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Summary

Special nuclear materials are being stored in the K-Area Complex using 3013 containers that are
held within Model 9975 shipping packages. The service life for these packages in storage was
recently increased from 15 to 20 years, since some of these packages have been stored for nearly
15 years. A strategy is also being developed whereby such storage might be extended beyond 20
years. This strategy is based on recent calculations that support acceptable 9975 package
performance for 20 years with internal heat loads up to 19 watts, and identifies a lower heat load
limit for which the package components should degrade at half the bounding rate or less, thus
doubling the effective storage life for these lower wattage packages. The components of the
9975 package that are sensitive to aging under storage conditions are the fiberboard overpack
and the O-ring seals, although some degradation of the lead shield and outer drum are also
possible.

This report summarizes degradation rates applicable to lower heat load storage conditions. In
particular, the O-ring seals should provide leak-tight performance for more than 40 years in
packages for which their maximum temperature is <135 °F. Similarly, the fiberboard should
remain acceptable in performance of its required safety functions for up to 40 years in packages
with a maximum fiberboard temperature <125 °F.

In order to maintain confidence in these conclusions, it is recommended that 9975 surveillance
efforts continue in support of packages that might be stored for periods beyond 20 years. This
includes both KAC field surveillance and SRNL testing directed toward long-term fiberboard
aging behavior. It is also recognized that an extreme of package variation may exist for which
moisture concentration and related effects (mold growth, fiberboard compaction and fiberboard
assembly shrinkage) may be greater than observed to date. For such packages, current
assumptions may not bound their behavior beyond 20 years in storage. Prior to any packages
with softwood fiberboard exceeding 20 years storage, the validity of representing these packages
beyond 20 years with cane fiberboard data should be re-confirmed or separate softwood
fiberboard analyses performed.

In addition to O-ring and fiberboard degradation, it is recognized that corrosion of the lead shield
can impact performance of the 9975 package. Although the effective lead corrosion rate
assumed in Reference 8 is conservative to lead corrosion data, the applicability of this
assumption to lower wattage packages beyond 20 years in storage should be evaluated.

Background

The 9975 surveillance program [1] includes elements to predict the service life of 9975 shipping
packages used to store special nuclear materials in the K-Area Complex (KAC). Recent efforts
provided a technical basis to increase the approved storage life for 9975 packages in KAC from
15 to 20 years for all packages. Additional efforts are underway to anticipate the likelihood of
further increases in this storage life, potentially up to 40 years. This additional life extension
strategy seeks a lower heat load threshold below the 19 W package rating for which existing data
might justify a 40 year service life, while recognizing that some higher wattage packages
(depending on their content) will likely be re-packaged after 20 years.
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The primary components of the 9975 package that might limit its storage life are the fiberboard
overpack and the O-ring seals. Both of these components are subject to degradation mechanisms
that are driven by thermal processes (i.e. the degradation rates increase with increased
component temperature). While component temperatures will vary with seasonal changes in the
facility ambient temperature, the primary source of elevated temperature for the 9975 package
components is the internal heat load. The strategy to extend package storage life to 40 years
seeks an internal heat load threshold that will produce degradation rates less than half the
degradation rate for packages with 19 W. Based on 9975 surveillance program data generated to
date, it was judged that such a 40 year storage life might be justified for packages for which the
peak fiberboard overpack temperature (averaged over 40 years) is <125 °F, and the peak O-ring
temperature (averaged over 40 years) is <135 °F. A bounding average ambient temperature of
95 °F is assumed, consistent with other recent facility calculations. This report will review the
available data relevant to these temperatures and identify associated bounding degradation rates
for the material properties of interest to the safety functions of the 9975 package.

It is noted that additional concerns regarding corrosion of the lead shield and outer drum will
also need to be addressed before the storage life can be increased past 20 years.

Data and Analysis — O-Rings

It was judged that a 40 year storage life might be justified for packages for which the peak O-
ring temperature (averaged over 40 years) is <135 °F. Data are available from two test sources
to provide degradation rate estimates for this temperature. These data address specific Parker O-
ring compounds fabricated from Viton® GLT and GLT-S fluoroelastomers.

