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ABSTRACT
4

The influence of accident irradiation, steam, and chemical spray
exposures on the behavior of twenty-three age-preconditioned polymer
sample sets (twenty-one different materials) has been investigated. The
test program varied the following conditions:

| 1. Accident simulations of irradiation and thermodynamic (steam and
chemical spray) conditions were performed both sequentially and
simultaneously.

i
'

2. Accident thermodynamic (steam and chemical spray) exposures were I

performed both with and without air present during the axposures.

3. Sequential accident irradiations were performed both at 28'c and
70*C.

4. Age preconditioning was performed both sequentially and
simultaneously.

5. Sequential aging irradiations were performed both at 27'c and
70*C.

6. Sequential aging exposures were performed using two sequences:
(1) thermal followed by irradiation and (2) irradiation followed |

by thermal.

We report both general trends applicable to a majority of the tested
|

| materials as well as specific results for each polymer. Our data base '

| consists of ultimate tensile properties at the completion of the accident
! exposure for three XLPO and KLPE, five EPR and EPDM, two CSPE

(NYPALOWS), one CPE, one VAMAC, one polydiallylphtalate, and one PPS
'

material. We also report bend test results at completion of the accident
exposures for two TEFZEUS materials and permanent set af ter compression
results for three EPR, one VAKAC, one BUNA U@, one SILICONE, and one
VITOM9 material.

C
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EXECUTIVE SUMMARY

The response of twenty-one U.S. and French polymer materials to
variations in aging and accident simulation techniques has been determined>

by a joint U.S.-French experimental program. Twenty-three different
sample sets were employed (i.e., two materials were tested both for
tensile properties and for permanent set after compression). The test
program varied the following conditions:

,

1) Accident simulations of irradiation and thermodynamic (steam and'

chemical spray) conditions were performed both sequentially and
simultaneously.

2) Accident thermodynamic (steam and chemical spray) exposures were
performed both with and without air peesent during the exposures.

3) Sequential accident irradiations were performed both at 28'c and
70*C.

4) Age preconditioning was performed both sequentially and
simultan=ously.

5) Sequential aging irradiations were performed both at 28'c and
70*C.

6) Sequential aging exposures were performed using two sequences:
(1) thermal followed by irradiation and (2) irradiation followed
by thermal.

.

-The individual effect of several of these parameters has previously.

been reported by numerous autbors.[1-ll] However, these previous research
activities rarely combined accident and aging research into one
comprehensive test program. We varied several aging and accident test
parameters in one research program.

; Our overall research goal was to determine whether some combinations
of alternative aging and accident simulation techniques are better suited

'
for qualification activities than other combinations of simulation

! techniques. To help answer this question, we performed two evaluations on
our experimental data base. First, we identified those sequential
accident simulation techniques that produced degradation similar to that ,

achieved during simultaneous irradiation and LOCA (with air) accident |

simulation test exposures. We consider this simultaneous accident
simulation to be the best representation among our alternative simulations
of postulated design basis event accident conditions. During this
evaluation, we also identified those aging techniques that were most,

conservative (i.e., produced the most degradation) when followed by the ;

simultaneous accident simulation. I
,

Second, we analyzed our experimental data base to identify those
aging and accident simulation techniques that severely degraded the

| polymer mechanical properties. For this evaluation, we only considered
materials which had been exposed to all combinations of the alternative
aging and accident simulations. We generated tables of all aging and
accident simulation combinations. (There were separate tables for French

-1-
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and U.S. materials.) For each table location, we listed all the U.S. or
. French materials whose mechanical properties were reduced by that choice
of aging and accident simulations to or below a threshhold value. (For
example, we listed all materials whose normalized elongation, */e ,o
was reduced to .05 or less). An examination of the table illustrates
those combinations of aging and accident simulations affecting the
greatest number of our materials. To further analyze our results, we
provided each material entry in the table a weight to reflect the
material's sensitivity to the choice of aging and accident simulation
techniques. A low weight is given to each material entry if that
material's degradation is insensitive to the choice of aging and accident
simulation techniques. A high weight is given if the material's
degradation is very sensitive to the choice of aging and accident
simulation techniques. By summing the assigned weights, we evaluated the
relative importance of each aging and accident simulation technique.

Both evaluation techniques lead to similar conclusions. For
mechanical properties of the materials we tested, the more conservative
choice for an aging sequence would be a radiation followed by a thermal
exposure.

We also note that the presence or absence of air during accident
simulations can influence the. degree of degradation in some materials.
The U.S. EPR and TEFZEL materials are examples where degradation of
ultimate tensile elongation is enhanced when air (oxygen) is present
during accident simulations; the U.S. KLPO materials are examples where
elongation degradation is reduced by the presence of air. Hence, since
most reactor containments are not inerted, a conservative accident
simulation for qualifying our materials would include air in the LOCA test
chamber.

We noted substantial variability in test results because of
differences in either the chemical composition or processing of test
samples. For example, the response of the. French cross-linked polyolefin
material to alternative simulation techniques is different than the
response of the two U.S. cross-linked polyolefin materials. Similar
variability was noted both within and between other classes of material.

We encourage the development of a larger data base. This will enable
our " preliminary" insights to either be solidified or appropriately
modified.

It is important to recognize the limitations associated with our
study. We monitored only mechanical properties of our polymer materials.
Mechanical failure is an important but not the sole method by which
polymers can contribute to functional degradation of Class lE equipment.
We also tested a limited number of materials. Many important classes of

polymers were not included in our study. Our conclusions represent
dominant trends and may not therefore apply to all materials. For some
materials, alternative aging and accident simulation techniques may be
equally appropriate. Finally, we choose experimental test conditions
(radiation dose, steam profiles, etc.) that are not applicable to all
nuclear utilities. These limitations should be considered prior to

incorporating our " preliminary" conclusions into a qualification program
for Class lE equipment.

-2-
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I 1.0 INTRODUCTION :
!

Polymer materials are important components of safety-related
equipment both in the United States and France. Some examples are cables,
transmitters, and pressure switches. In both countries, safety-related
equipmer.t containing polymer constituents is qualified by tests that
simulate aging and postulated accident environments. These simulations
rarely reproduce the environmental parameters exactly. In fact, it would
be impossible to exactly reproduce aging environments because of the long
experimental times (approximately 40 years) that would be required. Other
constraints also limit the experimental ability to reproduce accident
environments exactly. Hence a necessary aspect of each qualification
program is the choice of appropriate environmental simulation techniques
and parameters.

.

The response of twenty-three U.S. and French polymer materials to
variations in aging and accident simulation techniques has been determined
by our joint U.S.-French experimental program. This information will

'

provide the nuclear industry and regulatory bodies in the United States
and France a partial data base by which to judge appropriate simulation i

'practices. The test program varied the following conditions:

1. Accident simulations of irradiation and thermodynamic (steam and
chemical spray) conditions were performed both sequentially and
simultaneously. !

,

2. Accident thermodynamic (steam and chemical spray) exposures were
performed both with and without air present during the exposures,4

i

I 3. Sequential accident irradiations were performed both at 28'c and
70*C.

{_ 4. Age preconditioning was performed both sequentially and
simultaneously.'

1 5. Sequential aging irradiations were performed both at 28'C and
j 70*C.
i

! 6. Sequential aging exposures were performed using two sequences:
) (1) thermal followed by irradiation and (2) irradiation followed

by thermal.
,

!
| The individual effect of several of these parameters has been

previously reported by numerous authors. For example, we have previously
reported on the influence of aging simulation procedures on polymer
properties.[1) A recent publication highlights much of the research that
has been performed on accelerated-aging tests for predicting radiation
degradation of organic materials.[2] Other publications [3-11] report on
accident methodology research activities.

These previous research activities rarely combined accident and aging
1research into one comprehensive test program. Our goal was to vary

I

t

| -3-
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several aging and accident test parameters in one research program. Thus
the relative importance of each of these parameters could be assessed.
Also, test conclusions would be less influenced by arbitrary choices for
some test parameters (i.e., we reduced the number of parameters held
constant throughout the test program.)

Our study, however, did require a choice of postulated aging and
accident environments. Variations in reactor type and containment design l

make difficult a choice applicable to all reactors. We chose 25 Med as an
aging radiation exposure and 60 Med as an accident radiation exposure.
Dose rates of ~0.06 Med/h were used for aging of U.S. samples; dose

rates of ~.1 Med/h were used for the French samples. The accident
irradiations for both the French and U.S. samples were done at ~.3
Med/h. These doses and dose rates are consistent with those employed in

France for qualification purposes at the start of our test program. Our
accident simulation of thermodynamic conditions (steam and chemical spray)
was also based on French qualification requirements. Table 1.1 lists a
typical French qualification exposure sequence. Figure 1.1 illustrates
the French accident steam and chemical spray exposure profile. For
contrast, Figure 1.2 provides information on a typical U.S. effort as
might be employed for qualification of cables.

Irradiations in the United States that simulate aging and accident
conditions are typically performed at ambient conditions. In contrast, in
France both the aging and accident irradiations are performed at 70*C.
This latter choice reflects typical maximum operating temperatures inside
containment plus margin. Our test program varied the irradiation
temperature to assess the importance of this difference between U.S. and
French qualification practices; samples were irradiated at both 27*-28*C
and 70*C.

An important parameter not varied during our experimental program was
the aging irradiation dose rate. Experimental studies [2,12-14] have
demonstrated the importance of physical and chemical contributions to dose
rate effects. Physical dose rate effects are caused by diffusion- limited
oxidation. Our aging irradiation dose rate of ~0.1 Med/h (an order of
magnitude less than sometimes used in U.S. qualification efforts) reduces
the impact of oxygen diffusion effects, an important cause of dose rate
effects.[2] Chemical dose rate effects are most commonly caused by the
slow breakdown of intermediate hydroperoxide species. Such a process may
be occurring if material properties depend on the test sequence of
irradiation and thermal exposures.

In this report we summarize test results and conclusions at
completion of our accident simulations. A previous publication [1]
summarized our results and conclusions at completion of the aging portion
of our research program. The previous publication also provided detailed
descriptions of the samples, the aging facilities, and the aging
procedures. In this report we only briefly summarize these facts and then
discuss in more detail the accident simulation facilities and techniques,
test results, and conclusions, i

l
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Table 1.1

French Qualification Exposure Sequence
At The Time of Test Program Implementation

1. Thermal Aging

2. Radiation Aging
25 Med at 70*C and approximately 0.1 Med/h

3. Accident Irradiation
60 Med at 70*C and approximately 0.3 Med/h

4. Accident Steam and Chemical Spray Exposure
(Figure 1)

5. Post-Accident Exposure
10 days at 100*C and approximately 95% RH

-5-
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Figure 1.1: French Accident Steam and Chemical Spray Exposure Profile.
Table 1.1 sumarizes other portions of the French
qualification exposure sequence.

l
_6_

. - . . _ _ _ _ _ . - - _ - - - - - . , _ - . - _ . _ _ _ , . - _ _ - - _ . . - - . . - - - . - _ _ . . . . . - - _ - - , . . _ , - .



.

|

|

.

STEAM AND HUMIDITY EXPOSURES
= =

CHEMICAL SPRAY
= =

171*C --

THERMAL 149'C --
AGING

121'C - 4
,

i

AMBIENT 93*C - '
TEMPERATURE
IRRADIATION
~200 Mrd AT

~1 Mrd/h
, , , , , ,

. . . . , ,

10s 5h Sh 11h 15h 4d 30d

Sh Sh 10s

TIME :

.

Figure 1.2: Typical U.S. Exposure Sequence for a LOCA Qualification Effort

i

-7-

.

. - - , , - - - . - - , .,-.,---,-----------.------,,-,.------~,.-,--.-w _,---...w-n-_---..----,_,--,n,. -,.,nn,-.., n. - . . - - - - , . , , . , , -



__

2.0 SAMPLES

!2.1 U.S. Samples

The U.S. samplee consisted of six insulation materials, two jacket
materials, and five compression materials. The insulation and jacket
materials were carefully obtained by disassembling cable received from
five U.S. manufacturers of Class 1E cables. The materials are:

RPR 1 A radiation cross-linked fire-retardant EPDM
insulation obtained from a shielded
instrumentation cable.

EPR 2 A chemically cross-linked fire-retardant EPDM |
insulation obtained from a 600V,- 3-conductor i

control cable.

XLPO 1 A cross-linked polyolefin insulation obtained
from a shielded instrumentation cable.

KLPO 2 A cross-linked polyolefin insulation obtained
from a 600V, 3-conductor control cable.

TEFZEL 1 A TEFZEL insulation removed from a thermocouple
extension cable.

TEFZEL 2 A TEFZEL insulation removed from a shielded
instrumentation cable.

'CSPE A chlorosulfonated polyethylene jacket removed
from a 600V, 3-conductor control cable.

CPE A chlorinated polyethylene jacket removed from
a 600V, 3-conductor contrel cable.

Each of the jacket and insulation specimens were cut to a length of
10.9 i .3 cm (except for EPR 1 which had an initial length of 10.2
.3 cm). The insulation specimens were tubular in shape. The nominal
insulation thickness (i.e., tube wall thickness) is summarized in Table
2.1. The jacket specimens were cut with a die into rectangular pieces.
The width of each specimen was .56 cm. The nominal jacket thicknesses
are also presented in Table 2.1.

The five compression materials were obtained from the same U.S.
manufacturer. Samples, received from the manufacturer as compression
molded sheets with nominal thicknesses of .178 and .191 cm, were cut into
small rectangles with approximate dimensions: .6 cm x 1.6 cm. The five
materials were: RPR A, EPR B, BUNA N, SILICONE, and VITON.

,

|
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Table 2.1

Nominal Insulation and Jacket Thicknesses
for U.S. Samples

Material Nominal Thickness (cm)

EPR 1 .064
EPR 2 .076
KLPO 1 .076
ILPO 2 .076
TEFZEL 1 .038
TEFZEL 2 .051
CSPE .114
CPE .114

2.2 French Samples

The French samples consist of six elastomer materials used in the
manufacture of electrical cables (insulation and ja6ket materials), two
0-ring seal materials and two thermoplastic and thermosetting materials
used in the manufacture of connectors.

The electrical cable materials are in the form of either 110 mm-long
pieces of insulating material stripped from the copper conductor
(identified by "I"), dumbbells cut from jacket material and identified by
"G", or standard dumbbells cut from compression molded sheets (identified
by "H"). Elastomer dumbbell dimensions are shown in Figure 2.1. The six
cable materials are:

82 Il PRC Chemically cross-linked polyethylene in the form
of conductor insulation for 3-conductor cables.
(Pclyethylene compounds are a subset of the more
generic term polyolefin.)

82 12 EPDM Ethylene propylene diene terpolymer conductor
insulation. Samples taken from a 3-conductor
cable.

82 19 EPDM Bromine-loaded, ethylene propylene diene
terpolymer insulation. This material was
removed from a 3-conductor cable.

82 GlO HYPALON Chlorosulfonated polynthylene used in the
manufacture of cable jackets.

,

82 H3 VAMAC Acrylic polyethylene in the form of sheets from
which dumbbells (Figure 2.1) were cut. Material
is used in electrical cable jackets, mechanical
parts, and connectors.

-9- )
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Fi ure 2.1: Dimensions for 82 G10, 82 H3, and 82 H4 French5
Dumbbell Samples - H3 French Standard (Comission
of Normalization No. NFT 51-034-June 1968)

82 H4 EPR Copolymer ethylene-propylene rubber in the
form of 3 m sheets from which dumbbells
(Fi ure 2.1) were cut. Material is used in5
the manufacture of insulation for electrical
cables sheathed with fire-proof EPDM.

The two 0-ring seal samples (identified by "J") have an
inner diameter of 12 mm and an outer diameter of 17 mm. They
were enclosed and held under compression in aluminum grooves as
shown in Figure 2.2. The 0-ring seal materials are:

82 J3 VAMAC Same material as 82 H3, used in the
manufacture of 0-ring seals.

j

i
j 82 JA EPR Same material as 82 H4, used in the

manufacture of 0-ring seals.

The two thermoplastic and thermosetting materials used in the
manufacture of connectors were in the form of International Organization
for Standardization (ISO) dumbbells. The dimensions for these dumbbells

|
are illustrated in Figure 2.3. The two materials are:

|

i
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l

82 H5 Polydiallylphtalate Thermosetting polyester used in
connectors and mechanical parts.

,

82 H6 PPS Phenylene polysulfide used in the
manufacture of switches and
connectors.

The French sample identification code (82 II, 82 H5, etc.) will be
used in the remainder of this report. The code presents:

The year of the starting investigation,*

The sample shape code letter,*

A number identifying the material type.*

i
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3.0 FACILITIES

3.1 Aging Facilities

Agin5 of all U.S. and French samples was performed in the United
States at Sandia National Laboratories. Sandia's Low Intensity Cobalt
Array (LICA) was employed for the irradiation exposures. Thermal aging
was performed using air circulating ovens each of which had been modified
to accommodate a number of self-contained aging cells. Both facilities
are described in more detail in Reference 1.

3.2 Accident Simulation Facilities

All accident simulations were performed in France in the laboratories
of the ionizing radiation office (ORIS-LABRA) at Saclay (the radiation
biological application laboratories). The accident simulation was
comprised of three elements:

* the accident irradiation
the thermodynamic (steam and chemical spray) exposures*

the post-accident exposuree

The thermodynamic exposure was applied either simultaneously with the
accident irradiation, or sequentially.

3.2.1 Irradiation Facilities

Three different irradiations were employed as part of the
experimental program. Some samples were irradiated in air at ambient
temperatures (28*C); other samples were irradiated in air at elevated
temperature (70*C); and some samples were irradiated simultaneously with
the thermodynamic (steam and chemical spray) exposures. These latter
simultaneous tests were performed with either air or nitrogen as the
background gas environment.

All irradiations were carried out in the hot cave of the POSEIDON
irradiator (Figure 3.1). The POSEIDON facility is a high intensity
installation with a capacity of one million curies of Cobalt-60. The
cobalt sources are stocked in a 5.5 m deep pool of water. Half the pool
is open to the outside atmosphere, the other half is covered by a
overhanging concrete hot cave.

Cobalt source carriers are positioned on transfer trollies at the
bottom of the water pool. The appropriate number of cobalt sources for
the desired power and geometry are placed on the trolly which is then
brought beneath the hot cave. A lift then positions the trolly above the
water level (inside the hot cave) at the appropriate location for the
irradiation. It is possible to simultaneously irradiate equipment and
materials at two temperatures: ambient and 70*C i 3*C. Either cylindrical

ovens or a large size rectangular CALINE chamber (2.6 x 1.9 x 1.6 meters)
are employed. In the CALINE chamber, irradiation can take place at 70*C i
3*C. Alternatively, the CESAR (Reference Accident Simulation Test cell)

-14-
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I can be positioned in the hot cave. The CESAR cell allows for simultaneous
irradiation, steam and chemical spray exposures. For our experimental
program, non-ambient accident irradiations were performed using either the
cylindrical ovens or the CESAR cell.

3.2.1.1 Ovens and Containers

French and U.S. samples were placed, either in cylindrical ovens for
irradiation at 70*C, or in containers for irradiation at ambient
temperature. Ovens and containers were placed parallel to the cobalt
source planes inside the irradiation hot cave (Figure 3.2). The strength
of the cobalt sources at the time of the irradiation was equal to 192,000
curies.

3.2.1.2 Temperature Measurement

The ovens are stainless steel tubes, 1 meter long and 10 cm in
diameter, covered with a heating band and thermal insulation. A
temperature sensor fitted between the metal tube and the heating band is
linked to a Staticor-RS type CORECI temperature regulator, calibrated by
the manufacturer. Temperature measurement inside each oven is provided by
a chromel-alumel thermocouple linked to a MECI type L39084E recorder, via
a compensation cable. The recorder is checked and calibrated every six
months.by the MECI company.

Though the oven length was 100 cm, only 70 cm was used for sample
placement, so as to limit the thermal ,qradient. The end of each oven was
covered by polyester gauze material which ensures regular renewal of air
inside the ovens, while limiting its flow and hence heat loss.
Thermocouples were also fitted in the containers containing the ambient
irradiated samples.

3.2.1.3 Measurement of Irradiation Dose Rate

Inside each oven and each container the irradiation dose rate was
measured using:

Type MN606 No. 187 ionization chambers calibrated by ORIS-LMRI. The
calibration certificate bears the number 2986 dated November 21, 1983

(Table 3.1). The accuracy of an individual dose rate measurement
using this instrument is 5%.

