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Abstract

Thermal desorption of helium from Fe–9Cr and pure Fe which were irradiated with 5 keV Heþ ions at 85 or 473 K

have been studied by thermal desorption spectrometry (TDS) at temperatures from room temperature to 1270 K and

related microstructure changes by TEM. It is found that five TDS peaks appear in Fe–9Cr specimen and these peaks are

well correlated with microstructure changes. From these results, the five peaks ICr, IICr, IIICr, IVCr and VCr may be

attributed to release of trapped helium atoms by the break-up of vacancy–helium–self-interstitial atom complexes or

very tiny loops, glide to the specimen surface or coalescence of interstitial type dislocation loops, shrinkage of dislo-

cation loops, bubble migration to the specimen surface and a–c phase transformation, respectively. Precipitation of Cr

around the loops and bubbles in Fe–9Cr is revealed by STEM-EELS and this could shift the related TDS peaks to

higher temperatures.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

High (9–12 wt%) Cr base steels are recognized as a

leading candidate for first wall materials [1] and a

number of studies have been reported and reviewed [2,3].

The excellent swelling resistance of these steels may

primarily be a result of the delay in void nucleation, but

is highly dependent on irradiation conditions. Hence, to

obtain a general understanding of the swelling resis-

tance, more fundamental studies performed under vari-

ous irradiation conditions are required.

One of key factors which control evolution of the

swelling is the interaction of irradiation induced defects

with helium atoms. However, little information on the

microstructure at which helium atoms are trapped and

their detrapping processes in Fe–Cr ferritic alloys is

available, although thermal desorption spectrometry
* Corresponding author.

E-mail address: onokotar@riko.shimane-u.ac.jp (K. Ono).

0022-3115/$ - see front matter � 2004 Elsevier B.V. All rights reserv

doi:10.1016/j.jnucmat.2004.04.061
(TDS) of helium atoms was performed for some irradi-

ated metals [4–6]. Recently, Morishita et al. [7] studied

TDS of helium from Fe and discussed a release of he-

lium from vacancy related defects in comparison with

molecular dynamics calculations. However, in that

work, information on the defects that could be clarified

by TEM was poor.

In the present work, thermal desorption of helium

atoms from a Fe–9Cr specimen irradiated with Heþ ions

and the microstructure change corresponding to the

desorption spectra are investigated by TDS and TEM

observation. Effects of Cr are clarified by revealing

segregation of Cr around the defects using the STEM-

EELS (scanning transmission electron microscopy-

electron energy loss spectrometry) technique.
2. Experimental procedure

The material was a ferritic alloy which was cast

from high purity starting materials supplied by
ed.
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Fig. 1. Comparison of TDS spectra in Fe (upper) and Fe–9Cr

(lower) specimens irradiated with 5 keV Heþ ions to a dose of

934 K. Ono et al. / Journal of Nuclear Materials 329–333 (2004) 933–937
Johnson-Matthey and 99.995 at.% purity Fe supplied by

Toho Zinc Co. Thin plate (10 · 10 · 0.01 mm3) speci-

mens for TDS and disk shaped ones (3 mm in the

diameter) for TEM were pre-annealed at 1230 K for 1 h

in an ultra-high vacuum furnace. The plate specimens

for TDS were chemically etched before the pre-anneal-

ing. The disk shaped specimens were electrochemically

polished for TEM after the pre-annealing.

The specimens for TDS were irradiated with 5 keV

Heþ ions to doses of 1–2· 1020 ions/m2 with a flux of

2.0· 1017 ions/m2 s at 85 or 473 K and then transferred

into an ultra-high vacuum chamber for TDS, being

followed by slow warming or cooling to room temper-

ature. The specimen in the desorption chamber was

linearly heated from room temperature to 1270 K at a

constant heating rate of 1.5, 3 or 6 K/min by a infrared

radiation system and the TDS measurement was per-

formed using a quadrupole mass spectrometer.

Evolution of the microstructure in the specimen,

which was similarly irradiated with 5 keV Heþ ions

using an ion accelerator combined with a TEM [8], was

observed and continuously monitored by TEM during

warming-up to 1250 K.

To examine radiation induced precipitation or segre-

gation of Cr around defects, STEM-EELS analysis was

performed, using FE-TEMandGatan-766 (Digi-PEELS).

Scanning of the electron probe with a diameter of 1 nm

was made on a 0.2–0.63 nm space interval and EELS

spectra from L23 edges of Fe and Cr were measured.
2.0 · 1020 ions/m2 at 85 K. The linear heating rates are denoted.

