N
i

ELSEVIER

Journal of Nuclear Materials 307-311 (2002) 941-945

journal of
nuclear
materials

www.elsevier.com/locate/jnucmat

Effects of dislocation on thermal helium desorption from
iron and ferritic steel

R. Sugano #, K. Morishita **

, H. Twakiri °, N. Yoshida °

& Institute of Advanced Energy, Kyoto University, Gokasho, Uji-shi, Kyoto 611-0011, Japan
Y Research Institute for Applied Mechanics, Kyushu University, Fukuoka 816-8580, Japan

Abstract

Thermal desorption measurements were performed to investigate helium trapping in a-iron and a reduced activation
martensitic steel (RAMS) bombarded at room temperature with mono-energetic He™ ions. Incident energies were both
8 keV and 150 eV. Prior to helium implantation, the samples of a-iron were plastically deformed by rolling at room
temperature followed by annealing at 673, 873 and 1073 K for 2, 12 and 2 h, respectively. These samples are hereafter
called PR1, PR2 and FA, respectively, and the as-rolled sample is called CW. The dislocation densities of the samples
decrease in the order of CW, PR1, PR2 and FA. Thermal desorption spectra show a clear peak at around 800 K, only
for the CW, PR1, PR2 and RAMS samples, which may correspond to desorption of helium atoms trapped by dislo-
cations. The effects of dislocations on micro-structural evolution in iron and the steel during helium implantation are

discussed.
© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

The irradiation of first wall materials in a fusion re-
actor with 14 MeV neutrons will not only create dis-
placement damage but also generate hydrogen and
helium at high rates [1]. Especially for helium, it seems to
be inevitable that it will precipitate as bubbles at rela-
tively high temperatures, since it is insoluble in most
metals and alloys [2]. The existence of helium bubbles in
metals may have a great impact on changes in the
microstructure and corresponding mechanical property
of irradiated materials.

Reduced activation martensitic steels (RAMS) are
one of the promising candidate alloys for the first wall of
fusion reactors, because they possess high swelling re-
sistance, high strength, and low activation [3]. It is re-
ported that, even considering helium effects, the steel is
not inappropriate as a first wall material [4]. This is
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probably because there are a lot of trapping sites for
helium atoms, preventing helium from clustering as a
bubble. The clustering may affect the properties of the
material. These trapping sites in the steel are considered
to be dislocations, the interface of precipitates and lath
boundaries. In order to use their function to prevent
helium from clustering in the steel, we must investigate
the strength of binding between these trapping sites and
helium atoms, or dissociation temperatures between
them, which may provide the upper limit of temperature
where the steel can be utilized without helium clustering.
In the present study, the binding states and strength
between dislocations in the steel and helium atoms
were investigated using a thermal desorption spectrom-
etry (TDS) technique applied to cold-worked pure iron
and RAMS that were irradiated by energetic helium
ions.

2. Experimental procedure

In the present work, we used samples of pure iron
and reduced activation martensitic steels (JLM-1). The
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Table 1

Chemical composition (mass%) and heat treatment of JLM-1 and pure-Fe used in the present study. Heat treatments of JLM-1:
normalized at 1323 K for 30 min and then tempered at 1033 K for 1 h, followed by air cooling

C Si Mn P S Cr

A\ Ti w Ta B O N

JLM-1 0.10 0.042  0.53 0.002

0.0014  9.03
Pure-Fe  0.001 - - -

0.26 0.021  2.06 0.051  0.0032 - -

- 0.005  0.001

chemical composition of the samples used in this work is
given in Table 1. The ingots of pure iron (99.99%) were,
at first, cold rolled to sheets of approximately 0.2 mm
thickness, cut into 5 x 10 mm? pieces, and chemically
polished in a solution of 5%-HF and 95%-H,0,. After
these processes, the samples were annealed at the tem-
peratures of 673, 873, 1073 K for 2, 12, and 2 h under
high vacuum condition (10~° Pa), respectively. For these
temperatures, monovacancies in the samples annealed
out since the temperatures were above annealing stage
V. The samples are, hereafter, called PR1, PR2 and FA,
respectively, and the as-rolled sample is indicated by
CW. The Vickers hardnesses of the samples were dif-
ferent depending on the thermal treatment: it was 180,
110, 74 and 62 for the CW, PR1, PR2 and FA samples,
respectively. The difference in the hardness may reflect
the difference in the density of dislocations in the
samples. Dislocation densities estimated from the Vick-
ers hardness measurements are 3 x 10#, 5 x 103, and
3 x 10" m~2 for the CW, PR1, PR2 samples, respec-
tively. The grain sizes of the samples were also different:
they ranged from 1 to 100 pm and increased in order of
FA, PR2, PR1 and CW.

