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Since the discovery of radioactivity bJI' Becq;uerel in l.S96. and the 

ensuing avalanol» of tnf ormation C()neern:tng the natul"8 ot the ve.rl.ous 

t~s of radiation, nt'Uch work has been done to dete:rttdne the •fteot that 

this form of enera ha• on matt.er. This work hat b$en rapicll.7 ac~ler

ated since the discovery or the timon prooess and tho controlled chain 

reaction. However, in :tpite ot all this ettort, the undantanding ot 

radiation e.f'teats ls still tn t.he ear.q at.ages . 

The 1.ncreasing .importance or plastio materials in engineering has 

oaused them to come unde?' tnvest1;a.tion Wi.th respect to the effects of 

:radinticm. 

One o:t the reht.ivo~ new and more versatile or the plasttoa .i.a tho 

•pox;,,v. Among its important oharaeterS.stics are included a high degreo 0£ 

adl.:.esi.veness, low sbrinl(age, ease of handl1ng. and the inertness of the 

cured s7st.. Too abilit.,' to va:ry the propertin of an epoq by the 

proper selact.1.on o:t curing agents and modi.tiers enable3 its use 1.n su.._ 

face eoa.ting, casting, potting, encapsulation, sea.Ung. and bonding. 

'Rehti••l.Jr strong metal- to-m&tal bonds have been f'ol"med emplO)'ing epoq 

adhesivets (l}. 

Co~roial J)l"Oduot.ion of •P<>X.Y' resin began in 1946. Some thirty' 

million pounds were produced in 1957 and thia figure increases eaeb7ea.r. 

Bev applications of this mte:rial are continuously being made. It is not 

unreasonable to expect that it may soon bo used as an eleotrl.oa.l inS\lla ... 

tor and a sealer in :radiation detection devices looated 1n bich energy 

radiation environments. 



In view of the efteots ot radiation on some polymer , vhieh are 

diaCU8sed in the following seotion. 1 t is cono•i;vabl that a sign1£1cant 

improv nt ~ be made in the prop•rties ot epoxies tv subjecting them 

to :.radiation during o:r after ordina.17 manuf'act.ur:tng assemb~ procea .••· 



Interest in the ert'ects or 1omz1ng 1"'adtation on pol.,mers 'began 1n 

tho late l9)0's.. It wa• found that electron bombardment oaueed abanie• 

1n th•1J' melting proP6rt1oa. ktena1ve 1mest1ga.tion. ~er. tihUJ not 

possible due to the limi.tations or source lftNn!Jth at that ti• (2) . I 

provemenw in om~ pafl'ticle aceel•n.tors soon enabled i.1"1Vest1ptor:s to 

continue their work. 

In 194), Burr and Garrison ( 3). while condueting beta... and g~ 

inadiation studies 'b1' means ot a Van de Ora.art aenel'ator, reported 

changes 1.n t&nsiltt strength and hardness ot a number of plasU~e. al-

though no attempt.a were ma.de to explain thl results. 'fbe7 did eonolude. 

though, that tbs U$eful. tbe%"mal range ot a atenal caul.d be tak•n a• 

being indiaative ot its relative stability under high 1ntenait7 ndia-

t1on. This is also reported by Aitken and Ralt>h (4) in w:t"'k with some 

epoxtde sys~ .. 

The radiation quallt;.v and dose rate were dete:Dined to have an 

ef'teot on the changes p~ in. th9 physical :pmpertiee ct plaetio'S' 

()), Work dllrlng the early 19.SO•s by s1aman and Bopp (5), (6). (?). 

emplo;ring reactol" 1:rrad.1at1on and 1nd1Tidual types ot radiation. eet!l8d 

conolu.utvel,y to reverse this opinion. and the concept or total energy 

absorption 1• present]Jr t.m accepted theor.r (2) , (8) . (9) . 

Allen (10) , in 1949. gave a bl'"Oad treat.:mon.t t.o the etteets ot radia-

tion on. st&r1als 1n general. He po.t.nted out tho fact that organic 

materials 'belonged to the el.ass of compaundet in which the ato.s are held 

together by covalent bonds ., The ion.1.es.Uon potential of' a molecule ot 



4 

such oo ound..s is greater t n the ene necessaey to bre k the bonds 

Within th lecu1e . Consequently, one such a lecule has be n 1oniz 

a to of ation, end subsequently neut llaed, 1t h su.rt1cient 

energy to f'ncture at le st one ot the internal molecular bonds . ...uch 

r ct\lre "fMl:1' cause the ol cul• to bl"llak up into t onts . At the ti.me 

ot Allen's vrit1 • it a vell known t.h t dU'fu81on of the fractured 

ole le took place in (taees and liquids . However, the 11 8Jl'lount ot 

info tion known at that ti aoneerning the effect ot diation on 

solids left unanswered the estion as to whether t restriction placed 

on otion therein would e u the Mleoule to re n in its position With 

the ubs quent possib11i~ or the reto t1on ot the orl. nal molecule . 

!he disoove ot the eJd.stenoe of orossU.nking, the ro tion ot 

C--C bonds between oleoules ot irradiated polyet.twlene report by 

Chs-.:rlesby (ll) in 19.52 a1 d in cleari th1 stu."llblins bloc • In 

e-xper1 ntation Wit h ctor 1r:rad1 ti.on on polyethylene, he no tic an 

increase in atrength. In the ooul."se of turther exper1.ments with th& 

ly•t}Vlene in vacuum, twdrogen pe was round to exist in the spe n 

container att.r irradiation. This fact , combined with th los of weight 

experiene&d by specU.n, led to the •xPla.nation t the 1.nc sed 

strength. Since polyethylene is co sed of' only carbon tvdro n, it 

s concluded that h;y ro en atoms had been severed tro the polymer chain 

in spite ot the t ct t t the C--H bond is stronger t n the C--0 bond. 

