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Hydrogen permeation fluxes of the reduced activation ferritic steel F82H were
quantitatively measured by a newly proposed method, vacuum thermo-balance method, for a
precise estimation of tritium leakage in a fusion reactor. We prepared sample capsules made
of F82H, which enclosed hydrogen gas. The hydrogen in the capsules permeated through the
capsule wall, and subsequently desorbed from the capsule surface during isothermal heating.
The vacuum thermo-balance method allows simultaneous measurement of the hydrogen
permeation flux by two independent methods, namely, the net weight reduction of the sample
capsule and exhaust gas analysis. Thus the simultaneous measurements by two independent
methods increase the reliability of the permeability measurement.

When the gas pressure of enclosed hydrogen was 0.8 atm at the sample temperature
of 673 K, the hydrogen permeation flux of F82H obtained by the net weight reduction and the
exhaust gas analysis was 0.75x10'® (Hy/m?s) and 2.2x10"® (Hy/m®s), respectively. The ratio of
the hydrogen permeation fluxes obtained by the net weight reduction to that measured by the
exhaust gas analysis was in the range from 1/4 to 1/1 in this experiment. The temperature
dependence of the estimated permeation flux was similar in both methods. Taking the
uncertainties of both measurements into consideration, both results are supposed to be
consistent. The enhancement of hydrogen permeation flux was observed from the sample of
which outer surface was mechanically polished. Through the present experiments, it has been
demonstrated that the vacuum thermo-balance method is effective for the measurement of
hydrogen permeation rate of F82H.

Keywords: Tritium Leakage, Hydrogen Permeation, Ferritic Steel F82H, Vacuum
Thermo-balance Method
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1. Introduction

A breeding blanket of a fusion reactor is designed to withstand high temperature in order
to increase coolant temperature for high thermal efficiency of the power plant. A solid breeder
material is to be cooled by supercritical pressure water [1]. In the design, coolant temperature
range is about 280 — 510°C and the temperature of coolant tube wall made of a reduced
activation ferritic steel, F82H [2], is higher than the coolant temperature. In such conditions,
evaluation of tritium permeation through F82H wall is important for both design of a tritium
recovery system and a coolant water detritiation system, and then tritium accountability of the
fusion power plant. However, number of available data on hydrogen permeation rate of F82H
is very much limited. An estimation using the existing data showed that the amount of tritium
permeated from the helium sweep gas flowing around the breeder to the water through
coolant tube wall was significant so that a half of generated tritium in the blanket permeated
in the water, if there is no permeation barrier on the coolant tube wall [3]. Thus, accumulation
of the basic data of tritium permeation of F82H and the evaluation of the effect of permeation
barriers are very important.

Improvement of the accuracy on the hydrogen permeation is also necessary. Previously,
the hydrogen permeation flux has been measured from difference of pressures in two volumes
separated by a sample [4-6]. However, this method has some difficulties in quantitative
measurement. One of them is the evaluation of the gas pressure, since thermal transpiration
causes the pressure in the chamber to be non-uniform. The gas desorption from chamber, for
example H,O, also give rise to the uncertainties of the pressure measurement. The calibration
of the gas pressure should also have error. -

From the viewpoints stated above, this paper presents the measurement results of
hydrogen permeation flux of F82H and the effect of surface treatment on the hydrogen
permeation flux. In this study, the authors applied a new method, vacuum thermo-balance
method, for the measurement of the hydrogen permeation flux of F82H. For the comparison,
hydrogen permeation of 316SS was also measured. To investigate the surface effects on the
hydrogen permeation, the surface morphologies and surface compositions of these samples

were investigated by scanning electron microscope (SEM) and Auger electron spectroscopy
(AES).