Dosimetric films. These were used to display the variation in dose
rate along the length of each oven and each container. These films
are made of a cellulose triacetate base material whose blackening
under radiation is measured by spectrophotometry at a wavelength of
280 nanometers. The accuracy of dose rate measurement using this

film is i 15%.

3.2.2 Thermodynamic (Steam and Chemical Spray) Exposures

simulation of thermodynamic conditions was carried out in a CESAR
chamber (Reference Accident Simulation Test Cell). For sequential tests,
this 200 liter test cell (Figure 3.3) is located outside the POSEIDON

-16-
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Table 3.1

Calibration certificate: Ionization Chamber Employed
to Map Accident Irradiation Dose Rates

Certificat n' 2986

Suite n' 8

!!.t.3. Chambre d'ionisation M 606 n* 181.

Apria mise en place du bouchon de codage m 606 et du capuchon
d'tqurtibte Electronique, l' instrument ut rigtt de fagon tette que
l'i=dientien fouvsie, corrigte powt les cos'datanna abnosphtAiqua-

4pfeifilu, carac 4ponde A la vatewt vraie de l' exposition expete
en reentgen.

,

i
F

FACTEURS D'ETAlmlhAGE

|

Facteurs d'Etalonnage pour les conditions de Incertitude
reference : 0,= 20 *C F,= 101,325 kPa

4IlX = 2,58.10 C.kg . min'I par uniti de 1 3,1 I
F014CTION

lecture

Is1 = 1,00 R. min ~3 par uniti de lecture * 3.1 1

I = 2,58.10'' C.kg'I par uniti de lecture 1 2,9 IF0HCTION I

IllTEGRATION

g = 1,00 R par uniti de lecture 2 2,9 2

Le Chef du L. N.' R. 1 le Ruponsable du Centre d'Etalonnage
( do44 metr 4e et neuttonique )

? -
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irradiator. For simultaneous simulations of irradiation and<

| thermodynamic conditions, the cell is positioned inside the POSEIDON hot
cave as explained in Section 3.2.1. With this cell, it is possible to'

reproduce on equipment and materials the effects of a PWR accident,
including the very rapid rises in pressure and temperature postulated for
inside the containment.

4

For a postulated pipe break in the primary circuit of a PWR, the
equipment located in the containment would be subjected to the effects of ;

vapor produced by the expansion of pressurized water. The simultaneous
, release of fission products from the reactor core into containment

building would subject the- same equipment to considerable irradiation.
The CESAR assembly (Figure 3.4), which is constructed in the ORIS-LABRA
laboratories in Saclay, enables simultaneous or sequential simulation of
the thermodynamic and irradiation accident conditions.

:

Thermodynamic shock was obtained by the rapid expansion of dry
superheated steam in the chamber. The steam was previously heated and
maintained in a storage tank. The rest of the temperature and pressure,

! sequence is provided by a boiler and appropriately placed resistance
heaters located in the experimentation cell. A calibration conduit
enables measurement of the thermodynamic state prior to the start of the'

test.

! A chemical unit sprays borated water into the CESAR cell. The unit
is comprises of two tanks, one containing a concentrated solution and the

.other a diluted solution. Diluting and spraying are provided by two
doser pumps (Figure 3.5). The assembly is controlled by a computer,

programmed with the desired experimental profile. A console is used to
,

communicate with the computer and introduce test parameters. After theI

operator has given the test start command, the computer monitors the test4

chamber temperature and pressure and compares them with the experimental
| profile stored in its memory. It then actuates electromagnetic valves

|
which control the supply of vapor and compressed gas (air or inert gas),
or the release of gas from the test chamber (Figure 3.6). The

temperature and the pressure of the test chamber were also measured by
instruments independent of those used for regulation. All data were

,

recorded on a plotter.

In addition, conformance with the desired profile was visually j

checked both before and during the test, using probes whose data were
transmitted to digital monitors and printed on a teletype console. The i

following parameters were recorded:
|the temperature and pressure of vapor in the superheater, before*

the start of the test,

the pressure of vapor in the boiler,'

*

the temperature of the vapor in the calibration piping,e

the temperature of the vapor piping in the test chamber,e

the temperature inside the test chamber during the tests,e

the pressure in the test chamber. |e

4
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The temperature measurement instruments in the test cell are
calibrated annually by the operators. A MECI ref. IP 2254 temperature
calibrated voltage source (certificate No. 13541) was applied to the input

Iof the plotter and to the corresponding analog input of the computer.

3.2.3 Post-Accident Period

The post-accident period was also simulated in the CESAR chamber.
The temperature of the experimentation chamber is controlled throughout
the test by the thermocouple measurements described in the previous

section (3.2.2). The relative humidity inside the experimentation cell is
not measured. However, the temperature is maintained at approximately
100*C by the frequent injection of vapor from the boiler. The relative
humidity is therefore that of the vapor dew point at operating temperature
(approximately 100%).

3.3 Measurement Equipment and Facilities

3.3.1 Measurement of the Length of U.S. Samples

At the end of the accident simulation tests, the lengths of the U.S.
samples were measured. This measurement was performed using Roche slide
calipers, with an accuracy of 1/50 nm. Each U.S. sample group contained
four samples. One sample was chosen at random for measurement. It was
laid out to its full length on a sheet of paper; its length was measured
at room temperature.

3.3.2 Weighing of U.S. Samples

At the end of the accident simulation tests, the U.S. samples were
weighed. They were then dried and weighed again. These weights were
compared to measurements made on the same samples prior to the accident
simulations.

3.3.2.1 Weighing

A batch of four samples for each sample group were weighed on Metler
scales with a sensitivity of 10-4 grams. The scales are kept in a
thermostatically controlled room. The four samples were weighed intact,
or if degraded by the accident simulation, all sample pieces were
reassembled prior to weighing.

3.3.2.2 Drying

Polymer samples were dried at 60*C i 1*C in a ventilated oven for six
hours. The rise from ambient temperature to 60*C took approximately 30
minutes. The samples were removed from the oven approximately one hour
after the electrical supply had been cut, when the oven temperature was
approximately 40*C.

1

I
l

|
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3.3.3 Measurement of Mechanical Properties

At the end of each test phase, tensile strength and elongation at

break measurements are made on the French and U.S. samples. The French
samples were measured in the French laboratories of ORIS-LABRA. The U.S.
samples were measured at Sandia National Laboratories.

3.3.3.1 U.S. Measurements

Tensile measurements were performed on the CSPE, CPE, EPR 1, EPR 2,
ILPO 1, and ILPO 2 samples. In general, when tensile tested, the weights
were not more than ~2% greater than the weights of the samples prior to
the LOCA exposures. (We allowed moisture absorbed by our samples during
the LOCA simulation to desorb prior to performing tensile measurements).
Tensile measurements were performed using Instron@ tensile testing
machines. Samples were gripped using pneamatic jaws; initial jaw
separation was 5.1 cm and the samples were strained at 12.7 cm/ min. The
strain was monitored with an Instron electrical tape extensometer clamped

to the sample. The measurement accuracy for U.S. tensile mechanical
properties was generally much better than one standard deviation evaluated
from a population of four samples. The Appendix lists all U.S. data with
associated errors (i.e., i one standard deviation).

Bend tests were performed on the TEFZEL 1 and TEFZEL 2 samples rather
than tensile tests since aged specimen tubes shattered when gripped by the
pneumatic jaws of the Instron tensile testing machine. Bend radii between
75 and 6 times the radil of the TEFZEL specimens were employed. Each
specimen was successively bent around tubes of smaller diameter until
insulation cracking was visually observed.

Permanent set after compression measurements were performed on the
U.S. EPR A, EPR B, BUNA N, VITON, and SILICONE compression set specimens.
The compression set specimens were exposed using the fixture illustrated
in Figure 3.8. Each layer of the fixture contained three .127 i .001 cm
spacers and four compression set samples. Each of the five layers of one
fixture was used for a different compression sample material; namely, EPR
A, EPR B, BUNA N, VITON, or SILICONE.

The compresslor. set samples ranged in thickness between .165 and .205
cm. Prior to compression, each individual sample was measured for
thickness using a Starret dial indicator with a .64 cm diameter flat plate
probe. The sample's thickness and position in the fixture was noted.
Af ter exposures to aging and accident simulations (~2 years later), the
sample thickness was again measured using a Scherr-tumico, Model AL15 dial
indicator with a .56 cm diameter flat plate probe. Prior to the final
measurements, the fixture was disassembled (releasing the compressive
strain) and a 30-minute recovery time allowed.

Our compression set samples have much smaller thicknesses than those
recommended by ASTM Standard D395-78.[15) This Standard recommends.(for
Method B) test specimens with 1.25 cm thicknesses. Our sample thicknesses
more realistically simulate use conditions, but generate much larger
errors in the calculated values for compression set. Absolute error for
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our compression set values is 0.1. Compression set' values can range
:between 0.0 and 1.0. Our data tables (see Section 5.1.9) report
statistical variations (i l'c) evaluated for the four specimens of each
material type contained in a compression set fixture.

3.3.3.2' French Measurements

The. French measurements were carried out on a Zwick traction machine
(Figure 3.8), Model 7025/3 placed in a thermostatically controlled room at:
21*C. The_ samples, in the form of dumbbells or wiring insulation were )
clamped into the -jaws 'of the test machine. The space between the jaws was |
4.0 cm for dumbbells 82G10, 82H3 and 82H4, approximately 15.0 cm for j

-dumbbells 82H5 and 82H6, and approximately 11.0 cm for insulations 82II,

8212_and_82I9.

An extensometer was placed in the center of each sample. Its initial
separation was 1.0 cm. The traction speed was 5.0 cm per minute for
' elastomers and thermoplastics. Traction speed was reduced to 0.8 mm per
minute for the thermoset sample (French Standard No. NFT 51034).

Measurements of permanent set after compression were carried out at
ORIS-LABRA on French elastomer 0-ring samples 82J3 and 82J4. ' Measurement
of the initial and final diameters of the core were carried out using
Roche slide calipers, with an accuracy of 0.02 mm (French Standard No. NFT

46011). .

The measurement accuracy of French mechanical properties is as
follows:

a) Tensile Strength
The accuracy for tensile strength measurements is basically
dependent upon the variations in size from one sample to the
next;-it is equal to:

i,

i 5% for dumbbells
i 15% for wiring insulation

b) Elongation at Break
Accuracy is determined by both the variation in the size of the

.

. samples,_and the accuracy of extensometer measurements; it is!
!~ equal to:

i
i 5% for dumbbells
i + 5% for conductors

Elongation at break measurements-for the thermoplastic and
thermoset materials, 82HS and 82H6, which were less as unaged
semples then the equipment accuracy have therefore not been
recorded.

c) Permanent Set After Compression> ,

Measurements were taken with an accuracy of i 9%. |

5 1

!-
,
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Figure 3.7: U.S. Compression Set Fixture
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4.0 EXPERIMENTAL PROCEDURES

4.1 Aging Method
,

4.1.1 : U.S. Samples

The U.S. insulation and jacket samples were exposed to five
t different aging procedures. In addition, unaged samples were exposed to

the accident simulation. These procedures (and the shorthand codes used
-in-the rest of the report to describe them) are:

A = R704120*C. : A 16-day irradiation at ~65 ked/h and 70*C
followed by a 16-day thermal exposure at 120*C.

B = R274120*C: A 16-day irradiation at ~65 ked/h and
ambient temperatures (~27'C) followed by a
16-day thermal exposure at 120*C.

C = 120*C*R70: A 16-day thermal exposure at 120*C followed by
16-day irradiation at ~65 ked/h and 70*C,

t D = 120 * C*R27 : A 16-day thermal exposure at 120*C followed by
a 16-day irradiation at ~65 ked/h and '

ambient temperatures (~27'C).

E = R120: A 16-day simultaneous exposure to 12C*C
thermal and ~65 ked/h irradiation
environments.

i

F = Unaged.

The U.S. Compression Set Samples were exposed to four different
aging procedures. These procedures (and the shorthand used in the rest
of the report to describe them) are:;

B = R274120*C: A 16-day irradiation at ~60 ked/h and
j ambient temperatures (~27'C) followed by a

16-day thermal exposure at 120*C.

D = 120*C*R27 : A 16-day thermal exposure at 120*C followed by
a 16-day irradiation at ~60 ked/h and'

ambient temperatures (~27'C).

E = R120: A 16-day simultaneous exposure to 120*C
4 thermal and ~60 ked/h irradiation

environments.

; U = Unaged.

The 120*C, 16-day elevated temperature exposure was chosen based on
| Arrhenius calculations which assumed a 40-year service operation at 45'c
|- and material activation energy of 1.0 eV. Table 4.1 summarizes the total
!
!
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radiation dose and the thermal exposure time for each sample group.
Additional details concerning the aging techniques are provided in
Reference 1. 1

4.1.2 French Samples

The French samples were exposed to four different aging procedures.
In addition, unaged samples were exposed to the accident simulations.
These aging procedures (and the shorthand codes used in the rest of the
report to describe them) are:

A = T*R70: A 10-day thermal exposure followed by a 9- or
10-day irradiation at ~115 ked/h and 70*C. I

B = R70*T: A 9- or 10-day irradiation at ~115 ked/h and 70*C
followed by a 10-day thermal exposure.

C = T4R27: A 10-day thermal exposure followed by a 9- or
10-day irradiation at ~115 ked/h and ambient
temperatures (~27'C) .

D = R27+T: A 9- or 10-day irradiation at ~115 ked/h and
ambient temperatures (~27'C) followed by a 10-day
thermal exposure.

U = Unaged.

The 10-day thermal exposure temperature depended on the specimen
material. Table 4.2 lists each of the French samples and the appropriate
thermal aging temperature. Various sample groups were irradiated over a
several month period. Co-60 decay durin8 this time period necessitated
varying the irradiation exposure time from 9 days to 10 days so that each
sample group was irradiated to a similar dose (~25 Med). Table 4.3
sunmarizes the total radiation dose and the thermal exposure time for

each group of French samples. Additional details concerning the aging
techniques are provided in Reference 1.

4.2 Accident Simulation
.

The purpose of the tests was to observe the effect of the following f
parameters on polymee behavior during accident simulations:

!the aging simulation method,*
'

the order of accident simulation phases,e

the comparison of reference accident simultaneous or sequential*

simulation,
the accidental phase irradiation temperature,*

the gas surroundin6 the materials during the LOCA (nitrogen ore

air).

l

-30-

!

, - - - . - . - - . - . . - _ . . _ . - -- - - . -.-. ,. - --- - - . , - .

- , . . _ - _ , - _ , _ - - . - . _|



. -

Table 4.1

Aging Radiation Dose and Thermal Exposure Time
for U.S. Insulation, Jacket, and Compression Set Specimens

Total Radiation Thermal Exposure
Sample Group Dose [Med(air equiv.)] Time (Hrs)

Cable and Jacket
Materials
ILPO 1A 24.2 385
ILPO 1B 2.4.2 385
KLPO 1C 23.4 384
KLPO 1D 23.1 385
KLPO 1E 24.3 386
KLPO 2A 22.7 386
KLPO 2B 24.2 385
KLPO 2C 23.4 384

! KLPO 2D 23.0 385
KLPO 2E 24.3 386
EPR 1A 25.7 385
EPR 1B 25.5 385

,

EPR 1C 25.0 384
EPR 1D 25.3 384
EPR 1E 25.7 384
EPR 2A 25.7 385
EPR 2B 25.5 385
EPR 2C- 25.0 384
EPR 2D 25.3 384
EPR 2E 25.7 384

CSPE A 25.0 389
CSPE B 25.4 380
CSPE C 24.2 389
CSPE D 24.2 389
CSPE E 24.6 384
CPE A 23.9 389
CPE B 23.4 389
CPE C 23.1 385
CPE D 23.1 385

[ CPE E 23.4 384
'

TEFZEL 1A 22.3 386

TEFZEL 1B 22.9 377
TEFZEL'1C 22.3 383
TEFZEL ID 22.3 384
TEFZEL 1E 22.4 381

( TEFZEL 2A 22.3 386
,
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Table 4.1

(continued)

Aging Radiation Dose and Thermal Exposure Time
for U.S. Insulation, Jacket, and Compression Set Specimens j

Total Radiation Thermal Exposure
Sample Group Dose [Med(air equiv.)} Time (Hrs)

TEFZEL 2B 22.9 377
TEFZEL 2C 22.3 383
TEFZEL 2D 22.3 384
TEFZEL 2E 22.4 381

Compression Set
Specimens

Unaged:
#15 UA NA

#16 NA NA

#25 NA NA

#26 UA NA

#28 NA NA

#39 NA NA

#40 NA NA

#46 NA NA

B:
#3 23.8 386
#4 23.8 386
#9 22.2 386

D:
#18 22.0 386
#19 23.4 386

E:
#29 23.0 383
#30 23.0 383
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Table 4.2 -

Thermal Exposure Temperatures For French Samples

Sample Sample Exposure
Description Code Temperature (*C)

1. PRC Insulation 82'Il 140

2. EPDK Insulation 82 I2 140

3. EPDK Insulation 82 19 140

4. PPS Dumbbells 82 H6- 160

5. Polydiallylphtalate 82 H5 160
Dumbbells

6. VAMAC Acrylle 82 H3 120
Polyethyleno
Dumbbells

7. EPR Dumbbells 82 H4 140

8. MYPALON Dumbbells 82 C10 140

9. VAMAC Acrylic 82 J3 120
Polyethylene O-cing
Seal Samples

10. EPR 0-ring Seal 82 J4 140
Samples
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Table 4.3

Total Radiation Dose and the Thermal Exposure Time
for Each Group of French Samples

Radiation Exposures

Radiation Thermal Exposure
Dose Time ,

82 I1 A 24.7 Med 240.5 hours
B 24.7 Med 240.2 hours
C 24.7 Med 240.5 hours
D 24.9 Med 240.2 hours

82 I2 A 24.7 Med 240.5 hours
B 24.7 Med 240.2 hours
C' 24.7 Med 240.5 hours
D 24.9 Med 240.2 hours

82 19 A 24.0 Med 258.5 hours
B 25.3 Med 238.8 hours
C 23.9 Med 258.5 hours
D 25.6 Med 241.1 hours

82 H6 A 26.0 Med 238.6 hours
B 26.0 Med 238.7 hours
C 25.8 Med 238.6 hours
D 26.2 Med 238.7 hours

82 H5 A 24.1 Med 240.2 hours
B 24.6 Med 238.6 hours
C 23.8 Med 240.2 hours
D 24.0 Med 241.0 hours

82 H3 A 25.4 Med 240.0 hours
B 25.4 Med 240.2 hours
C 25.4 Med 240.0 hours
D 25.4 Med 240.2 hours

82 H4 A 25.1 Med 258.5 hours
| B 25.1 Med 268.8 hours
i C 24.9 Med 258.5 hours

D 24.9 Med 268.8 hours
|

| 82 G10 A 25.5 Med 239.0 hours
B 25.5 Med 243.9 hours
C 24.4 Med 239.0 hours
D 24.4 Med 243.9 hours

-34-

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ - _ _ _ _ _ - _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ -



i

|

Table 4.3
(continued)

Total Radiation Dose and the Thermal Exposure Time
for Each Group of French Samples

Radiation Exposures

Radiation Thermal Exposure
Dose Time

82 J3 A 25.4 Med 240.0 hours
B 25.4 Med 241.3 hours
C 24.5 Med 240.1 hours
D 24.5 Med 240.2 hours

82 J4 A 24.0 Med 245.5 hours
B 24.6 Med 243.9 hours
C 24.1 Med 245.5 hours
D 24.3 Med 239.0 hours

Hence, the following four accident simulations were performed on
each of the five groups of pressed French samples (A, B, C, D, or
non-aged, U) identified in section 4.1.2:

L1 = Accident irradiation at 70*C followed by thermodynamic and post-
accident exposures with alc (R70-+LOCA(air)).

L2 = Thermodynamic and post-accident exposures with air followed by
an accident irradiation at 70*C (LOCA(air)-+R70)).

L3 = simultaneous accident irradiation and thermodynamic exposures
with air followed by a post-accident exposure with air (R +

LOCA(air)).

L4 = Accident leradiation at 28'c followed by LOCA and post-accident
exposures with air (R28-+LOCA(air)) .

Experimentally, the LOCA simulation included both a thermodynamic
(steam and chemical spray) and post-accident exposures.

