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Abstract

Experiments on deuterium permeation through Eurofer have been performed in the temperature range 573-873 K at
driving pressures 10°~10° Pa. The permeability is found to be coincident with literature data on Eurofer measured at a
fixed pressure and on F82H steel as well. A crystalline alumina coating of 1 pm in thickness produced on the surface by
means of filtered arc discharge has led to a marked decrease of the permeation flux compared to bare material in the
temperature range 973-1073 K. Surface effects appear to play a noticeable role in this decrease. In spite of this, a
reduction factor of 103, perfect layer stability to thermal cycling, and a relatively low deposition temperature make

o-alumina a very promising material for fusion applications.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Eurofer is a ferritic martensitic steel developed for
use in the first wall of the fusion reactor DEMO. Being
placed behind a plasma facing material (PFM), say
tungsten, it must provide some specific mechanical
properties and have low radiation induced activation as
well. Eurofer is in composition rather close to another
low activation steel F82H. In spite of almost a decade
since the material has been introduced, a lack of data on
hydrogen transport in Eurofer is observed. This fact can
partially be explained by its conformity to F82H, which
has been investigated (e.g. [1,2]), and it could be con-
cluded that these steels have very similar transport
parameters such as diffusivity, permeability, etc.

Nevertheless, only a few papers exist [3,4], where
hydrogen isotopes permeation through Eurofer is re-
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ported, and values of permeability diverge up to a factor
two. Thus, this material still requires some experimental
investigation.

Another important point is that a hydrogen barrier is
planned to be placed between PFM and Eurofer that
will suppress tritium accumulation in and penetration
through the first wall. One of the promising materials for
this purpose is aluminum oxide. Alumina has been tes-
ted widely for many years [4-10], mostly in combination
with MANET as a substrate, and has revealed a large
spread in the permeation reduction factor (PRF) values
with respect to hydrogen. An important reason to aim
for a very thin (microns) alumina coating is to strongly
reduce the neutron induced activation from Al which is
significant for thick barrier layers.

The goal of our work was to investigate the deute-
rium permeation through Eurofer, then produce a stable
alumina coating on a Eurofer substrate keeping the
structure of the substrate unchanged, and finally test
the coated sample on the permeability and compare it to
the permeability of the uncoated one. This will allow an
assessment of the permeation reduction capability of the
alumina coating.
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2. Experimental
2.1. Experimental set-up

The sketch of the facility, typical for permeation
experiments, is given in Fig. 1. A membrane sealed with
two gold O-rings divides the device in two parts: the
high-pressure volume (HPV) and the low-pressure vol-
ume (LPV). The membrane can be heated by means of
the electric furnace Carbolite HST 12 up to 1100 K.

Deuterium is introduced into the HPV using the
mass-flow controller MKS 1179A through a liquid
nitrogen trap to reduce water contamination in the
incoming gas. Besides, rapid hydrogen introduction is
possible with an electromagnetic valve. This is useful for
measurements on highly permeable materials when the
lag time is small and comparable with the time of
pressure rise in the HPV. The pressure is controlled with
two baratrons: one for the range of 1072-10° Pa and
another one for 10-10° Pa.

Registration of the permeated gas is carried out ei-
ther by a quadrupole mass spectrometer (QMS, Balzers
QMA 125) or by a baratron (MKS Baratron 120). The
first one is used for low signals, while the baratron is
applied for high signals and for QMS calibration.
Measurements of weak signals are also available with
the baratron as the leak rate for the LPV is known and
is relatively low and stable. Both the devices allow
measurements in two regimes: (1) when the LPV is
continuously pumped (dynamic regime), and (2) when
the LPV is not pumped (static regime). In the dynamic
regime, that has been applied in our experiments, the
QMS working range lies within 10-7-10~2 mol/m?s for
D,. Base pressures in the LPV and the HPV are 10~7 and
10~° Pa, respectively.
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Fig. 1. Permeation facility.

2.2. Sample preparation

Two disk-shaped Eurofer samples, both 0.5 mm in
thickness and 20 mm in diameter, were cut from a slab
of material followed by mechanical polishing down to
0.46 and 0.27 mm. The first sample was then used as it
was; the second one was one-side covered with an alu-
mina layer of about 1 pm in thickness employing a fil-
tered arc deposition device. Deposition was performed
by running an arc discharge on an aluminum cathode,
filtering plasma from metal droplets and introducing
oxygen into the main chamber. The coating was
deposited on the sample at 973 K applying —200 V bias
voltage to build up the dense crystalline o-alumina
phase. The quality of the coating was then examined
with SEM and EDX techniques. The structure of the
coating and its dependence on the deposition parameters
are discussed in detail in [11]. An advantage of the
technique used was the relatively low temperature of the
substrate needed to produce a-alumina: without bias it
normally required temperatures of 1300 K and above,
which could easily destroy the microstructure and
mechanical properties of martensitic steel.

The thickness of the deposited layer was controlled
with a Tencor Instruments alpha-step 200 profilometer
(as the edge of the sample was shielded during deposi-
tion by the sample holder, profilometry was a useful tool
for that purpose) and was found to be similar to the
value estimated from the weight increase.

Since the deposition time was about 30 min and the
sample was continuously exposed to oxygen, the back
side was determined to be strongly oxidized. To remove
this oxide layer, an argon glow discharge was applied to
that side after the alumina coating had been formed. It
has been proved experimentally that argon processing
had no influence on permeability properties.

2.3. Experimental procedure

Deuterium gas was introduced stepwise in portions;
the next portion was added when a steady-state level of
permeation rate had been achieved. After each experi-
mental run at a fixed temperature, the sample was he-
ated up to 773 K (for the uncoated sample) or up to
1023 K (for the coated sample) for about 1.5 h to release
hydrogen accumulated in the bulk. The measurements
for each sample were performed until data reproduc-
ibility was reached for all temperatures applied to the
sample.

