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Abstract

The synergistic effects of displacement damage and atomic hydrogen and helium on swelling of the ferritic/mar-

tensitic steel, F82H, has been investigated. The irradiation was performed at temperatures between 470 and 600 �C to 50

dpa (displacement per atoms) under conditions of simultaneous ion beams consisting of Fe3þ, Heþ and Hþ ions or Fe3þ

and Heþ ions. The swelling of F82H steel under triple beams with 18 appm He/dpa and 70 appm H/dpa was larger than

that under dual beams with 18 appm He/dpa. The swelling in F82H under triple beams increased with decreasing ir-

radiation temperature from 0.1% to 3.2%, while swelling under dual beams was between 0.04% and 0.08%. On the other

hand, in the case of triple beam irradiation with a high ratio of gas/dpa, the swelling tended to increase with irradiation

temperature. The swelling in ferritic/martensitic steels is significantly enhanced by the synergistic effect of displacement

damage, hydrogen and helium atoms.

� 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Helium and hydrogen accumulations due to trans-

mutation and implantation in ferritic/martensitic steels

have been considered as a potential cause for irradia-

tion-induced helium-embrittlement [1–5] and -hydrogen-

embrittlement [6,7] and irradiation-induced-swelling

[8,9]. The swelling of F82H and other 7–9Cr low-

activation ferritic steels irradiated at 430 �C to 67 dpa

(displacement per atoms) in FFTF was reported by

Morimura et al. [10,11]; the smallest swelling was in

F82H (0.1%) compared to the other steels (0.1–0.7%).

Recently, the synergistic effect of displacement damage

and helium production on swelling in F82H doped with
10B has been examined [8]. The swelling of F82H steel

irradiated to 51 dpa was 0.6–1.2%, depending on helium

concentration, suggesting that the swelling of ferritic/

martensitic steels was enhanced by helium. The purpose

of this study is to investigate the synergistic effect of

displacement damage, helium and hydrogen produc-

tion on swelling in F82H ferritic/martensitic steel under

triple/dual ion beams.

2. Experimental procedure

The material used in this study was ferritic/marten-

sitic steel, IEA-heat F82H (Fe–8Cr–2W–0.2V–0.04Ta–

0.1C). Irradiations were performed under triple or dual

ion beams in the Takasaki ion accelerators for advanced

radiation application (TIARA) facility at JAERI. The

specimens were irradiated with simultaneous triple or

dual ions, consisting of either 10.5 MeV Fe3þ ions, 1.05

MeV Heþ ions and 0.38 MeV Hþ ions or Fe3þ and Heþ

ions, to 50 dpa at 1 lm depth. The Fe3þ, Heþ and Hþ

ion beams were generated by a Tandem accelerator,
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Single-ended accelerator and ion implanter, respectively.

The damage peak of the Fe3þ ions was about 150 dpa

and the depth was about 1.75 lm. The irradiations by

helium and hydrogen atoms were controlled to implant

over depth ranges from 0.84 to 1.32 lm and 0.88 to 1.39

lm, respectively. As seen in Fig. 1, these were achieved

by using two aluminum foil energy degraders, based on

calculations with SRIM97 code. The ratios of hydrogen

and helium concentrations to dpa (appm/dpa) were ad-

justed to simulate fusion reactor and spallation neutron

source (SNS) target conditions, about 70 appm H/dpa

and 18 appm He/dpa, and about 1700 appm H/dpa and

180 appm He/dpa, respectively. In the dual ion beams, it

was 18 appm He/dpa. The irradiation temperatures were

470, 510 and 600 �C, and the damage rate was about

1:6� 10�3 dpa/s.

After irradiation, the specimens were thinned using a

Hitachi FB-2000A focused ion beam (FIB) with a Ga

ion gun operated at 30 kV equipped with micro-pick up

system [12]. The microstructures were examined by

transmission electron microscopy.

Following irradiation, the hydrogen depth profiles in

F82H steel irradiated with triple ion beams were mea-

sured at room temperature by using the 1H(15N, ac)12C
nuclear resonance reaction at 6.385 MeV [13], after the

triple ion irradiation. 15N3þ or 15N4þ ions were acceler-

ated from 5.8 to 13.2 MeV by a Tandem accelerator.

