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Abstrac t

An important part of tritium facility shutdown is estimating the residual tritium inventory
in stainless steel . This was needed as part of the decontamination and decommissioning
associated with the Tritium Systems Test Assembly at Los Alamos National Laboratory .
In particular, the disposal path for three, large tanks would vary substantially depending
on the tritium inventory in the stainless steel walls . For this purpose the time-dependant
diffusion equation was solved using previously measured parameters . These results were
compared to previous work that measured the tritium inventory in the stainless steel wall
of a 50-L tritium container. Good agreement was observed . These results are reduced to
a simple algebraic equation that can readily be used to estimate tritium inventories in
stainless steel based on tritium partial pressure and exposure time . Results are available
for both constant partial pressure exposures and for varying partial pressures . Movies of
the time dependant results were prepared which are particularly helpful for interpreting
results and drawing conclusions .

Introductio n

There are a variety of reasons for wanting to know the tritium inventory in stainless steel,
probably the most common material used to contain tritium . And often the tritium is in
contact with stainless steel at room temperature . This was recently the case as part of the
Tritium Systems Test Assembly shutdown project . Three stainless steel (austenitic) tanks
had been in tritium service for many years, and they needed to be disposed of. Two tanks
had internal volumes of 265 L and one had an internal volume of 600 L . For this project
a relatively inexpensive tritiated waste disposal path was available if the overall waste
package had a tritium concentration below 10 Ci/m3 (based on total package volume),
while concentrations above this level necessitated relatively expensive waste packaging .
Rough estimates of the tritium inventory indicated that the tritium inventory might be
near the 10 Ci/m3 break point. Thus, there was a motivation to attempt to accurately
estimate the tritium inventory . Of course, the stainless steel could have been sampled and
analyzed, but this would likely have been more expensive than simply packaging the
material as though it were higher level waste . Thus, the strategy was to use model
calculations combined with previous experimental work to perform the estimate . This
strategy was quite successful and revealed a very simple relationship for determining
these estimates that could be useful for future projects . This discovery prompted the
preparation of this paper .

Theory

It is well-known that time-dependant diffusion of non-radioactive material into a semi-
infinite slab is described by:
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With boundary conditions

CA=CAO, at t = 0, for all z
CA = CA,S, at z = 0, for alit
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The analytical solution is :

CA
-C AO =1- erf

Z
1\

[1 ]

[2 ]
CAS - CAO 2 DAli t J

However, if the diffusing material is radioactive, it disappears over time and this, of
course, can affect the concentration profile and the diffusion rate . This effect can be
accounted for by adding a radioactive decay term to equation [1] resulting in :

a~ A - DAB aZ A - kRCA

An analytical solution to this equation has not been identified, but numerical solutions
can, of course, be obtained .

[3]

For tritium to enter the stainless steel surface, the diatomic molecule must dissociate, and
likewise for tritium to leave the surface it must recombine . For this paper it is assumed
that these processes are fast compared to diffusion, so dissociation/recombination terms
to not appear in equations .

It is also recognized that surface properties can have a strong effect on the overall
diffusion process . For example, surface oxidation can act as a permeation barrier which
can prevent tritium from entering or leaving a material . This model does not include
surface barrier effects .

Finally, when accounting for the overall tritium inventory associated with a material, it is
recognized that tritium can not only be in the bulk material, but it can also be captured as
part of a contaminant on the material's surface . Tritiated oil is a common example of
this. This model does not account for surface contamination containing tritium .

Computer Model Results

The model needs physical properties (diffusion coefficient and solubility) and a number
of papers have addressed these (1, 2, 3, 4, 5, 6, 7) . Considerable variation in physical
properties is reported . For the present work, the diffusion coefficient at 298K for tritium



in stainless steel was taken from Louthan and Derrick (8) as 1 .37 x 10-12 cm2/s. From the
same reference the solubility for deuterium at 298 K is reported as 0 .121 scc/cm3/atmo .5

This value will be used for the solubility of tritium .

All calculations assume that exposure begins with uncontaminated stainless steel, so
CAO = 0 at all z . The radioactive decay constant, kR, for tritium is 1 .79x10-9/s

Concentration Profiles : Using these parameters, equation [3] was solved numerically .
Stainless steel with a thickness of 1651 microns (0 .065 in.) was exposed to I atm. of
tritium for 0 .1, 1, 3, 8, 20, 100 and 500 years, and the results are shown on figure 1 . The
concentration falls off from the surface as the tritium moves into the stainless steel . As
shown by the exposure times on the first five curves, it takes an increasing amount of
time to move the tritium comparable distances into the steel . Finally at 100 years the
tritium has not moved much beyond the 20 year profile . And, the 500 year curve is
identical to the 100 year curve . Thus, at some point between 20 and 100 years, the
concentration profile reaches steady state . Without decay, the steady state profile would
be a straight line, but, as shown, with decay the steady state profile is strongly curved .
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Figure 1 : Concentration profiles developed in stainless steel exposed to 1 atm . of tritium
at various times .