The samples were bombarded at room temperature
with collimated, mass-analyzed beams of mono-ener-
getic He™ ions. The irradiation dose of incident helium
ions ranged from 2 x 10'7 He*/m? to 6 x 10" He*/m?,
with a fixed dose rate of about 1 x 10'7 He*/m?/s. The
energies of the incident ions were 8 keV and 150 eV,
where atomic displacement damage does and does not
take place in iron, respectively. TRIM [5] calculations
indicate that these energies correspond to the approxi-
mate helium maximum penetration depth of 100 and 10
nm, respectively. For 8 keV irradiations, displacement
damage ranges over 100 nm with a peak at 25 nm from
the surface, producing 6 x 10~* displacements per atom
(NRT-dpa) at the peak for 1 x 10'7 He*/m?.

After the irradiations, the samples were heated up to
1500 K by infrared irradiation. The ramping rate of the
temperature was fixed at 1 K/s. During heating, helium
release was monitored by a quadrupole mass analyzer
and background vacuum was kept at the magnitude of
10~° Pa. The total amount of desorbing helium atoms
detected during heating to 1500 K was almost the same
as the amount of helium atoms implanted into the
samples.

3. Results and discussion

3.1. Helium desorption from pure iron irradiated by 150
eV He ions

Fig. 1 indicates the thermal helium desorption spec-
tra of the samples irradiated by 150 eV He™ ions at room
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Fig. 1. Helium desorption spectra of (a) 10'” Het/m?, (b) 10'8
He*/m? and (c) 10" He™/m? 150 eV helium implanted into
deformed a-iron, which are called as CW, PR1, PR2 and FA.
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temperature as a function of irradiation dose for the
samples. At the lowest dose, as shown in Fig. 1(a), the
helium desorption spectrum for the FA sample shows a
sharp peak at 450 K, broad peaks ranging between 650
and 1000 K, and another sharp peak at 1100 K. These
peaks are, hereafter, called as peaks I, IV and III, re-
spectively. At higher doses for the FA sample, in addi-
tion to the desorption peaks described above, two peaks
appeared at around 550 K and greater than 1250 K, and
peak IV divided into two parts; one was a sharp peak at
about 800 K and the other was a broad peak ranging
between 800 and 1000 K. These peaks are called VI, V,
IT and IV, respectively. On the other hand, for the CW,
PR1 and PR2 samples, peaks I, III, IV and V appeared
as shown in Fig. 1(a), as well as a new sharp peak at
about 800 K that is observed for all of the irradiation
doses. This peak is, hereafter, called peak VII.

Peaks I, II, III, IV, V and VI are considered to be
ascribed to helium desorbing from multiply filled and
singly filled vacancies and their clusters, as discussed
elsewhere [6]. Our calculation shows that helium binding
energy to the helium-vacancy cluster ranges from 1.8 to
5.3 eV, depending on the helium-to-vacancy ratio of the
cluster [7]. On the other hand, the amount of helium at
peak VII increases with increasing helium implantation
dose and it is finally saturated at the highest dose of
about 10" He/m?. In addition, with increasing dose, the
peak VII temperature is shifted higher. This behavior of
helium desorption is definitely different from that of
desorption at peak II (desorption from vacancy-related
defects) that is gradually shifted to lower temperature at
higher dose. Moreover, at the fixed implantation dose
investigated here, the height of peak VII decreases and
the peak VII temperature increases in the order of CW,
PR1, PR2 and FA. Since this peak is not considered to
correspond to dissociation of helium atoms from
vacancy-related defects, it may be attributed to helium
desorption from the defects that are produced or chan-
ged during the plastic deformation and subsequent heat
treatments before the helium implantation. These de-
fects are essentially dislocations and grain boundaries.

Berg et al. [8] performed atomistic calculations,
showing that the energy for dissociation of a single
helium atom from a 1/2(111){1 10} edge dislocation or
from a small helium cluster (number of helium atoms up
to 4) bound to the dislocation is about 2.3 eV. In the
absence of information on the binding states between a
helium atom and a screw dislocation, the desorption
temperature of peak VII is in good agreement with their
calculated energy. Therefore, one of the possible de-
sorption mechanisms at peak VII may be ascribed to
helium desorption from dislocations. Butters et al. [9-11]
reported that helium desorption from dislocations was
not observed in cold-worked single crystal molybdenum
irradiated by 150 eV helium ions. They pointed out that
all the helium atoms once trapped by a dislocation mi-

