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ACTION OF IONIZING RADIATION ON EPOXY REGINS*
(Sects. 3-6 of CERN rcport 70-10 by M. L. Van de Voorde, Geneva 1970)

3, ACTION OF IONIZING RADIATION 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. TFor example, in his work on the basis
of radiation effects on polymers, Charlesby [(59] devoted only a brief
chapter to the reticulated polymers and d4id not even mention 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 impoxr-
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 nuclear 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 oZ the organic
molecules [75-77]}.

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

RX —¥YM— gx+ + e- (3.1)
cation high-energy
. electron
The symbol 1> indicates the change which follows the irradiation.

To obtain this reaction, 12 to 15 eV is necessary.

*Tra?slated 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 —2* 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, .

rxt + e~ —_—> RX* (3.3)
(thermal (excited
electron) molecule)

The energy imparted to the molecule RX* is equal to the energy necessary

tc ionize it. The excited moleculie. 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* = Re + X (3.4)
(free.radicals) .
These free radicals are very active and can react among themselves orx
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. The¢y 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, .

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,

— Ny

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,electrical, and
physical properties of the product [78].
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3.3 Effect. of nuclear radiation on epoxy resins

3.3.1 Non-hardened epoxy resins

We have studied the changes in molecular structure that occur in epoxy
resins exposed to ionizing radiation. The studies wexre made on synthetic
epoxy resins with an epichlorhydrin and diphenolpropane base. The resin
DGEBA is a liquid at ambient temperature and has an epoxy equivalent between
180 a2nd 190, The resin DGEBA/B is ‘solid at ambient temperature
and has an epoxy equivalent of 370~400, The sft:ructure of resins of this
type is indicated by the scheme
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where n ~ 0 for the liquid (DGBA) and > 1 for the solid (DGBA/B).

3.3.1.1 Esxperimental study

The crude products were purified by distillation in toluene, followed
by precipitation with distilled water. The volatile products were eliminated
by vacuum distillation.

The resins were irradiated in air and in a vacuum at ambient tempera-
~ ture by gamma radiation from spent fuel elements. A bicapillary pyknometer
was used for determining density [79] and a Ubbelohde viscosimeter for vis-
cosity measurement [80]. The measurements were made with a precision of
0.1% for the density and t1.5% for viscosity. The epoxy group content
was detexmined chemically [8l) with a precision of about 5%,

The nature of the materials produced by radiolysis of the epoxy com-
pounds was studied by mass spectrometri:c analysis and infrared spectroscopy.
Mass spectrometry was also used to determine the gaseous product content.
The infrared spectra were measured with a Perxkin Elmer spectrometer (NaCl
prism) in the 4000 - 400 cm~l region. For the spectrum measurements,
tablets were prg:bared by compression with KBr. The mass analysis was made
with an AEI gas analyzer, model MSIO. The pressure limit in the analyzer
was around 1x10-8 Torr.

3.3,1.2 Results
i. Density. The density of the DGEBA resin increased with radiation
dose at different temperatures (figs. 3.1, 3.2). The change did not depend
on whether the irradiation was made in air or vacuum. The increase is
caused by formation of nets which increase the reticulation density of the
epoxy molecules.

ii. Viscosity. The viscosity of the resin DGEBA also increased with
radiation dose at different temperatures (Fig. 3.2). An increase in viscosity
is ugually related to an increase in molecular weight of the molecules. The
experiments show that beyond a dose of 1x109 rads, the liguid resin solidifies
due to formation of a complete network of bonds in three dimensions.
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ii” . Epoxy grxoup content. Upon irradiating DGEBA resin to a dose of
2x108 rads, a decrease in the epoxy group content of about 3 groups per
100 eV of energy was estimated; the G value thus is given by

=3
1)
o
iv. Infraxed spectra. Non-irradiatcd epbxy resin spectra coincided with

those indicated in puklished work [82, 83). In the spectra (Fig. 5.3) of
the irradiated epoxy resins (DGEBA/B) the following modifications are seen:

A decrease in the intensity of the 864 and 915 cm~l radiations (vibra-
tions corresponding to the epoxy group [83]},
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Decrease in the intensity of the 1040 and 1245 cm~l rays (ether
‘bond) [82, 84].

Decrease in intensity of the 1370 and 1390 cm~l1 doublet (CH3 de-~
formation vibrations) [82, 85, 86].

