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The deuterium permeation behavior of palladium-coated 316L stainless steel and 430 stainless steel was studied
by the gas permeability testing device in this study. The results show that the deuterium permeability of the
palladium-coated 316L stainless steel tested at 350 °C~ 650 °C was very close to the Forcey’s results. This way,
the conformity to some other reported results has been verified for the gas permeability testing device. The
deuterium permeability for the oxidized 430 stainless steel was compared with that for the palladium-coated 430

stainless steel at temperature range of 350 °C-600 °C. The deuterium permeability for the oxidized 430 stainless
steel was reduced by one order of magnitude compared with that for the palladium-coated 430 stainless steel.
However, the activation energy of deuterium permeation as gas form for the oxidized 430 stainless steel was
almost the same as that for unoxidized 430 stainless steel.

1. Introduction

Zirconium hydride is used as the reactor moderator in the ther-
mionic space nuclear power and it easily decomposes hydrogen in the
operating environment. The released hydrogen penetrates into the core
through the relevant structural components, affecting the physical
parameters of the reactor [1]. Compared with 316L austenitic stainless
steel, 430 ferritic stainless steel has the advantages of good thermal
conductivity, low thermal expansion coefficient and low sensitivity to
stress corrosion cracking. It is selected as one of the alternative reactor
core materials for structural components of the thermionic space nu-
clear power. Therefore, investigating the hydrogen permeation beha-
vior of 430 ferritic stainless steel has important engineering application
value for the development of thermionic space nuclear power. A lot of
research has been carried out on the preparation and properties eva-
luation of hydrogen isotope permeation barrier coatings for the fusion
reactor. However, 316L stainless steel or low-activity ferritic/marten-
sitic steel was used as the substrate material in most of these studies
[2-15]. There are few reports on the hydrogen isotope permeation
behavior of 430 ferritic stainless steel. In the present study, the deu-
terium permeability of palladium-plated 316L stainless steel was first
tested and compared with the reported values to verify the conformity
to other reported results for the gas permeability testing device. Then
the deuterium permeation behavior of the palladium-plated 430
stainless steel as well as that with natural oxide film was investigated.
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2. Experimental method
2.1. Sample preparation

The 316L and 430 stainless steel used in this work are ordinary
commercial stainless steel. The chemical composition of these experi-
mental stainless steel materials are given in Table 1. Disk-type sample
(32 mm diameter, 0.5 mm thickness) was used in deuterium permeation
test. The disk-type samples were mechanically polished and then a
palladium-plated film was formed on both sides of this sample by a CVD
process, and the palladium film thickness was about 1 pm as shown in
Fig. 1. The samples were connected into the gas circuit by laser
welding. The thickness of the oxide film on the surface of the 430
stainless steel was evaluated by X-ray Photoelectron Spectroscopy
(ULVAC-PHI QUANTERA-II SXM). The Au + sputter technique was
used for the evaluation of the depth profiles of the atomic concentra-
tion.

2.2. Apparatus and procedure

An experimental apparatus was set up in our group to carry out the
gas phase deuterium permeation test according to Fig. 2. The apparatus
was divided into two parts by the samples, the high-pressure part and
low-pressure part. The two parts of the apparatus were separately
evacuated to less than 4 x 107° Pa. In each vacuum system, a dry

Received 27 May 2019; Received in revised form 18 October 2019; Accepted 9 January 2020

0920-3796/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/09203796
https://www.elsevier.com/locate/fusengdes
https://doi.org/10.1016/j.fusengdes.2020.111469
https://doi.org/10.1016/j.fusengdes.2020.111469
mailto:huanghongtao401@163.com
https://doi.org/10.1016/j.fusengdes.2020.111469
http://crossmark.crossref.org/dialog/?doi=10.1016/j.fusengdes.2020.111469&domain=pdf

H. Huang, et al.

Table 1
Chemical composition of the experimental stainless steel materials (wt.%).

C Si Mn P S Cr Ni Mo Fe

316L  0.019 0.27 0.98 0.04 0.006 16.22 10.08 2.03 Bal.
430 0.039 026 0.29 0.025 0.002 16.12 - - Bal.

