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Abstract

The synergistic effect of displacement damage and hydrogen or helium atoms on microstructures in F82H steel

irradiated at 250–400 �C to 2.8–51 dpa in HFIR has been examined using isotopes of 54Fe or 10B. Hydrogen atoms

increased slightly the formation of dislocation loops and changed the Burgers vector for some parts of dislocation

loops, and they also affected on the formation of cavity at 250 �C to 2.8 dpa. Helium atoms also influenced them at

around 300 �C, and the effect of helium atoms was enhanced at 400 �C. Furthermore, the relations between micro-

structures and radiation-hardening or ductile to brittle transition temperature (DBTT) shift in F82H steel were dis-

cussed. The cause of the shift increase of DBTT is thought to be due to the hardening of dislocation loops and the

formation of a0-precipitates on dislocation loops.

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

1. Introduction

Ferritic/martensitic steels are candidate materials for

the first wall and blanket structure of fusion reactors. In

the D–T fusion reaction, the high-energy neutrons pro-

duced induce displacement damage and generate hy-

drogen and helium gas atoms in the materials from (n,p)

and (n,a) reactions. In order to investigate the effect of

hydrogen gas atoms on ferritic steels using a fission re-

actor, hydrogen gas atoms can be generated in F82H by

doping with the 54Fe isotope (F82H(54Fe)). An isotop-

ically tailored F82H(54Fe) steel was fabricated [1]. Irra-

diation of such an alloy in a mixed-spectrum fission

reactor with thermal neutrons like the high flux isotope

reactor (HFIR) results in the following transmuta-

tion reactions such as reactions of 54Fe(n,p)54Mn and
54Fe(n,a)52Cr. After the HFIR irradiation, hydrogen

analyses of F82H(54Fe) irradiated at 250 �C to 2.8 dpa

was performed by Greenwood et al. [2]. The mechanical

properties in the HFIR-irradiated F82H(54Fe) steel have

been investigated [3–6].

The effects of neutron irradiation on tensile defor-

mation and ductile to brittle transition temperature

(DBTT) of F82H and other ferritic/martensitic steels

irradiated in the target position of HFIR have been re-

ported [7–18]. Radiation-hardening occurred mainly at

irradiation temperatures lower than about 400 �C, and

the shift of DBTT shift rapidly increased at irradiation

temperature of 250 �C. In these results, there is a dif-

ference between the peak temperature of radiation-

hardening and a maximum shift of DBTT, and the study

of microstructural examination is very important. He-

lium and hydrogen accumulations due to transmutation

and implantation in these systems of ferritic/martensitic

steels have been considered as a potential cause for

irradiation induced helium-embrittlement [7,10,14–16]
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and hydrogen-embrittlement [17,18]. The swelling of

F82H and the other 7–9Cr low-activation ferritic steels

irradiated at 430 �C to 67 dpa in FFTF was reported in

Refs. [19–21]; the smallest swelling in several ferritic/

martensitic steels was F82H steel and it was 0.1%, and

those of the other steels were 0.1–0.7%. Recently, the

synergistic effect of displacement damage and helium

production on swelling in F82H doped with an 10B

isotope has been examined [22,23]. The swelling of F82H

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

helium production concentration. The synergistic effect

of displacement damage, helium and hydrogen produc-

tion on swelling in F82H ferritic/martensitic steel under

triple/dual ion beams has been reported, and the swelling

increased remarkably to about 3% at 400 �C [24], but it

decreases with the irradiation temperature. The study of

swelling suppression has been also examined [25,26].

The purpose of the present study is to show the

synergistic effect of displacement damage and hydrogen

or helium atoms on microstructure in F82H steel irra-

diated in HFIR, using isotopes of 54Fe or 10B, and to

examine the cause of the different temperature for the

hardening and the shift of DBTT in F82H steel.

