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process disclosed in this report, or represents that its use by such
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ABSTRACT

In order to extrapolate material accelerated aging data,
methodologies must be developed based on sufficient
understanding of the processes leading to material
degradation. One of the most important mechanisms leading to
chemical dose-rate effects in polymers involves the breakdown
of intermediate hydroperoxide species. A general model for*

this mechanism is derived based on the underlying chemical
steps. The results lead to a general formalism for

*

understanding dose rate and sequential aging effects when
hydroperoxide breakdown is important. We apply the model to
combined radiation / temperature aging data for a PVC material
and show that this data is consistent with the model and that
model extrapolations are in excellent agreement with 12-year
real-time aging results from an actual nuclear plant. This
model and other techniques discussed in this report can aid in
the selection of appropriate accelerated aging methods and can
also be used to compare and select materials for use in
safety-related components. This will result in increased
assurance that equipment qualification procedures are adequate.
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EXECUTIVE SUMMARY

In the presence of air (oxygen), radiation dose-rate effects are
often observed. These effects, which must be understood in
order to confidently carry out accelerated aging simulations,
can be conveniently divided into two distinct types, physical
and chemical. Physical dose-rate effects are extremely common
during radiation-aging simulations and are caused by diffusion-,

limited oxidation. At high dose rates, oxidation in a material
will use up dissolved oxygen faster than it can be repleniched
from the surrounding atmosphere by diffusion through the mate-)

.

rial. This leads to oxidation gradients in the material, with
more oxidation near air-exposed surfaces and less in the in-
terior. As the dose rate is lowered, more oxygen-diffusion time
per dose is available, so the oxidation will proceed further
into the sample: eventually a homogeneously-aged material will
result. Since real-time aging occurs at low dose rates where
oxidation throughout will usually occur, an important aspect of4

accelerated aging simulations is to ensure that the accelerated
conditions lead to a homogeneously-aged sample. This can be
done using various techniques which profile the oxidation across
the accelerated-aged samples.

Chemical dose-rate effects occur whenever some chemical step in
the kinetics underlying degradation occurs on a time scale com-
parable to the sample exposure time. In a radiation environment
at low to moderate temperature, probably the most common possi-
bility of a chemical dose-rate effect involves the slow break-
down of intermediate hydroperoxide species. This breakdown is

,

expected to take hundreds to thousands of hours at the aging
temperatures expected during nuclear power plant operation'

(~50*C). In order to extrapolate accelerated aging results
in the presence of this and other chemical dose-rate mechanisms,
models must be developed based on an understanding of the under-
lying kinetic mechanisms.

As a detailed example of the above approaches toward carrying
out accelerated aging extrapolations in the presence of compli-
cations caused by both physical and chemical dose-rate effects,
we analyze experimental data on a polyvinylchloride (PVC) cable
jacketing material. We first separate the aging of this mate-
rial in combined radiation / thermal / air environments into two
regions, each dominated by a different dose-rate mechanism. The
first, which is operative at high dose rates, involves
diffusion-limited oxidation; this leads to heterogeneous 1y oxi-
dized samples. The second, which is important at low dose rates
and enhanced by elevated temperatures, involves the thermally-
induced breakdown of intermediate peroxides formed by the radi-' '

ation. A metallographic polishing technique together with
results from oxygen consumption studies are used to determine
the range of dose rates and temperatures for which oxygen*

diffusion-limited heterogeneous degradation is dominant. In

_ _ _ _ _ _ - _ _ - _ _ _ - _ _ _



the remaining homogeneous degradation regime, a general kinetic
model is derived. It is based on (1) a number of consensus
reactions used for oxidation chemistry, (2) unimolecular termi-
nation kinetics, and (3) rate-determining hydroperoxide-
mediated branching reactions. Experimental evidence for these
kinetics are presented for this PVC material. The model, which
generally applies to all hydroperoxide-mediated situations,
leads to a number of interesting predictions about dose-rate ,

effects. For example, depending upon the ratio of kinetic rate
constants, the hydroperoxide concentration will either tend
towards a limiting value (Case I), or continue increasing with- .

out limit (Case II). For Case I, dose-rate effects are predic-
ted to disappear at very low dose rates, whereas for Case II
they should become progressively more important as the dose rate
is lowered. Kinetic analysis of sequential (radiation followed
by temperature exposures) aging experiments gives an activation
energy for the time-temperature component of the degradation'

mechanism (i.e., peroxide breakdown). This allows a time-
temperature-dose rate shifting procedure to be developed. Using
this procedure, higher temperature combined environment results
can be shifted to a lower reference temperature, thereby extend-
ing the lower temperature results to lower (and experimentally
inaccessible) dose rates. By applying this procedure to experi-
mental PVC data, evidence in support of the kinetic model is
obtained. Further confirmation occurs when the resulting model
predictions for the PVC material are shown to be in excellent
agreement with 12-year real-time aging results for identical
material removed from a nuclear environment.
The kinetic model and the procedures used for separating hetero-
geneous degradation effects discussed in this report can aid in
the selection of appropriate accelerated aging methods. They
can also be used to compare and select materials for use in
safety-related components. This will result in increased
assurance that equipment qualification procedures are adequate.

.
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i INTRODUCTION
t

We have been interested for some time in the use of accelerated,

; aging tests for making predictions of material life expectancy,
especially in combined radiation and temperature environ-'

! ments.1-3 In order to confidently extrapolate accelerated'

| aging data, models must be developed based on sufficient under-
standing of the processes leading to the material degradation.

, ,

i This can be quite difficult in a combined environment situation,
especia-lly in the presence of air (oxygen).4 In radiation
environments for example, the presence of oxygen during aging; .

| can lead to important radiation dose-rate effects, which have

|
been observed for many years.5-9 Until recently, such dose-
rate effects have been ascribed mostly to oxygen diffusion-

! limited degradation.10-12 which is a geometric effect but not
a true chemical dose-rate mechanism. Mayo, Decker, and co-*

| workersl3-16 did find evidence for chemical dose-rate effects
! in unstabilized polymers, which they ascribed to chain propaga-

tion by' radicals which had escaped their cage. When stabilized
,

j with an anti-oxidant, cage escape was found to be suppressed and ,

|
chemical dose-rate effects disappeared.14 Thus, until

,

'
recently there was little concern that important chemical dose-<

rate effects existed in stabilized, commercial polymeric mate-
i rials. In a recent paper, where we observed strong dose rate

and synergistic effects of combined radiation / temperature / air#

: environments for a stabilized polyvinylchloride (PVC) cable
! jacketing material and a polyethylene insulation material, we

presented evidence that one major cause of these effects was a
,

chemical mechanism involving thermally-induced breakdown of
j '' intermediate peroxides initially formed by the radiation.3
! Other recent compelling evidence for the existence of chemical

dose-rate effects in stabilized polymers 4.17 and unstabilized

! polymers 4,18,19 has also been presented. This paper repre-
sents an attempt to quantitatively understand the very compli-! <

! c'ated combined radiation-thermal aging responses for the PVC
jacketing material. We have formulated a general kinetic model,

! which can be utilized to explain radiation dose-rate effects,

[_ synergistic effects of radiation and temperature, and sequential
I (radiation followed by thermal exposure) aging behaviors when-
; - ever,the hydroperoxide breakdown mechanism is important in ,

| radiation aging. The'PVC data is used to verify the model, and
j the resulting extrapolated predictions are shown to agree with
j 12-year real-time aging data for this material. Since the -

| formation and subsequent breakdown of hydroperoxide species is ,

considered to be important for many polymers in other aging'

[ environments (e.g., heat), modifications of the model may make
it applicable to thermal as well as radiation environments,

,

i , ,

! EXPERIMENTAL l

!
Materials! -

!

|
The carbon-black-filled PVC jacketing material used in this

j study was obtained from a commercial cable manufactured by the
i

j -3-

i
'

!'
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used in a variety of applications.
.

