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ACTION OF IONIZING RADIATION ON EPOXY RESINS* 

(Sects. 3-6 of CE FN report 7CKKL by M. К. Van de Voorde, Geneva 1970) 
v . _ 0 F I 0 N I Z I N G radi^tION ON EPOXY RESINS 

3.1 Current state of knowledge of effects of radiation on 
epoxy resins 

At present there is much interest in the effects of nuclear radiation 
on the physical properties of reticulated resins. Relatively few studies 
have been published in this field. For example, in his work on the basis 
of radiation effects on polymers, Charlesby [59] devoted only a brief 
chapter to the reticulated polymers and did not even mantion the poly-
epoxide systems. 

In general, the literature is lacking in publications on the effects 
of radiation on the polyepoxide systems. The first publications on modifi-
cations undergone by epoxide resins exposed to radiation date from 1957 [60, 
61]. They are observations made by the builders of atomic piles [62] and 
accelerators [63-68] who had to choose between materials that were resis-
tant and non-resistant to the radiation from reactors, accelerators, or 
related installations. However, most often, these reports make no impor-
tant contributions to our basic knowledge on the subject. Several years 
passed before more systematic studies appeared [69-74], but until now no 
basic research on structural variations in the molecules of epoxide resins 
seem to have been made. 

In the following pages we propose hypotheses on the mechanism of de-
gradation of certain irradiated epoxide resins and attempt to establish 
a relation between chemical structure and physical properties of irradiated 
epoxy resins. 

3.2 Effect of nuclear radiation on organic materials 

We may classify the different types of nucleéir radiation into three 
categories: (1) charged particles, (2) neutral particles, and (3) electro-
magnetic radiation. The interactions caused by the radiations differ in de-
tail, but the effect of all is ionization and excitation of the organic 
molecules [75-77]. 

The ionization is caused by loss of an electron when the molecule 
collides with a high-energy particle: 

RX RX+ + e- (3.1) 
cation high-energy 

electron 

The symbol ' — А Л \ i n d i c a t e s the change which follows the irradiation 
To obtain this reaction, 12 to 15 eV is necessary. 

•Translated from the French by Martha Gerrard, Office of Language 
Services, Oak Ridge National Laboratory, Oak Ridge, Tenn. 
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In the case of excitation, an electron receives energy by collision 
and goes into a higher-energy orbit, 

RX > RX* (excited molecule) (3.2) 

The high-energy electrons produced by ionization collide with other 
molecules until their energy is consumed. The thermal electron will then 
be absorbed by an ion, 

RX+ + e " > RX* (3.3) 
(thermal (excited 
electron) molecule) 

The energy imparted to the molecule RX* is equal to the energy necessary 
to ionize it. The excited mo le cuvLe RX* produced either in reaction 3.3 
or directly in reaction 3.2 is brought to an energy state sufficient to 
rupture one or more homopolar bonds in the molecule network, causing forma 
tion of free radicals, 

R* —=> R- + X' (3.4) 
(free.radicals) 

These free radicals are very active and can react among themselves or 
with surrounding molecules, causing irreversible chemical modifications. 

We observe in general that the irradiation causes a reticulation or 
a degradation. The reticulation is the formation of new transversal bonds 
between the polymer molecules. Thöy are manifested by an increase in the 
average molecular weight, resistance to traction, hardness, etc., and a 
decrease in the rupture elongation, elasticity, etc. This reaction may 
be shown schematically, 

vw—*• 

Degradation, on the other hand, is a rupture of the primary bonds of the 
polymer chain. It is manifested by a decrease in average molecular weight 
and may be shown schematically, 

-vw-

When a polymer is exposed to radiation, reticulations and degradations go 
on simultaneously and concurrently, but in general one or the other pre-
dominates and determines the changes in mechanical,elcctrical, and 
physical properties of the product [78]. 
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3 ,3 E f f e c t of n u c l e a r r a d i a t i o n on epoxy r e s i n s 

3 . 3 . 1 Non-hardened epoxy r e s i n s 

We have s t u d i e d the changes 5л molecular s t r u c t u r e t h a t occur in epoxy 
r e s i n s exposed t o i o n i z i n g r a d i a t i o n . The s t u d i e s were made on s y n t h e t i c 
epoxy r e s i n s with an e p i c h l o r h y d r i n and diphenolpropane base . The r e s i n 
DGEBA i s a l i q u i d a t ambient tempera ture and has an epoxy e q u i v a l e n t between 
180 and 190, The r e s i n DGEBA/B i s ' s o l i d a t ambient tempera ture 
and has an epoxy e q u i v a l e n t of 370-400# The s t r u c t u r e of r e s i n s of t h i s 
type i s i n d i c a t e d by t h e scheme 

The crude p roduc t s were p u r i f i e d by d i s t i l l a t i o n in t o l u e n e , fo l lowed 
by p r e c i p i t a t i o n w i t h d i s t i l l e d w a t e r . The v o l a t i l e p roduc t s were e l i m i n a t e d 
by vacuum d i s t i l l a t i o n . 

The r e s i n s were i r r a d i a t e d i n a i r and i n a vacuum a t ambient tempera-
t u r e by gamma r a d i a t i o n from spen t f u e l e l emen t s . A b i c a p i l l a r y Pyknometer 
wais used f o r de te rmin ing d e n s i t y [79] and a Ubbelohde v i s c o s i m e t e r f o r v i s -
c o s i t y measurement [80 ] . The measurements were made wi th a p r e c i s i o n of 
0.1% f o r t h e d e n s i t y and ±1.5% f o r v i s c o s i t y . The epoxy group c o n t e n t 
was determined chemica l ly [81] with a p r e c i s i o n of about 5%. 

The n a t u r e of t h e m a t e r i a l s produced by r a d i o l y s i s of t h e epoxy com-
pounds was s t u d i e d by mass s p e c t r o m e t r i c a n a l y s i s and i n f r a r e d spec t roscopy . 
Mass spect rometry was a l s o used t o determine the gaseous product c o n t e n t . 
The i n f r a r e d s p e c t r a were measured wi th a Pe rk in Elmer spec t rome te r (NaCl 
prism) i n t he 4000 - 400 cm-1 r e g i o n . For t h e spectrum measurements, 
t a b l e t s were p r e j p a r e d by compression with KBr. The mass a n a l y s i s was made 
w i th an AEI gas a n a l y z e r , model MSX.O«, The p r e s s u r e l i m i t i n t h e a n a l y z e r 
was around 1 x 1 0 - 8 T o r r . 

i . Dens i ty . The d e n s i t y of t h e DGEBA r e s i n i n c r e a s e d wi th r a d i a t i o n 
dose a t d i f f e r e n t t empera tu res (F igs . 3 .1 , 3 . 2 ) . The change d i d n o t depend 
on whether the i r r a d i a t i o n was made in a i r o r vacuum. The i n c r e a s e i s 
caused by format ion of n e t s which i n c r e a s e t h e r e t i c u l a t i o n d e n s i t y of the 
epoxy molecules . 

i i . V i s c o s i t y . The v i s c o s i t y of t he r e s i n DGEBA a l s o i n c r e a s e d wi th 
r a d i a t i o n dose a t d i f f e r e n t t empera tu re s (P ig . 3 . 2 ) . An i n c r e a s e i n v i s c o s i t y 
i s u s u a l l y r e l a t e d t o an i n c r e a s e in molecular weight of t h e molecu les . The 
exper iments show t h a t beyond a dose of 1x109 r a d s , the l i q u i d r e s i n s o l i d i f i e s 
due t o fo rmat ion of a complete network of bonds in t h r e e dimensions. 

