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Abstract

Gaseous porosity formation and helium behavior have been investigated in the reduced activation ferritic–martensitic
steel 16Cr12W2VTaB irradiated with 40 keV He+ ions up to a fluence of 5 · 1020 m�2 at temperatures from 290 to 900 K in
two initial conditions: normalized + tempered (HT-1), and cold rolled + annealed (HT-2). After HT-1, cavitation was
observed above 770 K, where bubbles with a maximum diameter 1 nm were formed. Large bubbles with a mean diameter
8 nm formed when irradiated at 900 K. On the other hand, a high density of small bubbles formed at the lower irradiation
temperature of 570 K after HT-2. At 900 K, bubbles had an extremely nonuniform distribution in size, depending on their
locations. The helium thermodesorption spectra had two intensive peaks owing to polymorphic transformation during
heating. The peaks widened and gas release began at higher temperatures with formation of large bubbles.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

The creation of heat and radiation resistant steels
and alloys characterized by reduced long-term acti-
vation, including ferritic–martensitic steels of the
12% Cr type, is a new materials development trend
for structural applications in the field of nuclear
technologies. Among them, a new 16Cr12W2VTaB
type ferritic–martensitic steel has been recently cre-
ated for potential use in components of both the
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first wall and blanket of a DEMO reactor and the
ITER test module, as well as for use as a structural
material for the active zone of breeder power
reactors [1]. However, the behavior of 12% Cr type
chromium steels has not yet been well enough
studied in conditions of accumulation and/or
implantation (in fusion reactors) of considerable
concentrations of gaseous atoms, including helium.

The purpose of this work is to clarify the gaseous
porosity formation and helium behavior peculiari-
ties in ferritic–martensitic steel 16Cr12W2VTaB
irradiated with He+ ions, with a special concern
on the initial condition of the material, so as to
obtain information on the influence of a large
amount of helium.
.
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Fig. 2. Electron diffraction picture from steel structure after
HT-2.
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2. Experimental procedure

The chemical composition of steel was presented
in [1]. Two types of pre-irradiation heat treatments
were used for the steel: (1) normalizing at 1370 K/
40 min followed by air cooling + tempering at
990 K/3 h, air cooling (HT-1); (2) cold roll-
ing + annealing at 1070–1080 K/1 h, air cooling
(HT-2). The samples were irradiated in ion acceler-
ator ILU-3 [2] with 40 keV He+ ions up to a fluence
of 5 · 1020 m�2 at ion flux about 1018 He+/(m2 s) in
the temperature range of 270–900 K. The micro-
structure of samples thinned from the unirradiated
side was investigated in TEM, JEM-2000EX.
Helium release was studied by helium thermode-
sorption spectrometry (HTDS) for two rates of
heating a = 1.2 and 3 K/s, using a helium partial
pressure meter (sensitivity: 108–1010 at He/s). The
effective activation energies of helium release Eeff

for the HTDS peaks were calculated by the ‘temper-
ing’ method [3,4].
3. Results and discussion

3.1. TEM observations

After HT-1, the structure of steel 16Cr12W2VTaB
looked like plate-type sorbite (Fig. 1). The rolling
structure partly remained after HT-2, i.e. defects
caused by rolling were not totally annealed-out. In
addition, the existence of twins proved by the pres-
ence of satellite spots near the matrix reflections.
The observed streaks on the electron diffraction pic-
ture (long windedness of reciprocal lattice nodes)
and additional spots (Fig. 2) would testify that the
Fig. 1. Initial structure of steel 16Cr12W2VTaB after HT-1
(optical micrograph).
twin plates are very narrow and there is some elastic
deformation at twin boundaries [5].

The typical TEM photographs of steel
16Cr12W2VTaB irradiated with He+ ions after
HT-1 and HT-2 are shown in Figs. 3 and 4, respec-
tively. Table 1 summarizes the bubble parameters in
the steel irradiated in these two initial states.

As can be seen from Table 1, bubbles were not
formed in samples irradiated at 290 and 570 K after
HT-1. Only defect loop and dislocation structures
were observed. Helium should be in the lattice in
the form of various helium-vacancy or other type
complexes [4,6,7]. Bubbles were also not explicitly
found in samples irradiated at 690 K, though the
presence of definite characteristic contrast in the
condition of de-focusing of TEM image [8] implied
Fig. 3. Typical microstructure of sample irradiated at 900 K after
HT-1.



Fig. 4. Typical microstructure of samples irradiated at 570 K (a),
(b) and 900 K (c) after HT-2.
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possible presence of fine bubbles with sizes corre-
sponding to the resolution limit of TEM. Bubbles
were well-observed by TEM only at above 770 K
for this heat treatment. The size of bubbles sharply
increased and their density decreased by three orders
of magnitude with increase of radiation temperature
up to 900 K. The characteristic feature of these
bubbles was their faceting and non-uniform distribu-
tion in the matrix: along with large faceted bubbles
there were local zones with fine spherical bubbles
of high density. The large bubbles were predomi-
nantly located on dislocations (shown by arrows
in Fig. 3). The estimation made using the procedure
formerly presented [9] shows that the faceted bub-
bles formed at 900 K should be pre-equilibrium
(i.e., p < 2c/r, where p is helium pressure, c the
surface tension and r bubble radius) and the bubbles
obtained at other temperatures should be over-
pressured.

