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Abstract

Tritium permeation through the steam generator of the Helium-Cooled Pebble Bed Blanket (HCPB) concept can be
strongly reduced by natural oxides formed on the Incoloy 800 tubes. This paper presents the results of different ex-
periments with various deuterium to humidity ratios (pu,0/pp, from 300 vppm to 30%). All experiments show that
Incoloy 800 readily oxidizes and that permeation reduction factors (PRF) of at least 100 are easily obtained for typical
blanket conditions. The measured PRF values are explained in terms of the type and thickness of the oxides on the
Incoloy surface. The observed reduction in permeation is very favorable for the design of the HCPB blanket system in
order to reduce the amount of hydrogen needed for isotope swamping and hence, reducing the size of the tritium
extraction system. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Permeation of tritium through structural materials is
one of the most important operational and safety issues
for fusion reactors. The amount of tritium that is ac-
ceptable to be released to the environment during usual
operation is about 20 Ci/day. For the Helium-Cooled
Pebble Bed blanket (HCPB) [1], tritium passes to the
environment mainly by permeation from the helium
coolant system through the Incoloy 800 steam generator
walls into the steam cycle. Therefore, tritium permeation
mechanisms through this material and its control are of
large interest.

Detailed calculations have been performed to evalu-
ate the amounts of tritium coming from different sources
in the HCPB and finally, the tritium permeation rate
through the steam generator was assessed [1]. The main
tritium source was found to be the permeation through
the first wall (FW) (it should be stressed that, pessimis-
tically, a bare FW was assumed in [1]); the contribution
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from the purge system is only =0.8 g/day. It was cal-
culated that the resulting permeation rate through the
steam generator exceeded the acceptable release value,
assuming bare material, but was reduced to below this
value for a permeation reduction factor (PRF) of about
20 in the steam generator. A larger FW permeation rate
could be compensated either by a significant increase of
the tritium extraction system from the He coolant or by
higher values of the PRF.

The values found in [1] correspond to a hydrogen
addition of ~18.8 and ~37.7 kg/day, respectively, which
are co-precipitated with the tritium of about ~10 g/day
in the extraction unit. These values significantly influ-
ence the design and operation of the extraction system.
However, if PRF values significantly larger than 20
could be reached, then the required amount of hydrogen
addition would be reduced thus reducing the size and
operational costs of the system [2].

The main goal of the present investigations is the
development of permeation barriers by in situ oxidation
of the Incoloy 800 surface. Similar works in the area of
high-temperature gas-cooled reactors [3,4] have been
performed, but they were concentrated on significantly
higher hydrogen pressures and temperatures. The extra-
polation of their results to HCPB conditions, which are
characterized by steam generator material temperatures
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between 250°C and 500°C and hydrogen pressures far
below one bar, is at best uncertain.

2. Experimental

The two methods chosen for the permeation mea-
surements during the current investigation were gas-
phase techniques. The first method (isovolumetric
permeation, used at JRC [5]) consists of evacuating the
apparatus to an ultra-high vacuum (UHV), so that both
sides of a sample are initially in contact with vacuum.
Then, one side of the sample (the ‘high pressure side’) is
instantaneously exposed to deuterium gas (99.7% pure)
at a known, fixed pressure. Gas permeates through the
sample and is released at the other side (the ‘low pres-
sure side’), where it causes a pressure rise in an initially
evacuated, calibrated volume. The pressure rise is mea-
sured using a Baratron capacitance manometer with a
full-scale reading of 100 Pa (1 mbar). Since the volume is
calibrated, either the pressure rise could be converted
into an amount of gas in moles permeating through unit
area of the sample (Q(¢)) or the rate of pressure rise
could be converted into an amount of gas in moles
permeating through unit area of the sample per second
(J(#)) [5]- The system also has a quadrupole mass
spectrometer to check for humidity content and gas
purity. Deuterium, rather than hydrogen, was chosen
for this study to avoid possible uncertainties posed by
the hydrogen background of the apparatus.