CH3 

where n t 0 f o r t h e l i q u i d (DGBA) and > 1 f o r t he s o l i d (DGBA/B) 

3 . 3 . 1 . 1 Exper imental s tudy 

3. 3 .1.2 R e s u l t s 
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Fig« 3 . 3 . I n f r a r e d s p e c t r a o f DGBBA/B r e s i n w i thou t h a r d e n i n g . Heavy l i n e 
i s f o r n o n - r r a d i a t e d r e s i n , l i g h t l i n e f o r i r r a d i a t i o n t o a dose o f 200 mrads 
( s i c ] in vacuum. 

i i „ Epoxy group c o n t e n t . Upon i r r a d i a t i n g DGEBA r e s i n t o a dose of 
2x100 r a d s , a dec rea se in t h e epoxy group c o n t e n t of about 3 groups p e r 
100 eV of energy was es t imated} t h e G value t hus i s given by 

i v . I n f r a r e d s p e c t r a . N o n - i r r a d i a t e d epoxy r e s i n s p e c t r a co inc ided wi th 
those i n d i c a t e d i n p u b l i s h e d work 182 , 83 ] . In t he s p e c t r a (F ig . 5 .3} of 
t he i r r a d i a t e d cpoxy r e s i n s (CGEBA/B) the f o l l o w i n g m o d i f i c a t i o n s a r e s een : 

A dec rease i n t h e i n t e n s i t y of the 864 and 915 cm~l r a d i a t i o n s ( v i b r a -
t i o n s cor responding t o fcho epoxy group 183])^ 
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Decrease in t he . i n t ens i t y of the 1040 and 1245 c n r 1 rays ( e t h e r 
bond) [82 , 84 ] . 

Decrease in i n t e n s i t y of t h e 1370 and 1390 cm~i doub le t (CH3 de-
fo rma t ion v i b r a t i o n s ) [ 8 2 , 85, 86] . 

Appearance of a new peak a t 1720 cm""1 (carbonyl group v i b r a t i o n s ? 
and i n c r e a s e i n 3420 cm"*1 ray (hydroxy1 group va lence v i b r a t i o n ) [82, 84] . 

v . Mass s p e c t r o m e t r i c a n a l y s i s . The r e s u l t s of mass s p e c t r o m e t r i c • 
a n a l y s i s of p r o d u c t s r e l e a s e d when epoxy r e s i n s are i r r a d i a t e d show t h a t 
b e s i d e s l i b e r a t i o n of H2r CH4, C2H2, and СзИ8г h e a v i e r p r o d u c t s (50 t o 120 
and g r e a t e r ) begin t o a£>pear i n t h e mass spect rum. The average r e s u l t s 
of f i v e exper iments a r e given i n Table 3 . 1 . 

Table 3 . 1 Amount of gas formed in r a d i o l y s i s of epoxy r e s i n s 

Product ̂  Dose ö£ * radiation 

5.107 rad ?.108 rad 

н2 91,0 i 75 \ 
CH, traces 2,5 \ 
СаН* . 4,0 \ 15 г 
Mnê frJLouxdes 3,0 S 1,5 % 
Hrvivy тлвяея-... 

The r e l e a s e of heavy subs t ances in t h e o f f - g a s i s observed on ly a f t e r 
t h e sample has been heated* These are p robab ly by-p roduc t s o f t h e d e s t r u c -
t i o n of t he epoxy r e s i n s . 

v i . He were a l s o a b l e t o shew t h a t t h e s o l u b i l i t y of epoxy r e s i n s i n 
ace tone d e c r e a s e s a s a f u n c t i o n of dose . At 109 r a d s t h e r e s i n DGEBA i s 
no l o n g e r s o l u b l e i n acetone* 

3 . 3 . 1 . 3 I n t e r p r e t a t i o n of R e s u l t s 

The above s t a t e m e n t s i n d i c a t e t h a t i o n i s i n g r a d i a t i o n causes a rup tu re 
of t h e cha in i n epoxy r e s i n s , fo l lowed by r e t i c u l a t i o n and degrada t ion of 
t h e epoxy r e s i n s with format ion of ga s . 

i . R e t i c u l a t i o n . For t h e r e t i c u l a t i o n , the fo l l owing mechanisms may 
be p r o p o s e d : 

1 . The pr imary e f f e c t of the ac t i on of r a d i a t i o n on epoxy r e s i n s seems t o 
be t o de t ach the hydrogen atom from t h e b e t a carbon of t h e epoxy r i n g (as 
i n t he case of pe rox ide r e a c t i o n wi th t h e s e compounds, wi th consecu t ive 
i s o m e r ! z a t i o n of t he r a d i c a l o b t a i n e d t o form a ketone r a d i c a l ) [87, 88] : 
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0 A / \ / \ сн2 - сн - си2 - o(R) о- си2 - ai - сн2 (3.5) 

Л 5 л сн2 - ш- сн2 - - сн2 - с - сн2 + н . (з.б) 
I Isomeri*ation 

CH2 - СН - СН2 - 0{R)0 - СН2 - ÇH2 (3.7) 
il 

2 . The r a d i c a l s formed in r e a c t i o n s 3 . 5 - 3 . 7 can then e n t e r i n t o a 
r e t i c u l a t i o n r e a c t i o n : 

0 
II 2(Ol2 - Q l - CH2 - 0tf9n0 - CH2 - с - CH2) 

4 0 + о 

CW2 - CH - CH2 - 0 ^ 0 - CH2 - с «• CH2 <3*8> 
j 

- ai2 - - сн2 - с - ai2 

о 

3. The hydrogen formed i n r e a c t i o n 3 .6 may a c t l i k e t he r educ ing a g e n t s 
used f o r ha rden ing ерожу r e s i n s , causing r u p t u r e of t h e epoaqf r i n g : 

2H* + Qlz - Ol - СНг —+ - СИ2 - СИ - CH2 - (3.9) 

0 H ОН 

i i . Degrada t ion . Degradat ion i s p robab ly e p l a i n e d by r u p t u r e of t h e 
e t h e r bonds , 

. ^ - o - T - o - o - T - o - ' u -
CH3 o\ 3 

CK20. 

fo l lowed by i s o m e r i z a t i o n of t h e CH20 r a d i c a l / 

-0i2-0 ' + - i t • H2 (3.11) 
\ 
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on the o t h e r hand/ t h e r a d i c a l 

CII3 

CH.3 

c o n f i n e s wi th hydrogen o r o t h e r r a d i c a l s . This would exp la in the decrease 
in i n t e n s i t y of the l i n e corresponding t o the e t h e r bond and the appearance 
of a l i n e of 1720 cm~i (C=0). This reac t ion- mechanism cor responds t o t h a t 
proposed by Neimann [89] in t he s tudy of p y r o l y s i s of epoxy r e s i n s . 

i i i . Formation of gas . The p resence of hydrogen, methane, and e thane 
in t h e p r o d u c t used f o r mass s p e c t r o m e t r i c a n a l y s i s corresponds t o t h e 
f o l l o w i n g in the proposed mechanisms 

Recombination of t h e p r o t o n s formed accord ing t o 5 . 2 , 

! H* + *H • H2 t (3.12) 

I 
The a c t i o n of the r a d i a t i o n may a l s o cause detachment of t h e methyl group 
and fo rma t ion of a r a d i c a l , 

CH» 
ф + (3.13) 

СНз СНз 

This has a l s o been observed i n thermal d e s t r u c t i o n of epoxy r e s i n s wi th 
a q u a t e r n a r y carbon atom t r a c e r [90]„ The methyl r a d i c a l s formed can 
r e a c t w i th the p r o t o n s o r among themselves , 

CH3- + .H —* СНЦ * (3.14) 

CH3- • «СНз —• CH3 - CHj* (3.15) 

.£.3.1*4 Conclus ions 

1 . The a c t i o n of i o n i z i n g r a d i a t i o n on epoxy r e s i n s i s p robably s i m i l a r t o 
t h a t of chemical ha rdener s in t h e sense t h a t they open up the epoxy 
r i n g s and cause fo rmat ion of hydroxy1 g roups . 

2 . Exposure t o n u c l e a r r a d i a t i o n may be cons ide red t o be s i m i l a r t o 
p y r o l y s i s a t low t empera tu re [91-95] . 