For the U.S. samples (pressed by the six methods identified in
Section 4.1.1: A, B, C, D, and E, and non-aged, F), the reference
accident simulation cycles were as follows:

L5 = Accident irradiation at 70*C followed by thermodynamic and post- !

accident exposures with air (R70-+ Steam (air)).
P

L6 - Accident irradiation at 70*C followed by thermodynamic and post-
accident exposures with nitrogen (air was replaced by nitrogen)
(R70 -+ Steam (N )) *2

P
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L7 = Accident irradiation at 28*C followed by thermodynamic and post-

accident exposures with air (R28-+ Steam (air)).

L8 = Accident irradiation at 28*C followed by thermodynamic and post- ,

accident exposures with nitrogen (ale was replaced by nitrogen) |
'

(R28-* Steam (N )) *
.2

L9 = Slaultaneous accident irradiation and thermodynamic exposures
with air followed by a post-accident exposure with air (R +
Steam (air)).

L10 = Simultaneous accident irradiation and thermodynamic exposures
with nitrogen (air was replaced by nitrogen) followed by a
post-accident exposure with nitrogen (R + Steam (N ))*2

Rxperimentally, the LOCA simulation included both a thermodynamic
(steam and chemical spray) and post-accident exposures. The terminology
LOCA (air) and steam (ale) refer to similar accident simulations. LOCA
(air) is the terminology used for French samples while steam (air) refers
to U.S. samples.

The various test phases are summarized in Table 4.4.

Some parts of the French and U.S. accident sequences were identical,
but were performed on different materials. They were therefore combined
to limit the number of tests. All accident irradiations (both at 70*C and
at ambient) were performed together. Since several of the accident test
sequences differed only by the choice of accident irradiation temperature,
the accident thermodynamic exposures (steam and chemical spray) as well as
the post-LOCA exposures were combined into one test. The following list
documents chronologically the individual tests for all French and U.S.
samples:

* L10
L2 Thermodynamic and post-LOCA exposures*

Gamma irradiation of all French and U.S. samples*

LS + L7 Thermodynamic and post-LOCA exposures*

L1 + L4 Thermodynamic and post-LOCA exposures*

L9 + L3 Thermodynamic and post-LOCA exposures*

L6 + L8 Thermodynamic and post-LOCA exposures*

4.2.1 Irradiation

For the sequential accident simulation tests (L1, L2, L4, L5, L6,
L7, and L8), the French and U.S. samples were placed into four tubular
ovens for irradiation at 70*C and three containers for irradiation at
28'c (See section 3.2.1.1). Tables 4.5 and 4.6 give the distribution of
the samples in each of the ovens and containers during the POSEIDON
irradiation. Irradiation was performed from May 18-27, 1983.

t

4.2.1.1 Dose Rates

The dose rate at the longitudinal midpoint of each oven and each
container was measured using the ionization chamber described in Section
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Table 4.4

Accident Exposures

French Cycle

L1: R 70*C*LOCA(air)
L2: LOCA(ale)*R 70*C
L3: R + LOCA(air)
L4: R 28*C+LOCA(air)

U.S. Cycle

LS: R 70*C* steam (air)
L6: R 70*C* steam (N )2
L7: R 28'C* steam (air)
L8: R 28'C* steam (N )2
L9: R + steam (air)
L10: R + steam (N )2

3.2.1.3. The accuracy of each measurement was therefore i 5%. The
measurement results are given in Table 4.7. The samples were distributed
over a length of 70 cm, while the source configuration had a length of
100 cm. The dose rate gradient was measured for the entire length of the
tubes and containers using cellulose triacetate films. The accuracy of
measurements is i 15%. The dose rate gradient curves are given for each
of the ovens and containers in Figure 4.1. All the dose rates fall
within a range of-i 40 krad/h. The irradiation time was calculated to ,

'obtain a maximum of 60 Mead at the midpoint of each oven and each
containee.

4.2.1.2 Temperature

The temperature during irradiation was measured at several points
along the axis of each oven. The maximum variation in temperature was
i 1*C. The temperature gradient diagram is given in Figure 4.2. Square
section containers are open in their upper section. A thermocouple
placed along the samples at different points inside the container
indicates that the temperature does not vary from one sample to the next
during irradiation. Before irradiation, the temperature inside the

containees was 25 i 3*C. During leradiation, the temperature reached 28

i 3*C.

!
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Table 4.5
i

Location of French Samples In Ovens and Containers During Accident i

Irradiation. A, B, C, D refer to the four groups of aged samples and U
refers to unaged samples. L1 through L4 refer to the four French t

groupings of. samples for accident simulations,

CONTAINERS OVENG
untrra-
"'* 5 6 7 1 2 3 4

A L4 L2-L1
B L4 L1-L2

82Il C L4 L2-L1
D L4 L1 L2

U L2 L4 L1

A L4 L1 L2

B L4 L2-L1

8212 C L4 L2-L1
D L4 L2 L1

U L2 L4 L1

A L4 L1 L2

B L4 L2 L1

82I9 C L4 L1-L2
D L4 L2 L1

U L2 L4 L1
A L4 L2-L1

B L4 L2-L1

82H3 C L4 L2 L1

D L4 L2-L1
U L2 L4 L1

A L4 L1-L2
B L4 L2 LI

82H4 C L4 L2 L1

D L4 L2 L1

U L2 L4 L1

A L4 L1-L2
B L4 L2 L1

82HS C L4 L2 L1 L1-L2
D L4 L2

U L2 L4 L1

A L4 L2-L1
B L4 LI L2

82H6 C L4 L2 L1-L2
D L4 L2-L1

U L2 L4 L1

A L4 L2 L1

B L4 L2-L1
82G10 C L4 L2 L1

D L4 L1-L2

U L2 L4 L1

A L4 L2 L1-L2
8 L4 L1-L2

82J3 C L4 L2 L1

D L4 L1-L2
U L2 L4 L1

A L4 L2-L1
B L4 L2 L1

82J4 C L4 L2 L1

D L4 L1 L2

U L2 L4 L1

i
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Table 4.6

Location of U.S. Samples In Ovens and Containers During Irradiation. A
through E refer to the five groups of U.S. aged samples, F refers to
unaged samples. L5 through L10 refer to the six U.S. grouping of samples
for the accident simulations.

CONTAIRERS OVERS

S 6 7 8 2 3 4

TEF2EL lA L7 L8 L6 LS
IB LF L8 L6 LS
IC L8 L7 LS L6
ID L7 L8 LS L6
IE L8 L7 L6 LS
IF L8 L7 LS L6
2A L8 L7 L3 L6
28 LF L8 LS L6
2C L7 L8 LS L6
2D LS LF LS L6 LS
2E L7 L8 LS L6
2F L7 L8 LS L6

EPR IA LF L8 L3 L6
IB LF L8 L6 LS
|C L7 L8 LS L6
ID L7 L8 LS L6
IE .7 L8 LS L6
IF .7 L8 LS L6
2A L8 L7 L6 LS
28 L7 L8 LS L6
2C L8 L7 .5 L6
2D LF L8 LS L6
2E L7 L8 LS L6
2F L7 LS L6 L3

CPE A LF L8 LS L6
8 L8 LF LS L6
C L7 L8 LS L6
D L7 L8 LS L6
E LF L8 LS L6
F L7 L8 LS L6

CSPE A L7 L8 LS L6
8 L7 L8 L6 L3
C LF L8 LS L6
D L8 L7 LS L6
E LF L8 LS L6
F L8 LF LS L6

XLPO IA L8 LF LS L6
IB L8 LF LS L6
IC LF L8 LS L6
10 L8 LF LS L6
lE LF L8'

LS L6
LS L6

IF L8 LF

2A L4 LF LS L6
2B L7 L8 LS L6
2C ,7 L8 LS L6
2D ,7 L8 LS L6

*

2E LF L8 L6 l
2F LS ,7 L9 L6

Compression set i'S n' 8 8i

fixtures esposed n' 26
to L7 n' 30 I

.
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During the L3, L9, and L10 tests, irradiation was carried out
simultaneously with the LOCA, inside CESAR, within the POSEIDON
irradiation chamber.

Figure 4.3 shows the dose rate measurements in air at different*

points of the CESAR experimentation cell taken on June 29, 1982. All
readings are within a dosa rate deviation of i 10% of the average value.
The maximum value occurs in the vertical axis of the chamber at sealing

ring level; it was equal to 366 keds per hour.

The dose absorbed in the air at the time of each test was calculated
taking into account the 5.27 year half-life of the Cobalt 60.

Irradiation began several minutes before the first thermodynamic
transient. It continued between the two transients, then during the
temperature and pressure development of the second thermodynamic
proflie. The interval between the two transients was calculated to
obtain a total exposure of 60 Mead. Additional irradiation at the end of
LOCA exposure compensated for test deviations.

During leradiation, the rate of air or nitrogen renewal in the CESAR
chambor is greater than four geometric volumes per hour, under normal
temperature and pressure conditions.

4.2.2 LOCA

4.2.2.1 Position of Samples

The French and American samples were placed in the CESAR chamber on
perforated plates with wide holes, ensuring free passage of the water
vapor, gases and borated solutions. Figure 4.4 shows the sample
positions for the U.S. materials CPE and CSPE during tests L6 and L8.

The insulation samples were placed in supports provided by Sandia
National Laboratories (Figure 4.5). The supports are fitted to a plate
pierced with holes. The plates were placed one above the other,
separated by stainless steel threaded rods. To avoid the rising gas
pressure from forcing the insulation samples out of their holders inside
the experimentation chamber, a stainless steel trellis is placed over the
samples on the last perforated plate (Figure 4.6).

1
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4.2.2.2 Samples

In each sequential test, L1, L2, and LA, the following French

| samples were tested:

Aging Number Aging Number

A 10 A 10
B 10 B 10

82Il C 10 82H4 C 10
D 10 D 10
U 10 U 10

A 10 A 10
B 10 B 10

82I2 C 10 82H5 C 10
D 10 D 10 |

U 10 U 10 !

A 4 A 14
B 4 B 10

82J3 C 4 82H6 C 10
D 4 D 10
U 4 U 10

A A A 10
B 4 B 10

82J4 C 4 82I9 C 10
D 4 D 10
U 4 U 10

A 10 A 10
B 10 B 10

82H3 C 10 82G10 C 10
D 10 D 10

i U 10 U 10

All the samples were exposed to the first phase of tests (irradiation
or LOCA), after which half were removed for mechanical testing. The
remainin5 half of the samples were exposed to the complete two phases of
accident simulation, af ter which they are also mechanically tested.

Durin8 simultaneous accident simulation, L3, only half the number of,

er.mples listed above are subjected to the simulation. They were then
mechanically tested.

-45-
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In each sequentici test, L5, L6, L7, and L8, the following U.S.
samples were tested:

8 Samples TEFZEL 1 A 8 Samples TEFZEL 2 A
8 Samples TEFZEL 1 B 8 Samples TEFZEL 2 B
8 Samples TEFZEL 1 C 8 Samples TEFZEL 2 C
8 Samples TEFZEL 1 D 8 Samples TEFZEL 2 D
8 Samples TEFZEL 1 E 8 Samples TEFZEL 2 E
8 Samples TEFZEL 1 F 8 Samples TEFZEL 2 F

8 Samples EPR 1A 8 Samples EPR 2A
8 Samples EPR 1B 8 Samples EPR 2B
8 Samples EPR 1C 8 Samples EPR 2C
8 Samples EPR 1D 8 Samples EPR 2D
8 Samples EPR 1E 8 Samples EPR 2E
8 Samples EPR 1F 8 Samples EPR 2F

8 Samples XLP0 1A 8 Samples XLP0 2A
8 Samples XLPO 1B 8 Samples ILP0 2B
8 Samples XLPO 1C 8 Samples ILPO 2C
8 Samples ILPO 1D 8 Samples ILPO 2D
8 Samples ILPO 1E 8 Samples ILPO 2E
8 Samples XLPO 1F 8 Samples ILPO 2F
8 Samples CSPE 1A 8 ::amples CSPE 2A
8 Samples CSPE 1B 8 Samples CSPE 2B
8 Samples CSPE 1C 8 Samples CSPE 2C
8 Samples CSPE 1D 8 Samples CSPE 2D
8 Samples CSPE 1E 8 Samples CSPE 2E
8 Samples CSPE 1F 8 Samples CSPE 2F

All the samples were exposed to the first phase of tests
(irradiation), af ter which half were removed for mechanical testing. The
remaining half of the samples were exposed to the complete two phases of
accident simulation, after which they were also mechanically tested.

During simultaneous tests L9 and L10, half as many of the samples
were tested.

2.2.2.3 Thermodynamic conditions

The vapor temperature, pressure, and chemical spray experimental
profiles were recommended by the French nuclear safety organizations.
Each test was comprised of two thermodynamic transients, followed by
temperature, pressure, and chemical spray exposures. Table 4.8
summarizes the desired regulatory temperature and pressure conditions for
the thermodynamic exposures. During the second thermodynamic exposure,
beginning 220 seconds after the start of the test, the samples were
sprayed with borated solution having the following composition:

H B03 = 15 g/L3
NaOH = 6 g/l

-46-
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Table 4.8

French Regulatory Recommendations for
- Temperature and Pressure Profiles

Temperature Pressure,

Transient Time *C (bar)

to 50 1.0
to + 10 see 156 5.7

1 to + 100 see 156 5.7

to + 720 see 150 5.7
y

'

to + 24 hours 50 1.0

to 50 1.0
to + 10 see 156 5.7

to + 100 see 156 5.7

to + 1200 see 150 5.7

to + 2800 see 140 5.0

2 to + 2 hours 130 4.2 |

to + 4 hours 121 3.3
,

to + 10 hours 110 2.8

to + 18 hours 100 2.3
to + 2.5 days 80 1.7
to + 4 days 73 1.6

The pH value of the solution is maintained at 9.25. The spray rate was
6.1 liters per minute and per square meter of horizontal section of the
chamber. The spraying duration was 24 hours; French regulations allow
for a 96-hour spray exposure.

4.2.2.4 Achieved Thermodynamic Conditions.

Figures 4.7 through 4.12 illustrate the achieved thermodynamic
conditions for pressure.and temperature. The desired temperature and
pressure profiles are also shown. For each thermodynamic transient, the
temperature and pressure rise were far greater and much faster than
required. The temperature reached between 165 and 175*C in 5 to 6
seconds. -During the same time period, the pressure achieved between 6.8
and 7.5 bar absolute (98 and 109 psia). For the first 100 seconds, the

,

temperature remained at approximately 10*C above the required profile.

Only for tests LS + L7 and L3 + L9 did the temperature quickly
approach the theoretical profile. During the second thermodynamic
transient a temperature overshoot appears approximately 200 seconds after
the start of the test. This overshoot corresponds to the passage from
dry vapor pressure to saturated vapor with a corresponding release of 600 |
calories of energy per gram of vapor. Very rapidly after the initiation |a

i

4
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of chemical spraying, the achieved temperature profile follows the
required profile for the remainder of the test. Approximately 10 seconds
after the start of each thermodynamic transient, the achieved pressure

,

matches the required pressure profile. |
'

,

1

For the simultaneous thermodynamic and irradiation exposures,
'

irradiation continued during the cooldown between the two thermodynamic
transients. The interval between the two transients was adjusted so that
the total experimental exposure time corresponded to a 60 Med dose.
(Experimental deviations were accounted for by adding additional dose at
the completion of the two profiles.) Hence the time interval separating
the two simultaneous thermodynamic transients was not the same as that
employed during the sequential test exposures where irradiation was not a

*

consideration.

For the L3 + L9 simultaneous test the total irradiation time was
188.7 hours corresponding to a center of chamber dose of 60.4 9.1;

Med(air-equiv.). The irradiation was stopped three times during the
L3 + L9 test due to irradiation hot cave operating incidents. The first
incident lasted 19 hours, 35 minutes. The other two interruptions were
short, i.e., 0.5 hours for the first and 1 hour for the second. The
samples of this test were exposed to additional irradiation after the
second thermodynamic profile to compensate for these deviations. For the

; - L10 simultaneous test the total irradiation time was 174.4 hours
j corresponding to 60.2 1 9.0 Med(air-equiv.). 6.4 hours of this exposure

-was performed after completion of the thermodynamic exposures.

Since the irradiation caused heating within the CESAR cell, the test
chamber temperature did not fall below 70*C during the natural cooling3

j between the two simultaneous thermodynamic transients. For the sequential
test exposures, natural cooling to approximately 50*C was achieved.i

4.2.3 Post-Accident Exposures

After completion of the LOCA exposure, a post-LOCA exposure was,

' performed. It lasted ten days and consisted of a 100*C, approximately
100% relative humidity exposure. The exposure was performed in the CESAR
chamber; the temperature was maintained by the frequent injection of vapor
from the boiler.

'

4.3 Post-Test Weight and Length Neasurements

The weight gains and length increases experienced by the U.S. samples

! during the accident simulations were measured. For each group of samples,
the weight was measured prior to the start of the accident simulations and

,

also at the completion of the post-LOCA 10-day, 100*C, 100% relative
humidity exposure. Nessurements were performed prior to the six hour 60*C
drying exposure. Weight and length measurements for the L10 (R +
steam (N )) exposure were not obtained prior to drying. For this test2
exposure, weight and length measurements were only obtained at completion
of the drying exposure.

:
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The weight and length measurements were performed 13 to 20 days after.

completion of the post-LOCA exposure. Hence some moisture desorption had
occurred. -Cross comparisons between different accident simulation data
should not be attempted because of the different desorption times.
Comparison within a single accident simulation is meaningful. The
specific time intervals for each test were: LS + L7 was 15 days; L9 was 13
days; L6 was 15 days; and L8 was 20 days.

,

h,
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5.0 RESULTS

We report test results for twenty-three polymer sample sets; eight
U.S. insulation and jacket materials, five U.S. O-ring and gasket
materials, and ten French elastomer, 0-ring, thermoplastic and
thermosetting materials. Test results at completion of the aging
exposures have previously been reported in Reference 1. In this

publication we report on test results at completion of various phases of
the aging and accident simulations. Compression set results for the five
U.S. 0-ring and gasket materials are presented in tabular form in this
section. The appendix presents in tabular form all tensile and bend test
results for the remaining eighteen materials. In this section of the
report we graphically display some of the results. Specifically, we plot
the normalized mechanical properties as a function of the aging and
accident procedures. Our plots are constructed as follows. A mechanical
property (such as normalized elongation) is plotted on the y-axis. The
aging technique employed is displayed via the x-axis. The measurement
location in the test sequence is indicated by the plotting symbol (+, x,

etc.). For the U.S. samples, all plotted measurements are for the
completion of the accident simulation. For the French samples, additional
measurement locations (such as "After Aging") are also displayed.

We also present the graphical analysis two ways. First, we plot the
mechanical property normalized by its unaged value. This plotting
technique allows for evaluation of the most conservative combinations of
aging and accident simulation techniques. Second, we plot the mechanical
property normalized by its after aging value. This plotting technique
illustrates the accident contribution to the mechanical property
degradation. These latter plots are identified as " Accident Effect Only"
and complement the aging results presented in Reference 1.

5.1 U.S. Samples

5.1.1 CSPE

At completion of aging, CSPE tensile properties depended strongly on
the aging sequence. For example, the ultimate tensile elongation had
decreased to between 6% and 45% of its initial value. Figure 5.1
illustrates these aging results for CSPE as originally presented in
Reference 1. Figure 5.2 presents ultimate tensile elongation data at the
completion of the accident exposures relative to the initial unaged
values. There is not a large difference in results between alternative
accident exposure techniques. The influence of aging technique is more
pronounced; the R70*T and the R120 aging exposures lead to the most
severe degradation. Figure 5.3 illustrates the influence of the accident
exposure on the after aging elongation values. In general, the accident

exposures reduced the af ter aging elongation values by approximately 70%.
( The major exception to this trend was for those samples preconditioned by
i the R70*T aging sequence. At completion of this aging sequence, the i

elongation was already substantially degraded (to 6% of the original |!

value); hence large scatter in additional degradation might be expected. I

I
|
I

|
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Figure 5.1: Ultimate Tensile Elongation of CSPE During Various Aging,

Environments. Sample tensile elongation divided by initial'

(unaged) alon5ation is plotted versus aging time. Each
portion of the sequential exposures lasted ~380 hours.
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CSPE Ultimate Tensile Elongation
a
o

4. Accident Techniques
o

e q. O = R70 --> Steam
.9 o + = R70 --> Steam
58. 0 = R28 --> Steam
y8 a = R28 --> Steam 2
o a- X = R + Steam (air)
U Q. + V = R + Steam (N )2
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Fi ure 5.2: Ultimate Tensile Elon5ation of CSPE at Completion of the5
Accident Exposure. Sample tensile elongation divided by the
initial (unaged) elongation is plotted for several aS ng andi

accident simulation techniques.
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Figure 5.3: Ultimate Tensile Elongation of CSPE at Completion of the
Accident Exposure. Sample tensile elongation divided by the

j

; after aging elongation is plotted for several aging and
accident simulation techniques.
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Figure 5.4: CSPE Weight Gain for Several Aging and Accident Simulation
Techniques
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Moisture absorption data for CSPE is shown in Figure 5.4.
Substantial weight gains (up to 35%) were experienced by some of the
samples.