In the second method, used at FZK, gases at atmo-
spheric pressure are flowing to both sides of the mem-
brane. The upstream gas contains D, at different partial
pressures in Ar-6.0. The downstream gas is always
Ar-6.0. Both gases are analyzed simultaneously with a
HP5890 gas chromatograph with a mini-thermal con-
ductivity detector. Permeation rates are obtained from
changes in D, concentrations in the up and downstream
gases.

Following bake-out under UHV conditions, the
sensitivity of both methods enables the measurement of
permeation fluxes down to about 107" mol m=2 s™'.

In both experimental procedures, the humidity in the
high-pressure side was controlled by passing the high
purity gas through a humidifier (a mixture of oxalic acid/
oxalic acid dihydrate 9:1). This mixture gives a well-
defined H,O partial pressure/temperature dependence
(Fig. 1).

The specimens consisted of 48-mm diameter disks of
Incoloy 800 with 0.4, 0.8 or 1-mm thickness. The disks
were cut from a sheet with the following nominal com-
position (wt.%): Ni 30.8, Cr 20.05, Mn 0.64, Ti 0.56, Si
0.46, Al 0.36, C 0.065, S 0.004 and Fe (balance). The
specimen used in the FZK experimental runs was elec-
tropolished before its introduction in the experimental
rig, while those specimens used at JRC were only
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Fig. 1. Theoretical humidity at a given temperature (line) of the
humidifier and that measured by gas chromatography (full
dots).

chemically degreased and rinsed in water and ethanol to
eliminate the traces left from the machining process.
This is an important difference between both sets of
specimens that might explain the different results ob-
tained (see following sections).

3. Results and discussion

Initial measurements on the unoxidized specimen to
obtain a reference measurement in the temperature
range 423-773 K (150-500°C) were difficult to achieve
due to the tendency of the specimen to readily oxidize
above 520 K (250°C). In steels, the presence of Mn de-
creases their oxidation resistance. Wild [6] assigned this
effect to the higher diffusivity of Mn as compared to Cr
in Cr,O; (two orders of magnitude at 1070 K). This was
also observed by Stott and co-workers [7] in Fe-Cr al-
loys with different Mn concentrations. Therefore, the
Incoloy 800 is easily oxidized even with the background
humidity existing during these tests. Other authors [8—
11] have found similar behavior for Incoloy 800 speci-
mens. In particular, Bittner and co-workers [11] found
Cr and Mn rich oxides after oxidation of as-received
Incoloy tubes. However, iron oxides were predominant
in the case of electropolished specimens. They also
found that the different oxidation characteristics of the
as-received and the electropolished specimens might be
due to the presence of a thin oxide coating of Cr,Os3 on
the as-received material prior to oxidation; this could
have inhibited the formation of iron oxides.

Oxidation is apparent due to the strong reduction of
the permeation flux through the specimens as shown in
Fig. 2, where the arrows indicate the sequence of mea-
surements. With increasing exposure time and temper-
ature, the permeation flux deviates increasingly from
that of the bare material. The maximum PRF obtained
in the JRC-Ispra experiments has been around four
orders of magnitude at 485°C.
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Fig. 2. Arrhenius’ plot of the permeation rate for two Incoloy
800 specimens with different humidity contents in the upstream
side. The driving pressure was 100 kPa.

An important parameter to study is the kinetics of
the oxidation process, because this will indicate the
feasibility of using direct oxidation to form an efficient
permeation barrier.