3 . 3 . 2 Hardened r e s i n s 

3 . 3 . 2 . 1 Exper imenta l s t u d y 

TIK ; , i f r a r ed s p e c t r a and mass ana ly se s of hardened epoxy r e s i n s have 
been measured b e f o r e and a f t e r i r r a d i a t i o n i n o r d e r t o g e t some i d e a of 
changes in molecular s t r u c t u r e due t o t h e i r r a d i a t i o n . The measurements 
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after irradiation were made on seriously damaged samples. The infrared 
spectra were made with a Perkin-Elmer model 221 spectrophotometer in the 
region 2.5-15 p, using a NaCl prism. The samples were suspended in paraf-
fin. The mass analyses were made with an AF.I gas analyzer, type MS10. The 
de-gassing rate was determined by measuring the increase in pressure at 
constant volume. 

The irradiationу were made in the ASTRA nuclear reactor, position 1, 
in a vacuum and at ambient temperature. The resins studied were 

EPN + DADPS 
DGHBA/B + AP 
DGHBA + МПЛ + AZ203 

DGEBA + DDSA + -BDMA +VoGZ 

3 . 3 . 2 . 2 R e s u l t s 

1 . I n f r a r e d s p e c t r a : Most of the i n f r a r e d s p e c t r a were p r a c t i c a l l y i d e n t i -
c a l w i th those of the n o n i r r a d i a t e d ( s p e c t r a 2 - 4 ) . Only a few minor 
d i f f e r e n c e s were noted i n the r e s i n EPN + DADPS (spectrum 1) : d i s -
appearance of t h e 915-cm""l l i n e (epoxy group) , decrease i n i n t e n s i t y of 
t h e 1185-cmrl l i n e ( e t h e r bond) , and appearance of t he 1720-cm-l peak 
(carbonyl group v i b r a t i o n ) . The measurements and t h e sample i r r a d i a -
t i o n s were r epea ted s e v e r a l times» S i m i l a r r e s u l t s were o b t a i n e d by 
Mixer e t a l . [61] . 

2 . Mass s p e c t r o m e t r i с a n a l y s i s : Mass a n a l y s i s showed that ,among t h e 
gaseous decomposit ion p r o d u c t s , hydrogen was t h e most impor t an t (90%). 
The o t h e r components were GO, CH4, С2Н6/ and H20. The f a c t o r G g a s 
v a r i e d between 10-2 ind 5x10-1 f o r epoxy r e s i n s i r r a d i a t e d t o 5x10^ r a d s . 

3 . 3 . 2 . 3 Conclus ions 

1.. The absence of changes i n most o f the s p e c t r a (Nos. 2-4) b e f o r e and 
a f t e r i r r a d i a t i o n may be e x p l a i n e d by t h e f a c t t h a t minimum changes i n 
chemical s t r u c t u r e may cause s i g n i f i c a n t changes i n mechanical p r o -
p e r t i e s . The minor changes in spectrum No. 1 may be e x p l a i n e d by a 
p o s t - p o l y m e r i z a t i o n of epoxy groups due t o t he i r r a d i a t i o n (see 3 . 3 . 1 . 3 ) . 

2 . Hie amount of gas formed dur ing the i r r a d i a t i o n of t he epoxy r e s i n s i s 
l e s s in comparison with o t h e r polymers; e . g . , t h e value of G g a s f o r 
p o l y e t h y l e n e i s around 3 [94 ] . 

m 

3 . The r a d i a t i o n r e s i s t a n c e of epoxy r e s i n s can be e x p l a i n e d by t h e i r 
s t r u c t u r e . The r a d i c a l s formed in t h e broken c h a i n s p robab ly can 
r e a c t among themselves t o form new s t r u c t u r e s a s r a d i a t i o n r e s i s t a n t as 
t h e f i r s t . Th i s i s p robab ly t h e reason f o r most of t h e hardened 
r e s i n s be ing s t i l l very r a d i a t i o n r e s i s t a n t t o 10 9 r a d s . 
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4. PROPERTIES OP EPOXY RESINS AFFECTED BY RADIATION 

Because of m o d i f i c a t i o n s produced in the chemical composi t ion, t he 
r e t i c u l a t i o n d e n s i t y , molecular weight , e t c . , of an i r r a d i a t e d epoxy r e s i n , 
the i r r a d i a t e d sample shows a cor responding change in p h y s i c a l p r o p e r t i e s . 

4•1 Mechanical properties* 

4 . 1 . 1 In t o r p r e t a t i o n of r e s u l t s 

Some of the most s p e c t a c u l a r changes i n epoxy r e s i n s exposed t o r a d i a -
t i o n a r e those which a f f e c t t h e i r mechanical p r o p e r t i e s . E s p e c i a l l y from 
the e n g i n e e r ' s s t a n d p o i n t , t hese o f t e n a re t h e most impor tan t a l t e r a t i o n s . 

F igures 4 . 1 t o 4 . 7 show, on examples of epoxy r e s i n s , the m o d i f i c a t i o n 
of d i f f e r e n t mechanical p r o p e r t i e s as a f u n c t i o n of the absorbed dose . 
All the r e s u l t s a r e expressed in pe rcen tage of i n i t i a l v a l u e s , wi th i n d i -
ca t io i . of t he average va lue and t h e d i s p e r s i o n . Some photographs (4 .1 t o 
4.4) a r e p r e s e n t e d t o show b e t t e r what happens dur ing the i r r a d i a t i o n . 
We may deduce t h a t s 

An i n c r e a s i n g dose a f f e c t s the mechanical p r o p e r t i e s of epoxy r e s i n s 
d i f f e r e n t l y , depending on the t y p e . 

Res i s tance t o bending, p u l l i n g , h e a t , and shock of most of t h e r e s i n s 
beg ins , by i n c r e a s i n g p r o p o r t i o n a l l y t o the dose up to a maximum a f t e v 
which i t dec r ea se s wi th i n c r e a s i n g dose . The i n i t i a l i n c r e a s e ha s 
been a t t r i b u t e d t o t h e predominance of t he r e t i c u l a t i o n dur ing the 
f i ç 2 t phase . When t h e t r a n s v e r s e bonds have become s u f f i c i e n t l y 
ttum«:yç>u* the. t t£4* chain segments a r e immobil ized, t h e chain r u p t u r e s 
I&giiY t o predominate , which e x p l a i n s t h e decrease of the r e s i s t a n c e i n 
t h e second phase . 

The d e f l e c t i o n and t h e ex t ens ion a t r u p t u r e decrease r a p i d l y and very 
uniformly with i n c r e a s i n g dose . The r e s u l t i s a t t r i b u t e d t o t h e 
predominance of n s t i c u l a t i o n in t hese r e s i n s . 

The modulus of e l a s t i c i t y an<*. t he ha rdness a re very l i t t l e a f f e c t e d 
by t h e i r r a d i a t i o n . 

Hie absorp t ion of wa t e r i n c r e a s e s p r o g r e s s i v e l y wi th t h e absorbed dose, 
and t h i s i n c r e a s e i s pronounced from t h e moment t h a t the o t h e r mechanical 
p r o p e r t i e s a re a t t a c k e d ; t he m a t e r i a l has become porous (photos 4 . 1 - 4 . 2 ) . 

m 

For s u f f i c i e n t l y high doses , t he p r e s e n c e of gas c r e a t e s , i n t h e 
subs tance , £j*am i n t e r n a l t e n s i o n s which can s i g n i f i c a n t l y c o n t r i b u t e t o 
t he d e t e r i o r a t i o n of mechanical p r o p e r t i e s (photos 4 . 1 - 4 . 2 ) . 

I n g e n e r a l , we conclude from the se f i g u r e s t h a t epoxy r e s i n s are r a d i a -
t i o n r e s i s t a n t compared w i th o t h e r polymers [95]; they a r e a lmost n o t 
a f f e c t e d by doses of 1x108 rads or l e s s . 