5.1.2 CPE

At completion of aging, CPE tensile properties also depended on the
aging sequence. For example, the two R*T aging sequences had degraded
the ultimate tensile elongation to approximately 10-15% of its initial
value. . In contrast, the two T*R sequences produced e/e0 values of
approximately 25%. Reference 1 aging results for CPE are illustrated in
Figure 5.5.

By completion of the accident exposures, most CPE samples had e/e0
values less than or equal to 0.1 (See Figure 5.6). Generally, the lowest
values were achieved for those samples preconditioned by the R70*T aging
sequence; the highest e/e0 values corresponded to the unaged samples.
Samples preconditioned by R120, T*R70, R274T, and T*R27 yielded
similar e/eo values. Figure 5.7 presents the influence of the accident
exposure on the after aging elongation values; i.e., the e/eaging values
are plotted.

Moisture absorption data for CPE is shown in Figure 5.8. The weight

gains generally appear to be independent of the preconditioning technique
employed prior to the start of the accident simulations.

5.1.3 EPR 1

At completion of aging EPR l's tensile elongation values did not have
a large dependence on the aging technique: the e/eo variation was less
than 50%, ranging from .52 to .74 (Figure 5.9). However, by completion of

variation was much larger, ranging fromthe accident exposure, the e/eo
.02 to .35 (excluding the unaged samples from consideration).
Figures 5.10 and 5.11 illustrate the e/eo values at completion of the
accident exposure. Generally the most consistent least degrading accident
exposure was the R + steam (N ) simulation. The acst consistent2
degrading exposures were the R + steam (air) and R70* steam (air) accident

The R284 steam (N ) and R70* steam (N ) accidentsimulations. 2 2
simulations both exhibited increased elongation degradation as the
preconditioning aging temperature was lowered from 120*C to 27'C. This
effect is also evident in the aging data of Figure 5.9. The irradiation

degradation of aging sequences E, A, and B (R120, R70, and R27) becomes
more pronounced as the temperature is decreased. Moisture absorption data
for EPR 1 is presented in Figure 5.12.

5.1.4 EPR 2

At completion of aging, EPR 2's tensile elongation did not have a
large dependence on the aging technique: The enging/*o variation was
less than 50%, ranging from 0.34 to 0.50. The most degradation was for
the R120 aging exposure. The sequential aging techniques yielded
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Figure 5.5: Ultimate Tensile Elon5ation of CPE During Various Aging
Environments. Sample tensile elongation divided by initial
(unaged) elongation is plotted versus aging time. Each
portion of the sequential exposures lasted ~380 hours.

-65-

. . _ - _ _ . .. _- _ _ - . . _ . . _ _ _ - _ . . . . - - - . - . . _ . . . _ _ . _ _ _ _ - . ~ . _ - --



. - - ._ .. . - _ - . - . _ . _ _ . _ _ ..

.

4

s

4

CPE Ultimate Tensile Elongation
8
o

4. Accident Techniques
o

e S. D = R70 --> Steam:

.9 a + = R70 --> Steam
" 8- 0 = R28 --> Steam

o|o-
A = R28 --> Steam 2:

x = R + Steam ,

'

E Q_ V = R + Steam 2

.

2: -

;;-
Y2 s7>

r, d c- ..- - - - -O

-h_S. 0' g_
91

|

UN GED Ri20 R70>T TMUD RN7>T TMt27
Aging Techniques;

|

|

I-

Fi ure 5.6: Ultimate Tensile Elongation of CPE at Completion of the5
Accident Exposure. Sample tensile elongation divided by the
initial (unaged) elongation is plotted for several aging and

i
accident simulation techniques.
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Figure 5.7: Ultimate Tensile Elongation of CPE at Completion of the
Accident Exposure. Sample tensile elongation divided by the
after aging elongation is plotted for several aging and
accident simulation techniques.
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Figure 5.8 CPE Weight Gain for Several Agin5 and Accident Simulation
Techniques
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F15ure 5.9: Ultimate Tensile Elongation of EPR 1 During Various Aging
Environments. Sample tensile elongation divided by initial
(unaged) elongation is plotted versus aging time. Each
portion of the sequential exposures lasted ~380 hours.
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aging and accident simulation techniques.

.

-70-

J

. - . , _ - - - - _ , . . _ . . _ _ - . , _ _ . . . _ -- . - . _ - . _ _ _ _ - _ . . _ _ - . . . . _ _ _ . _ . . . - . . . _ . .. - - . .



. . ._ _ _. . - ___

.

!

;

! - EPR 1 Ultimate Tensile Elongation
j (Accident Effect only)

S

E-

h E-
. 3 e-

go-1

E 3-
m. Vo- .,

j$-
-Vy

n v v ' 'S
"

/ -C-g ,.,

2
+,

o

UN GED Ri20 R70>T T>R70 R2i?>T T>R27
Aging Techniques

!

Accident Techniques'

O = R70 --> Steam
+ = R70 --> Steam
0 = R28 --> Steam4

a = R28 --> Steam
x = R + Steam (air)
V = R + Steam (N )2

I

.

i Figure 5.11: Ultimate Tensile Elongation of EPR 1 at Completion of the
Accident Evosure. Sample tensile elongation divided by
the after aging elongation is plotted for several aging and'
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asing/*o values between 0.4 and 0.5. By completion of the accidente
exposure, the EPR 2 e/e variation was much larger, ranging from 0.03 too
0.34 (excluding the unaged samples from consideration). Figure 5.13 ;

illustrates the e/e values at completion of the accident exposure.o
Figure 5.14 presents e/eaging data. The least degrading accident
exposure was the R + steam (N ) simulation. The most degrading exposures2
were the R70* steam (air) and R + steam (air) simulations.

Moisture absorption data for EPR 2 is shown in Figure 5.15. The R120
aging technique generally enhances EPR 2's weight gain.

5.1.5 KLPO 1

At completion of aging KLPO l's tensile elongation and tensile
strength did not have a substantial dependence on the aging technique.
Variations in results of less than 20% were noted. Figures 5.16-5.19
present tensile and weight gain data for KLPO 1. Degradation of the
ultimate tensile elongation strongly depended on the accident exposure.
The more severe accident exposures were the R28* steam (air), R28* steam

R + steam (N ), and R70* steam (ale) . The less severe accident(N ), 22
exposures were the R70* steam (N ), and R + steam (alr) exposures.2
Degradation of the ultimate tensile strength also strongly depended on the
accident exposure. The most severe accident exposures were the
R70* steam (air), R + steam (air), R7&* steam (N ) . The least severe2
accident exposure was R + steam (N ). Hence, those accident exposures2
which most degraded the ultimate tensile elongation were least degrading
to the tensile strength and vice verca.

KLPO 1 did not absorb significant amounts of moisture during the LOCA
simulation exposures (see Figure 5.19).

5.1.6 KLPO 2

At completion of aging KLPO 2's tensile elongation and tensile
strength did not have a substantial dependence on the aging technique.
Variations of less than 30% were observed. During accident simulations,
the most degraded state for KLPO 2's ultimate tensile elongation was at
the completion of the R28 and R70 accident irradiations prior to the
sequential accident thermodynamic exposures (see the Appendix data for

KLPO 2). Subsequent or concurrent thermodynamic exposures improved the
elongation values. After the thermodynamic exposures (Figures 5.20 and
5.21), the R704 steam (air) and R284 steam (ale) exposures were most

and R284 steam (N ) were intermediate insevere; the R70* steam (N ) 22
severity; the R + steam (N ) and R + steam (air) were least severe.2
Moisture absorption data for KLPO 2 is shown in Figure 5.22.

5.1.7 TEFZEL 1

Figure 5.23 presents weight gain information for TEFZEL 1 samples.
During the accident irradiations and steam exposures, TEF2EL 1 lost mass
(i.e., it experienced a negative weight gain.)

a
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Fi ure 5.13: Ultimate Tensile Elongation of EPR 2 at Completion of the5
Accident Exposure. Semple tensile elongation divided by
the initial (unaged) alon ation is plotted for severals
aging and accident simulation techniques.
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Figure 5.14: Ultimate Tensile Elongation of EPR 2 at Contpletion of the
Accident Exposure. Sample tensilo elongation divided by
the after aging elongation is plotted for several aging and
accident simulation techniques.
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Figure 5.16: Ultimate Tensile Elongation of KLPO 1 at Completion of the
Accident Exposure. Sample tensile elongation divided by the
initial (unaged) elongation is plotted for several aging and
accident simulation techniques.
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XLPO 2 Ultimate Tensile Elongation
O
" Accident Techniques
E- O = R70 --> Steam

e *- + = R70 --> Steam
.9 0 = R28 --> Steam
lii 9_ A = R28 --> Steam 2F. x = R + Steam (air)
o o- V = R + Steam (N )2Um
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:E o- T
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o
*
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UNAGED R120 R70>T T>R70 R27>T T>R27
Aging Technigdes.

,

i Figure 5.20: Ultimate Tensile Elongation of KLPO 2 at Completion of the
; Accident Exposure. Sample tenslie elongation divided by

the initial (unaged) elongation is plotted for several
agin5 and accident simulation techniques.
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XLPO 2 Ultimate Tensile Elongation
(Accident. Effeet Only)

5
Accident Techniques

.

3
*

D = R70 --> Steam'

g 3_ + = R70 --> Steam.* O = R28 --> Steam r
E- A = R28 --> Steam N2

x = R + Steam (air)
]a- N v = R + Steam (N )

4

g_ 2
a x -p
b~ }h! +-9 oR 2- q-

| 2- q
8

1

UN GED Ri20 R/0>T T>it70 R$7>T T>it27
1 Aging Techniques
|

|

i

: F15ure 5.21: Ultimate Tensile Elongation of XLP0 2 at Completion of the
Accident Exposure. Sample tensile elongation divided by |
the after aging elongation is plotted for several aging and
accident simulation techniques.

|
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XLPO 2 Weight Gain
$-

Accident Techniques
O = R70 --> Steamo

a- + = R70 --> Steam
o = R28 --> Steamm

E o = R28 --> Steam 2 +
,g 2- X = R + Steam (air)
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Aging Techniques
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|

| Figure 5.22: XLeo 2 Weight Cains for Several Aging and Accident
simulation Techniques
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For each combination of aging and accident simulations, four TEFZEL 1
samples were successively wrapped around tubes of smaller diameter until
insulation cracking or breakage was visually observed. Bond radii
between 75 and 6 times the radil of the TEFZEL specimens were employed.
Insulation cracking and breakage was observed to occur for a spread of
bend radii. Table 5.1 illustrates the bend radii for which ceseking or

~

breakage was first observed (i.e. , the largest diameter at which at least
one specimen cracked.) Table 5.2 illustrates the bend radii by which all
four specimens had cracked oc broken. The results indicate that those
accident exposures with a high temperature irradiation in an air i

environment more severely degraded TEFZEL 1 than did accident simulations j'

'

with amb.ent temperature ce nitrogen irradiations (i.e., R + steam (air),
R704 steam (N ), and R70-*steen (air)) were more severe than R28 -+| 2
steen (air), R28-* steam (N ), and R + steam (N ) *2 2

i

We previously have reported evidence suggesting that the T-+R aging
sequences are more severe than the R4T aging sequences for TEFZEL 1
(see Reference 1). This previous conclusion is confirmed for the R +
steam (N ) accident simulations but is not generic for all accident2
simulation techniques.

;

'

5.1.8 TEFZEL 2

Figure 5.24 presents weight gain information for TEFZEL 2 samples'.
During the accident irradiations and steam exposures, TEFZEL 2 lost mass

! (i.e., it experienced a negative weight gain.) ;

I For each combination of aging and accident simulations, four TEFZEL 2
| samples were successively wrapped around tubes of smaller diameter until
; insulation cracking or breakage was visually observed. Bend radii

between 75 and 6 times the radii of the TEFZEL specimens were employed,
Insulation cracking and breakage was observed to occue for a spread ofi

bend cadli. Table 5.3 indicates the bend radii for which cracking oc'

breakage was first observed (i.e., the largest diameter at which at least
'

one specimen cracked.) Table 5.4 indicates the bend radii by which all
|

four specimens had cracked or broken. ,

I

| For TEFZEL 2, the R + steam (air) accident exposure caused all TEFZEL ,

2 samples (both aged and unaged) to crack den subjected to a 75x bend
j

test. For other accident exposure techniques, the TEFZEL 2 degradation
depended on the aging technique. The R120, R70-+120, and the 120-+R70
aging techniques were generally more severe than the R27-*120 and the

|
,

! 120-*R27 sequences.
i

5.1.9 U.S. Compression set Tests
|

our compression set tests employed compression samples with
thicknesses ~.18 cm. As mentioned in section 3.3.3.1, this thickness
represents actual use conditions but produces large uncertainties in the

l
I

i
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value of compression set, C:

t, - tg
C=t -t

o n

where to = original thickness

tt = final thickness

tn = compressed thickness.

We predict our absolute uncertainties for C to exceed .10.

Tables 5.5 - 5.9 present our compression set test results. After
aging data from Reference 1 is also provided. Aging and accident-
exposures substantially increase the compression set. Because of our
absolute uncertainty of i .10, we do not note meaningful differences
between alternative aging and accident simulations.
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TEFZEL 1 Weight Gain

E Accident Techniques

O = R70 --> Steam |~

+ = R70 --> Steam
. o = R28 -.) Steamri-

a = R28 --> Steam 2
$ x = R + Steam (air)
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*
o + /*4,
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*

o og'
UN GED Ri20 R70>T T>h70 R2/>T T>h27

Aging Techniques

TEFZEL 1 Wel ht Gain for Several Aging and AccidentFigure 5.23: S
simulation Techniques!
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Table 5.1

TEFZEL 1: Largest Bend Radii At Which One Sample Cracked. Table entries
are expressed"hs cultiples of the TFFFFL 1 sample radius;

ACCIDENT SIMULATIONS

R70+ST(AIR) R70+ST(N ) R28+ST(AIR) R28+ST(N ) R + ST(AIR) R + ST(N )2 2 2

UNAGED 75.00 75.00 44.00 11.00 75.00
t R120 75.00 75.00 75.00 75.00 75.00! R70+120 75.00 75.00 75.00 75.00 75.00 50.0012&+R70 75.00 75.00 56.00 50.00 75.00 75.00R27+120 75.00 75.00 75.00 75.00 75.00 31.0012&+R27 75.00 75.00 75.00 75.00 75.00 75.00

.
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,
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Table 5.2

TEFZEL 1: Bend Radii By which All Samples Cracked. Table entries
are expressed as multiples of the Trr:EL 1 sample radius.

ACCIDENT SIMULATIONS

R7&*ST(AIR) R70+ST(N ) R28+ST(AIR) R29+ST(N ) R + ST(AIR) R + ST(5 )'2 2 2,

E
8 UNAGED 69.00 75.00 11.00 6.00 69.00'

j R120 75.00 75.00 75.00 75.00 75.00
j R70+120 75.00 75.00 69.00 50.00 75.00 44.00

t 12&+R70 75.00 75.00 44.00 31.00 75.00 69.00

R27+120 75.00 75.00 44.00 75.00 75.00 22.09'

120+R27 75.00 75.00 75.00 75.00 75.00 56.00

i

4

!

!

;

:

!

.___. _ _ _ _ _ _ _ _



TEFZEL 2 Weight Gain
a

3-
o

bh.8 a -- A

O' '
g-

.5 k- x- ,f ,
d -o

'y. Accident Techniques
O = R70 --> Steam
+ = R70 --> Steam

y. o = R28 --> Steam
a = R28 --> Steam 2
X = R + Steam (air),

T , , . . . .

UNAGED R120 R70>T T>MO R27>T T>R27
Aging Techniques

i

.

Figure 5.24: TEFZEL 2 Weight Gain for Several Aging and Accident
! Simulation Techniques

!
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Table 5.3

TEFZEL 2: Largest Bend Radii At which one Sample Cracked. Table
entries are expressed as multiples of the TEFZEL 2' sample
radius,

l ACCIDENT SIMULATIONS

R70+ST(AIR). R70+ST(N ) R28+ST(AIR) R28+ST(N ) R + ST(AIR) R + ST(N )2 2 2

8 UNAGED 11.00 6.00 75.00

f R120 75.00 75.00 75.00 75.00 75.00 75.00
75.00 75.00 75.00R70+120 75.00 75.00 75.00 -

120+R70 75.00 75.00 75.00 75.00 75.00 75.00

R27+120 22.00- 44.00 22.00 22.00 75.00 44.00
120+R27 75.00 31.00 22.00 31.00 75.00 69.00

|

1
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Table 5.4
TEFZEL 2: Bend Radii By which All Samples Cracked. Table entries

are expressed as multiples of the TEFZEL 2 sample radius.

ACCIDENT SIMULATIONS

R70+ST(AIR) R70+ST(N ) R29*ST(AIR) R29+ST(N ) R + ST(NIR) R + ST(N ).2 2 2

UNAGED 6.00 6.00 75.00
R120 75.00 75.00 75.00 75.00 75.00 75.00
R70+120 75.00 75.00 44.00 75.00 75.00 56.00
120+R70 22.00 75.00 75.00 56.00 75.00 75.00
R27+120 11.00 11.00 11.00 11.00 75.00 22.00
12&+R27 22.00 11.00 11.00 22.00 75.00 44.00



Table 5.5

Permanent Set After Compression, c, for U.S. EPR A
Errors reflect + o for four samples. Absolute error is + .10

Aging Technique

R27+120 120+R27 R120 Unaged

After Aging #13 = .67+.02 #20 = .68+.04 #32 = .74+.03 #38 = .09+.01
(Data from #14 = .67+.03 #50 = .79T.06

- -

Ref 1)
- -

After
Accident #3 = .86+.01 #29 = .92+.01 #25 = .79+.03
Exposures

- - -

L7: R27

L7: R27+ #4 = .88+.01 #18 = .88+.01 #30 = .94+.01 #26 = .80+.02
Steam (air)

- - --

Steam (air)
-

#16 = .75+.04L9: R+ #9 = .80+.01 #19 = .82+.02
--

L10: R+ #15 = .73+.03
Steam (N )

~

2

No Accident #28 = .08+.02
Exposure #39 = .10T.02
(Measured #40 = .09T.03
with #46 = .077.03
Accident
Specimens
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Table 5.6

Permanent Set Af ter Conpression, c, for U.S. EPR B
Errors reflect + o for four samples. Absolute error is + .10

Aging Technique

R27+120 120+R27 R120 Unaged

After Aging #13 = .96+.03 #20 = .91+.02 #32 = 1.0 #38 = .11+.02
-

(Data from #14 = .98T.03 #50 = .95T.01
- -

Ref 1)

After
Accident #3 = .86+.01 #29 = 1.02+.01 #25 = .95+.01

- --

Exposures |

L7: R27
'

L7: R27+ #4 = 1.02+.02 #18 = 1.01+.01 #30 = 1.05+.01 #26 = .98+ 01
Steam (air)

- - -~

L9: R+ #9 = 1.02+.01 #19 = 1.01+.02 #16 = 1.00+.01
-- -

Steam (air)

L10: R+ $15 = .96+.01
-

Steam (N )2

No Accident #28 = .15+.02
Exposure #39 = .12T.02
(Measured #40 = .13T.01
with #46 = .117.02

-

Accident
Specimens

| .
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Table 5.7

Permanent Set After Conpression, c, for U.S. BUNA N
Errors reflect + o for four sanples. Absolute error is + .10

Aging Technique

R27+120 120*R27 R120 Unaged

After Aging #13 = .63+ 01 #20 = .68+.02 432 = .68+.01 #38 = .07+.01
(Data from #14 = .597.02 #50 = .717.02

- -

Ref 1)
- -

After
Accident #3 = .82+.02 #29 = .88+.01 #25 = .62+.02
Exposures

- --

L7: R27

L7: R27+ #4 = .87+.01 #18 = .88+.01 830 = .88+ 01 #26 = .79+.02
- - - -

Steam (air)

