C), the value at 50 per cent deflection wa■ ■till 103 per cent. At 

8 x 1 o1 O erg■ g· (C), difficulty in ■hrinkage and ■ticking to the plate■ again wa■ 

encountered. 

Silicone kubber 

Ossefort< 14) studied the thermal and radiation ■tability of arylene modified 

siloxane ■ prepared by Union Carbide Corporation. Although it wa■ expected that the■e 

st~ucture■ would improve thermal ■tability, thi ■ wa■ not the ca■ e. However, it ap­

peared that improved radiation re■ i ■tance of the ■ilicone rubber■ re■ulted. The ■truc­

tures of the arylene modified ■iloxanes and ■ilcarbane■ are ■hown in Figure■ B-1 and 

B-Z. The radiation re■ i ■tance of the ■ e material■ a ■ compared to the ■ilicone rubber■ 

is shown in Figure B-3. It will be noted that they were not teated above 8 x 107 erg■ 

g-1 (C), but from the ■lope of the curves, the improvement in radiation re ■i■tance would 

be expected to extend to higher expo■ure■. 
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• 
N • I to 4 

o . f luorinoted Arylene Modified Polyliloxone 

• 

b . Arylene Modified Silcorbones 

FIGURE B-Z. SILOXANE AND SILCARBANE POLYMERS(l
4

) 
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Two other pha■e■ of the pro1ram are in pro1r•••, but re■ult■ of the ■tudies are 

not yet available. The■• include the preparation of arylene modUied ■iloxane■ con­

nected by perfiuoromethylene 1roup■ at Stanford Re■earch In■titute and the preparation 

of arylene modified ■ilcarbane■ at Yar■ley Re■earch Laboratorie■ in London. 

Nitrile Rubber 

McGarveyU 5) evaluated approximately 200 potential antirad■ to determine the be■t 

one for low acrylonitrile contert NBR (78/18 butadiene/acrylonitril•). The activity of 

the antirad wa■ judged by the per cent of initial ■train and Shore A harclne■■ values. after 

a gamma expo■ure of 50 meaarad■ (S x 109 erg■ ,-1(C)). Table B-6 ■how• the re■ult■ 

of the three be■t antirad■• 

TABLE B-6. EVALUATION OF THE BEST ANTIRADS IN NBR(l~) 

Per Cent of the Ori1inal Property After 

Expo■ure to 5 x 1 o9 Er1• a- 1 !Cl 

Additive (S pph Polymer) 

None (control) 

Z,Z-diphenyl-1-picrylhydrazyl 

1, 1-diphenyl-2-picrylhydrazine 

N, N' -di phenyl paraphenylenediamine 

Ten■ile 

92 

109 

98 

82 

Elonaation 

33 

61 

63 

51 

Harclne■■ , Strain, 
Shore A NBS 

116 34 

104 58 

108 55 

il0 55 

The antirad activity of 1, l-diphenyl-2-picrylhydraaine (DPPH2) pre■ent at a con­

centration of 5 pph polymer wa■ al■o inveati1ated in SBR, and butyl ard. natural rubber. 

A ■ ignificant antirad activity wa■ exhibited in only the SBR vulcaniaate. 

Bonanni(l6) irradiated Buna N rubber to a radiation expo■ure of 7.9 x 107 er1• 

g- 1(C) in air, in a clo■ed atl!'~":,here, and in vacuum (5 x 10-5 torr). The per cent 

change in weight wa■ negligibu, in each ca••• Ten■Ue ■trenath decrea■ed more when 

irradiated in a vacuum than when irradiated in air. Value■ in a clo■ed atmo■pher• were 

in general intermediate. Elongation followed ■omewhat the ■ame pattern. Thu■, thi■ 

rubber appeared to be le■■ ■ati■factory when irradiated in a vacuum than when expo■ed 

to radiation in air. 

Neoprene Rubber 

Bonanni(l6) al ■ o irradiated Neoprene rubber in air, in a cloeed atmo■phere, and 

in vacuum (S x 10- 5 torr). At the maximum expo■ure, 7. 9 x 107 era• ,-1(C), there wa■ 

no appreciable change in ten■ ile ■trenath. Elon1ation decrea■ed to a greater degree 

when irradiated in a clo■ed atmo■phere (limited amount of air) than when irradiated 

either in vacuum or in air. In general, there wa■ not much differe1tce in elongation 

when irradiated in air or in a vacuum. 
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Radiation Effect ■ on Pla1.,tic Materials 

Acrylonitrile/Butadiene/Styrene Terpolymera (ABS) 

Lewia(7) determined the effect of irradiation on two type• of ABS polymers at 75 F 
and at 250 F. Theee materials were Kralaatic MV and Kralaatic SRA plaatic1. At 7 5 F, 
both materiala increaaed in tenaile atrength when irradiated up to 2. 8 x 1 ol O erg a g-1 (C). 
At 9. 4 x 1 o 1 O erga g- 1 (C), tenaile atrength decreaaed by approximately 30 per cent of the 
original. The MV material increaaed in tenaile atrength from 37 30 pai to a maximum of 
5070 pai and then decreaaing to 2140 pai. The SRA material increaaed from 4730 pai to 
6330 p1i and then decreaaed to 2820 pai. In both ca1ea, hardnesa increased with increa1-
ing radiation expoaure. At elevated temperature• thia change takea place more rapidly, 
and at 250 F Kralaatic MV nonirradiated had a tenaile atrength of 3670 psi, while the 
material after being irradiated to 8 x 1 o 1 O ergs g- l (C) at 250 F decreased in tensile 
atrength to 1230 pai. Under the aame condition•, the SRA material decreased from 
4350 pai to 875 pai. Hardne1a of both materiala increaaed with increasing radiation at 
the elevated temperature• in approximately the aame faahion a, it did when irradiated at 
room temperature. 

Phoaphonitrillic Chloride Polymera 

General Dynamica< 5) developed a reain which is a derivative of phosphonitrillic 
chloride and which ia deaignated aa AP-Reain-XHU. The resin contains a number of 
wireacted polar group• (hydroxyphenyl) which can be reacted with aelected curing agents 
and monomeric or polymeric materiala containing reactive constituents. Blends of this 
reain with phenolic•, polyeatera, epoxiea, polyamidea, and many elastomers can be 
prepared. The cured reain or reain-polymer blenda are reported to have flame re­
aiatance, high heat atability, high atructural atrength, and excellent environmental 
reahtance. 

Several of the phoaphonitrillic chloride polymeric blenda were irradiated both at 
room temperature and at elevated temperaturea. A blend of the AP-Resin-XHU and 
acrylonitrile waa prepared, irradiated in air, and immeraed in 5P4E polyphenyl ether 
(Monaanto OS-124) at temperature• ranging from 7 5 to 340 F. 

In general, expoaure of the blend to elevated temperature• and radiation resulted 
in an increase in tensile atrength, elaatic modulua (compreaaion), and hardness. How­
ever, elongation decreaaed from 138 per cent to 94 per cent when the blend was heated 
to llO F for 33 houra with no irradiation. When irradiated to 2. 5 x 10 10 erga g- 1 (C) in 
air at thi• aame temperature, elongation decreaaed to 26 per cent. Immersed in the 
polyphenyl ether for 33 houri at 110 F with no irradiation, elongation was 50 per cent; 
after irradiation to 2. 1 x 1 o 1 O erg• g- 1 (C) in the oil at 110 F (33 hour a), elongation was 
30 per cent. A glaaa cloth laminate of this resin showed excellent radiation stability at 
455 F. 

Polyamide (Nylon) 

Koehler and Pefhany<6 ) reported that Nylon Zytel 33, when i rradiated to 2 x 1 o1 O 
erg• g- 1 (C) in a dry atmoaphere, waa 1atiafactory and could be used in a gaging system 
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for reactor pressure tube• deaigned to measure aurface defect• during periods of re­
actor ahutdown. A nylon ring u ,sed in thi• equipment was also aatisfactory, although its 
color changed to a brown. 

Polyimide 

StephenaonO 7) irradiated polyimide fiber•, HT-1 (Ou Pont), polybenzimidazole, 
and thiazole polymers with ultraviolet radiation. No volatile product• were detected and 
no difference• in degradation were noted between irradiation• in air, nitrogen, or 
vacuum (lo- 6 torr). Tenaile atrength decreased from 1. 1 x 105 pai to 1 x 105 pai, while 
elongation decreaaed from 30 per cent to about 20 per cent in theae environments. Ir­
radiation of polybenzimidazole fiber• with 253. 7 mµ of light from a G30T8 lamp produced 
greater deterioration of tenaile propertiea in oxygen than in nitrogen or in vacuum. Ir­
radiation in nitrogen produced effect• in elongation that were intermediate between those 
in oxygen and in vacuun . Fiber• of the thiazole polymer appeared not to be affected dif­
ferently in nitrogen, oxygen, or vacuum. No lo•• of tenaile atrength due to X-irradiation 
was apparent, but some decreaae in elongation was noted. 

Ou Pont "H" film, conaidered for uae aa a hydrogen barrier, was irradiated 
(nuclear) while immersed in liquid nitrogen. (4,) At this temperature, tenoile and tear 
strengths of a 2-mil sheet were approximately equivcilent to those of 2-mil Mylar. These 
properties were not significantly affected by expoaure to 2 x 1 o9 erg• g-l(C). Radiation 
did not affect hydrogen permeability. 

Polycarbonate 

Merlon polycarbonate plastic, when irradiated at 75 F to 3. 5 x 10 10 erg• g- 1(C) in 
air, showed no appreciable change in hardneas.<7 ) Its ultimate atrength decreased from 
8590 psi to 2070 psi. At 1010 ergs g-l(C) elongation decreaaed from 104 per cent to 
54 per cent. At 2 x 10 11 ergs g-~(C) the material was too brittle to determine these 
properties. 

Polrn-Vinyl Carbazole 

Gri lan F plastic (poly-n-vinyl carbazole)(7 ) showed extremelr good radiation re­
sistance at ~oom temperature. When irradiated to 2 x 1011 erg• g- (C), there was no 
a.ppreciable ('}iange in hardness, specific gravity, or tenaile atrength. Values for the 
last property before and after irradiation were 2900 psi and 2590 psi, respectively. 

Polystyrene 

Lewis (7) irr diated polystyrene film at 75 F to 9. 4 x l o1 O ergs g-1 (C). Tensile 
strength changed fr cm 1120 psi to 512 psi. Ultimate elongation changed from 6. 5 per 
cent to 3. 2 per cent, 
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Polyethylene and Polypropylene 

Kerlin and Smith(l) found ~hat Marlex 6002 (a high-density polyethylene), when ir­
radiated in air to 1 o9 ergs g-1 (C ), decreased in elongation from 907 per cent to 14 per 
cent. However, in vacuum, the decrease was only to 675 per cent. Tensile strength in­
creaeed both in air and in vacuum; the inr.rease was slightly higher in vacuum. 

Lewis(?) reported data on a propylene-ethylene polyallomer produced by Eastman 
Chemical Products Inc. Polyallomers are defined as crystalline thermoplastic polymers 
produced from two or more different monomers. These are not copolymers in the usual 
sense nor are they blends, but are more like bloc k polymers. Irradiated to 9. 4 x 10 10 

ergs g- 1 (C) at 75 F, tensile strength decreased from 4380 psi to 1100 psi. Above 2. 8 x 
1010 ergs g-l(C), hardness decreased and the material became very tacky. Elongation 
decreased considerably between 3 x l 08 and l o9 ergs g- 1 (C). At 2 50 F, when irradiated 
to Z. 4 x l ol O ergs g-1 (C), the specimens were stuck to the foil wrapper and tore easily. 
At 200 F, tensile strength decreased from 43 0 psi to 1300 psi at 2. 9 x 1 o9 ergs g- 1 (C), 
while elongation decreased .r om 688 per cent to 34 per cent at 9. 7 x 108 ergs g- 1 (C). 

Polyurethane (Rigid Foam,) 

The effect of nuclear-radiation exposure at cryogenic temperatures was examin d 
on four polyurethane foams by Yasui(4 ). The materials were Magnolia Foam, Marfoa m, 
CPR Z0-3 Foam, and Douglas Insulation. There was no statistically significant differ­
ence between the controls and irradiated specimens of Magnolia Foam or Marfoam. 
CPR-Z0-3 increased abo t 39 per cent in shear strength in the anisotropic direction. 
Yaeui account■ for this by the fact that the individual cells within the foam were elongated 
in this direction and were mutually parallel. Radiation did not affect compressi ·e 
properties. 

Program• in Prog1·ess• 

Current programs on radia tion effect• in polymers are summarized below. 

Aerojet General Corporation is studying the effects of the apace environment on the 
compatibility of sealant materials anci propellants. 

Douglas Aircraft Company is devoting part of its program to a study of elaatomers with 
high thermal-radiation reflectanc e prope r ties as a protection against the environ­
ment of a nuclear explosion. 

General Dynamic s/Fort Worth is investigating the behavior of various polymers in 
complex environments . 

Ion Phy s i c s Corpo ration i s studying the development of polymer coatings which have 
greater strength and durability following electron irradiation. 

•o ull d inform al n on th progra ms Is given In REIC Memorandum 13-C, "C mpllatlon of Nuclear , Pu ls d, and pa 

Radiation EH t Proj ct " (U), onfidentl al. 
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The Johns Hopkins University ia determining the behavior of common dielectrics at high 

frequencies in a high-vacuwn environment. 

Lockheed Aircraft Corporation is studying the optical-property behavior of thermal­

control coatings by irradiating them with hydrogen plasma to simulate an interplanetary 

environment. 

Lockheed Aircraft Corporation is also evaluating the effects of trapped-particle radiation 

on the thermal radiative propertiea of coatings and the aynergiatic effecta of electrons, 

ultrav:olet irradiation, and vacuwn on the optical propertiea of thermal-control 

materials. 

NASA, Langley Research Center has an internal program to atudy the effecta of electron 

irradiation in air and in vacuum on a foil compoaed of alwninwn and Mylar film. 

NASA, Langley Research Center, in another internal program, ia inveatigating the ef­

fects of electron irradiation on the tensile properties of polyurethane, polyaulfide, and 

PBJ-~.A propellants. Gaseous producta are also being studied. 

The U. S. National Bureau of Standards is conducting research on the degradation 

mechanisms of polymers, the kinetics of these reactions, and the chemical atructure 

and radiation stability of polymers exposed to radiant energy. 

The U. S. Nav Naval Air En ineerin Center is studying the viacoaity and UV trana-

6 after exposure to nuclear, ultraviolet, and thermal radiation. 

The U. S. Navy, Naval Air Engineering Center ia inveatigating the thermal radiation 

resistance of nonmetallic materials. 

NRA, Inc. , is studying the effects of radiation on polymer•. 

The Pennsylvania State University is determining the effects of radiation on the phyaical 

properties of various polymers. 

The Pennsylvania State University is devoting part of ·t• program to a atudy of the 

effects of radiation on the dynamic properties of polymers. 

Radiation Applications is studying the upgrading of polyethylene and ethylene-propylene 

copolymers using radiation cross-linking and the improvement of low-temperature 

flexibility. 
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Sandia Corporation i• determining the effect of neutron and gamma irradiation on the 
photoconductivity of organic dielectrics. 

The University of Georgia is investigating the effects of neutron irradiation on the 
molecular structure of plastic• and elastomer a. 