* Al l i r r a d i a t i o n « were made in t h e ASTRA n u c l e a r r e a c t o r . 
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Photo 4.1 Change In appearance of 1ХЖВА - DADPS as a function of 
absorbed dose. 
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Photo 4.3 Change in appearance of EPN - DADPS as a function 
of absorbed dose. 
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Figs. 4.1-4.7 
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Kote: By d e f i n i t i o n , t h e r a d i a t i o n s e n s i t i v i t y of a subs t ance t o an 
i o n i z i n g r a d i a t i o n i s measured by the dose of t h e r a d i a t i o n t h a t causes 
d e t e r i o r a t i o n , t o 50$ of i t s i n i t i a l v a l u s j of a t l e a s t one p h y s i c a l 
pa ramete r of the s u b s t a n c e . 

4 , 1 , 2 Heasuroiaants 

Al l t e s t s were made us ing the VSM, and DIN s t a n d a r d s b u t mod i f i ed 
in such a way &$ t o be s u i t a b l e f o r i r r a d i a t e d epoxy r e s i n s . (VSM « Vereins 
Schwe ize r i s che r Maschinen in dus t r i e l i e r ; fSTtt « American Soc i e ty f o r T e s t i n g 
and M a t e r i a l s ; DIN • Deutsche I n d u s t r i e Normen.) 

1. F lex ion t e s t (ASTM-D 790-61) , Th is t e s t i s made wi th a t e n s i o -
meter equipped wit h a p p a r a t u s f o r measuring d e v i a t i o n s . To ob t a in r e p r o -
duc ib le r e s u l t s , t h e punch should descend a t a c o n s t a n t r a t e of about 2 mm/min. 
The modulus of e l a s t i c i t y i s c a l c u l a t e d from 

£ s J f t r ' ( k g . f o r c e x cm~2) 

where L i s the d i s t a n c e between suppor t s , (7 .5 cm); w i s t h e width of t he 
t e s t p i e c e (2 .0 cm) j t i s t he t h i c k n e s s of t h e t e s t p i e c e (0 .6 cm) г and m 
i s the s l o p e a t the o r i g i n of t h e t angen t t o t h e p r e e s u r e - d e f l e c t i o n curve 
(kg/cm). The r e s i s t a n c e t o bending, S (kg/cm2), i s c a l c u l a t e d by 

_ 3 Pb s * 2 

where P^ i s iiw. додосидее (kg) a t r up tu re 

2 . T rac t i on t e s t (D C3S - 61 T) . The t e s t i s made a t 20 ± 5°C. Hie 
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averat jc width and t h i c k n e s s of t h e t h i n n e r »one of t h e sang>lc were d e t e r -
mined w i th a p r e c i s i o n of 0 , 0 3 mm. The e n l a r g e d ondi: of t he sample were 
he ld in t he clamps, and i t s p r i n c i p a l a x i s was in the d i r e c t i o n of t h e t r a c -
t i o n . The sample was drawn o u t by va ry ing the clamps a t a p r a c t i c a l l y 
c o n s t a n t r a t e so t h a t t he r u p t u r e was produce! in 1 t o 2 min. Tho load a t 
r u p t u r e i s about 1% of t h e t r u e v a l u e . The r e s i s t a n c e of t h e r e s i s t a n c e 
of t h e sample t o t r a c t i o n i s c a l c u l a t e d f rom the load a t r u p t u r e and t h e 
i n i t i a l c r o s s - s e c t i o n of t h e sample . 

3 . E longa t ion a t r u p t u r e t e s t (D 638-61 T ) . Two p a r a l l e l marks a re 
t r a c e d on the t h i n p a r t of t h e sample., 25 mm a p a r t . ï he m a t e r i a l used f o r 
marking should n o t have any e f f e c t on the m a t e r i a l of t h e sample, and the 
l i n e s a r e drawn as narrow as p o s s i b l e . Tho use of a marker* wi th 
p a r a l l e l p r i n t e d s c a l e s • i s recommended, b u t i t i s n e c e s s a r y t o ensure t h a t 
t h e marker does n o t harm the sample . 

The sample i s mounted on t h e machine and t e s t e d a s in t he t r a c t i o n 
t e s t . The l oad a t r u p t u r e and t h e d i s t a n c e between the r e f e r e n c e l i n e s a t 
r u p t u r e a r e no ted . The d i s t a n c e between t h e r e f e r e n c e l i n e s i s measured 
wi th a p r e c i s i o n of ±5%. The sample broken o u t s i d e t h e r e f e r e n c e l i n e s 
i s r e j e c t e d . 

4 . F l e x i o n by i n p a c t t e s t (VSM 77.105. The Charpy dr iver -pendulum 
i s u s e d . The sample b a r s , suppor t ed a t their ends , a r e s t r u c k in t he middle 
by t h e mass of t he pendulum. The samples a r e 60 x 10 x 4 mm wi th i n t a c t 
edges and f a c e s w i t h o u t s c r a t c h e s . 

The r e s i s t a n c e t o f l e x i o n on impact , a ^ , i s the q u o t i e n t of t h e work, 
A s , s u p p l i e d t o break t h e b a r d iv ided ' by the s e c t i o n , F 0 , of t h i s l a t t e r , 
measured wi th a p r e c i s i o n of 0 . 0 3 mm: 

As 
\ B FÖ Kg an/cm2 

5 . Hardness (DIN 53.505) . The t e s t i s made w i th a ha rdnes s mete r , 
Shore t y p e D. The t e s t p i e c e s a r e 30-mm-dia d i s k s , 2 mm t h i c k . Five d i f -
f e r e n t p o i n t s a re measured by app ly ing the same p r e s s u r e f o r 3 s econds . 

6 . T e s t f o r bend ing wi th h e a t (A5TM D648-56) . The p r i n c i p l e of t h i s 
t e s t i s t o determine t h e t e n p e r a t u r e f o r a d e f l e x i o n of t h e t e s t p i e c e of 
0 .25 mm. The t e s t p i e c e i s h e a t e d in a m i n e r a l o i l ba th wi th a t empera tu re 
i n c r e a s e r a t e of 2oc/min and s u b j e c t e d a t t h e same t ime t o a l oad of 500 g 
i n t he midd le . The satrple dimensions a r e 120 x 12 x 6 mm measured wi th 
a p r e c i s i o n of 0 . 0 3 mm. m 

7. W a t e r - a b s o r p t i o n t e s t (ASTM D570-59) . The samples a re in t h e form 
of a 50-mm-dia d i s k , 3 mm t h i c k , measured w i t h a p r e c i s i o n of 0 . 0 3 mm. 
They a r e weighed b e f o r e and a f t e r immersion i n w a t e r a t 25°C f o r 4 days , 
u s i n g an a n a l y t i c a l b a l a n c e . 

4.2 O p t i c a l p r o p e r t i e s 

Under t h e e f f e c t of r a d i a t i o n , a l l t h e epoxy r e s i n s undergo c o l o r 
changes . They turn brown o r brownish b l a c k , depending on the absorbed dose 
(Photos 4 . 1 - 4 . 4 ) . The minimum dose a t which t h e c o l o r change becomes 
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per cep t i b l e i s very v a r i a b l e and depends on the chemical composit ion of 
the r e s i n . 

The o r i g i n of the c o l o r a t i o n o r the o p t i c a l absorp t ion bands i s p r o -
bably due t o two causes» 

a) The absorp t ion due t o t h e formation of double bonds in the molecu la r 
network [96], as i s t h e case wi th o t h e r i r r a d i a t e d polymers [97, 98] . * 

b) The absorp t ion due t o the p resence of r a d i c a l c e n t e r s , wi th the non-
p a i r e d e l e c t r o n behaving as a color« c e n t e r s i m i l a r t o those which . 
can be produced in a l k a l i h a l i d e s (99, 100) and d e t e c t a b l e by e l e c t r o n 
paramagnet ic resonance [101] , Photographs 4 . 1 - 4 . 4 show the c o l o r a t i o n 
of the d i f f e r e n t epoxy r e s i n s . 

