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A B S T R A C T

In order to estimate the fuel loss in ITER and further future fusion devices, the deuterium permeation through
different wall and structural materials are studied. In order to determine the effective permeability, gas-
driven deuterium permeation measurements are performed on Cu and ITER grade CuCrZr. The obtained
permeabilites for Cu and ITER grade CuCrZr are very similar and in agreement to literature values for Cu.
For a better estimation for fusion reactor components, combined material samples are studied. Cu layers were
applied on steel substrates by magnetron sputter deposition. With these studies, the influence of interfaces and
microstructure on the hydrogen permeation is investigated. Our study reveals that in the case of Cu layered
steel substrates the influence of the interface on the permeation flux is minor compared to the influence of
the microstructure on the permeability. The Cu layer permeability is around one order of magnitude smaller
than the Cu bulk permeability in the temperature range between 300◦C and 550◦C.
1. Introduction

The estimation of the hydrogen isotope permeation flux through
fusion materials and components is required in order to estimate the
fuel loss of a fusion device. Furthermore, this knowledge is helpful for
the selection of materials and an improved design of components for
future fusion devices [1].

Copper, Cu alloys and steels are foreseen as materials for the first
wall components in ITER and future fusion devices [2,3]. The deu-
terium permeability of pure copper and the ITER grade (IG) Cu alloy
CuCrZr-IG were measured by gas-driven permeation measurements and
are compared to the 316L(N)-IG steel [4].

Since the sample thickness is limited to a few mm in a gas-driven
permeation setup, it is not possible to measure a whole fusion compo-
nent, which is about two to three orders of magnitude larger. Therefore,
different combinations of fusion materials, which will be used in ITER
and future fusion devices, are under study. Cu layers were deposited
by magnetron sputtering on polished 316L(N)-IG substrates. In order
to estimate the influence of the interface, three Cu layered substrates
were fabricated, characterized and measured with three different Cu
layer thicknesses between 490 nm and 1400 nm. With this, the layer
bulk/interface ratio was varied in order to separate the influence of
the layer microstructure and the influence of the interface on the
permeability, as illustrated in Fig. 1.

Additional to the measurement of the deuterium permeability
through the ITER materials, an overview of various influences on the
permeation flux will be obtained by comparison of the permeability
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of the single materials and layered substrates. This knowledge will be
used to determine which sample parameters and characteristics are
important for a reliable estimation of the permeation flux through a
fusion component.

2. Sample preparation

For the pure copper samples, commercial oxygen-free copper was
used. The CuCrZr raw material was provided by F4E and the ITER
Organization. The CuCrZr blocks were fabricated by Albaksan A.S.
and have a composition of about 98.9% Cu, 0.85% Cr and 0.13% Zr
according to the test certificate provided by the company. From the
raw materials, disks with a diameter of 24 mm and a thickness of
0.5 mm were cut, grinded and polished on both sides. After the last
polishing step with a 1 μm diamond suspension, a cleaning with an
oxide polishing suspension was applied. The polishing procedure was
adapted to the hardness of the material in order to obtain a mirror
finished surface with no smear layer. The resulting thickness of the
substrates after polishing procedure are around 0.3 mm. These samples
are named Cu (bulk) and CuCrZr in the following.

For the Cu layered samples, polished 316L(N)-IG samples were used
as substrates, please find details to the substrate in [4]. The sample
plate of the magnetron device (PREVAC) was rotated during deposition
process in order to obtain a homogeneous layer. A pure copper sputter
target (99.999% Cu, Lesker) was used and an Ar plasma. Several
samples were coated during one deposition process, which therefore are
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Fig. 1. Schematic illustration of the layer thickness variation. 𝑑𝑙𝑎𝑦 represents the layer
thickness, 𝑃𝑡𝑜𝑡, 𝑃𝑠𝑢𝑏, 𝑃𝐿𝐵 , and 𝑃𝑖𝑛𝑡 the permeability of the layered substrate, the substrate,
the layer bulk, and the interface, respectively. The shown proportions do not correspond
to the real thicknesses and are for illustration only.

