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ARSTRACT

The permeability of four protective coatinqs to tritium gas
and tritiated water was investigated. The coatings,
including two epoxies, one vinyl and one urethane, were
selected for their suitability in CAMDU plant service in
Ontario Hydro. Sorption rates of tritium gas into the
coatings were considerably larger than for tritiated water,
by as much as three to four orders of magnitude. However,
as a result of the very large solubility of tritiated water
in the coatings, the overall permeability to tritium gas
and tritiated water are comparable, being somewhat larger
for HTO. Marked differences were also evident among the
four coatings, the vinyl proving to be unique in behavior
and morphology. Because of a highly porous surface
structure water condensation takes place at high relative
humidities, leading to an abnormally high retention of free
water. Desorption rates from the four coatings were
otherwise quite similar. Of practical importance was the
observation that more effective desorption of tritiated
water could be carried out at relatively high humidities,
in this case 60%. It was believed that isotopic exchange
was responsible for this phenomenon. It appears that epoxy
coatings having a high pigment-to-binder ratio are most
suited for coating concrete in tritium handling facilities.



1. INTRODUCTION

Reinforced concrete will be used for the construction of
walls, floors and ceilinqs in most of the buildinqs asso-
ciated with fusion reactors ami tritium handling facili-
ties. As a result of ready permeation of tritium through
fusion reactor components at elevated temperatures,
significant chronic tritium concentrations are exnected in
plant environments. While the concentration of the qaseous
(DT, T2) form would predominate, the oxide form (DTO, T2O)
would also be present. Because of the higher radiotoxicity
of the oxide form as compared to the qas (by a factor of
about 10 000), permeation rates for both species must be
known to assess possible hazards. Experience with tritium
monitoring and control in CANDU plants was reported in a
recent publication [1]. As reinforced concrete is porous,
tritium can be expected to permeate readily into structural
components unless the surfaces are treated to mitigate this
porosity. Protective coatings are used extensively in
nuclear plants to achieve this aim and facilitate
decontamination.

Performance requirements for these protective coatings
obviously include formation of a pore-free finish with a
particular combination of physical and chemical properties.
Superior adhesion to concrete is clearly expected along
with high build capabilities to produce thick and durable
coatings. In addition excellent resistance to solvents used
in decontamination operations as well as radiation
resistance to greater than 10 rads must be present.

Ontario Hydro has developed extensive experience with pro-
tective coatings used in CANTDU nuclear plants through many
years of laboratory and plant evaluations. Of the broad
range of possible materials studied three classes of mate-
rials were found to exhibit consistently superior perfor-
mance: epoxies, vinyls and urethanes. A preference is
sometimes expressed for epoxies because of slightly better
iodine capture and retention capabilities under accident
conditions. In general these same materials are being used
in all types of nuclear plants.

The permeability of non-metallic materials to a variety of
gaseous and liquid permeants has been reported extensively
in the literature [2-4], along with the specific methods of
measurement. While hydrogen and water are commonly used
permeants, data on either deuterium or tritium are fairly
scarce. Moreover, relatively little information is
available on fully formulated materials, such as proprieta-
ry protective coatings composed of fillers, pigments,
binders and additives. In the present investigation the
permeability of selected protective coatings used
extensively for nuclear plant applications was determined



for both tritium gas and tritiated water.

Pour coating systems were selected for the study, including
two epoxies, one urethane and one vinyl. The epoxi.es were
Carboline 191 HR Epoxy and Glid-Guard Epoxy Double-Build.
The urethane was Interthane CC and the vinyl High Build
Vinyl 7101-16*191. The two »>poxier, are based on polyamide
cured op i oh lorhyd r in binders hut differ significantly in
composition. The Carboline 191 UB material has a hiqh
pigment-to-binder ratio (2.65:1) which gives a low sheen
finish with a somewhat open film structure. The dlid-Guard
coating has a higher concentration of binder giving a semi-
gloss finish and a denser film (0.73:1). The vinyl is
based on a solution of vinyl chloride resin and, due to the
limited quantity of resin it is possible to incorporate
into solution vinyls, it also has a high pigment-to-binder
ratio (1.6:1). As the vinyl coating dries solely by
solvent evaporation, the film structure can have some
porosity due to incomplete fusion of the resin particles as
the film forms. The urethane coating has an isocyanate
cured polyol binder and a low pigment-to-binder ratio
(0.56:1) which gives a dense film structure.

