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ABSTRACT Various kinds of polymers are used for electrical insulation in nuclear power plants. They
are subjected to thermal and radioactive stresses, depending on their locations. They are also subjected
to high-temperature steam in the event of an accident. Regarding this, sheets of flame-retardant cross-
linked polyethylene (FR-XLPE) were subjected to heat, gamma-rays, and steam exposure, and their infrared
absorption spectra, stress-strain relations, indenter moduli, and permittivity spectra were measured. As a
result, the following findings are clarified. The oxidation of FR-XLPE occurs more actively by the gamma-
ray irradiation of 250 kGy at 100 °C and 0.1 kGy/h than that of 800 kGy at 25 °C and 10 kGy/h. This result
indicates that the low dose rate at the high temperature enhances the diffusion of oxygen into the sample.
On the other hand, oxidation and cross-linking proceed at the high dose rate. Such oxidation and cross-linking
make FR-XLPE hardened by the formation of three-dimensional structures. Although the charge transport
is significantly promoted by the steam exposure at 220 °C, this promotion is suppressed if cross-linked
structures were formed beforehand by the prior irradiation with gamma rays.

INDEX TERMS Aging, gamma rays, insulating polymer, mitigation, nuclear power plant, steam exposure.

I. INTRODUCTION

Polymers are used for various purposes in many industrial
facilities. They are also used in nuclear power plants (NPPs)
for electrical insulation in cables and electrical apparatus and
airtight sealing in electrical penetrations. Those in NPPs are
subjected to radioactive rays and heat, depending on their
locations in a NPP. If an accident occurs, such polymers
may also suffer high-temperature steam exposure. However,
organic polymers like polyethylene and inorganic ones like
silicone rubber are relatively easy to deteriorate in such
adverse environments. Therefore, we must clarify the behav-
ior of polymers when exposed to the above three stresses.

In many countries, including Japan, once electric cables or
electrical penetrations for use in NPPs acquired type approval
at the time of laying, they are judged to be usable for each
specified operation period without receiving any reliable
inspection. Many NPPs in the world began operation in the
1970s. Regarding this, in the mid-2000s, the degradation
of polymeric insulation in cables and penetrations became
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a concern of nuclear regulatory authorities in each country
because the end of the initial operation periods of NPPs was
approaching [1]. From such a background, recently, large-
scale research on polymeric insulating materials for use in
NPPs has been conducted at least in Europe, the USA, and
Japan. In Europe, the University of Bologna has been play-
ing a leading role in a project called “European Tools and
Methodologies for an efficient ageing management of nuclear
power plant Cables (Team Cables)” [2], [3], while “Light
Water Reactor Sustainability (LWRS) Program” organized
by the US DOE has been carried out by many institutes such
as Pacific Northwest National Laboratory [4], [5].

Much research has also been carried out in Japan
to examine the degradation behavior of various insulat-
ing polymers such as silicone rubber (SiR), soft epoxy
resin (SE), flame-retardant ethylene-propylene-diene rub-
ber (FR-EPDM), flame-retardant cross-linked polyolefin
(FR-XLPO), non-flame-retardant cross-linked polyethylene
(NFR-XLPE), and flame-retardant cross-linked polyethylene
(FR-XLPE) in a project entrusted by the Nuclear Regulation
Authority in Japan [6]-[17]. Here, NFR-XLPE and FR-XLPE
are used in both pressurized-water type and boiling-water
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type NPPs, in Japan, depending on the purpose of each cable.
We have not reported in the form of a refereed paper about
the degradation behavior of FR-XLPE placed in a simulated
severe accident (SA) environment of NPPs. Regarding this,
we describe the above topic in this paper.

Il. EXPERIMENTAL METHODS

The samples examined in this research are FR-XLPE, made
by a Japanese manufacturing company of boiling-water type
NPP-related goods, using the same original materials with
the same process. They exhibit the same quality as those
used for the electrical insulation of safety-related cables in
a boiling-water type NPP in Japan. Unless otherwise men-
tioned, they are in the shape of a sheet with a thickness
between 0.5 and 1.0 mm and a size suitable for each mea-
surement. We combined heat, irradiation with ®°Co gamma
rays, and exposure to high-temperature steam containing no
oxygens as an aging treatment given to each sample sheet.
Their combinations, listed in Table 1, were determined by
referring to the most severe accident conditions envisioned in
arestart review of a NPP in Japan [18]. More in detail, 155 °C
is an assumed highest temperature during a severe accident,
whereas 220 °C was chosen as a temperature higher than the
design limit temperature of the containment vessel of a NPP.

