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Abstract

Comparing ferritic-martensitic and austenitic steels, it is concluded that the austenitic steel with a uniform distribution
of helium bubbles retain a greater quantity of hydrogen than the ferritic-martensitic steel with helium bubbles predomi-

nantly located on dislocations.
© 2007 Published by Elsevier B.V.

1. Introduction

Much attention is given to the effect of helium
and hydrogen in materials during the development
of fusion energy sources in view of their negative
influence on the radiation resistance of structural
materials. This may frequently be an important
reason for degradation of their properties and short-
ening of the useful life of reactor structural compo-
nents. There is also the issue of hydrogen
penetration of the fusion reactor first wall in con-
nection with tritium use, since the diffusion leakage
may be considerable. In addition, a new effect has
been found recently — the radiation swelling of ves-
sel internals of thermal fission reactors at relatively
low temperatures (about 570 K). Hypothetically,
this effect is caused by hydrogen accumulation in
the smallest pores stabilized by helium atoms [1,2].

The aim of this paper is to investigate the gas
bubbles evolution and helium and hydrogen behav-
ior in ferritic-martensitic and austenitic steels irradi-
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ated by He'-ions at various temperatures (for
creation of different pressures in helium bubbles)
and subsequently by 25-keV H'-ions at room
temperature.

2. Experimental procedure

The samples of ferritic-martensitic Cr12MoW-
SiVNbNB (EP-900) and austenitic Crl18Nil0Ti
steels were heat-treated by standard methods:
normalization at 1370 K for 40 min, air cool-
ing + tempering at 990 K for 3 h, air cooling for
EP-900 steel and solution annealing at 1370 K for
40 min, air cooling for Cr18Nil0Ti steel.

Some of the samples were irradiated by 40-keV
He-ions to a fluence of 5 x 10°° m~2 in the temper-
ature range of T uq = 270-900 K for the purpose of
creating helium porosity with different helium pres-
sures in bubbles. Unirradiated samples and samples
with previously created helium porosity were then
implanted with 25-keV H'-ions to a fluence of
5% 10 m~2 at room temperature. The projected
range of H'-ions was the same as for He'-ions
(about 0.15 um). The samples were thinned from
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the unirradiated side and their microstructures were
studied using a transmission electron microscope
(TEM) JEM-2000EX. The hydrogen content was
determined by the vacuum reducing melting method
in a LECO high sensitivity gas analyzer, RH-402.
The details of implanted helium desorption were
studied using helium thermal desorption spectrome-
try (HTDS) (sensitivity 10%-10'° at. He/s).

3. Results and discussion

Figs. 1 and 2 show typical microstructures of
steels irradiated by He'-ions at different tempera-
tures. As can be seen from Table 1, the gas bubbles
in EP-900 steel do not form up to 570 K. Helium in
the crystal lattice is in the form of various helium—
vacancy complexes [3-6]. After irradiation at
690 K bubbles were not observed either, although
the presence of a specific contrast ratio in a
through-focus sequence of the TEM-images [7]

Fig. 1. Typical microstructure of Cr18Nil0Ti steel irradiated by
He™"-ions at 690 (a) and 900 K (b).

Fig. 2. Characteristic distribution of bubbles (predominant
location of bubbles on dislocations is showed by arrows) in EP-
900 steel irradiated by He*-ions at 770 (a) and 900 K (b).

points to the possible presence of fine bubbles with
sizes close to the resolution limit of TEM. The bub-
bles that can be fully resolved by TEM and having
diameters of 0.5-1 nm and a volume density of the
order of 10> m™ form only at 770 K. Their sizes
increase and their densities sharply decrease with
an increase of irradiation temperature up to 900 K
(Fig. 2 and Table 1). A peculiar feature of bubbles
formed at high temperature in EP-900 steel is their
faceting and non-uniform distribution with a pre-
dominant location on dislocations (shown by
arrows Fig. 2).