Effect of Decay : Radioactive decay of tritium will decrease the amount of tritium in the
stainless steel . However, this decrease will result in a sharper concentration gradient
which will increase the flux of tritium in to the material . To examine these competing
effects, the model was run with and without radioactive decay . As in the previous



section, for these runs the thickness was 1651 microns, and the stainless steel was
continuously exposed to 1 atm of tritium. Exposure times were 1, 8 and 20 years . The
results are shown on figure 2 . The solid lines show results with radioactive decay and the
dashed curve show the hypothetical profiles that would develop without radioactive
decay. At 1 year both curves are identical, so radioactive decay has little effect . At 8
years the curves are close to each other, but noticeably different . At 20 years the
difference becomes quite pronounced . Thus, radioactive decay does not have a large
effect on the concentration profiles until about one half life (i .e . 12.3 years) .
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Figure 2 : Concentration profiles for tritium in stainless steel resulting from model runs
with and without radioactive deca y

Tritium Inventory : The tritium inventory associated with a concentration profile can be
determined by integration . Model runs were made with 1651 microns of stainless steel at
298 K exposed to various tritium partial pressures . The tritium inventory was determined
as a function of time, and the results are summarized with figure 3 . As expected higher
partial pressures result in higher tritium inventories . The inventories increase quite
rapidly at the beginning, but then flatten out as exposure continues to longer times .
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Figure 3 : Tritium inventory as a function of time of stainless steel exposed to various
tritium partial pressures

Model Comparison to Experimental Data : In previous work by Wermer [9], it was
reported that an approximately 50 L, stainless steel tank, referred to as an "LP50" was
exposed to tritium off and on over its service life of 36 years in the normal course of its
use as a tritium storage and transportation vessel . At its end-of-life, the amount of tritium
in the stainless steel wall was determined to be 71 Ci/m2 . There is no record of the
tritium partial pressure exposure history of the vessel . However, generally speaking, the
vessel was likely exposed to tritium partial pressures between 0 .1 and 1 atm, with
possible exposures of 2 atm. And, again generally speaking, the vessel may have
contained tritium for about 1/3rd of its lifetime, or about 12 years . The tritium inventory
values on figure 3 are generally consistent with the measured value of 71 Ci/m2 . This
consistency is taken as a tentative confirmation that the model described here is a
reasonable estimate of the tritium inventory in stainless steel .

Simplified Model : The tritium inventory curves on figure 3 were generated by
numerical solution of a partial differential equation . In an effort to simplify the solution
for more convenient use, it was found that all the curves on figure 3 can be readily
calculated by the following simple equation :

Tritium Inventory (Ci/m2) = 503 PT2 (atm) • t(yr) • exp(-0 .0143 t(yr)) [4]

Valid for 0 < t < 36 years and 0 .01 <prr < 3 atm



The average difference between the full model results and equation [7] is 0 .9%. Roughly
speaking the radical term in [7] accounts for diffusion into the stainless steel, and the
exponential term accounts for radioactive decay . The favorable comparison between the
full model and simplified equation results are shown for 1 atm exposure on figure 4 .
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Figure 4 : Comparison of full model to simplified equation for tritium inventory in
stainless steel exposed to 1 atm tritium

Periodic Exposure : Often stainless steel exposure to tritium is periodic, i .e . it is exposed
off and on to tritium over an extended period of time . To investigate the effect of this ,
the equation [3] model was run, as before, with 1651 micron stainless steel at 298 K. The
steel was periodically exposed to 1 atm of tritium and 0 atm of tritium over the course of
36 years . The ratio of exposure time to non-exposure time was varied, and the results are
summarized on figure 5 . As shown, the tritium inventory increases during periods of
exposure and decreases during periods of non-exposure . The decrease results from
tritium diffusing back out of the exposed surface and from decay . For reference the
1 atm constant exposure curve from figure 3 is also included on figure 5 . After 36 years
all but the top of the periodic exposure curves are observed to reach a quasi-steady state
where inventories oscillate between roughly the same values . The longer the period of
un-exposure, the quicker the quasi-steady state is reached .
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Figure 5 : Tritium inventory versus time for stainless steel periodically exposed to 1 atm
of tritium

It is noted that the LP-50 studied by Wermer was periodically exposed to tritium . Thus,
his measurement of 71 Ci/m2 is best compared with these calculations which include
periodic exposure. His measurement is consistent with the 8 :1 curve on figure 5, and this
exposure/un-exposure scenario may be a reasonable simplification of the LP-50's actual
36-year exposure history .