The coated sample was installed with the coating
directed towards the HPV. It was assumed that in this
configuration a possible surface contamination with
impurities had a lower influence than the opposite
sample positioning: elevated temperatures could lead to
a strong oxidation of the Eurofer surface due to oxygen
traces in the incoming gas while for alumina this was not
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of concern. No surface oxidation on the low-pressure
region surface was observed for both the samples after
the experiments.

3. Results and discussion
3.1. Bare sample

The bare substrate has been subjected to deuterium
gas pressure ranging from 10° to 10° Pa at temperatures
from 573 to 873 K. Four sets of data points representing
the permeation flux J dependence on the driving pres-
sure p at different temperatures are given in Fig. 2. At
high temperatures the data are well fitted with straight
lines (solid lines) resulting in a value n of about 0.6,
where n is the power in the approach J ~ p". That means
the permeation regime appears to be close to diffusion
limited (described with n =0.5), i.e. permeability is
governed mainly by hydrogen transport through the
bulk, whereas surface effects like adsorption and/or
recombination can be neglected. At the lower tempera-
tures 573 and 673 K, the pressure dependence of J is
somewhat steeper in the low-pressure range of the data,
which is indicated by the dashed lines in Fig. 2. This fact
is obviously explained by a more pronounced surface
influence on the permeability compared to data taken at
higher temperatures and pressures.

3.2. Coated sample

While the pressure range was the same as for the bare
sample, the temperatures applied to the coated ones
were higher (up to 1073 K) because of insufficient QMS
sensitivity for detecting permeated deuterium with
acceptable precision in the latter case. Such an increase
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Fig. 2. Deuterium permeation flux through Eurofer as a func-
tion of driving pressure given at different temperatures. Num-
bers in parenthesis are the pressure exponents n corresponded
to the high-pressure range.
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Fig. 3. Deuterium permeation flux through Eurofer sample
coated with 1 um o-alumina as a function of driving pressure
given at different temperatures.

in temperature provoked a noticeable rise of the partial
pressure of hydrogen coming from the walls and con-
sequently caused a rise of the HD signal, which would be
taken into account for counting the net permeation flux
and was not of concern in case of the bare sample. The
HD signal was found to be close or even slightly dom-
inated over D, only at the lowest driving pressures, and
the QMS sensitivity was supposed to be equal both for
HD and D, molecules during estimation of the net flux.
This probably led to a moderate overestimation in J but
one could neglect the effect at higher pressures.

Much attention has been paid to data reproducibil-
ity. To our experience, amorphous and a mixture of
amorphous and crystalline alumina have tendencies to
change their permeation properties subjected to thermal
cycling loads. As it has been found [12], the permeation
signal changes from cycle to cycle, which results in
almost one order of magnitude gradual increase in
permeated flux with respect to its initial value. These
changes are not caused by surface cleaning but are ex-
plained by structural changes in the layers due to ther-
mal cycling.

Fig. 3 demonstrates selective data sets found for the
coated Eurofer sample at 973, 1023 and 1073 K while 5
to 8 runs have been performed at each temperature.
Being fitted with n = 0.7, the values taken at these par-
ticular temperatures reveal spreads in the permeation
flux between runs rather than within separate points. In
other words, data points lie well on one straight line in
each run at a given temperature but do not deviate
stochastically around this line.

3.3. Comparison

In Fig. 4, the comparison of our data on the deute-
rium permeability through Eurofer with those found in
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Fig. 4. Comparison of deuterium permeabilities through the
uncoated and the coated Eurofer samples. Data on bare
Eurofer [3] as well as F82H [2] are also given.

literature [3] as well as with those of F82H steel [2], both
1 mm in thickness, shows very good coincidence in terms
of the P(1/T) dependence, where T is the temperature
and P, named permeability, is determined as

P=Jd/p".

Here, d is the thickness of a sample. Since our data do
not correspond to n = 0.5, the permeability appears to
be a function of the pressure, therefore the values of J
have been taken from the high pressure data both for the
uncoated and coated samples where the surface influence
is less marked. As it has been mentioned before, the
hydrogen transport rate through these steels looks to be
similar which is shown in Fig. 4. However, confronted
with these numbers, a higher deuterium permeability
through F82H is reported in [1], while about two times
lower values are given for Eurofer in [4]. The latter fact
can be tentatively explained by different facilities and
experimental conditions used in the investigations.

The ratio of the permeability through the uncoated
sample to the coated one (see Fig. 4) results in promising
10° and even higher values of PRF for the layer of only 1
pm in thickness. We have earlier investigated amor-
phous and y-alumina coatings deposited on Pd-Ag
substrates and a reduction factor of 10-40 only has been
evaluated [12].

Roughly estimated from three temperature points,
the activation energy for the permeability is just over 50
kJ/mol. Both numbers — activation energy and PRF —

are in good agreement with the highest values presented
in the literature. However, surface effects still play a role
in hydrogen transport suppression.

4. Conclusion

Permeation experiments have been done on bare
Eurofer and Eurofer coated with crystalline alumina.
The uncoated sample reveals a permeability coincident
to some data presented in the literature both for Eurofer
and F82H. The coated sample has been produced using
a PVD technique, and the coating just 1 um in thickness
is found to cause a decrease in the permeation flux of
more than three orders of magnitude. Besides, the
deposited layer has demonstrated a very good structural
stability with respect to thermal cycles up to a temper-
ature as high as 1073 K, which even overestimates the
envisaged operating temperature of such coatings in a
fusion device. Finally, no degradation of the barrier
performance has been observed, so a-alumina is a real
candidate for use as a hydrogen barrier.
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