Within nth attar this was re'Qert d, other imastigatora (12). (13), 

usi • various forms or di.ation, oonti Charlesb,y' s indinge. It a 

1 o reported b,- Lawton et 1• (13) t.hat certain pol rs und ent 



degradation (~king ot the mai.n pol;*Jmer aha.in) upon ~ure to radia ... 

tton . Thus, two pranoual:y 1mOtm and emplOJ'ed pJ!'Oe&H•a• theretof'ore 

bl"Ought about. b7 chM!.o;.l means, were found. to be the pri.ury ef'tects ot 

radiation on po~s. 

In l9,S4. Siaro.an and Sopp (14) further stated that. the two processes 

oooun-ed s1mUltanec:n.u1~. anct that the o.pparent end effect was a matter ot 

orw of th& tflO, Pl'"fido.tnat.tng. ~ also theorized tbat the nw ot cross• 

linking niay be oontrollod 'I:&" the diffusion of the l\Yd!'Ogen trom the 

po]Jf1f:er since th1s would tend to geyvom tho rate ot the ml&oular sag .. 

m$n\e closing on on$ another. 

In ord$r to utilize efficientl;v the benatic.d.al effects o~ radiation 

and protect against tbe und.elstrabl• 01uu1. it is necessary to ba•• 
knowledge of th& meohard.m1us ~h wb3.ch oroeslinld.llg and d&fll\lldatJ.on 

are brought about. Y,:an;v theories bave been proposed sino• those pro ... 

oesns w&re discovered. .A num.ber ot the •re p~sing ot these a.re 

rwnewed 'b1' Oharlesb.Y (2) ard Bove; (l!J) along with tbs MON important 

cbject.1.ons w them. 

The moat s•M.ou11 problem exi•tiOI in thf field 0£ radiation etf ects 

apPU.es to the study ot all mate:rials and ls raot Nlttrioted to po~rs 

al.one . &s1ca.U,.. th• problem 1• laek ot information. ltltW" mate1"1als 

have boen inveatigawd. H~,r. :reports ot the results have not been 

suf'f'1o1ent)1' accurate and detailed.. Thi.$ f'act baa beim realized a:nd 

lllteps have bEt@jn and an being tak•n to ~ the situation. 
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The purpose ot this invesUption as to determine t.1- efteot ot 

1'6:l1Cto2" irradiation on a.rt.a.in meohaniea.l properties ot an epoq 

Dt&torl.al. Speo1fioally. th& properties seleoted :f'or tud.1 WfU"'9 tensile 

ntrength, perotmtage elongation, modulus of elasticity, and Rcekwll 

hardness. Halt of' t.he spec:tmens were test&d for these properties ae soon 

as they could be saf'e]Jt' handled after il'Tad1at1on to determine the 

1m..'lted1ate ef'teat.. The Nl'J\!l\ining specimens were tested seven days late:r-

to obsette the influence of aging on the irradiated matertal. 
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IV• t 

A. P-"''"'-

:Fort.y-five cime l"8d oxy in 334. which 

contain a luent. r t7'l c1d,;;l ether. with a eteylene 

r1 fl• ( ) in t ratio or ten rt DETA 

weight.. ·o f'iller materla.l n included. 

~'b• liquid resin s wi d out in tour tchea ot one k1log 

• ch (to the Il9 st ) in clean, di o ble tal · n 1ner • The 

spo ble container we used since the epoJC7- ner qe , on 

rd•ned• st f the surface to wbio t a re• sue 

ming, aandblaat1ne, or trea ent with hot glao1 l aoeti 

acid. tel" the ain s , th OE'l'A s out to t x-. t 

tenth of aoaordi to th above Ja.entioned ratio into a 

Due to the tox1.c1 t th1 sub nae, ution ken to war ru r 

glove • pro ct1 ve ak wbioh cove d the entire t ce, and otherwi to 

protect expo skin areas. V n 1lat1on s provided by OIWJnin labo -

to17 vi • Only ne s 17 r onnel re llowd 1n the la tor,r. 

The o A. e po d into th re in nd in1 tially mixed tor one nu 

v1th a atirr1 rod. I d1at.el1' t reatter, the rooe e oontin 

with a variable a eleotri l 1111.Xei- using ro 

tor o l nut.es. The si tion of t impeller 

• wried to obtain t.boro h lll1xi • This pr.par tion •• then at 1n 

a prepared ld. All nondi. of equi nt which o in 

ontaot with the xture With l\Vl ohlond 

eoon e.e po ible. 
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The molds, tabr1cat"1:d ot three-e1ghths inch plywood shut., consisted 

ot a base to which one inoh •trl:ps wn na1lod. All pal"ts ot t.bie 

assemb~ wre nnd.ed t.o insure emooth. fiat audaeas. Eaoh mold was 

cs.pable of forming ttve $pei:d.lrl$11 blanks (J/8 b1' l-"J/16 b,y' 9-l"J/16 in.). 

Originally', one large mold with a oapao1t1 ot tortQr ... five blanks was \lBf!td. 

