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1. Introduction

The aim of this report is twaofold, firstly to select on the basis of their
electrical properties radiation resistant epoxy resin compositions and secondly,
to recommend new epoxy resins, which will minimize future troubles from radiation

induced damage for electrical insulation in nuclear environments.

Epoxy resins are used as insulating materials in nuclear applications because
of :

a) their excellent insulating properties (1) and

b)  their good radiation resistance (mechanical-physical) in irradiation fields

(2), (3)’ (4)‘

As it is generally accepted that the main causes of failure of electrical insu-
lation in nuclear radiation environments are due to the loss of mechanical strength
or the evolution of gases rather than the gross changes in their dielectric properties
(5), it was decided to study only the changes in electrical properties in the area
where mechanical or physical deterioration were noted. Further, this study programme

was mostly restricted to radiation resistant (mechanical-physical) epoxy systems.

2e The effect of nuclear radiation on the electrical properties of polymers

The electrical properties which determine an insulator's behaviour and which are

studied in this paper include :

a) The dielectric strength, which determines the maximum electric field which

can be supported without failure ;

b) the electrical conductivity, which indicates the ease of charge transport ;

c) the dielectric constant, which shows the degree of polarization ;

a) the loss tangent, which indicates the rate of energy lost to energy stored

in the dielectricse.
A1l these properties depend on :
1) the chemical structure, crystallinity, crosslinks density

2) the number of free charge carriers, their mobility and their ability to

transfer energy to the surrounding molecules j;
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3) the polarizable species i.e. molecules with a permanent dipole moment and

the orientational movement of the polar groups 3
4) the number and energy distribution of electron-trapping sites.

Obviously, several of these factors will be sensitive to irradiatione. Tonizing
radiation produces charge carriers, and the subsequent reaction may produce molecules
with increased dipole momentse. Also, changes in crystallinity, the formation of cross-
links, and chain scission can influence the rate at which energy transfers through the

polymer and can change the location and depth of trapping sites.

The arguments abaove are only qualitative, indicating that radiation could affect
the electrical properties. More information about the interactions of nuclear radia-

tion with organic materials and dose units can be found in the literature (6), (7).

It must be mentioned that the effects of nuclear radiation on insulating materials

are both transient and permanent in nature.

Transient phenomena can materially alter the electrical properties of a polymer
during irradiation. One of the most striking transient changes is the enhancement of
the electrical conductivity of the polymer. The conductivity of epoxy resins, for

example, increases as much as four orders of magnitude in a strong nuclear field.

Permanent changes can be defined as the difference between the electrical pro-
perties measured before and after irradiation. These changes result from the permanent
mechanical and chemical alterations in the material. The latter will be studied in

detail in this paper since they determine the useful 1life of the insulator.

3 Experimental procedure

a) Materials

The chemical composition and the cure conditions of the epoxy resins studied,

are given in Table T.

Araldites ¥ F, B, and D are diglycidylethers of bisphenol A, X33%3-1.020 is a liquid

polyfunctional epoxy resin and EPN 1.138 a polyfunctional epoxy novolac resin.

% Commercial designation of epoxy resins. Araldite F - CY205 (CIBA) is equivalent
to Epon 828 (SHELL), D.E.R. 331l. (The Dow Chemical Co.) EeR.L. - 2774 (Bakelite Co.).
Araldite EPN 1.138-LY558 (CIBA) is equivalent to Epikote 154 (SHELL), D.E.N. 438.

(The Dow Chemical Co.)
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The hardeners HY905, HY906 and HT901 are anhydrides, HT972 and HT976 aromatic

amines and HY951 an aliphatic amine.

Systems a), b), c¢) d) and f) are classical epoxXy resins and are already well known
by the manufacturers. Systems e), g), h) i) and k) are recently developed systems
and it is not certain that their optimum chemical compositions and cure conditions have

already been obtained.

b) Electrical measurements

The tests were performed according to VDE (Verband Deutsche Elektrotechniker)
0303.

- Dielectric strength

The measurements were carried out at room temperature (22 to 260C) under atmospheric
pressure (nv T40 mm‘Hg) and with main frequency (50 Hz). Samples under test were

immersed in transformer oil to prevent breakdown over the surface.