In Table 1, C denotes accelerated irradiation for simulating
the normal operation of a NPP for 40 years. In addition, R and
S represent the simulated gamma-ray irradiation and steam
exposure during a SA, respectively. If necessary, we distin-
guish the temperature and pressure of the steam by adding
1 and 2 to the letter S. In a possible SA, C and S occur
simultaneously. However, it is difficult in experiments to
provide them simultaneously to a sample sheet. Therefore,
S1 or S2 always follows C when we simulate a SA. Relating
to this, the sheet subjected to C and S1 in this order is called
CS1. Likewise, sample CRS1 denotes that the sample sheet
was subjected to C, R, and S1 in this order.

For pristine unaged sample sheets, several chemical
analyses were conducted to obtain information about the
compositions of the present FR-XLPE. In addition, for sam-
ple sheets before and after the above irradiation or steam
exposure or their combination, we measure Fourier transform
mid-infrared absorption (FT-MIR) spectra in an attenuated
total reflection (ATR) mode at wave numbers from 600 to
4000 cm~! using a spectrometer (FT/IR-4200, JASCO) at
room temperature.

As a principal measurement method, we carried out a ten-
sile test at room temperature in air to measure the elongation
at break (EAB) and the tensile strength (TS). For this purpose,
a dumbbell-shaped sample sheet was cut from an unaged
sheet. Then the above irradiation, steam exposure, or their
combination was given to the sheet. Here, EAB and TS were
measured as specified by a Japanese industrial standard [19]
at a tensile speed of 500 mm/min using a universal tester
(5565, Instron).

In addition, we measured the indenter modulus (IM) at
room temperature in air to examine the surface hardness
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TABLE 1. Samples and aging conditions of FR-XLPE.

Irradiation Steam Exposure
Name T° DR® TD¢ T P¢ D° Sy
°C  kGy/h kGy °C MPaG Day

18] - - - - - - o
C 100 0.1 250 -- - -- A
R 25 10 800 - -- -- a]
CR - - 1050 - -- -- A
Sl -- -- -- 155 0.44 7 °
S2 - - - 220 0.62 7 °
RS1 25 10 800 155 0.44 7 [ ]
RS2 25 10 800 220 0.62 7 u
CRS1 - - 1050 155 0.44 7 ®
CRS2 -- -- 1050 220 0.62 7 L

°T: Temperature, "DR: Dose Rate, °TD: Total Dose, ‘P: Pressure, °D:
Duration, 'Sy: Symbol

using an indenter (IM-INSS III, Tobusa Systems) equipped
with a needle with a tip diameter of 0.79 mm. Here, IM in
N/mm is defined as a pushing force needed to push the needle
by 1.0 mm deeper into the sample surface at a speed of
0.080 mm/s when the pushing force is in a range from 1.0 to
4.0 N [20].

Furthermore, the real and imaginary parts of complex rel-
ative permittivity, or the relative dielectric constant &’ and
dielectric loss factor 8;/ , were measured for a sample sheet in
the shape of a square of 4 cm x 4 cm. A circular aluminum
electrode with a diameter of 20 mm was attached to each
surface with silicone oil. The measurement was carried out
at various temperatures from 25 to 200 °C at intervals of
25 °C in a vacuum by applying an ac 3 V at frequencies from
1072 to 10° Hz using an impedance analyzer (SI126096W,
Solartron).