2. EXPERIMENTAL METHODS.

Free films of the protective coatings were made by spraying
directly onto a thin sheet of Mylar to provide good release
characteristics for the dry films. The sprayed films were
cured in a controlled temperature and humidity room before
drying in a 60 C oven to achieve constant weight. The test
specimens were then punched out as required during the
study. Thickness control was obtained through the spraying
process, resultinq in dry film values of 10 to 50 um.

Water vapor permeabilities were determined by two different
techniques [3]. With tritiated samples (50 uCi/mL HTO) well
established radiotracer methods were used. To obtain
tritium content of the free films, a very small aliquot (10
mg) of the sample was combusted in a Tricarb Analyzer ami
the water of combustion was sampled for tritium
concentration. For desorption studies, a stream of air
maintained at controlled humidity was directed, after
passing over the sample, to a series of bubblers filled
with ethylene glycol. The bubblers were sampled at
predetermined intervals and analyzed by liquid
scintillation counting for tritium content. Permeabilities
to water vapor were obtained in parallel by a simple gravi-
metric approach. The sample was suspended in an atmosphere
of controlled humidity inside an automated electronic
balance (DuPont 951 Thermogravimetrio Analyzer) and the
weight changes recorded. As shown, these weight changes
can be related directly to permeability.

The permeability to tritium gas was measured in a modified
proportional counter (Nuclear Measurement Co. PC-5). The



standard sample holder was redesigned as a permeation cell
with the membrane facing towards the detector. At time
zero, tritium gas (90 uCi/mL) was injected into the cell
and the rate of tritium escape through the film was
recorded and the permeability derived from this
measurement.

3. THEORY OF DIFFUSION AND PERMEATION

The theory of diffusion states that the rate of transfer
(F) of the diffusing substance is proportional to the
concentration (C) gradient across a section,

F = -D i£ (1)
3~

where D is the diffusion coefficient [2]. If diffusion
takes place in only one direction (x) and if D is constant,
mass balance of an element of section dictates that

ac dC
= D —o ' 2)

where t is time. Under steady-state conditions, eg for a
membrane maintained at concentration Cj on one side and C2
on the other, one has

C1-C2
F => D (3)

1
where 1 is the thickness of the membrane. By introducing
the gas pressure p instead of surface concentration C, eq.3
becomes

P1-P2
F = P (4)

1
where P is the permeability constant. In turn P can be
expressed in terms of the sorption isotherm so that

P = D S (5)

where S is the solubility of the diffusing substance.

Determinations of D and S are made til rough experiments
designed to allow for separation of both parameters [2,3].
If only the permeability constant is sought, eq. 4 can be
used directly. Many approaches based on time lag, sorption,
swelling or radiotracer techniques have been used to derive
diffusion coefficients and permeability. In the present
study two different approaches were used to deal with the
widely different permeants considered, tritium gas and
tritiated water.



In a typical time lag experiment the permeant is admitted
to one side of the membrane and build up on the other side
(ini t ia l ly free of permeant) is recorded. As steady-state
is approached the total amount diffusing, Qt, tends to the
straight line

i 2

Qt= (t- 1 /6D ) (6)

which has an intercept, L, on the time axis (the time lag),
2

L = 1- (7 )
6D

This allows for the determination of D while the
permeability P can then be derived from the slope of the
straight line. The solubility is then simply calculated
from eq. 5.