4 . 3 E l e c t r i c a l p r o p e r t i e s 

The ch i e f e l e c t r i c a l p r o p e r t i e s determining the behavior of an epoxy 
r e s i n as an i n s u l a t o r a re the e l e c t r i c a l c o n d u c t i v i t y and the e l e c t r i c a l 
r i g i d i t y . These p r o p e r t i e s depend on the chemical s t r u c t u r e , t h e 
r e t i c u l a t i o n d e n s i t y , the number and mob i l i t y of t h e f r e e chf^ge c a r r i e r s , 
and t h e number of c a p t i v e e l e c t r o n s , a#Ô the d i s t r i b u t i o n of the energy 
t o the p l a c e s where they a r e found, e t c . We cons ide r t h a t t he f r e e charges 
( ions and e l e c t r o n s ) produced by r a d i a t i o n exposure can change t h e e l e c t r c i c a l 

p r o p e r t i e s , e s p e c i a l l y dur ing and immediately a f t e r the i r r a d i a t i o n , b u t 
t h i s e f f e c t i s t r a n s i t o r y . 

With r e g a r d t o r a d i c a l s , t h e i r chemical a c t i v i t y , i n p a r t i c u l a r t h e i r 
a f f i n i t y f o r recombining among themselves, i s such t h a t i f two r a d i c a l s 
are formed on ne ighbor ing c h a i n s , they tend t o be n e u t r a l i z e d by forming a 
r e t i c u l a t i o n or even a n o n s a t u r a t e d bond and gas . These s t r u c t u r a l modi-
f i c a t i o n s i n the r e s i n change the number and m o b i l i t y of the charge c a r r i e r s 
such t h a t they a f f e c t the e l e c t r i c a l p r o p e r t i e s . This e f f e c t i s permanent . ф 

4 . 3 . 1 Transitory7 m o d i f i c a t i o n s 

One of the p r i n c i p a l t r a n s i t o r y e f f e c t s , very c h a r a c t e r i s t i c and p r o -
nounced, i s the cons ide rab le dec rease in t h e vo lumet r i c r e s i s t i v i t y in t h e 
r e s i n dur ing and immediately a f t e r i r r a d i a t i o n . 

F igu re 4 . 8 shows the v a r i a t i o n in the vo lume t r i c r e s i s t i v i t y of r e s i n 
DGEBA a s a f u n c t i o n of the t ime a f t e r i r r a d i a t i o n , a t ambient t empera tu re , 
i n a 2 x l 0 6 - r a d / h r 60co s o u r c e . These measurements were made about 15 min 
a f t e r the i r r a d i a t i o n . From the r e s u l t s we see t h a t : 

The r e s i s t i v i t y i n c r e a s e s enormously a f t e r t h e measurement 
The i n i t i a l va lue (3xl0l6 ohm-cm) i s again the va lue almost always 

24 h r a f t e r the i r r a d i a t i o n 
Values lower than 5x1014 oha-cm are found a t the beginning of the 

measurement 

The e l e c t r i c a l c o n d u c t i v i t y observed 15 minutes a f t e r the i r r a d i a t i o n 
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i s undoubtedly ir»-ö-i?eferio-wiw t h e e l e c t r o n s and mobile ion» c r e a t e d by the 
absorbed r a d i a t i o n . The p e r s i s t e n c e of t h e e f f e c t f o r a long time a f t e r 
t h e ез^ювиге t o r a d i a t i o n i s a t t r i b u t e d t o t h e f a c t t h a t some of t h e e l e c -
t r o n s a r e t r apped a t t h e s p o t s of l e a s t p o t e n t i a l , l i m e e l e c t r o n « escapc 
l i t t l e by l i t t l e t o r e j o i n the c a t i o n s of o p p o s i t e cha rge . 

F i g u r e 4 . 8 shows a l s o t h a t t he vo lume t r i c r e s i s t i v i t y i s l a r g e r than 
the i n i t i a l value f o r r e s i n s i r r a d i a t e d with low doses . For example, 24 h r 
a f t e r t h e i r r a d i a t i o n , the vo lume t r i c r e s i s t i v i t y , f o r a r e s i n hardened f o r 
5 h r a t 80°Cf i s o f the o r d e r of 7x10*6 ohm-cm« Th i s phenomenon i s p robab ly 
due t o a p o s t - h a r d e n i n g of t he r e s i n . For r e s i n s i r r a d i a t e d wi th doses a t 
which t h e mechanical p r o p e r t i e s a r e degraded , 3x109 r a d s , t h e vo lume t r i c 
r e s i s t i v i t y does no t a t t a i n t h e i n i t i a l v a l u e . Never the less« i t i s a lways 
found t h a t t he r e s i s t i v i t y measured 15 minu tes a f t e r t h e i r r a d i a t i o n i s 
always l e s s than t h a t measured a l i t t l e l a t e r . 

Analogous phenomena a r e found f o r d i e l e c t r i c r i g i d i t y . About IS minutes 
a f t e r t h e i r r a d i a t i o n , t h e va lue i s l e s s than t h e i n i t i a l v a l u e . A d e -
c r e a s e of about 20% i s r e p o r t e d in the r e s i d u a l c o n d u c t i v i t y c r e a t e d by t h e 
r a d i a t i o n . Measurements made a l i t t l e l a t e r g ive e q u a l , lower , o r h ighe r 
v a l u e s t h a n t h e i n i t i a l va lue depending on the dose absorbed by t n e r e s i n , 
(Table 4 . 1 ) . 

Tab le 4 . 1 Change i n d i e l e c t r i c r i g i d i t y (fcV/mm) of t h e r e s i n DGEBA a s a 
f u n c t i o n o f t ime a f t e r i r r a d i a t i o n (hardened 5 h r a t 8Qoc) 

^noni r rad . 

2,5 • 108 rad 

1 • 109 rad 

15 min 1 h r 8 hr 

^noni r rad . 

2,5 • 108 rad 

1 • 109 rad 

21,2 • 0,8 

< 15 

< 15 

21,2 + 0,8 

20,1 • 0,8 

16,2 • 0.8 

21,2 • 0,8 

22,8 • 0,8 

17,7 +0 ,8 

4 . 3 . 2 , Permanent m o d i f i c a t i o n s 

Permanent change live r e measured by t h e d i f f e r e n c e between t h e p r o p e r -
t i e s measured b e f o r e and long a f t e r i r r a d i a t i o n i n t h e ASTRA n u c l e a r r e a c t o r . 
At h i g h r a d i a t i o n doses , i o n i z a t i o n and e x c i t a t i o n of the epoxy r e s i n sub-
j e c t e d t o bombardment cause a s e r i e s of complex chemical m o d i f i c a t i o n s which 
a r e t r a n s l a t e d to, permanent a l t e r a t i o n s ' in the r e s i n . We can a l s o expec t 
permanent d e t e r i ^ t i o n of some p r o p e r t i e s such as t he v o l u m e t r i c r e s i s t i v i t y 
and t h e d i e l e c t r i c r i g i d i t y . These e f f e c t s a re very impor t an t s i nce they 
de termine the l e n g t h of t ime t h e r e s i n can be used as an i n s u l a t o r . 

4 . 3 . 2 . 1 Volumetr ic r e s i s t i v i t y 

A l l t he curves i n F i g s . 4 . 9 - 4 . 1 1 show a decrease as a f u n c t i o n of t h e 
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P i g . 4 .9 Volumetric resistivity vs. temperature for irradiated epoxy 
resins (numbers on abscissa run from 0 to 200; on ordinate, 
from 1рЮ to 1017) . 
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A. TGMD + MDA 
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W - — • 2.7xl09 rads 

a:r*V.. . 

TEMPERATURE, °C 

Fig. 4.10 Volumetrie resistivity vs. temperature for irradiated 
resins. (norribers on ordinate and abscissa same as in 

epoxy 
Fig, 4.9.) 
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TEMPERATURE, ОС 

Fig. 4.11 Volumetric resistivity vs. temperature for irradiated epoxy 
resins (numbers on ordinate and abscissa same as in Fig. 4.9) . 

absorbed dose, at ambient temperature, and as a function of the temperature. 
It is well known that -febe constituents with a^relatively low molecular 
weight are formed during radiation езфовиге wiéh high doses. These 
substances, once charge carriers, can be displaced more easily in the 
resin than in a tridimensional-structure substance. In addition, an in-
crease in the temperature increases the energy available and facilitates 
the displacement of charge carriers, which causes an increase in the con-
ductivity of the epoxy resins. 

