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GLOSSARY

absorption: binding of a species in the bulk of a, material,

adsorption: binding of a species to the surface of a material.

diffusion: passage of a dissolved species through a material. This does not take account of
solubility effects, only of the mobility of the species once it is dissolved.

permeation: passage of an airborne species through a material or composite. For materials
where surface reactions are not rate-determining, the permeation rate constant for
a species is given by its diffusion rate constant multiplied by its solubility constant.

retardation for a material with a permeation barrier, the retardation factor is the permeability
factor: of the material without the barrier divided by its permeability with the barrier.

solubility: the quantity of a species which may dissolve in a solid per unit quantity of the solid.

sorption: binding of a species to a material by both adsorption and absorption.

speciation: description of the chemicals present that contain the atom of interest (in this case,
tritium).

LIST OF SYMBOLS

Bq Becquerel, the SI unit of quantity of radioactive materials. 1 Bq of a radioactive
material undergoes one nuclear disintegration per second.

C air concentration of a tritiated species. C 1 ^ denotes that the concentration of a
species in the solid is proportional to the square root of the concentration of a related
species in the air, while C1 denotes that the concentration of a species in the solid is
directly proportional to the concentration of a related species in the air.

C a surface concentration of a tritiated species(units of Bq-nr2).

S surface concentration of a tritiated species, in terms of its effect on the air
concentration (units

J flux of a tritiated species (units of Bq-nr2*'1).

D diffusivity of a tritiated species.
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TRITIUM INTERACTIONS WITH STEEL AND

CONSTRUCTION MATERIALS IN FUSION DEVICES

1. EXECUTIVE SUMMARY

The interactions of elemental tritium and tritiated water with various materials determine the
suitability of these materials for use in tritium handling systems and the buildings that house
them. These interactions are also very important in selecting safely-related equipment, as well as
decontamination and decommissioning procedures. The literature on the interactions of tritium
and tritiated water with metals, glasses, ceramics, concrete, paints, polymers and other organic
materials is reviewed in this report, with a view to addressing these issues. Some of the processes
affecting the amount of tritium found on various materials, such as permeation, sorption and the
conversion of elemental tritium (T2) to tritiated water (HTO), are also briefly outlined.

Tritium permeation in steels is fairly well understood, but effects of surface preparation and
coatings on sorption are not yet clear. Permeation of T2 into other metals with cleaned surfaces
has been studied thoroughly at high temperature, and the efFect of surface oxidation has also been
explored. The room-temperature permeation rates of low-permeability metals with cleaned
surfaces are much faster than indicated by high-temperature results, because of grain-boundary
diffusion. Elastomers have been studied to a certain extent, but some mechanisms of interaction
with tritium gas and sorbed tritium are unclear. Ceramics have some of the lowest sorption and
permeation rates, but ceramic coatings on stainless steels do not lower permeation of tritium as
effectively as coatings obtained by oxidation of the steel, probably because of cracking caused by
differences in thermal expansion coefficient Studies on concrete are in their early stages; they
show that sorption of tritiated water on concrete is a major concern in cleanup of releases of
elemental tritium into air in tritium handling facilities. Some of the codes for modelling releases
and sorption of T2 and HTO contain unproven assumptions about sorption and T2 -» HTO
conversion.

Several experimental programs will be required in order to clear up ambiguities in previous work
and to determine parameters for materials which have not yet been investigated. A table
summarizing the investigations to date is given at the end of tht report.
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2. INTRODUCTION

This literature survey was carried out to define tritium interactions with materials of interest in
construction of buildings and tritium handling systems, to identify promising materials which
have not yet been investigated, and to note investigations which should be carried out on materials
presently in use.

Therefore, this literature search covers the work which has been done on tritium adsorption and
permeation of materials used in tritium process envelopes (e.g. stainless steels, Hastelloys,
Inconels) and on adsorption and release from other materials (e.g. other metals, elastomers and
other plastics, paint, concrete) which might be found in tritium handling equipment and in fusion
reactor halls. A table summarizing the investigations to date is given at the end of the report.
Although they are used in various tritium systems, the hydride-forming metals (Sc, Y, La, Ac, Ti,
Zr, Hf, V, Nb, Ta, Pd, the rare earths and the actinides) and the alkali and alkaline earth metals
are not considered in this survey, as coatings of these metals often speed up permeation of tritium
[see, for example, Maienschein et al 1985].

The results of this literature survey may be useful for defining proposals of experimental work to
address some concerns in tritium handling and safety:

1) The cleanup time for a release of tritium in a reactor hall or tritium handling facility is
usually defined as the time required before the area may be entered by personnel in protective
clothing. The cleanup time is determined from the tritium concentration in the air of the hall,
and depends on the amount arid speciation of tritium sorbed on walls and equipment inside.
Also, the residual contamination levels found on walls and equipment from both chronic
tritium permeation and larger-scale releases will determine whether decontamination
procedures must be carried out before the equipment may be safely reused. Finally, any
tritium permeation through the concrete of the reactor hall will constitute an eventual source
term for tritium release to the environment, which should therefore be assessed.

2) In the case of a reactor torus, permeability of the first-wall material under plasma conditions
and of the cooling and breeder blanket systems under their respective conditions must be
considered in order to calculate the first-wall and coolant tritium inventories, the rate of
permeation from the coolant into any secondary loops, permeation rate from the reactor vessel
into the breeder blanket area, and permeation rate from all these areas to the reactor hall.

3) For construction of tritium handling equipment, tritium permeation through the equipment,
tritium holdup in the equipment, downgrading of tritium purity by exchange with other
hydrogen isotopes, contamination of tritium gas by other compounds and degradation of
equipment should all be minimized. In addition to tritium inventory and outgassing
problems, long-term tritium permeation into steels and other materials gives rise to helium
embrittlement, which is a major concern in high-pressure equipment.

Protective clothing and equipment must be made from materials with reasonable resistance to
permeation by tritium-containing chemical species, as well as appropriate mechanical

4)

qualities.

5) Decommissioning and equipment maintenance techniques will depend on accurate
estimates of tritium permeation and sorption in tritium process equipment due to high tritium
levels and in reactor hall construction materials due to low tritium levels, and on the rates of
release of various tritiated species from these materials under decommissioning or
maintenance conditions. These estimates must cover a wide range of release rates and
speciation.
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3. PROCESSES AND REACTIONS

3.1 Soaking Effects

The theoretical relationship describing tritium concentration in air during the cleanup of a
release is a simple exponential decrease which is dependent only on the air purge rate and the
volume of the chamber. "Soaking" is a useful term that has been defined in the literature [see, for
example, Sienkiewicz 1985 and Tanaka et al 1989] to include all surface and bulk solid effects that
cause the concentration of tritium (in any chemical form) to decrease at a rate slower than this.
These phenomena include adsorption on surfaces, permeation into materials by absorption and
diffusion, and penetration of porous solids (which is important for concrete). A schematic in
Figure 1 depicts the various processes involved. Considerable effort has gone into describing the
rates of these processes in order to model the air, surface and bulk concentration of tritium-
containing species.

Rate of adsorption on a surface is usually described as proportional to the concentration of the
adsorbate in the gas phase (i.e. dCa/dt = E'C, where Ca is the surface concentration in Bq-nr2, E' is
an adsorption rate constant and C is the gas-phase concentration of the species concerned). Rate of
desorption is, in turn, proportional to the surface concentration (i.e. dC/dt = F'Ca A/V, where F is
the desorption coefficient, A is the surface area of the chamber and V is its volume). The
adsorption/desorption and gas-phase mixing processes are usually considered to be in
equilibrium, compared to the speed of the other processes being considered. For example, in a
release of T2 at TSTA, the mixing of the tritium with the air was essentially complete after
10 minutes in all rooms of the cell [Bartlit et al 1989].

For calculational convenience, most workers have used a surface concentration S expressed in
terms of the amount of tritium sorbed divided by the chamber volume {i.e. S = CaA/V, in units of
Bq-rn'3). The variation of S with the A/V ratio for the chamber makes comparison of S values
among studies done using different chambers more difficult than necessary. In some cases, the
tritium concentration on the surface of a material seems to attain a maximum adsorption level,
then level off, but this may be an artifact of the concentration studied [Hirabayashi et al 1984a]. It
is interesting that ^-irradiation increases the amount of T2 sorbed by several materials
[Hirabayashi et al 1987]; this probably occurs by breaking of bonds and insertion of T2.

Absorption and transport in the bulk of a solid are usually considered as phenomena separate from
adsorption. They are described by Fick's law, as formulated for an effectively infinite sheet of the
solid material: J = D dCg/dx and dCg/dt = D d2(Vdx2 where J is the flux of the species through a
given area under investigation, D is the diffusivity of the species in the material, Cs is the solid-
phase concentration of the species, and x is the direction being considered. Cs(0), the solid-phase
concentration at the surface, is determined by the species to which the material is exposed (usually
gaseous T2, DT, HT, T2O, DTO or HTO for our purposes) and their Henry's law solubility
constants. The type of tritium species dissolved in the solid state varies, being atomic tritium for
most metals and tritium-containing molecules for other materials; therefore, the form of
dependence of C s on C will be different for different species. For example, for diffusion of
elemental tritium through the bulk of a metal, the reaction T2(g)-> 2 T(ss) occurs (T(ss)
symbolizes a tritium atom dissolved in the metal). The form of tritium solubility in the metal will
therefore be Cs = KC1/2; by contrast, for diffusion of tritium molecules through an organic
polymer, the form of the solubility will be C9 = KC, where K is a constant. The permeation rate for a
metal will therefore have a square-root dependence on the partial pressure of T2 (C1^2), while for
an organic compound it will have a linear dependence (C1).
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There are sometimes considerable deviations of metal permeation rates from C1^2 dependence,
increasing to C1 dependence for some metals with oxide coatings. C1 dependence is also observed
for some non-oxidized metals at very low pressure. These pressure dependences have been
rationalized [Andritschky et al 1985] in terms of a two-path mechanism: one path has independent
adsorption and diffusion steps and the second path has a combined adsorption-diffusion step.

Since tritium reactions are very similar to those of ordinary hydrogen, diffusion rates for 1H and
2H have also been used to determine the tritium diffusion rate in metals using a method which
involves consideration of vibrations of hydrogen trapped in the metal structure and their
dependence on isotopic mass; the vibrational states and populations affect the heat and entropy of
solution of the hydrogen atoms in the metal [Ebisuzaki et al 1967]. A more primitive correction
method simply involves dividing by the square root of the ratio of the isotopic masses involved
[Elleman et al 1979]. In stainless steel, the permeability of tritium is expected to be lower than that
of deuterium by a factor of ca. 1.3, and lower than that of protium by a factor of ca. 2.0 [Reiter et al
1985].

For porous materials, the kinetics of the sorption and diffusion processes are more complicated.
The main porous material to be considered in this literature search is concrete. Tritiated water
vapor will exchange with water in the pores that directly contact the atmosphere, or condense in the
mesopores if the concrete is not saturated with water. Also, tritiated water will eventually reach
the pores that do not contact the atmosphere by permeating through the concrete. The only series of
studies so far dealing with vapor-phase tritiated water interaction with concrete [Numata et al
1988/1990a/1990b] treats concrete as a uniform solid with an apparent diffusion coefficient
dependent on both the volume fraction of porosity e and a capacity factor a = e+ Kdpa, where Kd is
the gravimetric distribution coefficient of the species between the concrete and the water and p a is
the apparent density of the porous medium. Thus, a describes the capacity of the concrete for
tritiated water. This theoretical treatment [Atkinson et al 1984] considers the concrete as saturated
with water, so it may not be applicable in all circumstances (eg., walls of an enclosure in a low-
humidity environment).

3.2 T2 -> HTO Conversion

It is of considerable interest to determine the speciation of tritium released from surfaces by
various desorption techniques; HTO is a much greater radiological hazard (ca. 104 times) than
HT gas due to its ease of absorption into biological systems. To establish a basic rate of HTO
production from T2 in air, several recent studies have been done on the gas-phase conversion of T2
and O2 in air into HTO at room temperature [Easterly et al 1985, Failor et al 1988, Noguchi et al
1989, Robins et al 1985 and references therein]. A recent study over the range 9.6 MBqnv3 to
48 GBq-nr3 in air [Noguchi et al 1989] found a first-order dependence on T2 concentration, with a
rate constant of 1.8 ± 0.5 x 10'9 s'1 (concentrations were measured in Bqm"3). This implies that
the radioactive decay of tritium is the rate-determining step at low concentration and that there is
no chain reaction, since the radioactive decay rate corresponds to 1.79 x 10"® s"1. Thus, ca. 0.02%
per day of T2 will convert to HTO in air at low concentrations. These authors also re-interpreted
previous rate measurements at higher concentration (from ca. 20 GBq-nr3 to 2 PBq-nr3) as
showing a second-order rate dependence on tritium concentration. The percent conversion rate
rises to 100 times larger at 10 PBq-m'3 than the low-concentration limit, implying conversion of a
few percent per day. The results had previously been interpreted as showing concentration
dependences between first and second order, depending on the concentration range covered; this
has led to the use of second-order kinetics to estimate the conversion rate in many computer codes,
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even at low concentration. The low-concentration rate data cover the range expected during all but
the first few minutes of a release, so the rate of tritiated water formation in air during a release
should more properly be described as first-order in T2 concentration.

The low-concentration conversion rate also does not depend heavily on the oxygen concentration;
the reaction still occurs at essentially the same rate in nitrogen containing only 0.05% total of O2
and H2O [Easterly et al 1985], In some higher-concentration studies, the reaction was found to be a
factor of three to five faster at 100% humidity than in dry air, but the low-concentration rate was
found to be independent of humidity. The reaction rate determinations were made in Pyrex bulbs,
which do not seem to catalyze the reaction; increasing the glass surface area by a factor of ten by
adding glass wool to the reaction vessel was found to increase the reaction rate by factors between
1.2 and 2.4 [Easterly et al 1985].

However, catalysis of the reaction on metal surfaces such as stainless steel or copper is a very
important factor in determining the rate of HTO production in most practical settings [Robins et al
1985]. The low-concentration study [Noguchi et al 1989] showed no catalysis by stainless steel or
copper at room temperature, in contrast to previous studies which found stainless steel and
aluminum to catalyse the reaction. However, in the low-concentration study the steel surface was
washed with acetone to remove HTO before the assay of tritium in the steel, because the study
concerned itself only with effects on the gas-phase concentration. The copper metal does not seem
to have been checked for tritium adsorption or content. A painted steel surface showed
considerable adsorption of HTO, but no catalysis. Platinum black catalyzed the reaction, giving a
rate enhancement of 300 to 1600 for 1 g of platinum black per 50 mL of reaction vessel volume; HTO
desorption was not carried out on the platinum black despite its high surface area, so the reaction
may have been even faster. The study could have been improved by using a platinum plate rather
than platinum black, since the surface area of the catalyst could have been determined more
readily.