Radiation Aoino

An extensive series of combined radiation-temperature experi-
ments was carried out in a cobalt-60 facility using radiation
dose rates ranging from approximately 20 Gy/h to 1 x 104 Gy/h

,

(2 Krad/h to 1, Mrad /h) at temperatures up to llO*C. Aging
chambers were equipped with a heating capability that could
maintain temperatures in the range of 25 to 150*C, regulated to

,

i O.3*C. A slow, steady flow (30 cc/ min) of air was supplied
to the chamber throughout the course of the experimercs. A
detailed deacription and schematics of the aging f ac'.lity have
been published elsewhere.20

Tensile Measurements

Tensile tests were performed using an Instron Model 1130 Test-
ing Machine equipped with pneumatic grips and having an exten-
someter clamped to the sample. The 13 mm thick PVC cable
jacketing material was cut with a die into rectangular strip
tensile samples having a 5.6 mm width. Samples were strained
at ambient temperature at 12.7 cm/ min; initial jaw separation
was 5.1 cm. At each aging condition typically three samples
were tensile tested and averaged to obtain the reported values
of the tensile properties. Maximum scatter from the reported
values averaged about 1 7 percent of the reported value.
Tensile elongation and tensile strength values for the unaged
PVC material were 300 i 10 percent and 20 1 MPa, respectively.

Metallocraphic Polishina Procedure

Qualitative identification of heterogeneous oxidation in samples
irradiated in air at various dose rates and temperatures was
accomplished by means of a cross-sectional polishing technique
which has been described in detail in a previous publica-
tion.21 By this procedure, samples are mounted in an epoxy,
polished by standard metallographic techniques, and examined
using a microscope. Oxidized and unoxidized regions are visible
as bands of different optical reflectivity.

Thermal Acina

Thermal aging was carried out in our thermal aging oven facil-
t. ity, which allows control of both the gaseous environment (air

or nitrogen) and the This facility has beendescribedpreviously.gasflowrate.O Long-term temperature stability is .

1 0.5'C. For the present experiments, gas flow rates were
approximately 30 cc/ min for aging chambers of approximately 500
cc volume. -

-
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RESULTS AND DISCUSSION

Separation of Heterogeneous and Homoceneous Aoino Data

Representative combined-environment tensile data at 43*C and
73 Gy/h is plotted in Figure 1 for the PVC material. The ulti-
mate tensile strength and ultimate tensile elongation are
normalized to their initial (unaged) values and plotted versus,

aging time in the environment. In general, for this and other
PVC jacketing materials, the tensile strength first drops to a
plateau as seen in Figure 1, then, dependent on aging condi-.

tions, often begins increasing at longer times.22 As des-
cribed in a previous paper.22 oxidative scission dominates the
earlier stages of the degradation whereas cross linking appears
to become dominant beyond the tensile strength minimum. For
this reason, we will concentrate our analysis on the regions
where oxidative scission is dominant; i.e., where e/eo 1 0.4.

--

1, y_ _
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-- _N7 7-

(0.75 -
-_

*
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s N~- 7
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.

Figure 1. Tensile strength, T, and tensile elongation, e,
normalized to their unaged values, To, and eo.
plotted versus aging times for PVC aged in air at-

43*C and 73 Gy/h.
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I
t Figure 2 gives, for example, a plot of the dose to equivalent

damage (DED), where damage represents the lowering of the ten-
sile elongation to 40% of original, as a function of the com-
bined environment conditions (dose rate and temperature).
Figure 2 shows that upon lowering the radiation dose rate at a;

given temperature, the DED drops substantially. Moderate-

increases in temperature also accelerate the degradation. The
results, however, are quite complicated. As the dose rate is

,

.

lowered at 43*C, the curve drops at first indicating dose-rate
Ieffects, then appears to level out (small dose-rate effects),

;

and finally begins to drop again, indicating that a second
dose-rate-dependent mechanism is becoming important. As the
temperature is raised, the plateau region disappears.

!
.

:

18 : lO 43'C O 89'C
O 60'C V 95'C O

HETEROGENEOUS REGION_

A 63'C + 100'C-

OG 70'C )( 110'C o-
,

T X 80'C
o O X

_

l( 10' O*O
# +

$E O e +X
V -

A : gy ++
5 M- y

-

-

,

HOMOGENEOUS REGION'

11 . , , ,,,,,, , , , , ,,,,, , , , , , , , ,

1d 1d 1d 16
DOSE RATE, GY/HR

Figure 2. Radiation dose required for the elongation of PVC tod

decay to 40 percent of its unaged value at various
dose rates and temperatures. To highlight the '

complicated dose-rate effects, a solid curve is drawn
through the 43*C data. The dashed curve separates

'

the homogeneous aging region from the heterogeneous
aging region.

i

{
'
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It has been known for many years that the oxygen-diffusion
mechanism can lead to dose-rate effects whenever the rate of
oxygen consumption is greater than the rate of oxygen supply
from the surrounding atmosphere. An oxygen-starved region
results in the interior of the sample. The oxygen-diffusion
mechanism, which should eventually disappear at sufficiently low
dose rates, is the likely mechanism responsible for the dose-
rate effects occurring at the dose rates higher than the plateau

,

region. There are various ways to confirm this hypothesis.
Since diffusion-limited degradation leads to a heterogeneous 1y-
degraded sample, techniques for profiling degradation across.

samples can be applied. We recently developed a qualitative
profiling technique, metallographic polishing, that can quickly
monitor changes in oxidative degradation across small samples.
This technique utilizes cross sectioned, polished samples which,
when examined under a microscope, reveal oxidized and nonoxi-
dized areas of the sample as bands of different reflectivity.21

Figure 3 shows photos of the appearance of typical structure for
the PVC material. When oxygen-diffusion-limited degradation is
important, a concentric banded structure occurs, with the bands
adjacent to the air-exposed surfaces representing the oxidized
regions. For a given PVC sample, the thickness of the oxidation
band is approximately constant, allowing estimates of the oxi-
dation bandwidths by use of a microscope equipped with a filar
eyepiece. Bandwidth results are summarized in Table I, together
with the approximate percentage of the sample which was oxidized
using an overall sample thickness of 1.24 mm. The results for
9.3 x 103 Gy/h at 43*C, and for 3.56 x 103 Gy/h at 60*C confirm
the expectation that important oxygen-diffusion-limited effects
occur at the highest dose rates studied. At 80*C and 200 Gy/h
there is no evidence of heterogeneous effects. At 293 Gy/h and
43*C the data represent the approximate point where the 43*C
dose-rate data first reach the plateau region in Figure 2: the
results indicate that oxidation occurs through most but not all
of the material. Thus, the polishing results indicate that
oxygen-diffusion effects are very important above the 43*C
plateau region of Figure 2 and that the oxidation is becoming
reasonably homogeneous as the dose rate is lowered through this
region.