identical in microstructure and thickness. The substrates were coated
on one side only. The thickness of the layer was varied through the
duration of the deposition of each process. Three deposition processes
were carried out. The obtained layer thicknesses are 490 nm (named
316L_Cu_thin), 980 nm (named 316L_Cu_thick), and 1400 nm (named
316L_Cu_very_thick). In the following, the terms ‘layered substrate’ will
be used for the complete sample system and ‘Cu layer’ for the single
layer after deduction of the 316L substrate.

Before characterization and measurements, all samples were pre-
annealed at the maximum applied temperature of 550◦C for several
hours in order to remove natural hydrogen and in order to obtain a
stable sample condition.

3. Measurement methods

All sample surfaces were analyzed by scanning electron microscopy
(SEM) with a Zeiss Crossbeam 540 after pre-annealing. For the Cu
layered substrates, cross sections were created by focused ion beam
(FIB) enabling a further characterization of the layer by SEM and the
measurement of the layer thickness. All figures shown were recorded
in SE mode. If needed, energy dispersive X-ray spectroscopy (EDX)
measurements were used for elemental analysis. The EDX setup (Oxford
X-Max 80) is attached to the SEM(FIB) device.

The gas-driven permeation measurements were performed in an
in-house permeation setup. The sample separates two volumes, the
low and high pressure volume. Before measurement, both volumes
are evacuated to a base pressure of 10−9 mbar. After stabilizing the
desired sample temperature, pure deuterium gas is inserted in the high
pressure volume and the permeation flux in the low pressure volume is
measured by a quadrupole mass spectrometer (Pfeiffer Vacuum). The
mass spectrometer is calibrated by four D2 calibration leaks (LACO
Technologies) with fixed deuterium fluxes. The measurement cycles
are identical for all samples and the measurement range of the sample
temperature is between 300◦C and 550◦C (‘‘up-measurement’’). At each
temperature step, the gas pressure is varied between 25 mbar and
800 mbar. In order to observe a possible change of sample during
measurement (e.g. oxidation, change of microstructure), after the last
temperature step of 550◦C, the 500◦C to 300◦C measurements are
repeated (‘‘down-measurement’’). If the up- and down-measurements
corresponds to each other, the respective sample did not change during
measurement. The precise thicknesses of the substrates or the layered
substrates are measured by a micrometer screw after permeation mea-
surement in order to avoid scratches on the surface before permeation
measurement which could influence the permeation.

4. Data analysis

By measuring the permeation flux as a function of applied deu-
2

terium pressure and sample temperature, the process limiting regime
and the permeability can be determined. In the diffusion limited
regime, where the surface processes are fast in comparison to the
diffusion process, the permeation flux is proportional to the square root
of the applied pressure and dependent on the sample or layer thickness.
If the permeation flux is linearly dependent on the applied pressure,
the surface or interface processes limit the permeation process and the
permeation flux is not dependent on the thickness of the sample or
layer. In the diffusion limited regime, the permeability constant 𝑃0 and
the activation energy 𝐸𝑃 can be obtained from the permeation flux 𝐽𝑃 :

𝐽𝑃 =
𝑃0

√

𝑝
𝑑

𝑒
−𝐸𝑃
𝑅𝑇 (1)

wherein 𝑑 is the thickness of the sample, 𝑅 is the ideal gas constant
and 𝑇 the sample temperature. The obtained permeability 𝑃 = 𝑃0𝑒

−𝐸𝑃
𝑅𝑇

is valid in the measured temperature and pressure range only.
For the layered substrates, the layer permeability 𝑃𝑙𝑎𝑦 was estimated

by the permeability of the substrate 𝑃𝑠𝑢𝑏 and the permeability of the
layered substrate 𝑃𝑡𝑜𝑡:

𝑃𝑙𝑎𝑦 =
𝑑𝑙𝑎𝑦

𝑑𝑡𝑜𝑡
𝑃𝑡𝑜𝑡

− 𝑑𝑠𝑢𝑏
𝑃𝑠𝑢𝑏

(2)

wherein 𝑑𝑡𝑜𝑡, 𝑑𝑠𝑢𝑏, and 𝑑𝑙𝑎𝑦 are the thicknesses of the layered substrate,
the substrate and the layer, respectively [5]. We want to point out
that the layer permeability is an estimation after deduction of the
substrate permeability from the total system permeability. With the
assumption that 𝑃𝑡𝑜𝑡 scales with the thickness of the layer, the layer
thickness is regarded in Eq. (2). Therefore, the layer permeability is
only valid in the diffusion limited regime. It contains all effects which
influence the permeability such as surface, interfaces, microstructure
and further properties of the layer system. With the layer permeability,
a substrate and layer thickness independent value is given with which
a comparison of different layers is more reliable.

5. Results

The surfaces of the polished substrate samples Cu and CuCrZr
were analyzed by SEM, see Fig. 2. No smear layer of the grinding
procedure can be observed and the microstructure is clearly visible.
The Cu substrate shows grains of around 50 μm size and voids. The
CuCrZr sample shows precipitates with an accumulation around the
grain boundaries. An EDX analysis of this surface confirmed that the
matrix is pure Cu, whereas the precipitates are Cr. A signal from Zr
cannot be detected by EDX due to the small amount of Zr in the alloy.
However, we assume that the Zr forms CuZr phases [6].

The surface of the Cu layered substrates were analyzed by SEM, see
Fig. 3 left side. On the right side of Fig. 3 the SEM figures of the cross
sections through the layers prepared by FIB are shown. The surface
structure of the samples 316L_Cu_thin (Fig. 3a) and 316L_Cu_very_thick
(Fig. 3c) are similar, whereas the surface of 316L_Cu_thick (Fig. 3b)
looks rougher and scratchy. In the cross section of the 316L_Cu_thick it
is observe that these scratches are on the top of the surface only. The
reason for the development of these surface characteristics, which were
created during deposition, is unclear, but the influence on the perme-
ation is assumed to be minor. The microstructure of all three layers is
similar. The grain size is around two orders of magnitude smaller as in
the bulk Cu substrate and no voids, pores, intermediate phases or pre-
cipitates can be observed. The layers are homogeneous and the thick-
ness was measured on these cross sections: 490 nm (316L_Cu_thin),
980 nm (316L_Cu_thick), and 1400 nm (316L_Cu_very_thick).

The permeation flux versus the applied deuterium pressure and the
respective Arrhenius plot are shown for the 316L_Cu_thick sample in
Fig. 4 as an example for the data analysis. From Fig. 4a the exponent
of the pressure dependence was extracted for each temperature step
and a mean value is given in Table 1. The permeability was obtained
from the Arrhenius plot (Fig. 4b) for each pressure step, and the mean
values for the permeation constant 𝑃 and the activation energy 𝐸 are
0 𝑃
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Table 1
The results obtained from temperature and pressure dependent permeation measurements:

pressure dependence 𝑝𝑥, permeation constant 𝑃0, and activation energy 𝐸𝑃 . The values for
the 316L substrate are taken from [4].