Two studies [Clemmer et al 1977, Tanaka et al 1989] showed considerable catalysis of HT -> HTO
conversion when steel surfaces were heated to 200° or 290°C * in chambers containing air and HT.
This is in agreement with results [Finn et al 1985/1986/1988/1989] on oxidation of HT permeating
through SS-316 at 350-550°C; even 1 ppm of O2 added to 99.9999% He was sufficient to oxidize 60% of
the permeating HT to HTO, and 1000 ppm of O2 routinely gave yields of HTO in excess of 98%.
Pre-oxidation of the surface at 400°C gave higher yields of HTO, due to differences in the
composition of the surface oxide; Fe3O4 seems to be more effective as an oxidizer than the normal
CY2O3 surface layer [Finn et al 1989].

Mixtures of N2 and T2 were shown to form tritiated ammonia [Gill et al 1988a], which contributes
to the formation of HTO by tritium exchange with H2O. This led to an unexpectedly large amount
of HTO being found in a molecular sieve trap used to dry a gas stream containing both nitrogen
and tritium.

Some studies [Usami et al 1988/1989/1990, Watanabe 1990] have been done recently on rate
enhancement of HT -» HTO conversion by UV irradiation at room temperature. The apparatus
consisted of a 400 W high-pressure mercury lamp at a distance of 12 cm irradiating a quartz vessel
containing (T2.H2) and O2 for 6 hours per day. The temperature of the vessel was ca. 30°C.

1 Temperatures in this report are given in °C or K, depending on the units used by the
investigators.
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Similar irradiation of a vessel made of Pyrex, which blocks UV light, gave no enhancement of the
conversion rate. In the absence of UV light, the rate of T2-H2O isotopic exchange was negligible,
and the initial rate of HTO formation was found to be ca. 0.02% per day, as found in air. The rate
was enhanced under UV irradiation by a factor of ca. 1400; the enhanced rate was found to be first
order in oxygen, and diminished by the presence of H2 (proportional to ([HTJ/[H2])1/2). Optical
absorption by O2 in the 200-300 nm region, possibly producing spin-triplet oxygen atoms or ozone,
seems to be the light-absorption step involved. UV catalysis is currently being studied in the
presence of nitrogen. X-irradiation showed some catalytic effect, but Y-irradiation from a 60Co
source did not [Easterly et al 1985 and references therein].

3.3 Interaction of HTO with Sur&oes

Many studies of the transfer of HTO between gas phase and liquid phase have been done, mostly
from the viewpoint of environmental releases [Busigin et al 1990 and references therein].
However, many of them are relevant to the presence of tritiated water in enclosures. The presence
of a few cubic centimetres of tritiated liquid water (28 TBq-L"1) in a glovebox undergoing HTO
decontamination noticeably increased the cleanup time [Lamberger et al 1984, Sienkiewicz 1985],
as a result of tritiated water evaporation into the atmosphere. In laboratory air circulation
conditions at 27°C and 607* relative humidity, a 10 cm column of tritiated water (topped up daily
with non-tritiated water) iost half its total activity in ca. 30 days; the half-life is expected to be
proportional to depth [Sanna et al 1976].

Some studies have been done on the transfer of hydrogen isotopes between water vapor or liquid
water and adsorbed water. One study [Gill et al 1988b] was done under high vacuum on SS-304 and
silicon surfaces using D2O. It showed that two reaction rates must be considered for surfaces in
high vacuum: a very rapid (collision-limited) exchange of the outer monolayer, followed by a
much slower diffusion process for "bulk" surface hydroxyls beneath it. The rapidity of isotopic
exchange in the outer layer was taken as evidence for the involvement of tunnelling of the
hydrogen isotopes. The slow diffusion coefficient was found to be of the order of 10"19 ernes'1 for
the polycrystalline SS-304 surface, and 10*20 cm2*-1 for the Si(100) surface. The surfaces only
had a monolayer of water on them because of the low-pressure conditions used, so the rate of
isotopic transfer between an outer monolayer and lower layers of adsorbed water could not be
studied.

Other studies have been done under conditions more characteristic of HTO exposure in a working
environment [Braun 1987, Luck 1981, Tesini et al 1988]. Rough surfaces show more sorption of
HTO vapor; this is hypothesized to be due to capillary condensation in pores in the surface.
Different materials also vary in their sorption capacity; plastics show considerably more sorption
of HTO than metals [Tesini et al 1988].

The exchange of tritium between adsorbed water and gas-phase water is a basis of concern for
concrete structures, which contain large amounts of adsorbed water in the porous structure of the
concrete [Finn et al 1983]. This water exchanges with tritiated water present in the air, and
provides a continuing source term of HTO in a cleanup operation. This also provides a route for
exit of tritium to the environment outside the reactor hall. Concrete is usually covered with paint
or other protective coatings in an industrial setting, which impedes the diffusion of tritium, and
lessens the surface area on which HTO may be adsorbed. However, both HTO and HT permeate
through paints [Braun 1987], so some amount of tritium eventually passes through such
containment.
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4. STEELS AND OTHER ALLOYS

Various alloys, especially stainless steels, Inconels and Incoloys, are used as the main materials
in the construction of fusion devices and various tritium handling systems. Consequently, these
materials have been closely studied with respect to permeation under simulated reactor conditions
and conditions expected in tritium handling systems, and some good studies have been done on
sorption of tritium. Also, ferritic steels are ubiquitous in the construction and mechanical
equipment industries.

Considerable work has been done on permeation of tritium and deuterium through stainless steels
and other first-wall candidate materials, and most of the recent work has taken considerable care
to produce and simulate realistic conditions for first-wall processes. For example, some
permeation facilities can perform implantation of various hydrogen isotopes at plasma energies
[Anderl et al 1986, Ashida et al 1988, Holland et al 1988, Okuno et al 1988, Sawicki 1988 and
references therein], rather than simply subjecting the metals to gaseous tritium at high
temperature. Some of these facilities are capable of tritium implantation [Ashida et al 1988, Okuno
et al 1988, Sawicki 1988], Most of the implantation work to date has been carried out using
hydrogen and deuterium; the exact tritium permeation rates are not certain, but are probably well
within an order of magnitude of the hydrogen and deuterium rates at most temperatures
[Ebisuzaki etal 1967, Reiter et al 1985]. Some computer codes are capable of simulating realistic
conditions, including a temperature gradient from the plasma temperature at the inside surface to
the coolant temperature at the walls of the cooling channel [Gervasini et al 1985, Merrill et al 1988].

Most austenitic steels have similar permeation rates, which are lower than those for ferritic steels,
partly because of a higher activation energy for diffusion [Anderl et al 1986, Chaney et al 1970,
Causey et al 1985, Garber 1975, Powell et al 1970, Steward 1983, Tison 1984, Tison et al 1981]. This is
usually attributed to the higher structural density of the face-centred-cubic austenitic structure
[Bell et al 1980]. Many other high-temperature alloys (e.£.Hastelloys, Inconels) also have
austenitic structures and permeabilities quite similar to the austenitic steels. A review by Steward
on hydrogen isotope permeabilities [Steward 1983] does a good job of organizing the earlier
literature on pure metals and some steels without oxide coatings, noting inconsistencies and
converting the activation energies and pre-exponentials to a common set of units.

The first-wall candidate metals and alloys have permeation rates at first-wall temperatures
which are large enough to give rise to excessive tritium inventories and permeation into the
cooling systems and reactor hall. The permeation must be slowed by a factor of ca. 1000 for
austenitic steels [Van Deventer et al 1980 and references therein]. The mechanism of slowing the
permeation rate may vary for different coatings and different temperatures; the possibilities
usually considered are decreased solubility and diffusivity of tritium in the barrier material
[Stover et al 1984], and/or slowing of the dissociation of tritium into T atoms on this material
relative to the bare metal [Tison 1984, Tison et al 1981]. Measurements are often made on the
retardation of permeation by these barriers, given as a retardation factor ("Hemmfaktor" in
German). A literature review covering permeation barriers up to 1984 (with some 1985 work) was
done by Riehm, Smeltzer and Thompson [Riehm et al 1986]. The present review will largely
address literature not covered by Riehm et al.

The rate of permeation into many metals and alloys can be drastically slowed by the formation of
a surface layer of metal oxide, which acts as a permeation barrier. The type of permeation barrier
most often studied for the first-wall candidate materials is an oxide coating derived from the
metal itself on the cooling-system ("downstream") side of the metal; maintenance of an oxide
coating on the inner ("upstream") side of the reactor first wall would be almost impossible
[Luthardt et al 1985b], and would actually increase the inventory of implanteu tritium under
reactor conditions by impeding diffusion back into the reactor [Gervasini et al 1985].
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Tritium permeation through austenitic high-temperature materials has been studied with regard
to the cooling loops of high-temperature gas reactors; extended periods of oxidation by process gas
from coal gasification yielded retardation factors of 1000 to 10000 (see [Stover et al 1984] for a
review, and Nuclear Technology, volume 66, p. 537-594 (1984) for articles by several authors).
Temperature cycling from 850 to 400°C did not seriously damage the coating, but cycling to a lower
temperature often gave permeation rates comparable to that of the bare metal [Hecker et al 1990].
Mechanical handling sometimes cracked the coating, but it healed after further exposure to mildly
oxidizing conditions, as did coatings cracked by temperature cycling [Luthardt et al 1985b].

Acoustic emission was used in some studies as an indicator for cracking [Buchkremer et al 1984].
The surface oxide formed on these materials by oxygen from dissociation of H2O and other
oxygen-containing species in the process gas was largely 0 ^ 0 3 , with some contaminant spinels
containing Ni, Fe and Co [Hecker et al 1990]. Higher-purity Ci*2O3 (grown at higher temperatures
under lower oxygen "pressures") gave lower tritium permeation. Two phases, one more resistant
to permeation than the other, were used to describe the permeation dependence on hydrogen
pressure change. Permeation through the oxide layer was hypothesized to occur along oxide grain
boundaries, as indicated by experiments on chromium oxide itself. The oxides produced by
immersing austenitic stainless steels in nitric acid and by high-temperature air oxidation were
also found to be less permeable than the "natural" oxide layer formed at room temperature in air
[Tison 1984]. Slower transport within the oxide layer than in the metal or better surface coverage
by the thicker oxides are two possible explanations for this result.

Thin oxide barriers produced by room temperature atmospheric oxidation of low-alloy steels and
ferritic and martensitic stainless steels have been studied [Tison 1984, Tison et al 1981/1982];
retardation factors between 10 and 50 were typical. Low-alloy steels proved to be more sensitive
than stainless steels to the presence of surface oxides, since their diffusion coefficients are
comparable to that of iron (106 times larger than those of austenitic stainless steels near room
temperature). Oxide barriers on the upstream side were more effective than barriers on the
downstream side. This, together with the rapid decrease of the permeation flux on removal of the
tritium pressure, implies that the rate-determining step is dissociation of the tritium molecule on
the surface. The oxide layers studied were very thin, unlike the high-temperature oxide layers on
which most of the other studies were done. Also, results obtained from tritium implantation by
cathodic gas discharge were not particularly comparable to those obtained by gas permeation
studies, probably because of different methods of passage through the surface oxide layers.

Work by Maienschein and coworkers [Maienschein et al 1985/1988] on sputter-cleaned metals
with 0.05 urn sputtered palladium coatings (these coatings eliminate surface oxide barriers)
indicated that rates of low-temperature tritium permeation (ca. 100°C and lower) through the bulk
of many low-permeability metals are governed, not by diffusion through the crystalline metal
structure, but by diffusion along grain boundaries and other defects. This is in agreement with
some earlier work on stainless steels in the same temperature range [Powell et al 1970, Calder et al
1973, Louthan et al 1974]. Grain boundary diffusion seems to have a lower activation energy than
most bulk diffusion processes [Calder et al 1973, Maienschein et al 1988], and to give similar
activation energies and permeation rates (pre-annealing) for most of the metals studied. Because
of this alternative mechanism, extrapolation from high-temperature permeation results gave low-
temperature permeation rates which were several orders of magnitude slower than the observed
rate in these studies. One method used to combat this problem was to anneal the metal to give
larger grains and decrease the abundance of other defects; however, excessive annealing of films
sometimes gave "short-circuits" when the grain size approached the film thickness used. The
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temperatures at which some alloys were used or pre-treated were within 100°C of their annealing
temperatures, so annealing may in fact have occurred during the formation of oxide permeation
barriers by prolonged air or steam oxidation.

The concentration dependence of grain-boundary diffusion has not been thoroughly studied.
There would be a considerable difference between permeation rates calculated using C1 and those
calculated using C 1 ^ dependence for the widely varying tritium concentrations during a release
and cleanup operation, or for a tritium handling system operating at pressures considerably
different from atmospheric pressure. One study [Calder et al 1973] used transmutation recoil
implantation, which yields atomic tritium species, implying a C 1 / 2 dependence for grain-
boundary diffusion. Also, other studies indicated that the tritium in grain boundaries in SS-316 is
in atomic form [Hirabayashi et al 1984b, Hirabayashi et al 1985b], again supporting C1^2

dependence.

Maienschein's experimental apparatus and technique, though limited to below 170°C, gave good
determinations of very slow diffusion rates. Some minor problems with hydrogen exchange and
tritiated methane formation in the apparatus might have been overcome if
electropolished/heat-treated components had been used in the tritium-contacting section of the
apparatus (see below). This technique has also been used to measure permeation rates for SS-304L
with a permeation barrier [Maienschein et al 1987]. Further experiments could be carried out by
this method to see whether retardation from particular surface coatings is maintained near room
temperature.

Thermal desorption of HT from most metal surfaces yields a large preponderance of HTO on
desorption if there has been any exposure of the surface to air prior to tritium exposure. This is true
even for desorptions carried out in inert gas streams with low concentrations of O2 and H2O
(HTO.-HT = ca. 5:1 for desorption in nitrogen or helium in the presence of H2 [Hirabayashi et al
1984b, Surette et al 1988], HTO:HT = ca. 50:1 for desorption in air [Surette et al 1988]). It is not clear
whether the samples used by Hirabayashi and coworkers were exposed to air between exposure to
HT and thermal desorption.