Appearance of a new peak at 1720 em~l (carbonyl group vibrations?
. and increase in 3420 cm™l ray (hydroxyl group valence vibration) [82, 84].

v. Mass spectrometric analysis. The results of mass spectrometric
analysis of products released when epoxy resins are irradiated show that
begides liberation of H2, CTH4, CzHz, and C3lg, heavier products (50 to 120
and greater) begin to appear in the mass spectrum. The average results
of five experiments arxre given in Table 3.1.

Table 3.1 »Amount of gas formed in radiolysis of epoxy resins

f P -t Dose of :radiation
Pﬂiﬁaggﬁ»mﬁ 7 y 18

¢ . 5.10° rad .10 rad

- -

H, 91,0 % ; 7 9
CH, ’ traces 2,5%
CHg 4,01% 15 %
Massos-lourdes 3,0 % 1,5 %
Heavy masses.

The release of heavy substances in the off-gas is observed only after
the sample has been heated. These are probably by-products of the destruc-
tion of the epoxy resins. .

vi. We were also able to show that the solubility of epoxy resins in
acetone decreases as a function of dose. At 109 rads the resin DGEBA is
no longer soluble in acetone.

3.3.1.3 Interpretation of Results

The zbove statements indicate that ifonizing radiation causes a rupture
of the chain in epoxy resins, followed by reticulation and degradation of
the epoxy resins with formation of gas.

i. Reticulation. For the reticulation, the following mechanisms may
be proposed: :

1. The primary effect of the action of radiation on epoxy resins seems to
be to detach the hydrogen atom from the beta carbon of the epoxy ring (as
in the case of peroxide reaction with these compounds, with consecutive
isomerization of the radical obtained to foxrm a ketone radical) (87, 88]:
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2. The radicals formed in reactions 3.5-3.7 can then entexr into a
reticulation reaction:
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3, Tlie hydrogen feormed in reaction 3.6 may act like the reducing agents
used for hardening epoxy resins, causing rupture of the epoxy ring:

l

2H-+C}\lz~01-0'lg'—*'mz'f|}"m2" (3.9)
0 H OH

ii. Degradation. Degradation is probably explained by rupture of the
ether bonds,

-

, 0;3 i Glls
_mz-o-Q-c':-Q--mw-@-?-@' (3.10)
M, 013 .

' 3,0,

followed by isomerization of the CH,O0 radical,

-le-o. + .H ———p - f <+ Hz (3. ll)
\H



On the other hand, the radical

T
O-5- O+
CH,

combines with hydrogen or other radicals. This would explain the decrease
/m intensity of the line corresponding to the ether bond and the appearance
of a line of 1720 cm~1 (Cc=0). This reaction mechanism corresponds to that
proposed by Neimann {89] in the study of pyrolysis of epoxy resinsl

iii, Formation of gas. The presence of hydrogen, methane, and ethane
in the product used for mass spectrometric analysis corresponds to the
following in the »roposed mechanism:

Recombination of the protons formed according to 5.2,

| He ¢ «H —~+ H, ¢ (3.12)
: | '

The action of the radiation may also cause detachment of the methyl group
and formation of a radical,

CH3

@-é_Q-M-Q.-?-Q”ﬁ‘s (3.13)
0!13 ais .

This has also been observed in thermal destruction of epoxy resins with
a quaternary carbon atom tracer [90]., The methyl radicals formed can
xeact with the protons or among themselves,

mao 4 H — CH.,‘? (3.14)
Qize + CH; — i3 - Gl t (3.15)

3.3.L.4 Conclusions

1. The act on of ionizing radiation on epoxy resins is probably similar to
that of chemical hardeners in the s¢nse that they open up the epoxy
rings and cause formation of hydroxyl groups.

2. Exposure to nuclear radiation may be considered to be similar to
pyrolysis at low temperature [91-95]),

3.3.2 Hardened resins

3.3.2.1 Experimental study

The¢ :afrared spectra and mass analyses of hardened epoxy resins have
been measured before and after irradiation in order to get some idea of
changes in molecular structure due to the irradiation. 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 NI gas analyzer, type MS10. The
de-gassing rate was determined by measuring the increase in pressurxe at
constant volume.