The resistivity at ambient temperature of nonirradiated epoxy resins 
is of the order of 1016 ohm-cm. We note only slight variations at 2x10 9 
rads and at ambient temperature for the systems that are mechanically 
the most resistant to radiation (Figs. 4.10 and 4.11). 

The resin DGEBA-DBP-TETA is sensitive to radiation under atmospheric 
conditions and has a resistivity of only ICi3 ohm-cm at 6.8x108 rads. It 
should be noted that this resin also has a /oui resistance to radiation from 
the point of view of its mechanical properties. 

The resin DGEBA hardened with aromatic amines or anhydrides gives 
essentially the same results. 

4.3.2.2 Dielectric rigidity (Table 4.2) 

In general, it is observed that a decrease in the dielectric rigidity 
occurs as a function of the absorbed dose. The increase observed with low dcfxj.b 
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on the ron in TGMD MDA agree» wel l wi th the obse rva t i on t h a t t h i s r e s i n 
thow.-: a f.yppJowentary po lymer i s a t i on under i r r a d i a t i o n . The l a r g e r mole-
cul«« fo rma l by the i r r a d i a t i o n suppor t l a r g e r d i f f e r e n c e s in p o t e n t i a l 
thixn Un* umaLlur molecules o b t a i n e d by the normal hardening p r o c e s s e s . 

hl 1 the r o s i n s hardened a t h ighe r tempera ture« have? about 90% of 
Uu. i r l m t i i d va lue a t 1x10 9 r a d s . The ros in DGE H A - DDP -TE TA, hardened 
a t «unbent t empera ture , keeps only 04% of i t s i n i t i a l value a t 6.8x108 
r&dn. lx lO^- rad dose damages i t mechanica l ly , and i t s d i e l e c t r i c 
r i g i d i t y cannot be measured. 

4 . 3 * 3 Measurements 

№1, 1:he t e s t s were made . . . ' _ , , . , «•»ith « n n i i c a t i o n of ASTM s t a n d a r d s , modif ied 
.for öd4',n',;<»tion t o i r r a d i a t e d epoxy r e s i n s . 

1, Volumet r ic r i g i d i t y . (ASTM, D 257-61) . The measurements were made 
under a tmospher ic p r e s s u r e of 740 mm Hg and a t 45% humidi ty . A megohm 
b r i d g e was used f o r t he c o n d u c t i v i t y measurements under a cont inuous 
p o t e n t i a l of 1000 V. 

Th* d i e l e c t r i c s a n p l e s f o r s tudy ing t h e vo lume t r i c r e s i s t i v i t y had the 
shape 
/Che tb: 
mechan ica l ly and chemical ly b e f o r e t he t e s t , and fou r samples were used f o r 
each If veil of r a d i a t i o n . 

1 1 • w i x t a i . u b i ö <i- w ju o l u u ^ j . ! ; ^ u i c v u x u i i h s u j l x u i c a ^ o u x v i t y iictu uwi 
o'f l eaves^of 150 by 150 by 2 mm wi th an e f f e c t i v e s u r f a c e of 80 cm2^ 

licJmess byfing always measured и 0 .01 mm, the samples were c leaned 

Ihe vo lume t r i c r e s i s t i v i t y was determined as a f u n c t i o n of the tempera-
t u r e . The method used was an i n c r e a s e in the t empera tu re by s t e p s (15oc in 
30 min) t o the p o i n t of b u r s t i n g . 

S ince the vo lumet r i c r e s i s t i v i t y of an epoxy r e s i n i n c r e a s e s with 
t ime f o r A given e l e c t r i c f i e l d , t h e measurements were n o t r ecorded ЛНУЛ 
a minute under t e n s i o n . The d i s p e r s i o n of t hese r e s i s t i v i t y measurements 
was of t h e o r d e r of 10%. 

2 . D i e l e c t r i c r i g i d i t y (ASTM, 149-61).^, 

СThe measurements were made a t ambient t empera tu re (22-26°c) under normal 
a t r rospher ic p r e s s u r e (740 mm Hg) and wi th a f requency of 50 Hz, t h e samples 
t o be t e s t e d be ing immersed in t r a n s f o r m e r o i l t o p r e v e n t b u r s t i n g on the 
s u r f a c e . 

The method of i n c r e a s i n g t h e p o t e n t i a l by s t e p s , 2 kV/min, u n t i l 
b u r s t i n g was produced was used . An e l e c t r o s t a t i c v o l t m e t e r was used a s the 
measuring i n s t r u m e n t . The s t e e l e l e c t r o d e s were s p h e r i c a l , 50 mm d i a , and 
r e s t e d on the l a r g e f a c e s of t he sample. One e l e c t r o d e was f i x e d and t h e 
o t h e r could be a d j u s t e d by a permanent s p r i n g which r e g u l a t e d t h e p r e s s u r e . 

These t e s t s were made wi th l e a v e s of 150 by 150 by 2 mm. The t h i c k -
n e s s was measured t o 0 . 0 1 mm s ince t h i s dimension i s very impor t an t f o r 
c a l c u l a t i n g the d i e l e c t r i c r i g i d i t y from the measurement of t h e r u p t u r e 
t e n s i o n . 



Table 4.2 Dielectric rigidity 

Composition of rfesin Dielectric rigidity (kV/mm) for various doses (rads) 

- 2,31 x 108 5,61 x 108 6,S2 x 108 1,21 x 109 1 9 1,24 x 10̂  2, ,75 x 109 

1) DGEBA + MDA 21,2 + 0.8 17,7 + 0,8(83,5)* 16,1 + 0,8(76) 
2) DGEBA + DADPS 21,4 " 18,5 (86,5) 17,5 " (82) 
3) DGEBA + MA 19,0 " 18,2 " (96) 17,8 (93,5) 
4) DGEBA/B + AP 18,1 " 17,4 " (96) 14,5 " (80) 
5) DGEBA + DPA + ТЕГА 19,6 " 19,5 + 0,8(100) 16,5 + 0,8(84) 0 
6) EPN + MA + BDMA 22,5 " 21,0 + 0,8(93,5) 20,0 + 0,8(89) 
7) EPN + MDA 19 Д " 20,0 " (105) 18,5 " (97) 
8) TGMD + MA + BDMA 20,1 " 18,7 " (93,5) t 18,0 " (90) -

9) TGMD + MDA 23,4 " 23,3 " (100) 25,2 " (108) 

*Numbers in parentheses .indicate percentages of initial values. 
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No special attention was paid to preparation of the sample, and 
four specimens wore used for each level of radiation. The dispersion of 
the measurements was around 8%. 

5. FACTORS THAT AFFECT THE IRRADIATION EFFECTS 

Tho experimental study of the irradiation of epoxy resins permits 
the conclusion that the radiation resistance of these resins depends 
especially on (1) the molecular structure and the bonding force, (2) the 
chemical composition, and (3) theiLrradiation conditions. 

5.1 Molecular structure and bonding force .... . 

The effect of the molecular structure and the bonding force drops because 
the energy of the irradiation is absorbed and dissipated in a given volume 
rather than at the point of impact. In the resins, the energy is distri-
buted along a definite segment of molecules. 

i. The epoxy resins of aromatic structure are more resistant than the 
aliphatic (see Figs. 5.1 and 5.2 and compare also Fig. 5.3 with 5.4 and 5.5). 
This phenomenon has also been observed in the study of electron magnetic re-
sonance [102] of irradiated epoxy resins. It has been shown that the con-
centration of carriers of mobile charge is higher in the aliphatic resins. 
The molecules in the aromatic rings are dispersed homogeneously and are 
very radiation resistant (Fig. 5.6). The more resistant resins seem to be 
obtained when, in the chain, the aromatic groups alternate with about six 
atoms (Figs. 5.7-5.8), e.g. DGA + MP DA. 