Compression stress relaxation (CSR) testing of elastomers provides a measure of how long the
material retains a counterforce to maintain a seal. The end of life is taken as the time when the
counterforce drops below 10% of its initial value. This value does not inherently correlate to
leak failure and was adopted from other studies performed on seals in nuclear weapon
components [e.g. 2]. CSR data are available for O-ring samples aged at temperatures of 175 to
450 °F. The samples aged at >300 °F have reached the end-of-life criterion, while data from the
lower temperature samples have been extrapolated to the end-of-life criterion through time-
temperature superposition (TTS) (see Figure 1). Reference [3] summarizes this data and
develops a basis to predict service life at lower temperatures using the time-temperature
superposition principle. This approach can be applied to estimate the service life for O-rings at
135 °F, as follows.

- The overall shape of the counterforce decay curve is the same for each aging temperature.
The actual curves vary only in the time scale, with the time to reach the end-of life criterion
increasing for lower aging temperatures.

- The difference in time scale between any two aging temperatures is called a shift factor. If
these factors fall in a straight line when displayed on a semi-log plot as a function of
reciprocal time, then they follow Arrhenius behavior and can be described more generally by
the equation
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Shift Factor = A exp(-Eo/R*T)
where A is a constant, E, is the activation energy, R is the ideal gas constant,
and T is the absolute temperature
- With this relationship, the shift factor for any temperature of interest can be calculated,
provided the same degradation mechanisms are active over the entire temperature range of
interest.

Using this approach for GLT O-rings (calculated activation energy of 60 kJ/mol, and ~19 years
to reach the end-of-life criterion at 175 °F [3]), the estimated time to reach the end-of-life
criterion at 135 °F is about 77 years. The bounding GLT O-ring model also estimates a storage
life of 40 years if the maximum O-ring temperature is 153 °F. Similarly for GLT-S O-rings
(calculated activation energy of 81 kJ/mol and 344 years to reach the end-of-life criterion at 175
°F [3]), the estimated time to reach the end-of-life criterion at 135 °F is about 2200 years.

Additional data relevant to the service life of these O-rings are available from PCV fixture
testing [4]. In this task, O-rings are aged at elevated temperature inside PCV fixtures and
periodically leak tested to determine the time they are able to remain leak-tight. Fixtures with
GLT and GLT-S O-rings have reached a failure point (no longer leak-tight) at aging
temperatures of 300 to 450 °F, while no failures have yet occurred after aging for 5.7 to 10.5
years at 200 to 270 °F (Figure 2).

The fixture leak test data do not show a clear difference in failure time for the two O-ring
compounds. The GLT O-rings had the shortest failure times at 300 and 400 °F, while the GLT-S
O-rings had the shortest failure time at 350 °F (no GLT-S O-rings were aged at 450 °F). With
both materials, there is some scatter in the time to failure at a given aging temperature. The
earliest failures for GLT at each aging temperature define a lower bound curve which can be
extrapolated to estimate a storage life at lower temperatures. (All GLT-S failure points lie above
this lower bound curve.) This leads to an estimated lifetime of 1980 years at 135 °F. It is
emphasized, however, that with relatively few failure points and scatter in the failure time at
each aging temperature, there is significant uncertainty in extrapolating these data this far below
300 °F.

A key assumption in extrapolating the CSR and PCV fixture results to the lower temperatures of
interest for storage is that the same degradation mechanisms remain active over the entire range
of extrapolation. This is a well-known limitation of accelerated-aging theories and models such
as Arrhenius, Eyring, etc. Therefore, this assumption is being tested with measurements of the
oxygen consumption rates of samples aging at temperatures ranging from 104 to 250 °F [5].
Polymer aging in an elevated temperature environment (with minimal ionizing radiation and no
aggressive chemical exposure) is typically driven by oxidation processes (thermo-oxidation).
The Viton fluoroelastomer O-ring compounds are highly resistant to aging and oxidation.
However, comparison of oxygen consumption rates at different temperatures over the range of
interest should either confirm that activation energy estimates remain valid at the lower storage
temperatures of interest, or identify an alternate extrapolation process (Figure 3). This approach
has been used for aging of weapon component seals based on hydrocarbon elastomers such as
butyl and EPDM. This testing is in progress, with some initial oxidation rates at the higher
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temperatures, though none of the samples has yet reached the steady-state oxidation rate needed
for valid comparison of the different aging temperatures.