Steam (air)
-

#16 = .72+.01L9: R+ #9 = .81+.05 #19 = .85+.01
--

L10: R+ #15 = .71+.01
-

Steam (N )2

No Accident #28 = .11+.02
Exposure #39 = .09T.01
(Measured #40 = .117.01
with #46 = .10T.01

-

Accident
|

Specimens
> ;

)

!
! -94- !
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Table 5.8

Permanent Set Af ter Conpression, c, for U.S. SILICONE
Errors reflect + o for four sanples. Absolute error is + .10

Aging Technique

R27+120 120+R27 R120 Unaged

After Aging #13 = .83+.03 020 = .72+.01 932 = 1.0 938 = .07+.03
~

(Data from #14 = .86T.01 ISO = .817.01
Ref 1)

~~

After
Accident #3 = .95+.01 #29 = 1.04+.02 #25 = .90+.01
Exposures

~ ~~

L7: R27
,

L7: R27+ #4 = 1.0l+.02 #18 = .99+.01 #30 = 1.05+.02 #26 = 1.02+.02
Steam (air)

- ~ - ~

L9: R+ #9 = .98+.02 #19 = .98+.01 #16 = .96+.02
Steam (air)

-~ ~

L10: R+ #15 = .92+.01
Steam (N )

~

2

No Accident #28 = .11+.01
Exposure #39 = .097.02
(Measured #40 = .117.02
with #46 = .08T.01

~

Accident
Specimens

t

.
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Table 5.9

Permanent Set After Compression, c, for U.S. VITON
Errors reflect + o for four samples. Absolute error is + .10,

Aging Technique
>

R27+120 120+R27 R120 Unaged,

After Aging #13 = .88+.01 #20 = .80+.01 #32 = .97+.02 #38 = .17+.01
" ~

(Data from #14 = .89T.01 #50 = .83T.02
~

Ref 1)
~

|

After
Accident #3 = .97+.01 #29 = 1.02+.01 #25 = .96+.02
Exposures
L7: R27

Steam (air)
~

#30 = 1.02+.01 #26 = .96+.02L7: R27+ #4 = 1.00+.01 #18 = .95+.01
~~ ~

Steam (air)
~

#19 = .96+.01 #16 = .96+.01L9: R+ #9 = 1.01+.03
~ ~

L10: R+ #15 = .92+.01
~

Steam (N )2

No Accident #28 = .18+.01
Exposure #39 = .187.01
(Measured #40 = .18T.02
with #46 = .147.01
Accident

-

Specimens
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5.2 French Samples

5.2.1 PRC (8211)

At completion of aging, PRC's tensile properties depended on the
aging sequence. The two R*T aging sequences resulted in a 90% decrease
in the ultimate tensile elongation. In contrast, the two T*R aging

sequences produced only a 28% decrease in ultimate tensile elongation.
Figure 5.25 illustrates these aging results; ultimate tensile elongation
data at completion of various phases of the accident simulations is also
presented. No matter which aging simulation method was used, the
simultaneous accident simulation (R + LOCA(air)) consistently yielded
severe degradation. (The tabular presentation of the data in the Appendix
allows for additional resolution of the data.) For the unaged samples
corresponding to the start of reactor operation, the LOCA4R70 accident
simulation technique was least degrading.

Figure 5.26 presents the influence of the accident exposure on the
after aging elongation values; i.e., the e/ easing values are plotted.
The ef fect of the R704LOCA(air) and the R284LOCA(air) accident
simulations was more pronounced for those samples least degraded at
completion of aging (i.e. , the T*R aging sequences) and less pronounced
for those samples most degraded at the completion of aging. Hence for
PRC, the R*LOCA(ale) accident simulations partially compensated for
sequencing effects originally observed at completion of aging.

5.2.2 EPDM (8212)

At the completion of aging, the two R4T aging simulation techniques
had caused signLficantly more degradation than did the two T4R aging
techniques. The ultimate tensile elongation at completion of the R4T
aging simulations was no more than 1% of the value for a nonaged sample,
whereas af ter the T4R70 and T4R27 aging simulations the elongation
value was still 34% and 49% of the initial unaged value. These results
are illustrated in Figure 5.27; the effect of various phases of the
accident simulations is also illustrated. Figure 5.28 presents the
influence of the accident exposure on the after aging elongation values;
i.e., the e/ easing values are plotted. In Figure 5.28 results are only
plotted for the two T*R aging sequences since at completion of the R4T
aging sequences the elongation was sufficiently deterlorated for it to be
impossible to judge the effects of the various phases of the accident
simulation.

For unaged and samples aged by T4R techniques, the LOCA*R70
accident simulation results in elongation degradation less significant
than that caused by the other accident simulations. The R + LOCA(air) and
R70*LOCA(air) accident simulations caused severe degradation of the EPDM
samples, regardless of the aging simulation technique.

The degradation of these EPDM materials also depended on the accident
leradiation temperature. Both unaged and samples aged by the T*R70

|
technique experienced more degradation during the R70*LOCA(air)

l
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Ultimate Tens (i e Elon)gationPRC 82I1

S

E-
^g-
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g o-y

g 2-
E o- o + +

\ l$ +o -

UN GED T>it?O R70>T T>it27 R$r>T
Aging Techniques

AGING EXPOSURE L3 ACCIDENT Ex805URE
D = AFTER ACING V = R + LOCA( AIR)

L1 ACCIDENT EXPOSURE L4 ACCIDENT EXPOSURE
+ = R70 e = R28
0 = R79->LOCA( AIR) 3 = R28->LOCA( AIR)

L2 ACCICENT EXPOSURE
A = LOCA(AIR)
x = LOCA( AIR)->R70

Figure 5.25: Ultimate Tenslie Elongation of PRC (82II) at Completion of
Various Phases of the Accident Exposure. Sample tensile
elongation divided by the initial (unaged) elongation is
plotted for several aging and accident simulation
techniques.

|
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PRC (82I1)
Ultimate Tensile Elongation

(Accident Effect Only)*
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Aging Techniques
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0 = R7 LOCA(AIR)

L4 ACCIDENT EXPOSURE
L2 ACCIDENT EXPOSURE G = R28

& = LOCA(AIR) 3 = R28-)LOCAf AIR)
x = LOCA( AIR)->R7e

|

F1 ure 5.26: Ultimate Tensile Elon5ation of PRC (82II) at Completion of5
Various Phases of the Accident Exposure. Sample tensile
elongation divided by the after agins elongation is plotted
for several asing and accident simulation techniques.
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EPDM (82I2)
Ultimate Tensile Elongation

5
AGING EXPOSURE L3 ACCIDENT EXPOSURE

3 O = AFTER AGING 9 = R + LOCA(AIR)

o L1 ACCIDENT EXPOSURE 14 ACCIDENT EXPOSURE
4- + = R70 e = R28

o = R76->LOCA( AIR) 3 = R28-)LOCA( AIR),
~

,9 L2 ACCIDENT EXPOSURE
** e A = LOCA(AIR)
8 o- x = LOCA( AIR)->R70g
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E- I I

-,

bkI v- ,_= ;
^ ; 'm . -

UNAGED T>R70 R70>T T>R27 R27>T

Aging Techniques

Figure 5.27: Ultimate Tenslie Elongation of EPDM (8212) at Completion of
Various Phases of the Accident Exposure. Sample tenslie
elongation divided by the initial (unaged) elongation is
plotted for several aging and accident simulation
techniques.
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EPDM (8212)
Ultimate Tensile Elongation

(Accident Effect only)
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L1 ACCIDENT EXPOSURE L3 ACCIDENT ExF05URE
+= R70 9 = R + LOCA(AIR)

L4 ACCIDENT EXPCSURE
L2 ACCIDENT EXP05URg S = R28

A = LOCA( AIR) S * R28->LOCA( AIR )
x = LOCA( AIRl->R70

F1 ure 5.28: Ultimate Tensile Elon5ation of EPDM (82I2) at Completion of5
Various Phases of the Accident Expocure. Sample tensile
elongation divided by the after aging elongation is plotted
for several aging and accident simulation techniques.
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accident simulation than they did during the R284LOCA(air) accident
simulation. The effect of accident irradiation temperature was less

pronounced for samples preconditioned by the T*R28 aging technique.

5.2.3 Fire-proof EPDM (82I9)

At completion of aging, the R*T aging techniques had decreased the
tensile properties of fire-proof EPDM more than had the reverse order
techniques , i.e. , T*R. Af ter the T*R aging simulations the ultimate
tensile elongation was still 34% of its initial unaged value, whereas,
after the R*T aging simulations this property was only 13% of its
initial unaged value. These results are illustrated in Figure 5.29; the
effect of various phases of the accident simulations is also illustrated.
Figure 5.30 presents the influence of the accident exposure on the after
aging elongation values; i.e., the e/eaging values are plotted.

Tensile elongation data for fire-proof EPDM indicates that the less
severe accident simulations were the LOCA(air)*R70 and the
R284LOCA(air) techniques. The most severe technique was the
simultaneous accident exposure (R + LOCA(air)). After this accident
simulation, the elastomer samples were very hard and brittle. Figure 5.30
clearly shows that the R70*LOCA(ale) simulation was more severe than the
LOCA(nir)*R70 simulation. Figure 5.30 also demonstrates that the
accident irradiation temperature influenced tensile properties. The ,

|R70*LOCA(air) simulation was more severe than the R284LOCA(air)
simulation.

5.2.4 VAMAC (82H3 and 82J3)

VAMAC was tested both as tensile dumbbells and as 0-rings. Hence we

report both ultimate tensile-properties and values for permanent set af ter.
compression. Ultimate tensile elongation results are plotted in Figures
5.31 and 5.32; permanent set after compression values are presented in
Figure 5.33. As for all materials, the Appendix provides additional
information on ultimate tensile strength.

Variation of aging techniques did not significantly modify the after
aging elongation of VAMAC. The most significant reduction in ultimate
tensile elongation (to 66% of the initial value) was observed af ter the
T*R27 aging simulation; the least significant (to 78% of the initial
value) occurred during the T*R70 aging simulation. At completion of
aging, the permanent set values ranged from 0.56 to 0.76.

At completion of the accident exposures, VAMAC's ultimate tensile
elongation had only been slightly degraded by the simultaneous accident
simulation (R + LOCA(air)). The most significant degradation occurred
during the R284LOCA(air) accident simulation. Varying the order of the
accident sequence (R70*LOCA(ale) compared to LOCA(air)*R70 did not
have a large effect on VAMAC's tensile strength nor on its tensile
elongation. The largest effect was noted for initially unaged samples;
here the LOCA(air)*R70 accident simulation reduced the elongation by 40%
while the R70*LOCA(air) simulation yielded s 20% reduction in the
elongation.
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Figure 5.29: Ultimate Tensile Elongation of Fire-proof EPDM (82I9) at
Completion of Various Phases of the Accident Exposure.
Sample tensile elongation divided by the initial (unaged)
elongation is plotted for several aging and accident
simulation techniques.
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elongation is plotted for several aging and accident
simulation techniques.
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elongation divided by the initial (unaged) elongation is
plotted for several aging and accident simulation
techniques.
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Figure 5.32: Ultimate Tensile Elongation of VAMAC (82H3) at Completion ,

of Various Phases of the Accident Exposure. Sample tensile i

lelongation divided by the after aging elongation is plotted
for seve-al aging and accident simulation techniques.
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VAMAC's ultimate tensile elongation was affected by the accident
irradiation temperature. The elongation was more degraded by the
R284LOCA(air) simulation than by the R70*LOCA(air) simulation. The
ultimate tensile strength was unaffected by changes in accident
irradiation temperature.

Figure 5.33 illustrates VAMAC's compression properties at completion
of various phases of the aging and accident simulations. When VAMAC was
enclosed in a sealed metal groove as an 0-ring, the permanent set after
compression was independent of the accident simulation technique. (The
only exception in Figure 5.33 is the LOCA(air) simulation, but this
represents only the first phase of a complete accident simulation. It was
followed by an R70 irradiation.) At completion of these exposures, the
0-rings had high compression set values, ~.9, and hence were near the

limits of this use.

5.2.5 EPR (82H4 and 82J4)

EPR was tested both as tensile dumbbells and as 0-rings. Hence we
report both ultimate tensile properties and values for permanent set after
compression. Ultimate tensile elongation results are plotted in Figures
5.34 and 5.35; permanent set after compression values are presented in
Figure 5.36. As for all materials, the Appendix provides additional
information on ultimate tensile strength.

By completion of aging, EPR's tensile properties were not
significantly affected by variations in the aging techniques. The R+T
aging techniques did cause slightly more degradation of the ultimate

i tensile elongation (to 46% and 42% of the initial value) than did the
T4R aging techniques (to 57% and 53% of the initial value).

For EPR (82H4)'s ultimate tensile elongation the R + LOCA(air)
accident simulation technique was less severe than the sequential accident
simulations. It reduced the after aging elongation values by
approximately 30%; the sequential techniques produced a 50% reduction of
the af ter aging elongation values (see Figure 5.35). In contrast, the

ultiaate tensile strength (see the Appendix) was most degraded by the;

simultaneous simulation (R + LOCA(air)) and the R70*LOCA(air) sequential
sequence.

The accident irradiation temperature did influence EPR (82H4)'s
tensile strength. The R70+LOCA(air) simulation was more degrading than

j the R284LOCA(air) simulation. The ultimate tensile elongation was not
affected by the accident irradiation temperature.

'

The permanent set af ter compression properties for EPR are similar to
,

those of VAMAC. At completion of the accident simulations, the 0-rings'

were at the limits of use and differences between various aging and

accident simulation methods were not noted.
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Fi5ure 5.34: Ultimate Tensile Elongation of EPR (82H4) at Completion of
Various Phases of the Accident Exposure. Sample tensile
elongation divided by the initial (unaged) elongation is
plotted for several aging and accident simulation
techniques.
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5.2.6 Polydiallylphtalate (82H5)

Ultimate tensile strength data for polydiallylphtalate is presented
in Figures 5.37 and 5.38. The tensile strength increased by less than 10%
during the aging simulations. The sequential accident irradiations (R70
and R28) caused a 40-50% increase in tensile strength. Subsequent
thermodynamic exposures (steam and chemical spray) reduced the tensile
strength. The R70*LOCA(air) exposure was most severe for
polydiallylphtalate; the LOCA(air)*R70 exposure least -severe. For all

'

accident exposures, the tensile strength degraded less than 40% compared
to its initial unaged values.

5.2.7 PPS (82H6)

Ultimate tensile strength data for PPS is presented in Figures 5.39
At completion of the a5 ng simulations the tensile stren5th wasLand 5.40.

approximately 90% of its initial value. There was minimal influence
caused by variations in the aging technique. The sequential accident
irradiations caused an increase in tensile strength. Subsequent
thermodynamic exposures reduced the tensile strength to approximately 60%
of its initial unaged value. The tensile strength of PPS is similar after
each of the accident simulations.,

5.2.8 HYPALON (82G10)

Ultimate tens.le elongation data for HYPALOM is presented in Figures
5.41 and 5.42. Ultimate tensile strength data is provided in Figure

; 5.43. At completion of the aging exposures, NYPALON retains approximately
'

50% of its ultimate tensile elongation and more than 70% of its strength.
In contrast to some of the other materials we have tested (for example,
PRC (82II), EPDM (82I2), and fire-proof EPDM (82I9)), NYPALON withstood+

well our aging simulations of normal environments in French PWRs.

Examination of Figure 5.43 indicates that NYPALON's tensile strength
is only slightly decreased beyond its after aging values by the
LOCA(air)4R70 accident simulation. This accident simulation, however,
substantially reduced the ultimate tensile elongation (Figures 5.41 and

5.42). The opposite effect is observed during the simultaneous accident
simulation (R + LOCA(air)). When compared to other accident simulations,,

this accident simulation technique produced the lowest strength values but4

the highest elongation values. (The LOCA(air) elongation data in Figure
5.41 does not represent a completed accident simulation; to complete the
accident simulation its exposure was followed by a R70 exposure.) The'

tensile strength of HYPALON was more degraded by the accident sequence
i that started with irradiation (R70+LOCA(air)) than by the accident

j sequence that began with the thermodynamic exposure (LOCA(air)+R70).

!
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! Figure 5.37: Ultimate Tensile Strength of Polydiallylphtalate (82H5) at'

Completion of Various Phases of the Accident Exposure.
| Sample tensile elongation divided by the initial (unaged)
|

elongation is plotted for several aging and accident
simulation techniques.
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Fi ure 5.38: Ultimate Tensile Strength of Polydiallylphtalate (82H5) at5
Completion of Various Phases of the Accident Exposure.

LSample tensile elongation divided by the after a5 ng

!. elongation is plotted for several aging and accident !
simulation techniques.
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plotted for several aging and accident simulation
techniques.
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Various Phases of the Accident Exposure. Sample tensile
strength divided by the after aging strength is plotted for
several aging and accident simulation techniques.
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Fi ure 5.41: Ultitaate Tensile Elongation of HYPALON (82G10) at5
Completion of Various Phases of the Accident Exposure.

!

| Sample tensile elongation divided by the initial (unaged)
elongation is plotted for several aging and accident
simulation techniques.
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Fi ure 5.42: Ultimate Tensile Elongation of HYPALON (82G10) at5
Completion of Various Phases of the Accident Exposure.
Sample tensile elongation divided by the after aging
elongation is plotted for several aging and accident
simulation techniques.
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Figure 5.43: Ultimate Tensile Strength of HYPALON (82G10) at Completion
of Various Phases of the Accident Exposure. Sample tensile.
strength divided by the initial (unaged) tensile elongation
is plotted for several aging and accident simulation
techniques.
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HYPALON's ultimate tensile properties were typically independent of
the accident irradiation temperature. .One exception was noted. For
HYPALON aged with 27'c irradiation, the subsequent accident exposure
R70*LOCA(air) was more stressful to HYPALON's strength than was the
accident exposure R284LOCA(air).
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6.0 DISCUSSION
.

Section 5.0 and the Appendix provide a substantial data base
concerning the effect of alternative aging and accident simulations on
polymer properties. Twenty-one different materials were tested; twenty-
~three different sample sets were employed (i.e., two materials were tes etd
both for tensile properties and for permanent set after compression.) We
combir.ed qualification accident and aging research into one comprehensive
test program; both aging and accident test parameters were varied in order
to assess the relative importance of each parameter.

!

! Some general trends were observable during our experiments. For
example, ultimate tensile elongation for both U.S. EPR materials was more'

degraded by the accident simulations with air than with. nitrogen (i.e.,:

without air). The opposite effect was noted for both of the U.S. KLPO
materials. (Note, the French materials were not tested in a nitrogen
environment). We also noted that TEFZEL's mechanical properties were
substantially reduced by our simulations, especially if high temperature
irradiations or accident simulations with air were employed.'

'

Other researchers have also tested EPR, KLPO, and TEFZEL materials
j (sometimes of dif ferent composition and different processing condition).

Y. Kusama, et al.,[6] report for two EPR and one KLPE materials the effect
of air during PWR simulations. For all three materials the most degraded

j state for mechanical properties occurred for simultaneous accident
.

simulations that included air. K. Gillen, et al.,[5] also report on the

importance of oxygen in LOCA simulation tests. They noted a pronounced'

dependence on the oxygen concentration during simulations for EPRI

mechanical properties. Greater degradation was observed at higher oxygen
concentrations Both a XLPE and a KLPO material were tested by Gillen, et
al. They did not observe significant effects of oxygen concentration
during LOCA simulations. For TEFZEL, Gillen, et al., noted important
radiation dose rate effects (samples aged at low dose rates experienced
substantial mechanical degradation) but did not observe effects due to the

.
oxygen concentration during LOCA simulations. Bustard [16] has also
exposed TEFZEL cables to a simultaneous accident simulation that was

I preceded by a simultaneous thermal and radiation aging exposure. He
observed substantial cracking of the TEFZEL jacket but continued integrity
of the underlying TEFZEL insulation. (This insulation material was

;

concurrently tested as TEFZEL 1 in this U.S.-French program). Cable
manufacturers report successful qualification of TEFZEL products for
thermal aging conditions and radiation doses in excess of those employed .

'

during our tests.

