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Abstract

Effects of displacement damage and gas atoms on microstructures and mechanical properties of F82H steel were exam-
ined by some various different methods. The hardness of F82H was increased by triple beams, dual beams and single beam
at 270 �C to 20 dpa and 360 �C to 50 dpa, and the increment of hardness by irradiation at 360 �C was larger than that at
270 �C. The increment of hardness due to triple, dual and single beams depended on the irradiation temperatures. The peak
temperature of swelling induced by dual ion beams to 50 dpa was about 430 �C at temperatures from 360 to 600 �C and the
value of swelling was about 0.6%. Strength of F82H-std steel tested at 600 and 700 �C by small punch (SP) was increased
by about 84 appm helium implantation at 120 �C, and no degradation in ductility was observed. In a 0.18DCT fracture
toughness test performed at 300 �C of ductile properties, the strength of F82H with helium production was rapidly
decreased as compared to that with no helium production beyond a maximum strength in ductile temperature region.
The cause is related to the occurrence of sub-boundary, such as lath boundaries and packed boundaries, cracking due
to helium migration to sub-boundaries. From these results, the design window of safety zone of F82H steel for operation
of nuclear environment systems may be modified.
� 2006 Elsevier B.V. All rights reserved.
1. Introduction

Ferritic/martensitic steels are one of the candi-
date materials for the vessel of the spallation target
[1], and reduced-activation ferritic/martensitic (RAF)
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steels are first priority materials of structure for
fusion nuclear reactors [2]. In these systems, parti-
cles with high energy irradiate the vessels or
structures, and helium and hydrogen atoms are
generated in materials. These systems are desired
to operate at relatively higher temperatures. It is
reported that helium atoms can affect DBTT [3–7],
swelling behavior [8–15] and irradiation hardening
[16–23] in martensitic steels.
.

mailto:wakai.eiichi@jaea.go.jp


Fig. 1. Schematic configuration of three beam lines, two energy
degraders and specimens. The ratios of He/dpa and H/dpa were
controlled by degraders.
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To study the synergistic effects of displacement
damage and helium on mechanical properties and
microstructure, there are some specific experimental
methods. The synergistic effect can be examined by
using high energy proton beams to irradiate target
materials such as SINQ (Swiss Spallation Neutron
Source) [24] and LANSCE (Los Alamos Neutron
Science Center) [25]. Reactor neutron irradiation
with helium production can be partially simulated
by martensitic steels doped with 10B or 58Ni in a
mixed spectrum fission reactor [12,26–28]. A multi-
ion irradiation experiment is also a very important
method to control the helium production ratio dur-
ing irradiation [8,9,11,17]. Particularly, this method
produces fusion relevant high-energy cascades at
controllable helium production (He/dpa). More-
over, the effects of helium on radiation hardening
behavior can be evaluated by combining ion-irradi-
ation experiments and an ultra microindentation
technique [16,17]. The effects of helium atoms on
mechanical properties and microstructures can also
be examined by the cyclotron helium implantation
[3,29–33], and hardness changes, DBTT shift, frac-
ture behaviors and creep strength [30,31] of mar-
tensitic steels due to helium have been investigated
after irradiation.

In this study, the dependence of irradiation tem-
perature and gas atoms on swelling, irradiation
hardening and DBTT shift in martensitic F82H steel
have been examined by some experimental methods
such as multiple ion beams, cyclotron helium
implantation and neutron irradiation of boron-
doped steels.

2. Experimental procedure

2.1. Multiple ion beam experiments of hardness

and microstructures

The chemical compositions of F82H-std steels
used in this study are given in Table 1. The heat
treatment of F82H steel consisted of first normaliz-
ing at 1040 �C for 38 min and tempering at 750 �C
Table 1
Chemical compositions of F82H-std and F82H doped with 10B, 11B an