2. Experiments

2.1 Sample preparation

The sample capsules made of F82H or 316SS were closed by welding the both ends of
each pipe, whose thickness was 0.5 mm and 0.25 mm, respectively. The pipes made of F82H
were rolled to be 0.5 mm thickness with annealing at 810°C .for 15 min, then thermal
treatment was performed at 1050°C for 30 min, and then at 750°C for 60 min. After the
thermal treatment, the tube was pickled. Hydrogen and helium gases were enclosed in these
sample capsules at 1 atm. Helium gas was introduced to check the leakage due to mechanical
pores or cracks. The ratio of enclosed hydrogen gas to helium gas was 8/2. For the
background measurement, the sample capsules, which enclosed only He, was also prepared.
The measurement of hydrogen permeation flux was performed by using the as-received
capsules (no-polishing). A polished F82H sample capsule was also prepared for the
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investigation of the surface effect on hydrogen permeation, though it was polished only outer
surface. The capsule was polished 50 times, respectively, with emery paper (#320, #600 and
#00). The eliminated thickness was estimated to be about 4 um from weight loss, of which
- thickness reduction would be negligible. Hydrogen permeation measurement and surface
analysis was performed several days after polishing. Prepared sample capsules were
summarized in Table 1.

2.2 Vacuum thermo-balance method

The equipment of the vacuum thermo-balance apparatus was schematically shown in Fig.
1. The sample capsules made of F82H and 316SS, which enclosed the hydrogen and/or
helium gases, were heated in the vacuum. Residual gas pressure was about 1x10™ Pa. The
hydrogen in the capsule permeated through the capsule and subsequently desorbed from the
surface. The hydrogen permeation flux was simultaneously measured by two independent
methods, namely, the net weight reduction of the sample capsule and the desorption rate of
hydrogen gas from the sample capsule. The weight change of a sample was measured by the
micro-balance (measurement limit 1x10° g) in vacuum. The hydrogen desorption rate from
the sample was measured by a quadruple mass spectrometer (QMS), which was calibrated
using a gas flow controller. Those sample capsules were isothermally heated from 375 to
450°C by furnace. The temperature in the furnace was measured by thermocouple. In the case
of the vacuum thermo-balance methods, the hydrogen permeation fluxes can be measured
more quantitatively than conventional methods since users can crosscheck the results
obtained by the both measurements.

3. Results and discussion

3.1 An example of vacuum thermo-valance measurement

Figure 2 shows the weight change and QMS signal intensities of H, and H,O, which
were major desorption species in this experiment. The QMS signals were calibrated by
relative sensitivities [7] to compare H; with H,O in this figure. The sample only with He was
also shown in this figure. Since no signal of He was observed, it was confirmed that there
were no clacks or micro pores in these samples. As shown in Fig.2, the H, intensity in QMS
from the sample enclosed both H, and He gases was clearly larger than that of He gas only.
The hydrogen permeation flux is estimated from the QMS signal, as (2.2+0.2) x 10"
(Hy/m?s).

On the other hand, the weight of the sample enclosed both H, and He gases slightly -
decreased. That only with He increased due to oxidation of sample surface. Therefore, the net
weight reduction caused by the hydrogen desorption could be obtained by subtracting the
weight change of He only sample from that of H, and He gases. The net weight reduction was
2.2 x 10 (g/m’s), which corresponded with the permeation flux of 7.5 x 10'7 (Hy/m®s). This
value is 1/3 of that obtained exhaust gas analysis by the QMS.

3.2  Measurement results of hydrogen permeation flux

The temperature dependence of hydrogen permeation fluxes of F82H and 316SS are
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shown in Fig.3 and Fig.4, respectively. The hydrogen permeation fluxes from F82H and
316SS were increased with the temperature. The similarity was observed on the temperature
dependences measured by the exhaust gas measurement and those of the net weight
reduction. :

Figure 5 shows a comparison of hydrogen permeation fluxes from the F82H sample with
polished F82H sample. The hydrogen permeation flux from polished F82H sample was larger
than that from without polishing. To investigate the reasons why the hydrogen permeation
flux of polished F82H was larger than that of un-polished, surface analyses were performed.
SEM photographs of un-polished and polished F82H are shown in Fig.6. The surface of
polished F82H was rougher than that of un-polished F82H. Depth profiles of atomic
composition obtained from Auger electron spectroscopy are shown in Fig.7. No clear
difference of surface compositions was observed between un-polished and polished F82H.
From these results, it is considered that the difference of surface morphologies rather than that
of the surface composition causes the larger hydrogen permeation flux of polished one. One
of the explanations is that the specific surface area became larger by polishing, and then the
larger specific surface area promotes the hydrogen permeation. The larger specific surface
area causes the larger amount of hydrogen desorption, and then the gradient of hydrogen
concentration in F82H became larger. Another explanation is that the polishing eliminated the
permeation resistive layer, for example processing layer formed during the preparation of
F82H pipes. Further experiment is necessary to conclude the mechanism of this surface
effect.