Through-focus of TEM imaging indicates the
presence of unresolved bubbles in Cr18Nil0Ti steel
is also possible at 570 K. In this steel the character-
istic features of microstructure evolution are a uni-
form distribution of helium bubbles in the matrix
and their spherical form at irradiation temperatures
of 690 (Fig. 1(a)) and 770 K. The character of the
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Table 1

The bubble parameters in Cr18Nil0Ti and EP-900 steels irradiated by He -ions at different temperatures

Steel Irradiation Maximum Mean bubble Bubble Calculated Ratio of gas quantity in
temperature bubble diameter diameter (nm) concentration swelling bubbles to the total quantity
(K) (nm) (102 m™) (%) of trapped helium
Cr18Nil0Ti 570 - - ) ) -
690 ~4 1.6 79 +20 0.25 + 0,06 0.2
770 ~5 2.4 48 £ 12 043 +1.1 0.5
900 ~12 4.2 18+5 1.7+04 =1
EP-900 570 - - - - -
690 - - - - -
770 ~1.5 ~0.6 ~1000 ~0.03 0.2
900 ~24 8.2 2.7+0.7 29+0.7 1.7

helium bubble microstructure evolution changes at
the maximum irradiation temperature of 900 K:
large faceted bubbles form uniformly in the austen-
itic steel matrix, in contrast to bubbles forming on
dislocations in ferritic-martensitic steel (see Figs.
I(b) and 2(b)). In addition, bubbles are observed
on precipitate-matrix boundaries, and there are no
bubbles in adjoining volumes (Fig. 1(b)).

It is known [1,2,8-10] that helium bubbles can
trap implanted hydrogen, but the influence of the
bubble distribution character and helium pressure
in these bubbles on the quantity of trapped hydro-
gen is not clear. The calculated ratio according to
[6,11] of the gas quantity in bubbles to the total
quantity of trapped helium (N/Ny) is presented in
Table 1. The calculations were carried out for con-
dition of bubble equilibrium, i.e. for p = 2y/r, where
p is the pressure, 7 is the surface tension and r is the
bubble radius. The bubbles are pre-equilibrium if
N/Ny > 1 and they are overpressured for N/Ny < 1.
Since it is known that the quantity of helium in
the crystal lattice is insignificant after formation of
bubbles, it is assumed that all helium is located in
the bubbles. Moreover, two factors are considered:
(1) various trapping coefficients of implanted helium
for different temperatures and steels [3]; (2) the dis-
tribution spectrum of implanted helium is Gaussian
with a maximum range ~0.3 um and projected
range of about 0.15 um. However, only the near-
surface layer of thickness ~0.12 um is observed by
TEM operating at 200 kV.

Thus, bubbles formed at 900 K are pre-equilib-
rium and bubbles obtained at other implantation
temperatures are overpressured for both steels
investigated (Table 1).

The quantity of retained hydrogen in the steels
with different types of helium bubbles is presented
in Table 2. As can be seen from the table, a consid-
erably greater quantity of hydrogen is retained in

initial (unirradiated by He") samples than that in
samples with a preliminary implanted by helium.
More hydrogen remains in He'-irradiated EP-900
steel in the absence of helium bubbles (Ti.q =
570 K) than in samples with helium porosity. At
the same time, the quantity of retained hydrogen
increases with a decrease of the helium pressure in
the bubbles for both types of steels. In addition,
much more hydrogen is retained in austenitic steel
with a previously created helium porosity and there
is a greater increase of the quantity of trapped
hydrogen with increasing irradiation temperature
(i.e. with decreasing the helium pressure in the bub-
bles) compared to the EP-900 steel.

As shown above, the preferred helium porosity
evolution in EP-900 steel (as well as for other
13%Cr-type steels [6]) is formation and growth of
bubbles on dislocations and dislocation nodes
(Fig. 2), in contrast to Cr18Nil0Ti steel which has
a homogeneous distribution of bubbles in the
matrix (Fig. 1). This distinction in the bubble evolu-
tion may be the main reason for the helium bubbles
not being effective traps for hydrogen in the BCC
lattice, as hydrogen atoms absorbed by helium bub-
bles can easily leave the samples along the disloca-
tions [12]. This does not contradict literature data
[8-10] which show that helium bubbles are able to
retain hydrogen, as these results are mainly for
austenitic steels, obtained under a sequential
implantation of helium and hydrogen into the
austenitic materials with a homogeneous develop-
ment of helium bubbles in the matrix.