Conclusions and Recommendations 

Investigations continue to be directed toward the behavior of components in a space 
environment. The radiation levels are in general lower than those encountered with 
nuclear-propelled vehicles, and many of the elaetomers and plastics are proving to be 
satisfactory. There have been some new materials developed which appear promising 
for nuclear and space applications. These include the polyimide polymers, the phospho­
nitrillic chloride polymers, and styrene-butadiene, neoprene, and nitrite elaetomers 
containing anti rads. 

At the present time, on the basis of available information, it i• not possible to 
generalize regarding the effect of radiation in air as compared with the effect in vacuum 
on polymeric materials. With some, radiation cause• greater degradation in vacuum 
than in air; with other•, the reverse is true. 

The REIC is continually receiving requests for information on the behavior of com­
mercial materials at high-radiation exposures. In this respect, it i• believed that rnany 
of the Government contractors have tested various products and components, but the re­
sult• have not been published. It would be an advantage if these data could be collected 
and processed into the REIC files. It could save duplication of efforts. 

Work should be increased in fundamental studies directed toward determining 
damage mech~nisms leading to the development of materials having improved radiation 
resistance. 

Some confusion has arisen over the use of the term ambient temperature. It is 
recommended that the actual temperature range be given in future reports rather than 
the indefinite reference, ambient. 

The REIC is preparing an addendum to REIC Re-port No. Z J, dated September 1, 
1961, on "The Effect of Nuclear Radiation on Elaetomeric and Plastic Components and 
Materials". The addendum will contain more information on space environmental ef­
fect•. Thie publication should be available about September 1. 
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LUBRICANTS, FLOTATION AND HYDRAULIC FLUIDS 

Current State of the Art 

Contract efiorta in the area of lubricant• ard hydraulic fluid• continued at a low 

rate of effort. The efforts were concentrated on materials for potential use in space. 

The environments of interest included vacuum and cryogenic to extremely high tempera­

tures, beside• the radiation environment. 

Research on radiation effects on fuel materials during the report period was nil. 

A Soviet study describes the radiation-induced thermal cracking of gasoline at 450 to 

600 C under various preeaurea during exposure to gamma radiation at a rate of 1. 5 x 

105 :l: 10% ergs g-l(C) hr-1,(1)* A handbook by Bolt and Carroll reviews the radiation­

eHects information on fuel materials which ha• been gathered over the last f w years.(2) 

Flotation Fluids 

Sperry Gyroscope Company(3) has determined G-value1 for hexafluorobenzene as 

a part of a search for radiation-resistant gyroscope flotation fluids. Thia fluid has 

proved more resistant to gassing at gamma exposures of 1010 ergs g-l(C) than typical 

aromatic fluids. Gpolymer eq,,.aled Z. 01 due to cross-linking and G as equaled 0. 001 

for hexafiuorobenzene. The liberated fluorine apparently back-reac'• with the fluids 

forming saturated alicyclics. 

In an English study, (4 ) Fluorolube 230, a flotation and damping fluid, was irradi­

ated in silica glass containers eealed under a vacuum of 10-3 mm Hg. Samples were 

exposed to gamma radiation of 5 x 109 erg• g- l(C). The vilcoaity decre aed le•• than 

10% at the lowest exposure. The eamplea did not discolor due to the irradiation. The 

amount of gas evolved was not measured; however.·, the amount was appreciable. The ga• 

was acidic and probably consisted of hydrogen fluoride which reacted with the ailica 

container to form water and silicon tetrafluoride ga•. Further study i• expected to be 

done on this fluid to determine the exact amount of ga• evolved and its nature, eince gas­

bubble forn1ation is a critical property for gyroscope use•. 

Lubricant and Hydraulic Fluids 

Studies on mix bia(rnix-phenoxyphenoxy) benzene (Mixed-:jP4E) have continued at 

the Nuclear Aerospace Research Facility at General Dynamics/Fort Worth. (5, 6) Three 

samples of oxidatio1·-inhibited Mixed-5P4E were compared to the uninhibited oil. The 

inhibitors used were bie(p-phenoxyphenyl) diphenyltin, tetraphenyltin, a 1d cobalt 

bis(N-phe nyl-5-nitro i. alicylimine). Samples were irradiated to a gamma exposure of 

2. 8 x 1010 ergs g- l(C) and an integrated fast-neutron flux of 6. 8 x 1015 n cm-2 

(E>2. 9 Mev), at temperatures of 550 or 600 F. Data from irradiation runs at both 

temperatures indicate that Mixed-5P4E approache• its ueeful upper limit a s a high-•yeed 

bearing lubricant in this temperature range at a gamma expoeure of 2 x 10 lO erg• g- (C), 

-References are at end of Section c. 
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plua aaaociated neutron•. When teat temperature• are increaaed to 700 F, the maximum 
permiaaible expoaure i• reduced by approximately one order of magnitude. The primary 
cauae of bearing failure waa a heavy cokelike depoait on the bearing race• and aeparatora. 
Theae depoait• were apparently caused by the coking out of thermally unatable products 
formed by radiolytic and oxidative proceaaea. The cobalt bia(N-phenyl-5-nitroaalicyli­
mine) waa found to be unaatiafactory for uae aa a Mixed-5P4E antioxidant in thia environ­
ment, baaed primarily on oxygen-abaorption data. Both tetraphenyltin and bis(p-phenoxy­
phenyl) diphenyltin were effective aa oxidation inhibitor a and will be examined further in 
future teata. Inhibitor-concentration atudies are to be continued; however, a tetra­
phenyltin concentration of 0. 5o/o appear a to have an "antirad" effect during irradiation. 
A concentration of 1. 5,o appears to be exceaaive, and the aolubility characteristics of 
tetraphenyltin at thia concentration were undesirable. 

Two patent• have been iaaued which deacribe radiation-reaietant lubricants. The 
fir11t, iaaued to Britiah Petroleum Company, Ltd. (7 ), deacribea a polyphenyl ether of 
the general formula PhO(C6RtO)nPh3 (n= 1-4), treated with an alkyl halide or an olefin. 
The product had a viacoaity of 5. Z centiatokes at 140 F. The 140 F viacoaity increased 
93,. after an expoaure to radiation of Z x 1011 erg• g- l(c). The aecond patent iaeued to 
Standard Oil Company of Indiana(&) deacribea a machine lubricant which showed a 
decreaae in viacoaity when irradiated to a gamma expoaure of 8. 7 x 109 erg• g- l(C) at 
ambient temperature. The lubricant which ia not aubject to polymerization when exposed 
to gamma irradiation i• prepared uaing Z5o/o or more of a hydrogenated polybutene oil 
plu• the baae atock lubricant. 

Evaforation data were given at the l 963 Annual American Chemical Society 
Meeting(9 on nine promiaing apace lubricant fluid• in teats conducted at 140 to 160 F in 
a vacuum of 10-5 torr. Sample• were not expoaed to radiation in thia atudy. The fluids 
teated were a modified dieater , paraffinic petroleum, polyalkylene gly ·ol, petroleum 
bright atock• (viacoaity: 235 centiatokes at 100 F and viscosity: 374 centiatokea at 100 F), 
phenyl methyl polyailoxane, chlorophenyl methyl polysiloxane, atraight-chain dimethyl 
polyailoxane, and branched chain dimethyl polyailoxane. 

Solid-Film Lubricant• and Greaaes 

The wear-life 1ropertie• of three solid-film lubricant•, irradiated to a gamma 
expoaure of 1. 7 x 10 1 erg• g-l(C) and integrated neutron fluxea of 3. 7 x 1016 n cm-2 
(E>Z. 9 1-dev) and 3. l x 1015 n cm-2 (E>0. 48 ev), were 1tudied by General Dynamics/ 
Fort Worth. (5) Samples were teated at temperature• of 850-1000 F for Lubricant A; 
80 F, 850-900 F, and 1150 F for Lubricant B; and 80-170 F, 600 F, and 850-900 F for 
Lubricant C. Wear testing was conducted uaing th · Hohman A-6 teeter. A load of 110 lb 
per rub a hoe waa applied and a 11iding speed of 355 rpm ( 128 ft/min) wa1 maintained. 
Lubricant A (PbS + MoSz + BzO3) 1howed no aignificant effect• on wear life a1 a reeul 
of the radiation expoaure. There waa a 1ignificant radiation-induced decrea1e in wear 
life of Lubricant B (Dynalube, a silver-matrix electrodepoaited film formulation) at the 
900 F teat temperature. At the higher temperature, however, the lubricant performed 
exceptionally well. The lubricating propertie1 of Lubricant C (Al mo sol SFD-560, 
PbO + MoS2 + Modified Silicone Re1in + Proprietory Lube Pigment) were improved by 
irradiation at the low temperature and unaffected at the 600 F teat temperature. At 
900 F it• lubricating propertiea were poor aa expected aince it i• reain bonded. Wear 
life of Lubricant C waa aignificantly reduced at 900 F', In an earlier General Dynamics 
atudy( 6 ), a aolid-film lubricant, MoSz + graphite + aodium silicate, waa expoaed to 
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the aame reactor expoaurea a ■ above and teated for wear life over a wide range of 

temperature ■• The film had good lubricating propertiea under all teat condition■, and 

the reactor irradiation had no valid effect on wear life. The wear life at 600 F waa 

approximately 200/o better than at 1200 F. 

The effect■ of gamma radiation on the wear life of Elect ofilm Lube-Lok'• 77-S, 

4396, 66-C, and 1000 baa been determined. ( 10) The wear life of 77-S and 1000 waa 

unaffected by gamma expoaures from 8. 7 x 108 erg• g- l(C) to 8. 7 x 1010 erg• g- l(C) at 

400 and 550 F. After an expoaure of 8. 7 x 109 erg• g-l(C), the wear life of 77-S actually 

increased by 300/o. Wear life of 77-S waa alao unaffected by expoaure to neutron radia­

tion of 3 x 1014 nvt to 3. 2 x 1016 nvt. Wear life of 66-C waa increas d and wear life of 

4396 was unaffected after an expoaure of 4. 4 x 109 erg• g- l(C). 

A lubricating grease for nuclear-reactor part• i• deacribed by a patent aaaigned to 

Ea ■o Reaearch and Engineering Company. ( 11) The greaae, made from 67. 70/o paraffinic 

bright ■ tock, 8. 2o/o of Penzoil resin, 23. 2o/o of acetylene black and O. 9% of phenyl alpha 

naphthylamine, had a mic openetration of 108 which changed to 109 after expoaure to 

radiation of 1010 erg• g-l(C). 

Other atudie1 have been conducted on aolid-film lubricant• for uae in the apace 

environment; however, teating in a radiation environment ha• not been included. 

Outgaa ■ ing characteriatica of 11 plaatic and carbon compoaitiona, ten powder■, and ■ ix 

compo1itea have been tabulated in a vacuum of 10-6 mm Hg and at teat temperature■ 

from 160 F to the point of thermal degradation for the plaatic material, and from 760 to 

1160 F for the powder• and compoaitea. (12) Of the pla•tic and carbon compoaition■, 

polytetrafluoroethylene, polytetrafluoroethylene with gla••-c~oth filler, polychlorotri­

fluoroethylene, and carbon-graphite with PTFE impregnant gave the lowe1t amount of ga• 

evolution up to 750 F. Antimony tri■\llfide, 1ilver iodide, and tung■ten di■elenide had 

the leaat amount of ga1 evolution of the dry powder ■ before bake-out. After bake-out for 

24 hour ■, molybdenum diaulfide, graphitic carbon, antimony tri■ulfide, gallium telluride, 

tung1ten di1elenide, and molybdenum diaelenide all exhibited low ga■ -evolution rate• up 

to 1160 F. 

Bearing and gear material ■ for uae in the vacuum environment of •pace Ill 

10-9 torr and below are bein~ 1tudied. ( 13) Metal or plaatic material■ impregnated with 

solid film■ auch a ■ M0S2, WSz, CaF2, and BN have been uaed. Ball retainer• made of 

Teflon and gla1s fiber with molybdenum di1ulfidf! have been favorable. The u■e of plat­

ing• such a ■ gold and 1ilver a ■ 1olid dry lubricant■ have encountered difficultie• in 

obtaining adherent coating ■ particularly on atainle•• ateel race■• 

In another study( 14 ) for potential u■ e in the apace environment, metal nlatrix 

compoaite material ■ of Ag-PTFE-WSe2 were auccea ■fully u1ed in a vacuum at pre■■ure• 

from 1 x 10-6 to 8 x 10-9 torr and temperature• from -160 F to 300 F to lubricat.s 

20-mm-bore ball bearing• under moderate load• and ■peed■, and to lubricate 35-mm­

bore ball bearing• and 6-inch gear• under heavy load■ and low- ■peeda for extended 

periods of time. Bearing 1tart1 were made at temperature• a■ low a• -320 F for the 

20-mm size and -188 F for the 35-mm aize. 

In a review of ■ pace-lubrication problemaOS), the propertiea of Teflon and 

poly imidea are di1cu11ed aa 1olid-film lubricant■ for bearing ■yatema. Even 

though the1e film■ are more ■table in the vacul1m, ultraviolet, and ionizing radia­

tion■ in the ■pace environment than conventional oil• and grea■e•, vibration will 
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po■e a ■ eriou■ problem to bearing■ lubricated with ■ olid film• ■ ince the continuous 
film■ are prone to flake or break away from the bearing ■urface. 

Metallic-film lubrication of ball bearing■ have been teated for u■ e in the vacuum 
and radiation environment■ of ■pace. Bearing• were teated in ■mall 10, 000-rpm motors 
in a multiport, oil-free vacuum ■y■tem. Retainer ■ of "5" Inconel and silver plated 
Circle "C" were out■tanding and were capable of about a 1000-hour life when used with 
gold-plated ball■ and race■. ( 16) 

Six molybdenum di■ulfide baaed lubricant film■ provided very effective lubrication 
when expoaed to a vacuum of 10-7 to 10-9 torr for 60 to 270 day■• ( 17) There waa no 
indication of failure during the te ■ting. Compo■ ition■ of the lubricant■ were ailicate­
bonded Mosz, epoxy-bonded MoSz, re■ in-bonded Mosz, TiOz-bonded Mosz, rubbed-on 
MoSz, and an Mosz-containing vapor-depo■ ited film. PTFE-baaed compo■ itions and 
metal-film lubricant■ were lea ■ effective than the molybdenum di■ulfide lubricants under 
the teat condition■• 

Program■ in Progre••• 

The following organization■ are engaged in activt- radiation-effect■ ■ tudie ■ on 
lubricant■ and hydraulic fluid■: 

General Dynamic■ /Fort Worth i■ continuing it• ■tudy of combined environment• on 
lubricant■ for ball bearing■ in ■ervo electric motor ■• 

Doualau Aircraft Company i■ ■tudying friction, wear, lubrication, and cold-weld 
tendencie■ of material■ expo■ed to the vacuum, heat, and ultraviolet radiation environ­
ment■ of ■ p..lce. 

General Dynamic■ /Fort Worth i■ determining the effect■ of reactor radiation on the 
wear life of five promi■ ing high-temperature ■ olid-film lubricant■ for u ■ e under heavy 
eliding load■• 

Lockheed Mi■■ile ■ and Space Company i■ continuing it ■ internal evaluation of lubricants 
u■ing R-3 aize bearing■ operating at 8000 rpm in vacuum with a gamma expo■ure rate of 
3. 6 x 105 erg• g• l(c). 

