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Fuel retention and hydrogen permeation in the first wall of future fusion devices are crucial factors. Due to
safety issues and in order to guarantee an economical reactor operation, tritium accumulation into reactor walls
and permeation through walls have to be estimated and prevented. Therefore, studies of permeation in the fusion
materials are performed and the need for tritium permeation barriers (TPB) is verified. The development of
TPB layers is explained. A reliable way of comparing different TPB layers and the estimation of the permeation
reduction effect of a TPB layer on different bulk materials is enabled by calculation of the layer permeability.
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1. Introduction
Hydrogen permeation through reactor wall materials

was identified as a crucial problem for reactor operation
already at the beginning of the fusion reactor develop-
ment. Permeation studies on first-wall materials, espe-
cially steels, were performed in the 1970s [1,2]. The aim of
these studies was the predictability of the wall loading with
hydrogen, since fuel loss and fuel desorption from the wall
are critical points for a successful and economical reactor
operation. Furthermore, it is an important safety issue that
the radioactive tritium is not released into the environment.

There are two major tritium sources in the fusion re-
actor. The first source is the plasma that is why permeation
studies on first wall materials, e.g. steels, graphite, beryl-
lium and tungsten, were performed. The second source is
the tritium breeding unit. The steel tubes of the breeding
blanket show a high hydrogen permeability.

The need for a tritium permeation barrier (TPB) and
the required characteristics of such a barrier material de-
pend on the design and choice of materials used in a fu-
sion device. Furthermore, the required characteristics of
a TPB depend on the location in the fusion device: If the
application is foreseen in the first wall in order to protect
the structural materials from fuel retention, the TPB has
to be high temperature, neutron and fast ion resistant. In
case of application in the breeding blanket it is also very
important, that the TPB materials withstand the lithium or
lithium-lead, meaning that the materials have to be corro-
sion resistant [3]. Therefore, the development and charac-
terization of different TPB materials are required in order

author’s e-mail: an.houben@fz-juelich.de
∗) This article is based on the presentation at the 28th International Toki
Conference on Plasma and Fusion Research (ITC28).

to find a suitable material for each specific application.
In order to obtain the hydrogen permeability of a ma-

terial, there are mainly two types of laboratory experi-
ments: hydrogen-gas-driven permeation or hydrogen-ion-
driven permeation measurements. These methods are com-
plementary. With the gas-driven permeation measurement,
the clean and smooth surface should not be changed during
measurement. Therefore, one obtain fundamental informa-
tion about the permeation through the bulk of the material,
without influence of the surface or surface changes by ions
or plasma. The ion-driven method is more application-
oriented, since the hydrogen in the fusion reactor impinge
the wall as high energetic ions or neutrals. Due to the
fact, that the surface will be changed during the measure-
ment, the determination of the permeation parameters is
complex. Most measurements are done with the hydrogen
isotope deuterium, because tritium is radioactive and has
a small availability and with hydrogen the background of
the measurement is much higher and complicated to deter-
mine. In general, it is assumed that according to the classic
rate theory the ratio of diffusivities of hydrogen isotopes
is equivalent to the inverse ratio of the square root of the
masses of the isotopes [4]. In the following, the focus is on
gas-driven-deuterium permeation measurements.

2. Deuterium Permeation through
Single Component Samples and
Substrates
The permeation flux JP through the bulk of the sample

is dependent on the solubility and the diffusivity of hydro-
gen in the material. Furthermore, surface processes, like
dissociation of the deuterium molecule, ad- and absorption
and desorption, can enhance or reduce the permeation flux.
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In the diffusion-limited case, in which the rate determining
process is diffusion and surface processes are quick and
therefore negligible regarding limiting the permeation pro-
cess, the permeation flux can be expressed by

JP =
P0
√

p

d
e
−EP
RT , (1)

wherein P0 and EP are the permeability constant and acti-
vation energy, respectively, d is the thickness of the sam-
ple, R is the ideal gas constant and T the temperature. By
measuring the permeation flux through the sample pres-
sure and temperature dependent, the permeability constant
and the permeability activation energy can be obtained by
an Arrhenius plot. Furthermore, from the pressure depen-
dence, the limiting regime can be derived. In the diffusion-
limited case, the permeation flux is proportional to the
square root of the pressure, see Equation 1. If the sur-
face processes are limiting the permeation flux, the flux
is proportional to the pressure. By the slope of the pres-
sure dependence one obtains information about the limit-
ing regime. Details of the measurement setup and the mea-
surement procedure can be found in [5, 6].

