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Tungsten  coatings effects on  hydrogen isotopes
bi—directional permeation through the first wall of a magnetic

fusion power reactor
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Summary (Abstract) of doctoral thesis contents

Reduced activation ferritic steel alloys (RAFSs) such as F82H (Fe-8Cr-2W) are
the candidate materials for the first wall of DEMO reactors. In this PhD thesis work,
one of the technical issues related to hydrogen isotopes permeation through the first
wall has been studied.

For the blankets employing self-cooled breeder, the first wall is supposed to be
subjected to bi-directional hydrogen isotopes permeation: in one direction by edge
plasma-driven permeation (PDP) of deuterium as well as tritium into blankets, and in
the other direction by bred tritium gas-driven permeation (GDP) into the edge plasma.
It is important to note that deuterium PDP will hinder the recovery efficiency of
tritium from the breeder and will probably necessitate isotopes separation as well.
On the other hand, tritium GDP, essentially the same effect as gas-puff for fueling
except that it is uncontrollable, will lead to an unwanted increase of the particle
recycling in the first wall region, which could even affect core confinement
performance as well as isotopes mixture imbalance.

Tungsten has been proposed as a candidate plasma-facing material for the
divertor of the International Thermonuclear Experimental Reactor (ITER). For a
DEMO reactor, surface coatings made of tungsten are necessary to protect the
plasma-facing wall made of RAFSs such as F82H. The characterization of hydrogen
isotopes PDP and GDP through tungsten coated F82H is of crucial importance to
evaluate major reactors design issues including tritium retention, breeding feasibility
and first wall particle recycling. There is a number of experimental data of hydrogen
isotopes transport and retention behavior in bulk polycrystalline tungsten. However,
only limited experimental investigations aimed at understanding that for tungsten
coatings. In particular, there have been no experimental studies reported on
hydrogen isotopes PDP through tungsten coated RAFSs, which is important to the
plasma-wall interaction studies for a DEMO reactor. In this PhD thesis research,
hydrogen isotopes PDP and GDP through F82H coated with two different types of
tungsten coatings, 1i.e., vacuum plasma-sprayed tungsten (VPS-W) and
sputter-deposited tungsten (SP-W) have been studied. The purposes of this PhD
thesis research are: (1) to demonstrate experimentally the hydrogen isotopes (H/D)
bi-directional permeation predicted for the first wall of a fusion power reactor, (2) to
investigate tungsten coatings effects on GDP and PDP behavior, (3) to investigate the
isotopic effects on hydrogen transport, and (4) to establish a fundamental database on
hydrogen and deuterium transport parameters for designing the first wall of fusion
power reactors.

Hydrogen isotopes (H/D) PDP and GDP through F82H has been investigated in a
steady-state laboratory-scale plasma device: VEHICLE-1 under some of the
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reactor-relevant conditions. For PDP experiments, the plasma density is of the order
of 1010 ¢cm3 and the electron temperature is ~5.5 eV measured by a Langmuir probe
in front of the sample. The particle bombarding energy is set at -100 V by a negative
DC bias applied on the membrane. Taking into account the ion species mix and
surface particle reflection, the net implantation flux is estimated to be ~1 x 1016
atoms cm2 s'1, relevant to the first wall environment of DEMO reactors. For GDP
experiments, the upstream gas pressure is in the range of 103-105 Pa measured by an
absolute pressure gauge. The samples made of F82H and a-Fe are prepared in the
same dimensions as those commercially available conflat flanges with an outer
diameter of 70 mm, except that a circular area of 35 mm in diameter inside the
knife-edge is machined down to thicknesses of 0.5-2 mm. A resistive heater is set
beneath the membrane and the sample temperature varies from 150 °C to 550 °C.

The hydrogen transport parameters data taken for a-Fe have been found to be in
good agreement with the literature data, which validates the experimental setup in
VEHICLE-1 for the evaluation of other first wall candidate materials. Both the GDP
and PDP data taken for F82H show thickness dependence, suggesting that hydrogen
permeation through F82H is diffusion-limited. The hydrogen and deuterium transport
parameters such as permeability, diffusivity, solubility and surface recombination
coefficient have been successfully measured for F82H. In particular, the surface
recombination coefficient of deuterium on F82H, which is essential to correctly
predict the hydrogen isotopes permeation flux through the first wall, has been
experimentally measured for the first time. Isotopic effects on hydrogen transport
parameters have been discussed. It has been found that the permeability and
diffusivity show isotopic mass effect which is predicted by the classical rate theory
relating hydrogen diffusion to the atomic jumping frequency. The solubility, however,
is governed by the heat of solution, exhibits no isotopic mass effect.