2. Experimental procedure

The chemical compositions of the F82H-std,

F82H(54Fe) and F82Hþ 10B specimens used in this

study are given in Table 1. The details of the preparation

process for the F82H(54Fe) is described in Ref. [1]. Hy-

drogen production in the F82H(54Fe) steel irradiated

to 2.8 dpa were calculated as 186 appm, by Greenwood

et al. [2]. In these specimens, helium atoms about 5–10

appm will be produced by impurity boron.

Standard 3-mm-diameter TEM disks of F82H steels

punched from 0.25-mm-thick sheet stock were irradiated

in the HFIR target in the HFIR-MFE-JP17 capsule and

the HFIR-MFE-JP12 capsule as part of the JAERI/US

collaborative program. The irradiation temperatures

and displacement damage were 250 �C and about 2.8

dpa for the F82H-std(1) and F82H(54Fe) steels in the

JP17 capsule. The irradiation temperatures were 300 and

400 �C and displacement damage was about 51 dpa for

the F82H-std(2) and F82Hþ 10B in JP12 capsule. The

dpa level is based on 0.00873 dpa/MWd in the target

position at 85 MW reactor power.

In order to examine the effect of helium atoms on

microstructural change, Heþ irradiation was also per-

formed at 400 �C using a model alloy of Fe–9Cr. The

Fe–9Cr alloy with impurity levels less than about 0.01

wt%, which is designed as high-purity, was prepared by

melting high-purity constituents in a high vacuum of

10�9 bar with a high frequency induction furnace. The

chemical composition of high-purity Fe–9Cr alloys was

9.1Cr–3ppmC–3ppmN–51ppm–2ppmS. The specimen

was normalized at 1050 �C for 1:8� 103 s in vacuum

followed by an oil-quench and then tempered at 850

�C for 3:6� 103 s in vacuum. The TEM specimen was

polished using a Tenupol twin-jet system in a solution of

95 ml acetic acid and 5 ml perchlolic acid at 15 �C. Heþ

ion irradiation was performed at 400 �C to a dose of

3:5� 1019 Heþ/m2 at 15 kV.

After irradiation, microstructures of these specimens

were examined using JEM-2000FX or HF-2000 trans-

mission electron microscope operated at 200 kV.

3. Results and discussion

3.1. Pre-irradiation microstructures of the F82H-std,

F82H(54Fe) and F 82H þ 10B

The microstructure after normalizing and tempering

was a lath martensitic structure in both the F82H-std,

F82H(54Fe) and F82Hþ 10B steel, and the microstru-

cutres are very similar. Large precipitates of M23C6

carbides with number density about 3� 1020 m�3 and

the mean size of about 70 nm was observed in the matrix

and on grain boundaries in these steels. The number

density and mean size of MC carbide in F82H(54Fe)

were 2� 1020 m�3 respectively, and those in F82H-std

and F82Hþ 10B were 12 nm, and <1� 1020 m�3 and

14 nm, respectively. The dislocation densities in the

Table 1

Chemical compositions of the specimens used in this study (wt%), and F82H-std(1) and F82H-std(2) was prepared for JP17 and JP12

capsules, respectively

Alloys Cr B C N P S Al Si V Mn Ta W

F82H-std(1) 7.46 0.0004 0.094 0.002 0.003 0.003 0.019 0.09 0.18 0.07 0.03 2.1

F82H-std(2) 7.44 0.0008 0.1 – – – – 0.14 0.20 0.49 0.04 2.0

F82H(54Fe) 7.1 – 0.097 0.007 <0.002 0.0015 0.03 0.55 0.15 0.40 0.04 1.8

F82Hþ 10B 7.23 0.0058 0.098 – – – – 0.17 0.22 0.50 0.04 2.1

F82H-std: normalizing/1040 �C, 0.67 h, tempering/740 �C, 2 h, F82H(54Fe): normalizing/1040 �C, 0.33 h, tempering/745 �C, 0.67 h,

F82Hþ 10B: normalizing/1040 �C, 0.67 h, tempering/740 �C, 1.5 h.
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steels were nearly equal and were about 9� 1013 m�2.

The mean widths of the lath boundaries in the steels

were about 450 nm.

