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Using a laboratory-scale plasma device, plasma-driven and gas-driven permeation of hydrogen through a
ferritic steel alloy: F82H has been investigated under some of the DEMO-relevant conditions. The steady state
plasma-driven permeation flux has been found to be strongly affected by the variation in upstream surface mor-
phology resulted from plasma bombardment. The activation energy of permeability for gas-driven permeation
has been estimated to be ~ 0.5 eV, which is close to the result of plasma-driven permeation. Gas-driven perme-
ation can occur in the opposite direction of plasma-driven permeation, which then results in an increase in first

wall recycling.
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1. Introduction

In a number of recent DEMO reactor studies such
as FFHR [1], the breeder serves as a coolant as well in
the blanket structures. The first wall is defined as the
plasma-facing surfaces of the blankets which are required
to operate at elevated temperatures for an efficient heat ex-
change. Also, to reduce thermal stresses, the thickness
of the first wall is often limited to less than 1 cm. In the
case of FFHR, molten salt FLiBe has been employed as a
self-cooled breeder and the tritium overpressure is > 10*
Pa [2]. Under these conditions, the first wall will be sub-
jected to bi-directional permeation of hydrogen isotopes:
(1) one surface is to be exposed to the plasma, leading to
plasma-driven permeation (PDP) of deuterium as well as
tritium into blankets [3-8]; and (2) the other surface is to
be exposed to bred tritium in blankets, depending upon
its dissociation pressure, which can result in significant
gas-driven permeation (GDP) of tritium back to the edge
plasma [8-11]. If plasma-driven permeation dominates,
deuterium flowing into the blanket will hinder the recov-
ery of tritium and will probably necessitate isotope sepa-
ration as well. On the other hand, if the opposite is true,
gas-driven permeation will result in an increase in first wall
recycling. Due to their critical importance to steady state
reactor operation, these technical issues must be clearly ad-
dressed.

In our recent studies [7, 8], plasma-driven and gas-
driven hydrogen permeation through a reduced activation
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ferritic steel alloy: H82H have been investigated by a
laboratory-scale plasma device, VEHICLE-1 [12]. Both
plasma-driven permeation and gas-driven permeation have
been found to be essentially diffusion-limited. For a S mm
F82H membrane, the PDP flux at ~500°C and the GDP
flux at ~ 350 °C have been measured to be of the orders of
10"3 H/cm?/s and 10" H/cm?/s, respectively.

In the present work, further experiments on PDP and
GDP through F82H have been conducted, using a new
heating setup. These separate PDP or GDP experiments
are used to characterize the mechanism of hydrogen per-
meation through F82 H. To investigate the effect of GDP
on first wall recycling, preliminary bi-directional hydro-
gen permeation experiment has also been run under some
of the DEMO-relevant conditions.

2. Experimental

The experimental details for PDP or GDP have al-
ready been described in [7, 8]. Shown in Fig.1 is a
schematic diagram of the bi-directional permeation setup
in VEHICLE-1. The F82H membrane has been fixed in
such a way that the upstream surface is exposed to hy-
drogen plasma, while the other side is exposed to hydro-
gen gas with a pressure of ~100 to ~ 760 Torr, which
is measured by an absolute pressure gauge. The sample
membrane can be heated up to > 500 °C by plasma bom-
bardment and heat from a heater. The plasma-facing side
of the membrane is monitored by an optical spectrometer.
Plasma parameters are as follows: the plasma density is of
the order of 10'° cm~3, the electron temperature is around
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Table 1 Summary of the PDP experiments.
Thickness ECR Membrane T N .Estlmate.d net Meas.ured Steady statt?,
power | temperature ¢ ¢ implantation flux | permeation flux | PDP flux ratio
(mm) (W) (°C) (eV) (cm™) (H-cm™s™) (H-cm™s™)

5 3.5 | 3.0x10" 2.0x10' 3.9x10" 1.9x107

2 ~550 ~520 34 | 2.7x10" 1.8x10'° 3.5x10" 1.9x107

1 33 | 3.1x10" 1.9x10' 8.5x10" 4.5%x107

5 2.6 | 1.0x10" 5.2x10" 3.6x10" 7.0x10™*

2 ~300 ~220 24 | 9.6x10° 4.6x10" 7.7x10" 1.7x10°

1 2.7 | 1.1x10" 5.9x10% 2.2x10" 3.8x107
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Fig. 1 A schematic diagram of the bi-directional permeation
setup in VEHICLE-1.