Simultaneous bi-directional hydrogen isotopes (H/D) permeation has been
demonstrated experimentally for the first time under controlled experimental
conditions. For bi-directional permeation experiments, the thickness of F82H
membrane is 0.5 mm and the membrane temperature is set at ~500 °C. The electron
temperature is raised up to ~10 eV for the improved sensitivity of Hq spectroscopy.
Experiments indicate that gas-driven hydrogen permeation takes place in the counter
direction of plasma-driven deuterium permeation, which then results in an unwanted
increase in edge plasma density. Plasma-driven deuterium flows into hydrogen gas
has been detected as well. Both the D2 and HD partial pressures increase after an
extended accumulation period of ~2 h for PDP deuterium pressure build-up, meaning
that PDP deuterium flows into the hydrogen gas side.

Hydrogen isotopes GDP and PDP experiments have been performed for VPS-W
and SP-W coated F82H. This is the first report of experimental studies on hydrogen
PDP through tungsten coated RAFSs. The VPS-W coatings are deposited at the
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temperature of ~600 °C. The average size of tungsten powder particles is ~25 pm. The
thickness of VPS-W coatings used in this work varies from 40 pm to 200 pm. VPS-W
coatings have an inhomogeneous microstructure, i.e., a mixture of disorganized areas
composed of large unmelted tungsten particles, fine randomly melted tungsten and
pores. The average density is evaluated to be ~90% of bulk polycrystalline tungsten.
The coatings have been found to be porous and have an open system of connected
pores. The observed hydrogen GDP flux through VPS-W coated F82H 1is reduced
compared to that through bare F82H. The main effect of VPS-W coatings on hydrogen
permeation is to reduce the incoming flux at the W/F82H interface owing to pore
diffusion in the coatings and to reduce the effective surface area for hydrogen
dissolution in the substrate. PDP experiments indicate that VPS-W coatings reduce
PDP fluxes by more than one order of magnitude relative to that for bare F82H from
300 °C to 550 °C. Reduced PDP fluxes are attributed to the complex microstructure
and a substantial surface-connected porosity of the coatings.

SP-W coatings are prepared by argon ion sputtering at the temperature of ~300 °C
and gas pressure of ~0.19 Pa. The density of SP-W coatings is evaluated to be ~99.5%
of bulk polycrystalline tungsten. The thickness of SP-W coatings used in this work
varies from 0.5 pm to 4 pm. The surface of SP-W coatings is well organized with an
average crystal size of ~100 nm. Columnar tungsten grains are observed from the
cross-section view and the W/F82H interface is sharp without voids, cracks or other
visible defects. Hydrogen isotopes GDP fluxes are reduced significantly by SP-W
coatings. The hydrogen and deuterium transport parameters for SP-W coatings have
been evaluated by the gas permeation technique in the temperature range from
200 °C to 550 °C employing a diffusion-limited permeation model. The permeability is
comparable to the literature data of bulk polycrystalline tungsten. However, the
effective solubility and diffusivity are different from that of bulk polycrystalline
tungsten by several orders of magnitude, which is attributed to the presence of
trapping sites resulting from the characteristic microstructure of SP-W coatings. The
trapping effects on hydrogen migration have been discussed. For PDP experiments, it
has been found that SP-W coatings tend to enhance PDP compared to that through
bare F82H which is attributed to the surface recombination characteristics of SP-W.
Static deuterium retention has been measured by the thermal desorption
spectroscopy (TDS) after steady-state plasma exposure. Increased deuterium
retention in SP-W coated F82H has been observed. The deuterium depth
concentration profile by the secondary ion mass spectrometry (SIMS) shows a good
agreement with the retention data and exhibits a sign of “uphill diffusion” of
deuterium in the W/F82H bi-layer structure.

As a proof-of-principle experiment, first wall particle flux measurements in the
QUEST spherical tokamak at Kyushu University have been conducted using a SP-W
coated F82H permeation probe. The thicknesses of tungsten coatings and F82H
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substrate are 0.5 pm and 0.25 mm, respectively. The permeation area is 35 mm in
diameter. The permeation probe is installed inside the closed port at the mid-plane
and the membrane is ~15 ¢cm recessed from the radiation shield. A resistive heater is
set behind the membrane to keep the sample temperature in the range of 300-350 °C.
The hydrogen PDP data have been taken for the probe exposed to a steady-state wall
conditioning discharge. The plasma is produced by the 2.45 GHz ECR system with an
input power of 7.5 kW. The steady-state hydrogen permeation flux for the SP-W
coated F82H membrane has been evaluated by taking into account the effects of the
radiation shield and the present data have been compared with our previous results
for bare F82H. A much longer PDP breakthrough time and higher steady-state
permeation flux have been observed for SP-W coated F82H. It is concluded, therefore,
SP-W coatings enhance hydrogen PDP not only in the VEHICLE-1 linear plasma
device but also in the QUEST spherical tokamak.
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