Permeation measurements on polycrystalline and non-
defect-free samples give information about the effective
permeation. In opposite to the lattice permeation, which
could be measured on a polished, defect-free single crys-
tal, the effective permeation is influenced by permeation
through grain boundaries, traps, interfaces and other de-
fects. In general, grain boundaries will increase the per-
meation flux, whereas traps will first decrease the perme-
ation flux until saturation of the traps with hydrogen [5].
The influence of these effects can be studied by compari-
son of different samples of the same material and a pre- and
post-analysis of the sample state before and after the per-
meation measurement. The sample state can be analyzed
for example by X-ray diffraction (crystal phase), scanning
electron microscopy (microstructure) and X-ray photoelec-
tron spectroscopy (composition). An example of a large in-
fluence of the microstructure on the effective permeability
will be shown below.

A summary of effective hydrogen permeability data
through fusion reactor materials is given in the publication
of Causey et al. [4]. In this publication, several published
data were collected and relationships between the perme-
ability data of the same material classes are given. In Fig. 1
the effective permeability values of this Causey publica-
tion, adapted to deuterium, are shown for steels, tungsten,
copper and beryllium in solid lines. In dashed lines as
comparison, values for 316L(N)-IG (austenitic steel used
in ITER, IG: ITER grade) and Eurofer97 (reduced activa-
tion ferritic martensitic (RAFM) steel) measured on our
device and published in Houben et al. [6] are shown. By
comparing the permeability of these bulk materials, one
can conclude that in future fusion devices such as DEMO,
in which steels are foreseen as main wall and steels and
copper are foreseen as structural materials, the develop-

Fig. 1 Deuterium permeability of different fusion materials
(bulk) versus temperature: Solid lines: adapted val-
ues from Causey et al. [4]: reduced activation fer-
ritic/martensitic steel (RAFM), austenitic steel (Aust.
steel), copper (Cu), beryllium (Be) and tungsten (W).
Dashed lines: substrate measurements on 316L(N)-IG
and Eurofer97 (Eu97) from Houben et al. [6].

ment of TPBs are crucial due to the high permeability of
hydrogen through these materials. It was identified that the
reduction of the permeation due to the TPB has to be two
to three orders of magnitude [7].

3. Development of a Tritium
Permeation Barrier
Metal oxides were identified as high temperature re-

sistant materials with a low hydrogen permeability already
in the 1970 s. Especially Al2O3 is a promising barrier ma-
terial for fission and fusion reactor applications. Further-
more, it was noticed that by oxidation of steel a natural
oxide layer is produced which reduces the hydrogen per-
meation. Therefore Cr and Fe oxides can also act as per-
meation barriers. Also nitrides, e.g. TiN, and carbides, e.g.
SiC, were investigated regarding the viability as a hydro-
gen permeation barrier. A detailed overview can be found
in Causey et al. [4]. In order to compare different mate-
rials the permeation reduction factor (PRF) is used. The
PRF is obtained by dividing JP of the non-coated substrate
by JP of the oxidized or coated substrate. It has to be noted
that the PRF depends on the used substrate, as one can see
from the definition. When comparing PRF values of differ-
ent barriers, on have to keep this in mind. A typical PRF
of ceramics for fusion application is in the order of 10 to
1000.

In the past mainly Al2O3 was investigated for fusion
applications, because it shows a high thermal resistivity,
it is commercially available, can be fabricate with various
methods and is also used in many other applications. Many
research groups investigated the hydrogen permeation re-
duction of Al2O3 in the last decades and the studies are still
ongoing [8–12]. Between the results of different Al2O3

samples the permeation reduction factor varied between
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102 and 104. This broad variety of PRF values is related
to differences in effective permeability of the A2O3 layers
prepared by different methods. This shows, that the mi-
crostructure, interfaces, substrate oxidation, crystal phases
and many more parameters influence the effective perme-
ation. In order to compare and evaluate a permeation re-
duction factor, detailed information of the sample and the
measurement have to be taken into account.