However , 1n casting, this oontiguration :rlelded an excessive amount of 

heat d\Jl"ing hardening, whioh caused spoilage ot a large number ot the 

blankt duo to air bubbles.. It•• ~licwed that the heat being given ott 

by the blanks surrounding At\Y given on• pl"&<ventod proper heat clisstpa ... 

t.1on, This was apparentl.7 true 91.noe th9 blanks in the c.mter ot the 

mold 1101"0 the most attected. Because ot the .xt~l:V' adhesive nature. of 

the •l'OX1' material. a releaeing agent in the tom ot a film or ailloone 

grea e was a:pplled to the eurtaaes ot the mld. All exterior joints ot 

mating strips and ot base and atrips VfJN ooated with paftf:fin to prevent. 

possible leakage from t.he mold. 

The reJJin-ba.rdene.r ~re ha• a gel time ot approlli•tely thirty 

minutes in the volunu1 at the llixin1 container. Tbereto:re. a timer was 

begun at the 1td.t1al :mixing of eaeh ta.toh to insure equal mx time and 

east1.ng prior to gel til'l'.e. Each batch. vhi.ch. formed a.pproxi11'1ately 

tif'teen blanks. was ent1re]T pound within five mi.mites or the term:tm-

tit>n of mixing. 

Two precautions were obsel"V'ed in cast.in; the specimen blanks. 

first , t.M mold itselt was leveled in order to produce a blank: ot u.ni.torm 

th1ckno8t.. Second:cy, cant was taken to 1nsurt.t against ov•rt1ll1ne. vh1ch 

could AWl:t in traoture of the cured blank ttpQn removal from the mld. 
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'the reduced vol\ll\'le ot too mater1a.l requ11"8d approxi:m.1.t.el.7 one hour to 

hal"don to the t ouob. One$ bardeMd. the· spec1:mens wen allowed to cl.U"& 

for eight7- f'our ho"D.rs before Nmoval f!'Ql!1 the molds . 4 Visual 1~ 

tton ot thest:J blanks ~ea.led no ncnunitormities or air entrapment. 

Upon NmOVal trom the mold, tbei razor-like edges ot t.he blanks nre 

!'emoved with a fine sandpap&:r and milled to the proper size and shape as 

specified in ASTM Standard D6)8- S8T (16) . The QOnfig\Jratfon ot the 

The epee1nlens wen irradia:t~ in batches ot ten at tour dif't'erent. 

lev$lt1 or integrated. thermal neut.:ron flux, ioll, io12• io1'. and. io14 

mt. The Io• St.ate University fJ"alning R$actor was used tor this pu:r-

pose . Pl\fsica.ll)". the speoim.ons wore located 1.n tha exporlmental well 

s~:tvated bot.ween thG two core tanks .. 

In order to insure location or the speoimen:s in tbe area ot maximum 

tlux and to f'ae1lit.ate insertion, containment, and :remOYal ot tho speci-

m•ns . a oontain•n• was constructed of thr9e-e.tghths 1neh plywood. 

81!tpl¢ng only tlue in t.ts tabrication (Fig. 2). Ineol"J)Orated intc» the 

removable top o£ thia device were two wooden posts on wh1oh wen m.ount.d 

gold !'oil$. <>ne ban and GM cmdm.um COYered. for the purpose of' ll'lON 

accurately det.:rmining the flux to which th• specimens were exposed. The 

toils w•n located within the eonta.inar at a position cottespond1ng to 

the center Of the length Of the &pecilnenS. 

Irradiation of ea.ob batch ot spt,tcilnens was pert'Ol"l'led in the fol-
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a tabl• ot random numbers. four groups of ten and one group of ti.ve 

spec1mone. to 'bG ueed tor control purposes., wen ttleeted., Each group or 

ten ws bolmd toge.th.er, t.aoe to f'aee , by ~" of a one.eighth each .st.rl.p 

ot tape at either extre:nity. Tho 3!'$lative position o.t e<1Ch speoil'len 

w1. thin i ta respaoUve: group tm.s reeol'ded .. For aoh irradiation. a group 

of' tan speoimens •• plac$d 1n the 1rradiat1on container; the .foils wre 

m.mmtet'h and t.he top of the oonta:iner wa.B s•aured b.v' means ot a woodttn 

looking dowsl . Insertion and r&mt>V.al of the eonta1ne:r from the expen ... 

mental woll wae accomplished by means ot a long- bandl.t metal l'.ook . 

The reaotor w.aa then brought to the appropri.ate power level d bold 

there tor tho .ltlngth o.l t1J!'l9 est1mat$d nece.star;r to provide the d•airad 

integrated f'lu.1£ value. At the teJ"Olination ot thi.s time. the reaotoi- was 

soranur..ed. Due to the high level ot act1Vit1 present in t.he ex.pel"iJ!tEantal 

well alter shut down, the con.tainer and specimens were lef't in the 

reactor overnight, a pe1"1.od ot approximately sG'V'ont.een houri. Upon 

removal fl"Qtll the reactor the spool.mens were nad;y tor test.1n1. and the 

to:tla 11ere plaaed in etorage tor varying per10ds ttp to a wek. 

c. Det.ermiM.t.1.on of P'lux 

'the aot1vit1e$ ot the gold toils were determined. ner periods 

varying up to one week from the titi:e of u:poaure. The use ot abe<>J"bors 

wa nee• saw in all o ns. fwo ... minut. counts were ta.ken on eaoh roil 

and the time noted. A proportional gas tlow counter was used to deter-

mlnct the ct1v1\1' of the toils. 