There is considerable anecdotal evidence for the efficiency of T2 -* HTO conversion even in the
absence of air. The rate of conversion at low T2 concentration was nearly the same and in air and
in nitrogen containing only 0.05% O2 [Easterly et al 1985]. Also, inside TFTR before the
admission of air after D2 operations, the HTO:HT ratio was 50:1 [Stencel et al 1988]. At ca. 500°C,
1000 ppm of O2 added to 99.9999% He gave 98+% of tritium as HTO on release of HT permeating
through oxidized steel surfaces, and even one ppm of O2 gave 60% as HTO [Finn et al 1989 and
references therein]. Chemical desorption by non-oxidizing acids such as HC1, on the other hand,
gave considerably more release as HT (HTO:HT = ca. 1:2), while desorption by oxidizing acids
such as HNO3 gave almost complete conversion to HTO on release (HTO:HT > 1000:1)
[Hirabayashi et al 1985b].

Leaching in water is sometimes used for desorbing tritium from various materials. One study
found that 90% of the tritium from a seven-day exposure of SS-316 was released on leaching in
water for one day [Hirabayashi et al 1984a]. In comparison, aluminum foil released most of its
adsorbed activity from an exposure of less than a day after 20 minutes of water leaching, while
paint also required one day [Holland et al 1986]. Glass is much slower to release HT
contamination on leaching (see Section 7 below).
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Some systematic studies have been done on sorption of HT on stainless steel [Hirabayashi et al
1984a/1984b/1985a/1985b/1987/1989/1990, Masaki et al 1989, Surette et al 1988]. Tritium was trapped
as HT molecules adsorbed on the surface of stainless steel, as OT groups or HTO on the surface of
the steel, and as tritium atoms resident in the grain boundaries or in the bulk of the steel, as
indicated by thermal desorption studies [Hirabayashi et al 1984a]. During an exposure to HT, the
surface loading of tritium released as HTO was about 1014 molecules-cm"2 after one day and
levelled off at about 1015 molecules-cm'2 after ca. 20 days of exposure. On the other hand, the
tritium released as HT continued to rise with exposure time; this component is believed to be in the
bulk and grain boundaries of the steel. The surface tritium constitutes ca. 90% of the tritium
contamination from a seven-day exposure to HT, and can be removed by a light etching treatment
(removal of ca. 0.2 urn of the surface) [Hirabayashi et al 1985b]. Vacuum baking at 773 K for 24
hours, followed by surface etching, removed 95% of the grain-boundary and bulk tritium in
addition to the surface tritium, even in samples which had undergone prolonged exposure [Masaki
etal 19891

Passivation of SS-316 by heating to 423-773 K in air for two hours gave a two-fold decrease in the
amount of sorbed HT and HTO on exposure to HT at room temperature, as did treatment with a
K2Cr2O7/HNO3 solution to give a 0.02 urn surface oxide layer [Hirabayashi et al 1985a/1989].
However, very little difference was found in the amount of atomic tritium dissolved in the bulk of
the material. Therefore, the surface oxide layer does not act as an effective permeation barrier at
room temperature. Electroplating SS-316 with chromium, then oxidizing the coating in air at 573 K
for 2 hours gave a surface which proved to be smoother (by scanning tunnelling microscopy) and
which sorbed less HT than either SS-316 heated to 573 K for 2 hours or chromium metal (Hirabayshi
et al 1990). Heating of the steel to higher temperatures gave a darker oxide layer (presumably with
a different chemical composition) which adsorbed more tritium than the untreated metal, so the
exact nature of the oxide layer is also important in sorption. Gamma-irradiation of the steel gave
an increase in the amount of sorbed tritium, perhaps via metal-oxygen bond rupture and insertion
of T2 [Hirabayashi et al 1987].

Some work has been done on contact-removable surface contamination after exposure to T2 gas,
especially on stainless steel and other metals [Bartlit et al 1989, Buchkremer et al 1985, Lamberger
et al 1984, Sienkiewicz 1985, Stencel et al 1988, Surette et al 1988, Tesini et al 1988, Zhihua et al 1987
and references therein]. This is of special interest because such contamination is known to
transfer to the skin of persons touching it [Eakins et al 1975], causing doses larger than expected by
measuring atmospheric tritium levels. This is also a concern in the maintenance of tritium
handling systems.

The usual method of sampling transferrable surface contamination is to swipe the surface with a
filter paper (the paper is sometimes wetted with ethylene glycol, ethanol or water). In one study,
one swiping operation removed about 10% of the surface activity on stainless steel, as shown by
successive swipes taken at half-hour intervals [Surette et al 1988]. Regrowth of removable
contamination after swiping the steel several times, then leaving it overnight, was attributed to
diffusion of tritium out of the stainless steel. The residual contamination slowly diminished with
time by outgassing in room air, at a rate of ca. 0.5% per day.

Many of the studies are deficient in characterization of the surface roughness of the steel. Since
the permeation rate can depend on surface area, a well-defined roughness factor is a very
desirable parameter. Studies on as-received samples are more realistic, but comparisons from
one study to another become very difficult, because the effective surface areas of the samples are
not known. The permeation rate through an as-machined steel surface was shown to be four times
faster than through a mechanically-polished surface, which itself gave a rate three times faster
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than an electropolished surface [Louthan et al 1975]. The steel samples studied by Hirabayashi
and co-workers [Hirabayashi et al 1989, Hirabayashi et al 1984a and references therein] were
polished with abrasives as fine as 0.05 \im to help assure reproducibility. Sputtering, though an
efficient cleaning method, has been found to roughen surfaces [Yamashina et al 1981, Masaki et al
1989]. One of the factors contributing to the permeation barrier effect may be a decrease of the
effective surface area of the metal by formation of the thick surface oxide layer, which will tend to
make the underlying metallic phase smoother.

Cold-working and/or annealing may also affect the solubility and diffusion of tritium in steels.
One study on deuterium and tritium room-temperature permeation rates in SS-304, SS-304L,
SS-310, SS-309S, 21-6-9 and A-216 steels [Louthan et al 1975] found SS-304L to have higher tritium
diffusion and solubility on cold-working, as shown by autoradiography and measurement of
tritium content. The tritium was concentrated in grain boundaries at room temperature [see also
Masaki et al 1989 and references therein for results on SS-316], but spread more evenly throughout
the metal at ca. 300°C. At 300°C, SS-304 showed no increase of tritium solubility on cold-rolling
[Powell etal 1970].

Untreated SS-304 surfaces exposed to tritium gas formed methane from carbon deposits and from
hydrocarbon contaminants [Coffin et al 1979, Gill 1980]. This and other undesirable effects were
decreased by cleaning and surface treatments. An electropolished SS-304 tritium storage vessel
gave one of the lowest rates of formation of HT, on long-term storage of ca. 100 kPa of T2 [Gill 1980],
and when the surface had been treated by an oxygen glow discharge, formation of tritiated
methanes was also minimized. High-temperature treatment of the storage vessels in vacuum
might have been effective in reducing the amount of HT and tritiated methanes produced;
literature from a company producing electropolished/heat-treated stainless steel equipment
(Quantum Mechanics Co.) claims that their products contain less than 1% of the dissolved
hydrogen found in ordinary SS-304, so that their products should minimize HT formation in
tritium systems. The surfaces of electropolished and flow-polished steels are depleted in iron and
carbon [see, for example, Gill et al 1983]; this also minimizes HTO formation because iron oxides
form HTO more readily than the chromium oxides formed on electropolished surfaces.

In another study [Louthan et al 1975], electropolished SS-304 surfaces gave a much smaller
permeation rate and total amount of dissolved tritium than as-machined or polished surfaces,
even when the sample had been cold worked before electropolishing. The oxide coating formed
during the electropolishing process is the most likely reason for these decreases. The consensus of
these studies seems to be that steels polished by various methods are among the best materials
available for tritium handling systems, though the degree of differentiation between the polishing
methods varies from study to study and with the exact handling and cleanliness of the surface.
Some studies have taken advantage of the decreased rates of D2-T2 exchange and tritiated
methane formation available on flow-polished and electropolished surfaces [Gill et al 1983,
McConville et al 1985]. However, the surface of the container still had a major effect on the D2-T2
exchange rate; magnetization of the chamber doubled the rate, while degaussing it gave a rate half
of that measured in the chamber before magnetic treatment [McConville et al 1985], so these
surfaces are not completely inert.

Aluminum has a higher permeation activation energy than steel, and its oxide surface coating
has shown low retention of tritium from HT exposure [Zhihua et al 1987]. Efforts have therefore
been made to coat metals with aluminum, oxidize the coating and use this as a permeation barrier
on nickel [Thompson et al 1988], SS-304L [Maienschein et al 1987], Hastelloy-X [Mvihlratzer et al
1984], SS-321 and SS-430 [Van Deventer et al 1980]. The coating methods have included sputtering
[Van Deventer et al 1980, Thompson et al 1988], pack cementation [Thompson et al 1988], ion-beam
implantation [Brown et al 1985, Maienschein et al 1987, Thompson et al 1988], chemical vapor
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deposition [Muhlratzer et al 1984], oxidation of steels containing aluminum [Luthardt et al 1985a,
Stover 1983a, Van Deventer et al 1980] and some proprietary methods [Rudd et al 1961], However,
the greatest permeation retardation factor obtained to date has been 700, rather than 100 000, as
expected for a 0.03 urn coating of AI2O3 [Maienschein et al 1987]. The difference in thermal
expansion coefficient between the metal and the oxide coating causes cracking of the coating on
temperature cycling, giving less retardation than expected. Incomplete surface coverage is also
suspected for several of the coating methods. Polycrystalline alumina has not been studied at low
temperatures to see whether grain-boundary diffusion is the governing factor; grain-boundary
diffusion in the surface coating would give rise to a higher-than-expected permeation rate.

In some cases the alumina coating may not be the actual agent in reducing the permeation rate;
removing an alumina coating from a nickel substrate by polishing did not increase the
permeation rate to the former value in one study [Thompson et al 1988]. Previous studies [McGuire
1980] indicated that nickel aluminide intermetallic compound can be a reasonably effective
permeation barrier which is stable under reducing conditions.

One of the advantages of the alloying method for aluminum addition is that such oxide coatings
are self-healing to a certain extent; after temperature cycling and cracking, more aluminum
diffuses to the surface and is oxidized to re-form the coating. A major limitation is that addition of
more than ca. 5% of aluminum to an austenitic steel converts it partly to a ferritic or martens'tic
steel, which have considerably higher permeation rates.

Reduction of sorption and permeation by some coatings other than AI2O3 have also been studied.
Thin films of silicon on the surfaces of various steels yielded slower diffusion rates and higher
activation energies for diffusion, though the retardation factor for an austenitic steel was only ca.
10 [Swansiger at al 1980]. One study [Matsuyama et al 1989] found electrochemically passivated
SS-304 and SS-304 coated with BN and annealed at 8O0°C in vacuum to have comparable amounts of
adsorbed tritium, 100 times less than untreated SS-304 and unannealed SS-304/BN and 10 000
times less than Ni, as measured by a counter system which approached the surface very closely
[Matsuyama et al 1988]. This counting method may be subject to errors due to depth difference in
tritium sites in various materials. Another method for corrosion and permeation protection
involved painting SS-304 with H3PO4 and raising the temperature to 550°C in an oxidizing
environment [McGuire 1980]. This treatment formed a glassy substance on the steel surface which
acted as a permeation barrier (10 times better than steel with its air-oxidation coating after
116 hours at 550°C in air) with some self-healing properties, as it was semi-liquid above 430°C. In
a liquid metal environment, a 40 \ua coating of nickel aluminide was a reasonably effective
permeation barrier on SS-304 (100 times better than air-oxidation coating after 116 hours at 550°C)
[McGuire 1980].

Electroplating tin on the outside of a ferritic steel gave a retardation factor of ca. 10 000, but this
was rapidly decreased on high-temperature usage [Bowker et al 1984]. After a few hours at 490°C,
the barrier became ineffective. However, such a barrier might prove useful at room temperature
and slightly above.

5. OTHER METALS

Many metals have permeabilities much lower than those of steels at eleveated temperatures.
Consequently, they have come under investigation to determine whether components made from
them would be more appropriate than steel apparatus for some parts of tritium systems. Also
metals such as aluminum figure in construction, and platings of other metals are frequently used
for corrosion protection on steels, so their sorption characteristics are also of interest.
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The most useful reference in this area is the review by Steward [Steward 1983], in that it reviews the
literature on hydrogen permeation rates critically, and converts the pre-exponentials and
activation energies to a common set of units. However, it must be noted for room temperature
operations that a wide variety of metals (Cu, Au, Al, Be, Mo, W, Cd, Ir, Pb, Re and Ag) that have low
permeability at high temperatures were found to have permeabilities at 50°C covering a range of
less than two orders of magnitude, rather than the 12 orders of magnitude expected from
extrapolation from high-temperature permeation results [Maienschein et al 1988]. This anomaly
was attributed to grain-boundary diffusion. Many of these metals had been subjected to cold-
working operations which decrease grain size; annealing Cu and Au samples to increase grain
size caused a reduction in room-temperature diffusion rate. However, when the grain size
approached the sample thickness, "short-circuit" diffusion paths sometimes developed. The rates
found for grain-boundary diffusion in this study indicate that grain-boundary diffusion will not
affect the diffusion rate found for higher-permeability metals such as Fe, because the room-
temperature diffusion rate is much higher than the typical grain-boundary diffusion rates.

Appropriate heat treatment of many metals gives two effects that lower the diffusion rate:
formation of a surface oxide layer, which may act as a permeation barrier, and annealing of the
metal, which decreases the grain boundary area.

The metal with the lowest permeation rate at high temperature is tungsten [Gill et al 1982 p68, Bell
et al 1980]. However, difficulties in machining or materials compatibility problems (eg., it is not
suitable as a first-wall material because of its very high nuclear charge) preclude the use of
tungsten in many applications. Alloying tungsten with less than 10% of iron-nickel mixture
increased the permeability by more than an order of magnitude, though it was still two orders of
magnitude less permeable than austenitic steel samples at high temperatures [Bell et al 1980].
Aluminum, especially with the thin oxide coating which it acquires on exposure to air, exhibits low
tritium permeation and adsorption. Grain-boundary diffusion aside, aluminum shows a higher
activation energy and lower rate of diffusion at elevated temperatures than all metals except
tungsten and gold [Steward 1983]. After exposure to HT, aluminum gave the least residual surface
contamination of eight metallic materials (materials not specified in the abstract) [Zhihua et al
1987]. The presence of the oxide coating is important; destroying the AI2O3 coating (by means not
specified in the abstract) gave 43 times more surface contamination. Some data have shown
permeability reduction of 104 for aluminum with an oxide coating compared with uncoated
aluminum [Alire et al 1980], though the data may be perturbed by sorption phenomena. Permeation
reduction by oxidized aluminum coatings on steels is discussed in the previous section. The
porous oxide film obtained on anodization was found to retain more HTO than the natural coating
[Gill 1980, Luck 1981]. On thermal desorption after a one week exposure to HT, most of the tritium
sorbed on aluminum was released as HTO (HTO:HT = 600:1 after surface etching with NaOH),
and was found within 0.03 urn of the surface [Masaki et al 1989]. Tritium was released more
readily by water-leaching from aluminum than from steel, paint or glass. Sputter-cleaning the
aluminum surface before exposure doubled the total tritium retention, with a much higher
proportion of retention as HT than occurred on aluminum cleaned by etching in sodium hydroxide
solution [Masaki et al 1989].