3.2. Standard F82H and F82H(54Fe) steels irradiated at

250 �C to 2.8 dpa

Fig. 1(a)–(c) show microstructures of the F82H-std

steel irradiated at 250 �C to 2.8 dpa; these micrographs

were taken in the [0 0 1] direction using g ¼ 110 at a

low- and high-magnification of bright-field (BF) image

condition, and a high-magnification of weak beam dark-

field (WBDF) image condition, respectively. Dislocation

loops were observed on {1 1 1} planes with (a=2)h111i
Burgers vectors. Some loops were arranged along dis-

location lines. The number density and mean size of the

loops were 1:4� 1022 m�3 and 7.9 nm, respectively.

Precipitates with contrast like a0-phase were observed on

many dislocation loops as indicated by arrows in Fig.

1(c). A few MC carbides were observed in the matrix.

No cavities were observed in F82H-std.

In high Cr ferritic/martenstic steels containing >12%

chromium, it is well known that a0-precipitates were

formed in the matrix by irradiation [27]. However, in

low Cr ferritic alloys with about 9% chromium, a0-pre-

cipitates were not formed in the matrix and they were

formed on dislocation loops in Fe–9Cr irradiated by

1 MeV electron irradiation [28,29]. The a0-precipitates

formed on dislocation loops were identified by the

measurement of the distance between Moire fringe on

loops. The contrast of a0-precipitates on dislocation

loops were also formed in the Fe–9Cr irradiated by

neutron irradiation [8,9], and the contrast of a0-precipi-

tates on dislocation loops was very similar to that in

F82H steel in this study. Therefore, it is considered that

the formation of a0-precipitates on dislocation loops in

low Cr ferritic steels containing about 9%Cr is a general

phenomenon occurred in irradiated ferritc alloys at low

temperature region.

Fig. 2(a) and (b) show microstructures of the

F82H(54Fe) steel irradiated at 250 �C to 2.8 dpa, and the

micrographs were also taken from the [0 0 1] direction

using g ¼ 110 at a high-magnification of BF image

and WBDF image condition, respectively. Two types of

dislocation loops were observed: those on {1 1 1} planes

with ða=2Þh111i Burgers vectors and those on {1 0 0}

planes with ah100i ones. The concentration of h111i
type to all loops was about 73%. The total number

densities and mean size of dislocation loops were

2:1� 1022 m�3 and 6.6 nm, respectively. Precipitates by

contrast like a0-phase were also observed on many dis-

location loops and not in the matrix. A few MC carbides

were observed in the matrix. In Fig. 3, small cavities

were observed in F82H(54Fe), and the number density,

root mean cube of radius, and swelling of cavities were

5� 1019 m�3, 1.9 nm and 0.0001%, respectively.

The produced hydrogen atoms with high concentra-

tion in F82H steel irradiated in an isotopically tailored

experiment affected on Burgers vector types of disloca-

tion loops and somewhat the nucleation and growth of

dislocation loops, and also the formation of the cavities.

Recently, the effect of hydrogen atoms on microstruc-

tures in F82H under triple/dual ion irradiation has been

examined, and it is also found that hydrogen atoms af-

fect strongly on microstructural evolutions in F82H

below 400 �C.

3.3. Microstructures of F82H-std and F 82H þ 10B steels

irradiated at 300 �C to 51 dpa

Fig. 4(a)–(c) give microstructures of the F82H-std

steel irradiated at 300 �C to 51 dpa. Many dislocation

loops and M23C6 and MC carbides were also observed.