The peaks V and VCr are very large and the upper parts are

cropped.

Fig. 2. TDS spectra of Fe–9Cr specimens irradiated to a dose

of 2.0 · 1020 ions/m2 at 473 K.
3. Results and discussion

Spectra of ion currents that correspond to desorbed

helium atoms from pure Fe and Fe–9Cr specimens are

compared as a function of the specimen temperature in

Fig. 1, where each specimen was linearly heated at a

constant heating rate, following the irradiation to a dose

of 2· 1020 ions/m2 at 85 K. The spectra for pure Fe

sample show sharp peaks around 590, 700, 870, 990 and

1190 K, and these peaks are hereafter called peaks I, II,

III, IV and V, respectively. Related peaks will be ex-

pressed by the same Roman numerals, classifying by

suffixes. In the Fe–9Cr specimen, five similar peaks ICr,

IICr, IIICr, IVCr and VCr appeared around 720–760, 820,

890, 1100 and 1140 K, respectively. It is clearly shown

from the figure that the alloying effect of Cr is to shift

the Fe peaks to higher temperatures about 20–130 K,

except the peak VCr, where the peak temperature was

lowered relative to that in pure Fe.

Fig. 2 shows TDS spectra from Fe–9Cr specimens

irradiated with 5 keV Heþ ions to a dose of 2.0· 1020
ions/m2 at 473 K. It is seen that the peak II�Cr is broad

and may be overlapping with the peak I�Cr, but the other

peaks III�Cr, IV
�
Cr and V�

Cr appeared consistently in the

same temperature ranges shown in Fig. 1.
To examine effects of He and Cr atoms on the for-

mation of dislocation loops in Fe–9Cr specimen, pure Fe

and Fe–9Cr specimens were irradiated with 5 keV Heþ

ions or 1 MeV electrons, where the dpa rate in the
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electron irradiation was adjusted to the maximum one,

5· 10�3 dpa/s, in the ion irradiation. The number den-

sity of dislocation loops formed at 473 K is compared in

Fig. 3. Enhanced nucleation of loops not only by helium

atoms but also by the combined effects of helium and Cr

atoms is remarkable. It has been pointed out by present

authors that helium–vacancy complexes play the role of
Fig. 3. Number density of dislocation loops in Fe and Fe–9Cr

irradiated with 5 keV Heþ ions or 1 MeV electrons as a function

of the dpa. In the ion irradiation, the loop number density and

the dpa at the maximum depth distribution were adopted. The

dpa rates in both irradiations were same.

Fig. 4. Microstructure change in Fe–9Cr specimen by annealing, follo

m2 at 85 K. The first three micrographs are dark field image and the
nucleation sites of the interstitial loops in pure Fe [9].

This fact should affect the helium desorption peak I in

pure Fe, which will be discussed below. In the case of

Fe–9Cr, the high density dislocation loops shown in Fig.

3 could trap helium atoms and these helium atoms could

cause the desorption peaks ICr, IICr and IIICr as will be

discussed below.

The desorption spectra discussed above can be re-

lated to the microstructure change observed in detail by

TEM. In the case of pure Fe, peaks I, II, III are

attributed to release of trapped helium atoms by break-

up of helium–vacancy–self-interstitial atom complexes

or very tiny I-type loops, glide to the specimen surface or

coalescence of gliding dislocation loops and shrinkage of

the loops, respectively. The temperatures of the peaks II

and III seem close to that of helium desorption from

dislocations in deformed Fe [6]. The peaks IV and V are

attributed to release of helium by migration of helium

bubbles to the specimen surface and phase transforma-

tion from a to c phase, respectively. The details will be

reported elsewhere [10].

In the case of a Fe–9Cr specimen, the microstructure

change by heating to higher temperatures following the

irradiation with 5 keV Heþ ions at 85 K is shown in Fig.

4. As seen from the micrograph, high density dislocation

loops are observed at room temperature, which almost

disappear by about 900 K. By observation in more de-

tail, it was noticed that very tiny complexes or loops

disappeared around 700–770 K and the remaining loops

grew. These loops started to change their configuration

by gliding and coalescence around 770–850 K. The glide

motion was very slow in comparison with that in pure

Fe. Most of the loops disappeared at around 940 K,

which could be caused by absorption of thermal

vacancies [11], with the activation energy for the self-

diffusion in Fe of 2.9 eV[12]. Small size bubbles (1–2 nm

in diameter) became obvious in the TEM image above

around 800 K and started to move above 990 K,

depending on their size and shape. Some of bubbles
wing irradiation with 5 keV Heþ ions to a dose of 2.0· 1019 ions/
others are bright field. The final one is higher magnification.
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disappeared at the specimen surface and some coalesced.