Materials B C Si Mn

F82H 0.0002 0.09 0.07 0.1

F82H + 10B 0.0061 0.097 0.10 0.10
F82H + 11B 0.0059 0.093 0.11 0.10
F82H + 10B + 11B 0.0067 0.094 0.12 0.90
for 1 h. The material was cut to small coupon
type specimens (6 · 2 · 0.8 mm3). One of the 6 ·
0.8 mm sides was irradiated after polishing with
SiC paper #4000 and 0.3 lm alumina powder and
finally to an electrolytic surface polishing. The ion-
beam irradiation experiment was carried out at the
TIARA facility in JAERI. The configuration of
the beam lines and specimens is shown in Fig. 1.
The specimens were irradiated at 270, 360 and
430 �C. Single irradiation was performed with
10.5 MeV-Fe3+ ions. Dual irradiation was also per-
formed with simultaneous beams of 10.5 MeV-Fe3+

and 1.05 MeV-He+ ions using an energy degrader
for helium ions. Triple irradiation was done with
simultaneous beams of 10.5 MeV-Fe3+, 1.05 MeV-
He+ and 0.38 MeV-H+ ions using energy degraders
for helium and hydrogen atoms. Helium and hydro-
gen implantations were performed using an alumi-
num foil energy degraders in order to control the
helium and hydrogen distributions in the depth
range of about 0.8–1.3 lm from the specimen sur-
face. The irradiation was performed to 20–50 dpa
at the depth of 1.0 lm from the irradiation surface.
The damage rate was about 1.0 · 10�3 dpa/s. The
d 10B + 11B steels used in this study (wt%)

P S Cr W V Ta

0.003 0.001 7.82 1.98 0.19 0.04

0.007 0.001 7.96 1.98 0.18 0.05
0.007 0.001 8.02 1.98 0.18 0.05
0.007 0.001 8.01 2.01 0.18 0.05
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ratios of helium and hydrogen to dpa were about
10 appm He/dpa and 40 appm H/dpa, respectively.
The irradiated specimens were then indentation-
tested at a load range of 10–25 mN using an
UMIS-2000 (CSIRO, Australia) ultra microinden-
tation testing system. The direction of indentation
was chosen to be parallel to the ion beam axis or
normal to the irradiated surface. The shape of the
indenter tip was a Berkovich tip. The nano-microin-
dentation results were analyzed in the manner
outlined by Oliver and Pharr [34]. Nano-microin-
dentation tests were performed at loads to penetrate
about 0.40 lm in this study as shown in Fig. 2.
TEM foils of the ion-irradiated specimens were
made by using a Hitachi FB-2000A focused ion
beam (FIB) processing instrument with microsam-
pling system operated at 30 kV by Ga+ ions at the
Tokai Hot Laboratory. FIB technique may induce
displacement damage on the surface of specimen.
In order to remove the damage layer formed by
the FIB processing, a low energy Ar ion gun oper-
ated at 1 kV and 0.2 kV was applied. The micro-
structural examination was carried out using a
Hitachi-HF-2000 transmission electron microscope
(TEM) operated at 200 kV.

2.2. Cyclotron helium implantation experiment and

small punch test for 3 mm/ disk

The TEM disk specimens of F82H-std steel with
0.3 mm thickness were implanted at about 120 �C
Fig. 2. The direction of indentation was chosen to be parallel to
the ion beam axis or normal to the irradiated surface. The shape
of the indenter tip was a Berkovich tip.
with a beam of 50 MeV-He2+ particles by AVF
cyclotron at TIARA facility of JAERI. An energy
degrader was used to implant helium into the spec-
imens from top to bottom uniformly [35]. The con-
centration of the He and displacement damage in
the specimen implanted by cyclotron irradiation
was evaluated as about 85 appm He and 0.03 dpa,
respectively. After the helium implantation experi-
ment, SP experiment and TEM observations were
performed. TEM specimen was prepared using a
conventional jet-electropolishing. The effect of
helium production on fracture behavior at 20, 600
and 700 �C was examined by small punch (SP) tests.
The fracture surfaces were observed by a scanning
electron microscope (SEM) after the SP. The SP test
was graphically shown in Fig. 3.