Fig. 1. SEM of the palladium-plated film on the stainless steel sample.

pump and a molecular pump (Pfeiffer vacuum Hipace80) were used.
High purity (99.9999 %) deuterium was introduced into the high-
pressure part (called upstream) at different pressures. The pressure of
the upstream was measured by two vacuum gauges: a pirani gauge
(Pfeiffer vacuum TPR270) and a capacitance gauge (Pfeiffer vacuum
CMR371). The upstream gas inlet was equipped with a regulator tank to
maintain the pressure stability during the deuterium permeation test. In
the low-pressure part (called downstream), a detection chamber was
designed which was a spherical stainless steel cavity with a diameter of
about 200 mm and the inner surface was polished and degassed. A cold-
cathode/pirani vacuum gauge (Pfeiffer vacuum PBR260) was installed
at the detection chamber to detect the chamber vacuum. The partial
pressure of deuterium permeating through the sample to the low-
pressure part (called downstream) was measured by the quadrupole
mass spectrometer (QMS, Pfeiffer vacuum QMG220M1). The detection
chamber was also fitted with a standard helium leak which was used to
calibrate the quadrupole mass spectrometry signals. A known helium
gas flow-rate from the standard helium leak was supplied into the
measuring chamber and the corresponding ion current was measured
by the QMS, thus a calibration factor was obtained. This calibration
factor was then used to convert any ion current measured by the QMS
to deuterium permeation rates. The deuterium permeation test tem-
perature range was 350 °C~ 650 °C and the deuterium pressures of the
upstream were 40 kPa, 60 kPa, 80 kPa, 100 kPa in the deuterium
permeation test in this work. The permeation rates were determined by
the dynamic monitoring method, measuring the pressure increase in the
continuously evacuated detection chamber (i.e. pumped down by a
vacuum system at a constant pumping speed).

2.3. Simple principle

The permeation of gaseous hydrogen through materials is a com-
plicated physicochemical process, including adsorption and dissocia-
tion of molecular hydrogen on the materials surface, solution and dif-
fusion of the atomic hydrogen, recombination of the atomic hydrogen
and desorption of the molecular hydrogen on the materials surface. The
steady state permeation flux of hydrogen through materials is typically
represented by the following equation [16]:

D-S-p"
Jo =
d @
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where J.. is the rate of gas permeation/unit area of the material at
steady-state; D is the hydrogen diffusivity of the material- and S the
hydrogen solubility for the material. P is the driving pressure, n is the
pressure exponent, and d is the sample thickness. The pressure ex-
ponent n is evaluated on the basis of the pressure dependence of hy-
drogen permeation. A half power (n = 0.5) dependence implies that the
rate limiting process for permeation is hydrogen atom diffusion through
materials, while n = 1 holds for the case of surface reaction as the rate
limiting process.

For the case of steady-state permeation through a single layer bar-
rier, where the rate limiting process is diffusion through the material
rather than surface reactions, the permeation rate is given by the ex-
pression [3]:

_DS i

/
Joo d h Pll 2)
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where P;, and P are the gas pressure on the high and low pressure sides
respectively. The product DS is defined as the permeation coefficient or
permeability @ of the material [3]:

¢ = DS 3

In the particular case where P; is negligible Eq. (2) is simplified as
follows:

Jood
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The hydrogen diffusivity D can be calculated by the time lag method
[3]:

2
p=4L
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where tq4 is the lag time, that is the time when the transient permeation
rate J; = 0.617 J.. [17]. The hydrogen solubility S is readily calculated
from the known ® and D according to Eq. (3). D, S and @ are found to
vary in the Arrhenius manner with temperature, at least at low hy-
drogen concentrations.