The yield from the characteristic gamma rays of the

resonant nuclear reactions was measured as a function

of 15N ion energy with a 0:075 m� 0:075 m NaI(Tl)

detector placed just behind the samples. The beam size

was about 3 mm in diameter and the beam current was

about 30 nA. The absolute hydrogen concentration was

determined by referencing to an amorphous Si (14 at.%

H) film on a Si substrate. The details are given elsewhere

[14].

3. Results

Fig. 2(a) and (b) show cavities formed in F82H steel

irradiated at 470 �C with triple ion beams of Fe3þ ions,

Heþ ions and Hþ ions under 18 appm He/dpa and 70

appm H/dpa and dual ion beams of Fe3þ ions and Heþ

ions under 18 appm He/dpa, respectively. The size dis-

tributions for cavities that formed at depths from 0.9 to

1.1 lm in F82H steel irradiated to 50 dpa with the triple

and dual ion beams are shown in Fig. 3(a) and (b), re-

spectively. Many cavities with small sizes less than about

6 nm and with larger sizes were observed on disloca-

tions, and the size distributions were bi-modal in triple

and dual beams. The swelling of F82H irradiated with

triple and dual ion beams was about 3.2% and 0.08%,

respectively. The average swelling in F82H steel was

significantly enhanced by the triple ion irradiation.

In Fig. 4, cavities formed at 510 �C in the F82H steels

irradiated with triple and dual beams are seen. Cavities

were also formed on dislocations. In the dual beams,
Fig. 1. Schematic configurations of three beam lines, two

energy degraders and specimens.

Fig. 2. Cavities formed in F82H steel irradiated at 470 �C to 50 dpa at the depth of around 1 lm under (a) triple beams of Fe3þ, Heþ

and Hþ ions and (b) dual beams of Fe3þ and Heþ ions.
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many small cavities with size of about 6 nm were formed

in F82H steel, as shown in Fig. 3(a). In the triple beams

under the fusion conditions of 18 appm He/dpa and 70

appm H/dpa, larger cavities of 20–30 nm and small

cavities of about 5 nm were formed in F82H steel, as

seen in Fig. 4(b). In the spallation target conditions of

180 appm He/dpa and 1700 appm H/dpa, higher density

cavities with sizes from about 5 to 15 nm were formed as

shown in Fig. 4(c). The average swelling in Fig. 4(a)–(c)

was 0.04%, 0.15% and 0.29%, respectively. The swelling

was enhanced by the spallation target condition.

In F82H steel irradiated at 600 �C to 50 dpa with the

dual ion beams and triple ion beams, many cavities were

formed at lath boundaries and on dislocations as given

in Fig. 5. The size of cavities formed in F82H irradiated

by triple ion beams at fusion conditions was similar to

that irradiated in the dual ion beams. The cavities

formed under spallation target conditions were larger

than those formed under fusion conditions. A summary

of results for cavities formed in F82H steel irradiated

from 470 to 600 �C is given in Fig. 6 and Table 1.

Swelling in F82H under fusion conditions of triple ion

beams increased from about 0.1% to 3.2% with de-

creasing irradiation temperature, while under dual ion

beams it remained at low levels from about 0.04% to

0.08% at temperatures between 470 and 600 �C.
To examine the diffusion of hydrogen atoms in

F82H, hydrogen depth profiles in F82H steels irradiated

at 470 �C to 43 dpa with triple beams of Fe3þ, Heþ and

Hþ ions under spallation target conditions were exam-

ined. The implanted hydrogen and helium concentra-

tions in these specimens were about 8 and 0.4 at.%,

Fig. 3. Size distributions of cavities formed in F82H steel irradiated at 470 �C to 50 dpa with the triple and dual ion beams under

fusion condition. It was measured at depths from 0.9 to 1.1 lm.

Fig. 4. Cavities (objects with white contrast) formed in F82H irradiated at 510 �C to 50 dpa under dual/triple beams. The ratios of He/

dpa and H/dpa were (a) 18 appm He/dpa, 0 appm H/dpa, (b) 18 appm He/dpa, 70 appm H/dpa, and (c) 180 appm He/dpa, 1700 appm

H/dpa.
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respectively. After the irradiation, the hydrogen con-

centration was measured, but it was less than the de-

tection level (�0.2 at.%) in the specimen.