Although the polishing technique can easily distinguish between
regions of heavy and light (or nonexistent) oxidation, it is
less useful for distinguishing moderately inhomogeneous oxida-
tion, and cannot be used to quantitatively pinpoint when homo-
geneous oxidation conditions are reached. More quantitative
evidence of where diffusion effects become insignificant can be
derived from measurements of the oxygen permeation rate, Pox,.

and the oxygen consumption rate, 4 Cunliffe and Davis cal-
culated oxidation profile shapes for material sheets of thick-
ness, L, exposed on both sides to an oxygen partial pressure,-

p.23 Although the profile shapes depend on the detailed

-7-
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photo and 30X for bottom photo. Sample was aged to 9.3 .

x 105 Gy at 60*C and 3560 Gy/h.
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' Table I .

Metallographic Polishing Results for PVC

Dose Rate Temp Dose Oxidation
Gy/h 'C Gy Bandwidth am % Oxidized.

9300 43 2.2x105 0.138 22
4.8x105 0.160' 26-

3560 60 3.4x105 0.375 61
9.3x105 0.270 43

293 43 2.5x105 Total 100
3.4x105 -0.540 87

202 80 3.0x105 Total 100

oxidation kinetics for a given material, the oxygen consumption
rate can be used to estimate the conditions under which homo-
geneous oxidation occurs. For aging at a dose rate. I, " homo-
geneous" aging occurs if

1

2
I4L 1 (1)#

8p P , Cg

where C is a constant which depends on both the detailed kine-
tics-and-the definition of " homogeneous." If we integrate the
amount.of oxidation across the sample and define " homogeneous"
as~the conditions under which the integrated oxidation reaches
90% of what completely uniform oxidation would give, C will
equal approximately 1. 'For 95% oxidation, C will be
a'pproximately 2.

~ Measuring the oxygen consumption. rate at 43*C for PVC presents
some difficulty. Since the consumption rate is needed in the
absence of the dose-rate mechanism occurring at dose rates lower
than the plateau region, .the consumption experiment must be done-
at-dose rates well above this drop-off region. At the same
time, oxygen-diffusion effects must be eliminated. For these

_. reasons we dissolved the PVC material in THF and evaporated the
solvent to produce sheet material of thickness no greater than.

0.2 mm. Two lots of this Eaterial were irradiated at 43*C in
closed containers which contained oxygen at 590 mm initial
pressure. Dose rates used were 810 Gy/h and 490 Gy/h. The.

,

high oxygen pressures coupled with the thin samples eliminated

,

-9_,
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concerns about diffusion effects. After exposures of 8 x 104
Gy, the oxygen consumption was obtained from gas chromatographic
estimates of the oxygen pressure remaining in the tubes. The
results were that $ equals 9.8 I 10-10 moles /Gy/g at both
480 and 810 Gy/h this implies that neither diffusion nor other
dose-rate effect mechanisms are important in these measurements,
since both would lead to higher oxygen consumption at the lower
dose rate. These results could be affected by the evaporation
of solvent from the dissolved material since this procedure may
yield a. nonhomogeneous material, e.g., heavier components such
as clay fillers may settle to the bottom. Results on our actual -

cable materials were found to be in reasonable agreement with
the results from solvent evaporated materials. For instance,
at 43*C and 74 Gy/h, & is 11.9 x 10-10 moles /Gy/g but this
result may be slightly influenced by the dose-rate mechanism
entering at low dose rates. Literature values 24 for oxygen
consumption of plasticized PVC are also in accord with our
results; thus, we will estimate & to be 11 3 x 10-10
moles /Gy/g. Using this value of 4 together with the 43*C
oxygen permeation rate of 8.9 x 1010 cc/sec cm-cm Hg measured
in our laboratory, we can use Equation (1) to calculate that a
90% oxidized sample (C ~ 1) should occur at a dose rate of
approximately 600 Gy/h and that a 95% oxidized sample (C ~ 2)
corresponds to ~ 300 Gy/h. This conclusion is consistent with
the polishing results discussed earlier and again indicates that
heterogeneous oxygen-diffusion effects are responsible for the
dose-rate effects above the plateau region at 43*C.

We can use the above results together with temperature depend-
encies of the oxygen permeation and consumption rates to divide
the combined-environment data of Figure 2 into heterogeneous and
homogeneous aging regions. The dividing line is, of course, not
exact and depends on one's definition of homogeneous. For the
remainder of this paper we will be concerned with the homo-
geneous aging regime where true chemical dose-rate effects
become important.

.
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Isothermal Kinetic Model Development

In the homogeneous region we model the kinetics with the
following set of chemical reactions:

Initiation Polymer R (2): -

ky'-

/ R- +O RO (3): -

2 2
.

k '
2

Propagation < RO + RH ROOH + R (4):- -

2

3

( RO R +P ( )- -

2 int

k4
/ ROOH RO- + OH (6):

kS'
Branching 4 RO- + RH - ROH + R (7)-

k6'
( OH + RH - HOH + R (8)- -

7
Termination RO P I9)- :

2 term

Initiation with a dose rate, I, creates free radicals. In the
presence of oxygen, these rapidly react to give peroxy radicals
(RO *). The peroxy radicals can either propagate the2
degradation leading to hydroperoxide (ROOH) and/or internal
products, Pint, plus a propagating free radical, or terminate
leading to termination products. These are all consensus
oxidation. reactions developed many years ago in studies of
oxidation in organic liquids and for polymers in solution. The

. termination step in our calculations is, however, chosen as
! unimolecular instead of the bimolecular termination

(RO2 * + RO2 * --* P e r n ) found in most liquid and solutiont
studies. In other words, we assume that the rate of[ '

termination depends upon the first power of the concentration
of RO *, rather than the second power. Mayo and2'

co-workers 13-16 did find evidence of some bimolecular*

termination in certain pure polymers at moderate dose rates

|

|
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(300 to 1200 Gy/h), but evidence for bimolecular kinetics could
i not be found in the presence of antioxidant.14 Arakawa and

co-workers 18 postulated (without direct evidence) that the
dose-rate effects which they observed for a number of unstabil-
ized materials were due to a combination of unimolecular and
bimolecular termination kinetics with the former becoming more
important as the dose rate was lowered.

'

We feel that conditions or very low dose rates (which we are
attempting to simulate), coupled with the antioxidants present
in the commercial materials, favors unimolecular termination

,

! kinetics. Termination of peroxy radicals by antioxidant can be
'

pseudo first order if the antioxidant is present in high enough
concentration such that it can be considered constant during
degradation and therefore be included in the rate constant.
Also, for solid polymers it would be expected that the " cage"
effect should be very pronounced due to the extremely limited
diffusional motions of the polymer molecules. The resultant
expectation is that for chain termination which occurs by
radical-radical reaction, a large proportion of the terminating
radical pairs are geminate--i.e., their origin could be traced
to a radical pair which was originally formed from the same
bond-breaking event. Furthermore, of the portion of radicals
which terminate with nongeminate radical partners, a large

i fraction are expected to react with radicals which originated
from the same localized " track" or " spur" consisting of multiple
pairs of radicals created by a single y-ray as it impacts the
material. For radical-radical recombination involving pairs
either of geminate origin or of a common " track" origin, the
chemical reaction is bimolecular, but the resulting kinetics
will be unimolecular. Bimolecular termination kinetics are
obtained only when peroxy radicals from different gamma tracks
react with each other. It therefore seems clear why unimolecu-
lar termination kinetics must be favored at low enough dose'

rates and why the 'resence of antioxidants will hasten thep
transition to these kinetics.