3. Results and discussion
3.1. Apparatus verification of conformity to other reported results

The palladium film prevents the sample from oxidizing during the
deuterium permeation test at high temperatures. In addition, the pal-
ladium film does not affect the deuterium diffusivity in the stainless
steel substrate, which is indeed independent of the surface condition.
The palladium film formed on the stainless steel surface makes the ki-
netic surface processes faster, and this favors the closeness to diffusion
limited regime and the deuterium permeability of the sample before
and after palladium plating almost does not change. The deuterium
permeability of palladium-plated 316L stainless steel has been tested by
many researchers. Therefore, the deuterium permeability of palladium-
plated 316L stainless steel was first tested and compared with the re-
ported values to verify the conformity to other reported results for the
gas permeability testing device in this work. Fig. 3 shows the deuterium
permeation rate curves of palladium-plated 316L stainless steel tested
at different temperatures in this work. It can be seen from the figure
that the higher the test temperature, the larger the steady state per-
meation rate. The permeation rate above 450 °C increased first with
time, then gradually decreased and tended to be stable, and formed a
peak in the initial stage of permeation. This phenomenon may be re-
lated to the defect trapping effect of the hydrogen isotope. The first
incoming hydrogen isotope was trapped by the microscopic defects in
the material and formed a hydrogen isotope cluster, which blocked the
subsequent hydrogen isotope diffusion, resulting in a decrease in per-
meation rate [17]. Since the defect trapping was a thermal activation
process, this phenomenon only occurred above a certain temperature.
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Fig. 2. Schematic view of the hydrogen permeation apparatus.
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Fig. 3. Deuterium permeation rate curves of palladium-plated 316L stainless
steel at deuterium pressure of 100 kPa at different temperatures.

However, the permeation rate below 450 °C increased with time
monotonically until it reached a steady state. This was different from
the shape of the curves above 450 °C. This phenomenon indicates that
the diffusion coefficient changes little during the permeation process.

Fig. 4 shows the deuterium permeation rate of the palladium-plated
316L stainless steel as a function of driving deuterium pressure at dif-
ferent temperatures. The pressure exponents n of deuterium permeation
were between 0.52 and 0.66. This indicated that the permeation regime
appears to be close to diffusion limited (described with n = 0.5), i.e.
permeability is governed mainly by hydrogen transport through the
bulk, whereas surface effects like adsorption and/or recombination can
be neglected.

It was proposed that the surface influence of hydrogen permeation
in materials was less pronounced with high driving pressures [15].
Therefore, the permeability of the palladium-plated 316L stainless steel
and the 430 stainless steel was calculated at deuterium pressure of 100
kPa in this work. Fig. 5 shows the permeability of palladium-plated
316L stainless steel in this work as well as the reported values in the
literatures. It can be seen that the permeability of the palladium-plated
316L stainless steel in this work is very close to the Forcey’s results in
the temperature range of 350 °C~ 650 °C. The reason for this may be
that the defects in the 316 stainless steel materials in this work was
almost the same as that used in Forcey’s work. This also indirectly
verified the conformity to other reported results for the gas phase

Fig. 4. Deuterium permeation rate of the palladium-plated 316L stainless steel
as a function of driving deuterium pressure at different temperatures. Numbers
in the parenthesis are the pressure exponents n.
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Fig. 5. Comparison of deuterium permeabilities of 316L stainless steel at dif-
ferent temperatures.
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Fig. 6. XPS depth profiles of constituent atomic concentration for the 430
stainless steel with natural oxide film.

deuterium permeation test device in this work.
3.2. Oxide film on 430 stainless steel surface

Fig. 6 shows the depth profiles of constituent atomic concentration
for the oxidized 430 stainless steel observed by XPS. It can be found that
an oxide film was formed on the surface, which is about 200 ~ 250 nm
thick. In the oxide layer, both the profiles of chromium and manganese
have a concentration gradient and their concentrations were increased
slowly toward the surface.

3.3. Permeation behavior of the 430 stainless steel with natural oxide film

Fig. 7 shows the deuterium permeation rate curves of the 430
stainless steel with natural oxide film tested at different temperatures in
this work. The permeation rate above 350 °C increased first with time,
then gradually decreased and tended to be stable, and formed a peak in
the initial stage of permeation. However, the permeation rate at 350 °C
increased with time monotonically until it reached a steady state. This
indicates that the defect trapping effect of the hydrogen isotope was
easier to occur than that of palladium-plated 316L stainless steel. This
may be due to the formation of the oxide film on the surface of the 430
stainless steel and resulted in an increase in microscopic defects in the
material.