Recommendation — O-Rings

It is recommended that the minimum extrapolated storage life of 77 years at 135 °F be assumed
for both GLT and GLT-S O-rings until additional data are available to update the CSR and PCV
fixture aging models and until the assumption that the existing data can be extrapolated to
storage temperatures of interest is confirmed. This recommendation is valid so long as the other
package components (particularly the fiberboard) continue to display sufficient integrity to
provide adequate protection for the O-rings.

Data and Analysis - Fiberboard

It was judged that a 40 year storage life might be justified for packages for which the peak
fiberboard overpack temperature (averaged over 40 years) is <125 °F.

Fiberboard properties are obtained from several types of samples. Thermal conductivity samples
are at least 6 x 6 inches with a thickness between 1 and 2 inches, and are oriented to provide heat
flow either parallel or perpendicular to the fiberboard layers (i.e. representing heat flow radially
or axially within the package, respectively). Physical property samples are approximately 2 x 2
X 2 inches, and provide periodic measurement of dimensions, weight and density. Since the
physical property samples are handled regularly for measurement and are subject to some
material loss during handling, sample degradation rates are adjusted by the average degradation
rate of control samples (samples held at ambient conditions, with no expected environmental
degradation, and measured at about the same frequency). Compression test samples are also
approximately 2 x 2 x 2 inches. Since the compression test is destructive, each of these samples
provides a single stress-strain curve when loaded either parallel or perpendicular to the
fiberboard layers.

The main parameter of interest from compression testing is energy absorption capacity, which
has been approximated as the area under the stress-strain curve up to 40% strain (this is not a
specified parameter for performance, but provides a metric for direct comparison). Since the
compression test is destructive, each sample provides a measure of energy absorption for only
one point in time. Sample-to-sample variation can lead to significant scatter in energy
absorption data for a given aging environment, making it difficult to extrapolate this behavior
with confidence. A further complication is introduced by performing the compression test
without constraint — the sample is free to spread out laterally during the test. Samples tested in
the parallel orientation tend to spread significantly, depending on their moisture content, which
decreases the observed energy absorption. In contrast, samples tested in the perpendicular
orientation tend to be self-constrained by the glue layers and general fiber orientation. This more
closely mimics the fiberboard within the 9975 package which is mostly constrained by the drum
and shield, with small gaps that might allow limited movement during an impact. For this
reason, it has been previously identified that parallel orientation samples can be very
conservative to actual energy absorption behavior within the 9975 package, while perpendicular
orientation samples provide a more realistic estimate of package behavior. References 6 and 7
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recommended that the averaged behavior of samples from both orientations might provide a
reasonable conservative approximation of energy absorption behavior.

Physical Properties and Thermal Conductivity for Fiberboard at 125 °F

Average degradation rates based on samples aged in a 125 °F oven and in a 125 °F 70 %RH
environmental chamber through ~August 2015 were reported for cane fiberboard in Reference 5,
and for softwood fiberboard in Reference 7. Degradation rates for thermal conductivity and
physical properties in these two environments are summarized in Table 1. As thermal and
physical properties degrade over time in a specific environment, their decrease is generally linear
or slightly concave. In other words, they degrade at a constant rate or at a slightly decreasing
rate. Extrapolating this behavior can be accomplished by assuming a constant degradation rate
over time. In cases where the actual degradation is slightly concave, this assumption will be
conservative.

Reference 8 reviewed these fiberboard degradation data and concluded that a degradation rate of
0.3 %/year was bounding to the thermal conductivity and physical property degradation
described in Reference 6 for cane fiberboard at temperatures < 145 °F. Since this rate did not
account for fiberboard compaction, shrinkage from moisture re-distribution or mold, it was
increased to a bounding degradation of 10% over 20 years for these properties. While some
degradation rates for softwood fiberboard are higher than this level, they also contain greater
uncertainty and may be overly conservative. Therefore, Reference 8 concluded that the
bounding degradation rate for cane fiberboard properties was also appropriate for softwood
fiberboard. With this level of bounding degradation and additional allowance for fiberboard
compromised by mold, calculations have shown the package performs its required safety
functions in facility fire, forklift impact and 30 foot drop accident scenarios [8 - 11].

Therefore, it is expected that a similar favorable result would be produced for packages
following 40 years in storage provided none of these properties has degraded more than 10%
during that period. This corresponds to an average degradation rate of 0.25 %/year with little or
no compaction or shrinkage. For each of the fiberboard properties summarized in Table 1, the
average degradation rate is below this value. Therefore, these properties would support a 40 year
storage life for 9975 packages which maintain a peak fiberboard temperature < 125 °F.