The small black contrast seen inside the M23C6 carbides

Fig. 1. Microstructures of (a) a BF image in low-magnification, (b) a BF image in high-magnification, and (c) a WBDF image in high-

magnification in the F82H-std steel irradiated at 250 �C to 2.8 dpa. Precipitates with contrast like a0-phase are seen on many dislo-

cation loops.
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is identified as M6C precipitates, which are formed by

the irradiation, and an example of a dark-field image

of the M6C precipitates is shown in Fig. 4(c). The size of

the M6C particles was 3–9 nm. The size of M23C6 car-

bide in F82H-std was nearly equal to that before irra-

diation. Fig. 5 shows the microstructure of F82Hþ 10B

steel irradiated at 300 �C to 51 dpa. The mean size and

number density of dislocation loops in F82H-std and

F82Hþ 10B steels were about 11 nm and 4� 1022 m�3

and about 11 nm and 6� 1022 m�3, respectively. The

number density of loops formed in F82Hþ 10B steel was

slightly increased than that in F82H-std. These were

larger and higher number density than those irradiated

at 250 �C to 3 dpa. The mean size and number density

of MC carbides in both alloys were about 10 nm and

1� 1021 m�3, respectively. Small cavities with mean di-

ameter of 2.6 nm and number density of 2:4� 1021 m�3

were formed in the F82Hþ 10B steel as shown in Fig.

5(b), but not formed in F82H-std.

The produced helium atoms in F82H irradiated in an

isotopically tailored experiment affected somewhat on

the formation of dislocation loops and cavities. The

influence of helium atoms would be small, because the

mobility of helium and vacancy atoms was relatively low

at 300 �C.

The formation of M6C in the matrix during irradi-

ation was reported in studies of F82H and the other

ferritc/martensitic steels irradiated at 420 and 490 �C in

FFTF [30]. M6C consisted mainly of Ta, W and a small

amount of V and Ti, and the size was smaller than

M23C6 carbide. In the thermal aging experiments for the

F82H steel, no formation of M6C and MC precipitates

was observed below 400 �C. The formation of M6C

precipitates in the matrix was also observed in 9Cr–

1MoVNb and 9Cr–1MoVNb–2Ni steels irradiated at

400 �C to 37 dpa in the HFIR, but no formation of M6C

precipitates were observed in the alloys irradiated at 300

�C [31,32]. It was mentioned that the M6C phase was

Cr-rich and that Cr supersaturation or segregation

during irradiation might play a role for the phase

transformation. In another report, M6C carbides in sev-

eral ferritic–martensitic alloys, HT9, FV448, and 1.4914

formed along dislocation lines during irradiation at

460 �C to 50 dpa [33]. In the present experiments, M6C

precipitates formed even at 300 �C, and the precipi-

tates were not in the matrix but instead, formed on the

M23C6 carbides. Judging from these results, M6C pre-

cipitates are likely to form at elevated irradiation tem-

peratures, and the M6C may be somewhat easier to

form in the F82H than in the 9Cr–1MoVNb and the

Fig. 3. Cavities formed in F82H(54Fe) irradiated at 250 �C to

2.8 dpa. (Cavities indicated by dotted circles.)

Fig. 2. Microstructures of (a) a BF image in high-magnification and (b) a WBDF image in high-magnification in the F82H(54Fe) steel

irradiated at 250 �C to 2.8 dpa. Precipitates with contrast like a0-phase are also seen on many dislocation loops.
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9Cr–1MoVNb–2Ni steels. The formation mechanism of

M6C precipitates on the M23C6 carbides is not clear

now, and it may be related to radiation-induced segre-

gation of solute atoms at the surface of M23C6 carbides.

Further detailed examination will be necessary to un-

derstand it.

3.4. Microstructures of F82H-std and F 82H þ 10B steels

irradiated at 400 �C to 7.4 and 51 dpa

Many dislocation loops and cavities were observed in

F82H-std steel irradiated at 400 �C to 8 dpa as given in

Fig. 6(a). No contrast of precipitates on dislocation

loops was observed in F82H-std. The number density

and mean size of dislocation loops in F82H-std

steel irradiated to 7.4 dpa were 6� 1021 m�3 and

33 nm, respectively. In 51 dpa, many dislocation loops

disappeared as seen in Fig. 6(b). The number density

and mean size of dislocation loops formed in F82H-std

to 51 dpa were 6:5� 1020 m�3 and 27 nm, respectively.