The results of this work show that small over-
pressured helium bubbles are not effective traps
for hydrogen, and in addition they are able to
facilitate the release of hydrogen from samples.
Microstructural components of steels (for example,
structural defects, second phase boundaries, etc.),
as well as radiation-induced defects produced by
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Table 2

Hydrogen content in samples of EP-900 and Cr18Nil0Ti steels sequentially irradiated with He"- and H"-ions

Steel He"-ion irradiation temperature (K) Character of helium bubbles Hydrogen content, in wt%

EP-900 Without irradiation No bubbles 0.00890
570 Different types of helium-vacancy complexes 0.00140
690 Probably, the smallest overpressured bubbles 0.00077
770 Overpressured bubbles 0.00082
900 Pre-equilibrium bubbles 0.00098

Cr18Nil0Ti Without irradiation No bubbles 0.00830
570 Different type of helium-vacancy complexes 0.00189

(probably, the smallest overpressured bubbles)

690 The smallest overpressured bubbles 0.00205
770 Overpressured bubbles 0.00234
900 Pre-equilibrium bubbles 0.00388

He'-irradiation are strong traps for hydrogen
(Table 2). Comparing ferritic-martensitic and
austenitic steels, it is concluded that the austenitic
steel with a uniform distribution of helium bubbles
retain a greater quantity of hydrogen than the fer-
ritic-martensitic steel with bubbles predominantly
located on dislocations.

The helium desorption spectra of samples irradi-
ated by He"- and H"-ions are characterized by one
intense peak for the austenitic steel and by two
intense peaks for the ferritic-martensitic steel [13]
and by some difficult-to-resolute additional peaks.
It is well known [3,14] that at a fluence of irradiation
by He'-ions up to 5x10°°m~2, the release of
helium mainly occurs by the mechanism of bubble
migration, coalescence during the migration and
the release of bubbles from the surface, creating a
‘pin-hole’ structure. The characteristics of helium
thermodesorption (Fig. 3) are the following: (1)
the release of helium on uniform heating from fer-
ritic-martensitic steel takes place earlier than that
from austenitic steel owing to favorable bubble
migration in the BCC lattice; (2) the HTDS peaks
shift to higher temperature with an increase of the
helium implantation temperature (see Table 1 and
Fig. 3), i.e. with formation of bubbles under irradi-
ation, the migration of large bubbles is more
difficult than that of small bubbles [15]; (3) in
Cr18Nil0Ti steel, the subsequent hydrogen implan-
tation shifts the HTDS peaks to even higher temper-
ature as a result of further bubble-sizes growth after
25-keV H'-irradiation; this is possibly due to trap-
ping of hydrogen by helium bubbles; (4) in case of
EP-900 steel, hydrogen shifts HTDS peaks to lower
temperatures, which is probably due to favorable
migration and release of bubbles along the
dislocations.
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Fig. 3. Helium thermal desorption spectrometry main peak
temperature as a function of the He™-ion irradiation temperature
for Cr18Nil0Ti (O, @) and EP-900 (OJ, M) steels: O, O —
irradiation by He'-ions; @, M — irradiation by He'-ions and
consequently by H'-ions (the uniform heating rate is 1.2 K/s).

4. Summary

Comparing ferritic-martensitic and austenitic
steels, it is concluded that the austenitic steel with
a uniform distribution of helium bubbles retain a
greater quantity of hydrogen than the ferritic-mar-
tensitic steel with helium bubbles predominantly
located on dislocations. The quantity of trapped
hydrogen increases with a decrease of the helium
pressure in these bubbles. It seems, structural imper-
fections of steels are more effective traps for hydro-
gen than are helium bubbles.
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