The requirements on a permeation barrier depends on
the application location in a fusion device, as described
above. As a rule of thumb, metals show a higher hydrogen
permeability than ceramics, due to the reason that metallic
bonds exhibit a higher hydrogen permeability than ionic or
covalent bonds. As shown in Fig. 1 there are exceptions
such as tungsten. It has to be noted that the low permeabil-
ity through tungsten is due to a very low solubility in the
material [4]. The diffusion of hydrogen through tungsten
is comparable to other metals and increases drastically at
higher temperatures. If one consider a thin tungsten layer
as plasma facing material in the first wall, a TPB is still re-
quired in order to prevent the structural material (e.g. steel)
from a large hydrogen inventory due to a much higher sol-
ubility of hydrogen in steels. Next to the requirements for
application in a fusion reactor and a high permeation re-
duction, the possibility of an easy and reliable deposition
on a reactor wall part or tubes has to be ensured. The in-
vestigated oxides can be deposited via physical vapor de-
position, e.g. magnetron sputter deposition, and some can
also be deposited via a dip coating process with organic
solvent, which is very useful for the layer deposition on
tubes. These techniques are widespread in industry and
offer a reliable layer deposition.

Regarding the application in the first wall, e.g. be-
tween the plasma-facing material (e.g. tungsten) and the
structural material, the neutron activation behavior is a
crucial parameter to consider. An estimation of the acti-
vation of the materials in the wall after a fusion reactor
relevant neutron exposure can be found in the ‘Handbook
of Activation Data Calculated Using EASY-2007’ [14] for
many elements. Yttrium shows a much shorter activation
time after exposure compared to aluminum. Next to the
good neutron activation behavior, yttria has many other ad-
vantages: only one oxide phase, temperature stable up to
around 2000◦C, widespread application in industry, vari-
ous preparation methods, and commercially available. A
detailed overview of the layer deposition preparation and
analysis can be found in [5,13]. In [13] the influence of the
microstructure on the PRF was investigated by measuring
the permeation through different Y2O3 layered substrate.
Two kinds of Y2O3 layers were deposited by reactive mag-
netron sputtering in different deposition modes, the ‘re-
acted’ and the ‘hot metallic’ mode. The Y2O3 layers were
identical (same crystal structure, composition, thickness
and substrate), except the microstructure. Both sides of the
substrates were completely covered by the Y2O3 coating
and no cracks or delamination were observed before and

Fig. 2 Illustration of the layer permeability calculation with Ptot:
permeability of the layered substrate, Psub: permeability
of the substrate, and Play: permeability of the layer.

after permeation measurements by scanning electron mi-
croscopy. In the reacted Y2O3 layer, a porous, equiaxed
grain structure was obtained, whereas, the hot metallic
Y2O3 layer was dense at the interface without pores and
a columnar structure above the dense part. At 400◦C and
400 mbar, the PRF of the reacted Y2O3 was 8, whereas in
the hot metallic Y2O3 layered sample, the PRF was 600.
The conclusion from this work is that the microstructure
largely influences the permeation and by improving the
microstructure, the PRF was increased by two orders of
magnitude.

4. Deuterium Permeation through
Layered Component Samples
The deuterium permeation measurement through a

substrate which is coated, e.g. by a TPB, is performed the
same way as through the bare substrate. Beside the above
mentioned disadvantage of the dependence on the perme-
ability of the substrate used, the thickness of the layer is
not included in the PRF. In order to express the reduction
effect substrate independent and to include the thickness of
the layer, the layer permeability is calculated.

The assumption is that the permeability of the layered
substrate (Ptot) depends on the permeability of the bare
substrate (Psub) and the permeability of the layer (Play),
see Fig. 2.

The permeability is regarded as an electrical conduc-
tivity and the addition is as resistivity in a series connec-
tion. Furthermore, by taking the different thicknesses into
account, one obtains the following equation to calculate
the layer permeability:

Play =
dlay

dtot

Ptot
− dsub

Psub

, (2)

with the thickness of the layer dlay, the thickness of the sub-
strate dsub and the thickness of the layered substrate dtot.
Therefore, by measuring the permeability of the substrate
and the layered substrate, the layer permeability can be ob-
tained. As an example, the layer permeability for the Y2O3

case with two different microstructures discussed above
will be estimated. The permeability of the layered sub-
strate can be obtained by an Arrhenius plot and Equation 1
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Table 1 The calculated permeability constant P0 and activation
energy EP for the bare Eurofer97 (Eu97) substrate [6],
the reacted Y2O3 on Eu97 and hot metallic Y2O3 on
Eu97 samples. These values are mean values of the dif-
ferent applied pressure data and valid in the measured
temperature and pressure range only.