The method of flux &.termination was a compard..son with a standard 
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Once t tbe~l neutron flux was detemined, the 1ntegra~d tlux 

was oalculated by 

Intscra.ted flllX • -th x f . 
the units of wbiah are thermal neutrons per squan centimeter, wbon T is 

expressed 1n uni.ta of seconds. 

l. Hs~!"I 
The indentation. h:trdmtss test ot the apeoi'mens was performed in 

accordance W1th Method A. of ASTM Standard '0785-Sl (16) by means or a 

okwell hardness W$t.er. the Rockwell M scale was used. •Ploying the 

red scale ot the testor, a t.en-k1.lograt11. minor load, a one- hundred 

kilogram major load, and a one-quarter inoh ball penet.ra.to.r .. Since the 

specimens wro one-eighth ot an 1.nch in tbioknesa , scrap piece• ot the 

at.•rl l were teated to ver.U.)' that the hardness values were not atteoted 

by the su:pport.1ng surta.,. and that no btprtnt shoved on the under aurt.ace 

of the speci.men alt.el" testing. Thia determination was •de with both a 

i&inile sp cttnen and with a pair of e edmens, one on top of the ot.!mr. 

ln order to insure against. the specblen overhang affecting th& hardness 

values, the portion of tti. specimen proJecting beyond the anvil was 

suppol"t&d. 

'?h dash pot on tho t.st.er used was adjusted so that the operating 

handle Completed 1 ts travel in five second.$ 'With no specimen on the 

machine . which was set up to appl3" a major lc>ad ot one ~ k1lograp. 

'With the specimen located to allow th& penetrator t.o be applied 
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approxi te)Jr to the spe n'o centerline. th1J minor lo d 11as applied 

and the zero w1 thin ten seoonds. I ed1 tely there rtsr, 

the ajor load w:ts a pl1od. n a stop watch •tatted. rutMn conds 

a r the o e ting l"~le e trip-ped,, t jor lo vas ed and 

fU.'te n seconds later. t readil'l3 , to the maximum ne rest tull- s le 

di vision, • taken. In all ca s the ne dle pa.s5ed through zero on the 

red o le twice 1n applyi!'I the jor lo d and once n ov l thereof. 

Th re.fore, all reading• ware ken wi.thout oorreotion. 

2. 

The tensile properties of the epox:y ma rial werca tested b,1 ns 

ot a 20,000 pound aapacity, unive:rsal, lever-type load tollover, sc 

t,.;pe cross-head movement, nd operated test chi.ne. It waa operated 

using a ise 'Wbiob enabled ope tion 1n th 0-2000 pound range, thus 

.rid tting 1 d dete tion down to a halt-pound.. Th• tasting prooe-

du was carrie out innota:r as poss ble accorditli to AST~ Standard 

D6 SST ( 16). Si.nee a certain amount or slcill is requi.nd to aocu tel.7 

follow tho applied load, the ~d ot testing {rate of o:ross-hea move-

ant) was set at 0 . 0).5 inche per lllinute (twelve rpm on o:ross .. head 

ope1:1 ting mndle) . 

d vae1 ot the cha.nic l lever VPe• It con-

sis d or two yokes with a ga a length or two inohes . the specimen was 

clamped 1n the xtensomet'itr ~ ns or small p1 ces ot epo.z;y ma rl.al 

acting es l d s adars between the teat specimen and the ol..ampina 

orewa. In order to reduce tress concentration at t point ot attac 

ent. tlat bott clamping cre11s w re WJ•d· The re tJ.ve ov nt ot 
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i;he yokes•• mea~ With a dial indioatol" ba'ftnc $ lenst count o:f 

0.001 inch. 1.'he multipli.cat1on ratio ot the extensometer was detel'mined 

by :measu~nt of t.he appropr.t.a'bt dimensions to be 2.012. 
Tbe test speoitnon with extensromat.r attached wae placed in tbs grips 

ot the te:sti!'ll maohine and al:!gnad viml&lly Sino• eelt .... allgning cnpa 
were not av:a1labl•. One• el.amped in place, a sma.11 load •s applied to 

Ughtf.n the speoUien in the jaws. Thie load did not eue«t fav pounds . 

A cNW ot three was used 1n peri'ol"Oli.ng the tests. One peroo!) 
' ' 

fKl,uipped With a stop watch op$Nt&d the oroau1 ... head and called tor 

readings. A s.cond individual operated the:) load tollOW!ng mechanism:, 

all loads, dial reading•, and the time ot 0.02 strai.n and tailure. 

Readings were taken •ver.r ten seconds t~ the begimlng ot the teat . 

The drop or beam method waa used to detemim the maximum load. 

3. Solt~ pt, tas1(1pg 

The ti.Ye con~l speoilttem and f'ive o:f the fil"St bTadia:ted batob 

were tested the day .tollovi.ng this il'l"adiatton. The Nmai.ning five 

•P•c.d.JN)n' ot the f1.nt bateh were testqd the eighth 4q tollo~ 

1rradia.t.1on. the la.et thirty speciroens were tested aooord1ng to the ~ 

scheme, that 1s, t'ive at one &Q' e.nd flve at eight day:.J afwr irradia-

tion. 
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V. RESULTS 

The results, av rage valu• and standard deVia:tion, ot the tensile 

properties and nootcwell hardness teats ar. indicated 1n table l through 

Table 4 ceording to the treatldnt. :i. e . , amunt of irradiation and aging . 

prior to test..\.ng, received ·b.r each gmup. The G"Ue or tbe group 1a not. 