In a typical sorption experiment diffusion takes place from
both sides of the film, which is treated as a semi-infinite
medium. Under these non-steady state conditions, permeant
concentrations build up with time up to an equilibrium
value (theoretically after an infinite time). Mathematical
equations have been developed to treat a variety of finite
geometries including plane sheet, hollow cylinder, cube,
etc. [2,3]. Mass uptake for a semi-infinite sheet as a
function of time (Mt) is described by the following equa-
tion, expressed as is commonLy done for sorption
experiments, as a proportion of the final equilibrium up-
take (M=°),

n
 nl

2I (-1) ierfc
n,o

Eq. 8, with suitable interpretation of Mt and Mr can also
be used to describe desorption from the same sheet whose
surface concentrations are instantaneously brought to zero
at time t=0. The value of the diffusion coefficient can be
deduced from an observation of mass uptake, ie. by solving
eq. 8. Several forms of this equation have been published,
for a number of cases of restricted validity (short or long
term approximations,etc.). In particular, the diffusion
coefficient can be derived most simply from the time re-
quired to reach half of the equilibrium uptake,

0.04919
D = _ (9)

2

Since mass uptake is actually a measure of membrane solubi-
lity, the permeability can be obtained directly from eq. 5.



4. RESULTS AND DISCUSSION

4.I Tritium gas

A typical permeation curve obtained with tritium gas is
shown in Figure 1. The readings taken from the
proportional counter represent the cumulative permeation
curve as expressed in eq. 6, with steady-state conditions
achieved from the linear portion of the curve onwards.
Only after concentrations on both sides of the membrane
have changed significantly would departure from linearity
be seen. Extrapolation of this straight line yields the
time lag and thence the diffusion coefficient. As can be
seen, diffusion through this coating is extremely fast,
equilibrium conditions being achieved within minutes of
introduction of tritium gas to one side of the membrane.

Results from measurements with tritium gas are presented in
Table I for the four coatings investigated. As expected
for the short equilibration times recorded, the diffusion
coefficients are very large, for all coatings investigated,
while the solubility of tritium gas in the coatings is
extremely low. These results are in general agreement with
the data reported in the technical literature on a number
of polymers for tritium and more commonly its lighter
isotopes [3-8]. A more detailed discussion of the data
will follow, by comparison with the results on light and
tritiated water.

Table I.
Permeability of Protective Coatings to Tritium Gas.

Coating

Glid-Guard

Carboline

Vinyl

Interthane

4.2 Tritiated

Diffusion
Coefficient

107xcm2/sec

2.3

5.1

7.5

3.0

Water

Permeability
cm^ cm

X1UX J

cm^sec Pa

2.0

1.8

4.7

1.4

Solubility

^ — i l l ^J / \-m • ill J | 1 « b

crnJ/ cm^fa

8.5

3.5

6.3

4.7

A representative sorption curve obtained on one coating is
shown in Figure 2. The sorption curve displays the typical
trend of a fast initial mass uptake followed by a very slow
attainment of equilibrium. Similarly for desorption from
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an initially saturated membrane, a comparable curve is
obtained. In this case one would plot mass loss as a
function of time to retain the formalism of eq. 8. Depen-
ding on the membrane studied, both curves can be super-
imposed or differ very significantly. As is readily appa-
rent from Figure 2 the time scales involved are considera-
bly larger than recorded wiHi trilium q.is.

The data of Figure 2 were plotted as relative mass uptake
against the square root of the time to illustrate the basic
relationship of eq. 8. As examination of this equation
will show, mass uptake should be proportional to the square
root of Dt/l , at least initially. As given in Figure 2
and for other data in the literature [2,3] this relation is
normally obeyed up to about M^/M^O.5. Depending on
whether the system is "Fickian or "non-Fickian", the
linearity can extend to even larger proportions.

Detailed results are presented in Table II for both water
and tritiated water and the four coatings investigated. In
addition to obvious differences with tritium gas,
significant differences can also be found among the
coatings and, interestingly, between water and tritiated
water.