The number density and the volume-averaged diameter

of cavities and swelling in F82H-std steel irradiated

to 7.4 dpa were 15.2 nm, 9:0� 1020 m�3 and 0.17%,

respectively, and these values at 51 dpa were 25.4 nm,

6:1� 1020 m�3 and 0.52%, respectively.

As proceeded the irradiation, the number density of

dislocation loops in the F82H-std remarkably decreased,

and dislocations increased slightly before irradiation.

Many dislocation loops were grown up during the irra-

diation between 7.4 and 51 dpa, and they could be

tangled, and some parts of tangled dislocations might

have disappeared at lath boundaries.

Many M23C6 carbides elongated along lath bound-

aries at 51 dpa. In Fig. 7, the elongated M23C6 carbides

are shown, and black dotted contrast of M6C carbides

can be seen in them. M6C carbides were mainly formed

on M23C6 carbides and a few part of M6C was formed in

the matrix.

Fig. 4. Microstructures of F82H-std irradiated at 300 �C to 51 dpa: (a) dislocation loops; (b) BF image of M23C6, (c) DF image

of M6C.

Fig. 5. Microstructures of F82Hþ 10B irradiated at 300 �C to 51 dpa: (a) dislocation loops; (b) cavities.
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Fig. 8 shows microstructures F82Hþ 10B steel irra-

diation to 7.4 and 51 dpa at 400 �C. The number

density of dislocation loops in F82Hþ 10B irradiated

to 7.4 dpa were about 1� 1021 m�3 and about 20 nm,

respectively. At 51 dpa, the number density of disloca-

tion loops decreased and they grew. The number den-

sity and mean size of dislocation loops were about

2� 1020 m�3 and about 70 nm, respectively. The dis-

location density was slightly higher than that before

irradiation. The number density and the volume-aver-

aged diameter of cavities in F82Hþ 10B irradiated to

7.4 dpa were 1:1� 1020 m�3 and 6.3 nm, respectively.

At 51 dpa, the number density, volume-averaged dia-

meter of cavities and swelling were 6� 1020 m�3, 25.4

nm and 1.1%, respectively.

The produced helium atoms in F82H irradiated in

an isotopically tailored experiment at 400 �C enhanced

remarkably on the growth of cavity and swelling and

also slightly the formation of dislocation loops, but the

growth of dislocation loops was suppressed.

At 400 �C, a0-precipitates on dislocation loops could

not be formed in the F82H-std and F82Hþ 10B steels.

The cause of no formation of a0-precipitates may be

related with the temperature below the phase boundary

between a0-phase and a-phase in F82H during irradia-

tion.

In Fig. 9, the effect of helium atoms on the formation

of a0-precipitates on dislocation is shown using an Fe–

9Cr alloy irradiated at 400 �C by Heþ ions. In the pre-

vious study, a0-precipitates were formed on dislocation

loops in Fe–9Cr irradiated at 400 �C by 1 MeV electron

irradiation. However, no formation of a0-precipitates on

dislocation loops was observed, and helium atoms sup-

pressed the formation of a0-precipitates. The reason can

Fig. 6. Dislocation loops and cavities formed in F82H-std irradiated at 400 �C to (a) 8 dpa and (b) 51 dpa.

Fig. 7. Dislocation loops and cavities formed in F82Hþ 10B irradiated at 400 �C to (a) 8 dpa and (b) 51 dpa.
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be explained by the idea that the strong binding between

helium and vacancy atoms degrades chromium segre-

gation to dislocation loops. Therefore, helium atoms

would have an effect of suppression of a0-precipitate

formation.