1n all <:ases the ama, Wi t.h the exception of the bardnen valu••, Thie 

nsults indi t1ve ot being truly repNsentattve ot theiP respective 

lt"OUJ'I • The speo1mans mot employed in computing tbeir ~ average are 

1ndi.eated in Table 6. All specimens, howevel'*, wel'e considered in the 

hudn1Hs test naults. The values reported tor the vanous pl"Op•rti•• 

Table l . Values ot tensile etr-engtb 

Integrated Irradiation Avenge Standard Specimens 
tlux to test value deY1.at1on oona1de~ 
Cn,rt) '4in> ; il?!ai) 1 @ "' {;s~J 

0 control 9825 124 9 20 4, 44 

1011 l 10011.5 178 s 6 )3 39 
ioll 8 10166 57 ' 13 15 
ioll l 10006 74.S 17 37 40 
ioU 8 lOl'.33 51 10 22 29 
1ol3 l 9510 l .74 2 4192838 

1ol' 8 10125 so 12 16 16 )4 

l.a x 101lt l 9Stl6 l4S 6 17 21 31 41 
i .. e x. iol4 8 9662 70 ll 14 24 25 ;;6 
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Table 2. Val•s ot percentage elongation in two inch&• 

lntegra.tod Ir.radiat'ion Average Standard Specillens 
flux to test value deviation considered 
tml • ~~sl ,,2 'i2 . 
0 control .'.).ll 0,.43 9 20 4;3 44 

ioll 1 4.19 1.64 5 8 3~ '9 
ioll e 5.95 0.21 3 lj 15 
loll 1 ,.15 0.75 27 37 40 
iol2 8 4.95 0 .24 10 22 29 
ioll 1 4.78 1.75 2 419 28 :;a 
icl.3 8 4.76 1.23 12 16 lB '4 

t.a x 1ol4 l 4.98 0.61 6 17 21 )l 41 
i .s x io14 a !hS4 0.62 u 14 24 25 .)6 

Table ). Valu.s of modulus ot elastiei:ty 

Inte~ted IrradJ.ation A.vex-age Standa,rd Spec1men• 
tlux to test. value denation considered 
~ml (aul ~Rail ~1252 .. 
0 ctlntrol 399.750 '.3)04 9 20 43 44 

loll l 420.000 18708 5 ·S 33 39 
2011 8 440,000 0 3 lJ 15 
ioll 1 4,0,000 1936.S 27 ,7 40 
iola 8 431,666 18929 10 22 29 
iol3 l 429,400 6268 2 4 l.9 28 '.38 
io13 8 476.750 s1m 12 16 l8 )4 

1 .8 x iol.4 1 401.000 11401 6 17 21 )l 41 

l.S x io14 8 424,000 l.6100 u 14 24 25 36 



Integrated Irnd11.tioa 
.tlux to tettt 
'ntt}' <stml 
0 oont.rol 

ioll 1 
ioU a 
iol2 l 
iol2 8 
iol' l 
iol'.J 8 

1.e JC lol4 l 

1.8 x iol4 8 

21 

Average 
Value 

89. 00 
90.70 
92 .17 
9i.oo 
91.63 
a9'.90 
91.93 
aa.77 
90.20 

Standard 
donation 

l .66 
1.72 
o.9a 
0.83 
1.12 
0.99 
1.)8 
1.)8 
0.84 

Speoimene 
oonsi&!rred 

9. 20 4) 44 4S 
' 8 2) :33 39 
3 13 l.S 32 42 
l 2? )0 .37 40 

10 22 26 29 '' 
2 4 19 28 38 
7121618'4 
6 17 21 31 41 

1114 24 2S 36 

'l'htt reactor power level and time at J)O'Wr ued to obtain the 

reporied integrated "lu ara listed 1n 'table s. 

Integrated PowtH• 
tlux level fl.me Date 
tm1 .b11itsl ' <minl lW, 

' 
1.8 x iol4 10,000 20 6- l 

iol' l.ooo 11 6... 8 

iol-2 100 u 6-14 
ioll 10 ll '-l.5 



Co:mpo11ite smaa-etrain di~s 1.ndioating av~mge valws ot 

t.ene11e strength and ·tra.1n at :traetur11 for the various speoimen treat-

ment& including the aotuo.l fl'aot.ur& point.a ot eaeb speoimen AN found in. 

Fig. ' through Fig. n. These diagratfls WGl"e plotted \l!d.ng a OG1'$pOS1 te of 

11 values of stl"Qs · a,nd strain for the five specimens COJ'l'l'Prl.Sing ea.ch 

fom ot treawnt, through which was drawn the best OUl"Ve representing 

411 or the speo:i..mens. 
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Fig. 4. Cfomposi te atreu-strain diagrma £or matfH!i.al tested 
at 1 &cy- after irradiation at 1011 :nrt 
{circles indicate actual. ~n f'J'&eture point.a) 
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Fig. 6. Coq>osi te stress-at.rain diagram tor material tested 
at 1 day atter irradiation at 1012 nvt 
(oirales indicate act\l&l speoimen fracture points) 
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Fig. 7. Composite stress-st:rai.n diagram tor material tested 
at 8 days a.rte~ 1nadiat.ion at. iol2 nrt. 
(circles 1nd1oate actual specimen traot.ure points) 
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Pig. 8. Composite stress-strain diagrai;l tor mater:lal tested 
at 1 day ai"ter irradiation at iol) mt 
(circles indiaate actual spec1aen tracture points) 



34 

0 

0 

0 

0 

0 

"-
0 . 
0 

\Q 
0 . 
0 

lO 
0 
d 

""Ct" 
0 • 
0 

r0 
0 . 
0 

(\J 
0 . 
0 

0 . 
0 

,...... 
z -z 
\...J 

z -c( 
0: 
I-
Cf) 