Sperry Gyro■cope Company i ■ conducting an internal program to develop radiation­
re■ iatant gyro■cope damping fluid■ and lubricant■• 

'Detailed tnf~rmation on these programs ls gi ven In REIC Memorandum 13 C, "Compilat1011 or Nuclear, Pulsed, and Space 
ladlatlon 1ffec:t1 Projecu" (U). Confidential. 



C-5 

Conclueion• and Recommendation• 

Reeearch on lubricant• remained at a low rate of effort during the paet year. The 

polyphenyl ether•, eepecially Mixed 5P4E, are c oneidered the beet high-temperatur~, 

radiation-reaietant fluid lubricant•. For flotation and hydraulic u•e• in high-radiation 

environment, hexafluorobenzene i• good; however, gaeeing ie a definite problem and the 

high coat prohibit• it• uee in eome eyetem•. Syeteme requiring the use of a conventional 

greaee during radiation expoeure are etill deairou• of more radiation-reeiet .... .. t greaee ■ . 

Cal Re ■earch NRRG No. 335 i ■ •till promieing. Solid-film lubricant ■, eepecially the 

molybdenum dieulfide baeed lubricanu are proving favorable not only under radiation 

exposure, but al■ o in the extreme environmenu of ■pace. Solid-film lubricant• are not 

usable in many eyateme; thu• there i ■ continuing need for a breakthrough in the area of 

fluid lubricant• for the combined environment■ of nuclear radiation, extreme tempera­

tures, and vacuum. 
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CERAMICS 

Current State of the Art 

Interest in ceramics for nuclear applications continues at a slightly lower level 

than last year, as indicated by fewer contracts in this ai·ea. Cera,:nic fuel-materials 

interest, not covered in this report, remains high. 

Ceramic Oxides 

The magnetic properties of hematite irradiated to a fast-neutron exposure of 

S x 1017 n cm·Z at ZS0 C were studied by Ogilvie( 1)*. Although on1[ small changes oc­

curred in the magnetic properties after exposure to 6 x 1016 n cm· , pronounced dif­

ferences occur red at S x 1 ol 7 n cm·2• Table D-1 su.m.mnrizes the results. 

TABLE D-1. SPONTANEOUS MOMENT, REMANENCE, AND COERCIVE FORCE(l) 

Direction 
in Crystal 

( oo. 1] 

[ 11. o) 

Temperature, 
K 

77 

Z73 

3S0 

(a) Obtained from hysteresis curves. 

(b) Obtained from magnetization curves. 

Flux, 
n cm·2 

0 
6 X }Ql6 

5 X 1017 

0 
6 X 1016 
5 X 1017 

0 
5 X 1 ol 7 

Spontaneous 
Moment, emu/ g 

o. 086(a) 0. 091(b) 

o. 083 o. 083 
1. 01 o. 94 

o. 10 
o. 10 

o. 98 
o. 4Z 

1. 3Z 

Remanence, 
emu/g 

o. 071 
0.010 
0. 46S 
o. 10 
o. 10 
0.40 

o. 63 

Coercive 
Force, 

oe 

439 
SZ6 
70Z 

SZ6 

386 

In a General Electric investigation(Z), it was determined that a single cry•tal of 

UOz irradiated to 1. 4 x 1020 fissions/cm 3 did not change in appearance. The hardness 

of the •pecimen increased significantly, and the melting point increased from 2790 C to 

2840 c. 

Hentz(4 ) reported that following irradiation to an expo•ure of S. 3 x 1 oz 1 ev at 

36 C, silica-alwnina turned a very dark color and no ga• was evolved. After the intro­

duction of i•opropylbenzene, decolorization occurred. 

An investigat 1 'ln of the effect of 5 x 1014 fis•ions/ cm3 on UOz was conducted by 

the Oak Ridge National Laboratory(3). Although no structural damage was evident at 

this level, a volwne decrease did occur when a UOz crystal was irradiated in air in a 

polyethylene capsule and cau•ed microcracking. A tentative explanation of these ob•er­

vation• i• that organic product• relea•ed from the polyethylene react with the UOz to 

form UC. 

0 R.derenc s arc at end of Section D. 
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0 --<>--Beryl lia 
-•A-•Alumina 
--~--Magnesia 

2 3 4 5 6 7 
Exposure, n cm-2 ( E > I Mev) 

FIGURE D-1. GROWTH IN BERYLLlA, MAGNESIA, AND ALUMINA ON 
IRRADIATION AT ABOUT 150 C, AS A FUNCTION OF 
EXPOSURE(6) 
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Samples of alumina and forsterite were irradiated to a pulsed neutron exposure of 

2. 0 x 1020 n cm-2, while others received a total amma exposure of 5. l x l 0 7 rg 

g-1 (C \. Linden and Lascaro( 5) found that there was no significant chang in th dielec ­

tr ic constant, dissipation factor, and volume surface resistivity in ither group. 

Desport and Smith(6) reported an investigation of the dimensional c hang s of 

alumina irradiated to a fast-neutron exposure of 4 x l 02 0 n cm-2 at < 150 C . Figur D-1 

shows the results. 

Magnesium Oxide 

Magnesia specimens were irradiated at 1. l x l 0 2 0 n cm- 2 , E > l Mev, at 150 C 

to determine the growth and annealing. (6) The specimens were annealed at temperatures 

up to 1800 C. The damage as indicated by growth was only about 80 per cent annealed 

out despite the high annealing temperature. The growth is shown as a function of ex­

posure in Figure D-1. 

A study of the change in catalytic activity of ultraviolet- and neutron-irradiated 

MgO was undertaken by Lunsford and Leland(?). The results of this study are sum­

marized in Table D-2. 

TABLE D-2. SUMMARY OF CATALYTIC CHANGES OF Mgo( 7) 

Thermal Activation 
2 Hr at Indicated 
Temperature, C 

291 
291 
372 

520 

Type of Irradiation 

Neutron 
Ultraviolet 
Neutron 

Neutron 

Change in 
Activation 

Energy 

Increases 
No change 
No change 

Increases 

Change in Pre-
Exponential 

Factor 

Large increase 
Large increase 
Small increase or 

decrease 
Little change 

In a report by Hoigne and Ballantine(8), the activity of magnesium oxide catalysts 

increased after an exposure of 2 x 1 ol 0 ergs g-1 (C) at -78 and 25 C in vacuum and in 

hydrogen atmospheres. The results, which were not affected by the environment, in­

dicated that the physical absorption charact ristics did not change. 

Charman and Deu(9) of the Atomic Energy Research Establishment (AERE) in­

vestigated the surface reactivity of nickel oxide and magnesium oxide after fast-neutron 

irradiation to an exposure of 7. 8 x 1019 n cm-2 at 25-40 C. The chemisorption of O and 

H was gr atly enhanced following irradiation. The calculated number of displacement 

in the surface region of the oxide lattice leads to values of the same order of magnitud 

as th observed number of gas atoms chemisorbed. 

In anoth r experiment on magnesium oxide at the AERE(lO), c rystals were ir­

radiated to an exposure of 3 x 1019 fast n cm-2. Damage in the form of dis lo at ion 

loops o cur red which was partially responsible for the macroscopic g r owth. At an 

exposure of 4 x 1020, th daMage was extremely resistant to annealing. 
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Grov s and Kelly( 11 ) investigated th microstructural damag in MgO aft r ir­

radiatio n to an utron expo ure of 4 x 1 ol 9 n cm- 2 at <200 C. The 1 ngth of th slip 

bands from a microhardn ss ind nt b came considerably compressed, although th 

microhardness only incr ased 10%. Upon ann aling the crystals coar ened and th n 

return d to normal. Aft r i rradiation at 650 C to an exposure of 5. 4 x 1019 n cm-2, 

dislocation loops o urr d but w r r moved by annealin • 

Samb 11 and Bradl y of AERE( 12 ) irradiated magnesium oxide single c rystals in 

an exposure range of 2. 4 x 10 l 9 to 1. 7 x l 020 n cm-2 at 150 C. No plastic flow was 

evid nt in the fra c tur d sp im ns, ven in the vicinity of the fracture itself. It was 

conclud d that fra c tur r suJ.ted from pits produced by polishing or by impurities within 

the cry tal. 

Beryllium Oxide 

M. Salesse(l 3) studied the eff ct of neutron irradiation to an exp()sure of 2. 2 x 

1 o2 0 n cm-2 at less than l 00 C and subsequent annealir.• g on BeO. Bubbles of helium 

occurred in th grain joints and measurements of the fi pecific heat of BeO confirmed that 

th gas did evolve as a result of the irradiation and annealing. 

General Electric Company, Nuclear Materials and Propulsion Operation(l4), con­

tinued its study of radiation effects in AOX, UOX, and Minox AAA-grade BeO. The 

results of their program established that the best stability is obtained with~ 5-micron 

grain- iz mat rial. The ~5-micron g1·ain-size materials exhibit both smaller expan­

sion and greater strength retention than materials with large grain sizes in exposures 

up to ~l. 8 x 1021 n cm-2 (E~ 1 Mev). 

Expansion is the principal effect of irradiation in BeO. At 100 C irradiations, the 

expansion in specimens of 3- to 20-micron grain sizes occurs at a rate of 0. 2 to 0. 3 

per cent Cl V/V per 1020 n cm 2 (~ 1 Mev) up to about 1. 7 x 1020 n cm-2, and then in­

creases to a rate of approximately 1 per cent 6 V/V per 1020 n cm- 2• The expansion 

consists of volum components from lattice expansion and from cracks which form at 

grain boundaries as a result of greater exp;,..nsion in the crystallographic c-axis than in 

the a-axis. The expansion due to grain-boundary cracks increases with increasing 

exposure and is 2 to 3 times as large as that from lattice expansion at exposures from 

approximat ly 4 to 10 x 1020 n cm-Z. 

ar 
The components of volum 

i n in Table D-3. 
xpan ion in BeO irradiated at elevat d temperatures 

Grain-boundary e ra king, ac ordin to th G neral Electric Company inv stiga-

tion, is influ nc d by th rain siz and den ity of the material and by the irradiation 

t mp ratur • Cracking occurs at volume e .xpans ion in the range of approximat ly 

o. 4 to 1. 2 p r cent. In 1000 C irradiations, it occurs at the highest exposure, approxi­

mat ly 1. 5 to 2. 5 x 1020 n cm-2, in specimens with grain sizes of 20 mi rons or less, 

and it pp ar t o o ur at lower expo ur in R giv n grain size the lower th specimen 

d n ity. In el vat d-t mp rature irradiations, it occurs at higher exposures th 

high r th t mp ratur . Str ngth, elasti constants, and th ther al expansion of B 0 

.r s nti lly un hang d if grain-boundary cracks ar avoided. Th strength hang s, 

on rack hav formed, ar l s s ver in pe imens of small ( 5 mi ron ) grain 

siz • 



BLANK PAGE 



T
A

B
LE

 D
-3

. 
C

O
M

PO
N

E
N

T
S 

O
F 

V
O

L
U

M
E

 E
X

PA
N

SI
O

N
 I

N
 B

eO
 I

RR
A

D
IA

T
E

D
 A

T
 E

LE
V

A
TE

D
 T

E
M

P
E

R
A

T
U

JE
s(

1
4

) 

am
,e

le
 

G
ra

in
 

F
lu

x,
 

N
e

u
tr

o
n

 E
xp

os
ur

e,
 

ze
, 

T
e

m
pe

ra
tu

re
, 

10
14

 n
v 

10
20

 n
 c

m
·2

 
C

o
m

po
si

t i
on

<•
) 

m
ic

ro
n

s 
C

 
(>

 1
 M

e
v)

 
(>

 1
 M

e
v)

 

A
O

X
 

12
 

10
0

0 
2

.0
 

2.
4 

AO
X 

20
 

10
30

 
1.

 5
 

3.
5 

AO
X 

44
 

10
00

 
1.

 7
 

4
. 

1 
AO

X 
17

 
00

 
1.

 9
 

. 6
 

AO
X 

17
 

60
0 

1.
 

8
.3

 
U

O
X

-0
. 5

 M
gO

 
(w

t 
4"

) 
20

 
70

 
1.

 6
 

3.
 8

 
U

O
X

-0
. 5

 M
g

O
 

(w
t

~
) 

12
 

94
0 

2
. 4

 
10

. 

(a
) 

T
h

 
d

e
n

si
ty

 o
f 

th
 

sa
m

pl
es

 w
as

 2
. 

g
/c

m
3 .

 
(b

) 
V

a
lu

e
s 

ar
e 

th
e 

d
if

fe
re

n
ce

 b
et

w
ee

n 
m

ac
ro

sc
op

ic
 a

nd
 t

ru
e 

vo
lu

m
e 

in
cr

ea
se

 .
 

(c
) 

T
he

se
 v

al
ue

s 
In

d 
ca

 e
 a

p
p

re
ci

a
b

le
 g

ra
in

-b
o

u
n

d
a

ry
 c

ra
ck

in
g

. 

V
o

lu
m

 
In

cr
ea

se
 

M
ac

ro
sc

o
p

ic
 

D
ue

 t
o

 
L

a
tt

ic
e

 E
xe

!n
ai

o
n

, 
4"

 
V

o
lu

m
e

 
P

or
os

ity
(b

),
 

Il
a

/a
 

c
/c

 
/!J.

V
/V

 
In

cr
ea

se
, 

"' 
~
 

~
0

 
0.

04
 

0.
 0

4 
0.

63
 

0.
2 

~
o 

0
. 0

4 
0.

 0
4 

0.
73

 
0.

3 
~

o 
0.

 0
6 

0.
 0

6 
0.

98
 

0.
 2

 
0.

04
 

0
.2

5
 

0.
33

 
2

. 0
 

0.
 

0.
07

 
o. 

1 
0.

95
 

2.
9 

1
.0

 

0.
80

 

0.
92

 

Su
r f

ac
e

 -C
o

n
n

e
ct

.e
d 

P
or

os
ity

, 
'° of

 
to

ta
l 

vo
lu

m
e

 

<0
. I

 
t:,

 
<0

. 1
 

I 

<0
. 

1 
u

, 

2.
 7

<c
) 

3
. s

(c
) 



D-6 

Figure D-1 ahowa the growth of beryllia irradiated from l. 1 to 5. 5 x 1020 n 
cm·2 (6) • 

Beo waa irradiated by the Austrailian Atomic Energy Commission R search 

E■tabli ■hment< 15) at temperatures between 60-100 C and 500-700 C to exposures of 

3. 5-6. 5 x 1020• All specimens turned gray and microcracking occurred. The dimen­

■ iona and volume of the samples were increased, while the thermal conductivity 

decrea■ed. 

1n later atudies by Hickman and Walker( 16) of the Austrailian Atomic Ener gy 

Con1mia ■ ion, BeO samples were subjected to a slightly higher neutron exposure range 

of 1 x 1020 to 1 x 1021 n cm-2 at 75-100 C. The coarse-grained, hot-pressed material 

exhibited exten■ ive intergranular cracking at 2. 5 x 1020 n cm-2 and powder d at 

5 x 10ZO n cm-2• The cold-pressed, sintered, coarse-grained sample showed both in ­

tergranular and tran■granular microcracking at an exposure o 5 x 1020 ,._ although no 

micro■copic evidence appeared in any of the cold-pressed samples at 10Gl n cm-2. Th 

fine-grained, cold-pressed, sintered material did not show micro racking at 

1021 n cm·2• The lattice parameter changes in three of the samples are summariz d in 

Table D-4. 