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

EPN + DADPS

DGERA/B + AP

DGEBA + MDA + A2,0,
DGERBA + DDSA +.BDMA +P0oGs

3.3.2.2 Results

1. Infrared spectra: Most of the infrared spectra were practically identi-
cal with those of the nonirradiated (spectra 2-4). Only a few minor
differences were noted in the resin EPN + DADPS (spectxum 1l): dis-
appearance of the 915-cm~l line (epoxy group), decrease in intensity of
the 1185-cm~i line (ether bond), and appearance of the 1720-cm-l peak
(carbonyl group vibration). The measurements and the sample irradia-
tions were repeated several times. Similar results were obtained by
Mixer et al., [61]. :

2. Mass spectrometric analysis: Mass analysis showed that,among the
gaseous decomposition products, hydrogen was the most important (920%).
The other components were 0, CH4, C2Hg, and H20. The factor Ggas
varied between 10-2 snd 5x%10-1 for epoxy resins irradiated to 5x108 rads.

3.3.2.3 Corclusions

l. The absence of changes in most of the spectra (Nos. 2-4) before and
after irradiation may be explained by the fact that minimum changes in
chemical structure may cause significant changes in mechanical pro-
perties. The minor changes in spectrum No. 1 may be explained by a
post-polymerization of epoxy groups due te the irradiation (see 3.3.1.3).

2. The amount of gas formed during the irradiation of the epoxy resins is
less in comparison with other polymers; e.g., the value of Ggas for
polyethylene is around 3 [94].

3. The radiation resistance of epoxy resins can be explained by their
structure. The radicals formed in the broken chains probably can
react among themselves to form new structures as radiation resistant as
the first. This is probably the reason for most of the hardened
resins being still very radiation resistant to 109 rads.
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4., PROPERTIES OF EPOXY RESINS AFFECITED BY RADIATION
Because of modifications produced in the chemical composition, the
reticulation density, molecular weight, etc., of an irradiated epoxy resin,
the irradiated sample shows a corresponding change in physical properties.

4.1 Mechanical propertics*

4.1.1 Intcrpretation of results

Some of the most spectacular changes in epoxy resins exposed to radia-
tion are those which aifect their mechanical properties. Especially from
the engineer's standpoint, these often are the most important alterations.

Figures 4.1 to 4.7 show, on examples of epoxy resins, the modification
of different mechanical properties as a function of the absorbed dose.
All the results are expressed in percentage of initial values, with indi-
catiol. of the average value and the dispersion. Some photographs (4.1 to
4.4) are prescnted to show better what happens during the irradiation.
We may deduce that:

An increasing dose affects the mechanical properties of epoxy resins
differently, depending on the type.

Resistance to bending, pulling, heat, and shock of most of the resins
begins by increasing proportionally to the dose up to a maximum aftevy
which it decreases with increasing dose. The initial increase has
been attributed to the predominance of the reticulation during the
tiget phase. When the transverse bonds have become sufficiently
numéypus ther the chain segments are immobilized, the chain ruptures
Dzasn to predumninate, which explains the decrease of the resistance in
the second phase.

The deflection and the extension at rupture decrease rapidly and very
wmiformly with insreasing dose. The result is attributed to the
predominance of m:ticulation in these resins.

The modulus of elasticity and the hardness are very little affected
by the irradiation.

The absorption of water increases progressively with the absorbed dose,
and this increase is pronounced from the moment that the other mechanical
properties are attacked; the material has become porous (photos 4.1-4.2).

For sufficiently high doses, the presence of gas create$,in the
substance, £rom internal tensions which can significantly contribute to
the deterioration of mechanical properties (photos 4.1-4.2).

Ir. general, we conclude from these figures that epoxy resins are radia-
tion resistant compared with other polymers [95); they are almost not
affected by doses of 1x108 rads or less.

* All irradiations were made in the ASTRA nuclear reactor.
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Note: By definition, the radiation sensitivity of a substance to an
ionizing radiation is measured by the dose of the radiation that causes
deterioratior, to 502 of its initial valua; of at least one physical
parametey of the substance.

4,.1.2 Heasureurentis

All tests were made using the VEM, hSTHM, and DIN standards but modified
in such a way a5 to be suitable for irradiated epoxy resins, (VSM = Vereins
schweizerischer Maschinenindustrielleyr; A8 = American Society for Testing
and Materials; DIN = Deutsche Industrie Normen.)