The method used is a stepwise increase of the voltage at 2 kV/min. until break-

down occurs and an electrostatic voltmeter is used as reading instrument.

The steel electrodes are spheres of 50 mm diameter. One electrode is stationary

and the other electrode can be adjusted by spring loading to the required pressure.

These tests were performed on specimens in the form of sheets with dimensions
150 x 150 x 2 mm3. The thickness was measured precisely (1/100 mm) since this value
is very important for calculating the dielectric strength from the measured breakdown
voltage. No special attention was given to the sample preparation and four samples

were measured at each radiation level.
The spread in the measurements is within 8%.

- Volume and surface resistivity

The measurements were made under atmospheric conditions :
relative humidity . 45%

atmospheric pressure ~ 740 mm Hg.

A megohm bridge is used for measuring the resistivity with a DeCe voltage of
1,000 V.

Dielectric specimens for studying the volume resistivity were in the form of
sheets 150 x 150 x 2 mm3 with an effective surface of 80 cm2 while sheets of 100 x 10
x 2 mm3 were used for the surface resistivity. The thickness is always measured
precisely (1/100 mm) . The samples were cleaned mechanically and chemically before

testing and four samples were taken at each radiation level.
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The volume resistivity is determined in function of the temperature. The method
used is a stepwise rise in temperature (10 to 150C in 30 minutes) until the point of
breakdown. The surface resistivity is only measured at room temperature. Since the

results were not well reproducible, this property has not been studied for all epoxy

resin systems.

As the volume resistivity of an epoxy resin increases with time in an applied
electric field, the measurements were performed after 1 minute of electrification times

The spread in the measurements of volume resistivity is of the order of 10%.

- Dielectric constant and dissipation factor

The measurements were made under analogue atmospheric conditions as those of the
volume resistivity.

These properties were studied in function of the temperature and frequency. A
Schering bridge, type 2.801 was used for the measurements at 50 Hz, a low frequency
Dekameter, type DK 05 for 102 to 105
range (up to 107 Hz).

Hz and a Q-meter, type 260 for the high frequency

The dimensions of the samples were the same for the meagsurements at 50 Hz as
those used for measuring the volume resistivitye. The dielectric specimens for fre-

7

quencies between lO2 to 10' Hz were in the form of discs, 2 mm thick and 40 mm in

diameter. Four samples were taken at each radiation level.

A 10% spread is typical of the dielectric constant and dissipation factor test
poin'bs .

¢) Irradiation conditions

The irradiations were performed in the water reflector of the ASTRA-reactor at
Seibersdorf (Austria). This radiation facility produces mainly gammase. The dose
rate corresponds to ~107 rad/hr with a reactor power of 5 M. Watt and an ionization

chamber is used as dosimetere.

In all cases, test samples were irradiated in demineralized water at ~VBOOC. The
absorption of water during irradiation is between 0,5 and 2,5 per cent for samples with
dimensions 150 x 150 x 2 mm3. Before measuring the electrical properties the unir-
radiated and irradiated samples were dried under vacuum (lO_2 torr) at 40O C during

20 hrs.
4e Results

The test data are summarized for each material in the annex and a list of figures
and tables is added to the results.
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The data are to a great extent self-explanatory, however, some remarks concerning

the different figures and tables may be added.

- Only absolute values are plotted in the graphs, whilst these and the percent-

age changes of the irradiated values are given in the tables.

- Experimental points are directly connected in some of the figures, to
facilitate the identification of points since several curves are plotted

on one figure.

- The spread in the results is not plotted in the graphs. As mentioned in
paragraph 3b) it is of the order of 10%.

- The dosage values given in the graphs and in the table are expressed in

rad (1 rad = 100 erg/g).

Conclusions

Dielectric strength :

l) In general, a decrease of the dielectric strength as a function of the

absorbed dose is noted. The increase in dielectric strength observed with araldite
X33-1.020 + HT972 is consistent with the observation that the particular araldite used,

showed additional polymerization under irradiation. The larger molecules which

result from this process may be capable of withstanding larger voltages than the

smaller molecules which are obtained by ordinary curing procedures.

initial value at 1 x 10

6.8 x 108 rad. At 1 x 10

2)  All the new epoxy resin systems (from g) to k)) still give 90% of their
9

rade.