TABLE D-4. LATTICE PARAMETER CHANGES IN BERYWUM OXIDE IRRADIATIO AT 5 10 O n m·~l 

Powder Denalty, Grain S z , a Par m r r 

Source Pabrlcatioo Method -,, c:I theoretl~l (µ m) Chan e , % 

Pecbiney Hot preued at 17 50 C 6- 8 10-20 o. 105 t . 005 

for 1/2 br at 1 ui 

Brush UOX, Cold preued at 0 ul 5· 6 -3 Sold o. 5 t o. 1 0. 14 t .01 

preground Sintered at 1500· 1550 C 

lruah UOX, Cold preued at 20 ul 5- 6 2 -3 Crushed l. 4t0.1 0. 10 t 0. 01 

preground Sintered at 1500· 1650 C 

A study wa■ conducted at the Oak Ridge National Laboratory(l 7) on beryllium 

oxide irradiated to a neutro,1-exposure range of 1020-2.6 x 1020 fast n crn-2, at tem­

perature ■ from 100 - 1100 C. Those specimens irradiated at the high exposures and 

low temperatures showed the greatest damage, and fractures were observed in sampl s 

irradiated to high exposures and 800 to 950 C. The thermal conducti ·,ity of BeO de­

creased. Annealing of the damage was also observed. 

An investigation by the Oak Ridge National Laboratory( 18) conlirmed th fact that 

high e~osures of fast neutrons severely damages beryllium oxide. At an exposure of 

1 x 1021 n cm-2, serious circumferential fracturing ensu d. In another group of 

specimen■ irra,diated to 3. 65 x 1021 fast n cm- 2 at 583-1100 C, 35 of the 48 sam.ples 

remained intact, but increased in volume from o. 9 to 4. 40/o. 

In a third Oak Ridge investigation( 19), beryllium oxide was irradiated to an ex­

poaure of 1. 8 x 1 ol 7 n cm-2 at< 100 K. Figure D-2 indicates the increase in the 

thermal tesistivity of the oxide. It was concluded that the defects produ ed in BeO 

are mobile at tempt.•ratures below room temperature. 



D-7 

0.12 

,:. 0.10 -·5- 008 

i! 0.06 a::~ 
0 

-E 
~u 
'-

004 

~ Q(Yl 

100 200 300 
Irradiation Time, hr 

A-41141 

FIGURE D-2. INCREASE IN THERMAL RESISTIVITY VERSUS IRRADIATION TIME 

Glae1e1 and Silicates 

Considerable research has been reported by Russian 1cienti1ts on irradiation of 

quartz and glass. In 1tudying the dielectric propertie1 of irradiated quartz, Nesterov, 

et al. (20), found that the electrical conductivity changed from 1. 5 x 10-13 to 9 x 10-15 

(ohrn-cm)-1 after a total exposure of 106-107 erg• g-l(C) at -60 and 20 C. The dielec­

tric loss also increa1ed. After the termination of irradiation, however, the propertiea 

returned to their original values. The extent of the increa1e of tan 6 during irradiation 

was found to depend on the structure of the material. At equal radiation expoaurea, 

tan 6 of monocrystalline quartz increases much more than that for fuaed or fine 

crystalline quartz. 

Starodubt1ev and Vakhidov(2 l) exposed c rystalline quartz to gamma radiation at 

liquid nitrogen or room temperature, and next to ultl ~violet irradiation for 10 minute•. 

The aamples were then cooled to liquid nitrogen temperature and heated to 100 C at 

2. 5 :l: o. 3• /min. Thermally stimulated emia1ion was observed which waa a11ocia1.ed 

with electron transitions between different local states. 

Another group of Russians(22, 23) studied the effect of neutron irradiation on the 

atructural variations of a.-quartz. The Raman apectra of the material before and after 

irradiation were compared. A model was proposed that account. for the structural 

variation due to neutron radiation. 

The dielectric con1tant of quartz crystals changed -1. 5o/o and -0. 7"/o normal to 

and along the optic axis, respectively, after irradiation to a neutron expoaure of 

2 x l 0 19 n cm-2. The refractive index chanfed -0. 3o/o and the extraordinary refractory 

index changed -0. 05%. Zubov and Grishina( 4 ) concluded that the dielectric-conatant 

change may be an indicator of chane ,! in defects with expoaure. 

Soviet investigators(25) also studied the radiation r sistance of apecially formu­

lated foam glassea. The results of irradiation with 1018 n cm-2 fast neutrons are 

aurnmarized in Table 0-5. It appears on the basi of this reaearch that glaas with 

TiOz, ZrOz, and CrzO3 additions can be produced which can be uaed as heat-reaiatant 

insulation in equipment operated in a gamma-neutron environment. 
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TABLE 0-5. RADlATIO R£SlSTA CE OF FOAM GLA 

10 
10 
10 
10 Mn 

3 0 
0 

30 
30 

l 

0. 5 
1 

. 5 
l 

0. 5 
1 

0. 5 
0.5 

0. 47 
0. 61 

. 51 

0. 3 
0. 3 

. 5 
0.37 
o. 

. 7 
55. 0 

0. 50 50. 5 
0. 57 
o. l 36.5 

17. 7 

A patent was issu d to the c ompagnie de Saint-Gobain(26) for a glass (98 % SiO2, 
1% GeO2, and 1% Na2O) which exhibits strong thermoluminescence after exposure to 
gamma or X-ray irradiation at 300 C . The formulation h ad a sensitivity of 50 MR for 
X-rays of 150 kv and was not saturated at 1. 0 x 1 o5 r. 

Optical-grade Amersil fused silica was i rradiated to an integrated neutron flux of 
5 x 10 19 n cm-2 by the Naval Ordnance Laboratory< 27 ). A decrease of 85 per c nt in 
ultrasonic loss, an increase of less than 2 per cent in t h e shea r modulus, and ad er ase 
of approximately 20 per c nt in compressibility occurred. 

Fused silica, aluminosilicate glass, medium- g rade quartz, and chemically 
h~rdened glass were xposed to O. 5 to 160 Mev protons and 2 Mev electrons by Gigas, 
Ewbank, a.nd Gruber. <28 ) Th transmittance and abso r bency properti w re m asur d 
in order to evaluate their usefulness as spacecraft window materials . Th chan es in 
these properties of th aluminosilicate g lass, Corning 1723, are rev al din Table D- 6, 
while Figur D-3 indi ates th transmittance prop rties of glass following proton 
irradiation. 

TABLED· POSTPROTO lRRADlATIO EXAMI ATIO OF TYPE 17 3 GLAss<a) co. M vf 

Tim , 
POT 

1660 
1 00 11 
15 5 lll 0.0 5 -. o 0 
1045 IV o.o - .0 1 
1615 . 035 0. 036 - .001 

0. 35 0 

( 0. 55 /.l. 

It as onclud d that GE 10 l quartz was unsuitable as a space raft window mate -
rial in irradiation cau s s ve r e discoloration, varyin absorb n y h ra t ri ti 
a ro n, and a transmittance of 10 per cent t O. 55 mi ron • Th 
Cornin lso de med unsuitabl b caus of surface pittin and e ra king. Th 

h mically hard n d gla s, Corning Ch mcor, and the fused silica, Cornin 7940, 
pp r d t o b mor radiation resistant. A compo~ite of o. 5 inch quartz and two 

Corning 1723 v uum-s parated pan s wa r ommended for a spac raft indo . 
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Graphite and Diamond 

Hanford Atomic Products Operation(29) has made sev ral studies on dimensional 
changes in graphite. The dimensional changes and r.:: oefficient of thermal expansion of 
pyrolytic graphite after irradiation to an exposure of 6 x 1020 n cm-2 at 650 C were 
investigated. It was found that c~.ang s in the coefficient of thermal expansior. were 
slight and contraction occurred in the parallel direction. In the transverse dire tion, 
however, expansion occurred and th coefficient of thermal xpansion changed from 
23 x 10-6 in/in/C to 20 x 10-6 in/in/C, between 25-425 C. 

Baker of the Hanford Operation(30) calculated the thermal conductivity of graphite 
before and after irradiation at 650 C to an exposure of 1. 2 x 1021 n cm-2. In all thr 
samples, the thermal conduct ·vity decreased; however, the m.ate rial with the highest 
crystallinity had the highest thermal conductivity and temperature coefficient, while the 
sample that was the least cryotalline had the lowest thermal conductivity and tempera­
ture coefficient. 

In anotht.?r report from Hanford( 31 ) graphite samples were irradiated to an ex­
posure of 6500 Mwd/AT at 625 C while under stresses of 150 and 300 psi. Tabl D-7 
gives the results. 

TABLE D-7. SAMPLE CONTRACTION RATES(31) 

Stress d to 
Unstressed Sample\J, Stressed Samples, P. L. Unstr ssed 

Graphite Orientation "/o/Mwd/AT x 105 o/o/Mwd/AT x 105 (o/o) + Ratio 

TSX Transverse o. 97 ± o. 13 l. 58 ± 0. 2 5 95 1. 6 
ACOT-LS Transverse o. 4 ± o. 08 1.23 :i: 0.21 99 2. 5 
NC-8 Transverse o. 89 ± o. 34 2. 52 ± o. 43 99 2.8 

Parallel o. 90 ± o. 12 2.92 :i: 1.31 95 3. 2 
CSF Transverse 1.07±0.13 2. 11 :i: o. 3 3 99 2. 0 

Parallel 1. 43 ± o. 18 1. 90 :i: o. 27 85 1. 3 
TSGBF Transverse o. 98 ± o. 08 1. 37 :i: o. 25 90 1. 4 

Parallel 1. 40 ± o. 10 1. 59 :i: 0.11 75 1. l 

Nightingale and Woodruff( 32 ) measured the dimensional chang s in graphit b r 
irradiated to an exposure of 1. 8 x l o2 l n cm- 2 at 500-600 C. It was con lud d th t th 
contraction in the large samples was twice that of the smaller bars. Tabl D-8 
swnmarizes the results. 

TABLE D-8. DIMENSIONAL CHANGE OF LARGE AND SMALL 
GRAPHITE SAMPLEs(32)(a) 

Graphite Type 

CSO - graphitiz d at 2700 C 
CSF - graphitized at 2700 C, 

then gas purified 
CSGBF - gas baked, then 

graphitized 

Sample Size, 
inch es 

4 X 4 X 24 
4 X 4 X 24 
o. 43 diam x 4 
4 X 4 X 24 
0. 43 diam 4 

, 650 Mwd / at = l. 1021 n t(E> . 1 Mcv). 

Le 
Tran 

-0. 45 ± o. 06 
-0.53±0.06 
-0. 29 
-0.56 ± 0.06 
-0.27 

- 0 . 7 
-0.48 

1 
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A stud was conducte d in Italy(33) on the electrical reaiativity, Young'• modulua, 
specific heat, thermal c onduc tivity, lattic e paramete rs , and dimensional change• of 
graphite following irradiation. 

Goggin( 34) studied the Young's modulus of graphite that waa irradiated at liquid 
nitrogen temperature by 4 Mev electrons. The Young's modulus remained constant 
following irradiation, but, as F igure D-4 indicates, ;:here was a change during the 
postirradiation annealing. 

I +30 1----flW---+ol!!'-t 

l 

1·~---·­
·i 
J +10 

.5 

I 
~0---------------0 IOO 200 300 400 

AnnlalinQ Temperature, K 

FIGURE D-4. CHANGE IN YOUNG'S MODULUS OF GRAPHITE AS A FUNCTION 
OF ANNEALING TEMPERATURE 

The dimensional change, Hall coefficient, electrical and thermal conductivity, 
C-axia values, and stored energy of six samples of graphite irradiated to a neutron ex­

posure of 1. 7 x 1 ol 9 n cm-Z at 30-40 C and then periodically annealed were meaaured 
by Aronaon of Brookhaven National Laboratory(35). The reaultant change• are aum­
marized in Table D-9. 

Gr up 

AGOT 
A 
8 
C 
D 
£ 
F 
p• 

TABLED· . PROPERTY CHANGES lN IRRADIATED AND PERIODICALLY ANNEAi.iD GRAPHITi< 35) 

Elccu ical Thermal 

Hall Coeff cicnt Resisti vity, Coaduc tivity 

N•Jmber of Avcrag Tou l C · Axls ohm· mx 10·3 at 350C , 

Anneals Growth, " Values (A) 7C ·1 4 C 27 C Btu/hr·•F·ft 

Unirradiatcd Non 6. 73 -1 . 71 -o. 67 1. 27 60. 
17 o. 010 * o. 005 6. 755 3 .31 1. 21 3.19 30. 4 

0. 031 * o. oo 6. 761 2 . 74 1. 31 3. 0 3,41 

• 0, 028 t 0. 012 6.772 2 . 56 1. 35 3.47 3.16 18. 4 
3 o. 074 t o. 002 6. 7 2 1. 7 1. 23 4 . 06 3.6 

2 0. 072 * 0. 0 13 6. 7 0 2, 05 1. 20 4 . 03 3. 76 15.6 
1 o. 117 * o. 003 6. 835 1. 23 o. 1 4. 14 3. 2 13.4 
0 0. 163 * o. 007 6. 900 0. 52 0.45 4.47 4.16 

Total 
Stored 
£ne,gy , 
cal/ gm 

Nooe 
7 

79 
160 
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Clark and Thompson(36, 37) of the University of Reading observ d th chang s 

in the optical density, absorption spectra, and colorat · on of diamonds after neutron, 

gamma, and el ctron irradiation. The effect of subsequent annealing on these prop­

erties was also inv stigated. 

Samples of pil - rade graphite were irradiated to an exposure of ~15 MWD/AT at 

30 C and then anneal d at 350 C. (38) Seventeen cycles of these reirradiations and 

anneals wer performed. Oxidation rates were obtained at 360, 400, 440, and 495 C. 

Significant chan s w r not observed in the rates at 400 C. R irradiation and annealing 

removed the def cts which caused the enhancement of oxidation following the first ir­

radiation, which was probably caused by specific int rstitial clusters. The results are 

illustrated in Figur D-5. 

Diamonds irradiat d with fast neutrons have been studied by electron paramagnetic 

resona11ce (EPR) by D nning and Poindexter. (39) The concentrat '"> n of frt!e spins and 

the line width of th signal have been studied as a function of total irradiation, before 

and after heat tr atment. The signal intensity is proportional to total integrated radia­

tion to 1018 n/cm2. Over a thousand free spins were created for each primary neutron 

collision with a carbon atom. The EPR intensity decreases rapidly after heat treat­

ment. The line widths were found to be independent of radiation up to 10 1 7 n/ cm2, and 

they also decrease markedly after heat treatment. The EPR phenomena in irradiated 

diamond are quite different from those in graphite. It is suggested that highly irradiat d 

diamond is a mosaic of microcrystals separated by a cement of damag d, amorphous, 

diamondlike glass. 

Programs in Progress* 

Curr nt programs on radiation ffects in ramies ar summariz d b low. 

The U. S. Air Fore , Research and T chnology Division, is d votin part of it internal 

program to the study of the effects of el tron irradiation on the tr nsmi ion prop­

erti of in!rar d windows. 

Brookhaven Nation 1 Laboratorv is studying the electrical prop rties and th funda­

mentals of irradiation damage and recovery in graphite. 