1. Flexion test (ASTH-D 790~61). This test is made with a tensio-
meter equipped with apparstus for measuring deviations. To obtain repro-
ducible results, the punch should descend at a constant rate of about 2 mm/min.
The modulus of elasticity is calculated from

Ii\. !l

Gw. &

E =

{kg.force x cm=2)

where L is the distance botween supports, (7.5 cm); w is the width of the
test picce (2.0 cm); t is the thickness of the test piece (0.6 cm); and m
is tha zlope at the origin of the tangent to the pressure-deflection curve

(kg/cml . The resistance to bending, § (.lzc_g/cm2), is calculated by

P, L
3 b
S*7 we?

loa d

vherce P, is the waszeure (kg) at rupture.

2. fTraction test (D 638 - 61 T). ‘The test is made at 20 £ 50C, The
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average width and thickness of the thinner zone of the sample were deter-
mined with a precision of 0,03 mm. 7he enlarged ends of the sample were
held in the clamps, and its principal axis was in the direction of the trac-
tion. The sample was drawn out by varying the clamps at a practically
constant rate so that the rupture was producalin 1l to 2 min. Tho load at
rupture is about 1% of the true value. The resistance of the resistance

of the sample to tracticn is calculated from the load at rupture and the
initial cross-section of the sample.

3. Elongation at rupture test (D 638-61 T). ‘Two parallel marks are
tracud on the thin part of the sample, 25 mm apart. The material used for
marking should not have any effect on the material of the sample, and the
lines are drawn as narrow as possible. The use of a marker- with
~parallel printed scales . is recommended, but it is necessary to ensure that
the marker does not harm the sample,

The sample is mounted on the machine and tested as in the traction
test. The load at rupture and the distance between the reference lines at
rupture are noted. The distance between the reference lines is measured
with a precision of £5%, The sample broken outside the reference lines
is rejected.

4. Flexion by impact test (VSM 77.105, The Charpy ériver-pendulum
is used. The sample bars, supported at their ends, are struck in the middle
by the mass of the penauwtum. The samples are 60 x 10 x 4 mm with intact
edges and faces without scratches.

The resistance to flexion on impact, ax, is the quotient of the work,
Age supplied to break the bar divided by the section, Fg, of this latter,
measured with a precision of 0.03 mm:

AB
% © o te av/en®
5. Hardnecs (DIN 53.505). The test is made with a hardness meter,
Shore tvpe D. The test pieces are 30~mm-dia disks, 2 mm thick. Five dif-
ferent points are measured by applying the same pressure for 3 seconds.

6. Test for bending with heat (A%¥Ti D648-56). The principle of this
test is to determine the temperature for a deflexion of the test piece of
0.25 mm. The test piece is heated in a mineral oil bath with a temperature
increase rate of 20C/min and subjected at the same time to a load of 500 g
in the middle. The sample dimensions are 120 x 12 x 6 mm measured with
a precision of 0.03 mm.

7. Water-absorption test (ASTM D570-52). The samples are in the form
of a 50-mm-dia disk, 3 mm thick, measured with a precision of 0.02 mn.
They are weighed before and after immercion in water at 250C for 4 days,
using an analytical balance.

4.2 Optical properties

Undex the effect of radiation, all the epoxy resins undergo colox
changes. They turm brown or brownish black, depending on the absorbed dose
(Photos 4.1-4.4). The minimum dose at which the color change becomes
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perceptible is very variable and depends on the chemical composition of
the resin.

The origin of the ocoloration or the optical absorption bands is pro-
bably due to two causes:

a) The absorption due to the formmation of double bonds in the molecular
network [96]), as is the case with other irradiated polymers (97, 98].

b) The absorption due to the presence of radical centers, with the non-
paired electron behaving as a colox center similar to those which .
can be produced in alkali halides [99, 100) and detectable by electron
paramagnetic resonance [10l1). Photographs 4.1-4.4 show the coloration
of the different epoxy resins. )

4.3 Electrical properties

The chief electrical properties determining the behavior of an epoxy
resin as an insulator are the electrical conductivity and the electrical
rigidity. These properties depend on the chemical structure, the
reticulation density, the number and mobility of the free chzi~ge carriers,
and the number of captive electrons, a#d the distribution of the energy
to the places where they are found, etc. We consider that the free charges
(ions and electrons) produced by radiation exposure can change the electrrical
properties, especially dquring and immediately after the irradiation, but
this effect is transitcry.

With regard to radicals, their chemical activity, in particular their
affinity for recombiningy among themselves, is such that if two radicals
are formed on neighboring chains, they tend to be neutralized by forming a
reticulation or even a nonsaturated bond and gas. These structural modi-
fications in the resin change the number and mobility of the charge carriers
such that they affect the electrical properties. This effect is permanent.