Nickel shows a rather high tritium retention. In a study on the adsorption of HT and HTO on
ionization chamber walls [Matsuyama et al 1985], a nickel-plated chamber adsorbed more of both
HT and HTO than gold or copper. Nickel-plating some aluminum alloy rods and subjecting them
to HT [Causey et al 1988] also caused an increase in tritium sorption by a factor of two over the
sorption on the anodized surface. In one study on some passivated stainless steels, nickel sorbed
100 times more T2 than iron and stainless steels (conditions not specified in the abstract) as
measured by surface counting techniques [Matsuyama et al 1989]. The tritium content in the steels
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was found to correlate to a considerable extent with the nickel content of the subsurface layers, as
analyzed by x-ray photoelectron spectroscopy. At room temperature, the tritium in nickel was
shown by autoradiography to accumulate at defects in the structure and surface scratches
[Kuki et al 1977], similar to the results for some stainless steels.

Copper and gold surfaces have been found to adsorb HTO about equally at room temperature, while
gold sorbs less HT [Matsuyama et al 1985]. The low tritium permeability of gold and copper [Gill et
al 1982, Steward 1983] has led to some hope that coatings of these metals will be suitable for
restriction of tritium permeation. However, most plating methods from solutions include
unsatisfactory amounts of contaminants which can be released into the tritium process gas, as was
found for electroplating of cadmium on SS-304 [Gill 1980], Ion plating of gold on a sputter-cleaned
steel surface gave more satisfactory results, but these were similar to the results for a (much
cheaper) mechanically polished steel vessel.

An interesting result was obtained for decontamination of a mass spectrometer with a gold-plated
interior; turning on two tungsten-halogen lamps and a mercury lamp inside the mass
spectrometer desorbed a considerable proportion of the HTO sorbed on the spectrometer walls over
the course of an hour while raising the wall temperature by only ca. 5°C [Miyake et al 1989]. This
technique could conceivably be used for surface decontamination of tools, and in other settings.
However, further applicability of this technique has not yet been demonstrated.

Few attempts have been made to measure the retardation factors of sputtered coatings of metals
other than aluminum on less resistant substrates. However, it is quite probable that such coatings
would suffer cracking problems on temperature cycling, as found for oxide coatings.

6. PAINTS, POLYMERS AND OTHER ORGANIC MATERIALS

Paints and various polymeric materials are ubiquitous in the construction of buildings, and are
in limited use in tritium handling systems. Consequently, the tritium sorption characteristics of
these materials must be determined in order to understand cleanup dynamics of painted
enclosures and interactions in tritium contact applications.

Generally, tritium permeation through long-chain organic materials is much more rapid than for
metals. The extended tightly-packed network structure of the metals leaves very small holes for
the hydrogen, allowing the dissociation and motion of hydrogen isotopes only as hydrides. The
molecular nature of organic materials leaves larger holes in the structure, which can
accommodate hydrogen molecules fairly easily. Also, passage from hole to hole is easier in
molecular materials. Tritium permeation through organic materials is usually dependent on C1,
rather than C1^2 as seen for metals.

Good radiation resistance is an obvious necessity for organic materials exposed to high levels of
tritium. The literature on ^-irradiation of polymers and other organic materials gives a good
indication of the tritium compatibility of a material [see Gill et al 1982 plOl-115 and references
therein for a review]. However, other factors such as chemical compatibility and mechanical
strength can also determine the suitability of organic compounds in tritium applications.

Some work has been done on tritium compatibility and permeation of elastomers which might be
used in tritium handling systems. Polyimide (Vespel) is in use at TSTA [Anderson et al 1985] and
JET [Hemmerich et al 1988] for tips of metal-bellows-sealed valves, and gives reasonable
performance. This material showed the least degradation of several elastomers over the course of
a 90-day exposure to T2 gas at about 100 kPa [Wylie et al 1982]. However, Vespel is a hard polymer,
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which does not give good sealing characteristics in all applications. For a piezoelectric tritium
handling valve for TFTR [Coffin et al 1988], ethylene propylene rubber (EPDM) was chosen over
Viton for better tritium compatibility, and over high density polyethylene (HDPE) for better
mechanical characteristics [Gill et al 1985],

Compression set tests were carried out on EPDM, Kalrez, Viton B and E60C, ethylene acrylic
rubber, nitrile rubber, silicone rubber and urethane rubber under ca. 80 kPa of T2 for 125 days,
with a two-month wait after exposure in order to be able to handle the samples [Zapp 1982]. Tritium
offgassing and autoradiography show that EPOM best retains its mechanical characteristics,
outgases the least tritium, and only retains tritium in the outer layer of the sample. This latter
result is unexpected based on the diffusion rates, and differs from many of the other samples used.
Viton B and polyethylene [Gill 1985] displayed similar exclusion of tritium. This may be due to
production of H2 by radiation damage in the polymer, which occupies the more favorable hydrogen
molecule occupancy sites and forces diffusion of T2 to occur via higher-energy sites.

Teflon was found to adsorb less tritium than polyethylene or glass, with neoprene rubber several
hundred times worse [Zhihua et al 1987]. The permeation rate of T2 through Teflon is comparable
to the rate for Buna-N [Derrick et al 1974 for D2 permeation] and polyethylene [Miyake et al 1983].
However, Teflon is incompatible with high-pressure T2 [Monahan et al 1978]; TF is produced,
which causes intergranular corrosion cracking of SS-316 in the presence of traces of water. This
has caused most fluorinated polymers to be regarded with some suspicion in tritium contact
applications, though Viton is still in limited use. Kel-F (poly(chlorotrifluoroethylene)) showed
methane production and degradation of mechanical properties on subjection to about 100 kPa of T2
[Wylie et al 1982], unlike polyimide compounds.

Some studies have been done on tritium gas and tritiated water permeation rates through possible
protective glove and suit materials; aluminized Mylar was found to have the lowest permeability
of the materials tested [Billard et al 1968, Stephenson 1984]. Most tritium protection suits (as of
1986) are made of polyvinyl chloride (PVC), but the permeation rate from gases is small compared
with leaking of tritiated compounds entrained in outside atmosphere through macroscopic leaks
in seams and seals in the plastic.

In tritium laboratory operations, gloves have been found to be very effective in protecting
personnel against tritium contamination inside gloveboxes and in similar situations. One
recent study [Johnson et al 1988], however, found that tritium from T2 sorbed on stainless steel
planchets passed through glove materials to the skin of rats. No significant difference was found
in the amount of tritium absorbed by the rats after a two-minute exposure relative to a 60-minute
exposure, indicating that the process being measured is quite rapid. This is in conflict with
previous studies on tritium permeation through glove materials, which found that initiation times
much longer than two minutes were required. Also, the amount of tritium absorbed through the
glove materials by the rats ranged up to 89% of the amount found for exposure of unprotected rats,
though 40% to 10% was more typical. Studies are continuing in order to resolve these
disagreements.

Pump oils subjected to tritium in the form of low-activity HTO show minimal uptake of tritium by
the organic phase. For example, some slightly tritiated water found in TFTR pump oil showed
660 times higher tritium content than the oil itself [Stencel et al 1988]. Also, ordinary pump oil
containing low levels of tritium can be largely detritiated by ballasting with air [Johnson 1990],
indicating that the tritium is probably mostly in the water found in the oil. Polyphenyl ether oils
are preferred to alkane-based pump oils for high-activity tritium service [Capuder et al 1985, Gill et
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al 1982, Shmayda 1985], because the alkane oils increase in viscosity and give off methane due to
radiolytic polymerization. Also, on exposure to high-activity T2 gas, there will be some production
of tritiated methanes from oils with saturated hydrocarbon chains [Gill 1980].

In one study, some oil-contaminated stainless steel planchets were exposed to T2 gas [Surette et al
1988], Degreasing some of the planchets after exposure decreased the tritium activity (probably by
leaching into the degreasing solvent), but did not affect the percentage of activity removed per
swipe. This indicates that the oil on the surface had not absorbed a significant amount of the
activity, as one swiping treatment would be expected to remove a large proportion of the oil. This
hypothesis could be tested by leaching some oil-contaminated planchets in water, and finding
whether they show results similar to the decreased planchets.

A few studies have been done on adsorption and permeation of tritium in paints. Out of two epoxy,
one urethane and one vinyl paint, an epoxide paint with a high pigment:binder ratio showed the
lowest permeability to HT and HTO [Braun 1987, Braun et al 1985]. The porous surface structure of
the vinyl paint gave more adsorption under the conditions used (ca. 100% relative humidity),
apparently by condensing water more rapidly than the smoother-surfaced paints. In another
study, epoxy paint was also found to adsorb less HT and HTO than latex paint [Holland et al 1986,
Jalbert et al 1986]. Painted surfaces gave ca. 20 times higher retained contamination after cleanup
than bare aluminum foil and HTO gave much higher contamination levels than T2. Conversion
of HT to HTO was more rapid in the chamber with bare aluminum foil. For a release of HTO into
the chamber, ca. 20-30% was sorbed on aluminum foil walls, while 55-60% was sorbed on painted
walls. In a study which showed that an oil-based enamel paint surface does not catalyze the
conversion of T2 to HTO [Noguchi etal 1989], the painted surface adsorbed 67% of the HTO present
in the Pyrex reaction bulb. Tritium exposure studies on various components making up the TFTR
neutral-beam chambers indicated that the components that will give the greatest amount of tritium
retention on exposure to DT gas when TFTR begins operation with this fuel will be the liquid-
nitrogen-cooled thermal shields, which are painted with a silicone/silicate-based flat black paint
[Causey et al 1988]; since the shields also have the largest surface area, this is not surprising.
After exposure to 0.13 kPa of T2 for one hour and pumping for 30 minutes, the sorption (measured
in T atoms-cm-2) of anodized aluminum was about 5 x 1013, some other alloys sorbed about 1014,
the paint sorbed about 1.5 x 1015, Mylar sheet sorbed about 3 x 1015 and an epoxy block sorbed about
6 x 1015. The painted surface sorbed increasing amounts of tritium with time, up to ca.
1018 Tcm"2 after exposure to one atmosphere of T2 for 30 hours. This study made no attempt to
compare this paint with others, and gave total amounts of sorbed tritium for several other
materials without specifying the surface area being considered, making extrapolation of these
results to other devices or systems difficult

Permeation of HT and HTO through vinyl and epoxy paints occurs at similar rates; HT has a
higher diffusion rate, but a lower solubility in the paints [Braun 1987, Braun et al 1985]. For
desorption of HTO on paints, air at ca. 90% or 60% relative humidity gave slightly faster results
than air at 20% r.h. [Holland et al 1986, Braun 1987], probably due to exchange between gas-phase
and sorbed water. Studies on tritium phosphor paints containing tritiated polystyrene as a coating
on the phosphor showed ca. 0.1% loss of tritium on leaching in water for 24 hours [Niemeyer 1974],
indicating that even binding in polymers does not completely immobilize tritium.

A study has been done which used enamel paint as a permeation barrier to H2 on SS-321 [Rudd et al
1961]. The paint gave rise to a considerable permeation barrier effect (retardation factor of ca. 10),
probably because of its glassy nature. However, the metal was oxidized in air before applying the
enamel and not before testing the permeation of the untreated steel (the hydrogen atmosphere and
temperature used would have reduced the oxide layer in any case), so the source of the retardation
effect is uncertain.
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7. CONCRETE, GLASS, CERAMICS AND GRAPHITE

Concrete is one of the major structural materials used in large buildings, so that its sorption
characteristics will be of great importance in determining cleanup times for releases in
enclosures such as a reactor hall or tritium handling facility. Glass and ceramics are used in the
construction industry as well as in chemical apparatus construction, and ceramics and graphite
are used for some tritium contact applications. In addition, graphite is used for first-wall tiles on
the major fusion reactors, so its interactions with plasma-energy tritium is also of interest.

There have been a few experimental studies done on gas-phase tritium release from concrete
[Tanaka et al 1989, Numata et al 1988/1990a/1990b, Lamberger et al 1984] since a modelling study
indicated that water sorbed in pores of concrete walls could seriously increase the time required
for the cleanup of HTO [Finn et al 1983]. Some further effort has also gone into modelling the type
of cleanup profile expected for a concrete enclosure (Tanaka et al 1989, Numata et al to be
published].

In one study [Numata et al 198S/1990a], hardened cement paste and mortar samples with porosities
ranging from 27.7% to 10.9% were subjected to dilute HTO vapor (25 MBq-nv3 ) at room
temperature and 93% relative humidity, followed by thermal desorption in N2 ranging up to
1000°C. The tritium level continued to rise over the 120-day exposure period, reaching 4.7 to
2.1 x 101 5 Bq/m2 of concrete/Pa of HTO after 100 days. The higher sorption values were attained
by the higher porosity samples. The desorbed water was divided into four categories: pore and
capillary water (desorbed below 200°C, 67±7% of total water in the sample), water of crystallization
(200-450°C, 2O±3%of total water) and two classes of water in constituent compounds (450-550°C and
550-850°C). A steady state in the ratio between the tritium contents of these classes of water was
attained after ca. 50 days; water of crystallization and constituent compound waters maintained
63-39% of the HTO concentration of the pore and capillary water. Altogether, approximately 80% of
the HTO was in the pore and capillary water after 100 days.

The same research group has measured [Numata et al 1990b] diffusion coefficients for hardened
cement paste and mortar that depend on the porosity. In this description [e.g. Atkinson et al 1984],
the material is considered to be water-saturated because of the high-humidity environment used,
and the tritium is considered to be travelling through the liquid in the pores. Adsorption of tritium
on the cement materials was found to be negligible compared with the amount of tritium in the pore
water, so that the HTO concentration at the surface corresponds closely to the HTO:H2O
concentration ratio in the air. The apparent diffusivity, which treats the material as non-porous,
was determined from HTO vapor diffusion studies. This diffusivity remained nearly constant at
5 x 10'11m2s"1 , independent of porosity. The intrinsic diffusion coefficient is obtained from
diffusion of liquid tritiated water through a membrane, and showed the expected decrease in
diffusion coefficient with decrease in porosity. A study modelling HTO release in a fusion
reactor hall using these measurements is in progress [Numata et al to be published], and shows
considerable effects on cleanup time due to HTO sorption on concrete.