Th 
th 

erro ra m ar 
Eff cu Pro j 

Company, Hanford Atomic Products Oper tion, is investigatin 

on nu lear graphit • 

tr ' c Company, Hanford Atomic Products Operation, is also studying 

diation on th dimensional stability of boronat d graphite. 

n mor d ta I in REI I morandu m 13· , " mp latlon of Nucl ar, Pulsed , and pac Radl t n 

nf d nt I. 
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The General Electric Company, Special Purpose Nuclear Systems Operation, is investi­
gating the electrical properties of aluminum oxide i 1 a radiation env ironment. 

North American Aviation, Atomics International, is studying the behavior of pure and 
boron-doped beryllium oxide following fast-neutron and helium irradiations. 

Sandia Corporation is determining the e££ect of radiation on the physical, electrical, 
and thermal properties of CaxBa1-xTi03, BaTi03, and PbTi03. Isochronal annealing 
experiment• are also being conducted. 

The Univeraity of Chicago, Argonne National Laboratory, is conducting research on 
the effect• of irradiation at lo'-" temperatures on hydrogen bonded glasses. 

The Univeraity of Connecticut h investigating the growth and stability of radiation 
defect ■ and property change• in various metal oxides. 

The Univeraity of North Dakota ia conducting research on the effect of neutron and 
gamma irradiation on ailica gel■• 

Th,, Univeraity of Pittaburgh ia investigating the p.aramagnetic resonance and thermo­
luminescence o! aermanium-doped quartz. 

Concluaions and Recommendations 

Data on ceramic fuel materials and ablative applications provide some property 
data which may be used in structural and device applic2 t!ons. While no data were gener­
ated on the Air Force or General Electric Company, Special Purpose Nuclear Syatems 
Operation studiea during the period covered by this report, the data and information 
generated during the corning year should be of interest to systems designers. 

It h evident from the information collected on ceramic• over the past year that 
data on combined environmental effects is still needed. Combined environmental data 
and information on proton-electron and neutron-gamma radiation, X-rays, ultraviolet 
radiation, temperature, vacuum, vibration, and shock are neceasary to assist the de­
•ign engineer in his quest for materials for advanced design•. 
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SPACE RAOIA TION ENVIRONMENT 

Current State of the Art 

In the pa1t year no 1ignificant change• have been made in the picture of 1pace 

radiation envirorunent. The mo1t important item• were the report of Explorer 15 data 

by Mcilwain< 1 )•, the preliminary report• on the Interplanetary Monitoring Probe (IMP) 

(Explorer 18), and data reported on lnjun 3. Another noteworthy event wa1 e1tabli1h­

ment by the National Aeronautic• and Space Admini1tration of a 1olar flare warning 

center. (Z) Allo, a ba1e line for all 1olar phenomena i1 expected to be e1tablilthed a1 

a re1ult of the exten1ive mea1urement1 program of the •,\ternational Ou et Sun Year 

(1964-65). 

Trapped Radiation and the Van Allen Belt■ 

A report by Mcilwain(l) di1cu11e1 the re1wt1 of the Explorer 15 mea■urement■ 

made in the period November, 1962, through January, 1963. Mapping■ of the Explorer 

15 finding ■ for high-energy proton•, high-eneray electron■, and low-energy electron■ 

are ■hown a■ Figure ■ E-1, E-2, and E-3. Some of the more important findina• reported 

in thi ■ article are: 

( 1) There ii an unexpected ■econdary peak in the di ■ tribution of high­

energy proton■. 

(2) The ■ patial di ■tribution■ of high- and low-eneray electron ■ are 

quite different. 

(3) Electron ■ in the reaion above L = 1. 7 earth rad ' i in the B, L 

coordinate 1y1tem are ■trongly perturbed by the maanetic 

di ■turbance ■. 

(4) A new outer zone of both hi&h- and low-eneray electron■ wa■ 

formed by the maanetic 1torm which beaan December 18, 1962. 

Another ob■ervation ■ et forth by Mcilwain wa■ that the nece ■■ary communication of ■uch 

larae ma■■e ■ of data a■ ■pace radiation mea■urement■ ii be ■ t done by computer pro­

aram compari ■on■ and computation on radiation damaae alona variou■ trajectorie ■ 

ba1ed upon mea■urement■ proaram ■. 

Another intere ■ tin& ■et of ob■ervation■ wa■ ■ upplied by the Injun 3 aeophy■ical 

re ■earch ■ atellite. lnjun 3 wa■ de ■igned to provide detection apparatu■ to inve ■tiaate 

dynamic■ and ■tructure of radiation zone ■ at hi&h latitude ■ and, more ■ pecifically, to 

examine ■uch phenomena a ■ auroral alow, very-low-frequency (VLF) radio emi11ion1, 

and iono ■pheric dilturbance ■. (3) The in■trument complement of Injun 3 included 18 

variou■ particle detector■, 3 photometer■ and a very-low-frequency receiver. Four 

inten■ e event■ were ob■erved for data in reaard to the energy ■pectra and flux 

91teferences are at end of Section E. 
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dietribution of l O kev electrons in the outer zone of the Van Allen belt . Three of these 

event• were observed in January, 1963, and one event in Mar h, 1963. It wds found 

that the energy apectrum of electrons of energies in the range betw'!en 10 kev and 1 Mev 

cannot be fit by either a power law or the exponential form of the usual spectrum model. 

Prediction• from either model vary widely from observation• made within a single pass, 

and theae variations probably are neither purely spatial nor temporal. That observation 

ia that the differential number and energy distribution fun tion of ele tron does not 

alway• continue to rise toward lower energies in the energy range between 10 kev and 

40 kev. It can be suggested as a result of the e exp rim nt that am ximum in the 

differential electron number-energy spectrum may sometimes xist in thi energy 

ranae of 10 to 40 kev. Thi spectrum peak also s emed to be as ociated with auroral 

phenomenon. 

Several report• from the Soviet Union on trapped- radiation m asurernents were 

preaented at the COSPAR International Meeting held in War win June, 1963. One of 

theae papera(4) diacuaaed measurements of the charged-particle radiation in the outer­

moat Van Allen region• a• measured by the Soviet Mars-1 probe. The most important 

reaulta were plasma meaaurements of the outermost radiation belt which indicated that 

larae number• of low-energy (80 to 200 ev) electrons are present in the outer regions of 

the earth'• maanetoaphere. Other meaaurements reported upon were tho e made by the 

Soviet aatellitea Coamoa 3 and Cosmo• 5. (5) Cosmos 3 wa launched on April 24, 1962, 

and had a uaeful life through June 1962. Cosmos 5 was launched o May 28, 1962. Both 

of theae were operated at inclinations of 49 degrees and fairly low altitudes. No signifi­

cant change• in the information on the environment reaulted from data relayed from 

theae aatellitea. A third Soviet paper concerned the radiation-belt stru ture at an 

altitude of 3ZO kilometer• a• examined by the Vostok 2 spacecraft. (6) 

IMP data are still being gathered and reduced. Preliminary r sults wer reported 

at a NASA Symposium in March, 1962. Data discussed to date have not indicated any 

aurpriaing feature• of the interplanetary plasma. Fir st data publication will soon 

appear in a paper by Dr. Ness to be published in the Journal of Geophysical Research. 
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DOSIMETRY 

Current State of the Art 

Current dosimetry procedures as they are applied to radiation-effect, experi­

ments using reactor sources (both pulled and 1teady 1tate) and pulled electromagnetic 

radiation sources (X- and gamma ray1) are die cussed. In particular, the 1tate of the 

art in reactor dosimetry is cot sidered in some detail. Although reactor• have repre­

sented an important source in radiation-eHects experiments for many year,, the com­

plexity of the radiation environment has presented many diHicultie1 with regard to 

accurate do1imetry. Uncertainties in the specification of the radiation environment 

amounting to a factor of two or three have not been uncommon. In light of the unattrac­

tivene1s of system overdesign to accommodate such uncertaintie1, con1ider ble effort 

on the part of re1earcher1 is being devoted to mean, of improving reactor do1imetry 

techniques. A1 an example of 1uch work, Committee E-10 o{ the ASTM on Radioi10-

tope1 and Radiation Effects include• a subcommittee whose effort• are devoted entirely 

to problem, on neutron dosimetry, with the major emphasis placed on the standardiza­

tion and better use of radioactivant technique• for measuring the reactor neutron 

environment . (l)• 

Pulsed electromagnetic radiation sources have been included in the di1cu11ion on 

dosimetry because of the importance o{ these 1ource1 in transient- radiation-effect• 

studies pertaining in particular to simulation of the electromagnetic pulse from bomb­

burst environments. 

Reactor Dosimetry 

Neutron 

Atom displacement• in 101id1 may affect the various properties of many type• of 

materials. In reactor irradiation• this type of radiation effect i• cau1ed primarily by 

the intera,ction of {a1t neutron• with the material. The number of di1placement1 per 

unit flux is a function of the neutron energy distribution, 1ince the energy transferred 

to the material by neutron collision• depend• on the incident neutron energy. The 

number o{ displacement, produced by an incident neutron increase• with increasing 

neutron energy, with the resulting radiation effect becoming 1ignificant at neutron 

energie1 of several kev and increasing in importance up to energies of a few Mev where 

energy 1011 through ionization tends to 1aturate the eHect. Since the neutron eneray 

1pectrum in various reactors, and even within a given reactor, may 1how 1i1nificant 

variations, the study of displacement-induced radiation effects require, some knowledae 

of the nt.utron energy distribution. For this reason considerable attention ha1 been 

focused on thi1 area of reactor neutron dosimetry in order to improve existing tech­

niques and develop new and better methods. 

Becau1e of their ability to discriminate against the gamma background, u1e in 

high-flux environment•, and 1mall 1ize, radioactivant1 provide a valuable tool for 

determining reactor neutron 1pectra. In order to determine the neutron spectrum from 

•References are at end of e t on F. 
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the experimentally meaa '. 1red activities of radioactivants, the activation integral, given 
by the produ c t of the r o se section and neutron flux integrated over energy , needs to be 
aolved for the neutron ux. Several me thods, all of which involve certain initial 
aaaum ptiona concerning the shape of the neutron spectrum or c roe s aectio~, can be 
used in thi • analysis. 

Re ently, Ringle< Z) inves t ig ,' ~ed various method of ca lc ulating the neutron spec­
trum from about 2 Mev to 30 Mev using (n , p) , (n, a ) and (n, Zn) thr shol d re actions. 
Included in hie inveetigation were the flux i ntegral method, step fun c tion approximation, 
polygonal method, croes se ction expansion method, Legendre polynominal expan ion 
method, and Fourier expans ion method. Through the application of these methods to 
various type• of trial spe c tra, he concl ud s that only three, the polygonal, c ross­
aection, and Legendre methods, appear to offer good resul s. 

Another method ! solving the c tivation integral that is not in cluded in the work 
by Ringle ·nvolvea an approximation of the neutron spe t r um by exponential func tions. (3) 
In thi• te c hnique the neutrrm energy spe ctrum is d i v id ed i nto energy bands ' n suc h a way 
that for each band a three hold dete c tor is available and in every energy b rd the spe c­
trum i• aaaumed to be an exponential function given by 

Oierckx baaea hi• selection of an exponential fun c tion on an inveetigation of the fast­
neutron apectra of different reac tor types which shows that, in defined energy bands 
with a width of a few Mev, the fast-flux spe c trum above 0. 5 Mev depends approximately 
exponentially on the energy. Oierckx has applied his technique to the mea surement of 
f aat-neutron apectra at the Rea c tor BR- 1, apparent! y with good eucces s. 

In addition to the methods dis c ussed by Ringle and the procedure suggested by 
Dierckx, other methods auch aa that proposed by L anning and Brown<4 ) have been used 
to aolve the activation integral and find the unknown spectrum. All of these methods 
require an accurate knowledge of the reaction c roa • 1ec tion1 as a fun ction of energy 
over the energy interval of intere ■ t. In general, the application of these methods for 
obtaining an ac c urate representation of the differential neutron ■pe ctrum from 10 kev 
up to aeveral Mev ha ■ been at be ■ t only partially successful. The princ ipa l reason fo r 
thi ■ inadequacy i• the current lack of a euffi cient number of reacti on• with well-known 
cro11 aection■ over the de ■ired energy interval. Obvio usly , the initial assumptions 
concerning the ■hape of the neutron spe ctrum will affe ct the a ccura y of the results as 
well a• the energy interval over whic h the te nique i a appli c able. Use of new c ross 
■ ection data a• they become available will help to improve the 1e methods and extend 
their u■efulne•• over a wider energy interval. People at IIT have ollec ted ross 
■ection data for 32 foil detector rea c tion■ that were in the literature nd made available 
throu1h the help of the Sigma Center at Brookhaven National Laboratory and the mem­
ber• of ASTM Subcommittee E-10, Ta■k Group on Dosimetry. (5) After the c ro ■ s 
■ ection data were reviewed, evaluated, and t bulated, a beat-fit urve was drawn 
throu1h the plotted point• and the reault ■ w re tran !erred to IBM p un c h ard . Al­
thouah thi ■ information wa1 colle cted aa part of an II T procedure t o monitor neutron 
■pectra with radioactivant• (thi ■ procedure w s re! r n ed in an earlier REIC report) , 
it■ u■e in other radioactivant method• 1 hould be helpful. An addit iona l reac tion not 
included in the compilation by 11T i• the Rh 103 (n, n')Rhl Ol m re c t ion. D y d hi ■ 
coworker■ have inveatigated the u■e ~ Rhodium. (6) They found that the energy ■ enai­
tivity of thi■ monitor i ■ comparable o the U238 (n,f) reaction. 
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Because of deficiencies in the use of radioactivants to obtain an ac urate repre­

sentation of the neutron spectrum from 10 kev up to several Mev, c al culation of the 

neutron 1pectrum by multiregion, multigroup techniques has been used by many re­

aearcher1. Moteff and Beeler<7), and Dahl and Yo1hikawa(8) u1ed this approach. In 

order to indicate the degree of reliance of such calculation•, the mea1ured activitie1 of 

radioactivant1 c an be compared with c alculated activities using the theoretical 1pectrum. 

It should b~ noted that many reactor experiments pre1ent complex geometries not 

amenable to the determination of a theoreti c al neutron spectrum. 

Although there are everal types of four-pi neutron spectrometer, that are able 

to reject gamma rays using such te chniques a1 pulse height nd pulse 1hape di1crimi­

nation, the gamma d i c r iminat ion breaks down in mo1t type, when the gamma count rate 

becomes very high, thus limiting their practical use in reactor mea1urement1. 

The experimenter is referred to in an article by Wallace(9) who has evaluated 

several types of four-pi fast-neutron spectromete r1 with re 1pect to absolute 1enaitivity, 

energy re1olution, and dis c rimination against gamma rays. 

He3 spectrometers have excellent gamma di1crimination because of the low Z of 

the He and the 770-kw Q-value of the He3(n, p)T reaction. In addition when the counter 

is surrounded by an anticoincidence ounter ring to reject e1caped proton, and ion• 

produced in the counter walls, the gamma count,, which are largely due to wall effects, 

are automatically eliminated except at the end,. Thie spectrometer, like the other 

types discussed by Wallace, cannot be u1ed in inten1e gamma field,. An additional 

limitation in the use of He3 spectrometers for mea1uring neutron di ■tribution1 with a 

large percentage of neutrons having energie1 greater than one or two Mev ari1e1 from 

the ela1tic scattering of the higher energy neutron• preaent, maaking the He3(n, p)T 

peaks due to lower energy neutron groups. Sayers and CoppolaU0) have demonatrated 

that pulae riae-time discrimination can be uaed as a means to di1tin1ui1h between 

pulses from the He3(n,p)T and He3(n,n)He3 reactions. Use of thi1 method will increa1e 

the u1eful application of He3 spectrometers for mea1uring neutron apectra. 