Sample P0

[
mol

ms
√

mbar

]
EP

[
kJ

mol

]

Eu97 5.7(4) · 10−7 41.6(5)
Y2O3 reacted on Eu97 4(3) · 10−10 12(2)
Y2O3 hot metallic on Eu97 6(1) · 10−9 53(1)

Table 2 The estimated layer permeability constant P0 and acti-
vation energy EP for the reacted Y2O3 and hot metallic
Y2O3 layer, calculated by Equation 2.

Sample P0

[
mol

ms
√

mbar

]
EP

[
kJ

mol

]

Y2O3 reacted 1 · 10−12 9
Y2O3 hot metallic 5 · 10−12 53

for both Y2O3 samples from the data given in [5, 13]. The
calculated permeability is valid in the measured tempera-
ture and applied deuterium pressure range only. Details of
the permeability calculation and the values for the bare Eu-
rofer97 substrate can be found in [6]. For all samples, the
Arrhenius equation is fulfilled in the measured temperature
range (300◦C to 550◦C). The mean values of the activation
energy and permeability constant obtained for different ap-
plied pressure values (25 mbar to 800 mbar) are given in
Table 1. In the substrate and the hot metallic Y2O3 sample
the limiting process is diffusion and the permeation flux
is dependent on the square root of the applied deuterium
pressure. In the reacted Y2O3 sample, the rate determin-
ing process is in the intermediate regime, meaning that
processes on the surface or interface are in the same or-
der as the diffusion process and the permeation flux is not
dependent on the square root of the applied pressure. For
comparison, a square root dependence was assumed also
for the reacted Y2O3 sample, a mean value was calculated
for the activation energy and permeability constant and the
deviation from the square root dependence of the applied
pressure was considered in the error bars in Table 1.

From these values given in Table 1 and the thicknesses
of the layers, the substrates and the layered substrates, the
layer permeability can be estimated with Equation 2. The
values for the layer permeability are given in Table 2 and
the results are plotted in Fig. 3 in the measured temperature
range.

The layer permeability is now independent of the per-
meation through the substrate and the thickness of the TPB
layer is included. Therefore, the estimation of the reduc-
tion effect of the hydrogen permeation due to the TPB to
other bare substrates is possible, e.g. by comparison to
the bulk material permeability shown in Fig. 1. Also, the

Fig. 3 The calculated layer permeability of the reacted Y2O3

and the hot metallic Y2O3. The corresponding parame-
ters can be found in Table 2 and the permeability of the
bare Eurofer97 substrate (Eu97) is given as comparison
in the figure.

comparison between different TPB layers is more reliable
with these parameters as with the comparison of PRF val-
ues. Furthermore, the temperature dependence of the per-
meating flux can be expressed directly from the given pa-
rameters for the layer permeability: since the permeability
activation energy in the reacted Y2O3 is smaller than the
permeability activation energy in the hot metallic Y2O3,
the temperature dependence is very different in this tem-
perature range, see Fig. 3.

One has to note that the effect of the interface is in-
cluded in the layer permeability and in the reacted Y2O3

sample the surface processes as well. In order to study
these effects on the permeability, identical fabricated TPB
layers with different thicknesses will be studied in the fu-
ture. With the assumption that the permeation flux through
the bulk is the same in all identical fabricated layers and
dependent on the thickness of the layer, the influence of
the interface and surface can be estimated by this method.

5. Conclusions and Outlook
In future fusion devices, TPB layers are crucial in or-

der to guarantee a safe and economical reactor operation.
In order to find a suitable TPB layer for every material and
location in a fusion device, the development of different
kinds of TPB layers which can be adapted to specific appli-
cations is necessary. The microstructure of the TPB layer
strongly influences the reduction effect, for that reason pre-
and post-analysis of the sample are important. By calcu-
lating the layer permeability, a comparison to other TPB
layers is more reliable as comparing the PRF value only
and the estimation of the reduction effect to other bulk ma-
terials and substrates is also enabled by this method. The
influence of the interface on the permeation will be studied
in the future by varying the layer thickness of a TPB.
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