The coatings under investigation show certain similarities
For sorption with water. In particular, the two epoxies,
Glid-Guard and Carboline 191 HR, behave essentially in an
identical fashion. The largest differences are to be found
with the vinyl, as evidenced by an extremely high
solubility. The urethane is, by all accounts,
very similar to the epoxies. The most significant
differences there pertain to the changes observed between
absorption and desorption. Both epoxies are characterized
by a sma]ler diffusion coefficient during absorption as
illustrated graphically in Figure 3 foi- absorption and
desorption runs for Carboline 191 HB. With the notation
used in Figure 3 (eq. 8) the two curves should superimpose
with identical diffusion coefficients. Th^ two epoxies and
the vinyl exhibit much faster desorption (by a £actor of 6
to 20) while the urethane has comparable absorption and
desorption rates.

The similarity between the two epoxies suggests their
behavior under absorption and desorption conditions is
dictated by the chemical nature of the binder and the
different physical nature of the films has little or no
influence on their performance. This is rather unexpected
as it was believed that the higher pigment-to-binder ratio
of the Carboline 191 HB would have increased the film
porosity enough to produce a substantially higher water
solubility than found for the Glid-Guard coating.

The urethane film exhibited a much higher diffusion
coefficient than the epoxies in absorption conditions and a



Table II. Permeability of Protective Coatinqs to Water and Tritiated V/ater.

Coating

Glid-Guard

Carboline

Vinyl

Interthane

Permeant

H2°H2°
HTO
HTO

H2°H2°
HTO
HTO

H2°
H2°
HTO
HTOH9O
H2°
HTO
HTO

Condition

Absorption
Desorption
Absorption
Desorption

Absorption
Desorption
Absorption
Desorption

Absorption
Desorption
Absorption
Desorption

Absorption
Desorption
Absorption
Desorption

Di ffusion
coefficient

1010xcm2/sec

1.5
15.4
3.3
1.7

2.4
14.3
5.9
4.8

1.5
28
0.77
4.8

13
6.1
3.9
1.2

Solubility

106

g/gPa

6.9

15.9

6.0

6.9

35.7

35.7

5.1

9.3

Permeability

cm cm „^nll
cm sec Pa

2.3
24
5.1
2.6

3.2
19
8.0
6.6

12
230

6.1
38

15
7.0
4.4
1.3

Absorption was at 100% RH; desorption with dry air (0% RH)
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considerably lower dssorption coefficient. In view of t
similarity in solubility between this coating and the
epoxies it appears that hydrogen bonding in the resin-ri
film is a major influence.

the

rich

The unusual water absorpt- ion capabi 1 i t i ns of the vinyl can
lw .i»:conntPd for by tho crontinq's morphology. This is
clearly illustrated in Figure 4 showing scanning electron
micrographs (SEM) of all coatings at high magnification.
With the exception of the vinyl, all coatings appear
extremely smooth at this scale. The large craters visible
on the vinyl surface are a result of its unique curing
process: as the coating dries a volatile solvent escapes
from the surface, leaving behind a very porous structure.
During the latter stages of water sorption condensation
occurs in the pores greatly adding to the water normally
dissolved in the structure and thus much larger water
concentrations are observed. At lower relative humidities
(eg, 60%), solubility is comparable to that of any other
coating.

Sorption by tritiated water differs significantly from
light water in many respects. As can be seen in Table II,
sorption by tritiated water proceeded at much slower rates
with relatively little difference between adsorption and
desorption. Interestingly, however, the solubility of
tritiated water exceeded that of light water by a
significant proportion as illustrated in Figure 5 for one
coating. It should be noted, however, that the proportion
of liqht to tritiated water differed for each coating
studied. It is surmised that this effect is due to a
hydrogen exchange phenomenon and that the actual proportion
is related to the number of exchangeable hydrogens present
in each material. Experiments are presently planned to
investigate this effect in greater detail. Figure 5
further illustrates the difference in sorption rates
between light and tritiated water as expressed numerically
in Table II.