Even at the moderate dose rates which apply to Figure 2, we will
offer experimental evidence for the dominance of unimolecular
kinetic termination. If the kinetics are steady' state analyzed
using a bimolecular termination step, the rate of formation of
chain termination products will be lintar with dose rate, but
the rate of internal product and ROOH production will be pro-
portional to 11/2 whereas the oxygen consumption rate will
involve a combination of a first order and a half order term.
For unimolecular termination, all rates will be linear with I
(no dose-rate effects). If internal products are important to
tensile properties, unimolecular termination must dominate in
the plateau region (no dose-rate effects) of Figure 2. The '

oxygen consumption results for solvent-evaporated material (in
the absence of the dose-rate mechanism at low dose rates) are -

also independent of dose rate, again implying domination by

-12-
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unimolecular kinetics. We will show below that the production
of ROOH is also linear with dose rate in the plateau region.
We therefore conclude that unimolecular termination kinetics
hold for our PVC material. Since the unimolecular kinetic
scheme confirmed above leads to production of products linear
with dose rate, we need additional reactions to explain the
enhanced degradation rate (per Gy) observed in Figure 2 as the
dose rate is lowered and/or the temperature is raised.-

In an earlier paper 3 we presented evidence that these effects
are due to the breakdown of ROOH species by reaction schemes-

such as the branching reactions shown in Equations (6)-(8).
These reactions lead to more free radicals to participate in the
propagation reactions shown earlier. It is known that hydro-
peroxides are thermally unstable and will break down at elevated
temperatures leading to such branching reactions. The break-
down must, therefore, also occur at lower temperatures but over
much longer time periods. Since our aging experiments at
intermediate dose rates last up to many thousands of hours,
there is sufficient time for significant ROOH breakdown to
occur at the moderate temperatures experimentally employed.

Sequential experiments (radiation aging followed by oven aging)
in air and nitrogen environments were especially useful in con-
firmin this hypothesis. For example, PVC was given8x10gGydoseinairunderconditionswhereonlyminimal
ROOH breakdown would be expected (40 Gy/h and 22*C). This
exposure created hydroperoxides, and led to a lowering in ten-
sile elongation to 80 percent of unaged. Samples not tensile
tested after irradiation were divided into two lots, which were
aged for 83 days at 80*C in air and nitrogen, respectively,
after which their tensile elongations were detatmined to be
32 percent (air) and 83 percent (nitrogen) of un0ged. The large
drop during air oven aging was interpreted as coming from the
branching reactions shown above. In the nitrogen oven-aging,
no further propagation was possible, so little change occurred
in tensile properties. To confirm the importance of hydro-
peroxide breakdown, another group of samples was irradiated to
9.2 x 104 Gy under identical radiation-aging conditions, after
which the elongation was found to have dropped to 74 percent of
the unaged value. Half of the samples not tensile tested were
80*C oven aged in air for 25 days, resulting in an elongation
equal to 38 percent of unaged. The other half were treated with
PH3 gas (a peroxide scavenger) and then oven aged in air under
identical conditions. The tensile elongation remained constant,
further confirming the ROOH breakdcwn mechanism.

In the absence both of important diffusion effects and important*

ROOH breakdown (i.e., in the plateau region for PVC at 43*C),
another type of sequential aging experiment can be used to con-
firm the existence of unimolecular termination kinetics. One
group of PVC samples was given 6.3 x 104 Gy in air at 43*C

,
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and 76 Gy/h while a second group was given the same dose in air
at 43*C and 148 Gy/h. If unimolecular termination is operative,
the ROOH concentration of both groups of samples should be
identical, if bimolecular termination is dominant, the samples
aged at the lower dose rate should have a 40 percent higher ROOH
concentration, since (148/76)0.5 = 1.40. The two groups of
irradiated samples were placed in a 90*C air-circulating oven
in order to break down the hydroperoxides, leading to further
material damage which was monitored by following te"sile prop-
erties.- The resulting degradation behaviors, showr. in Figure 4,
were almost identical, implying almost identical ROOH concentra-
tions after the radiation aging part of the sequence. This is
further evidence in support of the dominance of unimolecular
termination.

260
0 148 GY/HR PRE-AGING

A 76 GY/HR PRE-AGING
220 -

6
# 18 0 -

e
g14 0 -

10 0 i i i

0 50 10 0 15 0 200

TIME IN 90 C OVEN, HRS

|
;

1
'

Figure 4. Comparison of the elongation vs. time responses in a 90*C

| oven for PVC samples previously radiation aged to the
! same total dose at 43*C and two different dose rates.

,

I

-14-

1

_ __. __ - ._ _ __

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



|

We can now kinetically analyze the reaction scheme shown in
Equations (2)-(9). For convenience we will include RH and O2
in the rate constants, i.e., kl=ki'(O2), k2 =k2 A(RH),
k5=kS'(RH), and k6 =k6'(RH). If we assume that the
degradation products, P. responsible for changing the macro-
scopic degradation variable being monitored (e.g., ultimate
tensile elongation) will be some linear combination of the
products generated by the kinetics, i.e.,

P = a P erm + b Pint (10)t
-

then kinetic analysis (the details are in the Appendix) yields:

gf4
+P= k + eXp kt -1 (11)k R 1 4 (R - 1)2 R 47

where t is the time, and

7
R = 2k (12).

2

; Equation (11) directly predicts radiation dose-rate effects at
constant temperature due to the slow breakdown of hydro-
peroxides. By choosing values for k4, R, and the dose
required for a given amount of damage to occur at high dose
rates (where ROOH breakdown is not important), we calculate the
product concentration corresponding to this dose. We can lower
I and find the time required, ti, at this lower dose rate to
generate the same amount of product (and therefore the same
material damage). The dose required would then be Iti. In
this manner, isoproduct curves giving dose to equivalent damage
(DED) versus dose rate can be generated. Examples of such
theoretical dose-rate curves are shown in Figure 5 for values
of R between 0.1 and 2. Since changes in the value of k4
cause horizontal shifts in the curves but do not affect the
shapes of the curves, the abscissa can be plotted universally
as the dose rate divided by the ROOH breakdown constant. At
high dose rates, the curves approach horizontal hahavior (no
dose-rate effects). For the theoretical curves shown in

*

Figure 5, 300 kGy is arbitrarily picked for the DED in this
region.

Model predictions concerning dose-rate effects are strongly
dependent on the value of R. When R is greater than 1, less

,

-15-
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than one ROOH is formed for every ROOH that breaks down; this
implies that the ROOH concentration will tend towards a limiting
value with time (Case I). As shown in Figure 5, this yields
dose-rate effects which eventually disappear as the dose rate
is lowered. For R = 1 (one ROOH formed for each ROOH that
breaks down), the slope of the dose-rate effect curve at low
dose rates approaches 0.5. When R is less than unity (more than
one ROOH formed for each one that breaks down), dose-rate

,

effects are predicted to continue increasing as the dose rate
is lowered (Case II), with the slope eventually approaching 1.0.

.