The size distribution of helium bubbles in sam-
ples irradiated after HT-1 at temperatures other
than 900 K was close to that of Gaussian and the
most probable size of the bubbles and their mean
diameter were practically agreed with each other.

Along with the defect loop structure, a high den-
sity of the smallest bubbles was observed in samples
irradiated at the temperature of 570 K after HT-2.
These bubbles had a tendency to be predominantly
located along the rolling direction in the matrix
(shown by arrow in Fig. 4(a)). Chains of larger bub-
bles were observed at twin boundaries (Fig. 4(b)).
The bubble sizes grew and their density slightly
decreased with increasing irradiation temperature
up to 770 K (see Table 1). The bubbles were aligned
in [020] and [210] directions. The increase of irradi-
ation temperature up to 900 K gave a rise in the
degree of porosity. At that temperature, the density
of bubbles decreased nearly by an order of magni-
tude in comparison with that obtained at 770 K.
For the maximum irradiation temperature, the
dispersion of bubbles in samples and their size dis-
tribution in grains were extremely non-uniform
(Fig. 4(c)). Along with large cavities (area A), zones
with small bubbles of a high density were observed
(area B), as well as long interlayers with fine bubbles
located between zones of large bubbles (shown by
arrow in Fig. 4(c)). This resulted in a double-
humped histogram.

Although bubble evolution started at higher tem-
perature after HT-1 than after HT-2, a greater num-
ber of coarse pores were formed and greater gaseous
swelling of the irradiated layer was observed after
HT-1 following high temperature He+ irradiation
(900 K).

3.2. The results of HTDS

In contrast to austenitic steels having only one
main HTDS peak [10], thermodesorption spectra



Table 1
Bubble parameters for steel 16Cr12W2VTaB irradiated with He+ ions at different temperatures (dmax and �d are the maximum and mean
bubble diameters, respectively; q is the bubble number density; and S is the gaseous swelling of an irradiated layer)

Heat treatment Tirrad, K dmax, nm �d, nm qa, m�3 Sa, %

HT-1 290 – – – –
570 – – – –
690 –(?) –(?) –(?) –(?)
770 �1.5 �0.6 �1025 �0.03
900 �20 7.5 (2.9 ± 0.6) Æ 1022 1.3 ± 0.3

HT-2 270 – – – –
570 �2 0.8 (2.1 ± 0.5) · 1024 0.07 ± 0.02
690 �4 1.2 (1.6 ± 0.4) · 1024 0.18 ± 0.05
770 �7 1.8 (7.1 ± 1.8) · 1023 0.37 ± 0.09
900 �17 4.8 (5.9 ± 1.4) · 1022 0.8 ± 0.2

a Scatter of data was determined by accuracy of foil thickness measurement in TEM.
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Fig. 6. HTDS main peak temperature vs. helium-ion implanta-
tion temperature of samples irradiated after HT-1 (d) and HT-2
(s) for a = 3 K/s.
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for steel 16Cr12W2VTaB had two intensive peaks
(Fig. 5) owing to polymorphic a! c transforma-
tion during heating as for Fe–9Cr ferritic alloy
[11] and other ferritic–martensitic steels [12]. The
first peak was conditioned by bubble migration to
the specimen surface from ferrite matrix and the
second one by that from austenite. The gas release
temperature range depended on the irradiation
temperature, the initial structural state of the steel
and the heating rate. The HTDS peaks became wid-
ened and shifted to higher temperatures in case that
bubbles were formed during irradiation (Table 1,
Fig. 6). This trend was intensified for larger bubbles
since the migration of large bubbles should be more
strongly impeded as compared to small bubbles [13].

Differences in the HTDS spectra between two dif-
ferent heat treatments are the followings: gas release
was initiated at a lower temperature and peak tem-
peratures were lower for HT-1 than those for HT-2
for irradiation temperatures less than 690 K. On the
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Fig. 5. HTDS spectra of samples irradiated at 770 K after HT-2
for two different constant heating rates, a.
contrary, gas release started later and the main peak
temperatures were higher for samples irradiated at
high temperatures for the HT-1 condition (Fig. 6).
The increase of heating rate shifted the HTDS peaks
to a higher temperature range. This allows calculat-
ing the effective activation energy of helium
desorption. For example, Eeff = (4.0 ± 0.8) eV was
obtained for the second peak of the steel irradiated
at 770 K after HT-2. This value would testify to a
dominant contribution of volume diffusion on bub-
ble migration mechanism in austenite [4,14].
4. Summary

The pre-irradiation microstructure of steel
16Cr12W2VTaB significantly influenced the gas
bubble evolution character and the helium behavior
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after helium implantation. Bubbles did not form
and defect loop structure was observed at irradia-
tion temperatures of 290–570 K. Bubbles were
formed only above 770 K for HT-1. Meanwhile,
for HT-2, bubble evolution was noticed even at
lower temperature of 570 K. However, for high-
temperature irradiation (900 K), both bubble size
and gaseous swelling were smaller than those for
HT-1. At irradiation temperatures up to 690 K gas
release was initiated at lower temperatures and peak
temperatures were lower for HT-1 than those for
HT-2 under HTDS measurements and the release
of gas conversely started later and the main peak
temperatures were higher for samples irradiated at
high-temperatures in the HT-1 condition. The
HTDS spectra for steel 16Cr12W2VTaB had two
intensive peaks owing to polymorphic transforma-
tion during heating. Volume diffusion would domi-
nate bubbles migration during the gas release.
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