4.3.1 Transitory modifications

Oone of the principal transitory effects, very characteristic and pro-
nounced, is the considerable decrease in the volumetric resistivity in the
resin during and immediately after irradiation.

Figure 4.8 shows the variation in the volumetric resistivity of resin
DGEBA as a function of the time after irradiation, at ambient temperature,
in a 2x106-rad/hr 60Co source. These measurements were made about 15 min
after the irradiation., From the results we see that:

The resistivity increases enormously after the measurement

The initial value (3x1016 ohm~cm) is agaln the value almost always

24 hr after the irradiation

Values lower than 5x1014 chm-cm are found at the beginning of the

measurement

The electrical conductivity observed 15 minutes after the irradiation
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is undoubtedly in-a-ratio-witlhy the electrons and mobile ions created by the

absorbed radiation, The persistence of the effect for a long time after
the exposure to radiation is attributed to the fact that some of the clec-
trons are trapped at the spots of least potential. These electrons escapo
little by little to rejoin the cations -of opposite charge.

Figure 4.8 shows also that the volumetxic resistivity is larger than
the initial value for resins irradiated with low doses. For example, 24 hr
after the irradiat;on, the volumetric resistivity, for a resin hardened for
5 hr at 80°C, is of thc ordar of 7x1016 ohm-em. This phenomenon is probably

..... For resins irradiated with doses at
which the mechanical prqperties are degraded, 3x109 rads, the volumetric
resistivity does not attain the initial value, Nevathalass, it is always
found that the resistivity measured 15 minutes after the irradiation is
always less than that measured a little later.

Analogous phenomena are found for dielectric rigidity. About 15 minutes
after the irradiation, the value is less than the initial value. A de-
crease of about 20% is reported in the residual conductivity created by the
radiation. Measurements made a little later give equal, lower, ox higher
values than the initial value depending on the dose absorbed by tne resin.
(Table 4.1).,

Table 4,1 Change in dielectric rigidity (kv/mm) of the resin DGEBA as a
function of time after irradiation (hardened 5 hr at 800C)

15 min 1 hx 8 hr
r 4
.nonirrad. 21,2+0,8| 21,2+0,8 | 21,2+0,8
2,5 - 10° rad < 15 20,1 + 0,8 | 22,86 +0,8
110 rad < 15 16,2 + 0.8 | 17,7 + 0,8

4.3.2. Permanent modifications

Permanent changég;ere measured by the difference between the proper-
ties measured before and long after irradiation in the ASTRA nuclear rcactor.
At high radiation doses, ionization and excitatidon of the epoxy resin sub-
jected to bombardment cause a series of complex chemical modifications which
are translated to Jermanent alterations in the resin. We can also expect
permanent deterlatlon of some properties such as the volumetric re31st1v1ty
and the dlelectrlc rigidity. These effects are very important since they
determine the length of time the resin can be used as an insulator.

'4,3.2.1 volumetric resistivity

All the curves in Figs. 4.9-4.11 show a decrease as a function of the
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Fig. 4.10 Volumetric resistivity vs. temperature for irradiated epoxy
resins. (nombers on ordinate and abscissa same as in Fig. 4.9.)
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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 ®he constituents with aegelatively low molecular
weight are formed during radiation exposure with 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-
Juctivity 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 2x109
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 1013 cohm-cm at 6.8x108 rads. It
should be noted that this resin also has a [lews 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 deo%edS
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on the resin TGMD + MDA agrees well with the observation that this resin
ghow: a supplementary polymerization undor irradiation. The larger mole-
cules forwed by the irradiation support larger differences in potential
than the smaller nolecules obtained by the normal hardening processes.

11l the resing hardened at higher temperatures have about 90% of
the. ir 101tizl value at 1x109 rads. The resin DGELA-DBP-TETA, hardened
at: ambiicnt temperaturce, keeps only 844 of its initial value at 6.8x108
rado, 4 1xl09-rad dose damages it mechanically, and its dielectric
rigidity cannot be measured.

4,3,3 Measurcments

P

11 the te were i
A ¥h sts were made with amnlication of AST™ standards, modified

for sdznvetion to irrudiated epoxy resins.