Sample 𝑝𝑥 𝑃0 𝐸𝑃
[

mol
ms

√

mbar

] [

kJ
mol

]

Cu 0.55 3(2)⋅10−6 77(2)
CuCrZr 0.55 6(2)⋅10−6 79(1)
316L_Cu_thin 0.6 4(2)⋅10−7 55(2)
316L_Cu_thick 0.6 2.3(5)⋅10−6 66(2)
316L_Cu_very_thick 0.65 1.3(5)⋅10−6 63(2)
316L [4] 0.5 8(1)⋅10−7 58(1)
Fig. 2. SEM images of the polished surfaces: a) Cu; b) CuCrZr.

given in Table 1. The same analysis was performed on all samples and
the results are given in Table 1. The values are valid in the measured
temperature (300◦C to 550◦C) and pressure (25 mbar to 800 mbar)
ranges. Since the up- and down-measurements corresponds to each
other, no change of sample during measurement is observed. The data
for the 316L substrate were taken from the publication [4] and will be
used for the calculation of the Cu layer permeability. The permeabilities
versus sample temperature of all samples listed in Table 1 are shown
in Fig. 5.

The layer permeabilities of all Cu layers are calculated according
to Eq. (2). For the substrate permeability, the values for 316L are used.
For the layered substrate permeability, the values for 316L_Cu_thin,
316L_Cu_thick, and 316L_Cu_very_thick are taken from Table 1. The
layer permeabilities can be found in Table 2 and are plotted in Fig. 6.
3

Fig. 3. Left: SEM figures of the surface; Right: SEM figures on the cross sections
prepared by FIB of the coated substrates: a) 316L_Cu_thin; b) 316L_Cu_thick; c)
316L_Cu_very_thick. On top of the Cu layer, a Pd layer is visible. The Pd layer was
applied for the FIB cut in order to avoid surface damage and the curtaining effect
during FIB cut.

6. Discussion

The permeabilites of the Cu and the CuCrZr samples are very similar
and 𝑃0 and 𝐸𝑃 of CuCrZr are within the error bars of the values for
Cu (Table 1). From this it is concluded that the precipitates do not
influences the permeability and that the permeability is mainly defined
by the Cu matrix. In both cases, the diffusion is limiting the permeation
process. The measured value for the Cu sample are in agreement to the
adapted literature value for deuterium permeation through copper [7].

In the Cu layered substrates the permeation process is mainly lim-
ited by the diffusion process, see Table 1. A reduction of the permeabil-
ity of the 316L_Cu samples is expected due to the coating in comparison
to the uncoated substrate, since Cu shows a lower permeability than
316L. The expected permeability of the 316L_Cu_very_thick sample was
calculated with Eq. (2) by using the permeabilities of Cu bulk and 316L



Nuclear Materials and Energy 33 (2022) 101256A. Houben et al.
Table 2
The layer permeabilities calculated according Eq. (2). The mean value (MV) of the Cu

layers is calculated from the permeabilites of the three Cu layer permeabilites, see text.
Layer 𝑃0 𝐸𝑃

[

mol
ms

√

mbar

] [

kJ
mol

]

Cu_thin Layer 3⋅10−10 42
Cu_thick Layer 2⋅10−6 93
Cu_very_thick Layer 3⋅10−7 80
MV Cu Layer 7⋅10−8 72
Fig. 4. a) Stabilized permeation flux through the 316L_Cu_thick sample versus the
applied deuterium pressure. The colors indicate the sample temperatures. b) The
corresponding Arrhenius plot for the 316L_Cu_thick sample. The lines represent the
fitted lines to the data in order to obtain 𝐸𝑃 and 𝑃0, see Table 1. The color
points represent the measurement points at different applied deuterium pressures. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

from Table 1. The expected reduction is very small and the calculated
result is shown as a black dotted line in Fig. 5. Comparing the expected
permeability with the measured permeability of the 316L_Cu_very_thick
sample, the measured permeability is lower than expected. By calculat-
ing the Cu layer permeability the difference can be seen in Fig. 6. The
permeability of the Cu layer is about one order of magnitude lower as
the bulk Cu permeability.

