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            The characteristic changes and the aging behavior of low density polyethylene and fiame

          retardant low corrosive polyvinyl chloride materials, aged by heat and radiation, have been

          examined. For polyethylene, it has been verified that the degradation in heat aging is
          mainly caused by the oxidation of polymers and that the degradation in radiation aging is

          mainly due to the cross-linking of polymers by gamma rays. For flame retardant low cor-
          rosive polyvinyl chloride, it has been found that the degradation in heat, aging is mainly

          caused by the' volatilizing of plasticizer, and that the degradation in radiation,aging is

          mainly caused by the changes of polymer structure. ,

                 1. Introduction

            '
  More than 30 years have passed since the nuclear

power plant started its operation in Japan, and pres-

ently there is a trend to investigate the degradation

level of cable materials in the actual field and to re

flect the results on the future cable design for longer

lifetime. On such a background, the degradation be-

havior of rubber and crosslinked cable covering ma-

terials for the nuclear power plants, aged under the

environments of heat and radiation, was studied in

the previous paper'). In the materials conspicuously

degraded in the physical properties by aging, the

drop of the temperature for the predetermined

amount of weight reduction was observed by means

of thermogravimetry, and the generation of the car-

bonyl group was observed by means of infrared spec-

trbscopy. From these results, it was found that the

degradation of physical properties could be attrib-

uted mostly to the reduction of molecular weight

and the oxidation of polymers. .

  In the present work we have examined the changes

of physical properties in polyethylene and flame

retardant low corrosive polyvinyl chloride materials

by aging under heat and ,radiation. Furthermore,

studies of aging behavior have been made by means

of such analytical methods as thermogravimetry and

 * Research Center of Radiation, Research

' Advanced Science and Technology
 **Tatsuta Electric Wire & Cable Co., Ltd.

                                  '

Institute for

7
g

microscopic infrared spectroscoPy.

                 2. Experimental

2.1 Specimens -
  In the present test, the pressed sheets of about'･1-

mm thickness of low density polyethylene (LDPE)

and flame retardant low corrosive polyvinyl chloride

materials (FR-PVC) were selected as specimens.

2. 2 Conditions of aging test

  The materials selected as specimens in this test are

not for the use inside the primary containment ves-

sel (PCV) of nuclear power plants, but for the use

under more mild environment outside the PCV. For

the acceleration of aging, however, tests were con-

ducted under the accelerated conditions of environ-

ment inside of PCV. The acceleration conditions

were determined on the assumption that the normal

operating conditions are the ambient temperature of

60℃ and the radiation dose rate of 1.5 Gy/h. The

specimens were aged under heating or irradiating

(gamma rays from ooCo) environment, whose condi-

tions were accelerated by 10Q times as shown in

Table 1. Regarding the temperature acceleration,

the temperature corresponding to the accelerating

ratio of 100 was calculated from the Arrhenius plots

between heat aging' temperature of.flame retardant

EP-rUbber (FR-EPR) and the aging time for the re-

duction of its elongation to 50%. Regarding the ra-

diation, the specimens were irradiated under the dose
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Heatingtemp(Oc) Doserate(Gylh)

Heataging 107 -
Radiationaging Roomtemp. 150

            Table1 Aging conditions

                                              '

rate obtained by the multiplication of the normal

operating dose rate by 100.

2. 3 MeasUrement items

  The specimens were taken out at the equivalent ex-

posure time of 5, 10, 20, 30, 40 and 60 years accord-

ing to the respective conditions (the actual aging

times are the quotients of the equivalent exposure

year divided by 100), and the following chara-

cteristics were measured.

I) Volume resistivity : Measurement was made

after one minute under an applied voltage of

D.C.500 V .

ll) Tensile strength and elongation: JIS No.3

dumbbell-shaped test pieces were prepared, and ten-

sile strength and elongation were measured at room

temperature (23±2℃) and at the test speed of

200 mmlmin. ･
M) Hardness : After piling up the sheets to approxi-

mately 6 mm in thickness, hardness was measured

with a Shdre D hardness tester at' room temperature.

rv) Thermal stability test: The time until the

Congo-red test paper showed color change was meas-

ured according to JIS K 6723. The measuring tem-

perature was 190℃.