3) Araldite D cured with HY951 retains only 84% of its initial value at
9

rad it was completely damaged mechanically and the

electrical strength could not be measured.

Surface resistivity

3

1) The surface resistivity of the epoxy resins studied is ~ 1 x 101 ohm for

12

the hot cured and ~ 1 x 10 ohm for the system cured at room temperature.

9

2) Small changes are noted up to 1 x 107 rad for the four studied systems.

3) The surface resistivity of araldite B cured with hardener HT901 decreases

rapidly above 1 x 109 rade.



Volume resistivity (Qv)

1) For both irradiated and non-irradiated epoxy resins, a pronounced dependence
of volume resistivity on temperature can be noted over the whole temperature scale.
Also at any temperature e, for irradiated specimens is less than Q, for non-irradiated

Onese

2) The volume resistivity at room temperature of unirradiated epoxy resins is

of the order of 1016 ohm cm.

3) The most radiation resistant systems are :
araldite X33%-1.020 + HY9T2
araldite B (CT200) + HY906 + X157/2.426
araldite EPN 1.138 + HT972
araldite EPN 1.138 + HY905 + DY062.

9

Practically no changes are noted at 1 x 10

Ty 85 9).

rad and room temperature (Figs. 5,

4) Araldite F cured with aromatic amines or anhydrides gives approximately
the same resultse. Amines give somewhat better results at higher temperatures
(Fige. 12).

5) The very often used CERN system for electrical applications, Araldite D +
HY951, is the least radiation resistant. Under atmospheric conditions, it has only

102 ohm cm at 6.8 x 10° rad (Fige 6).

6) Araldite B cured with HY906 is more radiation resistant than when cured
with HT901 (Fig. 14).

Dielectric constant e and dissipation factor (tgd)

1) For both irradiated and non-irradiated epoxies, the dielectric constant

decreases while the dissipation factor increases with increasing frequency.

2) The dielectric constant and dissipation factor are almost always higher
for the irradiated epoxies than for the non-irradiated ones. The differences,
however, are mostly not large. When large differences do occur in dissipation
factor at the lower frequencies in some systems (Figs. 25, 26, 28, 29, 30), these
are probably caused by radiation induced degradation, leading to mobile dipoles

which could follow the field at 102 - 1O5 Hz but not at higher frequenciese.

3) The dielectric constant and dissipation factor measured at room temperature
and at 50 Hz are relatively insensitive to radiation over a wide range of doses for

most of the systems studied.



-7 -

4) The dissipation factor at high frequencies is mostly higher in araldites

cured with amines than in those cured with anhydrides (compare Figs. 24 and 25).

5) The dielectric constant and dissipation factor for all resins increase with
temperatures For temperatures higher than the glass transition temperature (loss of
Van de Waals forces), the dependence of the dielectric constant and dissipation factor

was quite different from that af;temperatures below the glass transitions

6) The irradiated samples are more temperature sensistive than the unirradiated

onesa The sensitivity increases with the absorbed dose.

7 The large changes in araldite D + HY951 are certainly due to mechanical
damage of the specimen. An infinite dissipation factor is noted at a dose of
5 x 10° rad and 35°C.

8) Radiation resistant systems are :

araldite EPN 1.138 + HY905 + DY062
araldite EPN 1.138 + HT972
araldite X33%-1.020 + HT972
araldite F (CY205) + HT972

General conclusions

1) Significant changes are measured in the electric properties of organic

insulating materials as a function of nuclear radiation and temperature or frequency.

2) Results of the tests performed in this study have indicated that both cross-
linking and degradation are probably occurring in all of the systems studied, and the
latter appears to predominate in all systems at the highest doses investigated for

each composition.

Degradation first occurs in those parts of the polymer structure which are
the most mobile (free to move). Thus pendent groups, ends of long chains etc. will
break first. It should be noted that it is these "loose ends" which to a great
extent are responsible for the changes in electrical properties, (e.g. araldite D +
HY951).

3) Polyepoxides can be degraded at room temperature by nuclear radiation doses
of 2 x lO8 rad eeg. araldite D + HY951 but recently developed epoxy resins e.g. aral-
dite EPN 1.138 + HT972 are absolutely undamaged at 1 x 109 rade.