Through the use of proper shielding and collimation, people at ORNL(l l) have 

developed a fast-neutron spectrometer capable of meaauring neutron 1pectra in the 

inten1e gamma- ray fields characteri1tic of nuclear reactors. The 1en1itive element of 

the 1pectrometer consisu in a layer of Li6 1upported between two aili on surfac'.!!­

barrier diodes. Detection of the alpha particle and triton from the Li6(n,o_,)T reaction 

was u1ed to determine the inc ident neutron energy. In order to determine the back­

ground due to neutron inte raction1 in the silicon of the diodes, the Li6F layer wa• 

replaced by a Li7F layer. The length of the 1pectrometer including the collimator i• 

about 32 inche s and the diameter is approximately 10 inches. A ahielded-diode spectro­

meter of thi deaign was u1ed to mea■ ure fast-neutron 1pectra from about 1 Mev to 12 

Mev i.". t the Bulk Shielding Reactor (BSR-1) and the Tower Shielding Reactor-11 (TSR-11). 

An international ■ympo1iu.m on neutron detection, doaimetry, and atandardization 

aponsored by the IAEA wa1 held at Harwell England, in December, 1962. The pro­

ceeding• of the sympo1ium which are available in two volume ■ provide an e. celle t 

review of the urrent ■tate of the art in neutron dosimetry. (12) Reference to these 

volumes has already been made. 
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Ciamma 

Two type, of do1imeter1 in1en1itive to neutron, and capable of mea1urin1 the hi&h 

1amma do1e1 normally a11ociated with reactor radiation effect, experiment• are oxalic 
acid and nitrou1 oxide. The u1e of oxalic acid for thi1 purpo1e wa1 di1cu1aed in the 
previou1 REIC report on do1imetry. 

The nitrou1 oxide do1imeter m e asures gamma exposures over the range 107 to 

5 x 10 11 era• ,- l(C). The u1e of thi1 do1imeter is ba1ed on the measurement of the 

pre11ure of the Nz + Oz gas formed by the radiation induced de composition of the 
nitrou• oxide gaa. Becau1e of it1 1trength, low-neutron sensitivity and short half-life 
of induced radioactivity quartz is normally chosen aa the dosimeter container for 
reactor irradiation,. Flory0 3) has demonstrated the practical application of this 

do■imeter to mea1ure gamma expo1ure in reactor experiments. Purifi cation of nitroue 

oxide aa•, filling the do1imeter container•, and the vacuum 1yatem u1ed for readout of 
the irradiated do1imeter1 are de1cribed by Flory. 

Do■imetry Pertainina to Pulsed-Radiation Sources 

In addition to the re ■triction1 placed on dosimetry dev ices used to monitor the 
neutron and 1amma environment of steady- 1tate reactors, devices used to monitor the 
environment of pulled facilitie1 have to be capable of functioning in a high-intensity, 
abort-duration, radiation bur1t. Radioactivanta are e11entially independent of the 
radiatio intensity and can be u■ed to measure the neutron exposure and energy 1pec­
trum. Althouah u1e of the Li6F ■ andwich neutron epectrometer to measure the neutron 
■pectrum of pulled reaotora ha1 not been reported, it appears that thia type of 
1pectrometer could be uee . 

Chlorinated hydrocarbon chemical doeimetera (Sigoloff do1imetera) are commonly 

"••d to meaeure the 1amma expo1ure per bur1t. Van L intU4) ha• de1igned a thin 
calorimeter that can be u1ed for pulled-reactor gamma dosimetry. By ,electing a 
material with 1mall neutron-capture croa1 1ection and high atomic weight, the calo­

rimeter can be made ineeneitive to neutrons. 

The u1e of 1emirad device•, 101id- state detector•, and plastic 1cintillator1 to 
mea1ure the neutron and gamma inten1ity a1 a function of time (pulle 1hape) has been 
reported. All of the1e device, are commercially available. 

The 1tandard technique u1ed to record the output of these sensor• is to display 
the 1i1nal pul1e on a fa1t 01cillo1cope and record the pulle 1hape photographically. 
Since thi• type of readout ■y1tem i1 awkward and ■omewhat unreliable, the Nuclear 
Aero■pace Re ■earch Facility i1 developing an electronic readout device whic h i• in­

tended to ■ ur plant presently u1ed photo-o■ cillographic readout of pulsed-radiation 
1ource ■ . (IS 

In aeneral, the do1imetry technique, u■ed to monitor the 1amma environment of 
puleed reactors can be extended to pw■ed electromagnetic radiation ■ource1 1uch a• 
fla1h X-ray, and brem ■ 1trahlung from pulled electron ac celerator•. Furthermore, 
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doeimetry device, excluded from u1e in reactor• becau,e of the neutron background 

can be ueed to mea1u.re puhed gamma environment,. The experimenter is referred to 

the previou• doeimetry report for additional nformation. 

The LiF thermolumineecent do1imeter ha• been inve1tigated independently by 

1everal peopleU6, 17) and found to po1ee11 attractive characterietic1 which make it an 

ideal device for mea1uring X- and gamma expo1ure from pulled facilitiee. Typical 

characteri1tic1 of the do1imeter are: (1) linear re1pon1e to expo1ure from about O. 1 R 

up to exposure greater than 104 R; (2) a relative energy rc,spon1e of 1. 0 from 1. 3 Mev 

to 100 kev and a gradual increase to 1. 4 (unehielded) or 1. 1 (shielded) from 100 kev to 

40 kev; (3) long-term expoeure storage propertie1. Tochilin and Goldstein(18) have 

meaeured the exposure- rate response of five do•imieter sy1tem1 including the thermo­

lumine1cent type over a range from 104 to 108 R per second. They found no exposure 

rate dependence for the 1ysteme that were teated. 

Proaram• in Proare1e 

Current program ■ on radiation doeimetry are eummarized below. 

Battelle Memorial lnetitute ii inveetigating 1ilicon faet-neutron diode doeimeter1. 

Battelle Memorial lnetitute i• al10 etudying the optimization of performance in the 

1ilicon junction faet-neutron do1imeter ■. 

General Dynamice/Fort Worth i1 inveetigating neutron mea1urement• in combined 

environment•. 

Oak Rid&e National Laboratory i• inveetigating threehold detector• and counter• for 

neutron doeimetry, co'1nte re for gamma- ray doeimetry, and 1pectrometer1 for 

neutron and aamma- ray do1imetry. 

The Philco Corporation is lludying a 1y1tem to detect, differentiate, and re1olve the 

flux of each o{ the v~riou1 type• of charged particle• in 1pace. 

Solid State Radiation• i1 devotina a portion of it• proaram to the development of a hi&h­

anaular- re1olution proton 1pectrometer for •pace application•. 

Texa• Nuclf!ar Corporation ii 1tudying do1e-equivalent •pace detector•. 

The U. S. Army Balliltic Re1earch Laboratorie1 i• conductin& internal re1earch on the 

development of a neutron 1pectrometer for u1e in both pulled and eteady- 1tate 

environment•. 
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The U . 5. Army Electronics Research and Development Laboratories is investigating 

gamma and neutron dose- rate meters. 

The U. 5. Army Electronics Research and Development Laboratories is also devoting 

a portion of its program to studying a spe tros cope for the m asurement of fast­

neutron spe tra as a fun tion of time. 

The U . 5. Navy Naval Resear h Laboratory is studying the thermoluminescent dosim­

eters CaFz :Mn and LiF. 

Westinghouse Electric Corporation is conducting research in the development of a 

miniature neutron detector from 5iC, a large band gap semiconductor. 

Conclusions and Recommendations 

Although in the last few years considerable effort has been directed toward im­

proving dosimetry techniques and procedures for measuring the reactor radiation 

environment as it pertains to radiation-eff ecu experiments, the current dosimetry 

methods in general have limited accuracy and resolution. Radioactivants provide a 

basic and in many cases the only practical method fc r monitoring the reactor neutron 

environment. Additional and better cross section data will undoubtedly improve the 

re•olution and accuracy of this method. It is strongly recommended that current gaps 

in available cross section data be filled, particularly those types of reactions that can 

be conveniently utilized to measure the reactor fast-neutron flux environment . 

The recommended procedures for reporting information are: 

( 1) All gamma exposures should be reported in terms of the field through 

it• interaction with a reference material, the unit agreed upon being 

ergs per gram absorbed in carbon (ergs g- 1 (C)). 

(2) Neutron fields should be described by the product of the neutron density 

and neutron velocity given by nv = flux in units of n cm- 2 sec-1 . The 

time integral of flux is given by nvt in units of n cm-2. The term 

"dose" to define this quantity should not be used. 

(3) The terms "absorbed dose" and "absorbed dose rate" will be used in 

tho•e cases in which the energy absorbed in the material under study 

i• reported (either by direct measurement or c al ulation), the unit 

agreed upon being rads, (the rad corresponds to an energy absorption 

of 100 erg• g- 1 by the particular material under study). Otherwise, 

the term• "exposure" and "exposure rate" will be used. 

It •hould be noted that the terms "exposure dose" and "exposure dose rate" 

recommended in previous years have been changed to "exposure" and "exposure rate", 

re•pectively. This change in nomenclature which is also recommended by the 



F-7 

International Commission on Radiological Units• makes a future hange from "absorb d 

dose" to "dose" possible. 
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STRUCTURAL METALS AND ALL YS 

Curr nt State of th rt 

The nu lear- rea tor i ndu try u 1 rg pe tr um of m t ri in m ny differ-

ent rea tor con cepts. Among tho re tor on pts in u e and und r onsid ration 

are pressurized water, boiling w ter, nu lear up rh ate rs , homog neou , g a -

cooled, and sodium- ool d r e tor . Many omponent of the r a tor u h a fu 1 

ladd ing, pressure tubing, and stru tural members ar ubje ted to neutron env i ron­

ment. Hen e , radiation-indu ed property chang i n stru tural m tal nd alloy 

ontinue to be of importan e. The ffe l of some of the higher t mper tur op r tion 

of these rea c tors on the e materi l pos additional problems relat d to orro ion , 

materials compatibility, and mat rials strength. lt is ne cessary not only to know th 

effe c t of a neutron environment on the short-time proper ies of these material but, 

more important, to know the eff e t of neutron at elevated temperatures on the long­

time creep properties and the fatigue properties. This se tion dis c usses me hanism 

of radiation-indu ed property hang , engineering property hanges in ferriti steel 

austeniti c steels, and some elevated-temperature materials. An attempt will b made 

to generalize the progress of experimental investigations in these various areas. 

Trends rather than data are to be reported, and some recommendations with regard to 

ontinuanc e of experimental investigations will be made. 

Mechanisms of Radiati<' .-Induced Property C:hanges 

The changes in engineering pro perties of materials during irradiation are related 

to the neutron dam e; hen e, them chani ■ms of neutron damage are considered. It 

has been generally cepted that hanges in properties are r la ted to the formation of 

point defects within the structural materials. Mass neutron damage ha1 been a ■ sociated 

with a displacement me c hanism whi h c reates a large number of point defects in a mate­

rial. Displacements oc cu r during the interaction of neutrons with atoms knocking from 

their lattice sites,creating a vacan y-interstitial pair. The displacement me chani1m 

creates very large numbers of these vac ancy-interstitial pairs. Dama1k(l)• ha■ re­

viewed U.e effect of irradiation in nonfissionable mate rials and alloy ■. He considered 

the generation of point defects and the interaction with existing dislocations, and their 

influence upon such thing ■ a ■ ordering, di ■ordering, enhancement of diffu ■ ion, forma­

tion and re ■olution of precipitates, and nucleation of phase change ■. Balluffi(2) 

d e scribed ■ pecifically the interaction of point defects in face-centered-cubic metal■. 

H,! al ■o discu■ sed the effect and mobility of these defects during annealing at elevated 

temperatures. Fleischer(3) and Cottreu(4) discu■ sed the hardening proce ■■e ■ noted 

during neutron irradiation in copper and other material■ in terms of formation of the 

vacancies and inter ■ titial pair ■. The c hanges in properties such a ■ increa ■e1 in 

hardnes1 and yield ■ trength, and los ■ of ductility may in 1ome ca1e ■ be cau1ed by 

i nter ■ titials or interstitial di ■ c ■. Interstitial di1cs are defined a ■ a localized ■ training 

caused by the expansion of the lattice to accommodate the interstitial atoms. The ■e 

effect• have been likened to commonly understood ■olution hardening. Cottrell further 

related the concept of property changes to clustered lattice defe c ts which can be 

'R f r nces are at end of tlon G. 
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prod ed by th knock-on atoms from th fast-n utron ev nt. In re d hardn ss in 

ateel may then b more analogous to a type of precipit tion h rdening. In an attempt to 

relate the d~pendence of neutron damage with property h nges, H nstock{5) has 

expre1aed empirically the relationships among neutron flux, expo ure, and energy 

ape trum, and th resulting prop rty hang H ha 1 o in lud d th effe t of 

irradiation t mp rature. For the low- rbon mild t l th brittl tran ition tem­

perature is d pendent on the qu re root of irr diation damag . H n to k found that 

the irradiation-temp ratur d pendP.n related to n annealing pro ss whi h 

ha1 an activation energy of bout 1. 84 v b tw en 140 nd 325 C. 

In studies r 1 ted to me hani ms of hang in prop rtie in oth r m te rials, 
Peaco k(6) has 1tudied molybd num at 160 C and niobium t 120 C. H found that the 

recovery of properties in these two metal m y be explained in terms of lattice vacan­

ciea diffusing either to interstitial impurit1es or to d f t lusters {that may have be n 

created by irradiation) wher they re r.nihilat d. The maximum recovery was noted 

after an exposure of about 3 x 101 n m- 2. At the lower irradiation levels it appears 

that the recovery me hanism may be r 1 ted to tr.apped interstitiale by impurities whil 

the annihilation at lusters i probably important as neutron exposure i ■ increased. 

Makin{7) ha1 used an ele tron microscope to tudy and m asure cluster den1ity in 

irradiated copper. Specimens were irradiated up to 2. 5 x 1018 neutrons per ■quare 
centimeter. He found two distinct sizes of clusters and also two distinct stages of 

recovery. He attributed the smaller clusters to vacancies and the larger ones to the 

inte r1titiah. 

A number of investigators, in luding Mini r-Cass yre{8), have tudied the 

interaction during postirradiation annealing between point defects formed during irradi­

ation and exi1ting impurities. The fir ■t of these atudies included iron irradiated with 

neutron• at 78 K and ontaining from O. 087 to 0. 074 tomic per cent nickel. These 

atudie ■ were made by comparing the resistivity of the materials before and after ir­

radiation. Spit1yn(9) also studied annealing and explained annealing in semiconductors 

on the baai& of impurity atoms capturing vacancies from the Frenkel pairs formed by 

irradiation. Pauleve( 10) and SchindlerO 1) have used magnetic-propertie1 1tudie1 to 

■how the effect• of irradiation on magnetic i ran-nickel and Permalloy. Pauleve studied 

order and di1order transition for an iron-ni kel (50-50) alloy. It wa1 found that a new 

critical temperature of 320 C was apparent after irradiation. Schindler made mea­

aurement1 of change• in the magneti susceptibility and lattice parameter, of evapo­

rated Permalloy film1 irradiated with 2. 2 mev helium particle• and reactor neutron•. 