2.3. Neutron Irradiation of tensile and fracture

toughness specimens

The materials used in this study and the composi-
tions are also given in Table 1. In order to produce
helium atoms during irradiation the materials were
doped with about 60 mass ppm 10B. The purity of
isotope elements of 10B and 11B used in this study
was about 95%. The plates of these materials with
about 15 mm thickness were normalized at 1040 �C
for 40 min and tempered at 750 �C for 60 min
0.18DCT and SS-3 specimens were used to evalu-
ate fracture behavior and hardening in this study.
The 0.18DCT specimens (12.5 mm diameter and
4.63 mm thickness) were machined in the T–L orien-
tation so that crack propagation occurred parallel to
the rolling direction. Fatigue pre-cracking was
Fig. 3. Small punch testing machine and /3 mm specimen.



Fig. 4. Changes of hardness of F82H steel irradiated at 360 �C to
50 dpa under single, dual and triple beams in TIARA facility.

Fig. 5. Changes of hardness of F82H steel irradiated at 270 and
360 �C to 50 dpa.
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performed at room temperature in a condition of
crack length to specimen width ratio (a/W) of
approximately 0.46. This was followed by side-
grooving on each side to depth of �10% of specimen
thickness. The SS-3 tensile specimens were 0.76 mm
thick with a gage length of 7.62 mm and 1.55 mm in
width. Irradiation was carried out at nominally
300 �C in the capsule 00M-65A of the Japan Materi-
als Test Reactor (JMTR) in the Japan Atomic
Energy Agency (JAEA) to neutron fluences of
1.4 · 1021 n/cm2 (E > 1 MeV) and 1.2 · 1021

n/cm2 (E < 0.683 eV), resulting in a displacement
damage of �2.2 dpa. The averaged displacement
damage induced by the reaction of 10B(n,a)7Li
was calculated as about 0.2 and 0.1 dpa for the
F82H + 10B and F82H + 11B + 10B, respectively.
The total displacement damage due to the transmu-
tation reaction and neutron irradiation was 2.4 dpa
in the F82H + 10B. After the neutron irradiation,
tensile testing was carried out in vacuum at a strain
rate of 4 · 10�4 s�1 at 25 �C and fracture toughness
testing was also performed in a hot cell of the JMTR
hot laboratory. After theses tests, the fracture sur-
face was observed by a scanning electron microscope
(SEM). The concentrations of helium in the speci-
mens after the irradiations were measured by using
a mass analyzer of magnetic reflection type [3]. The
helium concentrations produced from a reaction of
10B(n,a)7Li in the F82H + B steels irradiated in the
JMTR were evaluated and the helium concentra-
tions produced in the F82H + 10B, F82H + 11B
and F82H + 10B + 11B steels were about 330, 14
and 190 appm, respectively.

3. Results and discussion

3.1. Irradiation hardening by ion irradiations

Fig. 4 shows the dose dependence of irradiation
hardening at 360 �C up to 50 dpa in F82H martens-
itic steel. The nano-hardness of F82H steel rapidly
increased up to 20 dpa and it tended to saturate from
20 dpa to 50 dpa. The hardness of F82H irradiated
with triple beams was slightly higher than the others,
and the hardness of F82H irradiated with dual
beams was slightly higher than the single irradiation.
The difference of hardness of F82H steel irradiated
to 50 dpa between single irradiation and multiple
irradiations was smaller than that to 20 dpa. The
enhancements of hardness due to the multiple irradi-
ations are indicated that the implanted helium and
hydrogen atoms in martensitic steel can affect on
irradiation hardening at 360 �C. According to Ando
et al. [16], irradiation hardening could be enhanced
by the ratio of helium implantation to displacement
damage and total amount helium concentration, and
the enhancement of hardening was related to the
formation of cavities. Similar result for the enhance-
ment of irradiation hardening due to high amounts
of helium atoms was reported [19]. Fig. 5 shows
the hardness changes of F82H steel irradiated at
270 and 360 �C to 20 dpa under single, dual and tri-
ple irradiations. Radiation hardening for single irra-
diation, dual irradiation and triple irradiation was
very similar to each other, and the results were differ-
ent from those at 360 �C to 20 dpa. Radiation hard-
ening due to single irradiation in F82H steel
irradiated at 270 �C was comparable to that due to
single irradiation at 360 �C, while the irradiation
hardening due to multiple irradiations at 270 �C
was smaller than that at 360 �C. The difference of
beam conditions for the changes of irradiation hard-
ening was not detected at 270 �C.