IIl. RESULTS
A. INSTRUMENTAL ANALYSES
Although we cannot disclose all the results of our instrumen-
tal analyses due to the non-disclosure agreement, we found
that the present FR-XLPE contains ethylene-bis(tetrabromo-
phthalimide) (EBTBPI) and Sb, O3 as flame retardants. It also
contains talc as an inorganic filler. These additives seem not
peculiar to the present samples since we often found them
in ordinary NFR-XLPE or FR-XLPE. We also found in the
present FR-XLPE several points different from NFR-XLPE.
First, it is black and completely opaque. This is a clear differ-
ence from the ordinary colorless and transparent NFR-XLPE
[8], which is also used in NPPs for electrical insulation.
Secondly, it is much softer than NFR-XLPE, as will be
revealed later in this paper. The reason for these points is
that FR-XLPE contains some rubber, although we could not
identify its composition. In this regard, we had better consider
that FR-XLPE is a kind of compound of XLPE and rubber.
As three typical examples of the FT-MIR spectra exhibiting
significant changes compared to the undegraded sample U,
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FIGURE 1. FT-MIR absorption spectra normalized by the absorbance at
1020 cm~! in wave number ranges from 1500 to 1800 cm~! (a) and
2800 to 3000 cm~ (b). U ( ), CR (= = =), CRS1 (= ==), and

CRS2 (= —).

those obtained for samples CR, CRS1, and CRS2 are shown.
Here, Figs. 1(a) and 1(b) are the spectra in wave number
ranges from 1500 to 1800 cm~! and 2800 to 3000 cm™!,
respectively. Each spectrum is the average of two spectra
measured at two points on the surface of the same sample
sheet and its intensity was normalized by the intensity at
1020 cm™~! due to talc included in the sample as an additive
[21]. The absorption at 2848 cm~! and that at 2917 cm™!
are due to the symmetric and asymmetric vibrations of CHj,
respectively [22], while the absorption at 1709 cm ™! and that
at 1735 cm™! are both due to carbonyl groups; in carboxylic
acid and carboxylic acid ester, respectively [23]. To confirm
the abundance of carbonyl groups generated by the oxidation,
the area below the straight line connecting the absorption
at 1500 cm~! and that at 1800 cm™! was subtracted as
the base absorption from each spectral waveform, and then
the remaining waveform was separated by assuming several
Lorentz functions. As a result, we obtained the absorption
component with a peak at 1709 cm™! and the one with a peak
at 1735 cm™!. By assuming that the two components are due
to carbonyl groups [23], the sum of their whole areas was
calculated as the integrated abundance of carbonyl groups.
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FIGURE 2. Normalized integrated absorption of carbonyl groups
measured by FT-MIR. U (o), C (), R (), CR (), S1 (s), S2 (s), RS (a),
RS2 (w), CRS1 (@), and CRS2 (®).

Fig. 2 shows the resultantly obtained sample depen-
dence of the normalized intensity of integrated absorption
due to carbonyl groups. Compared with the undegraded
sample U, the normalized intensity becomes high in sam-
ple R irradiated to 800 kGy under the condition of room
temperature and high-dose-rate. It becomes much higher
in sample C irradiated to 250 kGy under the condition of
high temperature and low dose rate and even much higher
in sample CR irradiated to 1050 kGy under the conditions
of high-temperature/low-dose-rate and subsequently room-
temperature/high-dose-rate. The fact that the normalized
intensity becomes higher by the irradiation of 250 kGy at
100 °C and 0.1 kGy/h in sample C than that of 800 kGy at
25 °C and 10 kGy/h in sample R indicates that the oxidation
induced by the gamma-ray irradiation is enhanced more at a
high temperature and a low dose rate.

On the other hand, the intensity of normalized integrated
absorption due to carbonyl groups becomes significantly
lower in sample S2 exposed only to steam at 220 °C.
It also becomes low in samples RS1, CRS1, RS2, and CRS2,
exposed to steam after the gamma-ray irradiation compared to
the intensity of each prior sample before the steam exposure.

Next, in order to examine the abundance of the methylene
groups, the area below the straight line connecting the absorp-
tion at 2800 cm~! and that at 3000 cm~! was subtracted as
the base absorption from each spectral waveform, and the
sum of the whole areas of the absorption components with
peaks at 2848 and 2917 cm~! was calculated as the integrated
abundance of methylene groups [22]. As shown in Fig. 3,
the abundance of methylene groups is scarcely affected by
the gamma-ray irradiation C, R, and CR, or by the steam
exposure S2 at 220 °C. On the other hand, it decreases in sam-
ples S1, RS1, and CRS1 exposed to steam at 155 °C without
or with the prior gamma-ray irradiation. It also decreases in
samples RS2 and CRS2 exposed to steam at 220 °C with the
prior gamma-ray irradiation.