Passage of tritiated liquid water through concrete has been studied from a waste management
perspective [see Eichholz et al 1989 for a recent study and brief literature review]. Dry concrete
served as a very effective sorbent for tritiated water, forcing the use of water-saturated concrete in
that study. Wetting of the samples proved to be fairly facile; cement 15 cm thick only took ca. four
days to become saturated on being subjected to liquid water under capillary action conditions (no
hydraulic pressure). Leaching of the cement portion of concrete (after powdering to 10-1000 urn
diameter) took seven days to reach effective completion. The porosity of concrete was found to be a
fairly sensitive function of the water content of the initial mixture and its treatment while setting;
vibratory compaction and careful surface smoothing gave permeability decreases of ca. 30-fold
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relative to "unfinished" columns of the same initial composition. Use of finer gravel (9.5 mm
instead of 19 mm) slowed permeation by a factor of ca. eight. Larger concrete samples gave
smaller permeabilities, possibly because of more effective settling and lower bulk porosities;
hydraulic flow rates were about 10 times slower in the thicker samples than in the thin samples.
Therefore, the behavior of tritiated water in concrete depends strongly on the sample treatment and
preparation methods.

Soils showed catalysis of HT -> HTO conversion by action of the hydrogenase enzymes found in
some bacteria [for example, see Fo'rstel 1986, Spencer et al 1986], so concrete itself probably will not
catalyze the conversion. Such bacteria may well grow in concrete after prolonged exposure of
concrete to soils, so this type of conversion may eventually become a concern. Saturation of the soil
with water was found to inhibit the conversion. The results of one study showed that concrete does
not convert a significant amount of HT to airborne HTO [Tanaka et al 1989], but complete
desorption (by thermal or other means) of tritium from the concrete was not done in this study.

Glass, though chemically similar to concrete, will adsorb less tritium per unit weight because it is
a non-porous material. The solubility of tritium in glass has been found to vary with C1 rather
than C172, as seen for metals, because the tritium dissolves in glass as T2 molecules [Steward 1983,
Strehlowe*aM974].

Glass wool is used as an insulating material in some applications, and one study showed that it
adsorbed HTO rather well because of its large surface area [Buchkremer et al 1985]. Glass does not
catalyze T2 -» HTO conversion or T2 «-» H2O exchange to any great extent [Easterly et al 1985,
Usami et al 1988/1989/1990, Watanabe 1990].

Systematic studies have been done on the permeation of HT into Pyrex borosilicate glass of 1 mm
thickness at room temperature for periods up to 30 days [Hirabayashi et al 1983, Masaki et al 1989,
Saeki et al 1984a, Saeki et al 1984b], The depth profile of the tritium permeation was determined by
etching with HF, and indicated that the fraction of HT released as HTO penetrated to a depth of
2 urn, and that the amount sorbed in this fashion increased with exposure time up to 30 days, when
ca. 101 5 HTO molecules-cm"2 were adsorbed. Under similar conditions, HT only penetrated
aluminum with a slight oxide coating to a depth of 0.03 um and steel to a depth of 0.1 urn. Tritium
released as HT levelled off after ca. 10 days, and was found throughout the glass. The glass
released much more sorbed tritium as HT than did the metals, though the HTO:HT ratio was still
greater than 1. Only ca. 20% of the activity sorbed by glass at room temperature over 20 days was
released on leaching in water for 30 days [Hirabayashi et al 1983]. Surface irradiation of glass by
a tritium atmosphere probably causes insertion of T2 into the Si-0 bond; y-irradiation of the glass
in the presence of tritium also gave enhancement of the adsorption [Saeki et al 1984a].

The rate of D2 permeation in borosilicate glass showed dramatic deviation from .he normal
Arrhenius temperature dependence above ca. 300°C in glass 0.01 mm thick; at 560 'C the
permeation rate was less than at 100°C [Shelby 1974 and references therein]. The diffusion was
hypothesized to occur mainly through the silica phase, rather than the borate phase. This decrease
in permeation rate was caused by competition between the diffusion process and thermal reaction
to form O H and Si-H groups; the decrease will be significant at lower temperatures for thicker
glass. Thus, thermolysis will occur for tritium at elevated temperatures, and autoradiolysis may
give similar reactions at normal temperatures [Hartwig 1977]. Effective permeation rates for
tritium in glasses at elevated temperatures should therefore be determined for the desired
thickness of glass.
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Exposure of glass to a D+/D2 RF plasma [Azuma et al 1988] showed trapping of D as O-D species.
On thermal desorption, some of these O-D species desorbed as HD and D2 between 550 and 700°C,
with more species coming off as HDO above 750°C. Both releases corresponded to decreases in the
infrared O-D stretch intensity. This differs from the results obtained on room-temperature
exposure to HT [Saeki et al 1984], where thermal desorption showed almost all the HT coming off at
temperatures below 400°C together with a small amount of HTO, and HTO being the only species
produced at temperatures above 400°C.

Anecdotal evidence has been given for the embrittlement of glass on prolonged exposure to high-
activity HTO [Gill et al 1982 p98], possibly by Si-0 bond scission or by crystallization of the glassy
silica under ^-irradiation.

Ceramics show most of the desirable characteristics of glasses (low surface retention of HTO
[Causey et al 1988], non-catalysis of the HT -> HTO conversion), but have higher strength in
structural applications, lower permeation rates and much better high-temperature strength. A
review of the work on hydrogen permeation of non-metallic compounds published to 1978 [Elleman
et al 1979] reviewed much of the early work on ceramics. Ceramics such as SiC, AI2O3 [Fukutomi
et al 1981], and BN have been considered as layers to be applied to the reactor first-wall materials to
help in permeation and heat resistance, as well as for their low-z constituents. Ceramics have
extremely slow diffusion rate constants, so most of the experimental work has been diffusion rate
measurements by the recoil-implantation method. The diffusion rate constants of these materials
can vary by several orders of magnitude, depending on the impurity levels and method of
preparation of the ceramic [Riehm et al 1986]. The ceramic that has been studied most frequently is
AI2O3; the section on steels and other alloys contains a discussion of the literature of oxidized
aluminum coatings on metals.

Some work has been done on the interaction of hydrogen isotopes with proposed ceramic first-wall
coatings [Haasz et al 1985 and references therein]. Little recent work has been done on
determination of permeation and adsorption on coatings other than AI2O3 under simple room-
temperature exposure conditions [Matsuyama et al 1989], so their suitability for applications other
than first-wall armor is not certain.

Soon after exposure to liquid tritiated water for five days, a Syalon (largely silicon nitride)
ceramic head on a welding tool gave very high removable contamination levels (ca. 50 times
higher than most other components), but after drying in air for six hours it had about the same level
of contamination as the other components [Tesini et al 1988]. The surface of this ceramic was
described as highly oxidized, so it may have been roughened, giving a high retention of water until
drying had finished. Some ceramic beads and anodized aluminum (from the neutral beam
chambers of TFTR) showed levels of T2 sorption 10 times lower than those of other metals [Causey
et al 1988]. After 70 days of exposure to half an atmosphere of T2, pre-baked forsterite and alumina
gave only 0.02% T2O and no other gaseous contaminants [Coffin 1979], illustrating the excellent
stability of these materials. Unfortunately, residual tritium was not desorbed from these samples,
so the contamination level of the ceramics themselves is not known.

Graphite has a very low tritium permeation rate, but a very large solubility for hydrogen isotopes
under first-wall conditions (0.4 H atoms per C atom). Ion implantation techniques have been used
to determine this solubility [Ashida et al 1988, Roth et al 1987, Sawicki 1988 and references therein].
Fortunately, the layer which reaches saturation is only a few microns thick, so that only a few
grams of tritium will be incorporated in graphite components of a reactor after operations. On the
other hand, graphite which is eroded from some components is co-deposited with tritium and
reaches saturation. Tritium may be released from this material under comparatively mild
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conditions, so that it poses a considerable hazard [Causey 1990]. Some work on desorption and
cleanup of the graphite armor inside TFTR has also been published [Stencel et al 1988]. Tritium in
graphite powder sanded off the armor tiles (after exposure to air, then baking at 500°C in
97%N2-3%H2> was released mostly as HTO.

Trapping and thermal desorption of hydrogen isotopes in anisotropic and isotropic graphites was
recently studied [Ashida et al 1988, Sawicki 1988]. Isotropic graphite has a larger inherent
hydrogen content than anisotropic graphite, and also contains some non-graphitized carbons.
Heating to 1000°C for 10 hours desorbed essentially all hydrogen from the isotropic graphite, but
35% remained in anisotropic graphite. This longer retention was assumed to be due to the larger
crystallite size for anisotropic graphite (150 nm vs. 20 nm), and diffusion control of the
desorption. Hydrogen was found in unperturbed and radiation-damaged structural locations,
and with a depth profile considerably wider than expected. Diffusion out of the material probably
occurred after hydrogen molecule formation.

Molecular hydrogen is not the only tritium-containing species emitted from graphite; methane is
also evolved under thermal desorption conditions. Many studies have been done under ion
implantation conditions, and several different mechanisms proposed. Methane was shown to
form at temperatures lower than the onset of rapid diffusion of D in graphite [Roth et al 1987],
implying that methane is formed at the end of the ion range, probably at broken C-C bonds, then
diffuses to the surface. This is in contrast to the previously-accepted mechanism of H atom
diffusion to the surface, followed by reaction with surface carbon atoms [Haasz et al 1986 and
references therein].

Prolonged exposure of graphite to near-atmospheric pressures of T2 gave low but measurable
production of tritiated methanes, as well as HT from the hydrogen inventory in the graphite
[Coffin et al 1979]. Under the same conditions, D2 generated only HD as an impurity. Thermal
desorption showed no measurable inventory of tritium in the graphite. Based on these results,
pumps with graphite rotors are probably suitable for tritium service. However, the gas mixture
above the graphite was not analyzed for HTO content, which may be significant under the
conditions used.

8. ENCLOSURES

The modelling of releases in large-volume enclosures such as a fusion reactor hall or tritium
handling facility will require carefully-constructed computer codes and some well-designed
model validation experiments. Some modelling shows an ability to describe the model
experiments fairly well, but there is little data available on releases in more realistic
circumstances.

The release of co. 5 GBq of DT at TSTA has been one of the few studies to date on a tritium release
in a large-volume enclosure [Bartlit et al 1989]. Unfortunately, the production of HTO in this
environment could not be monitored, owing to the absence of species-specific tritium monitors.
Also, painted surfaces were swiped, but steel surfaces near the release point were not checked by the
swiping method; based on the radiological hazard associated with metal surfaces exposed to HT
gas [Eakins et al 1975, Johnson et al 1988], this would have been an interesting datum. The study
does give a reasonably accurate idea of the dispersion time required for an HT release in an
enclosure, and much other valuable data. Some related work has been done on the cleanup of D2O
in a smaller concrete-walled room [Wong et al 1984], though this general report does not give much
experimental information.
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In one enclosure cleanup study [Clemmer et al 1977], operation of a fan increased the cleanup time,
while in another [Tanaka et al 1989] a fan did not seem to have any noticeable effect. The increase
in cleanup time in the first study may have resulted from HTO production catalyzed by hot metal
surfaces on the fan. Alternatively, the fan in the first study may have isolated some tritium in an
eddy or interfered with free flow of air into the detritiation loop.

Several computer codes have been written for modelling the soaking and cleanup of HT and HTO
in enclosures. The assumptions range from the very simple (TSOAK [Clemmer et al 1977,
Sherwood 1978], SOAKER [Edgell 1983] and TCCC [Brereton et al 1989]) to much more complicated
(TMAP [Jones et al 1986, Merrill et al 1988], and an unnamed code [Tanaka et al 1989]). The
simple models use a single type of pressure dependence for adsorption and permeation effects,
accounting for the different pressure dependences by assuming a particular concentration and
calculating effective adsorption or permeation constants. Even the simple codes account fairly
well for the observed data on tritium releases into small benchtop enclosures. However, since the
concentrations of HT and HTO will change by several orders of magnitude during the course of a
cleanup operation, this approximation may prove to be invalid when dealing with higher
concentrations of tritium than those used in the benchtop model validation experiments.

In TSOAK [Sherwood 1978], TSOAK-MI [Land et al 1980, Edgell 1983] and SOAKER [Edgell 1983],
the adsorption constants and surface concentrations are expressed in terms of the amount of
tritium sorbed divided by the chamber volume. Thus, if the area or volume of the chamber is
changed, the adsorption constants and surface concentration as stated by the program will be
different, even if the surface number density of an adsorbed species is the same. This causes
unnecessary difficulties in scaling the model to a different surface/volume ratio, or in comparing
values from different experimental facilities. These parameters should be re-cast in the form of
adsorption constants (in m'1) and surface concentrations (Bq-nr2).

TCCC [Brereton et al 1989] is a simple code for determining HTO concentration in an enclosure,
assuming that there is a steady-state source term of HTO and a release of HTO. This code is
useful in these particular circumstances, but will not give appropriate results for release of T2
unless the conversion to HTO is very rapid under the release circumstances.

TMAP simulates both wall and enclosure tritium dynamics [Jones et al 1986, Merrill et al 1988].
Its capabilities are quite sophisticated in that it can determine time-dependent thermal response of
a multi-layer material and its consequent permeation rates, use bulk trapping densities to
determine trapping contribution to tritium inventory and describe rates of gas-phase and surface
reactions. Adsorption can be accounted for as permeation into a layer of zero thickness. The
T2 -> HTO reaction kinetics are given in the users' manual as first-order dependent on both T2
concentration and total tritium concentration (which is not true at low concentrations [Noguchi et
al 1989]), but the program requires input of the concentration-dependence equations at run-time, so
it is easy to update. Several different enclosures and species can be handled in the same run of the
program, so this code seems to be the most versatile of those written to date.

One of the more elaborate codes [Tanaka et al 1989] treats reactions which are not considered in
other models: H-T exchange between H2-type and H2O-type species, oxidation of H2 + 02,
exchange and oxidation reactions on metal surfaces, adsorption/desorption of all species, H-T
exchange between adsorbed water and water vapor, absorption/diffusion of the species and
insufficient mixing of chamber air are all considered in this code. However, some of the
assumptions are rather dubious. The T2 -» HTO reaction in the gas phase is modelled as
dependent on both T2 concentration and total tritium concentration, which is not true at low
concentrations [Noguchi et al 1989]. The code validation experiments were done with a constant
total H2O concentration (dew point 0°C; ca. 20% relative humidity), so the H2O concentration may
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safely be subsumed into the rate constant. This will work for the reactions where one of the
reactants is present in overwhelming quantity {e.g. O2, H2O), but not for all, as seems to be
assumed. In the code validation experiments, the temperature was not monitored or controlled
while up to three 290°C hot plates were operating in the 0.68 m3 chamber; the chamber air
temperature may well have affected the rate of desorption of HTO from walls. Also, no attempt was
made to measure or calculate the amount of sorbed tritium remaining after the end of the
experiment, unlike other experimenters [Holland et al 1986]. In addition, all surface reaction
rates are given as first-order in total tritium concentration in the gas phase as well as dependent
on the concentration of one of the reactants; this has been assumed rather than tested or proven.
Finally, the adsorption equations have the same flaw as those used for TSOAK-Ml and SOAKER;
the numbers derived from this code can not be directly compared with numbers from the literature.
Comparison of results among this code, TSOAK-Ml, TMAP, SOAKER, TCCC and other codes is
desirable.