  The specimens were aged under the conditions de

scribed above, and analyzed for the items below.

 I ) Infrared spectroscopy: The specimens ware sliced

with a microtome, and the infrared spectroscopy

was conducted along the depth of the specimen by

the transmission method.

ll) Thermogravimetry : The samples of approxi-

mately 10 mg were prepared. Nitrogen gas was

flowed at the rate of 300 ml/min, and the tempera-

ture was raised from room temperature to 550℃ at

the speed of 20℃/min, and weight reduction was

measured.

M) Gel fraction: After extracting from about O.3 g

of the sheet specimen in a solvent for 24 hours, the

gel component was picked out, dried and weighed.

Gel fraction was calculated from the weight by the

following equation.

               X=m,lm,×100,

where X is gel fraction, mi is the mass before ex-

tracting; and m2 is the mass after drying. The ex-

tracting solvents and the extracting temperatures

are shown in Table 2. .

          Table 2 Extraction condition

Solvent
Extracting
temperature("C)

LDPE Xylene 120

FR-PVC Tetrahydrofuran(THF) 35

  The following test items were added to the analy-

sis of FR-PVC.

IV) Gel permeation chromatography: After the speci-

men of about 40 mg was dissolved in 10 ml of THF,

the solution was separated by a centrifugal separa-

tor. The component dissolved in THF was analyzed

by gel permeation chromatography.

V) Gas chromatography: After the specimen of

about 300 mg was extracted in 10 ml of THF,

methanol was added to the solution to separate the

polyvinyl chloride component. The plasticizer con-

tained in the residual solution was analyzed quanti-

tatively by gas chromatography.

           3. Results and Discussions

3. 1 Volume resistivity

  The changes in volume resistivity by heat and ra-

diation aging are shown in Figs. Ia) and lb), respec-

tively. In heat aging, the volume resistivity of LDPE

decreased greatly with increasing exposure time,

while that of FR-PVC showed a tendency of in-

ereasing once and then decreasing. In radiation

aging, on the other hand, the. volume resistivity of

LDPE showed a remarkable drop at the 5 equivalent

exposure years, and thereafter became almost con-

stant. FR-PVC showed little change.

  The above results indicate that the volume resisti-

vity of LDPE is affected mainly by radiationt and

that of FR-PVC by heat.

3. 2 Tensile strength and elongation

  The changes in tensile strength by heat and radia-

tion aging are shown in Figs. 2a) and 2b), respec-

tively. In heat aging, the tensile stren' gth of LDPE

showed a drop once at 5 equivalent exposure year

and became roughly constant'after that. The tensile

strength of FR-PVC showed little change. In radiation
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aging, on the other hand, the tensile strength of

both the materials showed a frend of decreasing

with increasing exposure time.

  The changes in elongation by hbat and radiation

aging are shown in Figs. 3a) and 3b), respectively.

In heat aging, LDPE showed a large drop of elonga-

tion at 20 equivalent exposure years. FR-PVC

showed a trend of a slight decrease with increasing

exposure time. In radiation aging, on the other

･ha-nd, both the materials showed a tendency of de-

creasing with increasing exposure time, until they

came to the end of life at 40 equivalent exposure

years, when the elongation reaches approximately

  The changes in hardness by heat and radiation

aging are shown in Figs. 4a) and 4b), respectively.

In heat aging, LDPE showed an increase of hardness

until 10 equivalent exposure years, and thereafter a

slow decrease. FR-PVC showed a tendency of a

large increase with increasing exposure time. In ra-

diation aging, on the other hand, both the materials

showed a trend of a slow increase with increasing

exposure tlme.

3. 4 Thermal stability

  The thermal stability of FR-PVC is shown in Fig.