The hydrogen permeation fluxes measured in the present experiments are evaluated in
Table 2. The ratio of the hydrogen permeation fluxes obtained by the net weight reduction to
that measured by the exhaust gas analysis was in the range from 1/4 to 1/1 in this experiment.
The uncertainties of exhaust gas analysis are the effects of thermal transpiration, the mixed
gas effects of H, and H,O on both the effective pumping speed and the relative sensitivities of
QMS. The calibration of QMS by using the gas flow controller also has error. Those of net
weight reduction measurements are the superposition effect between hydrogen permeation
and oxidation, and noise. Taking the uncertainties of both measurements into consideration,
both results are supposed to be consistent.,

3.3 Comparison with measurement results of previous method

For a case of steady-state permeation through a single layer barrier, where the rate
limiting process is diffusion through the material rather than surface reactions, the permeation
rate is given as follows,

J =§(p,3/2 _p?) M

where J is permeation flux (Hy/m’s), d is thickness (m), Py and Py is the gas pressure (Pa) of
on the high and low pressure sides respectively, and ® is permeability (Hy/ms Pa'). Here
we calculate the hydrogen permeability from this equation for the comparison with the results
of previous method obtained by other researchers, though the equation is not applicable in a
strict sense since the assumptions were not fulfilled.

Figure 8 shows the Arrhenius plots of obtained permeabilities for F82H, polished F82H
and 316SS. The error bars in this figure show the influences of decrease of inner pressure in
the sample capsules. The measurement results of the previous method were also plotted in the

.__3._.
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figure. The results show scatter of almost one order of magnitude, and the measurement at
present seems within the range of scatter. The permeability of 316SS obtained by exhaust gas
analysis was comparable to that obtained by Forcey et al. [5] and Hashimoto et al. [6]. That of
F82H obtained by exhaust gas analysis was about a third of Serra’s data [4]. But that of
polished (only outer side) F82H was about twice as large as that of unpolished sample. Note
that Serra’s samples were polished both sides. Considering these effects, permeability of
F82H was considered to be comparable of their results.

4. Summary

For accurate quantitative measurements, hydrogen permeation fluxes of F82H and 316SS
were measured by vacuum thermo-balance method.

The observed temperature dependences of the hydrogen permeation flux were similar
between the results of both the net weight reduction and the exhaust gas analysis. The ratio of
the hydrogen permeation fluxes obtained by the net weight reduction to that measured by the
exhaust gas analysis was in the range from 1/4 to 1/1 in this work. Taking the uncertainties of
both measurements into consideration, both results are regarded to be consistent. The
enhancement of hydrogen permeation flux due to the mechanical polishing was also observed.
Thus, the effectiveness of the vacuum thermo-balance method was demonstrated to evaluate
the hydrogen permeation flux of F§2H.
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Tablel Samples configurations

Sample name F82H Polished F§2H 316SS
Thickness 0.5 05 0.25
.(mm)
Diameter 12 12 15
(mm)
Length 57.0 57.0 55.5
(mm)
Surface area
a 03 mz) 2.24 2.24 2.70

Table2 The hydrogen permeation fluxes measured by exhaust gas analysis and net weight

reduction
- Hydrogen permeation flux
. Temperature
Material K) Exhaust gas analysis Net weight reduction
(10" Hy/m?s) (10" Hy/m?s)
648 14 = 04 0.33
673 22 £ 02 0.75
F82H
698 3.0 £ 04 1.8
723 50 £ 1.1 49
Polished
+
F8OH 673 40 = 04 1.2
648 0.49 £ 0.02 0.46
31688 673 1.7 £ 0.2 0.95
723 29 £ 04 1.3
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Fig.4 The temperature dependence of hydrogen permeation fluxes of 316SS. Total pressure
of enclosed gas was 1 atm and Hy/He ratio was 8/2. (A) is the QMS signal intensity of

H; and H,O. (B) is the net weight change. The thickness of sample capsules was 0.25
mm.
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Fig.6  SEM photographs of as-received F82H (a) and polished F82H.(b).
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