9. SUMMARY

The literature on the interactions of elemental tritium and tritiated water with metals, glasses,
ceramics, concrete, paints, elastomers and other organic materials has been reviewed, with a view
to addressing safety and materials compatibilities issues. Tritium permeation in steels and the
retardation effect of surface oxide layers are fairly well understood. Effects of surface preparation
and coatings on sorption have been investigated, but commercially-prepared surfaces have not
been thoroughly studied in this regard. Permeation of other metals with cleaned surfaces by T2
has been investigated fairly thoroughly, and the effect of surface oxidation has also been explored
for some metals. The room-temperature permeation rates of low-permeability metals with
cleaned surfaces are much faster than indicated by high-temperature results, because of grain-
boundary diffusion. A few studies have been done on sorption of T2 and HTO on metals. Paints,
elastomers and other plastics (especially with rough surfaces) show very high levels of tritium
sorption; some mechanisms of interaction with tritium gas and sorbed tritium are unclear.
Ceramics show some of the lowest levels of sorption and permeation by T2, but ceramic coatings
applied to stainless steels do not lower permeation of tritium as well as coatings obtained by
oxidation of the steel. Sorption of HTO on concrete is a major concern in cleanup of releases of
elemental tritium into air in tritium handling facilities; studies on sorption of HTO in concrete
are only now beginning. Most of the studies on sorption (rather than permeation) of tritium on
various materials are not very systematic, with the exception of the work of Hirabayashi and
coworkers on sorption of tritium on stainless steel, glass and aluminum. The speciation of
tritium on the surface and speciation on desorption at high temperature have been established for
stainless steel and aluminum, but the speciation on desorption in air at room temperature has not
been established.
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Oxidation of Ion-Implanted Materials", J. Vac. Sci. Technol. A 3, 583-587 (1985).

Buchkremer et al 1985
high-grade steel(unspecified), brass, glass wool, Viton
H.P. Buchkremer, R. Smolka, D. Stttver and K. Wegner, "Tritium Contamination of Structural
Components after Five Years of Insertion in the TRIPERM-Installation", Fusion Technol. 8,
2355-2359(1985).

Calderrt a/1973
SS-304, SS-316
R.D. Calder, T.S. Elleman and K. Verghese, "Grain Boundary Diffusion of Tritium in 304- and
316-Stainless Steels", J. Nucl. Mater. 46,46-52 (1973).

Causey etal 1985
PCA
R.A. Causey, L.M. Steck and R. Van Namen, "Diffusion and Solubility of Tritium in Path A
Prime Candidate Alloy", Fusion Technol. 8, 2384-2387 (1985).
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Chaney eta/1970
SS-304
K.F. Chaney and G.W. Powell, "The Diffusivity ofTritium in 304 Stainless Steel in the
Temperature Range 100° to 300°C", Metallurg. Trans. 1,2356-2357 (1970).

Coffin etal 1979
SS-304, graphite
D.O. Coffin and C.R. Walthers, "Methane Generated from Graphite-Tritium Interaction", Los
Alamos Scientific Laboratory report LA-7627-MS (1979).

Eakins eta/1975
brass, mild steel, glass
J.D. Eakins, W.P. Hutchinson and A.E. Lally, "The Radiological Hazards from Tritium Sorbed
on Metal Surfaces", Health Physics 28,213-224 (1975).

Finn eta/ 1985
SS-316, HTO formation
P.A. Finn and E.H. Van Deventer, "Experimental Design to Study Tritium Oxidation as a
Means ofTritium Control", Fusion Technol. 8, 2438-2443 (1985).

Finn etal 1986 *
SS-316, HTO formation
P.A. Finn and E.H. Van Deventer, "Oxidation of Tritium Atoms at a Stainless Steel Surface",
Argonne National Laboratory report CONF-8610214 (1986).

Finn etal 1988
SS-316, HTO formation, permeation barriers
P.A. Finn and E.H. Van Deventer, "Parameters Important in the Oxidation ofTritium at a
Stainless Steel Surface", Fusion Technol. 14, 783-790 (1988).

Finn etal 1989
SS-316, HTO formation, permeation barriers
P.A. Finn and E.H. Van Deventer, "The Importance of Metal Oxides on the Reaction Between
Oxygen and Tritium on Stainless Steel", Fusion Technol. 15, 1343-1348 (1989).

Garber 1975
SS-306
H.J. Garber, "Studies of the Permeation and Diffusion of Tritium and Hydrogen in TFTR",
Westinghouse Electric Corp. report WFPS-TME-012 (1975).

Gervasini et al 1985
Modelling on steels, permeation barriers
G. Gervasini and F. Reiter, "Analysis of Calculation Codes for Metal-Tritium Interaction and
Numerical Evaluation of the Tritium Behavior in the NET First Wall", Fusion Technol. 8, 2373-
2378(1985).

Gill 1980
SS-304, aluminum, Pyrex 7740 glass, permeation barriers, methane formation
J.T. Gill, "Effect of Container Preparation on the Growth of Protium and Methane Impurities Into
Tritium Gas", J. Vac. Sci. Technol. 17, 645-654 (1980).
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Gill et a/1983
SS-316
J.T. Gill, W.E. Moddeman and R.E. Ellefson, "Chemically Polished Stainless Steel Tubing for
Tritium Service", J. Vac. Sci. Technol. A 1, 869-873 (1983).

Gill etal 1988b
SS-304, Si
J.T. Gill, D.B. Watkins, J.N. Rigano, W.A. Clift, R.A. Watkins, A.L. Burwinkle, J.A. Schultz,
L.R. Anderson and H.K. Schmidt, "Time-of-Flight Mass Spectrometer for Investigating
Hydrogen Isotope Interactions: H/D Exchange Rates at Stainless Steel and Silicon Surfaces",
Fusion Technol. 14,1026-1035 (1988).

Hirabayashi et al 1984a
SS-316, adsorption
T. Hirabayashi and M. Saeki, "Sorption of Gaseous Tritium on the Surface of Type 316 Stainless
Steel", J. Nucl. Mater. 120,309-315 (1984).

Hirabayashi et al 1984b
SS-316, adsorption
T. Hirabayashi, M. Saeki and E. Tachikawa, "A Thermal Desorption Study of the Surface
Interaction Between Tritium and Type 316 Stainless Steel", J. Nucl. Mater. 126,38-43 (1984).

Hirabayashi et al 1985a
SS-316, adsorption
T. Hirabayashi, M. Saeki and E. Tachikawa, "Effect of Surface Treatments on the Sorption of
Tritium on Type-316 Stainless Steel", J. Nucl. Mater. 127,187-192 (1985).

Hirabayashi et al 1985b
SS-316, adsorption
T. Hirabayashi, M. Saeki and E. Tachikawa, "Chemical Decontamination of the Tritium-
Sorbing Surface of Type 316 Stainless Steel", J. Nucl. Mater. 136,179-185 (1985).

Hirabayashi etal 1987 *
SS-316, adsorption
T. Hirabayashi, M. Saeki and E. Tachikawa, "Sorption and Desorption of Tritium on the Surface
of Type 316 Stainless Steel", Proc. Intl. Symp. Fusion Reactor Blanket and Fuel Cycle Technol.
1986, Tokyo Univ. Nucl. Engin. Res. Lab., 213-216 (1987).

Hirabayashi et al 1989
SS-316, adsorption
T. Hirabayashi, M. Saeki, T.A. Sasaki and K.W. Sung, "Sorption of Tritium on Surface-
Modified Type-316 Stainless Steel", Fusion Eng. Design 10,287-291 (1989)

Hirabayashi et al 1990
SS-316, chromium plating, Cr2Û3
T. Hirabayashi, S. Poosittisak, Y. Sun and M. Saeki, "Tritium Sorption and Chemical and
Topographical Properties of a Stainless Steel Surface Modified with Chromium", J. Nucl.
Mater. 173,26-33(1990).
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Louthan etcri 1974
SS-304L, grain boundary
M.R. Louthan, Jr., J.A. Donovan and G.R. Caskey, Jr.,"Tritium Absorption in 304L Stainless
Steel", Savannah River Laboratory report DP-MS-74-25 (1974).

Louthan et al 1975
SS-304, SS-304L, SS-310, SS-309S, 21-6-9, A-216
M.R. Louthan, Jr. and R.G. Derrick, "Hydrogen Transport in Austenitic Stainless Steel",
Corros. Sci. 15,565-577 (1975).

McGuire 1980
SS-304, FePO4, NiAl, permeation barriers
J.C. McGuire, "Hydrogen Permeation Resistant Layers for Liquid Metal Reactors",
Proceedings: Tritium Technology in Fission, Fusion and Isotopic Applications, 64-68 (1980).

Maienschein et al 1987
SS-304L, aluminum, alumina, Al2O3t permeation barriers
J.L. Maienschein, R.G. Musket, F.E. McMurphy and D.W. Brown, "Reduction of Tritium
Permeation Through 304L Stainless Steel Using Aluminum Ion Implantation", Appl. Phys. Lett.
50,940-942(1987).

Masakiefa/1989
SS-316, aluminum, Pyrez 7740 glass
N.M. Masaki, T. Hirabayashi and M. Saeki, "Study on Sorption of Tritium on Various Material
Surfaces and its Application to Decontamination of Tritium-Sorbing Materials", Fusion Technol.
15,1337-1342(1989).

Matsuyama etal 1988 * (in Japanese)
peripheral, counter for Matsuyama et al 1989
M. Matsuyama and K. Watanabe, "Adsorption of Tritium on Metals, Ceramics and Organic
Materials. 1. Performance Tests of the Counting Device", Toyama Daigaku Torichumu Kagaku
Senta Kenkyu Hokoku 7,27-35 (1988).

Matsuyama et al 1989 * (in Japanese)
SS-304, BN
M. Matsuyama, K. Ashida, H. Miyake, K Watanabe and Y. Araki, "Adsorption of Tritium on
Metals, Ceramics and Organic Materials. 2. Adsorption Inhibition of Tritium for Stainless
Steel", Toyama Daigaku Torichumu Kagaku Senta Kenkyu Hokoku 8, 41-50 (1989).

McConville et al 1985
SS-304
G.T. McConville, D.A. Menke and R.E. Ellefson, "Reaction Rates for the Formation of
Deuterium Tritide From Deuterium and Tritium", Fusion Technol. 8, 2245-2256 (1985).

Powell etal 1970
S&304
G.W. Powell, J.D. Braun, K.F. Chaney and G.L. Downs, "Solubility and Distribution of Tritium
in Annealed and Cold Worked 304 Stainless Steel in the 100° to 300°C Temperature Range",
Corrosion (NACE) 26,223-228 (1970).
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Reitar etal 1985
SS-316L
F. Reiter, J. Camposilvan, M. Caorlin, G. Saibene.and R. Sartori, "Interaction of Hydrogen
Isotopes with Stainless Steel 316L", Fusion Technol. 8,2344-2351 (1985).

Riehm et al 1986
Review on permeation barriers
M.P. Riehm, W.W. Smeltzer and D.A. Thompson, "Hydrogen-Solid Interactions and Tritium
Permeation Barriers", CFFTP report CFFTP-G-86041 (1986).

Rudd eta/1961
SS-430, SS-321, AI2O3, paints, enamel, permeation barriers
D.W. Rudd and J.B. Vetrano, "Permeability of Metals and Enameled Metals to Hydrogen",
North American Aviation report NAA-SR-6109 (1961).

Sienkiewicz 1985
SS(unspecified)
C.J. Sienkiewicz, "Tritium Surface Contamination", Fusion Technol. 8, 2444-2454 (1985).

Strehlowef a/1974
SS-304L, SS-406, Incoloy 800, Hastelloy N, Ni, Croloy T9, Croloy T22, permeation barriers
R.A. Strehlow and H.C. Savage, "The Permeation of Hydrogen Isotopes Through Structural
Metals at Low Pressures and Through Metals with Oxide Film Barriers", Nucl. Technol. 22, 127-
137(1974).

Surettel990
SS-316.SS-304
R.A. Surette, personal communication.

Surette e< a/1988
SS-316, SS-304, pump oil on steel
R.A. Surette and R.G. C. McElroy, "Regrowth, Retention and Evolution of Tritium From
Stainless Steel", Fusion Technol. 14,1141-1146 (1988).

Swansiger et al 1980
SS-309S, 21-6-9 steel, 1017 steel, Si, permeation barriers
W.A. Swansiger and R. Bastasz, "Influence of Thin Silicon Films on Deuterium and Tritium
Permeation in Steels", Proceedings: Tritium Technology in Fission, Fusion and Isotopic
Applications, 91-97 (1980).

Tison 1984 (in French)
SS(various), low-alloy steels, modelling on steels, permeation barriers
P. Tison, D. es Sc. Thesis in two parts, CEA Centre d'Etudes de Bruyeres-le-Chatel, CEA-R-5240
(Pt. let2)(1984).

Tison et al 1981 (in French)
SS(various), low-alloy steels, permeation barriers
P. Tison and J.-P. Fidelle, "Investigation of Phenomena Which, with Diffusion, Control
Permeability of Metals to Isotopes of Hydrogen", CEA Centre d'Etudes de Bruyeres-le-Chatel,
CEA-N-2231 (1981).
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Tison et al 1982 (in French)
low-alloy steels (unspecified), permeation barriers
P. Tison, P. Menut and J.P. Fidelle, "Influence of Surface Oxides on the Hydrogen Permeability
of Steels at Room and Medium Temperatures", International Conference on Hydrogen and
Materials, Paris, 1982, CEA Centre d'Etudes de Bruyeres-le-Chatel, CEA-CONF-6361 (1982).

Van Deventer et al 1980
SS-321, SS-430, aluminum, alumina, AI2O3, permeation barriers
E.H. Van Deventer, V.A. MacLaren and V.A. Maroni, "Hydrogen Permeation Characteristics of
Aluminum-Coated and Aluminum-Modified Steels", J. Nucl. Mater. 88, 168-173 (1980).