He found only minor change, in the1e properties re1ulting from the helium particle 

irradiation after ·• total of approximately 1017 helium particles per square centimeter. 

Regardl 11 of the magnetic state of the ,ample prior to irradiation, the magnetic sus­

ceptibility increa1ed when irradiation · with either neutrons or helium particles took 

place in a zero-applied field. Irradiation effects to a number of materiale in funda­

mental re1earch ■ tudi s are summarb:ed in References 12- 15. Most of these studies 

involved neutron irradiation re1ulting in def t formation and the recovery from the 

annealing of defects at elevated temperatures. 

Ferritic Steels 

Carbon and low-alloy 1teel1 for pre1aure-vessel appli ations have been utilized 

in many of the pre ■■ ure ve ■■els of power rea tore. The in rea1e in brittle-ductile 
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tran1ition temperature■ re1ulting from irradiation continue• to be a problem. Many 
1tudie1 have been continued in thil area to d11termine the extent of increa1e of the 
tran1ition temperat11re, the effect of 1ub1equent annealin1, and in 1ome in1tance1, the 
effect of further irradi .. tion after the annealing ha■ been completed. Other area■ of 
exten1ive etudy have included 1urveillance-type proaram■ to &■ certain the condition■ 
of the ■ e irradiated ve11el■ throua:hout the reactor life. Impact ■ ample ■ and ten1ile 
■ ample ■ are prepa·red from the same beau of material ■ u1ed in bbricatina the pre ■■ure 
ve111el■. The1e ■pecimen■ are ineerted in the vicinity of the reactor core and receive 
neu'tron expo■ure at a ~omewhat fa ,ster rate than doe.s the pre■■ure ve11el it ■ elf. At 
1pecific time interval ■ throughout the life of the pre111.1re ve11el, the1e ■ample ■ are 
di ■ charaed and te ■ t ■ are made to determine t hl! .. xtent of chanae in the mate rial ■ a1 a 
function of neutron irradiation. A 1ummary of known ■urveillance program ■ is given 
for exiating reactor ■ in Table 1. 0 6) One may expe.::t increa1e1 in a ductile-brittle 
tran1ition temperature of a1 much aa 450 F for neutron expo1ure1 of 5 x 1 o(l 7, 19). 

Major empha1i1 i1 or:1 experimental program• to det,irmine change• ir, the brittle­
ductile t .ran1ition temperature. General AtomicsO 9) i ■ inve1tiaatin1 the effect of 
biaxial 1tre11e1 on r.-302B pre11ure-ve11el 1teel after irradiation. Oak Riclae(ZO) 
worker ■ have ■tudied the impact propertie1 of pre11ure-ve11el 1teel AZlZB after ir­
rudiation to Z. S x 10 18 n cm•Z. Their 1tudie1 are for comparilon of the brittle-ductile 
transition propertie1 of 1tandard V-notch Charry impact bar■ and 1ub1i&e impact 
1pecimen1. The Naval Re1earch .LaboratoryO ) inve1tiaation1 of AZlZB are concerned 
with the irradiation of the1e pre11ure-ve11el 1teeh at elevated temperature ■ clo1e to 
the temperature of operation of the pre11ure ve11el. Th,,ir 1tudie1 continue to empha-
1ize the effect of the annealing propertie1 of the1e irradiated ■teeh and the reirradi­
ation characteri1tic1 after their recovery anneal. The inve ■tiaation1 are directed 
toward po1 ■ ible technique ■ which may utilize hiah reactor operating temperature■ to 
anneal the pre11ure v~11el periodically. In addition to the ten1ile properties, 1ome 
impact propertie1 are beina determined. McLaughlin(Zl) reviewed the effect of ir• 
radiation on a number of pre11ure-ve11el 1teeh and baa 1ummari&ed the effect on the 
ductile-to-brittle triln■ition temperature ■. 

Impact 1ample1 from some of the early 1urveillance proaram■ are ju■t 1tartin1 
to be evaluated. Impact 1ample1 from the Dresden Reactor and from the Yankee 
Reactor will be teated, anci tl\e effect■ of neutron irradiation from the tran■ ition tem­
perature of the pre11ure-ve11el material■ will be evaluated. 

Stainl••• Steel ■ 

The au■tenitic 1tainle11 ■teeh have found much application in reactor component■. 

Two properties have made the ■e material■ attractive: (l) they do not exhibit a brittle­
ductile tranf! idon temperature, and (Z) their elevated-temperature corro■ion and 
1trength prope:-t,e ■ are de ■ irable for ■ome of the reactor• utilizing hi1her temperature■ 

of application. The area, of increa1ed intere•t in the irradiation effect■ of the au■ten­
itic 1tainle ■ 1 1teeh have been in the area■ of elevated temperature. Preliminary 
1tudie1 on reactor component■ have indicated that the total elongation i1 con1iderably 
reduced by combination of irradiation with elevated temperature and 1tre11. Many 
1tudie1 have been directed toward investigation of the contribution of elevated tem­
perature ■. These 1tudie11 have been carried out at General Electric-Hanford, at 
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Battelle Memorial ln■titute, and at Harwell in Enaland . Studie ■ of the irradiation 

effect ■ in au1te itic ZO- ZS alloy have indicated that the elevated-temperature irradiat i ,, 

enhance ■ the precipitation phenomenon in which the precipitate ■ nucleate and 1row in 

the vicinity of grain boundarie1, thu1 limitin1 the ductility of the material. It i1 be• 

lieved that the 1011 of ductility ii related to the thermal neutron event in which boron• 10, 

pre1ent in mo■t materials a, impurity atom■, tran1mute■ to lithium and heliwn. In the 

latter ca1e, helium diffu1ea under irradiation a t elevated temperature, and in 1ome 

in1tance1 durin1 annealin1 follawin& irradiation to g rain boundarie1 or aecond-pha1e 

particles, thu■ reducing the du tility of the material. Althou1h the ductility ha ■ been 

reduced con1iderably a, mea1ured by total elon1ation, the fracture i1 often of a ductile 

type. The m a in evidence of 1011 of ductility apparently i1 related to a localization of 

the deformation mechani1m. Thus, once the 1tre11 ha■ been overcome by the flow 

1tre11, the deformation take ■ place in a highly localized a rea, thu1 reducing the uniform 

elongation and total elongation. Thia me hani1m of irradh:.•ion ha1'denin1 probably 

would not be cata1t.rophic in the event of continued irradiatiou, i.e. , lead to a brittle­

type fracture, but could undet som 1pe ialized condition■ produce failure by ■hear. 

Many 1tudie1 , both here and in the United Kingdom, have been related to thi ■ recently 

detected phenomenon , and ele tron mic ro■ cope 1tudie1 have al■o been made on thin 

film• in an attempt to identify the formation of a 1econd pha1e from the interaction 

radiation defect• with exi1ting di1location1. Conclu1ive evidence ha ■ been found in 

many of the1e inve1tigation1 to indicate ga1 bubble• are located at the 1rain boundarie1. 

The1e studi • 1ugge1t that irradiation t f: mperaturea of approximately SO C do not 

produce t e m a.xi.m u radiation-induced property change•, a ■ previou■ly believed. 

Therefore, thf: rnoat effective inve1ti1ation on 1tainlea1 1teel ■ and ., for that matter, 

other ma1:eria 1, i1 the inveatigation in which the irradiation condition■ are a ■ near a ■ 

poe1ible to the conditions anticipated for the component• in 1ervice. 

Elevated-Temperature Material ■ 

,, 

M:.tteriall for t1ppli cation in rea ctor• operating in the elevated-temperature ranae 

of 1500- • 000 F 'nclude suc h materials a1 Haetelloy X, the niobiwn-baae alloy ■, 

molybdenum, molybdenum-baee alloys, tung■ten tun11ten-baae alloy,, and tantalwn. 

A number of inve1tigation1 etudying the abort- time properti~• after irradiation of the1e 

materials are being carried out at General E lectric-Hanford. (22) General Electric­

Cir.cinnati (23 ) continues their inve1tigation of tungaten and t g1ten- rhenium alloy•, 

comparing the eff e ta of irrad1 ation on the 1tre11-to- rupture pro~ rtie1 of thc11e mate­

r :,al 1. Teet temperature ■ are a, high a8 4500 F. Irradiation temperature• are aome­

•1vhat lower, and uaually fall in the range of 1500- ZOOO F. 

Curr nt Program• 

An effort has b en made by the Divi1ion of Rea tor Development of the AEC to 

oordinate program ■ and o rrelate data being gene rated on AEC-DRD 1upported pro­

gram, on r diation effe ct ■ on etru tura1 material ■ . Cooper ation i• maintained between 

nine ■ i t I and working ommitteea compoe d of member, .from the var iou1 1ite1 to 

1tandardize, where poaaible, radiation experimentation and reporting te hniquea in an 



attempt to provide more meaninafw data. Work beiq conducted under thl■ 1roup'1 

coordination include■ th• followina. Worker■ at Araonne National Laboratory are 

■tudyina do■imetry technique■ to compare radiation-ii duced property chanae• with the 

neutron ■pectrum. The u■e of the manaane■e-54 activity in the iron-ba■e material■ 

can provide a mea■ure of neutron expo■ure. The ■e do■imetry mea11.1rement1 and 

damaae indexe ■ are related to the chanae• in propertie~ of impact ■pecimen■ from the 

carbon ■teel■. 

Battelle Memorial ln■titute i ■ continuina it ■ irradiation ■urveillance proaram on 

347 ■tainle■■ ■teel, a proaram who■e objective i ■ to determine the chanae ■ in ten■Ue 

propertie ■, fatiaue propertie■, and 1mp,ct propertie ■ after expo■ure ■ a■ areat a■ 

3 x 10ZZ n cm• Z. The current ■tatu■ of thi ■ proaram i■ that irradiation■ have been 

achieved a ■ hiah a ■ 1. S x 1 oZZ n cm · Z, and property cha nae• have been determined for 

expo■ure ■ a ■ areat a ■ 1. 1 x 10ZZ n cm•Z. Specimen■ havina an accumulation of approxi• 

ma tel y 1. S x . OZZ n cm· Z will be te ■ted i n the near future. Exten■i ve u ■e of nickel and 

iron do■imetry i■ made in thi ■ particul&r pro1ram. 

Brookhaven National Laboratory i ■ conducting a ■tudy of the effect■ of radiation 

on the pla■tic and fract1.1re propertie ■ of reactor ■ tructural mate riall, with the work 

centered primarily on the carbon, low-alloy, and ■tainle ■■ ■teel ■. Preliminary ■tudie ■ 

have been made on hi&h-purity i ron. The effect■ of expo ■ure ■ of approximately 1 x 10ZO 

n cm•Z at temperature ■ b~low 100 C , and 100, ZOO Y 300 and 3SO C, are beina 

determined. The effect ■ of alloying element■ and impuritie ■ on the irradiated iron­

polycry■talline ■ have been d termined. Electron-tran■mi■■ion 1tudie1 and micro■ copy 

■tudie ■ to determine di ■locat • on di ■tribution ■ are aho under way. Some limited 1tudie1 

on the determination of the effect■ of radiation on the propertie ■ of hi&h-purity tantalum 

and columbium are beina made. 

General Atomic i ■ ■tudying the effect• of radiation on the A-302B pre11ure­

ve11el ■teel. They expect to irradi te variou■ material ■ to ■everal level ■ of expo■ure 

and te ■t the ■ e material ■ under iaxial 1tre11 condition•. Four type ■ of ■pecimen1 are 

beina inve ■tiaated over the temperatu e range of -SO to +350 F. The ■ e ■pecimen ■ 

include ten■ Ue, tube, notched-ten■ i l e, and impa t pecimene. 

Gtineral Electric, H nford Laboratorie ■, i ■ conducting ■tudie ■ on a number of 

material ■ . The ■e rather ext n■ ive s:tudie ■ include the oxidation teat ■ of nickel-ba■e 

alloy■ in COz under reactor condition•, in-reactor creep of Zircaloy-Z in the ZSO C 

and 30, 000-p■ i etre ■■ ranae, irradiation in a hot-water-loop facility of a number of 

ten■ile and bend 1pecimen■ of Zirc aloy-Z, AM3SO, 304, 348 and 410 ■tainle ■■ 1teel1. 

The total radiation expo■ ure for the ■ e material ■ will be in ranae of S x 10 l 9 to 4 x 1 oZ 1 

n cm•Z. Fait-flux do■imetry i ■ obtained from iron, titanium, and nickel monitor ■ that 

are encap■ulated alona with the ■ ample ■. The control ■ ample• for the ■ e radiation te ■t• 

are ■ubjected to a ■imilar thermal hi ■tory a ■ the irradiated material ■ to provide a 

■tandard for compari ■on of radiation effect•. Faet-neutron-epectra calculation• are 

made for a number of reactor lattice poeition•. Environmental 1tudie ■ de1igned to 

provide data for under■tandina the chem i al proce ■ 1e1 controlling the rate and the 

extent of corroeion and/or embrittlement reaction ■ in reactor 1tructural material• 

are under way. Several fundamental 1tudie1 are being made to ■tudy the effect of im­

purity content on mater ial• during i rradi ation ; mater i al ■ euch a• high-purity molyb­

denum, iron, and nickel are anticipated for thia program. 
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The Naval Re■earch Laboratory'• objective■ are primarily to detect and ob■•n• 

the notched ductility propertie ■ of ■everal reactor ■teel■ under irradiation and to atudy 

recovery of propertie■ by po•tlrradiation heat treatment. The effect■ of cyclic 

irradiation-annealin& treatment are al■o under way. The Mechanic■ Dlviaion of th 

Naval Re ■earch Laboratory i ■ currently makina ■tudie ■ to determine the fracture touah• 

ne•• of material■ in term• of the notched parameter•. A mea•ure of the yield ■tre111th 

of the •ame material ■ will be made. Material ■ u•ed in thi• particw.ar proaram include 

AZIZB und 3S0LF (PM-Z) •teel ■. Both of the•e •teel■ are prt=• ■ure-ve ■■el ■teel ■ and 

are currently bein1 u ■ed a ■ con■truction material■ in nuclear reactor■ . 

The Cieneral Electric Nuclear Material■ Propw.■ion Operation i ■ continuin1 

radiation-effect ■ inve ■tiaation■ in the rea of elevated temperature■ . The effect ■ of 

radiation on the rup ure:: ■trenath of tung ■ten, tuna ■ten- rhenium, and molybdenum 

irradiated and teated at temperature ■ a• hi&h a■ 150 C are bein& inve ■tiaated. Addi­

tional inve ■ti&rations will be carried out on the ■ e material ■. The total exposure ■ for 

mo■t of the ■ e material ■ fall in the ranae of 1 x 10Z0 to 1 x 10Zl n cm•Z. The re ■ ult■ 

of the work indicate that 1hort-time propertie ■ are not adver ■ely affected by irradiation■ 

at elevated temperature ■ followed by ■ ub■equent te ■tin1 at the ■ ame temperature. How­

ever, the long-tinle propertie ■ or creep-rupture p1·opertie ■ are ■omewhat decrea■ed 

a1 a re ■ult of irradiation. A reduction in ductility ii noted. Studie ■ are under way to 

make calculation■ and ob■ ervation■ related to any metalluraical chanae■ occurrin& in 

aged material ■ during irradiation■ at elevated temperature ■. 