5. The time, during which the stability was kept,

decreased with increasing exposure time. The time

under radiation aging showed a tendency of being

slightly lower than that under heat aging.

  The correlation between the stability and the elon-

gation is shown in Fig. 6.

  This figure shows that the elongation decreases to-

gether with the stability independently of the aging

 condition.

 3. 5 Results of analysis

 3. 5. 1 Infrared spectroscopy

  The infrared spectroscopy was made along the

 depth of the specimen by the transmission method.

 The distributions of carbonyl groups in LDPE ( peak

 intensity ratio:C=O(1716cm-')/CH2(1464cm-'))

 under heat aging and radiation aging are shown in

 Figs. 7a) and 7b), respectively. In heat aging, the

 generation of the carbonyl group was kept under the

 detectable limit until 10 equivalent exposure years,

 while, from 20 equivalent exposure years, 'the car-

 bonyl group became detectable and thereafter ad-

 vanced to larger depths. At 20 equivalent exposure

      bor Heat and Radiation(E) 81

years, the peak intensity ratio was relatively higher

near the surface and had a tendency of descreasing

toward larger depths. On the contrary, the peak in-

tensity ratibs in the period from 30 to ･60 equiva!ent

exposure years showed roughly the same level at the

surface and the inside. Particularly, the concentra-

tions of carbonyl group are considered to have been

saturated, from observation that there was but a

small difference between 40 and 60 equivalent expo-

sure years.,The generation of the carbonyl group

was observed at and after 20 equivalent exposure

years, and it coincided with the observation that the

elongation showed a large drop at 20 equivalent ex-

posure years as described in section 3.2.

  In radiation. aging, on the other hand, the peak of

the carbonyl group showed sharp rise with increasing

exposure time, but these ratios as a function of

depth showed a rapid decrease with increasing depth.

This is possibly caused'by the fact that oxygen dif-

fuses more slowly than the degradation progresses

due to the relatively low test temperature. ,

  For FR-PVC, the hydrogen chloride, generated by

dehydro-chlorination of polymer, is considered to

react with the calcium carbonate added as a filler,

resulting a highly hygroscopic calcium chloride.

Thqrefoice, the concentration of the hydroxyl group,

which might have been generated by the absorption

of moisture in air, was examined along the depth di-

rection.

  In Fig. 8, the distribution of hydroxyl groups ( peak

intensity ratio:OH (3421 cm-i)/CaCO3 (874 cm-i) ) in

FR-PVC under radiation aging is shown. In heat

aging, the peak of the hydroxyl group could not be

detected. In the figure, hydroxyl group is seen at

and after 30 equivalent exposure years, and its peak

intensity has a tendency to increase with increasing

exposure time. Concerning the depedence on depth,

at 60 equivalent exposure years the generation of the

hydroxyl group was observed much more around the

surface of specimen, while at 30 and 40 equivalent

exposure years the distributions of hydroxyl groups

were nearly uniform except the largest depth.

  Because FR-PVC coptains the carbonyl group also

in the plasticizer, it is impossible to analyze only

the carbonyl group contained in the PVC resin from

FR-PVC itself. Accordingly, prior to infrared spec-

troscopy, the specimen was dissolved in THF, and

polymer was picked up with a centrifugal separator
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from THF solution by precipitating with the mixed

solution of methanol and chloroform. Then, the

polymer was analyzed by infrared spectroscopy to

determine the peak intensity ratio of the carbonyl

group (1725 cm-') vs. PVC (1334 cm-'), and thereby

the degree of oxidation in PVC resin .was estimated.

The result is shown in Fig. 9. The generation of the

carbony} group in heat aging could be observed but

at a lower level. In radiation aging, on the contraryr

the peak of the carbonyl group showed a conspicuous

increase with increasing exposure time.