The model was used to prepare movies of the development of periodic profile
development . Watching these movies, it is observed that a steady front moves steadily
into the stainless steel rather like the profiles on figure 1 . However, the surface tritium
concentration oscillates between the tritium solubility level during exposure and zero
during un-exposure. In response, the profile in the bulk near the surface is observed to
flagellate (or whip) back and forth. After a certain period of time the deep bulk tritium
becomes constant and only the near-surface profile changes .

TSTA Waste : Using the methodology developed here, the tritium inventories in the
three TSTA tanks mentioned in the introduction were estimated . They were all found to
be below the 10 Ci/m2 break-point, thus justifying less expensive waste disposal .

Conclusions

• The "diffusion equation" with decay was used to estimate the tritium inventory in
austenitic stainless steel exposed to tritium at 25 C



• Previously reported physical properties show reasonable agreement with the
tritium inventory previously measured for an LP-5 0

• For steady exposure, little model error is introduced by simplifying the PDE
model to :

Tritium Inventory (Ci/m2) = 503 p.,.2 (atm) • t(yr) • exp(-0 .0143 t(yr))

Valid for 0 < t < 36 years and 0 .01 <pT2 < 3 atm
• The PDE model accommodates periodic exposures
• For multi-year exposures tritium initially moves "quickly" into the bulk .

However, soon after about 25 years, the profile essentially moves no further into
the stainless steel .

• 0 .065" SS exposed to 1 atm T2 always has much reduced tritium on the
unexposed side

• The simplified model may be useful for quick, rough estimates of tritium
inventory in stainless steel as may been needed for tritiated waste disposa l

Nomenclature

CA
CAO

CAS

CA,g

DAB

erfO
kR
S
t
PT2

z
scc

Concentration of component A (i .e . tritium) in stainless steel
Initial concentration of component A (i .e . tritium) in stainless steel
Concentration of component A (i .e . tritium) at the stainless steel surface
Concentration of component A (i .e . tritium) in the gas phas e
Diffusion coefficient for component A (tritium) in component B (stainless steel)
The error function
Radioactive decay rate constant
Sievert's law solubilit y
Time
Partial pressure of tritium in the gas phase
Distance along the thickness of the stainless steel
Standard cubic centimeters (or cm3 at standard conditions )

References

1 Changqui, S ., W. Aiju, et al . (1991) . "The Behavior of Diffusion and Permeation of Tritium Through
316L Stainless Steel ." J . ofNuc. Materials 179-181 : 322-324 .
2 Louthan, M ., J . Donovan, et al . (1975) . "Tritium absorption in type 304L stainless steel ." Nuclear
technology 26(2) : 192-200 .
' Louthan, M., J . A. Donovan, et al . (1974) . "Isotope Effects on Hydorgen Transport in Nickel ." Scripta
Metallurgica 8 : 643-650 .
4 Powell, G . W., J . D . Braun, et al . (1970) . "Solubility and Distribution of Tritium in Anneled and Cold
Worked 304 Stainless Steel in the 100 to 300 C Temperature Range ." Corrosion 26(8) : 223-228 .
5 Robinson, S . L ., S . M. Myers, et al. (1988) . "Measurement of the Low Temperature Diffusivity and
Solubility of Tritium in an Iron-base Superalloy ." Materials Science and Engineering A103 : 257-262 .
6 Shiraishi, T., M. Nishikawa, et al . (1999) . "Permeation of multi-component hydrogen isotopes through
austenitic stainless steels ." Journal of nuclear materials 273(1) : 60-65 .
7 Sugisaki, M ., H . Furuya, et al . (1984) . "Tritium Solubility in SUS-316 Stainless Steel ." J . of Nuc .
Materials 120: 36-40 .



8 Louthan, M . and R. Derrick (1975) . "Hydrogen transport in austenitic stainless steel ." Corrosion science
15(9) : 565-77 .
9 Wermer, J . R ., "Analysis of Residual Tritium in an LP50 Product Container", Savannah River
Technology Center, WSRC-TR-96-0107 (1996).