Yamashina et al 1981 * (in Japanese)
peripheral, SS-304, SS-316L, sputtering
T. Yamashina, K. Watanabe and S. Maeda, "Variation of Surface Roughness Factor of Stainless
Steel Accompanying Ion Impact and Electric Discharge Cleaning", Proc. 3rd Meeting on Ultra-
High Vacuum Techniques for Accelerators and Storage Rings, edited by G. Horikoshi, 49-56
(1981).

Other Alloy

see also: Bell et al 1980, Buchkremer et al 1985, Eakins et al 1975, Haasz et al 1985, McGuire 1980,
Strehlowe<all974

Buchkremer et al 1984
Incoloy 800, permeation barriers
H.P. Buchkremer, R. Hecker, H. Jonas, D. Stover, and U. Zink, "Advances in the Development
and Description of Tritium Permeation Barriers in High Temperature Alloys", Nucl. Technol.
66,550-561(1984).

Hecker etal 1990
Incoloy 800H, Hastelloy X, permeation barriers
R. Hecker, D. Stover, H. Jonas and H.P. Buchkremer, "Properties of Chromia Scales on High-
Temperature Alloys Used as Barriers Against Hydrogen Permeation", J. Nucl. Mater. 171, 84-93
(1990).

Luthardt e* a/1985a ** (in German)
Hastelloys, Inconels, permeation barriers
G. Luthardt and W. Mallener, "Surface Treatment of Metallic Materials for Reduction of
Hydrogen and Tritium Permeation", Annual Meeting on Nuclear Technology, Munich 1985,
Proc. Section 6,487-490 (1985).

Luthardt et al 1985b
Hastelloy X, Inconel 617 (Nicrofer 5520 Co), Incoloy 800 H, permeation barriers
G. Luthardt and W. Mallener, "Development of Oxide Layers on High-Temperature Alloys as
Protection Against Hydrogen Permeation", Fusion Technol. 8, 2379-2383 (1985).

Muhlratzer et al 1984
Hastelloy X, alumina, AI2O3, permeation barriers
A. Muhlratzer, H. Zeilinger and H.G. Esser, "Development of Protective Coatings to Reduce
Hydrogen and Tritium Permeation", Nucl. Technol. 66, 570-577 (1984).
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StOver 1983 ** (in German)
Hastelloys, Incoloys, permeation barriers
D. StSver, "Protective Coatings Against Permeation in Process Gas Atmospheres", Deutsche
Gesellschaft far Metallkunde, General Meeting, Abstracts of Posters and Papers, 149 (1983).

Stover tf a/1984
Incoloy 800, Alloy-In 519, Hastelloy X, Alloy-In 586, Inconel 617, permeation barriers
D. Stover, H.P. Buchkremer, R. Hecker, H.J. Leyers, "Status of Tritium Permeation Barrier
Development on Austenitic Structural Alloys", J. Nucl. Mater. 123, 1541-1546 (1984).

Tesini et al 1988
Inconel 600, tool contamination, ceramics, plastics, SS-304, aluminum alloy BS1470, PVC, SS-316
A. Tesini and R.A. Jalbert, "Experimental Contamination and Decontamination Studies on JET
Remote Handling Tools and Materials When Exposed to Tritium", JET Joint Undertaking report
JET-R-(88)00018 (1988).

Wong etal 1983
Inconel 600, Mcnel 400, permeation barriers
K.Y. Wong, D.P. Dautovich, P. Mayer and F. Guglielmi, "Permeation of Tritium Through
Steam Generator Tubes at CANDU Stations", Fusion Engin. (IEEE) (10th Symp. on Fusion
Engin.) 1,142-146 (1983).

Other Metal*

for aluminum see also: Brown et al 1985, Jalbert et al 1986, Luthardt et al 1985a, Maienschein et al
1987/1988, Masaki et al 1989, Noguchi et al 1989, Stover 1983, Tesini et al 1988, Thompson et al 1988,
Van Deventer et al 1980
for tin, see also: Bowker et al 1984

Alire etal 1980
Al, AI2O3, alumina
R.M. Alire, S.A. Steward, L. Bellamy and C. Griffith, "Permeation of Tritium Through
Aluminum with Oxide Films", Proceedings: Tritium Technology in Fission, Fusion and Isotopic
Applications, Dayton, Ohio, USA, 1980,98-100.

Ebisuzaki et al 1967
Ni
Y. Ebisuzaki, W.J. Kass and M. O'Keeffe, "Isotope Effects in the Diffusion and Solubility of
Hydrogen in Nickel", J. Chem. PhyB. 46, 1373-1381 (1967).

Fukutomi etc/1981
peripheral, Mo, AI2O3, SiC
M. Fukutomi, M. Kitajima, T. Shikama, M. Okada, R. Watanabe and H. Yoshida, "Si-C-Al-0
Compound Coatings on Molybdenum for Application to Fusion Reactor First Wall Components",
J. Vac. Sri. Technol. 18,1068-1071 (1981).

Kukiefa/1977 *
Ni
E. Kuki, Y. Nakano, O. Takayasu and T. Takeuchi, "Autoradiographical Detection of T and 1 4C-
ethylene on Nickel Sheet", J. Radioanal. Chem. 36, 185-193 (1977).
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Luck 1981
Al, Ni, Au, Pyrex 7740 glass, adsorption
S.D. Luck (under the supervision of R.V. Osborne), "Adsorption of Tritiated Water on Metal
Surfaces", unpublished report, Atomic Energy of Canada Limited, August 1981.

Maienschein et al 1985
Cu
J. Maienschein, V. DuVal, F. McMurphy and F. Uribe, "A Novel Technique for Measurement of
Tritium Permeation Through Resistant Materials Near Room Temperature: Demonstration of
Method with Copper at 50 - 170°C", Fusion Technol. 8,2360-2365 (1985).

Maienschein et al 1988
Cu, Au, Al, Be, Mo, W, Cd, Ir, Pb, Re, Ag, grain boundary
J.L. Maienschein, F.E. McMurphy and V.L. DuVal, "Increase of Tritium Permeation Through
Resistant Metals at 323 K by Lattice Defects", Fusion Technol. 14, 701-706 (1988).

Matsuyama et al 1985
Cu, Au, Ni
M. Matsuyama, K. Ichimura, K. Ashida, K. Watanabe and H. Sato, "Contamination of Ionization
Chamber due to Tritium Exposure", Fusion Technol. 8,2461-2466 (1985).

Miyake etal 1989
Au, UV light
H. Miyake, K. Ichimura, M. Matsuyama, K. Ashida, K. Watanabe, S. Nakamura and
T. Hayashi, "Development of a Tritium-Compatible Mass Spectrometer", Fusion Engin. Design
10,417-421(1989)

Okuno etal 1988
apparatus
K. Okuno, S. O'hira, H. Yoshida, Y. Naruse, T. Suzuki, S. Hirata and M. Misumi,
"Experimental Apparatus for Tritium Permeation Studies in Tritium Process Laboratory",
Fusion Technol. 14, 713-718 (1988).

Sawicki 1988
Ti, graphite
J.A. Sawicki, "Depth Profiling of Tritium in Materials for Fusion Technology", Fusion Technol.
14,884-889(1988).

Steward 1983
Review
S.A. Steward, "Review of Hydrogen Isotope Permeability Through Materials", Lawrence
Livermore National Laboratory report UCRL-53441 (1983).

Thompson et al 1988
Ni, Al, permeation barriers
D.A. Thompson and W.W. Smeltzer, "Deuterium and Tritium Diffusion and Permeation
Barriers", CFFTP report CFFTP-G-88048 (1988).

Zhihuaeta/1987 * (inChinese)
Al, polyethylene, Teflon, neoprene rubber, glass
Qu Zhihua and Wang Chaoqing, "How to Select Coating Materials for Equipment Operating
Tritium", Radiation Protection (Taiyuan), 7, 407-413 (1987).
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Concrete, Glow, Cervmica and Graphite

for concrete, see also Numata et al to be published
for glass, see also: Buchkremer et al 1985, Causey et al 1988, Eakins et al 1975, Easterly et al 1985,
Masaki et al 1989, Zhihua et al 1987
for alumina, see also: Alire et al 1980, Brown et al 1985, Fukutomi et al 1981, Maienschein et al
1987, Muhlratzer et al 1984, Rudd et al 1961, Van Deventer et al 1980
for other ceramics, see also: Causey et al 1988, Matsuyama et al 1989, Fukutomi et al 1981, Tesini et
al 1988, Swansiger et al 1980
for graphite, see also: Coffin et al 1979, Sawicki 1988, Stencel et al 1988

Ashida etal 1988
graphite
K. Ashida, M. Matsuyama and K. Watanabe, "Trap and Release of Hydrogen, Deuterium and
Tritium by/from Graphite", Fusion Technol. 14, 735-740 (1988).

Atkinson et al 1984
theory of diffusion through water-saturated porous material (cement)
A. Atkinson and A.K. Nickerson, "The Diffusion of Ions through Water-Saturated Cement",
J. Mater. Sci. 19,3068-3078 (1984).

Azuma et al 1988 * (in Japanese)
glass
N. Azuma, T. Miyazaki, K. Ashida, K. Watanabe, K. Furukawa and S. Ohno, "Thermal
Desorption of Trapped Deuterium from Silica Irradiated by High-Energy D + and D2 RF Plasma",
Toyama Daigaku Torichumu Kagaku Senta Kenkyu Hokoku 7, 63-71 (1988).

Causey 1990 *
graphite
R. Causey, "Tritium Inventory in the Plasma-Facing Components of the International
Thermonuclear Experimental Reactor (ITER)", IEA Workshop on Tritium Safety and
Environmental Effects, Aiken, SC, 1990 October 15-18.

Coffin 1979
alumina, AI2O3, forsterite, 2MnO.SiO2
D.O. Coffin, "Tritium Compatibility of Alumina and Forsterite", Los Alamos National
Laboratory report LA-8021-MS (1979).

Eichholz et al 1989
concrete
G.G. Eichholz, W.J. Park and C.A. Hazin, "Tritium Penetration through Concrete", Waste
Management 9,27-36 (1989).

Elleman et al 1979
ceramics
T.S. Elleman, D. Rao, K. Verghese and L. Zumwalt, "Hydrogen Diffusion, Dissolution and
Permeation of Nonmetallic Solids", Oak Ridge National Laboratory report ORO-4721-T1 (1979).

Finn etal 1983
SSCunspecified), concrete, modelling on enclosures
P.A. Finn, R.A. Leonard, M.L. Rogers and C.J. Sienkiewicz, "The Wall Tritium Concentration
as a Factor in Fusion Reactor Hall Design", Nuclear Technol./ Fusion 4,389-394 (1983).
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Haasiefoil985
Inconel 600, ceramics, first-wall conditions
A.A. Haasz, J,W. Davis, 0. Auciello and P.C. Stangeby, "Study of Low-z Coatings for JET Under
Exposure to Electrons, Laser Radiation and Atomic Hydrogen", CFFTP report CFFTP-G-85040
(1985).

Haasz etal 1986
graphite, methane formation
A.A. Haasz and J.W. Davis, "Synergistic Methane Formation Kinetics for Hydrogen Impact on
Carbon", CFFTP report CFFTP-B-86016 (1986).

Hartwig 1977
glass
CM. Hartwig, "The Radiation-Induced Formation of Hydrogen and Deuterium Compounds in
Silica as Observed by Raman Scattering", J. Chem. Phys. 66,227-238 (1977).

Hirabayashi et al 1983
Pyrex 7740 glass
T. Hirabayashi and E. Tachikawa, "Sorption and Desorption of Tritium on the Surface of
Borosilicate Glass", Radiochim. Acta 33, 61-64 (1983).

Lamberger et al 1984
steel, concrete
P.H. Lamberger and MX. Rogers, "Tritium Control: April-September 1983", Mound Laboratory
report MLM-3128 (1984).

Malka etal 1980
graphite, HT sorption
V. Malka, H. D. Ro'hrig and R. Hecker, "Investigations on Sorption and Diffusion of Tritium in
HTRG-Graphite", Proceedings: Tritium Technology in Fission, Fusion and Isotopic
Applications, Dayton, Ohio, USA, 1980,102-107.

Numata etal 1988
concrete
S. Numata and H. Amano, "Tritium Permeation into Concrete", Fusion Technology 1988,
(Proceedings of the 15th Symp. on Fusion Technology, Utrecht), Ed. by A.M. Van Ingen,
A. Nijsen-Vis and H.T. Klippel, Elsevier, Amsterdam, 1260-1264 (1988).

Numata et al 1990a
concrete, HTO sorption
S. Numata, H. Amano and M. Okamoto, "Tritium Inventory in Portland Cement Exposed to
Tritiated Water Vapor", J. Nucl. Mater. 171,350-359 (1990).

Numata etal 1990b
concrete, HTO sorption
S. Numata, H. Amano and K. Minami, "Diffusion of Tritiated Water in Cement Materials",
J. Nucl. Mater. 171,373-380 (1990).

Roth tfaJ 1987
graphite, methane formation
J. Roth and J. Bohdansky, "Mechanism of Hydrocarbon Formation Upon Interaction of Energetic
Hydrogen Ions with Graphite", Appl. Phys. Lett 51,964-966 (1987).
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Saeki etal 1984a
Pyrex 7740 glass
M. Saeki and T. Hirabayashi, "Sorption Mechanisms of Tritium on the Surface of Borosilicate
Glass", Radiochim. Acta 35, 233-238 (1984).

Saeki et al 1984b ** (in Japanese)
glass
M. Saeki and T. Hirabayashi, "Oesorption Behavior of Carrier Free Tritium From the Inner
Surface of Glass Ampoule", Radioisotopes (Tokyo) 33, 776-779 (1984).

Shelby 1974
Pyrex 7740 glass
J.E. Shelby, "Helium, Deuterium and Neon Migration in a Common Borosilicate Glass", J. Appl.
Phys. 45,2146-2149 (1974).

Tanaka et al 1989
SS(unspecified), concrete, linoleum, HTO formation, modelling on enclosure
S. Tanaka, F. Ono, T. Masegi and Y. Takahashi, "Simulation of Soaking Effect in Air
Detritiation System", Fusion Eng. Design 7,353-361 (1989).

Paint*, Polymer* andOther Organic Compound*

see also Buchkremer et al 1985, Rudd et al 1961, Surette at al 1988, Tanaka et al 1989, Tesini et al
1988, Zhihua etal 1987

Anderson et al 1985
polymer, Vespel
J.L. Anderson, D.O. Coffin, J.E. Nasise, R.H. Sherman and R.A. Jalbert, "Some Tips on
Tritium Technology", Fusion Technol. 8, 2413-2419 (1985).