For example, BIW Cable Systems [17] performed a 100 Ned irradiation,
followed by a seven-day, 150*C thermal exposure and then a 100-day LOCA

1 exposure. The cable passed a 5x bend test and a 2200 Vac withstand test.
|

Okonite[18] exposed both single conductor and multiconductor TEFZEL cables
to 180*C for seven days, did a 200 Med gamma irradiation, followed by a
30-day LOCA steam simulation. The cables passed a 40x bend test and an 80
Vac/ mil withstand test.

i
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We also noted substantial variability in. test results because of
differences in either the chemical composition or processing of test

'

samples. For example, the response of the French cross-linked polyolefin
material to alternative simulation techniques is different than the
response of the two U.S. cross-linked polyolefin materials. Similar

i variability was noted both within and between other classes of materials.

Our overall research goal was to determine whether some combinations

of aging and accident simulations are better suited for qualification
activities than other alternative simulation techniques. To answer this

; question we looked for combinations of aging and accident simulation
techniques that produced degradation similar to the worst degradation
obtained during our simultaneous R + LOCA(air) tests. (Degradation
variability for a given material during the R + LOCA(air) simulation is,

i caused by differences in the aging simulations that preceded the accident
exposure.) We consider the simultaneous R + LOCA(air) accident simulation

| to most reasonably reflect a design basis event accident scenario (except
for inerted Boiling Water Reactor containments).

i '
We also examined for that aging technique'that is most conservative

,

(i.e... produces the most degradation) when followed by the R + LOCA(air) ;,

accident simulation. '

Cross-linked Polyolefins: Our experimental program included three
cross-linked polyolefin materials, namely the U.S. XLPO 1 and KLPO 2
samples and the French PRC samples. The U.S. materials were irradiation

| cross-linked,-while the French material was chemically cross-linked.

The effect of alternative simulation techniques on the two U.S.
materials is vastly different than for the French material. For both U.S.
materials, the R + steam (air) accident simulation produces less,

'

degradation of the ultimate tensile elongation than the other accident
simulations. Since this is the most realistic accident simulation, any of
the sequential accident simulation techniques would be appropriate. For
neither of the U.S. cross-linked polyolefin materials was degradation
strongly dependent on the aging technique.

|

[ The French material (PRC (82II)), in contrast, was most severely ~
degraded by the R + LOCA(air) accident exposure. The sequential accident4

technique best suited to simulate the simultaneous exposure results is the
R70+LOCA(air) accident simulation. The choice of aging simulation
technique is less important than the choice of accident simulation
technique. ;

Ethylene Propylene Rubbers: Our experimental program included five
ethylene propylene rubber materials, namely the U.S. fire-proof EPRs: EPR
1 and EPR 2; and the French EPDM (82I2), fire-proof EPDM (82I9), and EPR
(82H4). In addition, EPR compression set materials were tested but we

; discuss them with the other compression set materials VAMAC, SILICONE,
BUNA N, and VITON.4

|

|
3
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i

The French EPR materials 82I2 and 82I9 were most degraded by the
R + LOCA(air) accident simulation. For 82I2, similar degradation is
possible (for any accident simulation technique), provided a radiation
followed by thermal (R4T) aging technique is employed. For 82I9,

j performing the R+T aging technique will enhance the conservatism of the
! qualification process, but no sequential accident technique is as
! degrading as the R + LOCA(air) technique. The R70*LOCA(air) simulation

most approaches the R + LOCA(air) results.
.

For the French 82H4 EPR material, the R + LOCA(air) accident
technique is least degrading. Any combination of sequential aging and

| accident simulation techniques is more degrading than this simultaneous
accident exposure.

I For the U.S. EPR 2, the simultaneous R + steam (air) accident exposure
is most conservatively simulated by the R704 steam (air) technique. The
R284 steam (air or N ) and the R + steam (N ) techniques are less2 2
conservative. The R120 and T*R27 aging techniques would be less

; conservative than the other three aging techniques. For the U.S. EPR 1
; material, an appropriate aging and accident sequential qualification
| technique would be R(27 or 70)*T followed by R704 steam (air).

TEFZEL: Our experimental program included two TEFZEL materials,-
namely the U.S. TEFZEL 1 and TEFZEL 2 samples. Test results at completion
of the accident exposures are presented in Tables 5.1 and 5.4.. For eacha

combination of aging and accident simulations, we tested four specimens.
The tables provide the largest bend radii for which at least one of the
four samples had cracked as well as the radii by which all four samples
had cracked. Both materials were more degraded when oxygen was present
during simultaneous LOCA simulations (R + steam). If sequential

'

qualification procedures are employed, then performing the aging and.

accident irradiations at elevated temperatures (i.e., 70*C) is desirable
for TEFZEL. The aging sequence should be R70*T for TEFZEL 2. Any
accident simulation consistent with these constraints is acceptable.

Chlorosulfonated Polyethylene (NYPALON): Two chlorosulfonated
,

polyethylene materials were included in the data base, namely the U.S.
CSPE and the French HYPALON (82G10). For the French material the |

R + LOCA(air) exposure was less degrading than all the sequential aging i

! and accident techniques. Hence any sequential qualification procedure is
( appropriate. For the U.S. CSPE, all accident techniques produced similar
i degradation, the R70+T and R120 aging techniques produced more

I

degradation than other techniques. A sequential qualification procedure
i appropriate for the U.S. CSPE would start with a R70*T aging simulation

followed by any convenient accident simulation technique.

.

p

!

!

|
1
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'.
O-rinz Materials: Seven 0-ring or gasket materials were included in

the test program; namely, the French VAMAC (82J3), EPR (82J4), and the
U.S. EPR A, EPR B, BUNA N, SILICONE, and VITON materials. By the end of
all accident simulations significant differences (within our estimated
errors) between alternative aging and accident simulation procedures were4

not noted.

Connector Materials: Two connector materials were included in our*

test program, namely the thermosetting material polydiallylphtalate (82H5);

and the thermoplastic material PPS (82H6). For both materials we'

monitored ultimate tensile strength behavior. For neither material were
differences between alternative aging techniques important. For PPS -

; (82H6) there also was little difference caused by alternative accident
techniques. For polydiallylphtalate (82H5), the R284LOCA(air) accident
simulation most closely matches the degradation achieved by the,

R + LOCA(air) technique. The R70*LOCA(air) simulation is more
conservative and might also be employed for qualification purposes.4

VAMAC: One VAMAC sheet material was tested; namely, the French VAMAC4

(82H3). The R + LOCA(air) accident simulation technique was least
,

i degrading and therefore any sequential accident simulation technique would
I be appropriate. Any aging technique would provide appropriate

preconditioning for a sequential accident exposure.
1

CPE: One chlorinated polyethylene jacket material was tested; r

.namely, the U.S. CPE. For this material, the choice of accident technique

is relatively unimportant; the R70+T aging exposure is most conservative.
;

Table 6.1 summarizes our qualitative conclusions for each material.
|

! Examination of Table 6.1 indicates that the R70*T aging technique
followed by the R70+LOCA(air) accident technique could be employed forj
most of our materials.

In addition to the evaluation summarized in Table 6.1, we have
j

performed an alternative evaluation to identify those aging and accident
simulation techniques that most degrade polymer material properties.
Tables 6.2 through 6.5 illustrate our evaluation technique and its
results. Each table contains a location for each of the aging and'

accident simulation combinations employed during our test program.
(Separate tables are employed for the U.S. and French materials). For;

each table location, we list all applicable materials whose mechanical*

properties were degraded by that combination of aging and accident
simulations to values below or equal to a specified threshhold value. For ;

example, in Table 6.2, we list for each aging and accident technique
combination those U.S. materials whose normalized elongation (i.e.,
e/e ) was reduced to .05 or less. (For the TEFZEL materials, we listed

o,

those aging and accident combinations that caused all four samples of a;

sample group to crack at bend radii greater than or equal to 44 times the'

i sample radii). Only materials that were exposed to all possible
combinatios of aging and accident simulations were considered during this
evaluation. Hence the U.S. compression materials were not included in the

' Table 6.2 evaluation.

T
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'
, A qualitative examination of Table 6.2 indicates which aging and

accident combinations affect the most number of U.S. materials. For
example, six U.S. materials (out of ei ht) experienced substantial5
mechanical degradation when subjected to a R704120 aging exposure4 *

followed by a R704 Steam (air) accident exposure. In contrast, only one
'

U.S. material is listed for the 120*R27 aging exposure followed by the
R284 Steam (N ) accident exposure combination. Similar information for2
the French materials is provided in Table 6.3. (Note the French
compression materials were not evaluated in Table 6.3 since material'

properties were near the end of use conditions and hence variations
between alternative aging and accident simulations were not meaningful).,

Tables 6.4 and 6.5 repeat the analysis using a higher mechanical
| degradation threshhold value.

Some materials are more sensitive to the choice of aging and accident
simulation combination than are other materials. For example, in Table
6.2 EPR 2 is listed in 5 of the 30 table locations. In contrast, TEFZEL 1
is listed 27 times. Clearly the choice of qualification methodology is

,
more significant for EPR 1 than for TEFZEL 1. To account for this

] difference, each table entry is provided a weight according to the number
2

of times that material appears in the table. A low weight is given to
each table entry if the material's degradation is insensitive to the
choice of aging and accident simulation techniques. A hi h weight is5
provided if the material's degradation is very sensitive to the choice of
aging and accident simulation techniques. For example, EPR 2 which is
listed 5 times is given a weight of .200, While TEFZEL 1 Which is listed

*

27 times is given a weight of .037. These weights are also evaluated for
Tables 6.3 through 6.5. We sum across each row of each table to evaluate
the relative importance of each aging technique. (The aging technique<

with the largest sum is most significant). Simiarly, summing down the
column of each table provides a means to evaluate the relative importance
of each accident simulation technique.

I
f

-125-

_ . . _ . _ _ _ , _ , _ _ _ _ _ _ _ , _ , . . _ _ . _ . _ , . . . . . - - _ _ _ . _ _ , , ,_



. . ..
_ - _ _ _ - _ _ _ _ _ - _ - _ _ _ _ _ _ _ - _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ - _

Table 6.1

Qualitative Conclusions for Each Katerial

Appropriate Sequential Qualification
Material Procedures

Cross-linked Polyolefins

ILPO 1- Any sequential simulation

ILPO 2 Any sequential simulation

PRC (82II) Any aging simulation followed by the
R704LOCA(air) accident simulation.

Ethylene Propylene Rubbers

EPDM (82I2) A R4T aging sequence followed by any
accident simulation

EPDM(82I9) A R4T aging sequence followed by a
R70*LOCA(air) accident simulation

| EPR (82H4) Any sequential simulation
|

EPR 1 A R4T aging sequence followed by a
R70*LOCA(air) accident simulation

EPR 2 A R70*T, R274T, or T*R70 aging
sequence followed by R704LOCA(air)
accident simulation

TEFZEL

TEFZEL 1 Elevated temperature irradiations for
sequential aging and accident exposures

TEFZEL 2 R704T aging sequence followed by an
accident simulation

Chlorosulfonated
Polyethylene

NYPALON (82G10) Any sequential simulation

CSPE R70*T aging sequence followed by any
accident simulation.

O-ring Materials Any sequential simulation
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Table 6.1
(continued)

Qualitative conclusions for Each Material

Appropriate Sequential Qualification
Katerial Procedures

Connector Materials

PPS (82H6) Any sequential simulation

Polydiallylphtalate
(82H5) Any aging simulation followed by the

R284LOCA(air) or R704LOCA(air)
accident simulations

VAMAC Any sequential simulation

CPE R70*T aging technique followed by any
accident simulation

Examination of Tables 6.2 through 6.5 provide insights concerning
those aging and accident simulation techniques that most degrade polymer
material properties. Note that only six U.S. materials contributed to
Tables 6.2 and 6.4 (two U.S. materials did not exhibit sufficient
degradation to be included) and only four French materials contributed to
Tables 6.3 and 6.5 (four French materials did not exhibit sufficient
degradation to be included and the two 0-ring materials were not evaluated
because they were at their end of use condition.) Hence our data base is
small. The insights are:

1. Both Tables 6.2 and 6.3 suggest the possible importance of R4T
-aging techniques. In both tables the R4T aging techniques (at
a given irradiation temperature) contribute more to degradation
than do the corresponding T4R aging techniques at the same
temperature.

2. Table 6.2 suggests that oxygen presence during LOCA exposures
enhances degradation. The R + Steam (air) exposure was more
degrading than the R + Steam (N )) exposure. Likewise, the2
R704 Steam (air) exposure was more degrading than the
R704 Steam (N ) *2

3. Tables 6.4 and 6.5 suggest that as the degradation threshold is
raised, differences between alternative aging and accident
simulations decrease.

-
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Table 6.2

Aging and Accident Combinations That Resulted in Degradation for U.S. Seeples of Ultlante Tensile Elongetton to
Less Then 5% of Initial Values. (For TEFZEL, failure to pass a 441 bend test (all sehples) was the selection
criteria).* The numbers in the table refer to welshting averages as discussed in the text.

Accident
vironment

Aging
Environson R70 M (AIR) R10*ST(5 ) R28+ET(AIR) R28+ST(5 ) R + ST(AIR) R*+ ST(5 ) Totals2 2 2

EPR1=.143 EPR2=.200 CSPE=.125 CSPE=.125 EPR1=.143 TEFZEL1=.037
3120 TEFZEL1=.037 TEFZEL1=.037 TEFZEL1=.037 TEFZEL2= 050 EPR2=.200 TEFZEL2=.050 1.421

TEFZEL2=.C50 TEFZEL2=.050 TEFZEL2=.050 TEFZEL1=.037
TEFZEL2=.050

EPR1=.143 CPSE=.125 CSPE=.125 CSPE=.125 CSPE=.125 CSPE=.125
EPR2=.200 TEFZEL1=.037 CPE=.167 CPE=.167 CPE=.167 TEFZEL1=.037 2.203

i RTO * 120 CSFt 125 TEFZEL2=.050 TEFZEL1=.037 TEFZEL1=.037 TEFZEL1=.037 TEFZEL2=.050

[ CPE=.167 TEFZEL2=.050 TEFZEL2=.050 TEFZEL2=.050
CD TEFZEL1=,037
I TEFZEL2=.050

EPR2=.200 TEFIEL1=.037 TEFZEL1=.037 CPE=.167 EPR1=.143 TEFZEL1=.037 l

120 * R70 TEFZEL1=.037 TEFIEL2=.050 TEFZEL2=.050 TEFZEL2= 050 TEF2EL1=.037 TEFZEL2=.050 .945
TEFIEL2=.050

EPR1=.143 TEFZEL1=.037 CPE=.167 TEFZEL1=.037 TEFZEL1=.037
R27 4 120 EPR2=.200 TEFZEL1=.037 TEFZEL2 050 .745

TEFZEL1=.037

EPR1=.143 TEFZEL1=.037 TEFZEL1=.037 TEFZEL1=.037 EPR1=.143 TEFZELi=.037
120 * R27 TEFZEL1=.037 TEFZEL1=.037 TEFZEL2=.050 .600 j

TEFZEL2=.050
f

6.002
Totals 1.749 .660 .919 .845 1.356 .473 6.002

?.

|

- _ _ _ _ _ _ _ _ _ -

-



_ . . . . _

-

~.

- % .

s

A9

.

Table 6.3

Aging and Accident Combinations That Resulted in Degradation for French samples of Mechanical Properties to Less
Than 5% of Initial. Values. The nunbers in the table refer to weighting averages as discussed in tie text.

Accident
Environment

Aging
Environment R70+IDCA(AIR) IDCA(AIR)+R70 R + IDCA(AIR) R28+LOCA(AIR) Totals

EPDM = 0.071 PRC = 0.077 FP-EPDM = 0.25 EPDM = 0.071
T + R70 PRC = 0.077 EPDM = 0.071 0.694

PRC = 0.077

i
H
N EPDM = 0.071 HYPAIDN = 0.333 FP-EPDM = 0.25 EPDM = 0.071
f R70 + T PRC = 0.077 EPDM = 0.071 EPDM = 0.071 PRC = 0.077 1.175

PRC = 0.077 PRC = 0.077

EPDM = 0.071 PRC = 0.077 FP-EPDM = 0.25 EPDM = 0.071
T + R27 PRC = 0.077 EPDM = 0.071 0.694

PRC = 0.077

EPDM = 0.071 HYPAIDN = 0.3333 FP-EPDM = 0.25 HYPAIDN = 0.333
R27 + T PRC = 0.077 EPDM = 0.071 EPDM = 0.071 EPDM = 0.071 1.431

PRC = 0.077 PRC = 0.077

3.99
Totals 0.592 1.116 1.592 0.694 3.99

__
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Table 6.4

Aging and Accident combinations That Resulted in Degradation for U.S. Samples of Ultimate Tensile Elongation to
Less Then'10% of Initial Values. (For TEFZEL, failure to Pass a 221 bend test (all samples) was the selection
criteria). The numbers in the table refer to weighting averages as discussed in the text.

Accident
Environment

AEing
Environnen R70+ST(AIR) R70*ST(N ) R28+ST(AIR) R28+ST(N ) R + ST(AIR) R + ST(N ) Totals

2 2 2

EPR1=.100 EPR2=.125 CSPE=.053 CSPE=.053 EPR1=.100 CSPE=.053

R120 CSPE=.053 CSPE=.053 CPE=.040 CPE=.040 EPR2=.125 TEFIEL1=.034 1.350
CPE=.040 CPE=.040 TEFZEL1=.034 TEFIEL2=.042 CSPE=.053 TEFZEL2=.042
TEFIEL1=.034 TEFZEL1=.034 TEFZEL2=.042 TEFZEL1=.034
TEFIEL2=.042 TEFZEL2=.042 TZFZEL2=.042 ,

!

EPR1=.100 CPSE=.053 CSPE=.053 CSPE=.053 EPR2=.125 CSPE=.053
EPR2=.125 CPE=.040 CPE=.040 CPE=.040 CSPE=.053 TEFZEL1=.034 1.324

: R70 + 120 CSPE=.053 TE m L1=.034 TEFZEL1=.034 TEFZEL1=.034 CPE=.040 TEFZEL2=.042 |

H CPE=.040 TEF4.dL2=.042 TEFZEL2=.042 TEFZEL2=.042 TEFZEL1=.034 |

$ TEFZEL1=.034 TEFZEL2=.042
8 TEFZEL2=.042

EPR2=.125 CPE=.040 CSPE=.053 CPE=.040 EPR1=.100 TEFIEL1=.034
CSPE=.053 TEFZEL1=.034 CPE=.040 TEFZEL1=.034 CPE=.040 TEFZEL2=.042 .907

120 4 R70 CPE=.040 TEFZEL2=.042 TEFZEL1=.034 TEFZEL2=.042 TEFZEL1=.034
TEFZEL1=.034 TEFIEL2=.042 TEFZEL2=.042
TEFZEL2=.042
EPR1=.100 CSPE=.053 CSPE=.053 CSPE=.053 EPR2=.125 CPE=.040
EPR2=.125 CPE=.040 CPE=.040 CFE=.040 CSPE=.053 TEFIEL1=.034

R27 * 120 CSPE=.053 TEFZEL1=.034 TEFZEL1=.034 TEFZEL1=.034 CPE=.040 TEFZEL2=.042 1.143
CPE=.040 TEFZEL1=.034
TEFZEL1= 034 TEFZEL2=.042
EPRE=.100 EPR1=.100 EPR1=.100 EPR1=.100 EPR1=.100 TEFZEL1=.034

120 4 R27 CPE=.040 EPR2=.125 CPE=.040 CPE=.040 CPE=.040 TEFZEL2=.042 1.197
TEFZEL1=.034 CFE=.040 TEFZEL1=.034 TEFZEL1=.034 TEFZEL1=.034
TEFZEL2= 042 TEFZEL1=.034 TEFZEL2=.042 TEFZEL2=.042

6.001
Totals 1.525 1.005 .808 .763 1.374 .526 6.001

|
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Table 6.5

Aging and Accident Combinations That Resulted in Degradation for French Sanples of Mechanical Properties to
Less Than 10% of Initial Values. The nureers in the table refer. to weighting averages as discussed in the text.