1. WVolumetric rigidity. (ASTM, D 257-61). The measurements were made
under atmospheric pressure of 740 mm Hg and at 45% humidity. A megohm
bridjy2 was used for the conductivity measurements under a continuous
potencial of 1000 Vv,

The dielectric samples for studying the volumetric resistivity had the
shape of leaves of 150 by 150 by 2 mn with an effective surface of 80 cm?2
/The thickness bying always mecasured $€ 0.01 mm,‘Eﬁe samples were cleaned
mechanically and chemically before the test, and four samples were used for
each lavel of radiation.

1ne volumetric resistivity was determined as a function of the tempera-
+ture. The method used was an increase in the temperature by steps (150C in
30 min) to the point of bursting.

Since the volumetric resistivity of an epoxy resin increases with
time for a given electric field, the measurements were not recorded Mere than
a minute under tersion. The dispersion of these resistivity measurements
was of the order of 10%.

2. Dielectric rigidity (ASTM, 149—61L')

-

- - o e — S

("The measuréments were made at ambient temperature (22-260C) under normal
atmospheric pressure (740 mm Hg) and with a frequency of 50 Hz, the samples
to be tested being immersed in transformer oil to prevent bursting on the
su:face.

The method of increasing the potential by steps, 2 kV/min, until
bursting was produced was used. An electrostatic voltmeter was used as the
measuring instrument. The steel electrodes were spherical, 50 mm dia, and
rested on the large faces of the sample. One electrocde was fixed and the
other coull be adjusted by a permanent spring which regulated the pressure.

These tests were made with leaves of 150 by 150 by 2 mm. The thick-
ness was measured to 0.01 mm since this dimension is very important for
calculating the dielectric rigidity from the measurement of the rupture
tension.



Table 4.2 Dielectric rigidity

Composition of resin

Dielectric rigidity (kV/mm) for various doses (rads)

1) DGEBA + MDA
2) DGEBA + DADPS

3) DGEBA + MA

4) DGEBA/B + AP

5) DGERA + DPA + TETA
6) EPN + MA + BDMA

7) EPN + MDA

8) TGMD + MA + BDMA
9) TGD + MDA

2,31 x 10°

i

5,61 x 10°

6,52 x 10°

1,21x 10°

1,245 10°

2,75x 10°

21,2 + 0.8

21,4
19,0
18,1
19,6
22,5
19,1
20,1
23,4

"

19,5 + 0,8(100)

21,0 + 0,8(93,5)

20,0 " (105)
18,7 " (93,5)
23,3 " (100)

16,5 + 0,8(84)

17,7 + 0,8(83,5)

18,5 ™' (86,5)
(96)
(36)

18,2 "
17,4 "
0

20,0 + 0,8(89)

18,5 " (97)
[18,0 " (90)
25,2 " (i08)

16,1 + 0,8(76)

17,5 " (82)
17,8 % (83,5)
14,5 " (80)

-.[,z-.

*Nunbers in parentheses indicate percentages of initial values.



No special attention was paid to preparation of the sample, and
four specimens were used for each level of radiation. The disperxsion of
the measurements was around 8%,

5., FACTORS THAT AFFECT THE IRRADIATION EFFECTS
The experimental. study of the irradiation of epoxy resins permits

the conclusion that the radiation resistance of these resins depends
especially on (1) the molecular %Eructure and the bonding force, (2) the

chemical composition, and (3) thehirradiation conditions.

Y

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 absoxrbed and dissipated in a given volume
rather than at the point of impact. 1In 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 alsc been observed in the study of electron magnetic re-
sonance [102] of irradiat2d 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 + MPDA,

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 in 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 corxe 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: 1In all figures in this groun the ordinate runs from 0 to 150 and the
abscissa from 1x107 to 1x1010,
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are capable of forming very rigid epoxy structures. It is probable that a
rupture in a cyclouliphatic resin is followed by a rccombination 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 we would expect (Fig. 5.6).

!

1

. . {
| iv. The quaternary carbon atoms always have weak points tg 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) [l104].

0

/\ 3 N
- {D-0-0,-di-m,
3 .

CHy - ﬂi-CHz-O-<:>>-

CH

0 CH
I
C
|

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).

O\ o
0 CH2 - CH - 2 )
/N . = \y - -
CHz-CH-Cﬂz"O"<;$>"R - ,/o\‘ /N <::> R
CHZ - CH - CHZ

-

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).