3.5. Radiation-hardening and embrittlement

Many data of tensile properties of yield strength in

F82H and the other ferritic/martensitic steels showed

that radiation-hardening rapidly decreased at 400 �C,

and the hardening was nearly equal at temperatures

between 200 and 350 �C. However, the shift of DBTT

decreased rapidly at 350 �C, and it increasing with de-

creasing irradiation temperature below 350 �C. There

was incompatibility for correlation between the tem-

perature of increase of radiation-hardening and the

maximum shift of DBTT. Below 350 �C, many dislo-

cation loops were formed, but the number density and

mean size of dislocation loops were very similar. At 250

�C, many a0-precipitates were formed on dislocation

loops. Considering this results, the hardening can be

Fig. 8. (a) BF image of M6C and M23C6. (b) DF image of M6C in F82H-std irradiated at 400 �C to 51 dpa.

Fig. 9. Dislocation loops formed in Fe–9Cr alloy: (a) 1 MeV electron irradiation; (b) 15 keV Heþ irradiation. a0-precipitates were

formed on dislocation loops by the electron irradiation.
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similar below about 300 �C form the model of estima-

tion for the increase of yield strength caused by micro-

clusters, based on the Orowon�s theory for athermal

bowing of dislocations around obstacles on a slip plane,

and this is summarized by Bement [34] as described

below: The contributions from each short range obsta-

cles are described as follows:

Dri ¼ MalbðNidiÞ1=2;

where M , a, l, b, Ni, and di are Tayor factor, barrier

strength of i-kind of obstacles, the shear modulus of

matrix, the Burger�s vector of moving dislocation, the

number density of the obstacles, and the mean diameter

of the obstacle, respectively. Microstructural study of

defect clusters formed by the irradiation at 250–400 �C
showed that the cause of increase of the shift of DBTT is

thought to be due to not only the hardening of dislo-

cation loops but also the formation of a0-precipitates on

dislocation loops.

4. Summary

To examine the relation between radiation-hardening

or embrittlement and microstructures in ferritic/mar-

tensitic steels, the microstructures of reduced-activation

F82H steel irradiated in HFIR at 250–400 �C to 2.8–51

dpa were examined by TEM. The microstructures of

Fe–9Cr alloy irradiated by neutrons, electrons and Heþ

ions. respectively, were also examined. The obtained

results are described as below;

(1) A few small cavities were formed in F82H doped

with 54Fe(F82H(54Fe)) steel irradiated at 250 �C to

2.8 dpa, but the swelling is insignificant, while in

the F82H-std steel no cavities were observed. In this

irradiation temperature, precipitates with contrast

similar to the a0-phase were observed on many dislo-

cation loops. The number density and mean size for

dislocation loops in the F82H-std and F82H(54Fe)

steels are 1:4� 1022 m�3 and 7.9 nm, and 2:1�
1022 m�3 and 6.6 nm, respectively. The types of loops

are b ¼ ða=2Þh111i for the F82H-std and b ¼
ða=2Þh111i and ah100i for the F82H(54Fe) steel.

The concentration of ah111i type to all loops in

the F82H(54Fe) steel is about 73%.

(2) In F82H steel irradiated at 300 �C to 51 dpa, many

dislocation loops with b ¼ ða=2Þh111i were formed

and the number density and mean size of them were

4� 1022 m�3 and 11 nm, respectively. The precipi-

tates contrast similar to a0-phase was somewhat ob-

served on dislocation loops.

(3) In F82H irradiated at 400 �C to 8 dpa, dislocation

loops and cavities were formed. No precipitate con-

trast was observed on dislocation loops. The number

density and mean size of dislocation loops were 6�

1021 m�3 and 33 nm, respectively. The number den-

sity and the volume-averaged diameter of cavities

were 1� 1021 m�3 and 15 nm, respectively. As pro-

ceeded the irradiation to 51 dpa at 400 �C, the num-

ber density of dislocation loops decreased to 6:5�
1020 m�3 and the dislocation density was slightly

increased. The number density and the volume-aver-

aged diameter of cavities were 6� 1020 m�3 and 25.4

nm, respectively.

(4) Furthermore, the relations between microstructures

and radiation-hardening or DBTT shift in F82H

steel were discussed. The cause of increase of the

DBTT shift is thought to be due to not only the

hardening of dislocation loops but also the forma-

tion of a0-precipitates on dislocation loops.
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