As expected, desorption at 60% relative humidity proceeded
significantly more slowly than in dry air (at 09, RH),
leading also to a different equilibrium water concentration
as shown in Figure 6. More interesting, however, was the
observation that HTO desorption at 60% RH was not only
faster than light water desorption but also effective in
removing all but residual HTO. The last traces of HTO (and
light water as well) can only be removed by raising
temperatures to about 60 C, the conditioning temperature of
the coating. It is again surmised that hydrogen is
responsible for the difference in behavior between liqht
and tritiated water.

Comparison with the data of Table I underlines the
fundamental differences in the sorption behavior of tritium
gas and tritiated water. As already mentioned diffusion of

11
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Figure 5. Light and Tritiated Water Uptake as a function
of time.
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Humidity.
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tritium gas is considerably faster than watsr, by approxi-
mately two to three orders of maqnitu<ie. Similarly the
solubility of water is much greater, even disregarding the
somewhat extreme vinyl, by three to four orders of magni-
tude. As a result permeabilities of both tritium gas and
tritiated water are similar, being somewhat greater for
tritiated water. It should be noted, however, that the
driving pressure for water is limited to its saturation
value and that, as a result, equivalent permeabilities can
be achieved from increased tritium gas pressures.

The kinetics involved with both permeants are, however,
radically different, even when overall permeabilities may
be similar. As is obvious from the diffusion coefficients,
equilibrium sorption and desorption will be reached extre-
mely rapidly with tritium gas. While tritiated water in-
gress into the coating will be very slow, HTO release to
the atmosphere would also continue for a long tine after
exposure. Routes to gain control over permeabilities to
tritium gas and tritiated water would thus be decidedly
different. The present data for water and tritiated water
indicate that desorption of both is faster from the more
open film structure found in coatings with high pigment-to-
binder ratios. This suggest tritium handling facilities in
which the concrete has been treated with a low sheen coa-
ting, particularly epoxy based, can be more readily decon-
taminated than those coated with high gloss resin-rich
materials. More research is needed on unfilled polymers
and coatings over a range of pigment-to-binder ratios for-
mulated to qivr> suitable variations in film structure to
enable design of an optimally effective coating for tritium
exposure applications. Furthermore the interactions of the
coatings with concrete substrates and effects on permeabi-
lity of such composite structures must be characterized.

The permeability of four protective coatings to tritium gas
and tritiated water was investigated. The coatings, inclu-
ding two epoxies, one vinyl and one urethane, wore selected
for their suitability in CANDU plant service in Ontario
Hydro. All studies were carried out on free films made by
spraying onto Mylar sheets.

Significant differences were found between the two per-
meants. Sorption rates of tritium gas into the coatings
were considerably larger than for tritiated water, by as
much as three to four orders of magnitude. However, as a
result of a very large solubility of tritiated v/ater in the
coatings, the overall permeability to tritium gas and tri-
tiated water are comparable, somewhat larger for HTO. In
the latter case, further differences were found between
light and tritiated water. It was surmised that these

13



differences were due to isotopic exchange with the labile
hydrogens of the organic matrix.

Marked differences were also evident among the four
coatings. While there was, as expected, little to
distinguish the two epoxies, the vinyl proved to he unique
in behavior and morphology. Because of a highly porous
surface structure formed during evaporation of the solvent
during cure, water condensation takes place at high
relative humidities, leading to an abnormally high
retention of free water. Only at lesser relative
humidities (eg, 60%) would its behavior resemble that of
the other coatings.

Desorption rates from the four coatings were? otherwise
quite similar, with only residual light and tritiat.ed water
left in the coatings. This residual water could be removed
at slightly higher test temperatures, equivalent to the
conditioning temperatures. Of practical importance was the
observation that more effective desorption of tritiated
water could be carried out at relatively high humidities,
in this case 60%. It was believed that isotopic exchange
was responsible for this phenomenon.

More research is needed to completely establish mechanisms
affecting tritium uptake and release and to define the
composition requirements for coatings for tritium exposure.
However, initial data suggests epoxy coatings with high
pigment-to-binder ratios are likely to be the most suitable
treatments for concrete in tritium handling facilities.
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