Accident
Environment

Aging
Environment R70*IOCA(AIR) IDCA(AIR)+R70 R + IOCA(AIR)- R2&+IOCA(AIR) Totals

HYPAION = 0.083 . HYPAION = 0.083 FP-EPDM = 0.111 HYPAION = 0.083
T + R70 FP-EPDM = 0.111 EPDM = 0.067 EPDM = 0.067 EPDM = 0.067 1.007

EPDM = 0.067 PRC = 0.067 PRC = 0.067 PRC = 0.067
PRC = 0.067

HYPAION = 0.083 HYPAION = 0.083 FP-EPDM = 0.111 HYPAION = 0.083
R70 + T FP-EPDM = 0.111 FP-EPDM = 0.111 EPDM = 0.067 EPDM = 0.067 1.051

1 EPDM = 0.067 EPDM = 0.067 PRC = 0.067
U PRC = 0.067 PRC = 0.067

7
HYPAION = 0.083 HYPAION = 0.083 FP-EPDh = 0.111 HYPAION = 0.083

T + R27 EPDM = 0.067 PRC = 0.067 EPDM = 0.067 EPDM = 0.067 0.829
PRC = 0.067 PRC = 0.067 PRC = 0.067

HYPAION = 0.083 HYPAION = 0.083 FP-EPDM = 0.111 HYPAION = 0.083
|R27 + T FP-EPDM = 0.111 FP-EPDM = 0.111 EPDM = 0.067 EPDM = 0.067 1.118 ,

EPDM = 0.067 EPDM = 0.067 PRC = 0.067 PRC = 0.067
PRC = 0.067 PRC = 0.067

4.005
Totals 1.201 1.023 0.913 0.868 4.005
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4. The tables present conflicting data concerning the importance of
elevated temperature irradiations (R70 versus R28). Table 6.2
suggests that an elevated temperature aging irradiation is
important for the U.S. materials. It also indicates than an
elevated temperature accident irradiation is more important when
followed by a steam exposure with air. This conclusion is not
confirmed in Table 6.3 which presents results for the French
materials.

CONCLUSION

We.have experimentally evaluated a number of polymer materials to
determine the effect of alternative sequential and simultaneous aging and
accident simulation procedures on material properties. Our overall
research goal was to determine which aging and accident simulation
technique most closely match anticipated real simultaneous conditions and
therefore are better suited for qualification activities.

Some general conclusions have been identified from our experimental
base. Results in Tables 6.2 - 6.5 indicate that radiation followed by a
thermal exposure is a more conservative choice for an aging sequence than
would a thermal followed by radiation exposure aging sequence. We also
note that the presence or absence of air during accident simulations can
influence the degree of degradation in some materials. The U.S. EPR and
TEFZEL materials are examples where degradation is enhanced when air
(oxygen) is present during accident simulations; the U.S. XLPO materials
are examples where degradation is reduced by the presence of air. Hence,
since most reactor containments are not inerted, a conservative accident
simulation for qualifying materials would include air in the LOCA test
chamber.

We noted substantial variability in test results because of
differences in either the chemical composition or processing of test
samples. For example, the response of the French cross-linked polyolefin
material to alternative simulation techniques is different than the

response of the two U.S. cross-linked polyolefin materials. Similar
variability was noted both within and between other classes of materials.

We are encouraged that our empirically-based conclusions agree well
with the findings of numerous research programs. Research reports have
stressed the need to consider R4T aging simulations [1,2,7,13] and have
recognized the importance to polymer degradation of oxygen during LOCA
exposures (5,6].

We encourage the development of a larger data base. This will
enable our preliminary insights to either be solidified or appropriately
modified. In closing we would like to stress some of the limitations of
our work. We monitored only mechanical properties of our polymer
materials. Mechanical failure is an important but not the sole method by
which polymers can contribute to functional degradation of Class 1E
equipment. We also have tested a limited number of materials. Many
important classes of polymers were not included in our study. Our .

l
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conclusions, representing simply the dominant trends, may not apply to
all materials. For some materials alternative aging and accident
simulation techniques may be equally appropriate. Finally, we chose
experimental test conditions (radiation dose, steam temperature and
pressure profiles, etc.) that may not be applicable to all nuclear
utilities. These limitations should be considered prior to incorporating
our " preliminary" insights into a qualification program for class 1E
equipment.

.

1

b

".

|

| -133-

!
I

i

__



. . . . -_ - -. __ - - .

1
References

,

1. L.D. Bustard, E. Minor, J. Chenion, F. Carlin, C. Alba, G. Gaussens,
and M. LeMeur, "The Effect of Thermal and Irradiation Aging
Simulation Procedures on Polymer Properties," NUREG/CR-3629,
SAND 83-2651, Sandia National Laboratories, April 1984.

2. R.L. Clough, K.T. Gillen, J.L. Campan, G. Gaussens, H. Schonbacher,-

T. Seguchi, H. Wilski, and S. Machi, " Accelerated-Aging Tests for
Predicting Radiation Degradation of Organic Material," NUCLEAR |

1

SAFETY, 25, 238 (March-April 1984)

3. L.D. Bustard, "The Effect of LOCA Simulation Procedures on Ethylene<

. Propylene Rubber's Mechanical and Electrical Properties,"
NUREG/CR-3538, SAND 83-1258, Sandia National Laboratories, October

! 1983.
4

4. L.D. Bustard, "The Effect OF LOCA Simulation Procedures on
Cross-linked Polyolefin Cable's Performance," NUREG/CR-3588,
SAND 83-2406, Sandia National Laboratories,. April 1984

5. K.T. Gillen, R.L. Clough, G. Ganouna-Cohen, J. Chenion, and G.
Delmas, "The Importance of Oxygen in LOCA Simulation Tests," NUCLEAR

I ENGINEERING AND DESIGN, 74, 271 (1982)

,

6. Y. Kusama, S. Okada, M. Yoshikawa, M. Ito, T. Yagi, Y. Nakase, T.
Seguchi, and K. Yoshida, " Methodology Study for Qualification
Testing of Wire and Cable at LOCA Conditions," NUREG/CP-0041,
Proceedings of the U.S. Nuclear Regulatory Commission Tenth Water'

Reactor Safety Research Information Meeting, Vol 5, p 330.

'7. K. Yoshida, T. Seguchi, S. Okada, M. Ito, Y Kusama, T. Yagi, and M.
Yoshikawa, " Progress on Qualification Testing Methodology Study of

[

|
Electric Cables," NUREG/CP-0048, Proceedings of the U.S. Nuclear

j Regulatory Commission Eleventh Reactor Safety Research Information
'

Meeting, Vol 5, p 283.
!

i - 8. C. Alba, F. Carlin, J. Chenion, G. Gaussens, M. Le Meur, and M.
Petitjean, " Synergetic Ef fects in Accident Simulation," Proceedings'

of the Colloque International 'Vieillissement Dans Les Essais De
Material De Surete Pour Centrales Nucleaires', Paris, France,

i May 15-16, 1984.

9. T. H. Ling and W. F. Morrison, " Qualification of Power and Control
Cable for Class 1E Applications," presented at the IEEE Power
Engineering Society Winter Meeting, New York, NY, January
27-February 1, 1974, Conference Paper C744045-1.

10. F. V. Thome, " Preliminary Data Report: Testing to Evaluate
Synergistic Effects from LOCA Environments, Test IK, Simultaneous
Mode, Cables, Splice Assemblies, and Electrical Insulation Samples,"
SAND 78-0718, April 1978.

-134-

, _ _- ~ ,_--. . _ , _ , _ _ _ , . _ _ . . . _ . , , - _ - _ _ . . _ _ - _ _ - , _ _ _ -



_ _ _ _ _

. .

.

11. K. Yoshida, Y. Nakase, S. Okada, M. Ito, Y. Kusama, S. Tanaka, Y.
Kasahara, S. Nachi, " Methodology Study for Qualification Testing of
Wire and Cable at LOCA Condition," presented at 8th Water Reactor
Safety Research Information Meeting, U.S. Nuclear Regulatory
Commission, October 1980.

12. R. L. Clough, K. T. Gillen, and C. A. Quintana, " Heterogeneous
Oxidative Degradation in Irradiated Polymers," Sandia National
Laboratories, SAND 83-2493, NUREG/CR-3643, April 1984.

13. R. L. Clough and K. T. Gillen, " Combined Environment Aging Effects:
Radiation-Thermal Degradation of Polyvinyl Chloride and
Polyethylene, J. Polym. Sci., Polym. Chem. Ed., 19(8): 2041-2051,
August 1981.

14. L. Bonzon, R. L. Clough, K. T. Gillen, E. A. Salazar, " Qualification
Testing Evaluation Pro 5 ram Light-Water Reactor Safety Research
Quarterly Report, April-June 1979, Sandia National Laboratories,
SAND 80-0276, NUREG/CR-1343, April 1980.

15. ASTM D 395-78, An American National Standard: " Standard Test
Methods for Rubber Property-Compression Set."

16. L. Bustard, private communication.

17. BIW Cable Systems, Report 74H017, dated December 16, 1976. This
' report sent to L. Bustard from J. Pirrong (BIW) on May 21, 1982.

18. Okonite, Report No. K-0-1, September 1979.

-135-



.

APPENDIX

In this appendix we report in tabular form our measurement results
for each of the U.S. and French samples tested as part of the Joint
French-U.S. Cooperative Research Program. Where appropriate, weight
gains, ultimate tensile properties, bend test, and permanent set after
compression (i.e., compression set) values are reported. Information is
provided for all combinations of accident and aging simulation techniques.

Several of the tables employ the aging letter code described in
Sections 4.1.1 and 4.1.2 of the report. For clarity, the letter code
de'scriptions are repeated here. They are:

U.S. Samples:

A = R704120*C: A 16-day irradiation at ~65 krd/h and 70*C
followed by a 16-day thermal exposure at 120*C.

B = R274120*C: A 16-day irradiation at ~65 krd/h and
ambient temperatures (~27'C).followed by a
16-day thermal exposure at 120*C.

C = 120*C+R70: A 16-day thermal exposure at 120*C followed by
16-day irradiation at ~65 krd/h and 70*C.

D = 120*04R27: A 16-day thermal exposure at 120*C followed by
; a 16-day irradiation at ~65 krd/h and

ambient temperatures (~27*C).
,

E = R120: A 16-day simultaneous exposure to 120*C
thernuti and ~65 krd/h irradiation
environments.

F = Unaged.

French Samples:

A = T +R70: A 10-day therral exposure followed by a 9- or
10-day irradiation at ~115 krd/h and 70*C,

B = R70+T: A 9- or 10-day irradiation at ~115 krd/h and
70*C followed by a 10-day thermal exposure.

C = T+R27: A 10-day thermal exposure followed by a 9- or
10-day irradiation at ~115 ked/h and ambient
temperatures (~27'C).

D = R27+T: A 9- or 10-day irradiation at ~115 ked/h and
i ambient temperatures (~27*C) followed by a

10-day thermal exposure.

U = Unaged.

| A-1
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The 10-day thermal exposure temperature depended on the French
specimen material. The VAMAC dumbbell and 0-ring samples (82H3 and 82J3)
were thermally aged at 120*C. The PRC, EPDM, EPR and HYPALON samples
(82I1, 8212, 8219, 82H4, 82J4, and 82GlO) were thermally aged at 140*C. A
160*C thermal aging exposure was employed for the PPS and

! Polydiallylphtalate samples (82H6 and 82H5).
!

Many of our samples were either insulation " tubes" or jacket strips
removed from actual cable. For insulation tubes, we calculated a typical

, gross-sectional area by subtracting the stranded copper cross-sectional
area from the overall insulated conductor cross-sectional area. This
typical cross-sectional value was used to calculate the tensile strength
after we measured the force necessary to cause tensile failure. For
jacket strips, we calculated the average cross-sectional area for several
specimens and used it as a basis for evaluating the tensile strength. We
express tensile strength in units of dan.mm-2 = 10 MPa.

The measurement accuracy for the French samples is discussed in
Section 3.3.3.2. For the U.S. samples, we report in this Appendix i one
standard deviation (i a). This was evaluated using a population of four

samples at each data location. Large variations in a are observed
during our measurements and are reflected in the tables. Other sources of
error are contributed by dimensional uncertainties and tensile measurement
accuracy. These generally were smaller than the larger values of a
reported in the tables.

,

4

4

4

i
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-TEFZEL 1: Weight Gains (%)
'

ACCIDENT SIMULATIONS
i

R70+ST(AIR) R70-*ST(N2) R28+ST(AIR) R28+ST(N2) R+ST(AIR)

! UNAGED -5.79 -3.35 -5.31 -1.44 -0.08

R120 -5.41 -8.13 -2.75 -1.52

R70+120 -2.57 -6.48 -6.13 -1.83 -1.25

120+R70 -5.88 -8.18 0.74 -0.69

R27+120 -3.05 -4.99 -6.42 -1.23 -1.04

120+R27 -3.64 -4.73 -7.05 -2.24 -1.16

,

| TEFZEL 1: Largest Bend Radii At Which One Sample Cracked. Table entries are
expressed as multiples of the TEFZEL 1 sample radius (i.e., 75x)

'

ACCIDENT SIMULATIONS

R70+ST(AIR) R70+ST(N2) R28+ST(AIR) R28+ST(N2) R+ST(AIR) R+ST(N2)

UNAG8D 75.00 75.00 44.00 11.00 75.00
R120 75.00 75.00 75.00 75.00 75.00
R704120 75.00 75.00 75.00 75.00 75.00 50.00
120+R70 75.00 75.00 56.00 50.00 75.00 75.00

! R27+120 75.00 75.00 75.00 75.00 75.00 31.00
120+R27 75.00 75.00 75.00 75.00 75.00 75.00

i

TEFZEL 1: Bend Radii By Which All Samples Cracked. Table entries are
expressed as multiples of the TEFZEL 1 sample radius (i.e., 75x)

ACCIDENT SIMULATIONS

R70+ST(AIR) R70+ST(N2) R28+ST(AIR) R28+ST(N2) R+ST(AIR) R+ST(N2)

UNAGED 69.00 75.00 11.00 6.00 69.00

R120 75.00 75.00 75.00 75.00 75.00
R704120 75.00- 75.00 69.00 50.00 75.00 44.00
120+R70 75.00 75.00 44.00 31.00 75.00 69.00
R274120 75.00 75.00 44.00 75.00 75.00 22.00
120+R27 75.00 75.00 75.00 75.00 75.00 56.00
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TEFZEL 2: Weight Gains (%)

ACCIDENT SIMULATIONS

R70+ST(AIR) R704ST(N2) R28*ST(AIR) R284ST(N2) R+ST(AIR)

UNAGED -1.34 -1.57 -0.53 -0.67 -2.14
R120 -1.88 -2.06 -2.34 -1.24 -1.91
R704120 -1.93 -1.86 -1.66 -0.79 -0.90

1
^

120-+R70 -2.09 -1.62 -1.83 -1.58 -0.03
R27-+120 -5.50 -1.72 -2.49 -1.43 -0.01
1204R27 -1.75 -2.34 -2.71 -1.24 -0.02

TEFZEL 2: Largest Bend Radii At Which One Sample Cracked. Table entries
are expressed as nultiples of the TEFZEL 2 sample radius (i.e. ,

75x)

ACCIDENT SIMULATIONS

R704ST(AIR) R704ST(N2) R284ST(AIR) R284ST(N2) R+ST(AIR) R+ST(N2)
,

UNAGED 11.00 6.00 75.00
R120 75.00 75.00 75.00 75.00 75.00 75.00
R704120 75.00 75.00 75.00 75.00 75.00 75.00
1204R70 75.00 75.00 75.00 75.00 75.00 75.00
R274120 22.00 44.00 22.00 22.00 75.00 44.00
1204R27 75.00 31.00 22.00 31.00 75.00 69.00

TEFZEL 2: Bend Radii By Which All Samples Cracked. Table entries are'

expressed as nultiples of the TEFZEL 2 sample radius (i.e. , 75x)

ACCIDENT SIMULATIONS

R704ST(AIR) R704ST(N2) R284ST(AIR) R284ST(N2) R+ST(AIR) R+ST(N2)-

UNAGED 6.00 6.00 75.00
R120 75.00 75.00 75.00 75.00 75.00 75.00
R704120 75.00 75.00 44.00 75.00 75.00 56.00
1204R70 22.00 75.00 75.00 56.00 75.00 75.00
R274120 11.00 11.00 11.00 11.00 75.00 22.00
1204R27 22.00 11.00 11.00 22.00 75.00 44.00

)
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XLP0 1: Weight Gains (%)

ACCIDENT SIMULATIONS

R704ST(AIR) R70+ST(N2) R28+ST(AIR) R+ST(AIR) R28+ST(N2)

UNAGED 0.50 -0.49 0.18 -0.02 0.88
R120 -0.21 -0.25 -0.14 -0.18 2.68
R704120 0.00 -0.65 -1.06 -0.19 0.37
.120+R70 0.00 -0.56 -0.19 -0.34 0.64

R27+120 0.00 -0.80 -0.12 -0.23 0.19

120+R27 -0.34 -0.72 -0.21 -0.40 0.93

XLPO 1: Ultimate Tensile Properties

T = Ultimate tensile strength (Units = 10 MPa)
E = Ultimate tensile elongation (Units = %)

Aging
Accident Tests A B C D E F

R70 T 1.31 + .06 1.40 + .07 1.39 + .05 1.37 + .02 1.42 + .02 1.51 + .06
E 129115 16515 15719 13016 13915 25312

LS: R70+ steam (air) T 1.15 + .03 1.15 + .04 1.15 + .02 1.11 + .05 1.08 + .08 1.17 + .05
E 133112 107 3 13 12012 100 1 18 8118 186 1 14

LS: It70+ steam (N ) T 1.14 + .01 1.18 + .03 1.19 + .04 1.20 + .03 1.21 + .01 1.38 + .012
E 13716 15933 178115 193 1 10 13338 270 1 15

! R28 T 1.59 + .05 1.62 + .04 1.57 + .05 1.58 + .06 1.71 + .12 1.45 + .03
E 95}4 9113 12117 12336 6618 129 1 15

'

L7: R28+ steam (air) T 1.51 + .01 1.44 + .03 1.37 + .02 1.29 + .03 1.47 + .03 1.40 + .07
E 9313 89 } 5 8733 90l7 7212 12514

LB: R28+ steam (N ) T 1.48 + .06 1.48 + .03 1.39 + .06 1.39 + .06 1.57 + .01 1.42 + .072
E 10919 10634 106ie 118 1 22 8234 13017

L9: R+ steam (air) T 1.27 + .04 1.22 + .06 1.24 + .02 1.22 + .03 1.20 + .02 1.29 + .03
E 194 1 11 183 1 25 176 } 18 174 1 18 139 1 10 228 1 10

L10: R28+ steam (N ) T 1.59 + .06 1.52 + .04 1.56 + .07 1.54 + .05 1.62 + .02 1.49 + .012
E 10517 11112 108 1 11 118 1 10 9315 12818

To (units = 10 MPa) = 1.86 + .04
Fo (units = %) = 389 + 8 ~
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XLP0 2: Weight Gains (%)

ACCIDENT SIMULATIONS

R70+ST(AIR) R70+ST(N2) R28+ST(AIR) R28+ST(N2) R+ST(AIR)

UNAGED 3.31 4.70 -0.11 1.21 2.69 !
R120 2.71 2.88 0.32 0.84 3.55 |

R704120 4.16 - 4.04 1.58 4.43
120+R70 5.72 6.64 1.94 1.52 4.44 s

R274120 2.06 3.42 0.56 1.19 3.08 1

120*R27 6.21 4.78 0.70 0.93 4.32 |

XLPO 2: Ultimate Tensile Properties

T = Ultimate tensile strength (Units = 10 MPa)
E = Ultimate tensile elongation (Units = %)

Aging
Accident Tests A B C D E F

R70 T 1.56 + .02 1.49 + .03 1.48 + .02 1.39 + .03 1.69 + .03 1.36 + .03
E 59 { 7 71l2 5315 40 l 4 77 [ 4 140i7

LS: R70+ steam (air) T 1.38 + .04 1.29 + .05 1,32 + .06 1.15 + .02 1.39 + .03 1.28 + .05
E 9819 111 1 13 8218 6719 85113 120120

L6: R70+ steam (N2) T 1.51 + .09 1.49 + .10 1.48 + .16 1.29 + .08 1.57 + .17 1.33 + .02
E 114 3 10 121 1 10 103117 106 1 13 95110 164111

.