0 

0 

0 

0 

,.._ 
0 
d 

I{) 
0 
d 

~ 
0 . 
0 

r<) 
0 . 
0 

N 
0 . 
0 

0 
' 0 

....... 
z -z 
'-' 

z -<( 
er 
....... 
Cf) 



'ig. 10. Composite stnss-st.rai.n diagram tor ma:terlal test.eel 
at l day a.t'ter irradiation at 1.8 x ioJ.4 nYt 
(circles indicate ae,tual epeoiinen fracture points) 
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VI. DISC~ION 

In general, the resultll indicated. agreement v.\.th the etreots ot 

radiation reported tor oth$r po~n. that 1• to aq,, a slight i.mprove-

m.ent in t.ho various properti•S tollowed b.r a degradation as the amount 

of exposure t.o radiation WllS increased. Before proceedS.na to an anal1'81• 

ot the results Gt the •xperiment, it wq be benelloial \0 review the 

general effects of radiation on th• meoh.anical properties teeted ae tbs,V 

are understood at the pre.sent time. 

As previ.ouo)V stated. the predomi.nant. process of either crosa-

llnking or ~<lat.ion {eoiasion; clet\vage) will detertJd,ne th• overall 

efteot. Radiation-induced Cl"Ossl.1nking ca.uses an inc~•• in tho tensile 

strength, modulus ot ele.stio1t7. and hardnees and a decrease in the per-

centage elongation 0£ an orgaJlio ma.ten.al. The process ot degradat.1.on 

rft'e:rses the precedin1 ei'f'eota (14) . 

The ana]1's1s will bt.t made 1-n tbe o~ ot inol'easing exposure. 

References to .Fig. 12 t~ Fig. 1.5 may be or &S$iStllnC• in Vi8ual-

1zint tho situ.at.ion. 

'l'h• discussion Will f'irst be ooncerned with the tests made one ~ 

att..i- 1n-adiat1on. At th& point fJf lolt&st. exposut"e. loll mrt. there 

enst:s an 1nd1oat1on ot cl"Osslinking by the incNase in tens1i. strength 

as compared With the Yalu• ot th$ unin-adiated speeimens. The next two 

potnts give evidenC'J ot degradAtion prooesa oceumng through t.he 

alight. decrease followed b1' 4 mo.re pronounced onEh An incon'1.stoncsy 

appears to exi.st at the last point where a raY.ersa.1 or the previous trend 

takes place. However, th:.ls beh;aVioJ" is not neoesaanlJr inoonllistent with 



Fig. 12. Variation ot tensile strength with Ndiat1on 
exposure and aging of 1rl"ad1.ated material 
{cirole.s iridi.aate 1 day test. above zero mt; 
triangles indicate 8 day test) · 
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Fig. 14. Variation of modulus ot elasticity with radiation 
expowre and aging of irradiated material. 
(circles indicate l day test above zero nvt: 
triangles indicate a day test.) 
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so 

the idea ot a siQgle predominant prooess.. !ovq (15) indicates that thia 

situation often occur" 1n the 1natanoe ot predolldJlant Ol'Oaslintd.ng. It 

is a sull segment of t.he big picture in which there is an 1ni tial rise 

to a maximum ;and then a. decrease, llbich ie tollOWflld. ·'b;y a final rise in 

strength to the point wbtre the material reaches the battle atate . It 

ls enti:nq posalbl• that the im.tial m.u1mum ooourred Got some point 

betwe1in z•ro and ioll mt., which wo\lld pl.a°" all the expel"iwlntal 

exposures 1n the ttvalle3"·• 

Elongation decreasing between lcll and .1012 nvt suggest.a a crioss ... 

linking process. The 1nc:easin£ •alues ot the f'ollo'Wing two points would 

be caua&d bJr degradation. 'l'hus, the inte:n-als 'bet.ween loll to 1012 mtt 

and iol.3 to l .B x 1014 nvt appear to be in oontndiot1on witb tl\Q u... 

plarta.t10l'l Of the pr<Ji;teS!laB OCOUrrl.nl in the t8Mile sf.Mngth &nalysiS• 

The ret\'lalmn; terut1le propQrt7 tested, modulus 0£ el.astio1ty. ehows 

n inol'Gase oY&r the um.:rnu:11.at.ed value at 1oll nvt. It may be said. 

th:$n, that oroselinld.ng bas taken place between thes. two points. Tho 

modulus cont1.nu.es to rieo to the G-J!:POSUN ot loll mrt. at whiah time it 

gins to rop off. Tht decrease is slow at f'irst and more pronounced 

between 1ol3 and l .S x 1014 rwt.. Here exists ovideno• of the same ues 

FinaU,., tt 1s s•tm that t.ha MM :situation prevails with the 

b rdness d term!. tions. Tb& only ditference appears to be in th · te 

o ·· decrease between the le.et two points. Thus. t.brtte out of th.$ tota:r 



I't mar bit w•ll to l"C'V'i.W the 80\'l~S ot Gt'r'Ol" in tb& two tests 

employed to dfltend.ne the ten.Sile properties and hardness prl.or to a 

re..,.xamination ot the fAMil• $trength results. In the tensile test.. the 

throe crew msmbers repl"essnt sources of ~ •rror. It so happens t.bat 

t.ho most probable error. among th•M three eld.sta in th.!> rollO'W1.n.g of t:he 

a.pplied load. which 1• direct}¥ connected Wit.ht.he t.onsil• svength 

detormirultlon. The other important bases or aro:r includEJ imecurate 

rudi.ngs and pos11ible slippage of the specimen in the jaws of th• testtng 

maohine and in the extetulometer. 