Energy Absorption for Fiberboard at 125 °F

In Reference 11, the energy absorption data for samples aged in like conditions were normalized,
averaged and plotted. These data were then extrapolated to estimate the energy absorption
capacity at 20 years. The extrapolated estimates were used as inputs to calculate the effect of
hypothetical forklift impact and 30-foot drop scenarios. Separate estimates were made for
parallel and perpendicular orientation data. As recommended in Reference 6, the estimates for
the two orientations were averaged to get a reasonably conservative value of the degraded
fiberboard condition. This process was performed separately for cane fiberboard and softwood
fiberboard. Due to changes that reduced the calculated temperature profile after this work began,
the degraded condition that was originally assumed and ultimately used in References 10 and 11
is conservative to the final calculated 20 year degraded condition. References 6 and 7 identified
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a threshold of ~120 °F below which there appears to be no fiberboard degradation, and this
threshold was applied to fiberboard regions below this temperature.

Figure 4 shows the fiberboard degradation zones used in the Reference 10 and 11 calculations,
along with the relative energy absorption values associated with each zone. The degradation
zones provide a conservative bound to the average behavior of fiberboard within each zone.
Small regions (located primarily just under the lower bearing plate) of each zone might
experience temperatures slightly above the zone designation. However, this part of the
fiberboard assembly contributes relatively little to absorbing energy in the postulated forklift
impact scenario. The average temperature within each zone is below the zone designation, and
basing zone properties on the zone designated temperature is conservative.

Figure 5 shows the same fiberboard degradation zones along with two sets of temperature
contours. The first set shows select temperature contours for a 19 W package after 20 years.
These contours were produced by the same program used in Reference 8. The second set shows
the corresponding temperatures of the same contour lines for a package with 125 °F maximum
fiberboard temperature.

Estimating the energy absorption degraded condition after 40 years at 125 °F will be described
for cane fiberboard in the parallel orientation. The same process is repeated for the
perpendicular orientation and for softwood fiberboard to provide the results shown in Table 2.
Figure A-6 in Reference 11 was developed to estimate the 20 year degraded condition, and is
extrapolated to estimate the 40 year degraded condition, as illustrated in Figure 6. With a
specific interest in packages with a maximum fiberboard temperature of 125 °F, only the
degraded values for the 125 °F oven and 125 °F 70%RH aging environments are now
considered, with extrapolated 40 year values of 92% and 60%, respectively (see Table 2).
Reference 11 identifies that for a constant absolute humidity of 16.04 g/m® within the package,
the relative humidity in fiberboard regions at 125 °F will be 18%. Estimating the degraded
energy absorption for this condition (125 °F 18 %RH) is illustrated in Figure 7. In this case, the
20 %RH contour line provides an estimate that 88% of the baseline energy absorption capacity
remains after 20 years. As seen in Table 2, the energy absorption capacity decreases by < 2
percentage points between 20 years and 40 years for either humidity condition (oven or 70
%RH). Therefore the energy absorption capacity after 40 years at 18 %RH will be at least 86%
of the baseline value.

The process just described is repeated for cane fiberboard in the perpendicular orientation and for
softwood fiberboard in both orientations. These values are applied to all regions with fiberboard
temperatures between 120 and 125 °F. As noted in References 6, 7 and 11, fiberboard regions
below 120 °F are assumed to experience no degradation. (Note: While estimates of degraded
energy absorption values were developed for all cases in the preparation of Reference 11, the
extrapolated results for softwood fiberboard samples tested in the parallel orientation were not
presented in that reference. The energy absorption data and curve fits for softwood fiberboard,
parallel orientation at 125 °F (oven and 70%RH), that were used in Reference 11 are shown in
Figure 8. Linear interpolation was used to get the expected behavior for 125 °F 18 %RH as
shown in Figure 8. These extrapolated values presented in Table 2 were developed by the author
of Reference 11 and should be documented in a future revision of that calculation.)
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The energy absorption values extrapolated to 40 years are summarized in Table 3, and compared
to the values used in the Reference 10 and 11 calculations. The estimated fiberboard degradation
after 40 years storage at temperatures <125 °F is less than assumed in the Reference 10 and 10
calculations for 19 W packages after 20 years. Therefore, the Reference 10 and 11 calculations
are conservative relative to performance of a package with maximum fiberboard temperature of
125 °F after 40 years.