B. MECHANICAL PROPERTIES
When we do a tensile test, a stress-strain (S-S) curve, tak-
ing the stress on an ordinate and the strain on an abscissa,
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FIGURE 3. Normalized integrated absorption of methylene groups
measured by FT-MIR. As for the sample symbols, refer to Table 1
or Figure 2.
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FIGURE 4. Changes in elongation at break of FR-XLPE measured for
various samples. As for the sample symbols, refer to Table 1 or Figure 2.

is drawn. While EAB is defined as the ratio of the length
after the elongation to the initial unstretched one, the stress
at the time of break is referred to as TS. Fig. 4 shows the
average, represented by the symbol, and the standard devi-
ation, represented by the vertical bar, of EAB obtained by
measuring five to six S-S curves for each sample. In several
cases, the bar is smaller than the size of the symbol. While
EAB is slightly reduced by the steam exposure at 220 °C
(S2), it is significantly reduced by the gamma-ray irradiation.
Namely, it decreases to about 0.4 times the initial EAB by
irradiation C and less than 0.1 times by irradiation R and CR.
Therefore, there is almost no room for the changes in EAB
by the subsequent steam exposure.

Fig. 5 shows TS of each sample obtained from the tensile
test. Similar to Fig. 4, the symbol and vertical bar represent
the average and standard deviation, respectively. Overall,
TS exhibits similar trends to EAB. As for the effects of
gamma-ray irradiation, TS is almost the same between the
condition of high temperature and low dose rate (C) and that
of room temperature and high dose rate (R), while EAB is
decreased more significantly by R than by C.

Fig. 6 shows the average and the standard deviation of
IM measured in various samples. Here, as mentioned in
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FIGURE 5. Changes in tensile strength of FR-XLPE measured for various
samples. As for the sample symbols, refer to Table 1 or Figure 2.
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FIGURE 6. Changes in indenter modulus of FR-XLPE measured for various
samples. As for the sample symbols, refer to Table 1 or Figure 2.

Section II, IM is a parameter that indicates the hardness of the
surface of a sample because it is the slope of the force applied
to an indenting needle with respect to the indented depth.
IM increases in sample C irradiated at the high temperature
with the low dose rate, while it increases more significantly
in sample CR irradiated first in the same manner as sample C
and then further at room temperature with the high dose rate.
The irradiation R at room temperature with the high dose rate
also increases IM, although not significantly. This is also the
case in the steam exposure S1 at 155 °C and S2 at 220 °C.
On the other hand, samples CRS1, CRS2, RS1, and RS2
subjected to steam exposure after the gamma-ray irradiation
have lower IM values than the corresponding values before
the steam exposure.

C. COMPLEX PERMITTIVITY
We measured &’ and & of all the samples in a wide fre-
quency range from 1072 to 10° Hz in a wide temperature
range from 25 to 150 °C at intervals of 25 °C. However,
to save space, we show only the results measured for samples
U, S2, and CR2 in Fig. 7 as three typical examples.

In sample U shown in Fig. 7(a) and sample CRS2 shown
in Fig. 7(c), &’ increases monotonically as the measurement

62167



IEEE Access

Y. Ohki and N. Hirai: Degradation of FR-XLPE Caused by Heat, Gamma-Rays, and Steam

. 42 _ 140 at
Wl W -
> 4 2120 > 12
= 3.8p = £ g
-53'6 Z 100} Z 10} »
= 3.6r = =
> 80F >
§3.4L‘4»> § . £ sk
L 2 ool -
o 7 bed o : o 6F >
=z 3l Hluuu!lllg H LI TTTTrrem 2 40, o*:44 2 W
= ’“i N R SR = 214
S 2.8} BRI 3 200 S A
;‘g . PR é . I’_ﬂlm é) lnnn....*nnuwuu»”;“
6 " b SE e