The same conclusion has already been reached by studying the mechanical

behaviour of epoxy resins in an irradiation field (2).

4) A1l resins, containing a high aromatic content and cured with an aromatic

amine or anhydride gave good radiation resistant materials.
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TABLE T

EPOXY RESIN SYSTEMS®

Chemical composition of epoxy resins

Cure Cycle

(100 - 40 phr)

a) Araldite F (CY205) + HT972 21/100°C
(100 - 27 phr)

b)  Araldite F (CY205) + HT976 3n/130°C + 8h/160°C
(100 - 35 phr)

¢) Araldite F (CY205) + HY905 5n/160°C
(100 - 100 phr)

d) Araldite B (CT200) + HT901 14h/140°C
(100 - 30 phr)

e) Araldite B (CT200)+ HY906 + X157/2426 4n/80°%C + 24h/14o°c
(100 - 35 - 3 phr)

f) Araldite D (CY230) + HY951 cured at room temperature
(100 - 10 phr) + 12h/50°C.

g) EPN 1.138 + HY905 + DY062 4h/80°C + 16n/140°C
(100 - 105 - 0,5 phr)

h) EPN 1.138 + HT972 4h/80°C + 10h/140°C
(100 - 34 phr)

i) X331.020 + HY905 + DY062 4h/80°C + 16n/140°C
(100 - 136 - 0,5 phr)

k)  X33-1.020 + HT972 4h/80°o + 10h/140°C

¥ Manufactured by CIBA A.G. -~ BASEL - SWITZERLAND
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TABLE ITIT

SURFACE RESISTIVITY

Resin Composition 1.21 x 107 rad 2475 X 107 rad
a) Araldite F (CY205) + HT9T2 2.5 x 10790 | 4.5 x 10%%0 1 x 10159
. 13
b) Araldite F (CY205) + HT976 1 x 107-°Q - -
1
c) Araldite F (CY205) + HY905 1.1 x 109 1 x 1072 6 x 10'1e
. 13 12 8
d) Araldite B (CT200) + HT901 1.7 x 1077Q 1x107Q 5 x 10 Q
12 12
e) Araldite B (CT200) + HY906 + X157/2.426 7 x 107°Q| Te5 x 10 Q -
. 12
f) Araldite D (CY23%0) + HY951 1.1 x 107°Q - -
. 12
g) Araldite EPN 1.138 + HY905 + DY062 9 x 107°Q - -
h) Araldite EPN 1.13%8 + HT972 1.1 x 10529 - -
i) Araldite X33-1.020 + HY905 + DY062 1.6 x 10520 - -
. 12
k) Araldite X33-1.020 + HT972 8 x 107°Q - -




(i ww«mmﬂﬂggw $IAAXD

I LIANION FLIAIISISTY

(J) 3WAivE3dREL 00z . ORI 0% on aniE T 08 05 e &

i Eane mwmm,; 3

,,,,,,

w B

lﬁwg%,

ROl ¥R e

Wewoi(ag) ANOMMLINAION BLALSISIH ~ ALALUSISIY INOI0A

PO Uy =PI DIpOIITUn

ZL6 IH * (S0TAD) 4 supmiy

ae




T STNOVN S SIRN0A3 SINISIH S0 MA0J JWNIVEIIIL SKIMOMLTWNTON SRS

%m@%a&;@%ﬁ il &%%gg SA ALIALISISIH. JWOION

yedawal o0z 0B oer oW o oom o0 o 09 e

:

ALIALSIS3E. INMOA

L

WHI0A. BLIALSISEY ~

ang

WawLAg

PN LOU = pIDIpIn T O

e ﬁﬂ;ﬁu amﬁmu% Hv e ey - , ,, : . | , : S Jlldw fana poe ww,w,w v

d




YN

> 30K

oREL

s

FErEE

b lelh SHTLYEE

§iok -

=H

ALLSISIN - ALIALSISSY. 3NN

504

Sy

'»‘;é} A ﬁ;;«g;ﬁ "y g

55 mmm,mmm%m

-~ PBIGO

Sige e GER BTl e e

et v

o

A

506

Sint




SE3I0VEY

- INIVEIINTT SA INOMLIANTOA 31 ATISIS a3

ViGYENL HO4 FNN SA ALIALISISTH IWATOA

2L 0oe o8l G8r %

s
B
=

H

Ho) 3UnLY

B

S35 AWTION

e
£
ALIALLSIS

e

Pt

e
BIsEE -

=

% L -

Bt
N
/
A4) AN0IHLINATON

s PBL GOLXGLT L e 4 b > f , e : Frrg

-

POLgOL ¥ 12T 1 9

A
W

JIPOIT UOY = PEDIPOIION T i X

o

1ot




A

# B
i
i
"
¢
R4
B
#
¥




GBIy

X0

iy

0%l

ik

24

ddial o 002

8

=Bt

wwmww

ult

gL

AN0IMLINOT0A FLIAILSISIY ~ ALIMISISTIY IWMOA

“(Ag

%z

wow

ih

50k

bt




- o e O e
: : (S - g I S SRS MY g T PEITIIRTIILIIIIN w
by o by 3 - B ) EoY
e B > s e i .
=
- S DR OE EIUE PERRG N R 4 SNA Y O SRS
UGN A SOHS SO 5 NS DINBIS SOy %
13 R S G FHe S e
AR DR S o B S
OO0 100 SRS A B O TG RO SRS TR DI LA s SRS RODSY
FLAE . A
e g v RS SR S b FO St o FOUE P e vevet g S
v RS M h b S bbl TILILIL bu SEEaL SEOAG Bid. R SRS o 5 1 b N RS S BEEES FETES i L g e B s e i SR e et Nane atiH




15183

PRI

2
St

who

P

o

5

&l

..

L

k.

£

i

AN0IHLIN T BLALLGISEN] - ALINLSIEEE SWNI0A

si0k =

it

Lol
s




ITERTL

g

BEEROA VI G



%3
i

§
- ia%ﬁ[ﬁ%

FABRATION Bi58E



pe i ? e iy

ER% S

S peebiy
ok BINEE e
Sl




FABEIIATION TIHELE

PRERE 0 {

st




Sadiovag J0AxD

FABAICA TN B

'
- ALIALISISTH. FNTI0A

yﬁ;;ﬁf

[ A
’f
/v
AlLBISEN

)/
ﬂs*“
@,,//
%
Ad  ANDILEHD

/
i
wo




Funio

: ALIALLS %ﬁjfy

A BLIALSE

AN0IYE WY

o




34
%“‘:‘j
s
&
i

SIFOVEYI SIOAXOII SINSI SIT UN0d FUNIVHIWIL SA INDIUIOTIINO INVISNOD 13 NOUVHISSIO HU H

U0

_HOLOVA!

£ o)

38y

b

ks

g

10V4 = HOLIVS HOIVHISETd

sl

NYISNOD DIE13319]

2o

PRI DEXGLZ

S pDE Bl X[

<

(0078 8117 NOYVAISSIO 30 4

%ém uﬁﬁmﬁmwmﬁ%

(437 ANBIELOFTIIO  IINVISHY

WM w _,,wmmm;mmww,m»wwww&m»

AONINDIES - THOS = IONINDIY




A

BRI

WNFLOVE | = MOLIVA NOIVHISSIA

VAISSIO 3

N
R
ok

81y NOIL

i

% §
Pl

%,

u??%”"fﬁﬁﬁ;?iﬁlﬁmﬁ et

{ﬂ’
LRI




i

51

&

wmmmm =

Ex,wmmwwé -

3

YISH

NIS3H

10

NYISNOD JI¥1D3

1

el

gniva

Jeiid

w

09

NOHYAISSIO

OIVAISSIO 30 9NI10VE = SOV NOILVEISS]

PO (Dl X G

R EEIOIp T

POL 01X 12

Ezf}i«?uiﬁ

J) 4 SHpRiy

T U3y INOELOTII0  FINVISNOD ~ INVISNOD I1g10313

AININOIYS = 7H

us

EhEWUELE

o
o




i

o) 3UNLYHIIN

WNII0VA = WOLOVA NOIVAISSI

INVISNOD JIH133T3K

L 2

OLLVAISSIO 3T

vvvvvv

'Tgm’f&?ﬁ%ﬂ 0 FINVISNOY -

%

1 *3)