The effect of changing the DED (i.e., looking at varying amounts
of material degradation) under constant temperature conditions
is theoretically predicted to be quite different for Case I and
Case II behaviors. Figures 6 and 7 show theoretical curves for
R = 1.25 and R = 0.5, respectively, using high doce-rate plateau

10'-
_

2T i
bj - R
s- -

< 10' =: 1.25a
_

$
-

-

1.1

b
g - 1.0

!!10 =f 0.9
kJ :

8 : .3

d -

0.1
O -

a

10' iiiinc iiinini' i i nini ' i i n ini '
i i i i iiiin,

10* 10 10 10 10 10'
DOSE RATE / K , GRAYS4

Figure 5. Theoretical model predictions for the relationship
ber.veen the dose to equivalent damage (DED), and the
dose rate divided by the rate constant for hydro-
peroxide breakdown. R is a positive constant which
depends upon termination and propagation rate
constants.
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values for the DED of 50, 150, and 450 kGy. For both examples,
increasing the DED by a factor of X causes the simultaneous
horizontal and vertical shifting of the dose-rate effect curve
by the factor X. In other words, for a constant value of R, one
universal curve of constant shape represents the dose-rate be-
havior regardless of the amount of degradation. The horizontal
location of this curve determines the value for the ROOH break-
down rate constant; the dose required for a given amount of-

degradation in the absence of ROOH breakdown (the high dose-
rate plateau) is obtained from the vertical positioning of the
curve. As the dose rate is lowered under constant temperature-

conditions (kg = constant), the model predicts earlier onset
of dose-rate effects for higher levels.of degradation. When
R>1 (Figure 6), this leads to a small compression of the
vertical results in the region where the dose-rate effects are
largest and an earlier establishment of ROOH steady state con-
ditions (leveling out at low dose rates) at the higher levels
of degradation. When R < 1, the theoretical results are much
more interesting (Figure 7), since they predict quite different
shapes for the dose-rate data as the DED changes. This is due
to horizontal and vertical shifts of a universal R = 0.5 curve
as pointed cut above. In other words, the different DED's
represent different sections of one universal curve.

10P-
~

450
_

_

15 0_

10f =.
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b5;

;'

O
-
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I
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_-
_

_

|
-

I 10' , ' , i i n n u ' , i i n n o ' , i i n n y ' i i n ny ', i i i n ni
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DOSE / BREAKDOWN CONSTANT , GY
.

Figure 6. Variation of the theoretical model curves for R = 1.25
(Case I behavior) as the Dose to Equivalent Damage is
varied.
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Figure 7. Variation of the theoretical model curves for
R = 0.5 (Case II behavior) as the Dose to Equivalent
Damage is varied.

Development and Use of Time-Temperature Dose-Rate Shift Procedure'

~

In order to apply the theoretical results to the homogeneous
combined environment data for PVC in Figure 2, we first note
that the experimental data extends over approximately one-and-
a-half orders of magnitude, an insufficient range to allow
direct fits to the theoretical curves. This is normally the
case since data extending over approximately 4 orders of magni-
tude in dose rate is required to typically characterize the
S-shaped curves corresponding to Case I theoretical behavior.
Sequential aging experiments coupled with sequential theoretical
analysis sometimes allow us to circumvent this problem by
developing a time-temperature dose-rate shift procedure. Using
this procedure, the higher temperature results are shifted to a -

i

|
lower reference temperature, thereby extending the lower tem-
.perature results to lower dose rates. For a sequential exposure

;

; comprising a low-temperature radiation exposure followed by air- -

|

|
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oven aging, we will let (ROOH)o represent the ROOH concentra-
tion which has built up after the radiation aging. During the
oven aging portion of the sequence at a temperature, T, the
kinetic mechanism is identical to Equations (3)-(9). In other
words, the radiation initiation step is eliminated: in its
place, the initiation during oven exposure comes exclusively
from breakdown of the (ROOH)o which was formed during the
radiation aging part of the sequence. Solving for the'

sequential product versus time yields:
.

2(ak + bk T)T

T T (ROOH)O 1 - eXP (1 - R ) T7 3
P,T k (13)= *T 4

k -2k R
7 2

Here, the superscript T on each parameter denotes the value of
Tthat parameter at the oven-aging temperature, T. Ps

represents the degradation product generated during the oven
exposure at temperature, T, and

Tk
(14)R = *

T
2k

2
When RT> 1, less than one ROOH will be formed for every ROOH
that breaks down, implying that the original concentration of
(ROOH)o will eventually be exhausted. Thus Ps T will
approach the limiting value

T2(ak + bk )T 7 3
II )

g T T (ROOH)OP = *

k - 2k
7 2

A material parameter which is dependent on the amount of degra-
dation product generated would therefore be expected to start
changing when first placed in the oven, but eventually level out
at long times. Such behavior is observed for the PVC material.
Figure 8 shows thermal aging data at three different sequential
aging temperatures for PVC samples preirradiated under identical
conditions. The results have been time-temperature shifted to
70*C as a reference temperature using an activation energy which

23 3 kcal/ mole. Thegives the best superposition of the data, T >1leveling out of the results implies that R 1. In addition,

since (ROOH)ois identical for the three sets of oven-aged
samples and the amount of drop to the degradation parancter
plateau is independent of temperature, Equation (15) shows that-

T - 2k T) must have little dependence on3T)/(k7T + bk2(ak7 2
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temperature. Although it is possible that the temperature
dependencies of k , k, and k7 could be quite different2 3
and still accidentally yield a negligible temperature
dependence for the above expression, it is much more reasonable
to assume that the temperature independence implies that the
activation energies for the three rate constants are similar.
This implies that RT is insensitive to temperature and
therefore, from Equation (13), that the estimated activation
energy used to time-temperature superpose the data must
represent the activation energy for k4

1
() 70o c

*

[ 7s co

f).81 d 90 C
O

N
*0.6 - O O

,, ,

'3L1
4

0.4 i i i i i

0 1000 2000 3000 4000 5000 6000

SHIFTED TIME, HRS. (T,,, = 70 C)

; Figure 8. Time-temperature superposition of the thermal portion
of sequential radiation followed by thermal aging,

experiments on PVC. The shifted time represents the
shift factor aT [ defined in Eq. (18)] times the
oven aging time, t, at the temperature, T.

Tref = 343*K.

Further support for the conclusion that the peroxide activity
! in preirradiated samples decreases with time during the oven

exposure in sequential experiments has been obtained.
Thermally-induced chemiluminescence in organic materials is
believed to be primarily associated with peroxide decomposition
reactions. Luminescence values measured for the initial light

i output from three PVC samples heated at 150*C (in counts per
second above background levels of 100 cps) are given below.'

.
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1 ,

1. For unirradiated material: 150 cps.

2. For material irradiated at ambient temperature and
4'

440 Gy/h to a dose of 8.8 x 10 Gy: 1450 cys.

3. For material irradiated identically as for Case 2 above,
but then subjected to 80*C for 83 days prior to lumi-
nescence measurements: 400 cps.

,

The dec'rease in chemiluminescence after heat aging is clearly
i consistent with having an RT greater than one.

.

| We now use Equation (11) (the degradation product result appro-
priate to simultaneous radiation-thermal aging conditions) toi

develop a time-temperature dose-rate shifting procedure for the
simultaneous data. The sequential results imply that the tem-
perature dependence of Equation (11) is due predominantly to the
temperature dependence of kg. This experimental conclusion
is consistent with expectation, since kg should have a signi-
ficantly higher Ea than the other rate constants involved.