10 10-1 100 101 102 103 10* 10°

1072 101 10° 10" 10* 10° 10* 10°

102 10" 10° 10" 10> 10° 10* 10°

Frequency (Hz) Frequency (Hz) Frequency (Hz)
(a1) Real part (b1) Real part (c1) Real part
. 107 10%; . 10°
~ ~
5 10"} Y1020 s 10%
> > = LI94'S =t >
> = oop ¢ 3] >
3 A S . 'b:‘u < <"
<100 E 10"} e, Tl o100
A <’ " 2,13 4 A 2
172) < >> w LI o..<4« w << >
= W<, 2 .., b..;q . ° <",>
o 107 fatees iy, o 10°¢ IR T o 10°F N
= . .o $317 = - 11442 P9 - Oy
= L Cool it ™arun = . corts =) <>
>4 LFLEPMCH H Pl gt e £ 1 - Taaggttecty] B ®oe, A
2 = ==Hgge > Q9 "ante SELI T LT Thrany
210 st . | 2101 L1077 E "traag toee BSLITTS
2 5 2 S L T 1
'5 a 5 '--..’nn..w_ Py

0-3 n n n n L L
10% 107 10° 10" 10* 10° 10* 10°

Frequency (Hz)
(a2) Imaginary part

107 R —
102 10" 10° 10!

10> 10° 10* 10°
Frequency (Hz)
(b2) Imaginary part

0—2 "
10 107! 10" 101

102 103 10“ 10°
Frequency (Hz)
(c2) Imaginary part

(a) Unaged (U) (b) Exposed to steam at 220 °C (S2) (c) Concurrently aged by heat and radiation

and exposed to steam at 220 °C (CRS2)

FIGURE 7. Complex permittivity of the unaged sample U (a), S2 exposed to steam at 220 °C (b), and CRS2, concurrently aged by heat and radiation
under two conditions and exposed to steam at 220 °C (c), as a function of frequency. 25 (s), 50 (=), 75 ("), 100 (V), 125 (<), and 150 °C ().

temperature rises at frequencies lower than sample-dependent
frequencies, whereas it decreases monotonically at frequen-
cies higher than the above frequencies. On the other hand,

29
Er

increases in these two samples monotonically in nearly

the whole frequency range as the measurement temperature
rises. The above changes are slightly different in sample S2
shown in Fig. 7(b). That is, both &’ and & increase at
all frequencies as the measurement temperature rises in a
temperature range up to 75 °C, but when the measurement
temperature reaches 100 °C or higher, they decrease as mea-
surement temperature increases.

However, regarding the increase in &;’ and &,

seen in the

low-frequency range, &’ increases up to 4.0 at 0.01 Hz in
the undegraded sample U shown in Fig 7(a) and 13 in CRS2

shown in Fig 7(c). Similarly, &’

)

increases to 10 and 102

at 0.01 Hz in samples U and CRS2, respectively. However,
the corresponding increases are more obvious in sample S2

shown in

Fig. 7(b). That is, & and &

increase to 120 and

103 at 0.01 Hz, respectively, at 75 °C, where they become

highest.

At such a low frequency of 0.01 Hz, ¢;” and &.”

are not

narrowly defined by basic dielectric phenomena such as elec-
tronic, atomic, and dipolar orientation polarization. Instead,
they are affected by the transport of the movable electric
charge carriers in the sample [24]-[27]. That is, &’ increases
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accordingly if carriers accumulate and form a heterocharge
layer in front of (an) electrode(s). This type of polarization
is recently called electrode polarization [25], [27]. On the
other hand, Joule heat generates with the transport of charge
carriers in a dielectric, which increases &, of the dielectric.
In this case, the resultant increase in &, is known to be
reciprocally proportional to the frequency of the applied volt-
age [25], [27]. The frequency dependence of &;”’, shown in
Figs. 7(a2), 7(b2), and 7(c2), satisfies this relation, although it
is limited to the regions near the lowest frequency and highest
& Therefore, Figs. 7(b1) and 7(b2) indicate that the carrier
transport is highly accelerated in sample S2 exposed to steam
at 220 °C. It seems that moisture or some ionic species related
to steam exposure would be responsible for the acceleration
of carrier transport.