Assumptions and Conservatisms in Fiberboard Analysis

References 5 and 6 identify that most properties appear to exhibit a threshold around ~120 °F
below which there is little or no degradation. With any appreciable internal heat load, there will
be a temperature gradient across the fiberboard, and the maximum fiberboard temperature will
occur along the inner surface adjacent to the shield. A corresponding counter-gradient in relative
humidity will develop, with regions of higher relative humidity along the cooler outer fiberboard
surfaces. The absolute humidity tends to remain ~constant throughout the fiberboard assembly
[12, 13]. In a package with a maximum fiberboard temperature of 125 °F and a minimum
temperature close to the bounding average ambient temperature of 95 °F, the relative humidity
along the cooler outer surfaces will be approximately 2.5 times higher than that along the inner
surface, based on published psychrometric charts.

The specific values of relative humidity within a given package will depend on the fiberboard
temperature profile and the total amount of moisture present in the fiberboard. In extreme cases,
enough moisture might be present that moisture levels in the bottom fiberboard layers approach
saturation (~28 wt%) and mold will become active. For example:

- Saturated cane fiberboard and mold has been observed in a test package with nominal initial
fiberboard moisture content (~10-12 %WME) and 19 W internal heat load with slightly
elevated ambient temperature [14]. The elevated moisture levels in this package eventually
decreased over several years.

- Two test packages with cane fiberboard were held at ambient temperature with varying
internal heat loads [12]. One had an initial fiberboard moisture content of ~8 — 9 %WME
while the other was ~13 — 15 %WME. The average local moisture content in the first
package remained below saturation for all heat loads up to 19 W. Local areas at the bottom
of the second package reached saturation with 10 W heat load, and mold was observed
following several weeks at 15 W, and was much heavier after several weeks at 19 W. These
packages did not remain in test long enough to identify a trend of overall moisture loss from
the package.

This first example shows that the elevated local fiberboard moisture levels eventually decreased.
This is due in part to the small degree of air infiltration driven by minor variations in ambient
room pressure. However, one should expect variation in the degree of leakiness from one
package to another. If the bottom fiberboard layers approach saturation in a drum that is sealed
better than average, it is possible that the elevated moisture and mold growth will persist long
enough to consume more fiberboard than has been observed to date. This scenario has not been
quantified, and cannot be addressed through available data.
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As the moisture content of the bottom fiberboard layers increases, those layers tend to weaken
and compact under the weight of the shield and containment vessels. This effect, as well as
general shrinkage of the remainder of the fiberboard assembly, will contribute to an increase in
the axial gap at the top of the package. Reference 8 addressed these effects (mold, compaction
and shrinkage) with a bounding assumption that the bottom 2 inches of fiberboard were gone
after 20 years in storage. With the consideration of packages for which the maximum fiberboard
temperature is no greater than 125F, the rate at which these effects progress is expected to be less
than in a 19 W package. For example, with a reduced moisture gradient, the peak moisture
content of the bottom fiberboard layers will be reduced. Accordingly, these layers will not
weaken as much, the compaction rate will be reduced, and the total compaction will be less [15].
This effect is seen in Reference 16, which shows a statistical difference in the rate of axial gap
increase based on internal heat load. The axial gap in packages with a heat load of > 14 W
increases faster than the axial gap in packages with lower heat load. However, existing data do
not fully address how the combined effects of mold, compaction and shrinkage will change with
temperature. The impact of this should be examined prior to exceeding 20 years storage.

Reference 8 concluded degradation rates based on cane fiberboard were appropriate for softwood
fiberboard as well. While existing softwood fiberboard data show some trends outside of the
range of cane fiberboard, there are fewer softwood fiberboard data covering shorter durations
and fewer environments than cane fiberboard. Additional longer-term softwood data continue to
accumulate, and should be used to re-evaluate this conclusion prior to any softwood fiberboard
assemblies exceeding 20 years storage.

There are several aspects to the extrapolated energy absorption values that are potentially non-

conservative. These include:

- The Reference 10 calculation assumed a maximum absolute humidity of 16.04 g/m*, which
was the largest value from 26 packages in storage which were documented in Reference 17.
But SRNL test packages have shown higher values, up to 20 — 25 g/m® [12, 13]. With
higher humidity levels, degradation rates are expected to increase.