I We define a temperature shift factor for shifting data from a
temperature, T1, to a reference temperature, Tref as

23 kcal/ mole 1 _ 1- (16)aT = exp R Tg (Tref yj.

where R is the universal gas constant. Suppose we wanted to' g
extend the hypothetical dose-rate data at Tref in Figure 9 to
lower dose rates by utilizing a higher temperature result at,

; point pl. Since only kg and I depend on dose rate and tem-
perature, Equation (11) gives

' P = P(I,k ,t) (17)4 .

,

j The degradation product at point P depends on I (the dosey y

(the tim,Trate) k 1 (the hydroperoxide breakdown constant at T ), t
; y y

e) and a number of constants. With

y= (DED)1/It 1

'
4

?

s Ty
(18)Py=P Iy,k4 ,(DED)y/I1- .

1
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Figure 9. Hypothetical data showing schematically how a higher
! temperature data point, P1, is time-temperature
i dose-rate shifted so that lower temperature data at

Tref can be extended to lower dose rate conditions.

1
{ We can change kg to the desired reference temperature by
i dividing by aT. If we keep (DED)1 constant and divide It
i by aT, we obtain

i T
I k 1 (DED)yt 4

P -, , (19)
,

T ,T (7 j

|
1 ,T).

t

i

| which represents conditions at the reference temperature which
are exactly equivalent (same product, same dose to failure), to
point pl. We therefore have a method for time-temperature
dose-rate shifting of multistress data. In practice, this shift
procedure is accomplished by a horizontal shift (DED constant)
by a factor aT on the dose-rate axis as shown in Figure 9.

!

Most shift procedures, such as time-temperature superposition,
have one or more adjustable parameters (e.g., Arrhenius activa- !-

tion energy, WLF constants) which are empirically derived from,

the functional form of the shift parameters that give the best
: superposition of the. shifted data. Even though we are treating
" the more complicated multistress cases, our shift procedure has

no adjustable parameters; the functional form of the simultane-
ous shift parameter is obtained from separate sequential,

experiments,
t
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Using the 23 kcal/ mole activation energy for k4 obtained from the
sequential experiments on PVC, we use the above shifting prooedure
to shift the homogeneous and the borderline (nearly homogeneous)
data of Figure 2 to a reference temperature of 43*C. The results
are shown in the upper curve of Figure 10; the superposition for
data covering a temperature range from 43*C to 110*C offers ex-
cellent evidence for the assumptions underlying the shift procedure.-

By utilizing the shift procedure, we have extended the 43*C data
down to an equivalent dose rate of approximately 0.1 Gy/h, which
is representative of ambient nuclear power plant aging conditions-

which we are trying to model. The resulting 43*C dose-rate curve
is S-shaped with apparent plateau regions (no dose-rate effects)
at high and low dose rates. This is identical to the theoretical
model predictions (Figure 5) for Case I behavior (R > 1). The
shape of the experimental curve can best be fit with an R = 1.25,
which is shown by the solid theoretical curve of Figure 10 that was
derived using this value. This value of R implies k7= 2.5 k2;
the similar magnitude for these rate constants is consistent with
the similar activation energies inferred earlier from the
sequantial results. The horizontal positioning of the theoretical
curve allows us to obtain'

(5.6 1 1) x lO-4h-1 at 43*Ckg = .

P10 _
: e/e o
_

_

_

-

0.4
_

U
- 10' : o.8

$ : + us

: . .
~

>< +q
'+

_ + gp

X +

10' i i i nin
i i i n ni ', , i o n, i i i i i n ni i
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Figure 10. Upper data represents the homogeneous PVC data of Figure 2'

(e/eo = 0.4) shifted to e reference temperature of 43*C.
Symbols have same meaning as in Figure 2. Solid curve
represents theoretical fit to the shifted data
(R = 1.25, kg = 5.6 x 10-4h-1). Lower data and

,

curve are for e/eo = 0.8 data.
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The vertical positioning predicts that in the absence of ROOH
breakdown, a dose of 2.3 x 105 Gy would be required to cause
e/eo to drop to 0.4. This corresponds to degradation product
generation of 2.3 x 105 Ck, where

(ak + bk )7 3 I
C (20)k" k . , ,

7

As the' dose rate is lowered, the product generated remains con-
stant (for.a constant drop in elongation) but the dose required
drops due to the increasing importance of the ROOH breakdown
mechanism. Although the experimental data has only been exten-
ded to a dose rate of 0.1 Gy/h, the model fit allows us to make
predictions at still lower dose rates. Also note that the ex-
tremely small value of kg derived from the curve is consistent
with the very long times expected for hydroperoxide breakdown
at low temperatures.

The values of kg and R derived at e/eo = 0.4 should be in-
dependent of damage and we verify this by showing experimental
shifted results at e/eo = 0.8 (lower curve of Fig. 10) and 0.6
in Figure 11, together with theoretical curves generated using
identical values for kg and R. The amount of degradation
product necessary to drop the elongation to 80 percent and 60
percent of initial is 8 x 104 Ck and 1.52 x 105 Ck, re-
spectively. The same theoretical parameters give a reasonable
fit to the shifted data for the tensile strength of this mate-
rial as shown in Figure 12. The reason for. choosing 26 percent
drop in tensile strength for this figure will become clear
below. Figure 13 Plots the degradation product obtained from
the theoretical fits in Figures 10 and 11 versus the correspond-
ing changes in elongation. This transfer curve, which allows
us to connect the unknown degradation product from the theoreti-
cal kinetics with the experimentally measured degradation vari-
able, is approximately linear for this PVC material.

Comparison of Predicted and Experimental Sequential Exposures

To show the internal consistency of the results, we can use this
transfer curve together with the derived kinetic parameters to
quantitatively predict the mechanical degradation response for
a sequential aging exposure. The radiation part of the experi-
mental sequential exposure was carried out for 764 h at 45 Gy/h
and 60*C, conditions chosen to assure completely homogeneous
degradation. The ROOH concentration at the completion of the
radiation exposure, and therefore the initial concentration for
the subsequent oven aging part of the sequence, can be
calculated to be

(ROOH)O " 2(R 1)k R 4- exP t (21).

4
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Figure 11. Homogeneous PVC elongation data for e/eo - 0.6 shifted
to a reference temperature of 43*C. Solid curve is
theoretical fit using same values for R and k4 as
derived for Figure 10 data.

10' _

_
T/To

_

_

_

_

014
8
- 10' : 0

$ -

: .
_

: +x W
G

- N
S.R.

10'-

- i,, inn' , i . n ni * , , i n ni , ,, inni , , , i n i, i ,

10 ' 10 10 10 10 10'
.

DOSE RATE, GY / HR ,

Figure 12. Homogeneous PVC tensile strength data shifted to a
reference temperature of 43*C. Solid curve is
theoretical fit using the same values of R and k4
derived for Figure 10 data. S.R. denotes real-time data
for material aged in the Savannah River reactor.
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Figure 13. Relationship between the drop in tensile elongation
of PVC and the relative amount of degradation
product generated.

In this equation, k4 is the ROOH breakdown rate conctant at
60*C which is 3.63 x 10-3 h-1, obtained from the value of
kg in Figure 10 at 43*C and the shift factor using
Equation (16). With t = 764 h, I = 45 Gy/h, and R = 1.25, we
obtain

6 kI (22)(ROOH)o = 1.06 x 10 .