  As described above, it has been found that, in the

case of LDPE, heat aging results in oxidation that

reaches large depths, and the radiation aging results

in oxidation near the surface of the specimen,

though the elongation at and after 30 equivalent ex-

posure years becomes less than about 100% independ-

ently of the aging conditi'on. In the case of FR-

PVC, on the other hand, it has been found that heat

aging results in only a low degree of oxidation of

PVC resin as indicated by undetectability of

dehydrochlorination and that radiation aging results

in active reactions of dehydrochlorination and oxida-

tion.
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              '3. 5. 2 Thermograyimetry

  From the measurement of temperature and weight

reduction, the temperature for 5% weight reduction

was determined. The relationship between the tgm-

perature for 5% weight reduction and the equivalent

exposure time is shown for LDPE in Fig. 10. In

heat aging, the tempenature for 5% weight reduction
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     The relationship between the temperature

   weight reduction and the equivalent exposure

   shown for FR-PVC in Fig. 11. In heat aging

decomposition temperature showed little changes,

    radiation aging it decreased with increasing

    time. These results indicate that molecular

      LDPE is decreased by heat aging, while

    FR-PVC is decreased by radiation aging.
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changes in the gel fraction under heat and ra-
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3. s.4 Gel permeation chromatOgraPhY . for FR-pvC.
  The polystyrene-equivalent mean molecular 'weight,

which was obtained by the gel permeation chroma-

tography of FR-PVC dissolved in the THF solution, o.s

is plotted in Fig. 13. In heat aging, appreciable "Heat aging
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of the aging conditions, and the degree of the change

was larger in radiation aging. This result indicates

that the dehydrochlorination is more conspicuous in

radiation aging than in heat aging. Moreover, when

polyene is generated by dehydrochlorination, FR-

PVC changes its color into brown. To say more pre-

cisely, FR-PVC changes its color when the polyene

structure has longer chains, but it does not change

color when the polyene has shorter chains. It is con-

sidered from the observation of specimen's color

that in heat aging the extent of, co16r change is

larger due to the generation of the species of polyene

having longer chains and that in radiation aging it

is smaller due to the species of polyene with shorter

chains.

3. 5. 5 Gas chromatography

  The quantitative analysis of plasticizer was con-

ducted by gas chromatography･ to determine the re-

sidual ratio of plasticizer under degradation. The

relationship between the residual ratio of plasticizer

and the equivalent exposure time is shown in

Fig. 15.' In both of the aging conditions, a tendency

was observed that the plasticizer residual ratio de-

creased with increasing exposure time. It is known

that the degradation of flexible PVC is mainly

caused by the volatilizing and diffusion of

plasticizer. Accordingly, in heat aging, the

volatilizing due to heat are considered to be domi-

nant. In radiation aging, however, the reduction of

plasticizer is larger than in heat aging, in spite of

the test condition of irradiation at room tempera-

ture. 'It may be attributed to the reduction of

 Yoshihiko SHoNo,
Yasuyuki NoMuRA
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plapticizer retention capacity of PVC resin itself,

which would be caused by the serious degradation of

PVC resin due to the action of gamma rays.

                 4. Conclusion

  The degradation behaviors of LDPE and FR-PVC

under aging conditions of heat arid radiation are

summarized below.

1) LDPE: In heat aging, it is considered that the

degradation due to. the decrease of molecular weight

and oxidation is dominant, from the observation of

the generation of the carbonyl group reaching large

depths. In radiation aging, on the other hand, it is

considered that the degradation due to the cross-

linking by the action of gamma rays is dominant,

from the observation that the generation of the car-

bonyl group occurred only near the surface but to a

degree less than that under heat aging.

2) FR-PVC: In heat aging, the degradation is con-

sidered to be mainly caused by the volatilizing of

plasticizer, from the observation that dehydrochlo-

rination and the generation of the carbonyl group

occurred to a small degree. In radiation aging, on

the other hand, not only the occurrences of

dehydrochlorination and the generation of the car-

bonyl group but also the decrease of molecular

weight was found, and consequently, it can be in-

ferred that the degradation is mainly caused by the

changes of such polymer structure.
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