- Energy absorption values used were averaged across multiple source packages, and the
degradation rate was taken as a nominal fit to these averaged data. While it is appropriate to
average the behavior of small regions (individual samples) within a larger package to
represent the macroscopic package behavior, this approach does not provide for package-to-
package variation.

- The curve fits and interpolations used to develop estimated lines of strength ratio vs
temperature for constant RH values are approximations and are not rigorously derived from
the data.

These examples are identified as a cautionary note, while recognizing that there are also
conservative elements. It is recommended that the overall conservatism of this assessment be
verified prior to exceeding 20 years storage.
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Recommendation - Fiberboard

Each of the fiberboard properties reviewed is relevant to one or more calculations [8 — 11] used
to demonstrate that the 9975 package will perform its required safety functions after 20 years in
storage. Using the methodology of these calculations and the fiberboard degradation data
supporting them, it has been shown that lower wattage packages (for which the maximum
fiberboard temperature during storage is <125 °F) have sufficiently low degradation rates that
even after 40 years in storage they should still perform their required safety functions.

This conclusion does not address three specific phenomena which can act in concert to increase
the axial gap; as moisture concentrates in the bottom fiberboard layers, these layers can
experience mold growth and compaction, and the remainder of the fiberboard assembly can
shrink. The incidence and persistence of mold in fiberboard regions with elevated moisture has
not been well characterized in terms of understanding the range of possible behavior. In
particular, most packages in which mold has been observed have presented evidence that
elevated moisture levels may drop over time and the mold activity will decrease. However,
minor variation in the degree to which a 9975 package can “breathe” under ambient pressure
variations could significantly extend the period of elevated moisture and active mold growth.
The assumption in References 8 - 11 of moisture-related degradation in the bottom 2 inches of
fiberboard may not bound the potential behavior of all packages in storage for periods beyond 20
years.

Several potential non-conservative elements to the Reference 10 and 11 calculations were
identified, although it is recognized that there are a number of conservative elements present as
well. It is recommended that the overall conservatism of this assessment be verified prior to
exceeding 20 years storage. This assessment could include consideration of additional test data
which will become available in the future as test samples continue aging.

It is recommended that 9975 surveillance efforts continue in support of packages that might be
stored for periods beyond 20 years. This includes both KAC field surveillance and SRNL testing
directed toward long-term fiberboard aging behavior. Prior to any packages with softwood
fiberboard exceeding 20 years storage, the validity of representing these packages beyond 20
years with cane fiberboard data should be re-confirmed or separate softwood fiberboard analyses
performed.

Conclusions

This report summarizes degradation rates for 9975 package components applicable to lower heat
load storage conditions. In particular, the fluoroelastomer O-ring seals should provide leak-tight
performance for more than 40 years (up to 77 years) in packages for which their maximum
temperature is <135 °F. The fiberboard should perform its required safety functions for up to 40
years in packages with a maximum fiberboard temperature of 125 °F or less.

In order to maintain confidence in these conclusions, it is recommended that 9975 surveillance
efforts continue in support of packages that might be stored for periods beyond 20 years. This
includes both KAC field surveillance and SRNL testing directed toward long-term O-ring and
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fiberboard aging behavior. It is also recognized that an extreme of package variation may exist
for which moisture concentration and related effects (mold growth, fiberboard compaction and
fiberboard assembly shrinkage) may be greater than observed to date. For such packages,
current assumptions may not bound their behavior beyond 20 years in storage. Prior to any
packages with softwood fiberboard exceeding 20 years storage, the validity of representing these
packages beyond 20 years with cane fiberboard data should be re-confirmed or separate
softwood fiberboard analyses performed.

In addition to O-ring and fiberboard degradation, it is recognized that corrosion of the lead shield
can impact performance of the 9975 package. Although the effective lead corrosion rate
assumed in Reference 8 is conservative to lead corrosion data, the applicability of this
assumption to lower wattage packages beyond 20 years in storage should be evaluated.
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Table 1. Degradation rate data for cane fiberboard at 125 °F from Reference 6. In this table, a
negative degradation rate represents a positive increase in the property.