Billarde* a/1968 *
polymer
F. Billard, A. Charamathieu and P. Morel, "Permeability des Tissus vis-a-vis du Tritium et de
l'Eau TritieV', Premier Congres European de Radioprotection, CEA-Fontenay-aux-Roses, 1968
(report CEA-CONF-1168).

Braun 1987
paints
J.M. Braun, "Permeability of Protective Coatings to Tritium", CFFTP report CFFTP-G-87032,
1987.

Braun etal 1985
paints
J.M. Braun and A.S. Williamson, "Permeability of Protective Coatings to Tritium", Fusion
Technol. 8,2312-2317 (1985).

Capudereta/1985
polyphenyl ether pump oil
F.C. Capuder, L.T. Quigley and C.K Baker, "Recent Developments in Magnetically Coupled
Vane Pumps for Tritium Service", Fusion Technol. 8, 2420-2422 (1985).
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Causey etall998
paints, polymer, fiberglass, Kevlar, Viton, Mylar, Kapton, ceramic
R. Causey and R.A. Jalbert, "Tritium Retention on TFTR Neutral-Beam Components", Los
Alamos National Laboratory report LA-UR-88-3956 (1988).

Clemmeretal1977
polymer, Lucite, SS(unspecified), HTO formation, modelling on enclosures
R.G. Clemmer, R.H. Land, V.A. Maroni and J.M. Mintz, "Simulation of Large Scale Air
Detritiation Operations by Computer Modeling and Bench-Scale Experimentation", Proceedings
of the Seventh IEEE Symposium on Engineering Problems of Fusion Research, 1653-1657 (1977).

Coffin et al 1988
polymer, ethylene propylene rubber, Teflon, Viton
D.O. Coffin, S.F. Cole and R.C. Wilhelm, "A Tritium-Compatible Piezoelectric Valve for the
Tokamak Fusion Test Reactor", Fusion Technol. 14, 972-976 (1988).

Derrick et al 1974
polymer, Teflon, Buna-N rubber
R.G. Derrick and M.R. Louthan, Jr., "Permeability of Teflon Polytetrafluoroethylene Resin and
Buna-N Butadiene-Nitrile Rubber to Deuterium", J. Chem. Eng. Data 19, 48-51 (11/74).

Gill 1985
polymer, polyethylene
J.T. Gill, "Interaction of Polyethylene and Tritium Gas as Monitored by Raman Spectroscopy",
Fusion Technol. 8,2318-2329 (1985).

Gill etal 1985
polymer, EPDM, polyethylene
J.T. Gill and C.W. Pierce, "Predicted Effects of Tritium Exposure on Fast-Acting Piezoelectric
Valves for Gas Fueling at TFTR", Fusion Technol. 8, 2217-2223 (1985).

Gruetzmacher et al 1988
asphalt
K.M. Gruetzmacher, R.V. Carlson, J.R. Stencel and R.A.P. Sissingh, "Transportation of
Tritiated Waste From Fusion Facilities", Fusion Technol. 14, 966-971 (1988).

Hemmerich et al 1988
polymer, polyimide
J.L. Hemmerich, A. Dombra, J. Gowman, E. Groskopfs, R. Haange, A. Konstantellos, E. Kiissel,
R. Lfisser, P. Milverton, K. Walker and K. Walter, "Key Components of the JET Active Gas
Handling System - Experimental Programme and Test Results", Fusion Technology 1988,
(Proceedings of the 15th Symp. on Fusion Technology, Utrecht), Ed. by A.M. Van Ingen,
A. Nijsen-Vis and H.T. Klippel, Elsevier, Amsterdam, 93-100 (1988).

Hollands al 1986
paints, modelling on enclosure
D.F. Holland and R.A. Jalbert, "A Model for Tritium Concentration Following Tritium Release
into a Test Cell and Subsequent Operation of an Atmospheric Cleanup System", Proc. 11th Symp.
on Fusion Engin., 638-643 (1986).
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Jalbert etal 1986
Al, paints
R.A. Jalbert, S.J. Brereton and D.F. Holland, "Contamination of Aluminum and Painted
Surfaces Exposed to Tritium", Fusion Technol. 10,1223-1227 (1986).

Johnson 1990
pump oil
R.E. Johnson, personal communication.

Johnson etal 1988
polymer, vinyl, PVC, latex, rubber, neoprene, nitrile
J.R. Johnson, E.S. Lamothe, J.S. Jackson and R.G.C. McElroy, "Metabolism and Dosimetry of
Tritium from Tritium Gas Contaminated Surfaces", Fusion Technol. 14, 1147-1152 (1988).

Monahan et al 1978
polymer, Teflon
B.G. Monahan, V.P. Gede, P.R. Landon, C.A. Colmenares and T.J. Biel, "Materials
Compatibility Study of 316 Stainless Steel at the LLL Tritium Facility", Lawrence Livermore
Laboratory report UCRL-81028 (1978).

Miyake eta/1983
polymer, Teflon, polyethylene
H. Miyake, M. Matsuyama, K. Ashida and K Watanabe, "Permeation, Diffusion and Solution of
Hydrogen Isotopes, Methane and Inert Gases in/through Tetrafluoroethylene and Polyethylene",
J. Vac. Sci. Technol. Al, 1447-1451 (1983).

Niemeyer 1974
polymer, Lucite, polystyrene
R.G. Niemeyer, "Release of Tritium from Tritiated Paints", Oak Ridge National Laboratory
report TM-4510 (1974).

Sherwood 1978
polymer, Lucite, modelling on enclosure
A.E. Sherwood, "Dynamic Model of Tritium Cleanup in an Enclosure With Wall Diffusion",
Lawrence Livermore National Laboratory report UCRL-80572 (1978).

Stencelrt a/1988
graphite, pump oil
J.R. Stencel, J.D. Gilbert, O.A. Griesbach and J.M. Greco, TFTR Health Physics Measurements
Following D-D Operations", Fusion Technol. 14,1047-1053 (1988).

Wyliee* a/1982
polymer, polyimide, polyamide-imide
K.F. Wylie, J.E. Hockett and T.L. Buzton, "Summary Abstract: Polyimide and Polyamide-
imide in a Tritium Atmosphere", J. Vac. Sci. Technol. 20,1138-1139 (1982).

Zappl982
polymer, ethylene propylene rubber, Kalrez, Viton, ethylene acrylic rubber, nitrile rubber, silicone
rubber, urethane rubber
P.E. Zapp, "Effects of Tritium in Elastomers", Savannah River Laboratory report DP-MS-82-54
(1982).
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Release in Encloturet

for modelling and experiments in small enclosures,.see also: Clemmer et al 1977, Finn et al 1983,
Holland et al 1986, Sherwood 1978 and Tanaka et al 1989

Bartlitef 0*1989
release in enclosure
J.R. Bartlit, J.L. Anderson, R.A. Jalbert, R.V. Carlson, K. Okuno, T. Ide, H. Fukui, M. Enoeda
and Y. Naruse, "Dispersion and Removal of Tritium Released into the Main Cell of TSTA",
Proc. 13th Symposium on Fusion Eng., Knoxville TN (1989).

Brereton et al 1989
modelling on enclosure
S.J. Brereton and C.W. Gordon, "A Model for Calculating Room Air and Surface Tritium
Concentrations", JET Joint Undertaking report JET-R-(89)00006 (1989). Also available as CFFTP
report CFFTP-G-8954 (1989).

Busigin et al 1990
HTO release
A. Busigin and KM. Kalyanam, "Estimation of the Tritium Release Rate From a Spill of
Tritiated Water", Ontario Hydro report 90031 (1990).

Edgell 1983
modelling on enclosure
O.H. Edgell, TSOAK-M1: An Examination of its Model and Methods", CFFTP report CFFTP-F-
83011(1983).

Jones et al 1986
modelling on enclosure, modelling on materials
J.L. Jones, B.J Merrill and D.F. Holland, "Predicting Tritium Movement and Inventory in
Fusion Reactor Subsystems Using the TMAP Code", Proc. 11th Symp. on Fusion Eng. 631-637
(1986).

Land etal 1980
modelling on enclosure
R.J. Land, V.A. Maroni and M. Minkoff, "TSOAK-M1: A Computer Code to Determine Tritium
Reaction/Adsorption/Release Parameters From Experimental Results of Air-Detritiation Tests",
Argonne National Laboratory report ANL-79-82 (1980).

Merrill rt al 1988
modelling on enclosure, modelling on materials
B.J. Merrill, J.L. Jones and D.F. Holland, "TMAP/MOD1: Tritium Migration Analysis
Program Code Description and User's Manual", EG&G informal report EGG-EP-7407 (1988).

Numata et al to be published
modelling on enclosure
S. Numata, Y. Fujii and M. Okamoto, "Simulation of Cleanup Operation of Tritiated Water on
Fusion Reactor-Sized Concrete Enclosures", submitted to Fusion Technol. (1990).
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Wong et c/1984
release in enclosure (D2O)
K.Y. Wong, P.J. Dinner and G.A. Vivian, "Health. Physics in Fusion Reactor Design • the
Application of CANDU Experience with Tritium", CFFTP report CFFTP-F-84025 (1984).



Summary Table • Studies ofTritium Sorption and Permeation in Various Materials
The work listed under sorption also includes some work on surface interactions and formation of various tritiated species.

Material Surface Preparation Permeated
Species

Workers Sorted
Species

Workers

Metal*
Austenitic steel

Austenitic Alloys

Ferritic steel

Mechanically polishec

Electropolished

Chemically passivatec
Alumina-coated

Nickel-coated
Palladium-coated
Cadmium-coated
Gold-coated
Chromium-coated
FePOj-coated
BN-coated
Silicon-coated
Cold-worked
Annealed
H2-deaned
As-received

Chemically passivated
and palladium-coated

Silicon-coated
Palladium-coated
Tin-coated
Silicon-coated

HT
Hatom
HT

HT
HT

HT
HT

HT

HT
HT
HT
HT
HT

HT
HT

HT
HT
HT

Louthan et al
Anderl et al
Louthan et al, Powell et al

Bell et al, Tison et al
Brown et al, Maienschein et al,
Rudd et al, Van Deventer et al
Bellei a/
Tison et al

McGuire

Swansiger et al
Louthan et o/.Powell et al
Calder et al, Causey et al, Powell et al
Reiter et al, Tison et al
Chaney et al, Strehlow et al

Bell et al, Buchkremer et al,
Hecker et al, Huschka et al,
Luthardt et al, Muhlratzer et al,
Schaefer et al, Stover et al,
Strehlow et al, Wong et al

Tison et al
Bowker et al
Swansiger et al

HT

HT

HT

HT
HT
HT

HT

HT, HTO

HT

Hatom

Gill, Hirabayashi et al

Gill, Hirabayashi et al, Masaki et al,
Matsuyama et al
Gill, Hirabayashi et al

Gill
Gill, Miyake et al
Hirabayashi et al

Matsuyama et al

Coffin et al, Gill et al, Holland et al,
Jalbert et al, Krasznai, Sienkiewicz,
Surette eta/
Tesini et al

Haasz et al



Summary Table - Studies of Tritium Sorption and Permeation in Various Materials (cont'd)

Material

Nickel

Copper

Aluminum

Tungsten

Gold

Vanadium
Other (Be, Cd, Mo
Ir,Pb,Re,Ag)

1/efwnwnuiaoi
Alumina

Surface Preparation

Aluminum-alloyed
As-received
Single-crystal
Aluminized
As-received
Vapor-coat
Electroplate
Palladium-coated
As-received
Palladium-coated
Ion-beam coat

Addition to alloys
Anodized
Mechanically-polishe<
As-received

Palladium-coated
Alloyed
Vapor-coat
Electroplate
As-received
As-received

• • • f o x MMtmlmwJtmMm
mUtir mlWrTwtUm

Coating on other
material

Permeated
Species

HT
HT
HT
HT

HT
T2
HT
HT

HT

HT
HT

HT
H-atom
HT

HT
HT

Workers

Van Deventer et al
Strehlow et al
Ebisuzaki et al
Thompson et al, McGuire

Maienschein et al
Swansiger
Maienschein et al
Brownet al, Maienschein et al,
Thompson et al
Stover et al, Van Deventer et al

Maienschein et al
Bell et al

Swansiger
Holland et al
Maienschein et al

Elleman et al, Rudd et al
Alire et al, Brown et al, Maienschein
et al, Muhlratzer et al, Rudd et al.
Van Deventer et al

Sated
Species

HT

HT
HTO
HT, HTO

HT

HT, HTO
HT
HT, HTO

HT, HTO
HT, HTO

HT
Hatom

Workers

Eakins et al

Kukiet al, Matsuyama et al
Luck
Matsuyama et al

Matsuyama et al

Luck, Zhihua et al
Masaki et al
Jalbert et al, Luck, Tesini et al,
Zhihua et al

Luck, Miyake et al
Matsuyama et al

Coffin
Haasz et al

e



Summary Table • Studies of Tritium Sorptton and Permeation in Various Materials (cont'd)

Material

Glass (Pyrex)

Fiberglass
Concrete

Graphite

Other ceramics

Surface Preparation

As-received

As-received
As-received

As-received

Permeated
Species

HT

HTO

H atoms

HT

Workers

Hartwig, Shelby

Eichholz et al, Numata et al

Ashida et al

Elleman et al

Sorbed
Species
HT, HTO

H atom
HT
HTO

HT
Hatom

HT, HTO
Hatom

Workers

Hirabayashi et al, Luck, Masaki
et al, Saeki et al, Zhihua et al
Azuma et al
Buchkremer et al, Causey et al
Finn et al, Tanaka et al,
Lamberger et al
Coffin et al, Malka et al
Haasz et al, Roth et al, Sawicki,
Stencel et al
Tesini et al
Haasz et al

PaintM,Polymenand Other Organic Material*
Teflon

Polyethylene
Polyimide

Viton

Other polymers

Paints

Oils

As-received

As-received
As-received

As-received

As-received

Ai-received

HT

HT
HT

HT

HT

HT

Derrick et al, Miyake et al

Miyake et al

Zapp

Billard et al, Derrick et al, Gill et al
Johnson et al, Niemeyer

Braun et al, Rudd et al

HT, HTO

HT
HT

HT

HT

HT.HTO

HT

Coffin et al, Luck, Monahan et al,
Zhihua et al
Gill et al, Zhihua et al
Anderson et al, Hemmerich et al,
Wylie et al
Buchkremer et al, Coffin et al.
Causey etal, Zapp
Causey et al, Clemmer et al,
Sherwood, Tanaka et al,
Gruetzmacher et al, Tesini et al,
Zapp, Zhihua etal
Causey et al, Holland et al, Jalbert
etal
Capuder et al, Johnson, Stencel et al,
Surette etal

is
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Figure 1. Schematic of processes in tritium permeation and sorption