Next, ;" and &;” of each sample measured at 150 °C and
0.01 Hz are shown in Fig. 8. The acceleration of carrier trans-
port in sample S2 is clearly reconfirmed. In addition, if we
compare &’ and &~ between samples S1 and S2 exposed
only to steam of two different temperatures, it is clear that
the effect of steam exposure on the transport behavior of
charge carriers is very different between 155 and 220 °C.
Moreover, if we pay attention to &  and & of sample S2
exposed to steam of 220 °C and those of the samples RS2
and CRS2 exposed to steam after gamma-ray irradiation,
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FIGURE 8. Changes in ¢’ (a) and &” (b) at 150 °C and 0.01 Hz by the aging. As for the sample symbols, refer to Table 1 or

Figure 2.

both ¢;” and &;” are lower in samples RS2 and CRS2 than
in sample S2. The acceleration of carrier transport seems
to be suppressed in samples RS2 and CRS2 compared to
sample S2. For an insulating polymer like FR-XLPE, the
acceleration of carrier transport is the degradation of its
dielectric property. Regarding this, the above suppression of
carrier transport is a kind of mitigation of degradation by the
gamma rays irradiated before the steam exposure.

IV. DISCUSSION

A. INCLUSION OF RUBBER

As mentioned, we cannot show direct proof of the inclusion of
arubbery additive in the samples. However, the results shown
in Figs. 4 and 6 indicate the presence of the rubbery additive in
FR-XLPE. Namely, the EAB value of the undegraded sample
U, about 670%, is much higher than 300% measured in an
undegraded NFR-XLPE sample using the same experimental
apparatus [7]. In addition, while IM, an indicator of sur-
face hardness, is about 20 N/mm in sample U, it is about
110 N/mm in undegraded NFR-XLPE [7]. Such high EAB
and low IM indicate that FR-XLPE contains a stretchable and
soft rubber.

In Fig. 7, &’ of sample U at a commercial frequency of
60 Hz at 25 °C is around 3.1, which is much higher than
that of 2.1 or 2.5 measured in an undegraded NFR-XLPE [7],
[8]. Similarly, &;” of sample U at 60 Hz and 25 °C shown in
Fig. 7 is much higher than that measured in the undegraded
NFR-XLPE [7], [8]. These facts also indicate that FR-XLPE
contains rubber.

In the case of high-temperature steam exposure S2 at
220 °C without prior irradiation, the normalized integrated
absorption due to carbonyl groups decreases compared to
sample U, as shown in Fig. 2. Here, carbonyl groups are usu-
ally not present in pristine NFR-XLPE, as confirmed in our
previous research [7], [8]. On the other hand, carbonyl groups
are seen abundantly in pristine FR-EPDM [10]. Considering
these results, the reason for the appearance of carbonyl groups
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in sample U seems to be due to the presence of rubber in the
sample.

B. EFFECTS OF GAMMA RAYS

The ordinate of Fig. 2 represents the absorption due to car-
bonyl groups normalized by that due to talc. Since inorganic
talc is insensitive to heat, gamma-ray radiation, and steam, its
absorption is often used as a reference in FI-MIR measure-
ments. Fig. 2 indicates that the number of carbonyl groups
increases by the gamma-ray irradiation C, R, and CR. Here,
NFR-XLPE is known to be oxidized when it is irradiated
with gamma rays in the presence of oxygen [7], [8], [23].
Fig. 2 also indicates that the oxidation proceeds significantly
by the irradiation C at the high temperature of 100 °C and
the low dose rate of 0.1 kGy/h when we consider that the
total dose is much lower in C than in R. High temperature
facilitates the diffusion of oxygens from the surface to the
inside of a sample, and the low dose rate ensures sufficient
time for oxygens to move. For these reasons, the oxidative
reaction seems to proceed more by the irradiation C.

As shown in Figs. 4 to 6, EAB and TS become lower,
and IM becomes higher by the gamma-ray irradiation. If we
compare the effects of the irradiation R at room temperature
with the high dose rate and the irradiation C at the high
temperature with the low dose rate, R brings about the larger
decline of EAB than C, as shown in Fig. 4, and the lower IM,
as shown in Fig. 6, although R and C bring about similar TS
values as shown in Fig. 5.

It has been reported that XLPE becomes hardened, and
its amorphous parts are cross-linked when it is irradiated
with gamma rays. It has also been reported that its dielectric
constant and dielectric loss factor slightly increase [7], [8],
[28]. Taking this into account, it can be assumed that both
cross-linking and oxidation occur in the present samples
when irradiated with gamma rays. The irradiation R has a
lower irradiation temperature, a higher dose rate, and a higher
total dose than the irradiation C. Oxygen is less likely to
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diffuse into the sample due to the low temperature and high
dose rate in the irradiation R compared to the irradiation
C. Therefore, oxidation would not proceed so much by the
irradiation R, as proved by the results shown in Fig. 2. This,
in turn, indicates that, in the irradiation R, cross-linking
occurs more dominantly than oxidation, especially inside the
sample. Since cross-linked parts become hardened and are
not stretchable, sample R exhibits very low EAB. However,
oxidation must be dominant at its surface since air is always
present near the surface during irradiation. As a result, the
surface cross-linking did not proceed so much in sample
R, remaining its IM at a relatively low value, as shown
in Fig. 6.