!n OOlltNSt, the hardness test requ1re11 Onl3t OM operator. True, he 

mu.st read the stop watch and the hardness value at. the sa.M time upon the 

conclusion. ot each det&~tion. but at th.at '\he the indicator tnwol 

is almost icndistingui.ahable . The onJ.7 time tH''f'Ol" ts pl'Obable oo.QUJ"s when 

the 1.ndica.tor is near a. scaa di:V'iriion at tr.$ instant of a J"tU~ding . fbia 

ts infNquent. Thus. th& bt\rdn~n•a test appea!ll"S to be the more reliable 

ot tna two . 

The £1r•t Ucont.d.Stena)" 11l the tenaila ftrength O®UJ'S between loll 

and loll ~. The ditferenoe in the awrage value of the11e points i• 

thirt.7-m..n.. For th& Si& .. ot t:n. e-pee1men used, tbie amounts to approld-

matal.7 three pounds. It ia posstble for omall •r.ron in X"fM.ding on t.he 

individual ~oimeWJ to bav• been responaible. Also. 1t ahould be noted 

that the sta.ndru"'1 davtaUon tor the iol2 .rwt. value :Ls nearl3r tov time• 

as great ae that or th• p~ value. 

A stat1st1eal a.nalyBia wat1 made ot all the l"esults ot this ~

ment by means of t.be "S:tudent'a" ,i teS't (l?) . At the f'lve p$r ent level 
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ot significa.noe, the two points 1n question ware ro'Md to be equal. 

In view ot the indi tions that the points at io12 and 1.8 x iol4 

nvt re in error. 1t liTOuld appear that orosslinking takes place up to an 

exposuN or 1<>12 mt, beyond which a prooaas of degra.dation predotd tea . 

Thas, the behavior t the nroperties n be explained in te • ot 

rocesoe known to occur in pol3'm•r• eubjactod to n.di tion. However, 

one question st.ill iM. It crosellnidng has taken p~ce up to the 

1012 nvt. $xposure, how 1.s it posaibl that the pe:roentage elongation at 

loll nvt a: rs to be raater than the unirnd1atod v luef Again , the 

stat1st1 1 a.naJ3a1s showa the unirradiated.. ioll. and 1012 nvt v lues to 

be equal. with t.M 1ncre se' beyond the 3()12 nvt point 1gn1f'i ntl1' 

gre ter. 

In ene 1. thG re"1l ts or th tosts de eight da7s atter irradia-

tion s ow n 1noreas in the -v lues of 11 the propart1es over the o -

y test eterminat1one. 

It the two prima:ry radiation eff$cts are o<>nt1nu1.ng to oocur. an 

inaonsi teney reeulta be :use of' the inoreaoe of the ptJrcenta e elonga-

tion due to agin of' the irradiated tarial. 1.'hu • SOSH 'ot r re son 

for the aging etf'eots must be found . 

lfe • n,,tice is taken of the tact that ~ pol,ymer 1n the unirradiated 

state conta1M both polyorystallin. and amorphous regions. · One eftect ot 

rad.1 ti on on pol rs 1o the destruction ot oeyatallln1 v. a• stated bJ" 

Cha'rl el.lg (2). 

The possible reoomb1nat1on ot fractured moaaulea and th ?'$turn ot 

ortiona of t!• i!K>ll.d to a cryatalline structure would reault 1n a 



,, 
subsb.llee c0ntaining ffme po'.11'cqstall1ne regions . This •ohamSDt ~t 

explain the obsertsd aging eff'eets since tho e17stall1ne ett"llct.ure could 

account for the increased percentage elongation along with the othet" 

properties by virtue of tho p~rties at po~e'ey'stallina solidti ( 18) . 

St'Udtecs •de in England (19), (2Q) of irradiation et'teots on 

selected epolcy' qstems, without Nprd to aging. indimte the hme 

general tntnd of etre.ct11 altho'Llgh mea8llred. 't13" means of chru'lges in 

flewral strength. 



aonclutons drawn f'l'Om the rEtsults ot this tnv1ts't1ption app)Q onb' 

to the spae11'1o oompott1t1on Of the aUtrl.al employed and the amount or 

reactor irradiation rvoeived. The poor statistics obtu.ned. duo to tbe 

small number ot ~mens. tend to cast doubt. on tlw reliabili tq ot some 

or tho data . 

'i'he value of t~ tens1l• strength is incnnte$d. bJt' exposures from 
ioll to io12 nvt, .toUowed by a d&crease oceurnng at ioll nvt and con-

t1m1ng With 1noreasing expo$Ura to l .8 x iol4 nvt. An inoreasa takes 

pl.ace in the modulus of •la.stici ty between i oll and ioll nvt. For this 

property then 1• no di.tference bet.ween the noninoad1ated niat.erlal and 

that. reaeiving an exposure or l .S .x 1014 nvt. ~· rai.aining tens1le 

pr<>p6l"ty', parcento.ge elongation, 1.s unchanged wtth exposures between 

ioll ·and io12 nvt, but. inonasas graduaU7 rra iol2 to i .s x iol4 nn • 

.Hardness 1• inorueed betweci e,q;osures of ioll and 1ol3 mrt, and 11 

unoh nged from the value of thta propel"t;v 1n the nomt"Mdiated material. 

at 1.8 x 1ol4 nvt. 

For those properties whose values Q"e tnCl'Ga&ed, tho ux111Nm value 

appears at the ex.poauro or 1<>12 nvt. 