3.2. Swelling behavior under ion irradiations

In a previous study [8,9], swelling behavior of
F82H steel was examined at temperatures of 470,



Fig. 7. Dependence of irradiation temperature for swelling of
F82H steel irradiated with dual beams to 50 dpa.
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510 and 600 �C to 50 dpa under dual ion beams of
about 15 appm He/dpa and triple ion beams of 15
or 150 appm He/dpa and 50 or 1000 appm He/
dpa. These swelling ranged from about 0.1% to
3%, and the swelling was enhanced by the synergis-
tic effect of helium, hydrogen and displacement
damage under the triple ion beams.

In present study, swelling behavior is examined
at temperatures of 360 and 430 �C to 50 dpa under
dual ion beams. Fig. 6(a) and (b) show microstruc-
tures of F82H steels formed at 360 and 430 �C to
50 dpa by dual ion beams of Fe and He ions, respec-
tively. The microstructures formed by 360 �C irradi-
ation in F82H steel were only dislocation loops as
shown in Fig. 6(a). Many cavities and dislocation
loops were formed in F82H irradiated at 430 �C to
50 dpa, and the swelling was about 0.6%. The size
distribution of cavities was bi-modal. In Fig. 7,
the swelling of F82H irradiated by dual ion beams
is given as a function of temperature, and the swell-
ing peak temperature is around 430 �C.

In previous studies of swelling by neutron irradi-
ation [12,15], the effect of helium production on
swelling of F82H irradiated at 300 and 400 �C to
51 dpa by neutrons in HFIR (High Flux Isotope
Reactor) was examined by using a 10B doping tech-
nique. The swelling at 400 �C tended to increase
from 0.1% to 1.1% with increasing helium produc-
tion from about 10 to 330 appm, and the swelling
at 300 �C was very low and small cavities with low
number density was formed in F82H steel with a
helium production of about 330 appm. In the previ-
Fig. 6. Microstructures formed in F82H steels irradiated wi
ous swelling study due to helium production in
F82H steel, the ratio of helium production to
displacement damage was not controlled during
irradiation. In the present study, the ratio of helium
to displacement damage was controlled during
irradiation.

3.3. Effect helium on fracture behavior at high

temperature by SP test

Fig. 8(a) and (b) show microstructures taken
under low and high magnifications, respectively,
by a transmission electron microscope for F82H
steel implanted to about 84 appm helium and about
0.03 dpa by 50 MeV He2+ ions at about 120 �C
using an energy degrader of aluminum foils for
th dual beams at (a) 360 �C and (b) 430 �C to 50 dpa.



Fig. 8. Microstructures of (a) low and (b) high magnification figures in F82H steel implanted with 50 MeV He2+ ions at 120 �C to
0.03 dpa.
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helium ions. In the micrographs, dislocations, car-
bides, lath boundaries and small defect clusters like
dislocation loops were observed. The number den-
sity of small defect clusters formed by the irradia-
tion was very low. Cavities were not observed in
the specimen.

The curves of load–displacement for the SP tests
at 600 and 700 �C in F82H steels with and without
after the helium implantation were given in Fig. 9.
In the specimens implanted with helium, larger
Fig. 9. The curves of load–displacement for the SP tests at 600
and 700 �C in F82H steels with and without after the helium
implantation.
stress occurred as seen in Fig. 9(a) and (b), espe-
cially in the specimen tested at 600 �C. In the
helium-implanted specimens, the elongations were
not degraded. After the SP tests, the fracture
surfaces were observed by SEM as shown in Figs.
10 and 11. The ductile fracture surfaces were
observed in all specimens. No cracking at grain
boundaries were observed in all specimens tested
at 600 and 700 �C. Small cavity like blisters at the
cracked region were formed near outside the surface
of the non-helium-implanted specimen tested at
700 �C, however, such cavities were not observed
in the helium-implanted specimen tested at 700 �C.
The formation of the cavities near the surface after
SP test was also observed in only the non-helium-
implanted specimen tested at 600 �C.