C. SYNERGISM OF RADIATION AND STEAM

The present results indicate that the mechanism of degra-
dation induced by the exposure to steam with no air or
oxygen (S) differs significantly depending on the steam tem-
perature and the presence or absence of prior irradiation
before the steam exposure. In the case of steam exposure S1
at 155 °C without prior irradiation, the obvious change is only
the decrease in methylene groups shown in Fig. 3, and scarce
changes are seen in Figs. 2, 4 to 6, and 8 as for the carbonyl
groups and mechanical or dielectric properties. The decrease
in methylene groups seems to reflect the progress of both
oxidation and cross-linking.

In ordinary olefinic polymers like PE or XLPE, oxidation
occurs dominantly if the polymer is irradiated with gamma
rays when oxygen is present sufficiently while cross-linking
becomes dominant when oxygen supply is poor [29]. In other
words, oxygen acts as a suppressor of cross-linking in olefinic
polymers. However, to promote cross-linking of rubber,
we add sulfur in the process called vulcanization. That is,
cross-linking of rubber is also formed via a third element such
as sulfur in the case of vulcanization. Oxygen can work as a
third element of cross-linking in the case of rubber, such as
silicone rubber [12], [30]. Since the present FR-XLPE con-
tains rubber, we assume that both cross-linking and oxidation
occur simultaneously in the present samples.

Although the steam exposure S1 at 155 °C alone does
not worsen the mechanical properties so much, if gamma-
ray irradiation was given beforehand, it worsens the prop-
erties of RS1 and CRSI1, as shown in Figs. 4 and 5.
If we watch Fig. 6 together, we have recognized that the
gamma-ray irradiation C, R, or CR makes FR-XLPE hard-
ened and that the subsequent steam makes it embrittled.
We have already observed a similar result in NFR-XLPE [17].
As we mentioned above, gamma-ray irradiation enhances
cross-linking and oxidation, depending on the irradiation
condition [29]. In the case of cross-linking, the formation of
three-dimensional structures makes the sample hard. On the
other hand, the formation of polar carbonyl groups enhances
the Coulombic forces between chemical chains, which also
makes the sample hard [9], [10]. The hardening induced by
thermal or radiation aging is popularly observed in many
insulating polymers, as demonstrated by the fact that EAB
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and IM are widely used to monitor the degradation of such
polymers [20], [31].

As indicated by the results shown in Figs. 2 and 3, in the
samples RS1, RS2, CRS1, and CRS2 that were experienced
steam exposure after gamma-ray irradiation, the carbonyl
groups generated by the prior irradiation are reduced, and
the methylene groups initially present are also significantly
reduced by the successive steam exposure, regardless of the
temperature of the steam. This indicates that molecular chain
breakage occurs in FR-XLPE due to steam exposure, and the
sample becomes embrittled.

D. MITIGATION OF DIELECTRIC DEGRADATION

As mentioned in the previous section, &’ and &’ at low
frequencies like the data below 1.0 Hz, shown in Figs. 7 and 8,
are not ascribed to dielectric polarization in its narrow
sense, but they are affected by the transport of charge car-
riers [24]-[27]. Although the metallic band conduction of
electronic carriers in conductors depends negatively on the
measurement temperature, the electric conduction in poly-
mers is, regardless of whether it is electronic or ionic, gen-
erally dominated by a thermal activation process. Therefore,
the positive dependence of ¢, and & on the measurement
temperature is reasonable, as in the case of our previous report
on NFR-XLPE [7].