Th tteet. or aging on the irradiat.d mat.&rlal is to inol"«MUUJ the 

values ot all the properties investigated. 
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Table 6. Data t'l'Ol:l:l tensile and ba.rdne•e ·tests o.t reactor irradiated epox:;y material. 

:t& Elon-
Speci- ina- Dats Integrated Tensile gat.1on ot tlar4neSS 

diated tested tlux strength in 2 in. elast.1.ci ty Rockwell 
1961 12.Q ~nvt2 - ~12s~l ~i2 !lG) J2J212 

i• 6-14 6-15 1012 1100 1•54 422 90 92 91 90 91 90 

2 6-8 6-9 io13 9700 ) .28 440 90 90 89 90 90 91 

' 6-1.S 6-2) ioll 10200 6.14 440 S9 91 92 91 92 92 

6-8 6-9 iol3 9280 6.61 42.5 89 90 91 90 91 90 

s 6-15 6-16 io11 10000 5.74 415 89 9l 92 90 89 91 

6 6-1 6-2 l .S x 1ol4 9740 s.62 400 89 88 89 89 8? 89 \A 

"'° 
~ 6-16 1?13 9380 2. :;1 440 94 93 9) 95 9) 9) 

8 6-15 6-16 loll 9880 5.41 400 86 87 88 89 89 90 

9 U/A 6-2 'J/A 9870 2.93 402 91 88 S7 89 90 90 

10 6-14 6-22 1012 10100 4 .?0 440 90 93 92 91 90 91. 

11 6-1 6-9 i .a x io14 9590 5.14 412 90 89 91 90 90 89 

12 6-8 6-16 iol.3 10200 4.7/ 600 92 91 91 90 91 90 

13 6-15 6-2) io11 10200 5.99 ta40 91 92 91 92 92 92 

14 6-l 6-9 l .S x iol4 9?80 .5 -96 420 89 90 92 90 90 91 

llspeeaen not inoluded i.n average value o-r tensile propertiu. 



Table 6 (Contilm.ed) 

E1on- lbdul.us 

lS 6-15 6-2) lO.L.1. 10100 s .12 l.ll1.o 92 9) 94 94 93 93 

16 6-8 6-1.5 iolJ 10100 :)~ l.) 425 93 9'.3 94 92 91 9' 
17 6-l 6-2 l .S x 1ol4 9170 5.56 395 89 89 89 89 89 90 

lS 6-8 6-16 101' 10100 5 .. 02 445 90 9) 92 90 90 9~ 
19 6-8 6-9 iol3 9590 6 .J.) 427 91. 91 89 90 90 90 

20 B/A 6-2 5/A 9780 3.45 J95 91 89 91 90 89 87 
°' %1 6-l 6-2 1 .8 x iol4 9800 4.92 400 9<» 66 89 84 88 89 0 

22 6-14 6-:22 1ol2 10100 4.99 410 90 90 90 91 9) 90 

21" 6-lS 6-16 loll 6090 1.24 470 93 92 91 92 91 92 

24 6-1 6-9 i.s x iolt+ 9640 6. 06 410 91 91 90 90 91 92 

25 6-1 6-9 1 .. 8 .a io1'*' 9640 4. 65 450 90 91 90 89 90 90 

2.6. 6-14 6-22 1012 5630 i .01 s's 92 9) 92 9) 93 92 

27 6-14 6-15 1ol2 10?00 4. 02 4)S 90 90 90 91 90 90 

28 6...S 6-9 1o1'.3 9600 4.97 425 90 89 90 89 89 89 

29 6-14 G-Z2 1ol2 10200 5.17 44.S 93 93 92. 92 93 92 

Jo& 6-14 6-15 io12 ,56)0 1.12 1!80 92 92 91 91 92 92 



1'able 6 (Cont.inued) 

Date Elon- .Modulus 
Speei.- irra· Date Integm:t.ed 1'ensi.le ga.tion 0£ Bardnes1' 

man &.ated tested flux strength in 2 in. elasticity Rockwell M. 
:\2& 12'?1 (nyt) . _ ~neil .. (~} {103 psit 

::31 6-1 6-2 l .S x 1014 9820 4.52 )90 89 89 90 87 88 SS 

lt1 6-15 Q....23 io11 8570 1.89 '445 93 93 92 92 9'.) 92 

)) 6-1.S 6-16 ioll 10000 2.76 420 91 92 91 91 92. 93 

,4 6-8 6-16 101' 10100 6~11 445 92 91 93 90 92 91 ,,. 6-14 6-22 ioll .5),() 0.99 470 91 93 91 91 91 91 

36 6-1 6-9 1...8 x iol4 9660 5.89 42.7 89 91 90 90 91 89 g} 

YT 6-14 6-lS 1oll 10100 2.76 ll40 90 92 91 92 90 9i 

;s 6....a 6-9 1ol' 9'60 z.73 4JO 91 89 89 91 92 87 

'9· 6.1.S 6-16 loll 10300 Z.78 440 91 92 90 91 92 9:3· 

40 6-14 6-15 1012 922<> 2. 66 410 91 92. 92 91 91 91. 

41 6-l 6-.2 l.S x 1ol4 10100 4.27 420 89 89 90 91 91 90 

4Z1 6-15 6-2) ioll 8210 l . 4? 470 92 92 92 93 9) 92 

4) N/A 6-2 N/A 9680 2.:;a !f.02 90 90 90 91 90 91 

44 :+/It 6-2 I/A 9970 3.Z&S 400 87 89 9'!> 90 87 89 

45• W/A 6-2 ~1· 6390 2 .. 19 '.39? 89 90 es a1 a1 86 
--'"----
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