Fig. 3 depicts the changes of the permeating flux with
time of exposure for different experimental conditions.
These curves indicate the rate of change of the perme-
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Fig. 3. Permeation rate as a function of the exposure time for
different H,O to D, ratios at different temperatures. (1) 100 kPa
D,, 450°C, 30 Pa H,O; (2) 1.04 kPa D,, 481°C, 30 Pa H,O; (3)
1.04 kPa D,, 481°C, 300 Pa H,0; (4) 9.8 kPa D,, 455°C, 100 Pa
H,O0; (5) 20 kPa D», 250°C, 20 Pa H,O; (6) 100 kPa D,, 450°C,
30 Pa H,O and (7) 5.5 kPa D,, 450°C, 300 Pa H,O.

ating deuterium flux and hence,by inference, the speed of
oxide growth on the surface of the specimen. The JRC-
Ispra data (curves 1, 5, 6 and 7 in Fig. 3) show an initial
strong decrease of the permeation flux followed by a
rather constant value for larger exposure times. The
FZK data (curves 2, 3 and 4 in Fig. 3) do not exhibit this
strong initial decrease; however, from the beginning the
values are lower by a factor of about 100 than those of
the bare material depicted in Fig. 2. Repeating the JRC-
Ispra experiment with pp, =100 kPa with a new speci-
men resulted in a similar result as in the first experiment,
as shown in Fig. 3. The different tendencies may be
attributed to a possible formation of different oxides on
the surface of the two specimens tested in both instal-
lations and in particular, to the surface treatment of the
specimens before their measurements (see section
above). As Bittner and co-workers [11] found, electro-
polished specimens tend to form iron oxides that are less
efficient as permeation barriers than Cr,O;. Secondary
Neutral Mass Spectroscopy (SNMS) analysis of the
0.4-mm thick specimen tested in JRC-Ispra showed the
presence of an oxide layer of about 100 nm with an
enrichment of Mn, Cr and O in the first 30 nm. XPS
analysis of the 0.8-mm thick specimen also indicated the
presence of the same type of oxides on its surface. This
confirms the presence of a mixed oxide of Cr-Mn
(probably a spinel Cr;_, Mn,O,) on the surface and its
effectiveness as a permeation barrier. This is in agree-
ment with the oxide (MnCr,04) found by Strehlow and
Savage [9] on the surface of their Incoloy 800 specimens.

4. Surface reaction rates constants

In the previous section, the ability of surface oxides
in reducing the deuterium permeation flux through In-
coloy 800 specimens has been established. This reduc-
tion is normally manifested by a change in the observed
pressure dependence of the permeation flux from the
half-power (i.e. diffusion limited regime), through
greater than the half-power (i.e. mixed regime) to first
power (i.e. surface limited regime). The deuterium
transport kinetics in the two latest regimes is governed
by the surface reaction constants and therefore, it is of
interest to obtain them for this oxidized surface.

The steady state permeation rate, J, can be expressed
by relatively simple analytical expressions (Egs. (1) and
(2)) for the two extreme behaviors; diffusion-limited and
surface limited, respectively.

12 00 }’ZZTCZ
Y B )
J = okl [(ak2) +(6k2),]p, 2)
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where D is the diffusivity, Ks the Sieverts’ constant, (the
permeability P=D Kjs), p is the pressure at the high-
pressure side and ok, ok, (adsorption and recombination
constants; high-pressure) (ck;)" and (ck;) (adsorption
and recombination constants; low-pressure) are the sur-
face parameters of both specimen surfaces. Eq. (2)
becomes J = gk, /2p for a symmetrical membrane.

In the more general case where the permeation
kinetics do not approach any of the two limits, an
equation describing J in function of p is also needed.
This can be obtained following the approach of Ali-
Khan and co-workers [12]. They examined the inter-
mediate regime and considered the following steps:
molecular adsorption and desorption, surface dissocia-
tion and recombination, and diffusion within the lattice.
In their treatment of the intermediate case they defined a
dimensionless number W as follows:

led

W= TPI/Z(d) (3)

and a reduced concentration C
c(0)

Cequilibrium

C0) = (4)
where d is the thickness of the membrane and x=d
corresponds to the side facing the high-pressure side. W2
can be interpreted as the reduced penetration flux. The
other symbols have the usual meaning.