R28 T 1.43 + .03 1.36 + .01 1.43 + .01 1.36 + .08 1.62 + .02 1.24 + .02
E 5917 66110 2616 811 78 ] 9 19}13

L7: R28+ steam (air) T 1.37 + .04 1.28 + .05 1.37 + .03 1.20 + .02 1.41 + .06 1.19 + .03
E 87110 85 } 12 9317 81111 8912 107 } 11

L8: R28+ steam (N ) T 1.50 + .02 1.36 + .05 1.43 + .04 1.23 + .02 1.61 + .10 1.18 + .02
2

E 11119 10516 10519 7517 102 } 10 10718

L9: R+ steam (air) T 1.72 + .06 1.62 + .05 1,49 + .04 1.41 + .03 1.73 + .02 1.42 + .03
E 14017 14416 129I4 9615 14212 113 1 27

L10: R28+ steam (N ) T 1.81 + .10 1.69 + .10 1.89 + .06 1.74 + .04 1,68 + .17 1.63 + .12
2

E 123 } 6 128111 132112 131}8 104 } 10 143 1 12

To (units = 10 MPa) = 1.46 + .04
Eo (units = 4) = 336 + 15

!

A-6



%

EPR 1: Weight Gains (%)

ACCIDENT SIMULATIONS

R70+ST(AIR) R70+ST(N2) R28+ST(AIR) R28+ST(N2) R+ST(AIR)

UNAGED 0.56 0.82 0.98 1.64 2.08

R120 5.39 13.63 7.24 1.42 5.81

R70-+120 0.86 2.25 3.79 1.42 4.55
120+R70 0.19 8.52 8.68 2.19 4.36
R274120 2.08 2.22 10.03 1.27 4.04

120+R27 0.52 12.53 8.89 1.75 4.13

E m 1: Ultimate Tensile Properties

T = Ultimate tensile strength (Units = 10 MPa)
E = Ultimate tensile elongation (Units = %)

Aging
Accident Tests A B C D E F

R70 T .87 + .01 .86 + .01 .86 + .04 .91 + .01 .82 + .02 .99 + .06
E 9015 9116 82111 9011 5515 13816

L5: R70+ steam (air) T .67 + .04 .54 + .06 .73 + .01 .65 + .02 .66 + .04 .72 + .01
E 22110 1011 6338 22110 21114 61114

L6: R70+ steam (N2) T .81 + .02 .78 + .01 .75 + .03 .70 + .02 .83 + .01 .73 + .03
E 96111 7011 5331 28 } 3 14813 2514

| R28 T 1.04 + .03 1.03 + .04 1.03 + .03 .99 + .01 1.10 + .01 .98 + .01
E 111112 6935 87 } 6 6213 70 } 7 9615

L7: R23nteam(air) T .85 + .06 .85 + .04 .83 + .02 75 + .05 .85 + .01 .91 + .04
E 7835 5836 53 } 9 43110 7214 108115

L8: R28+ steam (N ) T .93 + .02 .91 + .02 .92 + .03 .88 + .01 .96 + .02 1.01 + .062
E 107311 6615 6118 41 } 2 11718 8339

L9: R+ steam (air) T .66 + .01 .72 + .02 .58 + .08 .56 + .01 64 + .02 71 + .01
E 5616 61112 20 } 11 811 30110 66118

L10: R28+ steam (N2) T 1.15 + .03 1.19 + .07 1.15 + .05 1.14 + .05 1.12 + .08 1.14 + .07
E 11111 11018 107}8 10819 99110 133 1 12

To (units = 10 MPa) = 1.36 + .03
*

F9 (units = %) = 419 + 13

A-7 |
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EPR 2: Weight Gains

ACCIDENT SIMULATIONS

R70+ST(AIR) R70+ST(N2) R28+ST(AIR) R28+ST(N2) R+ST(AIR)

UNAGED 12.71 21.43 13.90 8.90 19.63
R120 24.93. 44.13 22.20 30.35 49.81
R70+120 16.40 26.88 21.00 25.02 39.72
120+R70 23.61 28.91 21.30 19.32 39.14
R274120 18.08 25.96 19.10 17.59 35.38
120+R27 14.19- 26.73 17.60 15.06- 34.77

EPR 2: Ultimate Tensile Properties

T = Ultimate tensile strength (Units = 10 MPa)
E = Ultimate tensile elongation (Units = %)

Aging -
Accident Tests A B C D E P

R70 T 1.11 + .11 1.16 + .03 1.12 + .06 1.23 + .01 1.09 + .01 1.34 + .03
E 54717 5971 51 7 8 71 T 2 3077 83 T 9.

I LS: R70+ steam (air) T .86 + .01 .87 + .03 .80 + .06 .88 + .05 .50 + .16 1.13 + .03
'

E 8}I 912 8}1 40113 ~10 81113
!

I4: R70+ steam (N2) T .45 + .03 .95 + .02 .91 + .02 .92 + .02 .81 + .01 1.20 + .02'
E 3419 1814 2918 2018 1111 9314

I
I

R28 T 1.00 + .01 1.54 + .08 1.37 + .18 1.61 + .06 1.30 + .03 1.47 + .05
E 1011 4517 4118 5315 29 ~+ 1 6112

)
L7: R28+ steam (air) T .87 + .04 .91 + .03 .98 + .05 1.08 + .07 .95 + .03 1.26 + .07 |,

( E 3112 32 } 2 4311 4411 3312 7312

IA: R28+ steam (N2) T 1.18 + .07 1.23 + .04 1.17 + .03 1.20 + .07 .91 + .04 1.43 + .14
E 3816 41 ~ 2 4715 4018 24 } 4 75110

L9: R+ steam (air) T .75 + .04 .78 + .02 .80 + .01 .85 + .01 .76 + .06 1.41 + .08 |

E 15 } 7 16 I 6 2516 4716 712 12615 |

L10: R28+ steam (N ) T 1.52 + .06 1.61 + .08 1.60 + .08 1.53 + .09 1.07 + .12 1.62 + .102
E 7716 73 ~+ 1 7615 7112 41110 7916

To (units = 10 MPa) = 1.40 + .06
~

Fo (units = %) = 223 + 13
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CSPE: Weight Gains (%)

ACCIDENT SIMULATIONS

R70+ST(AIR) R70*ST(N2) R28+ST(AIR) R28+ST(N2) R+ST(AIR)

UNAGED 13.13 28.37 6.97 2.03 2.15
R120 1.88 5.26 -0.41 1.69 14.31
R70+120 8.02 13.94 -4.83 10.24 25.21
120+R70 14.93 27.00 9.66 21.07 30.82
R274120 9.85- 24.08 9.63 12.06 36.83
120+R27 11.39 11.61 5.69 10.73 16.81

CSPE: Ultimate Tensile Properties

T = Ultimate tensile strength (Units = 10 MPa)
E = Ultimate tensile elongation (Units = %)

Aging
Accident Tests A B C D E P

R70 T .90 + .05 1.10 + .05 1.24 + .17 1.41 + .04 .87 + .10 .95 + .02
E 1713 4717 6415 67 i G 2613 130 1 11

LS: R70+ steam (air) T 77 + .07 .74 + .02 .88 + .09 1.02 + .03 .80 + .03 77 + .07
E 1616 3512 3615 5011 2717 7112

L6: R70+ steam (N2) T .63 + .05 .71 + .04 .83 + .08 .99 + .09 .80 + .03 .71 + .04
E 1215 3411 4915 5415 2411 100 1 10

R28 T .74 + .15 .97 + .04 1.40 + .11 1.63 + .06 .93 + .06 1.36 + .11
E 811 2311 6213 6535 1411 147 1 12

L7: R28+ steam (air) T .58 + .06 .74 + .05 .76 + .14 .92 + .08 75 + .06 .93 + .05
E 8}2 3212 3515 5716 2013 8315

12: R28+ steam (N ) T .64 + .09 71 + .10 .88 + .02 .94 + .08 .85 + .07 1.12 + .052
E 1111 3011 6118 5415 2112 9415

L9: R+ steam (air) T .68 + .08 .53 + .04 .54 + .05 .84 + .04 .80 + .09 .92 + .07
E 1012 3814 44 } 6 6338 3212 13217

L10: R28+ steam (N ) T 1.20 + .14 1.07 + .11 .90 + .08 1.24 + .25 .84 + .13 1.45 + .252
E 20 } 1 5212 4411 61112 2614 9714

To (units = 10 MPa) = 1.63 + .08
Eo (units = %) = 383 + 16 -

A-9
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CPE: Weight Gains (%)

ACCIDENT SIMULATIONS

R70+ST(AIR) R70+ST(N2) R28+ST(AIR) R28+ST(N2) R+ST(AIR)

UNAGED 8.88 13.15 3.58 1.13 14.65
R120 10.37 10.65 7.94 3.52 24.68
R70+120 9.89 10.27 11.93 6.70 25.73 *

120+R70 5.70 11.27 7.88 6.22 21.12
R27+120 10.93 10.14 8.85 6.13 22.80
120+R27 7.51 10.34 6.06 4.80 16.27

CPE: Ultimate Tensile Properties

T = Ultimate tensile strength (Units = 10 MPa)
E = Ultimate tensile elongation (Units = %)

Aging
Accident Tests A B C D E F

R70 T 1.37 + .02 1.44 + .07 1.59 + .22 2.27 + .03 1.67 + .08 1.58 + .13
E 1813 2111 1914 3412 2813 88111

LS: R70+ steam (air) T 1.30 + .05 1.63 + .15 1,39 + .07 1.70 + .09 1.60 + .06 .97 + .03
E 17 } 2 3614 3111 3112 3011 5312

L6: R70+ steam (N2) T 1.14 + .06 1.46 + .31 1.67 + .27 1.79 + .13 1.50 + .18 1.17 + .10
E 20 } 6 2812 3315 3832 3217 6114

R28 T 1.28 + .03 1.65 + .14 2.28 + .09 1.93 + .25 1.81 + .06 1.96 + .19
E 1011 2231 3011 2312 5113 2111

L7: R28+ steam (air) T 1.21 + .12 1.18 + .03 1.62 + .09 1.44 + .19 1.49 + .08 1.22 + .03
E 12 } 2 1811 3111 2232 21 } 1 34 } 2,

IA: R284 team (N ) T 1.19 + .14 1.36 + .08 1.42 + .15 1.61 + .06 1.73 + .07 1.27 + .032
E 11 } 2 2011 1812 2211 2812 32 } 1

L9: R+ steam (air) T 1.22 + .10 1.26 + .09 1.06 + .03 1.20 + .03 1.40 + .08 1.28 + .05
E 1512 3514 30 } 2 3212 4415 63 } 7

L10: R28+ steam (N2) T .76 + .07 1.47 + .07 1.90 + .02 2.09 + .01 1.66 + .14 2.62 + .17
E 1212 3111 4515 42 } 1 2915 8212

To (units = 10 MPa) = 1.48 + .06
Eo (units = %) = 357 + 11 -_
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Mechanical Measurement

PRC (82I1)

Aging
Accident Tests U A B C D

Blank samples T 1.3 1.2 0.9 1.1 1.0

after aging E 370 267 30 269 43

L1 R70 *C T 1.0 1.1 1.0 1.1 1.15
E 240 58 26 57 27

,

L1 R70 *C+LOCA T 1.0 1.0 0.6 1.1 0.86
E 55 3.5 8.1 6.0 3.5

L2 LOCA T 1.1 1.1 0.95 1.1 1.05
E 306 307 5 256 26

L2 LOCA+R70 *C T 1.1 1.4 0.5 1.3 1.0
E 185 13 0 13 3.5

L3 LOCA + R T 1.1 0.9 0 1.1 0.6

E 38 1.5 0 5.0 4.0'

L4 R23 *C T 1.0 1.1 1.0 1.1 1.2
E 185 40 19 27 28

L4 R23 *C+LOCA T 1.0 1.0 0.94 .1.0 0.9
E 57 25 12 30 30

i
T = Tensile strength (MPa)
E = Elongation at break (%)

r

!

I
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Mechanical Measurement

EPDM (82I2)

Aging
Accident Tests U A B C D

Blank samples T 0.6 0.3 0.4 0.5 0.2

after aging E 240 82 0 118 0

L1 R70 *C T 0.3 0.23 0.25 0.25 0.27
E 76 49 0 55 0

L1 R70 *C+LOCA T 0 0 0.2 0 0.2

E O O O O 2.2

L2 LOCA T 0.6 0.2 0.2 0.35 0.2
0 E 254 23 0 - 88 0

L2 LOCA*R70 *C T. 0.23 0.2 0.2 0.3 0.2

E 70 20 0 55 0

L3 LOCA + R T 0.07 0.2 0.1

E 9 0 0 0 0

L4 R23 *C T 0.4 0.3 0.3 0.4 0.3

E 65 55 0 57 0

L4 R23 *C LOCA T 0.3 0.1 0.25 0.1 0.2

E 70 13 20 3.5 0

T = Tensile strength (MPa)
E = Elongation at break (%)

A-12
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Mechanical Measurement

Fire-Proof EPDM (82I9)

__

Aging
Accident Tests U A B C D

Blank samples T 0.6 0.7 0.4 0.8 0.4

after aging E 245 83 32 84 34

L1 R70 *C T 0.6 0.5 0.4 0.5 0.4

E 63 58 23 61 26

L1 R70 *C-*LOCA T 0.4 0.2 0.26 0.25 0.2
E 56 20 16 33 17

L2 LOCA T 0.6 0.6 0.4 0.7 0.4

E 214 71 30 81 32

L2 LOCA-*R70 *C T 0.6 0.4 0.35 0.5 0.4

E 84 41 21 49 23

L3 LOCA + R T 0.1 0 0 0 0

E 12 0 0 0 0

L4 R23 *C T 0.7 0.7 0.4 0.75 0.45
E 67 51 19 52 22

L4 R23 *C LOCA T 0.65 0.4 0.3 0.5 0.4

E 74 56 30 61 30

T = Tensile strength (MPa)
E = Elongation at break (%)

|
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Mechanical Measurement

VAMAC (82H3)

Aging
Accident Tests U A B C D

Blank samples T 1.8 1.8 1.8 1.8 1.8
after aging E 312 245 238 207 215

L1 R70 *C T 1.9 2.05 2.0 2.0 1.95
E 238 157 152 143 135

L1 R70 *C-+LOCA T 1.7 1.8 1.8 1.8 -1.8

E 249 189 181 165 163

L2 LOCA T 1.8 1.7 1.8 1.7 1.8
E 297 240 247 222 232

L2 LOCA-*R70 *C T 2.0 2.0 2.0 1.8 2.1
E 187 160 176 152 153

L3 LOCA + R T 1.8 1.8 1.8 1.8 1.8

E 248 224 218 208 198

L4 R23 *C T 1.8 1.8 1.9 1.7 1.8

E 122 108 109 109 106

i

L4 R23 *C LOCA T 0.65 0.4 0.3 0.5 0.4

E 140 122 128 125 133

T = Tensile strength (MPa)
E = Elongation at break (%)

A-14
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Mechanical Measurement

EPR (82H4)

Aging
Accident Tests U A B C D-

Blank samples T 1.7 1.3 0.8 1.4 0.8
after aging E 174 99 81 93 73

L1 .R70 *C T 1.5 1.2 0.7 1.2 0.8
E 103 62 35 59 36

L1 R70 *C-+LOCA T 1.3 0.7 0.6 0.7 0.5
E 122 51 35 45 32

L2- LOCA T 1.1 1.2 0.8 1.2 0.8
E 198 108 73 102 64

L2 LOCA-+R70 *C T 1.1 0.8 0.6 1.1 0.7
E 75 39 31 55 35

L3 LOCA + R T 1.2 0.7 0.7 0.8 0.6
E 113 65 61 71 52

L4 R23 *C T 1.6 1.2 0.8 1.4 0.8,

j E 97 53 36 59 30

L4 R23 *C LOCA T 1.5 1.0 0.7 1.1 0.7
E 106 51 36 55 33

T = Tensile strength (MPa)
E = Elongation at break (%)

!

A-15

__-._,_ _ _ - _ - . - _-- - _ . _ - - _ - - . . _ . _ , . , _ . . _ . _. . _ _ ._ ._-



Strength at Break Measurement
i

|

Polydiallylphtalate (82H5)

Aging :

Accident U A B C D_

Blank samples
after aging 4.6 4.8 5.0 4.8 4.7

L1 R70 *C 6.9 ' 6. 7 7.4 6.0 6.5

L1 R70 *C+LOCA 3.1 3.1 3.2 3.1 3.5

L2 LOCA 4.1 4.3 5.7 4.8 4.7

L2 LOCA-+R70 *C 5.6 4.0 5.0 5.2 4.5

L3 LOCA + R 4.1 3.7 4.0 3.7 3.7

L4 R23 *C 6.1 7.0 6.5 7.0 7.4

L4 R23 *C LOCA 3.9 4.0 3.6 3.5 3.6

i
iUnits = MPa

, A-16
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Strength at Break Measurement

P.P.S. (82H6)

Aging
Accident U A B C D

Blank samples
after aging 8.7 8.0 8.1 8.0 7.8

L1 R70 *C 9.2 9.0 9.2 8.7 8.7

L1 R70 *C-*LOCA 4.5 5.4 5.5 5.7 5.9

L2 LOCA 5.2 4.7 5.2 5.2 4.6

L2 LOCA-*R70 *C 5.8 4.9 5.1 4.9 5.1

L3 LOCA + R 4.8 4.4 5.0 5.6 5.3

L4 R23 *C 9.7 9.2 9.3 9.3 9.3

L4 R23 *C LOCA 5.9 5.2 5.2 5.9 5.3

Units + MPa

t
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Mechanical Measurement

HYPALON (82G10)

.

Aging
Accident Tests U A B C D

Blank samples T 0.9 0.7 0.6 0.7 0.7
after aging E 422 249 205 204 214

L1 R70 *C T 0.72 0.67 0.65 0.63 0.66
E 195 35 23 28 30

L1 R70 *C4LOCA T 0.45 0.42 0.38 0.4 0.3
E 142 29 26 23 24

L2 LOCA T 0.72 0.52 0.42 0.51 0.50
E 355 165 97 146 120

L2 LOCA*R70 *C T 0.97 0.66 0.53 0.73 0.70
,

E 63 24 11 25 22

L3 LOCA + R T 0.60 0.31 0.26 0.38 0.34
E 258 69 56 84 65

L4 R23 *C T 0.71 0.71 0.71 0.68 0.77
E 170 36 34 42 39

L4 R23 *C LOCA T 0.50 0.49 0.42 0.42 0.49
E 105 33 25 24 19

T = Tensile strength (MPa)
E = Elongation at break (%)

,
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. . __ . _ . . _ . _

Permanent Set After Compression
(In Percent)

VAMAC (82J3)

Aging
Accident U A B C D

Blank samples
after aging 9.6 56 71 68 76

L1 R70 *C 82 86 95 87 88

L1 R70 *C-*LOCA 75 86 92 89 85

L2 LOCA 29 72 74 75 70

L2 LOCA-+R70 *C 85 87 88 87 86

L3 LOCA + R 83 85 82 87 87

L4 R23 *C 85 90 94 85 83

L4 R23 *C LOCA 86 88 91 84 88

|

|
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Permanent Set After Compression
(In Percent)

VAMAC (82J4)

Aging
Accident U A B C D

Blank samples
after aging 8.2 67 71 58 57

L1 R70 *C 78 85 90 85 90

L1 R70 *C-+LOCA 78 90 87 91 84

L2 LOCA 32 74 73 69 75

L2 LOCA-+R70 *C 89 88 90 90 90

L3 LOCA + R ES 83 88 88 88

L4 R23 *C 82 91 91 91 88

L4 R23 *C LOCA 84 86 89 88 87 ,

I
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The influence of accident irradiation, steam, and chemical spray exposures on the behavior of*

twenty-three age-preconditioned polymer sample sets (twenty-one different materials) has
been investigated. The test program varied the following conditions:

1. Accident simulations of irradiation and thermodynamic (steam and chemical spray)
conditions were performed both sequentially and simultaneously.

2. Accident thermodynamic (steam and chemical spray) exposures were performed both with
and without air present during the exposures.

3. Sequential accident irradiations were performed both at 28*C and 70*C.
' 4. Age preconditioning was performed both sequentially and simultaneously.
'

5. Sequential aging irradiations were performed both at 27*C and 70*C.
6. Sequential aging exposures were performed using two sequences: (1) thermal followed by

irradiation and (2) Irradiation followed by thermal.

We report both general trends applicable to a majority of the tested materials as well as
specific results for each polymer. Our data base consists of ultimate tensile properties at the
completion of the accident exposure for three XLPO and XLPE five EPR and EPDM. two CSPE
(HYPALONS). one CPE. one V AMAC. one polydlallylphtalate, and one PPS material. We also
report bend test results at completion of the accident exposures for two TEFZEL9 materials
and permanent set after compression results for three EPR. one VAMAC. one BUNA Ne. one
SILICONE. and one VITONS material.
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