The motion profile and mobility of helium bubbles in Fe

and Fe–9Cr have been reported by the present authors

[13]. The phase transformation from a to c phase takes

place around 1140 K and most bubbles were swept out

following a movement of the phase boundary [14].

The microstructure change shown in Fig. 4 is well

correlated with the desorption spectra shown in Fig. 1.

Therefore, we should be able to attribute the TDS peaks

ICr, IICr, IIICr, IVCr and VCr to the release of helium

atoms by break-up of very tiny interstitial complexes or

loops, glide to the specimen surface or glide and coa-

lescence of dislocation loops, shrinkage of dislocation

loops by absorption of thermal vacancies, bubble mo-

tion to the specimen surface and phase transformation,

respectively. Lowering of the peak VCr temperature in

Fe–9Cr is in good agreement with a Fe–Cr phase dia-

gram.

Morishita et al. [7] indicated from a molecular

dynamics calculation that interstitial or substitutional

helium in Fe is able to move easily above room tem-

perature, while the helium atom is strongly bound to

helium–vacancy clusters. Berg et al. [15] suggested
Fig. 5. The upper part is the ADF image of edge-on dislocation

loops in Fe–9Cr. The lower part shows the distribution of Fe

( ) and Cr (d) which were obtained by STEM-EELS analysis

measured along the white line in the ADF image. For the Fe

distribution, 1.8· 104 electrons are added for easy comparison

with Cr one. The intensity profile of ADF image (�) is also

shown to indicate the position of the loop.
strong binding of helium atoms to edge dislocation in

Fe. These calculations of the strong bindings seem to

support present results. That is, the spectra I, II and III,

or ICr, IICr and IIICr are basically attributed to the

annihilation of loop dislocation segments and the anni-

hilation of the deep trapping sites is the easiest process

for helium release at these temperatures of the peaks.

Bubble migration at temperatures of peaks IV and IVCr

was confirmed and should be an easier process than the

helium resolution into the matrix from bubbles in Fe

and Fe–9Cr.

Segregation of Cr induced by irradiation was ana-

lyzed by STEM-EELS. For helium bubbles in the Fe–

9Cr alloy, Cr segregation on their surface has been

revealed by present authors [13]. For dislocation loops

formed by irradiation with Heþ ions in Fe–9Cr, an ele-

mental mapping of Fe and Cr across the loop is shown

in Fig. 5. The upper half of the figure is an annular dark

filed (ADF) image of edge-on dislocation loops and the

lower half indicates local distributions of Fe and Cr

which were obtained by measurement of EELS spectra

from L23 edges along the white line in the ADF image in

0.63 nm interval. The number of electrons in the vertical

axis was calculated by subtracting the background

intensity from each edge of raw spectra. From combined

consideration of EELS spectra with the intensity spectra

of ADF dislocation loop image, we can judge that at the

position of the dislocation loop, the concentration of Fe

is decreased and that of Cr is increased. The segregated

Cr around the dislocation loop or bubble could retard

the motion of dislocations and bubbles and shift the

related desorption spectra to higher temperatures. The

retardation of the bubble mobility by segregated Cr in

Fe–9Cr has been clarified by the present authors [13].
4. Conclusions

Trapping states of helium atoms and their release

from Fe–9Cr and Fe specimens which were irradiated

with 5 keV Heþ ions have been examined by TDS, TEM

and STEM-EELS. The important point in the present

work is that TDS spectra are well correlated with the

microstructure change revealed by TEM and STEM-

EELS. The main conclusions are as follows:

1. TDS spectra ICr, IICr and IIICr appeared at around

720–760, 820 and 890 K and these are attributed to

a release of helium by break up of interstitial com-

plexes or tiny loops, annihilation of loop dislocation

segments owing to glide, coalescence and disappear-

ance of loops by absorption of thermal vacancies,

respectively.

2. The peak IVCr appeared at around 1100 K and this

can be attributed to the migration of helium bubbles

to the specimen surface.
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3. The large peak VCr appeared at around 1140 K and

can be attributed to the sweeping out of bubbles, fol-

lowing the movement of the a–c phase boundary.

4. Segregation of Cr around the dislocation loops

was revealed by STEM-EELS. These segregated Cr

atoms could shift the spectra ICr, IICr, IIICr and

IVCr to higher temperatures.
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