AONINBIE:




PAGBRICATINN 1350



Gt

ot il i

Ty

wmmww&wmwséwmm{m&mgmma S SR




b ” o =
a0 - SHUAS 34 : i YisN qu%%m% =
NISIN  AXOd 10y 04 3SNIVEIJMIAL SA INVISNOD MIDFI30. ONY. H0LOVH: NOLIYAISSIE
(Qo) 3WNLVAZINIL  00Z opi 091 0%l (4§ 00k . o o o 0
B S R gby wm
- o
.y -
. g
/ 7S & x
L £ ¥ B[ B
\, ~ G
M XMWXX\\&; »,.M \% , WJ «ﬂm
T = e
= =
Eo- ¥
-
/ m "
%_ m . 2
/ & @
...... a4 m,
= G =
0 e
W.S -
mwmrw mww SRVIR DU SR LS FURES RRRUEURSES SHRPY SRRCE GRS EEGRY SPSEH Sl Rths ERRES TNt EEELS FEERE RREEE EECEE EON W i ,.1“4 ,
JIPOL| UOU = paIsipolaun
m , 5 , H il o
746 TH* 8El1 Nd3 sppioty SEEfEa B
i :
KONISIGS = ZHOS = FONIN0IES e




ekl

ool

UNIIOVE = BOLIY NOTIVIISS]

3

OIIYaISS

045 0LX

(017 g 61

SIpoIIuny

~ patnipoaun

(*3) INBIELOTIIA FINVISNGT = INVISNOD DI

Z90AO+

506 AH * BELL

Ao

gy

wH

N3

GERE




PR

o + vy

s ik, S .

SIS S Sa

s £ ¥
o H 5 i
i g iEi1 e
i bR wit
i
i R A i F il o e ok
X o & IR RIS S
" 4 TR :
. . H it et
Eane el EE ERa . i
. g o $g #
il H 3
i S
S




30 E

NolivaissId

HOLOWd

1Y

s

T g

OilvdissIa 30 ¥

ol

ﬁw%n«mmwwk Lz m

"3 3INOLDETTII0 IINVESNOY = INVISNOD ID1MII3T3Ig

Sl pRi e e

u

e e :

INVIEWY S8NIVEIEWIL = 38N YIIWTL WOOS

g







S30AX0dd

JINVISNOO w&&m% YdISSIO.

30 BNV

NS

- galviavas

2

SRS

HHI0I1A0. ONY. . N

M

s
&

063

33731

0Lovd NOIvaIssTd

P

34

q0HNILOVE S

: g

wff

NOLIYdIgR

s

PO DL X GL2Z

37 3NOYLOITEIC AINVISNOD = INVISNOD 01

raea

i’.l

CpETIpO LN

ub

10 JUPIoIY

JINVIGRY

wﬁmmﬁzw»

FUMIVEIINIL

WOO




FagraOaiiing Huihng




= m

Brd

-~ sI3OVE

s3SI S30° BI04 IININOIYS SK INOWL

,,,,,

1Al

it

nFIN < O3S OIS

m

A

g

1) NOILYAISST

P
»?é”‘

: 3y '%ﬁ&&gw'; 0 FINVISNOI = INVISNOD OTHII3TIIC




3

kadd

SINSIY SH0 W04 IININBIWS SK INDMIDITIT FLNVISNOD

T3 NOIVAISSIa

1310 Ny

IV

i
H

[£3]

';4{;@2

- IR

OilvdiSsIa 30

Gigt

t*37 3not (;33#:»39{3‘ JINVISNDY = INVISNOD J1H13373

guITuo

BE

GWY IENIVHIINIL = 38

nivdagdnal




og Bid

EE e

NI SA INDIEIDITEI0 SINVISROS 13 NOUVJISSIO 30 80310vd

AJNAONP3H SA INVISNOD JIMID

i'ﬁ i

’7 Ivdisait

MOLoYd

v

0 dnals

= INVIS

B3

(OILVH IS5

10 FINVISND
Sy
&

A

3

<
:




	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