10eV and the neutral hydrogen pressure is of the order of
10~* Torr. A relatively high electron temperature is set so
that hydrogen released from upstream surface can be ion-
ized more easily, increasing the sensitivity of H, measure-
ment. The diameter of the cylindrical plasma column is
~70mm. An orifice with a 2 mm diameter hole has been
installed so that a quadrupole mass spectrometer (QMS)
can be used to measure H, partial pressure within the op-
erational pressure. Under such experimental conditions, if
the recycling condition of the membrane surface changes,
variation in H,, intensity and hydrogen partial pressure are
expected to be detected.

The membrane surface before and after permeation
experiment is analyzed by scanning electron microscope
(SEM), energy dispersive X-ray spectroscopy (EDX) and
X-ray photoelectron spectroscopy (XPS) as a routine pro-
cedure. The XPS analysis is performed after ~10s Ar*
sputtering at 4kV to remove contamination from the air
[13].

3. Results and Discussion
3.1 Plasma-driven permeation

Plasma-driven permeation experiments have been
conducted with 1, 2 and 5 mm thick F82H membranes at
220°C and 520 °C, respectively. To heat the membrane to

Thickness (mm)

Fig.2 F82H membrane thickness dependence of steady state

PDP flux ratio. The surface morphologies of the mem-
branes after PDP experiments at ~ 520 °C are shown in
Fig.3.

>500°C, a higher ECR power is used. The details of the
experiments are summarized in Table 1. Shown in Fig.2
are the hydrogen permeation data taken from PDP experi-
ments. At 220 °C, the steady state permeation flux ratio of
F82H is inversely proportional to the membrane thickness,
which agrees with prediction by the steady state perme-
ation model for diffusion-limited PDP [5,7]:

J. D
Jo LKoo
where J, is the permeation flux; Jy is the net implanta-
tion flux; D is the diffusion coefficient; L is the membrane
thickness and Kj, is the upstream recombination coefficient.
However, at a higher temperature (~520°C) and
higher plasma fluxes, the plasma-driven permeation flux
has been found to be strongly affected by the surface condi-
tion of the membrane. Figure 3 shows the SEM images of
the F82H membranes before and after PDP experiments at
a sample temperature of ~ 520 °C. The surface morpholo-
gies of these membranes differ from each other because
unfortunately the total plasma exposure times for the four
samples are not well controlled. In the present PDP ex-
periments, hydrogen reemission from the upstream is gen-
erally controlled by molecular recombination [7, 8]. The

ey
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Fig. 3 SEM images of the upstream surface: (a) before and after
a few hours of experiment; (b) 1 mm thick membrane af-
ter ~ 112 hours PDP+GDP; (¢) 2 mm thick membrane af-
ter ~ 27 hours PDP+GDP and (d) 5 mm thick membrane
after ~ 30 hours PDP+GDP.

change in surface area resulted from plasma bombardment
would lead to a variation in hydrogen desorption at the up-
stream [14].

3.2 Gas-driven permeation

The steady state GDP data have been taken for
F82H membranes at temperatures between ~245°C and
~510°C. Shown in Fig. 4 are the GDP data in which one
can find a linear relation between GDP flux and the square-
root of upstream pressure at all the temperatures exam-
ined in this work. These experimental data agree with the
theoretical prediction for the steady state diffusion-limited
GDP flux given by:

( PO.S _ PO.S)

Japp = D(T)Ks(T)———— 2
where Jgpp is the steady state GDP flux, Kgs is Sieverts’
constant, Py, and P; are the hydrogen pressures on the high
and low pressure sides, respectively. In our experiment,
P = 01is assumed. Notice that the experimental data lines
don’t appear to intersect the zero point at P, = 0, which
is presumably due to the desorption of residual hydrogen
from previous experiments.