7\ 0

0 CH
Cl '3 c: //\\
Cliz-CH—CHZ-O-@ﬁC-Q“O"C}lz‘m‘mz
c1 ‘ c1
CH, '



vii. Resins with basic groups seem more resistant than those with
acid groups (Fig. 5.10). There could be two rcasons for this:

a) The epoxy resins hardened by anhydride type hardeners have - C - O -
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 interxfere 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 the resins with a high HDT
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 HDT Resistance
resin epoxy °c | to hrad_iation
equivalent ;(th;es old) (rad)
DGERA + MDA 180 > 150 > 1.10°
DGEBA + DBP + TETA 400 '~ 60 ~ 107
EPN + MDA 180 > 20Q > 2.10°

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 1010 rads. On the other hand, most of the aliphatic resins begin to
deteriorate at 2x108 rads. :
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5.2.2 Hardeners

The effect of different hardeners on the resistance of epoxy resins 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 chérged 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) [l02].
The resistance increazes 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 5x10° 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 ( & o = 755 barns) for thermal neutrons. The enexgy stored by
th's 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:

Sg+ ’n - i+ He
9 1 7 4
The alpha particle produced has a trajectory in the material that is
so short that we can estmlate 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% B203.
Then the boron content = 50 x 0,08 x 21.84 o/ of layer = g 0124 x 02025 x 10!3
’ 69,64 ’ 10.87
H

=6,9 x 1020 atoms of natural B per g of layer.
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With a recactor flux of 5x1010 n/em2,sec, the number of neutrons
captured per second will be 6,9 x 1020 » 5,100 x 755,104 = 2,6 x 1010
Bach capture reaction emits an alpha particle with an energy of 2.57
MeV, The enerqgy deposited is then

2,6 x 1010 x 2,57 x 106 x 1,6 x 10712 x 10-2? rad/s
1 x 10? rad/s or3.& x 10°% rad/h.

[

5.2.3.3 Hypotheses on the role of the charge

1, Cffect of dilution

A loaded resin may be considered as a resin diluted with jineral
products (alumina, silica, etc.) ox with organic products (paper, cotton,

etc.). In such a resin, only a fraction of the energy will be absorbed
by the same 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, FPixation 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 bhetween 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 of deterioration

Reaction of repair
R q
R R
1 ) R
R VW —t R® R | R
) ot ~ R e
R R R H R
0 ) ~ ! g
R R R"— C‘— R|
R -~ | ~
7~ R: R ~
R A R

eD=-D=N=V=20

Ry; and Ry are radicals
R = aromatic groups
C = carbon black
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This structure shows that each particle of carbon black is able to re-
ticulate different radical chains. This styructure also has a rigid
charvacter and breakage in one of the bound chains 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 iradAtion. These products are often of the aliphatic type, whence ths
low resistance (Figs., 5.21-5.23).

5.3 Irradiation conditions

5.3.1 Atmosphere

The nature of the medium has practically no efiect 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 polycthylene were made in France by Chapiro [109].

The mechanical propertiecs are a little more marked for resins highly
irradiated in water (maximum 30% more deterioration at 2x10° 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 [11l]. 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 damage increases as a function of -the irradiation tempera-
ture. Under irradiation at ambient temperature, small differences have
been noted below B0OC. Very important differencts were recorded starting
at 1200C. Photograph 5.1 shows the physical apperarance of epoxy resins
irradiated at 120°C.

5.3.3 Effect of the nature and rate of the irradiation

(Similar tests made with a nuclear reactor (neutrons plus gamma rays)
and $&dd 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 ponds. This
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effect 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
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There are compositions which start to deteriorate between 107 anda 108
rads and there are others which arc 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 ebtained, 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].

6.70 ‘ o . : )

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 c¢om-
positions liberate the smallest amount of gas.

6.9. [No 6.8 in originall

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.

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

Acknowledgment : not translated.

- FABLE. 6.1,

Résine G value
EPN + DADPS 1 x 1072
TQD + DADPS 1,5 x 10-2
DGEBA + DADPS 3 x 10-2
DGEBA/B + A.P. 6 x 1072
DGEBA + DBP + TETA 1 =107
Polystyréne 8 x 1072 (114) (115)
Polyamide (nylon) 1,1 (114) (119
~Polyéthyléne 3,1 {114) (115)
Polyméthyl méthacrylate (plexiglas) 1,5 (114) (115)
‘Caoutchouc naturel 3 x 1071 (114) (115)

o,
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