In the neighborhood of the aromatic rings, the stability of a chain 
under the impact of a nuclear particle or radiation is due to the fact that 
(a) the energy received ii the irradiation is displaced along the chain, and 
that (b) the aromatic ring absorbs the energy acquired in passing by the 
resonance structures. The resonance* energy of a benzene core is such that 
the vibration-rotation energy imparted to it at the time of impact is dis-
sipated in heat without causing chemical bond rupture in the molecule. The 
molecules that have the highest resonance energy are the most radiation 
resistant. 

The aliphatic resins do not have a resonance character, which explains 
their lower resistance to radiation than the aromatics. Further, the chemical 
bonds between the carbon atoms in the aromatic molecules are stronger than 
those between the carbon and hydrogen atoms? the reverse is true of the 
aliphatic chains [103]. The result is that in the aliphatics the rupture 
is produced in the principal chain (degradation), while in the aromatics it 
is rather in the secondary groups (reticulation). 

ii. The cycloaliphatic epoxy resins are more resistant than the linear 
.aliphatics (Fig. 5.4). This is probably due to the fact that the cycloaliphatics 

•While it is possible to establish two or more electron structures of the 
molecule for almost identical energies, this indicates that this molecule also 
has an intermediary structure with an energy lower than the established 
structures. This supplementary factor of stability is called "resonance energy." 
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Note: In all figures in this group the ordinate runs from 0 to 150 and the 
abscissa from lxio"? to 1x101°. 
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are capable of forming very rigid epoxy structures. It is probable that a 
rupture in a cycJouliphatic resin is followed by a recombination of the 
ruptured bond. The product will be attacked only by absorption of a 
higher amount of energy. 

iii. A high local concentration of benzene groups risks steric 
disarrangements in the epoxy resin. These resins are also not so resis-
tant as wo would expect (Fig. 5.6). 

0 
CH2 - CH - CH2 - 0 - Q j Q l — о - CH2 - сн Л и а 

V 

о ) » 

ч 

j iv. The quaternary carbon atoms always have weak points fe© the 
irradiation. They are easily attacked by the radiation. The same phenomenon 
has been observed in studies of thermal resistance of polymers (Figs. 5.3-
5.6) [104]. . 

А °\3 0 
CH2 - CH - CH2 - 0 - - С - - 0 - CH2 - CH^CHj, 

I ' 
CH3 

v. The presence of ether groups in the epoxy resins seems to be a 
weakness. A good solution consists in replacing these groups by amines 
or in suppressing them completely (Figs. 5.1, 5.7, 5.8, Chap. III). 

/ 4 
0 __ CH2 - œ - CH2 _ 

d C -4CH - ffl2 - 0 - - R / 0 > - O - R 

CHo - ш - CH2 

vi. The presence of chlorine in the aromatic ring of the resin does 
not seem to decrease its resistance to radiation very much although the 
chlorine atom has a tendency to capture thermal neutrons, producing high-
energy (0.62 MeV) protons (Fig. 5.9). 

Cl CH3 ^ Q 
CH* - CH - CH2 - 0 - <L f \ l 0 - CH2 - d f - V 

C 1 W I ci 
CH. 
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vii. Resins with basic groups seem more resistant than those with 
acid groups (Fig. 5.10). There could be two reasons for this: 

a) The epoxy resins hardened by anhydride type hardeners have - С - О -
groups in their structure, which are known to be sensitive to radiation. 

b) The basic groups in resins hardened by amines can react with hydrogen 
ions, generally formed by the action of radiation on epoxy resins, and 
this reaction could interfere with structure changes. 

viii. Resins with a large number of epoxy groups well distributed in 
their molecules give more radiation resistant products than those with a 
small number of epoxy groups. The first are capable of forming denser and 
more rigid structures. The reticulation density has been measured by the 
HDT method [105*]. It -should be noted that thn resins with a high IIDT 
value are also very radiation resistant (Table 5.1). In addition, an epoxy 
equivalent lower than 200 is a condition for. good radiation resistance of 
aromatic resins. 

TABLE. 5.1 

Composition of 
resin epoxy 

equivalent 

ГОГ 
°c 

i 

Resistance 
to radiation 

i threshold) (rad) 

DGEBA + MDA Д80 > 150 > 1.109 

DGEBA + DBP + ТЕГА 400 ^ 60 ~ 107 

EPN + MDA 180 > 20Q. > 2.109 

5.2 Chemical Composition 

All the elements composing the epoxy resins play their part in deter-
mining the radiation resistance. Let us look at them point by point: 

5.2.1 Resins 

Figures 5.3,5.6-5.8 demonstrate the effect of a given hardener on 
different types of aromatic epoxy resins as a function of the irradiation, 
while Figs. 5.1, 5.4, 5.5 show the effect of a given hardener on different 
types of aliphatic resins. It can be determined that almost all the 
aromatic compositions are radiation resistant up to 1x109 rads. The com-
position DGA + MPDA still has 10% of its initial mechanical properties at 
1 x 10l° rads. On the other hand, most of the aliphatic resins begin to 
deteriorate at 2xl08 rads. 
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5.2.2 Hardeners 

The effect of different hardeners on the resistance of epoxy rosins to 
radiation is shown in Fig. 5.2 for standard resins and in Figs. 5.10 and 
5.11 for experimental resins. It may again be seen that the aromatic 
amines give the most radiation-resistant compositions. From Figs. 5.12 
and 5.13 it may be seen that the concentration of the hardener used is 
important. The best results were obtained with a concentration equal to 
the stoichiometric value. 

5.2.3 Charges 

Charged resins may be divided into two categories: those charged with 
powder and those that are stratified. 

5.2.3.1 Resins loaded with powder 

Resins filled with mineral loads are in general more radiation resis-
tnat than the non-loaded ones, but the latter are in turn more resistant 
than those loaded with organic materials (paper, etc.) (Fig. 5.14) [102]. 
The resistance increases with the size of the. load (Fig. 5.15). The size 
of the grains also plays a role: the largest seem the most radiation 
resistant (5.16). The choice of hardener is not affected by the presence 
of a charge (Fig. 5.17). 

5.3.3.2 Resins layered with glass or silica fabric 

These are the most radiation resistant (Fig. 5.18). All systems 
studied resisted more than 20 kg/mm2 at 5x109 rads (Fig. 5.19, 5.20). 
From these figures it may be seen that the resins layered in silica fabric 
are more radiation resistant than those reinforced with glass fabric. The 
explanation may be found in the fact that the glass contains several per-
cent boron oxide, where the element boron has a high effective capture cross-
section ( б" о = 755 barns) for thermal neutrons. The energy stored by 
th.Js process in the glass fabric may reach 30% of the total energy re-
ceived for radiations made in position 1 of the ASTRA reactor. The cap-
ture reaction may be written as follows: 

5 о 3 2 В + n f Li + He 9 1 7 4 
The alpha particle produced has a trajectory in the material that is 

so short that we can estimate that all its energy, E, liberated by the 
reaction is absorbed in the irradiated sample, causing supplementary 
damage in the resins layered with glass fabric. 

The amount of energy deposited, by irradiation, in the layers due to 
the presence of boron in the glass can be evaluated as follows: The layers 
contain at least 50 wt % glass, which contains a maximum of 8% B2O3. 
Then the boron content = 0,50 x 0 08 x „/p of layer = 0>0124 x 6»025 * 1Ql! 

6 9> 6 4 Б 10,82 
« 6,9 x 1020 atoms of natural В per g of layer. 
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With a r e a c t o r f l u x of 5xlQ 1 0 n/cm2. a e c , t h e number of neu t rons 
captured p e r second w i l l be 6,9 * lO20 * 5.i0 l p x 755.10~24 = 2,6 x ю 1 0 . 
Ench cap tu re r e a c t i o n emi t s an a lpha p a r t i c l e wi th an energy of 2 .57 
MeV, The energy depos i t ed i к then 

» 2,6 x JO10 x 2,57 x 1Q6 x x,6 x 1СГ12 x Ю-2 rad/s 
=• 1 X 10a rad/s огЗ.6 x 10G rad/h. 