For the evaluation of the deuterium permeation regime of the 430
stainless steel with natural oxide film, the deuterium pressure depen-
dence of the permeation rate has been investigated. Fig. 8 shows the
deuterium permeation rate of the 430 stainless steel with natural oxide
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Fig. 7. Deuterium permeation rate curves of the 430 stainless steel with natural
oxide film at deuterium pressure of 100 kPa at different temperatures.
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Fig. 8. Deuterium permeation rate of the 430 stainless steel with natural oxide
film as a function of driving deuterium pressure at different temperatures.
Numbers in the parenthesis are the pressure exponents n.

film as a function of driving deuterium pressure at different tempera-
tures. The pressure exponents n of deuterium permeation showed
0.56~0.73. This indicated that the permeation regime appears to be
close to diffusion limited (described with n = 0.5). It is reported that
the pressure exponents n between 0.5 and 1.0 were often being ob-
served due to surface effects although the permeation was diffusion
limited [3].

Fig. 9 shows the permeability of the palladium-plated 430 stainless
steel as well as that with natural oxide film in this work. The deuterium
permeability of the 430 stainless steel with natural oxide film was re-
duced by an order of magnitude and was 1/15-1/25 times as high as
that for the palladium-coated one. This indicates that the natural oxide
film would play as a permeation barrier and the permeation rate of
deuterium as gas form was refrained. Oya et al. studied the effect of
surface oxide layer on the hydrogen isotope permeation for 316 stain-
less steel and found that the deuterium permeability for the oxidized
316 stainless steel was reduced 1/10-1/20 times as high as that for
unoxidized one [6]. Shestakov et al. investigated the permeation of
deuterium through martensitic steel F82H and also found that the
deuterium permeability for the oxidized sample was reduced 1/10-1/
20 times as high as that for unoxidized one [7].

The deuterium permeability for the 316L and 430 stainless steel
used in this work was calculated and shown as follows:

Palladium-plated 316L:¢ = 3.49 x 10°exp (—56700/RT) 6)
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Fig. 9. Deuterium permeabilities of the 430 stainless steel as a function of
temperature.
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430 with natural oxide film:¢ = 3.96 X 10~7exp (—36600/RT) (8)

Where @ isinmolm ™' s *Mpa~ "% R = 8.314 JK 'mol 'and T
is the temperature in K. The activation energy of the 316L stainless steel
was about 56.7 kJ/mol. The activation energy of the 430 stainless steel
was about 34.5 kJ/mol. This indicated that the deuterium permeation
in the 430 stainless steel was easier than deuterium permeation in the
316L stainless steel. Moreover, the activation energy of 430 stainless
steel with natural oxide film was about 36.6 kJ/mol, indicating that the
activation energy of deuterium permeation as gas form was almost the
same even if the oxide layer was formed on the surface or not.

4. Conclusions

An experimental apparatus was set up in our group to carry out the
gas phase deuterium permeation test. The deuterium permeation be-
havior of palladium-coated 316L stainless steel and the 430 stainless
steel was investigated by this apparatus. The deuterium permeability of
the palladium-coated 316L stainless steel tested at 350 °C~ 650 °C was
very close to the Forcey’s results. This indirectly verified the conformity
to other reported results for the gas phase deuterium permeability
testing device. The pressure exponents n of deuterium permeation of
the palladium-coated 316L sample were between 0.52 and 0.66. The
permeability of deuterium for the 430 stainless steel with natural oxide
film was compared with that for the palladium-coated 430 stainless
steel at temperature range of 350 °C-600 °C. The oxide film was about
200~250 nm thick. For this 430 stainless steel sample with natural
oxide film, the pressure exponents n of deuterium permeation showed
0.56 ~0.73. The deuterium permeability for the 430 stainless steel with
natural oxide film was reduced by an order of magnitude and was 1/
15-1/25 times as high as that for the palladium-coated 430 stainless
steel. However, the activation energy of the 430 stainless steel was
almost the same even if the oxide layer was formed on the surface or
not.
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