grate very rapidly along the dislocation to a surface due
to pipe diffusion, resulting in no production of helium
clusters bound to dislocations. If pipe diffusion is also
dominant in our samples, a fraction of helium atoms
should escape during irradiation, because the helium-
implanted depth is much smaller than the grain size and
therefore dislocations reach not only grain-boundaries
but also the surface. But it is inconsistent with our ob-
servation. Implanted helium atoms even in our cold-
worked samples were all retained in the samples before
the TDS measurements. Since one expects that disloca-
tions have a lot of jogs and vacancies, which prevent
helium pipe diffusion [12], it is not unreasonable to
consider that helium atoms are trapped in a cluster
bound to dislocations, and that they desorb from dis-
locations at peak VII temperatures.
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Fig. 2. Helium desorption spectra of (a) 107 He*/m?, (b) 10'8
He™/m? and (c) 10Y He*/m? 8 keV helium implanted into de-
formed o-iron, which are called as CW, PR1, PR2 and FA.
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The other possible mechanism for peak VII is de-
sorption of helium from grain boundaries. Our spectra
show that the amount of helium atoms desorbing at
peak VII increases with decreasing grain size. Which
desorption mechanism is dominant at peak VII, dislo-
cation trap, grain boundary trap or both, is not clear at
present.

In general, vacancies bound to dislocations and grain
boundaries can diffuse very rapidly. Therefore, when
implantation dose increases and helium atoms are ac-
cumulated at the dislocations or grain boundaries, a
helium-vacancy cluster on these defects accumulates
vacancies very easily to relax the compressive strain
produced by the cluster. It results in an effective decrease
in the helium-to-vacancy ratio of the cluster and there-
fore an increase in the binding energy of helium to a
cluster, which leads to the peak VII shift to higher
temperatures as described above.

3.2. Helium desorption from pure iron irradiated by 8 keV
He ions

Fig. 2 indicates the thermal helium desorption spec-
tra of the samples irradiated by 8 keV He" ions at room
temperature as a function of irradiation dose. Peaks I,
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Fig. 3. Helium desorption spectra of (a) 107 He*/m? and (b)
10'8 He*/m? 150 eV helium implanted into the deformed a-iron
(CW and FA) and the JLM-1.

11, II1, IV, V and VII were also observed at the 8 keV
irradiations, as shown in Fig. 2. The amount of helium
desorbing at peak VII was smaller in the 8 keV irradi-
ations than in the 150 eV irradiations. This is probably
because, different from the 150 eV irradiations, energetic
incident helium ions of 8 keV produce atomic displace-
ment damage to create a large number of vacancies
where most of the helium atoms are preferentially
trapped by vacancies and their clusters, and therefore,
the number of helium atoms bound to dislocations or
grain boundaries decreases.

3.3. Helium desorption from JLM-1

Figs. 3 and 4 indicate the thermal helium desorption
spectra obtained from the JLM-1 steel and pure-iron
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Fig. 4. Helium desorption spectra of (a) 10" He*/m?, (b) 10'8
He*/m? and (c) 10" He*/m? 8 keV helium implanted into
deformed o-iron (CW and FA) and the JLM-1.
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(CW and FA) irradiated by 150 and 8 keV He" ions at
room temperature as a function of irradiation dose.
Peaks I, 11, 111, IV, V and VII were also observed in the
helium desorption spectra of the JLM-1 steel.

Peak VII, representing dissociation of helium atoms
from dislocations or grain boundaries, was also ob-
served in the spectra of the steel, indicating that some of
the helium atoms are also trapped at dislocations and
grain boundaries in the steel. As shown in the desorption
spectra of iron, the amount of helium desorption at peak
VII decreases with increasing incident He energy in the
steel. Irrespective of the highest dislocation density
(~10" m~?) and the smallest grain (subgrain) size, the
amount of helium trapped at the dislocations and grain
boundaries (peak VII) in the JLM-1 steel is smaller than
that of the CW sample. This indicates that there are
many defects to trap helium in the steel, in addition to
vacancies, dislocations and grain boundaries. One ex-
pects that these defects can trap helium atoms to prevent
them from clustering, depending on their own binding
strength. For example, dislocations and grain bound-
aries can trap helium below 800 K, which would be the
upper limit of the temperature where the steel can be
utilized without helium clustering attributed to disloca-
tions. Further investigation is required to know the
binding states and strength of helium for the other de-
fects.

4. Conclusions

Thermal desorption measurements were performed
to investigate helium entrapment in cold-worked and
annealed a-iron and a RAMS (JLM-1). The helium
desorption peak associated with dislocations was ob-
served at approximately 800 K. So many defects (va-
cancies, dislocations, grain boundaries, lath-boundary,
carbides.) are included in the steel and they trap and
disperse helium atoms to prevent them from clustering
as a bubble.
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