Here, Fig. 7 shows that the thermally activated values of
&’ and & are much higher in S2 than in the other two
samples. The thermal activation of ¢;” and &, is suppressed
in CRS2 compared to S2 in Fig. 7. Similarly, as shown
in Fig. 8, the high-temperature steam exposure of S2 at
220 °C increases the values of &’ and &~ measured at
150 °C and 0.01 Hz significantly, meaning that S2 enhances
the electric conduction so much under the above condi-
tion. However, when the sample was irradiated with gamma
rays before the steam exposure at 220 °C, the elevation of
&’ and & is suppressed, as demonstrated by the results
of samples RS2 and CRS2 shown in Fig. 8. If we watch
Figs. 4 and 5, it is clear that samples RS2 and CRS2 have
severely deteriorated mechanically and become embrittled
compared to S2. That is, although the sequential irradiation
with gamma rays and high-temperature exposure to steam
degrade FR-XLPE mechanically, the former prior gamma-ray
irradiation mitigates the dielectric deterioration induced by
the latter high-temperature steam exposure.

The mitigation of degradation is not limited to FR-XLPE
but is also seen in many polymers. Of course, the effect of pre-
irradiation with gamma rays on the subsequent degradation
induced by steam is largely dependent on each polymer. In the
case of silicone rubber, prior gamma-ray irradiation can mit-
igate the hydrolysis induced by the subsequent steam expo-
sure [12]. Similar mitigation occurs in soft epoxy resin [16].
The formation of three-dimensional cross-linked structures
induced by the pre-irradiation of gamma rays decelerates
the embrittlement or hydrolysis caused by the subsequent
steam exposure in silicone rubber and soft epoxy resin [12],
[16]. In the case of FR-XLPE, three-dimensional cross-linked
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structures seem to suppress the transport of charge carriers.
This is reasonable since electric conduction in polymers is
enhanced significantly as the polymer becomes softer in its
rubbery state at a temperature higher than its glass transition
temperature [25]-[27].

However, the mitigation of degradation in the opposite
direction appears in FR-EPDM. Namely, FR-EPDM becomes
embrittled by the irradiation with gamma rays, and sub-
sequent exposure to high-temperature steam alleviates the
embrittle-ment induced by the irradiation [32]. In other
words, the degradation of insulating polymers caused in harsh
environments and its mitigation vary significantly from one
polymer to another. Concerning this, it is desirable that the
findings acquired in the present research will lead to the
enactment and revision of future nuclear regulations based
on even more scientific knowledge.

Lastly, we have already investigated the effects of pure
thermal treatment on the present FR-XLPE [6]. Hence, if we
can compare these and the present results with those of
the samples purely thermally aged and successively steam
exposed without being subjected to the gamma-ray irra-
diation, we would be able to obtain valuable information
about the degradation mechanism of FR-XLPE. In addition,
we mainly paid attention to mechanical properties in the
present research since its theme is the degradation of low-
voltage cables used in NPPs. However, it is generally consid-
ered that high-field phenomena such as dielectric breakdown
strength and electrical treeing must also be clarified for insu-
lating polymers like XLPE. We hope we can do such research
as future subjects.

V. CONCLUSION

For obtaining information on the degradation behavior of
FR-XLPE, used for electrical insulation in electric cables in
NPPs, its sheets were irradiated with gamma rays in two con-
ditions. One condition, C, was the irradiation to a total dose
of 250 kGy at a high temperature of 100 °C with a low dose
rate of 0.1 kGy/h, which simulated accelerated aging during
the normal operation of a NPP, while the other condition, R,
was to 800 kGy at room temperature with a high dose rate
of 10 kGy/h, which simulated a severe accident environment.
The sheets were also exposed to steam exposure at a tem-
perature of 155 or 200 °C. The effects of such irradiation
and steam exposure on the chemical structure, mechanical
properties, and dielectric properties were investigated.

As a result, oxidation proceeds, and the sample becomes
hardened when irradiated in condition C, while oxidation and
cross-linking proceed in condition R. Furthermore, regard-
ing the steam exposure, the degradation mechanism differs
depending on the steam temperature. The presence or absence
of prior irradiation with gamma rays exerts a big effect on
the degradation. Namely, charge transport is significantly
promoted by the high-temperature steam exposure, but if
cross-linked structures were formed by the prior irradiation
with gamma rays, the charge transport due to subsequent
high-temperature steam exposure is suppressed. This means
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that prior irradiation with gamma rays mitigates the dielectric
degradation.
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