Following their description, the following expression
can be derived which relates these two parameters:

W2C*(0) + 2WC3(0) + 2C*(0) = 1. (5)

This is the general equation for the steady state perme-
ation across a symmetrical membrane. When W< 1,
Eq. (5) becomes 2C*(0) =1 that implies J = (ak;)/2p(d)
and the permeation is directly proportional to the
pressure. When W >> | then we can get C*(0)=1/W and
using the definition of W and C, it can be seen that the
permeation flux is directly proportional to the square
root of the pressure.

A convenient way to determine the adsorption con-
stant is to plot the ratio J/p as a function of W? (or p)
and by fitting the experimental points to the theoretical
curve one can obtain accurately the quantity a(k,).

Following the above procedure, the surface reaction
rate constant, ok, for Incoloy 800 has been obtained
(ck; [mol m~2 s7!' Pa~!1=4.494 x 10713 exp(-90680/
RT)). The Arrhenius plot of gk, for the oxidized speci-
men is compared with other works in Fig. 4. Because the
specimen surfaces are not symmetric, the strict use of the
above mathematical development for this case is not
valid. In fact, the two surfaces are exposed to different
conditions, namely, the surface facing the high-pressure
side was in contact with a more humid gas than that of
the downstream side where the gas is the one resulting
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Fig. 4. Arrhenius plot of the measured surface rate constant
ok, compared with other published data. (1) D,-bare Manet 11
system [13]; (2) and (3) two different D,-oxidized Manet systems
[13,14]; (4) Dy—Inconel 600 system [15]; (5) H,—St 60 system
[12]; (6) H,-316SS system (ion beam cleaned) [16]; (7) H,—
316SS system (both surfaces oxidized) [16]; (8) D,—304 SS sys-
tem [17] and (9) D,-Incoloy 800 system (this work).

from the permeation and therefore dryer. As a result of
this, the values of gk, (see Fig. 4) showed an unusual
large scattering that was further aggravated because
during the measuring period, the membrane surface was
still being oxidized. The values for ok, can be obtained
using the following relation:

(ok1) = (0ka)K?,  (oki) = (oky)'K?.

Further refining of the surface parameters can be ob-
tained considering separately the contribution of the two
surfaces by taking into consideration either the direct or
reverse permeation fluxes.

5. Conclusions

In all experiments, a large reduction of the perme-
ation flux is found compared with the values of the
unoxidized materials [9]. The reduction factors are about
100 for initially electropolished specimens (FZK) and
about one order of magnitude larger for the JRC-Ispra
specimens that were initially chemically cleaned. The
differences in the observed reduction factors between the
two sets of specimens have been related to their initial
surface cleaning procedure and consequently, to the
different initial surface oxides (iron oxide and mixed
chromium-manganese oxides, respectively).

The present experiments were performed in a static
system, i.e. without mechanical cyclic loads. Previous
cyclic loading experiments with Manet probes [18] have
shown that the self-healing effect (oxidation of me-
chanically produced cracks) is very fast. Compared to
Manet, oxide layers build up faster on Incoloy 800
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surfaces. Therefore, no significant deterioration from
thermomechanical cycling is to be expected.

At present, this experimental program has been ter-
minated because it was shown that the presence of H,O
in the primary side of the Incoloy 800 steam generator
will easily form natural oxide layers to such an extent
that the tritium permeation rates in the blanket can be
reduced to acceptable values.

In order to provide more detailed data, more exper-
iments with various pu,0/pn,0 ratios and under me-
chanical cycling are needed. An interesting aspect of any
future work will be the investigation of the effect of a
large hydrogen pressure on the downstream side. This
case might be relevant for the steam generator if on the
waterside, a significant amount of hydrogen exists which
may influence the tritium recombination mechanism.

Currently, however, there is no need to perform these
detailed experiments at this stage. As the designs of
various blanket concepts are still under development,
these tests will only be required prior to the design and
construction of any large scale integrated experiments
(i.e. ITER test blanket modules).
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