Cane fiberboard Samples aged in 125 °F Samples aged in 125 °F 70
Property oven (~10 %RH) %RH chamber
Average Duration of Average Duration of
degradation | available degradation | available
rate (%/yr) | aging data (yr) rate (%/yr) | aging data (yr)
Thermal cond., axial | -0.372* 1.1 -0.026 3.2-42
Thermal cond., radial | -0.041 8.4-9.3 -1.160 4.2
Height 0.032 9.2 0.054 4.3
Length, width 0.039 9.2 0.034 4.3
Density 0.120 9.2 0.197 4.3

* A portion of the 56 wks aging time for the 125 °F oven axial thermal conductivity samples was
spent at 125 °F 70%RH, but the degradation rate was calculated from data taken after aging in a
125 °F oven only.
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Table 2. Curve fits for 125 °F aging environments from Reference 11, extrapolated further for
energy absorption (% remaining) after 40 years. Results from the two environments are used to
estimate the relative humidity of interest (18 %RH) as described in the text.

Degraded energy absorption extrapolated values

Cane fiberboard Softwood fiberboard

20 yrs [11] | 40 yrs 20 yrs [11] | 40 yrs
125 °F oven, parallel 93% 92% 100*% 100%
125 °F 70 %RH, parallel 62% 60% 6*% 0%
125 °F 18 %RH (estimated), | 88% 86% 87*% 85%
parallel
125 °F oven, perpendicular 100% 100% 87% 85%
125 °F 70 %RH, perpendicular | 72% 71% 78% 77%
125 °F 18 %RH (estimated), | 97% 96% 82% 80%
perpendicular

* Extrapolations for softwood fiberboard in the parallel orientation were not shown in Reference
11. These extrapolations are shown in Figure 8, and should be included in a future revision of
Reference 11.

Table 3. Relative energy absorption values used to define the 40 year degraded

packages with 125 °F maximum fiberboard temperature.

condition for

Analysis | Maximum Relative Energy Relative Energy Value Used in

Zone Zone Absorption, Cane Absorption, Softwood. References 10
Temperature. and 11

Parallel Perpendicular | Parallel Perpendicular

120F 120 °F 100% 100% 100% 100% 100%

140F 123 °F 74%

145F 125 °F 86% 96% 85% 80% 67%

145F (B) | 125 °F 60%

Saturated | <120 °F NA NA NA NA 5%
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Figure 1. Summary of CSR data for Viton GLT and Viton GLT-S O-rings. The solid symbols
are actual times to reach the end-of-life criterion. The other symbols and trendlines are
extrapolated estimates of the end-of-life criterion based on time-temperature superposition

(TTS).
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Figure 2. Summary of PCV fixture data for Viton GLT and Viton GLT-S -rings. The red
symbols are failure points, the green symbols have not yet reached failure. The trendline is a
lower bound to the failure points (GLT and GLT-S combined).
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Figure 3.

O-ring models showing temperature range of end-of-life data (solid lines) and

extrapolated region (dashed lines). The temperature range for the oxygen consumption data is

also identified and should provide confidence in the validity of the model extrapolations.
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Figure 4. Fiberboard degradation zones and associated relative energy absorption values used in
References 10, 11 calculations to define the 20 year degraded condition.
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Figure 5. Fiberboard degradation
zones used in References 10 and
11. Superimposed temperature
gradients indicate the 20 year
degraded condition for 19 watt
packages, and the 40 year degraded
condition for packages with 125 °F
maximum fiberboard temperature.
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Figure 6. Reproduction of Figure A6 from Reference 11, showing extrapolation to estimate the
40 year degraded condition. Given the straight line fit with a logarithmic time scale, the decrease
in relative energy absorption from 20 to 40 years is the same as the decrease from 10 to 20 years.
Similar extrapolations were made for 125 °F oven and 125 °F 70 %RH environments, for both

orientations and fiberboard materials.
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Figure 7. Reproduction of Figure A13 from Reference 11 highlighting the degraded energy
absorption value at 20 years for an environment of 125 °F 18 %RH. In this case, the contour line
for 20 %RH is used to approximate an actual value of 18 %RH.
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Figure 8. Relative energy absorption data and curve fits for softwood fiberboard, parallel
orientation at 125 °F (oven and 70%RH), used in Reference 11. The middle line represents the

expected behavior at 18%RH based on linear interpolation between the two curve fits.
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