Oak Rid1e National Laboratory ■tudie ■ are primarily in the fundamental area to 

■tudy effect ■ of radiation defect ■ in metal ■. Th~•• ■tudie ■ are ba■ed upon increa■•• in 

re ■ i ■tivity and hardne ■■e• ob■erved durin& irradiation and related to room-temperature 

deformation characteri ■tic ■. The ■hort-time creep propertie ■ of ■everal material■ are 

being ■tudied a ■ part ■ of other proaram ■. For example, the ■tre■■-to- rupture tube­

bur ■ t te ■t ■ on Zircaloy- Z, 304 ■ tainle ■■ ■teel, and a columbium-1 zirconium alloy have 

been made. 

Phillip• Petroleum Company ha■ initiated a proaram to ■tudy the in- reactor 

fatigue propertie■ of certain ■ tructural material ■. The work to date ha■ primarily 

con ■ i ■ted of the designing and initiation of con■tru tion of equipment to conduct the ■e 

te ■ t ■. In addition to the ■e indu ed property chanae ■ in rf'actor material■, a compre­

hen■ive ■tudy of do■imetry i■ being made. The effect ■ of fa■t-neutron expo•ure■ on 

reaction rates of a number of do ■ imeter■ have been ■tudied. The evaluation of wire­

or foil-type dosimeter■ for fa ■t-neutron irradiation are under inve ■tiaation, and a 

number of experimental point ■ have been determined. 

Program ■ not a part of the AEC-DRD coordinated effort include work at Lockheed 

to determine the effect■ of radiation at cryoaenic temperature ■ on the propertie■ of a 

wid,~ variety of ■ tructural alloy ■, ■ urveillance program■ for the Dre■den, Yankee, 

Virginian and Carolina, Rock Point, and Elk River power reactor ■, and a larae number 

of fundamental program ■. Effort ■ are beina made to conduct te ■t ■ on a full- ■ i&ed 

ret1ctor pre1 ■ure ve ■■el of reactor PM-ZA which ha■ , .,cen service. Thi ■ will probably 

be a j int effort of Navy Reactor ■ Branch, Army Reactor ■, and the Divi■ion of Reactor 

Devt=lopment of the USAFC. 
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Future 1twlle1 ln both area■ of ba1lc and applied re1earch are recommended. It 

i• believed that, althou1h th••• •ua1e ■tion■ are not all-inclu■ive, they repre■ent 

definite need■ for a better under■tandin1 of radiation-induced property chan1e■ and 

determination of de■ian parameter■ for reactor de■i1ner ■• 

In the area of the fundamental atudie• on radiation effect■, it ia recommended 

that further inveati1ation• be directed toward: 

( 1) Learnina more of the role of focu■ina colli■ ion■ 

(2) Studyina and determinina factor ■ aovernina the clu■terin1 of 

inter ■titial atom■ 

(3) Showina that ordered lattice ■ di■order much more durina deuteron 

bombardment than can be explained by the ■imple thtiory of di ■-

placement■ alone 

(4) Relatin& radiation effect■ on the ba■ i• of the point-defect 

production and interaction with exi ■tina dhlocation■. 

In the area of applied re ■earch or determination of radiation-induced property 

chan1•• in material■, the followina additional 1tudie1 1hould be made: 

(1) Determine and evaluate the effect of neutron-radiation rate ■ 

(Z) Study the combined effect of temperature and neutron■ 

(3) Learn more about metalluraical proce ■■ e11 ■uch a■ aain&, 

recovery, and recry■talli&ation durina irradiation 

(4) Study the property chanae ■ of more material ■ durina 

irradiation after a po■tirradiation anneaHna 

(5) Learn whether there i ■ ■ome level of neutron expo■ure after 

which chanae ■ in propertie■ are very ■mall 

(6) Determine the effectivene ■■ of ■ urveillance-type proaram ■ 

(7) E■tabli ■h empirical relation■hip• by which the effect ■ of 

lona-time irradiation may be extrapolated 

(8) Study the role of boron in ■tainle ■■ 1teeh and other metal ■ 

for hi&h-temperature application. 
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APPENDIX I 

OPERATION OF THE RADIATION EFFECTS INFORMATION 

CENTER DURING 1963- 1964 

The oper t ion of the REIC during the 12-month period from June, 1963, through 

M y, 1964, i summarized by listing (1) vi ■ itor•, (2) travel, (3) technical inquiriea, 

(4) publi ations, (5) dissemination of information, and (6) operation of the Technical­

Data File. ln addition to this aumma.ry, future plan• for the period June 1, 1964, 

throu h May 3 1, 1965, are briefly outlined. 

Viaitor• 

Th fo llo i ng bre kdown sho • the number of viaitor• for th contract year• 

l - 19 4 nd 1962-1963. 

Total Visitors 
Indu trial 
Air lo 'l r 
Army 
Navy 
.AEC 
0th r Government Agencies 

Travel 

1963-1964 

40 
21 

9 
4 
l 
0 
5 

1962-1963 

44 
33 
z 

7 
z. 

Ourin th 1963-1964 contract year, peraonr,el from REIC made 13 viait• to 16 

diH r nt org nization to k ep abreaat of current development• in radiation effect•. 

Technical lnquirie• 

Th numb r of requ au for information received by REIC durin1 the contract 

y ars 196 - 1964 and 1962-1963 are li•ted below. 

T hni a l Reque au 

Nont hni 1 R queata 

1963-1964 

383 
761 

Ti« 

1962-1963 

243 
585 
iii 
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Publication• 

Jn addition to monthly uncla11ified accc11ion1 li1t1 and regular cla■■ ified 

acce■■■ ion ■ lieu, the REIC hae publi■hed the report ■ and memorand• li ■ted in 
Appendix 11. 

Di ■■emination of Information 

The REIC ha■ continuetl to di■■ eminate reporta, memoranda, and acceeeiona 
li ■t• on both a cla■■ ified and an uncla ■ aified baeie. Aa of May 31, 1964, the un la1ei­
fied di ■tribution required 703 copie1 and the cla■ eified dietribution required 194 copi •· 

Following ie a breakdown of the distribution lieta as of May 31, 1964. 

Uncla1 ■ ified Litt Cla111ified List 
Or1anization Addre11es Copies Address s Copi s 

Air Force 10 10 31 54 
Army 15 16 17 19 
Navy 11 11 9 13 
Other Government Agencie1 36 41 15 33 
Indu ■trial (Include ■ AEC) 587 625 53 104 

659 703 125 223 

Operation of the Technical-Data File 

The following breakdown de ■ cribea the status of the REIC Technical-Data Fil 
of May 31, 1964, after 7 year a of operation. Figl•.res for the previous year'• operation 

are included for comparilon. 

Document■ Acces ■ ioned 

Documents Extracted 
Rejected Items 

Total as of 
May 31, 1963 

19> 111 
9,951 
z, 973 

The rejected item• may be categoriz d a follow 

Total a1 of 
May 31, 1963 

No Pertinent lnformuion 
No New Information 
Duplicate• 
No Radiation Effecu 

Total Items Rejected 

2,018 
779 
158 

18 

2,973 

Total as of 
May 31 1 1964 

24,206 
2,517 
3,301 

Total s of 
May 31, 1964 

2, 102 
982 
177 
40 

01 
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Futu r e Pl n1 

Report ■ and memoranda in th following area• are being considered for publica­

tion during the oming ye r: 

( 1) Structural met 11 and lloy1 

(2) Prop llanu and explo1ive1 

(3) Ele tronic1 in a apace nvironment 

(4) Tran ient radiation e!!e ti 

(5) D01imetry and reporting practice• 

(6) Radiation effect ■ on tran1ducer1 

(7) Biannual Hating of radiation-effects projects 

(8) The annual 1tate-of-the-art report. 
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LIST OF AVAILABLE REIC PUBLICATIONS 



Requ 
publi 

R ' port Number 

1 

R diauon E • t 

Batt 11 Memori 

So Kin A nu 

Columbu , Ohio 3 o I. 
All ntlon E N. Wyl r 

LI 

I - i 

8 ll · ll M m tut 

olumbus, 

ot, t wing addr : 

Au r i I L boratory 

. Charlesworth) 

Wn n AFB, Oh 

1 (Fint Addendum) Th Effe t of u le r Radiat ion on mt ndu tor Mat ri a l (M r h 31, J 59), AO 21075 

mo-

A urv y of urr nt nd elop nt in th F ld or Do irnetry (May 31, 196 ), AD 157173 

6 (Fint Addendun) 

10 (fint Addendum) 

16 

17 

18 

19 

20 

21 

23 

24 

25 

ur y of nd O lopm nt n th Id of Dosimetry (M rch 1, 1959), AD 2107M 

• ( \ pr ll , 1960), A 240433 

The Eff ct of Nu ·1 ar Radiat ion on ml (July 15, 1981), AD 212 1 

un )' of Irr d1ati n F clUu (F •bru.ry . 1961). D • 56 53 

t of Nu lear R dtarion n Suuctura l Adh s (M rch l, lNl), AD 26H64 

(Sup r d R port Nos. 7 and 1 I) 

The Effect of 

Reports Nos. 
r R diation on El tronic mpon n (lune 1, .lNl), AD 2t0303 (Super1e•:• 

. 12, 14, i nd 1. 5 nd M mo No . 2, 7, 12, 14, and 20) 

The Effect of Nuclear R diati non Lubricants and H tlr uli fluids (May 31, 1911). AD 2U278 

(Super des Repon No. 4) 

The Effe t of Nu lear R diation n Structural M tals ( ept mber 15, 1961). AD 216839 

(Supeuedes R port No. ) 

The Effe t of Nuc l , r Radial an on Ela tomer i nd Laslie Compooenu and MAteriala (September 1, 

1961) AD 267 0 (Supers d s R .ports Nos. 3, , 11d 13 an.:t M mot Noa. 1, 3, 8, 13. and 17) 

Proton and El tron mag to olar lb (A pr 1 l, 1982) 

Radiation Eff ts Sl,H f th Ari l l•l 2 (Jun 0, 1962), NA A N82•1'4M 

Th Effe t of Nu l ar Radiati n 1 

•out of Print in RIIC: Available only ~tom DOC, D fen Do um ntauon Center, Cam n uUon, Alexandria, Virginia 

(Name changed from ASTIA, Armed ervl ea T dmlcal Informal n A n y). 



Report Number 
28 

21 

28 

29 

30 

31 

32 

33 

Rapon w,.l>er 
1-C 

1-C (Pint Addendum) 

1-C (Second Addendum) 

2-C 

2 -C (Flnt Addendum) 

,-c 

e-c 

Memor.,.m Numt..~ 

ee 

10 

Uncluaif ed Reporu 

Till 
Trana ent bdiat on Effecu on Elecuonic Components and Semiconductor D vices (April 19, 1983) 

Th Effect of Nu lear Radiation on C ramie R act r•Fuel Materiab (June 30, 1963) 

Radiat on-Effect tat of the Art 1962•1963 (June 30, 1963) 

Effect of Nuclear Radiat on on M tallic Fu l Mater als ( ept mber 30, 1 3) 

Effect of Nuclear Rad at on at Cryog n T mperatwe on em condu tor Mat riab (S ptember 30, 
1963) 

Part J. A urvey of Irradiation Fae Ut s ( ept mber 30, 1963) 
Part II . A urvey of Pan cle A lerators ( pt mber 30, 1963) 

Space bd at on Damage to Electron! Compon nu and Mater al ( eptember 30, 1963) 

Survey of Current Research and De elopment in th Field of Dodmetry ( eptembe1 30, 19t3) 

Cluatfled Reporu 

The Effect of Nuclear Rad atlon on Hydrau l.c, Pneumat ic, and M chanical Systems t r Sublonlc, 
TraDIOClic, and Low•SuptnODJc pe d Airer ft (Ti tle Un lasslfied) ( er l, R strict d Data) 
(May 31, 19&1) 

The Effect of Nuclear Radiation on Hydraul c, Pn umatic, and M chanlcal Systems for Sub&on c, 
TraDIOOic, and Low• upeuonlc Spe d A rcraft (T tl Unclass fied) (Seer t, R str cted Data) 
(March 31, 1959) 

The Effect of Nuclear Radiation on Hydraulic, Pn umatlc, and M chanic.11 ystems (Title 
Unclaulfled) (S cret, Restricted Data) ( ptember 15, 1960) 

The Effect of Nuclear R.td atlon on C ramie Mater ab (Title Unclasaif ed) (S aet) (June 30, 1959), 
AD 157 173 

The Effect of Nuclear Radlallon on Ceramic Mater ah (Title Unclassified) (S cret, Restricted Data) 
Qune 15, 1961) 

The Effect of Nuclear Radiation on El ctrt al and Electronic Systems (Title Unclauifi d) (Secret, 
Restricted Data) (March 15, 1960) 

The Effects of Nuclear W apon Bur u and Simulated Bunu on Electronic Components (Tltl 
Uncu•ifled) (Seer t, R strlcted Dua) (May 1, 1961) 

Un luatf ed Memoranda 

Title 

The Effe t of Nuclear Radiation on Glas (No mber 30, ) AO 207701 

Format for R poning Radiation Effe t Dua (M y 15, 1 S ) AD 2 1 251 

The Effect of Nuclear Radi.ttlon on Hydrocarbon Fuel (No mber 30, 1 ) AD 077 2 

•Out of Print ln RIIC: , .vallable only from DOC, Defense Documentat on Center, Carner n tat on, Ale andr a, Vlr n 
(Name cb.._ged from TIA, Armed Serv ces Technical lnformat on Agency). 



Memorandum umber 

21 

23 

4 

25 

Memorandum Number 

1 ·C 

2 -C 

3·C 

13 -C 

ll-3 and 11-4 

Uncluaifl d 1emoranda 

T tle 

Th Eff t of u l ar Radlat on on Ho s a d Coupl n (March 31, 1 59) AD 2265 

The Effect of Nucle11 Rad atlon on Rdr geranu (June 30, 1959) AD 21951 0 

The Effect of uclear Radiation on the Performance of a Hydraulic Flight Conuol Synem 

(June 15, 1959) AD 219512 

Space Radiation and It Effects on Materlala Qune 30, 1911) 

Radiation Doslm try: An Annotated llbUography ( ptember 15, 1911) 

A elected B bUography of Puhed Radiation Efrecu (June l, l9t3) 

The 8 nef cl al Uses of Radiation Efi cu 

Clauifled Memoranda 

T tie 

The Effects of Nuclear Radiation on Fluorolubes and Ocher Gyroscope fluicb (Tale Unclaulfled) 

(S cret) ( ptember , 195 ), AD 902128 

The Effect of Nuclear Radiation on Explosl~ s and Solid Propellanu (Title Unclallifted) (Secret, 

R atricted Dau) (June 15, 1969) 

Dose-Rate Effects on Mater ab, Compor.cnta, and Systems (Title Unclassified) (Seer«, Reatricted 

Data) (July 31, 1959) 

Compilation of Nuclear, Pulled, and Space Radiation !ffecu Project, (Title Uoclualfled) 

(Confidential) (April 16, 1984) 

•out of Print n REIC: Available only from DOC, Defenae Documenw on Center, Cameron Star.on, Alexandtla, Vlrg nla 

(Name changed from ASTIA, Armed Serv ce Technical Information Agency). 
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Scale for electron exposure in Figure Bon page iii 
should read 

-2 * Electron Exposure, e cm (,.,,5oi absorption) 
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