As explained above, the layer permeability contains all sample
characteristics, such as effects of interfaces, microstructure and surface
effects. In order to study whether the interface is the reason for the
reduced Cu layer permeability or any other effect, the layer thickness
was varied as explained above and illustrated in Fig. 1: The Cu layer
permeability contains the permeability of the layer bulk (𝑃𝐿𝐵) and
the interface (𝑃𝑖𝑛𝑡). By varying the layer thickness, the layer bulk
and interface ratio is varied and the influence of the interface and
4

Fig. 5. Permeability versus sample temperature for Cu, CuCrZr and the Cu layered 316L
substrates with the values from Table 1. The permeability for the 316L substrate is taken
from [4]. The black dotted line is the estimated permeability for the 316L_Cu_very_thick
sample by using the Cu bulk value, see text.

Fig. 6. Permeability versus sample temperature for the Cu layers from Table 2 and for
comparison of the bulk Cu and 316L substrates. The mean value (MV) of the Cu layers
are calculated from the permeabilites of the three Cu layer permeabilites, see text.

the bulk (microstructure) can be separated. If the microstructure is
the reason for the difference compared to the Cu bulk sample, the
permeability of the Cu layer is diffusion limited and the permeabilities
of the layered substrates (𝑃𝑡𝑜𝑡) scale with the thicknesses of the layer.
Furthermore, Eq. (2) would be valid and the layer permeability of all Cu
layers would be the same. In the opposite case, in which the influence
of the interface plays the major role for the difference, the layered
substrate permeability should be very similar in all layered substrates
and independent of the layer thickness. Eq. (2) would not be valid
which would lead to an increase of the calculated layer permeability
with increasing the layer thickness.

From the layered substrate permeabilities in Fig. 5 and Table 1
no clear behavior can be extracted. There is a difference between all
layered substrate permeabilities and since the 𝑃 and 𝐸 are very
0 𝑃
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Fig. 7. The 316L_Cu_very_thick sample permeability (black line) calculated with the
Cu Layer MV (brown line). For comparison, the Cu bulk (red line), the 316L substrate
(violet line), the calculated 316L_Cu_very_thick sample with the Cu bulk value (black
dotted line), and the measured 316L_Cu_very_thick sample (yellow line) permeabilities
are shown. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

different, the slope of the curves are different as well. The differences
in slope can be observed in the layer permeabilities as well, see Fig. 6
and Table 2. Nevertheless, since the layer permeabilities are all in the
same order of magnitude, the conclusion is that the microstructure is
the major reason for the larger reduction of the layer permeability
compared to the Cu bulk sample. Since the pressure dependence is only
slightly increased in the layered substrates, see Table 1, the diffusion is
mainly limiting the permeation process. This is a second confirmation
that the interface do not have a significant influence on the permeation
flux in this case.

A mean value (MV) was calculated from all three Cu layer per-
meabilites, see Table 2 and the brown curve in Fig. 6. From this Cu
Layer MV the layered substrate permeability was calculated for the
316L_Cu_very_thick sample, see black line in Fig. 7. As a summary,
a comparison is shown in this figure between the Cu bulk, the Cu
layer MV, the calculated 316L_Cu_very_thick sample with the Cu bulk
value (black dotted line) and the measured 316L_Cu_very_thick sample
permeability. The conclusion is that there might be an influence of
the interface on the permeation, but in this case the influence of the
microstructure on the permeation is much larger and the major reason
for the reduction.

7. Conclusions

In both polished Cu and CuCrZr samples, diffusion is limiting the
permeation process. The permeabilities of Cu and CuCrZr are similar
and in agreement with literature data for Cu.

The measured reduction of the 316L permeability due to the Cu
coating is much larger than expected from an estimation using the Cu
bulk permeability. By varying the layer thickness, the layer bulk and
interface ratio was changed and the influence of the microstructure and
the interface on the permeability could be separated. The conclusion
is, that the influence of the microstructure is the major reason for
the reduction and the influence of the interface on the permeability
is minor is this case. The Cu layer permeability is about one order
5

of magnitude smaller as the Cu bulk permeability. Further material
combinations, e.g., W on CuCrZr, are under study.
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