Equation (11) can be used to show that the degradation product
after the radiation exposure is given by

P = 6.65 x 106 Ck
.

which corresponds from Figure 13 to e/eo = 0.828. The second
part of the sequence, air-oven aging, was carried out at 80*C.
Using Equations (13) and (22) leads to the following predicted
results for the sequential degradation product versus time
during 80*C oven exposure.
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7 Ck 1 - exp (-5.21 x 10-3t) (23)Ps = 1.06 x 10 .

By adding these results to the predicted product occurring
after the radiation exposure and using Figure 13 to transform

,

the results to elongation values, we can theoretically predict
the time dependence of the elongation during the oven
exposure. The results, shown by the solid curve in Figure 14,.

are in excellent agreement with the experimental points. The
theory not only quantitatively predicts the amount of drop to
the plateau region, but also the exponential time constant for
the drop.

10
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U
0.9-
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N .7 - _k)--O

j- ) __e
<

__

0.6 - N<Q -- THEORY) or
.

- -

._

0.5 -
~~

RADIATION TEMPERATURE

0.4 i i i i

0 500 1000 1500 2000 2500

AGING TIME, HOURS
.

.

Figure 14. Relationship between tensile elongation and aging
time for a sequential aging experiment. The
experimental data (circles) is compared to the
theoretical predictions (solid curve).
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The value obtained for the rate constant k4 compares favorably
I

with the range or rate constants obtained for the breakdown of
various hydroperoxides in solution.25 The value is also con-'

sistent with data obtained for the breakdown constant of poly-
meric hydroperoxides at somewhat higher temperatures.26,27

Comparison of Extrapolated Model Predictions with Reactor-Aced
,

l Material

This same PVC material had been exposed as a cable jacket to
12 years of integrated reactor operation at the Savannah River

! Plant.3.20 Figure 15 sketches the area of the plant from
| which the cable came. It entered the left-hand cable tray at

| the point marked B and exited through the concrete wall at
point M. The highest mechanical degradation to the cable jacket

. occurred at the points marked D and F where the cable tray
l passed above heat-exchanger cooling lines. At these locations

the PVC had reduced tensile elongation (e/eo) and
reduced tensile strength (T/To) values of 0.57 + 0.03 and
0.74 0.03, respectively. (The latter result is the reason we
olotted 26 percent drops in tensile strengths in Figure 12.)
Extensive environmental mapping at Savannah River indicated that
the estimated conditions at points D and F averaged approxi-
mately 0.25 Gy/h and 43*C during the 12 years of reactor opera-
tion. Predictions based on the accelerated aging simulations
fitted to the theoretical model are in excellent agreement with
the real-time aging results. For e/e and T/To to reacho
O.57 and 0.74, respectively at 0.25 Gy/h and 43*C, the model
predicts 15 years and 14.5 years, respectively, versus 12 years
for the real-time aged materials. The 12-year tensile strength
point from the reactor is plotted in Figure 12, since it can be
thought of as an experimental 43*C point.

Use of the Results to Predict and Simulate Aging

There are two main purposes of accelerated aging studies.
First, one would like to be able to predict a material's or
component's long-term behavior in an aging environment. Second,

one would like to develop methodologies of aging the material
to its equivalent lifetime in an accelerated time frame. This

second goal becomes particularly important, for example, when
lifetime aging must be simulated prior to a loss of-coolant-'

accident (LOCA) simulation. The resulting understanding of the
dose-rate effects underlying the behavior of this PVC material
together with the model parameters derived above allow us to
achieve both goals. For instance, one can derive the time
evolution of mechanical properties under chosen nuclear power .

plant aging conditions utilizing the 43*C (316*K) predictions
in Figures 10-12 together with the known 23 kcal/ mole activation
energy for R00H breakdown. If the assumed nuclear power plant
aging conditions were 45*C (i.e., Tref = 318"K) plus 0.1 Gy/h
(10 rad /h), the curves in Figures 10-12 would need to be
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shifted horizontally to higher dose rates by a factor of

-1a where, from Eq. (16)

-l -23.000 1 1 = 1.26a = exp _

T 1.9865 318 316

The resulting curves would then represent predicted 45'C dose-rate -

data, from which predictions at 0.1 Gy/h are easily obtained for
e/eo = 0.8, 0.6, 0.4 and T/To = 0.74. Using these results to-
gether with results from similar analyses at other degradation con- -

ditions (e.g. T/To - 0.9, 0.8, 0.7), we can than generate the pre-
dicted response of the mechanical properties for 45'C and 0.1 Gy/h
aging conditions. The results, shown in Figure 16, indicate that
this PVC material would still be in reasonable condition after 40
years under the above aging conditions.

If, on the other hand, we were interested in simulating 40 years at
45'C plus 0.1 Gy/h using accelerated conditions, the shift procedure
described above and shown schematically in Figure.9 allows us to
choose the proper conditions. For instance, at 110*C (i.e. Tref

383K)=

-l b-23.000 [l 1 83T = eXp h 1.9865 \383 - 318a =

Therefore damage equivalent to 40 yr at 0.1 Gy/h and 45'C would
be predicted to occur at llO*C and a dose rate of 483 times 0.1
Gy/h or 48 Gy/h after (483)-1 times 40 yr or 726 hr. Similar
calculations at 100*C indicate that 1634 h at 100*C and 21 Gy/h
would also be predicted to give equivalent damage.

Table II summarizes a number of accelerated conditions which are
predicted by the present analysis to be equivalent to 40 yr at
45'C and 0.1 Gy/h. In choosing accelerated conditions, two con-
straints need to be mentioned. First the accelerated conditions
cust not result in heterogeneous degradation. For the condi-

[
tions derived in Table II, this is clearly not a concern as can
be seen from Figure 2. Second the accelerated temperature,

chould not be much higher than the highest temperature used inl

generating the predicted results (110*C in the present case).
This implies that the quickest simulation that could be done
with reasonable confidence would take on the order of one month.

Table II'

|- Aging Conditions Predicted to be Equivalent

*Dose Rate,

Gv/h T(*C) Acina Time
0.1 45 40 years

,

: 3.7 80 9490 h ,

'

9.1 90 3840 h
! 21 100 1630 h

48 110 726 h
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| Figure 16. Mechanical property results predicted for PVC at
1 45'C plus 0.1 Gy/h.-

* It might seem remarkable that such a complicated material (two
,

! distinct dose-rate mechanisms) can be quantitatively understood
! with the results eventually used to choose accelerated aging

conditions equivalent to 40-year real-time exposures. Unfor-
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tunately, in addition to the model development, a very large
i number of experiments had to be run to separate the hetero-

geneous regions from the homogeneous regions and to derive the
model parameters in the homogeneous region. The point to
remember is that if you are trying to qualify a " complicated"
material, the process can be complicated. For materials for
which the hydroperoxide breakdown mechanism or other chemical
dose-rate mechanisms are not important, the qualification '

process can become much easier since the equal damage-equal dose
assumption may hold in the homogeneous region. In such a case,
one would only have to insure (by means of profiling techniques)
that the accelerated test was carried out at a dose rate suf-

1 ficiently. low that cxidation is essentially homogeneous. In
i other words,'if dose-rate effects and synergistic effects for
; mildly elevated temperatures are not significant in the homo-
{ geneous region, accelerated predictions and simulations will

become considerably simpler. The methods of this paper can be
used to qualify complicated materials but they are perhaps more
useful as a methodology / knowledge base which can be used to
select and credte better-formulated materials, in which chemical
dose-rate effects are insignificant.