The permeability can be estimated by

&(T) = D(T)Ks(T) = JgppL/PY>. 3)

Figure 5 shows the temperature dependence of permeabil-
ity for F82 H. Some literature data are also shown for a
comparison in which one can find that our data is in good
agreement with Serra’s. From the Arrhenius plot the ac-
tivation energy of permeability, Egpp, is estimated to be
0.49 eV, which is very close to the result (indicated with
Eppp) obtained from our previous PDP experiment [7].
These data suggest that the rate-limiting steps in these
PDP and GDP experiments could be the same. Accord-
ing to Eq.(3) Egpp can be given by Egpp ~ Ep + Eks,
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Fig. 4 Steady-state hydrogen GDP flux through a 1 mm thick
F82H membrane at temperatures of ~245°C, ~360°C

and 510°C.
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Fig. 5 Permeability for GDP and permeation ratio for PDP
through a 1 mm thick F82H membrane. The experimental
condition for the PDP experiment can be found in table 1.

where Ep and Ekg are the activation energies of diffu-
sion and solution. On the other hand, for PDP taking
place in the RD-regime, Eppp is related to the activation
energies for surface recombination (Eko) and diffusion as
Eppp = Ep - 0.5Ekg. In the present PDP and GDP exper-
iments, the temperature dependent data are taken by con-
tinually reducing the heater power, in which case residual
hydrogen always exists inside the membrane. Under such
condition the effect of upstream surface recombination or
solution on hydrogen permeation would be less significant
and diffusion will be the main driving force in downstream
hydrogen release for both PDP and GDP.

For the blankets employing FLiBe as the self-cooled
breeder, the tritium overpressure is ~ 100 Torr at a temper-
ature around 500 °C [2]. Under this condition, the steady
state GDP flux through a 1 mm thick F82H membrane
has been measured to be ~2.9x 10!° H.cm™2-s~!, which
is about one order of magnitude larger than that of PDP.
This result suggests that gas-driven permeation could dom-
inate the hydrogen isotope transport through the first wall
of FLiBe-employed blankets.
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Fig. 6 H2 partial pressure and H,, intensity at the plasma side for
a 1 mm thick F§2H membrane. The sample temperature
during the experiment is ~ 570 °C.

3.3 Preliminary data on bi-directional per-
meation
If the hydrogen isotope transport through the first wall

is dominated by gas-driven permeation, first wall recycling
will be increased when GDP happens. To verify such a
prediction, a bi-directional hydrogen permeation experi-
ment has been conducted. Shown in Fig. 6 is the result of
bi-directional hydrogen permeation through a 1 mm thick
F82H membrane at a temperature of ~570° C. The mem-
brane is first exposed to a hydrogen plasma, in which case
only PDP occurs. Then hydrogen is introduced from a gas
cylinder into the closed volume to a pressure of 760 Torr,
shown by the shaded area in Fig. 1. Langmuir probe mea-
surements are performed before and after introducing hy-
drogen into the GDP volume. The plasma density is found
to increase from 4.4 x 10° cm™ to 5.7 x 10° cm™3, while
the electron temperature decreases from 11.5eV to 9.8 eV.
After the H, signal becomes stable, hydrogen is pumped
out again. A significant decrease of H, intensity can be
observed after pumping. These data indicate that GDP
can occur in the opposite direction of PDP and increase in
first wall recycling. From the extrapolation of the temper-
ature dependent data, at a temperature around 570 °C the
permeation fluxes through a 1 mm thick F82H membrane
for PDP and GDP have been estimated to be ~ 1 x 10!
H-cm™2-s7! and ~ 1 x 10'® H-cm™2-s~!, respectively.

After this bi-directional permeation experiment the
plasma-facing surface of the F82H membrane has been
found to be oxidized. Energy dispersive X-ray spec-

troscopy shows there is no major impurity on the surface.
In the following XPS analysis, the C, O, Cr, Fe and W
peaks have been detected and the atomic composition is:
C =8.04 at.%, O = 49.02 at.%, Cr = 9.72 at.%, Fe = 26.10
at.% and W = 7.12 at.%. Oxygen should come from the
residual water in the vacuum chamber.

4. Conclusion

Hydrogen permeation driven by plasma and gas has
been investigated experimentally with VEHICLE-1 for
F82H membrane under some of the DEMO-relevant con-
ditions. Plasma-driven permeation can be reduced by mod-
ifying upstream surface condition. Gas-driven permeation
may occur in the opposite direction of plasma-driven per-
meation, which then results in an unwanted increase in
edge plasma density. However, details on bi-directional
permeation are still unclear, especially on exchange of
hydrogen isotopes inside the first wall and the effects of
plasma bombardment on GDP which warrant more work
on this subject.
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