5.2.3.3 Hypotheses on the role of the charge 

1, Effect of dilution 

A loaded resin may be considered as a resin diluted with Д1пега1 
products (alumina, silica, etc.) or with organic products (paper, cotton, 
etc.) . In such a resin, only .a fraction of the energy will be absorbed 
by the казак resin and the rest by the charge. 

The mineral charges being more radiation resistant than the resins, 
the resins containing minerals will be more radiation resistant than 
pure resins. The reverse is true for resins loaded with paper,. cotton, 
etc. 

2. Fixation of free radicals 

The effects of radiation are often the result of secondary reactions, 
for example, a radical formed in the system reacts with another molecule, 
causing the changes observed. The charge may then capture the radicals 
and thus hinder the secondary reactions. In this case, a bond between the 
radicals of the resin and the radicals on the surface of the charge will 
be made. For carbon black, this hypothesis is valid because the epoxy 
resins containing graphite have a very high concentration of radicals 
before irradiation [102]. it has been possible to show by a chemical method 
[106] and by electron paramagnetic resonance [107] the radical nature of 
carbon black. 

The mechanism of the reaction between the organic chains and the 
carbon black may be described as follows: 

Reaction «»F deterioration 

R i R i R i R i R 

R • .» 
R i В 

R i R i R i R i 
5« 

Reaction Qf__ggpair 

R 
I 
î ' 

R,— С— R, 
I ^ R 
R 

Rl and R2 are radicals 
R = aromatic groups 
С - carbon black 
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Thi.s structure show?; that each particle of carbon black is able to re-
ticulata different radical chains. This structure also lias a rigid 
character and breakage in one of tho bound chain« is not critical since 
its resistance is still conditioned by bonds of other chains [108]. 

5.2.4 Auxiliary products 

The use of auxiliary products (accelerator/ diluent, flexibilizer, 
etc.) during the hardening of epoxy resins gives products less resistant 
to jradation. These products are often of the aliphatic type, v/hence the 
low resistance (Figs. 5.21-5.23). 

5.3 Irradiation conditions 

5.3.1 Atmosphere 

The nature of the medium has practically no effect on the mechanism 
of deterioration of irradiated epoxy resins. Irradiation of an epoxy resin 
in an inert gas such as helium or nitrogen or in a normal atmosphere does 
not seem to cause any difference relative to irradiation in a vacuum (i.e., 
physical difference). These studies were made on 6-mm-thick samples and an 
irradiation rate of about 107 rads/hr. Similar observations on the mecha-
nical properties of polyethylene were made in France by Chapiro [109]. 

The mechanical properties are a little more marked for resins highly 
irradiated in water (maximum 30% more deterioration at 2xl09 rads). Water 
diffused into the testtube, physically degraded, can be transformed to 
hydrogen and oxygen during the irradiation [110]. These liberated gases 
cause internal tensions in the substance, which are the causes of the 
differences observed in the mechanical properties. 

5.3.2 Temperature 

It is well known that temperature accelerates all chemical processes, 
especially the phenomena of oxidation and radio-oxidation [111] . Thus 
we would expect the temperature to accelerate the deterioration of irra-
diated materials, which is what is observed in epoxy resins. Figure 5.24 
shows that the damàge increases as a function of the irradiation temperar 
ture. Under irradiation at ambient temperature, small differences have 
been noted below 80°C. Very important differencts were recorded starting 
at 120°C. photograph 5.1 shows the physical appearance of epoxy resins 
irradiated at 1200C. 

5.3.3 Effect of the nature and rate of the irradiation 

Similar tests- made with a nuclear reactor (neutrons plus gamma rays) 
and "üteeci fuel elements (gamma rays) have shown that the different radia-
tions used, as well as the irradiation rate, give similar effects for 
the same absorbed energies (Figs. 5.25,5.26). 

6. CONCLUSIONS 

The stability of epoxy resins under irradiation depends principally 
on their molecular structure and the force of the chemical bonds. This 



- 3 7 -

EPN+MA+BDMA 

150 

too 

50 

ю 

о reactor irradia-
tion (20% n, 
80% gamma) 

о Spent fuel 
elements 
(1-MeV .gamma) 

Flexion resis-
tance: 10.3 kg/mm2 

ю* Ю4 10' Ю* 

5 !f f 

Ю J0« 

.. 

DOSE, rads 
Fig. 5.25 Effect of nuclear field on resistance 
of epoxy resins to radiation. 

150 

too 

50 

to4 

DGEBA + AF 

« reactor irradia-
tion (20% n, 
80% gamma) 

; 

о Spent fuel elements 
( 1-MeV gamma) 

Flexion resistance:. 
10.1 k-g/mm2 « 

ю* nT Ю» 
DOSE, rads 

Г -4 \ I 
iL. 

ю' Ю» 

Fig. 5.26 Effect of nuclear field on resistance of 
epoxy resins to radiation. 



- 3 8 - р Я (VF T 

effcct results from the fact that the radiation energy is absorbed and 
decreased in the whole of a given volume. 

This study permitted arranging, in order of decreasing resistance, 
the epoxy structures. 

6.1 Epoxy resins 

fiil 
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6.3. 

There are compositions which start to deteriorate between 10' and 108 
rads and there are others which are as radiation resistant as the ceramics. 
The resistance to radiation can vary by a factor of 100. 

Resins of the amine glycidic and novolac types, mixtures with an 
aromatic hardener, show a considerable improvement in radiation-resistance 
properties compared to other systems. The resin novolac reinforced by 
silica fibers and hardened with MDA is considered the most radiation-
resistant organic composition. 

In general, hardeners of the aromatic series show a superiority over 
the non-aromatic hardeners. 

6.4. 

From the results obtained, it appears that complete chemical hardening 
cannot be attained because a post-polymerization due to irradiation has 
often been found. 

For applications in the nuclear field, this post-polymerization 
is all to the good because it increases, at the same time, all the 
physical properties of these resins during the process. 

6.5. 

Epoxy resins hardened in the cold are generally much less radiation 
resistant than those hardened at a higher temperature. 

6 . 6 . 

The electrical properties of irradiated epoxy resins are only little 
affected by nuclear radiation, while the mechanical properties are very 
much affected. In general, it may be said that the change in electrical 
properties in a nuclear field is due to decrease in the mechanical resis-
tance. The same result has been found for other polymers [112, 113]. 

6.7. • " 

Irradiation of epoxy resins is accompanied by formation of gaseous 
products. From Table 6.1, it may be seen that the amount of gaseous 
products liberated is small compared to other polymers. 

From this it may be deduced that the most radiation-resistant com-
positions liberate the smallest amount of gas. 

6.9. [No 6.8 in original] 

One is tempted to compare the resistance of the epoxy resins to radia-
tion with their resistance to temperature. Irradiated samples are physically 
degraded, with results similar to those of aging in heat: change in color, 
fissures, blisters, etc. It has been shown that resins with a high resis-
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tance to temperature are also very radiation resistant. 
i 

Exposure of a specimen in a high-energy field may be considered 
a priori as equivalent to its exposure in any other medium that results 
in absorption of energy. The radiation exposure is in a certain sense 
analogous to pyrolysis at low temperature. 

Acknowledgment : not translated. 

-.TABLE. ,6.1. 

Rosine G value 
EPN + DADPS 1 X 10-2 
TGMD + DADPS 1,5 x 10" •2 
DGEBA + DADPS 3 x 10-2 
DGEBA/B + A. P. 6 X 10-2 
DGEBA + DBP + TETA 1 X Ю-1 

Polystyrene 8 x 10""2 (114) (115) 
Polyamide (nylon) 1,1 (114) (115) 
Polyéthylêne 3,1 (114) (115) 

Polyméthyl méthacrylate (plexiglas) 1,5 (114) (115) 

Caoutchouc naturel 3 X i o - 1 . (114) (115) 
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