CONCLUSIONS

|
The degradation of PVC in combined radiation / thermal / air envi-
ronments can be extremely complex due to at least two apparent

i dose-rate effect mechanisms: diffusion-limited oxidation and
hydroperoxide-mediated degradation. Through the use of a

;

i recently-developed profiling technique (metallographic polish-
' ing), together with calculations based on oxygen consumption and

permeation measurements, we can determine the radiation dose
rate and temperature conditions under which diffusion-limited
oxidation effects are present. This allows us to separate the

i homogeneous degradation regime (no diffusion effects) from the
heterogeneous regime. In the homogeneous region, a theoretical

: kinetic model is derived which gives a general formalism for
predicting radiation dose-rate effects. It is based on (1) a
number of consensus reactions used for oxidation chemistry, (2)'

unimolecular termination kinetics (which are appropriate to
'

cases of high radical-scavenger concentration and/or low doses

rates), and'(3) rate-determining hydroperoxide-mediated branch-,

ing reactior.s- Evidence for these kinetics is presented for the
PVC material. Theoretical analyses of sequential aging experi-
ments allow a time-temperature dose-rate shift procedure to be
developed and applied to this PVC material such that the theo-
retical model can be validated. Further validation occurs when
model predictions for the PVC material are shown to be in

'

excellent agreement with 12-year real-time aging results from a
nuclear environment. The results can be used to predict mate-
rial response in long-term aging environments and to choose
accelerated aging conditions which create a material whose
degradation is equivalent to that expected for a material aged

, to its lifetime conditions.
|

~

,-

-32-

_ _ _ _ _ _ _ _ _ _ _ _ _



|

|
REFERENCES I

1. K. T. Gillen and K. E. Mead, " Predicting Life Expectancy
and Simulating Age of Complex Equipment Using Accelerated
Aging Techniques," Sandia National Laboratories,
SAND 79-1561. NUREG/CR-1466, (January 1980).

2. K. T. Gillen and R. L. Clough, Radiat. Phys. Chem., 18,-

667 (1981).

3. R. L. Clough and K. T. Gillen, J. Polym. Sci., Polym.-

Chem. Ed., H , 2041 (1981).

4. R. L. Clough, K. T. Gillen, J. L. Campan, G. Gaussens, H.
Schonbacher, T. Seguchi, H. Wilski and S. Machi, Nuclear
Safety, 15, 238 (1984).

5. A. Charlesby, Proc. Roy. Soc., A215, 187 (1952).

6. D. Ballantine, G. Dienes, B. Manowitz, P. Ander and R.
Mesrobian, J. Polyn Sci., 13, 410 (1954).

7. L. St. Pierre and H. Dewhurst, J. Chem. Phys., 29, 241

(1958).

8. H. Matsuo and M. Dole, J. Phys. Chem., 63, 837 (1959).

9. H. Wilski, Kolloid Z.u.Z. Polymere, 251, 703 (1973).

10. F. Makhlis, Radiation Physics and Chemistry of Polymers,
Wiley, NY (1975).

11. W. Schnabel, " Degradation by High Energy Radiation," in
H.H.G. Jellinkek (ed.), Aspects of Degradation and
Stabilization of Polymers, p. 172, Elsevier, Amsterdam
(1978).

l

| 12. W. Schnabel, Polymer Degradation Principles and Practical
i Applications, p. 140, Hanser International, GDR (1981).
I

! 13. E. Niki, C. Decker and F. R. Mayo, J. Polym. Sci. P.C.,

| 11, 2813 (1973).

14. C. Decker and F. R. Mayo, J. Polym. Sci. P.C., 11, 2847
(1973).

| 15. C. Decker, F. R. Mayo and H. Richardson, J. Polym. Sci.,
11, 2879 (1973).-

16. C. Decker, J. Appl. Polym. Sci., 20, 3321 (1976).
.

'

-33-



17. K. T. Gillen and R. L. Clough, Rad. Phys. and Chem., 11,
537 (1983).

18. K. Arakawa, T. Seguchi, U. Watanabe, N. Hayakawa, I.

Kuriyama and S. Machi, J. Polym. Sci., Polym. Chem. Ed.,

19, 2123 (1981).
.

19. T. Seguchi, K. Arakawa, N. Hayakawa and S. Machi, Radiat.
Phys. Chem., 18, 671 (1981).

.

20. K. T. Gillen, R. L. Clough and L. H. Jones, " Investigation
of Cable Deterioration in the Containment Building of the
Savannah River Nuclear Reactor," Sandia National
Laboratories. SAND 81-2613, NUREG/CR-2877, (August 1982).

21. R. L. Clough, K. T. Gillen and C. A. Quintana,
" Heterogeneous Oxidative Degradation in Irradiated
Polymers," J. Polym. Sci. P.C., in press.

22. R. L. Clough and K. T. Gillen, Radiat. Phys. and Chem.,
12, 527 (1983).

23. A. V. Cunliffe and A. Davis, Polym. Degr. and Stab., 4, 17

(1982).

24. E. A. Hegazy, T. Seguchi and S. Machi, J. Appl. Polym.

Sci., 26, 2947 (1981).

25. R. Hiatt, in D. Swern (ed.) Orcanic Peroxides. Vol. II,
Wiley, New York (1970), Ch. 1., p. 1.

26. J. Chien, J. Poly. Sci., A-1, 375 (1968).

27. J. Chien and H. Jabloner, J. Poly. Sci., A-1, 393 (1968).

|

1
l

.

|
!

-34-



__

APPENDIX

Derivation of Equation (11)
from the Kinetics Given in Equations (2)-(9)

At the moderate to low dose rates and temperatures studied in
the homogeneous region, we assume that kg is much smaller than
the other rate constants, implying that the rate-determining*

steps are the initiation by radiation and the slow breakdown of
hydroperoxides. This means that at any point in time, all the

,

radical species can be estimated from steady state analysis.
This leads to

k I + 2k4(ROOH)7 IA-1)(RO *)ss " k *

2 7

The time dependence of ROOH is then obtained by integrating

( OH)
= k (RO -) - k (ROOH) (A-2)2 2 4

with RO2- substituted from above, yielding

( -

kt (A-3)1 - eXP(ROOH) =
2k - 1) 4

4

where

7 IA-4)R = 2k *

2

The free radical concentrations will follow that of ROOH through
the steady state solutions. Since we are interested in deter-

!

I mining the time dependence of degradation products, we note that

'

dP ',

| = k (RO -) = k I + 2k (ROOH) (A-5).

t 7 2 y 4

:

;

1

I -35-
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Substituting the result for ROOH from above and integrating
leads to

+ eXp - 1P [Rterm " I R 4
(R 1)2 ,(A-6)1 4

.

It is easy to show that Pint is given by an expression
identical to Equation (A-6) except for a multiplicative factor
k /k . Assuming that the degradation products, P, -

3 7responsible for changing the macroscopic degradation variable
are some linear combination of these two products, i.e.,

P = a P erm + b Pint (A-7)t

leads to Equation (11).

.
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