4. Discussion

Diffusion of hydrogen atoms in iron-based alloys is

very fast, and hydrogen atoms implanted at 470 �C in

F82H steel under triple ion beam conditions could be

detected using the 1H(15N, ac)12C nuclear resonance re-

action. However, the synergistic effect of displacement

damage, helium and hydrogen on swelling in F82H steel

occurred at temperature lower than 510 �C. According to

a study on a vanadium alloy [15], where enhanced

swelling by the synergistic effect of triple ion beams was

reported, the cause was related to the development of

dislocation loops. The synergistic effect of displacement

Fig. 5. Cavities (objects with white contrast) formed in F82H irradiated at 600 �C to 50 dpa under dual/triple beams. The ratios of He/

dpa and H/dpa were (a) 18 appm He/dpa, 0 appm H/dpa, (b) 18 appm He/dpa, 70 appm H/dpa, and (c) 180 appm He/dpa, 1700 appm

H/dpa.

Fig. 6. Temperature dependence of the average swelling in

F82H steel irradiated at 470–600 �C to 50 dpa with dual and

triple ion beams.

Table 1

A summary of results for cavities formed in F82H steel irradiated at 470–600 �C under the triple and dual beams

Irradiation temperature

(�C)
Dual or triple beams Cavity number density

(m�3)

Cavity diameter of RMC

(nm)

Swelling (%)

470 Dual 5:2� 1021 6.7 0.08

Triple (fusion) 5:4� 1021 11.2 3.2

510 Dual 5:1� 1021 5.2 0.04

Triple (fusion) 4:6� 1021 8.6 0.15

Triple (spallation) 1:8� 1022 6.7 0.29

600 Dual 4:6� 1021 6.1 0.06

Triple (fusion) 6:2� 1021 7.5 0.09

Triple (spallation) 8:1� 1021 15.6 1.0

For fusion condition, the ratios of appm He/dpa and appm H/dpa were 18 and 70, respectively. For the spallation target condition,

these were 180 appm He/dpa and 1700 appm H/dpa, respectively. RMC means the root mean cube of cavity radius.
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damage and hydrogen production on microstructures in

F82H steel irradiated at 250 �C to 3 dpa in HFIR, using

F82H doped with 54Fe (F82H(54Fe)) utilizing the nuclear

reaction 54Fe(n, p)54Mn, has been investigated in Ref.

[16]. In the study, the amount of hydrogen production

was estimated to be 182 appm by Greenwood et al. [17].

In the doped F82H(54Fe) specimen, cavities were formed,

but were not formed in normal F82H specimen. The

structure and number density of dislocation loops was

different in the F82H(54Fe) and normal F82H. It is sug-

gested that the nucleation and growth of cavities and

dislocation loops may be influenced by the presence of

hydrogen atoms. The synergistic effect of displacement

damage and helium production on swelling in F82H steel

was examined [8,10,11] in HFIR and FFTF, and the

swelling was 0.1–1.2%, depending on helium production,

suggesting that swelling of F82H steel was enhanced by

helium. In present study, the swelling in F82H steel is

significantly enhanced by the synergistic effect of dis-

placement damage, helium and hydrogen atoms, and

the presence of hydrogen atoms is very important for

swelling behavior under triple ion beams. The details of

the swelling mechanism will be reported in another study

[18].

The sink balance for point defects between disloca-

tions and cavities is very important for swelling behavior

in the theory of cavity growth [19–21]. The ferritic/

martensitic steel F82H has a high density dislocation

before irradiation, and the introduction of additional

dislocations in F82H steel is useful for the reduction of

swelling. The relation between the largest cavity size and

dislocation density in F82H steel irradiated with dual

ion beams at 510 �C to 50 dpa has been reported [22].

The dislocation density was changed by adjusting the

tempering time and temperature and cold-working. The

result shows that cavity size decreases with increasing

dislocation density. The method may be useful for ex-

ploring the reduction of swelling under triple beams, and

will be the subject of further study [18].

5. Conclusions

(1) The swelling of F82H steel under triple ion beams

was clearly larger than that under dual beams at tem-

peratures lower than 510 �C, and the swelling was

strongly influenced by the synergistic effect of displace-

ment damage, helium and hydrogen.

(2) The swelling in F82H under fusion conditions of

triple ion beams increased with decreasing irradiation

temperature from about 0.1% to 3.2%, while the values

under dual ion beams were between 0.04% and 0.08%.

(3) In triple ion irradiation under spallation target

conditions with a high ratio of gas/dpa, the swelling

tended to increase with irradiation temperature.

(4) The implanted hydrogen concentration could not

be detected in the F82H steels implanted to 8 at.% hy-

drogen at 470 �C.
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