3.4. Effect of helium production on fracture

toughness of F82H steel

Fig. 12 shows DYS due to neutron irradiation in
F82H + 11B, F82H + 10B + 11B and F82H + 10B
steels irradiated at 300 �C to 2.3 dpa as reported in
previous study [3]. The tensile test temperatures
were performed at 20, 300 and 400 �C. Small incre-
ment of DYS due to helium production was
observed in F82H + 10B steel with helium produc-
tion of about 330 appm. Similar results are obtained
in the present ion irradiation experiment and the
other studies as described in Section 3.1. Therefore,
helium production can be affect the microstructural
evolution and irradiation hardening.

In this study, the effect of helium production on
fracture toughness has been examined. Fig. 13
shows curves of load vs. displacement for fracture



Fig. 10. SEM micrographs of (a) no-helium and (b) helium implanted F82H specimens tested at 600 �C after small punch.

Fig. 11. SEM micrographs of (a) no-helium and (b) helium implanted F82H specimens tested at 700 �C after small punch.
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toughness specimens irradiated at 300 �C to 2.3 dpa.
The amounts of helium production in F82H + 11B
and F82H + 10B steels are about 5 appm and
330 appm, respectively. The maximum loads of the
irradiated F82H + 11B and F82H + 10B steels were
about 2.5 and 2.9 kN, respectively. As the maximum
load was exceeded, the strength of F82H + 11B steel
decreased gradually, while that of F82H + 10B steel
rapidly decreased and the fracture proceeded to the
end of specimen after the displacement of only
2.2 mm. SEM micrographs after the fracture tests
at 300 �C are shown in Fig. 14. The surface of



Fig. 12. DYS due to neutron irradiation in F82H + 11B,
F82H + 10B + 11B and F82H + 10B steels irradiated at 300 �C
to 2.3 dpa.
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F82H + 11B steel with no helium production was
relatively smooth, but the fracture surface of
F82H + 10B steel with helium production was very
rough. The cause would be related to the occurrence
of sub-boundary, such as lath boundaries and
packed boundaries, cracking due to helium migra-
Fig. 13. Curves of load and displacement of 0.18DCT fracture toughnes
at 300 �C, (b) F82H + 10B tested at 300 �C, (c) F82H + 11B tested at �
tion to sub-boundaries. Brittle fracture surfaces of
F82H + 11B and F82H + 10B steels were observed
at �50 �C and 100 �C, respectively. The difference
of temperature was about 140 �C. The fracture sur-
faces of F82H + 11B and F82H + 10B steel in the
brittle temperature regions were observed by a
SEM as given in Fig. 15. The surface of F82H +
11B steel with no helium production was cleavage,
but F82H + 10B steel with helium production was
somewhat rough on the fracture surface.

3.5. Design window of martensitic steels for
irradiation environment systems

Post testing at high temperature, 600 and 700 �C,
following low temperature helium implantation
shows enhancement of hardening without degrada-
tion due to helium. Similar result was reported by
H. Schroeder [36]. In martensitic steel, the decrease
of creep strength at higher temperature is one of its
draw backs negative properties. The design window
of safety zone map for operation in fusion nuclear
reactor using a water coolant system or other
s specimens irradiated at 300 �C to 2.3 dpa. (a) F82H + 11B tested
50 �C, and (d) F82H + 10B tested at 100 �C.



Fig. 14. SEM micrographs of F82H + 11B and F82H + 10B steels irradiated at 300 �C to 2.3 dpa after the fracture testing at 300 �C.

Fig. 15. SEM micrographs of F82H + 11B and F82H + 10B steels irradiated at 300 �C to 2.3 dpa after the fracture testing at lower
temperature.
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systems, based on data and knowledge about
properties of reduced-activation ferritic/martensitic
steels, was restricted at higher temperature by loss
of creep strength or softening during irradiation
[1]. However, the strength at higher temperature in
the helium content specimen is larger than that in
the non-content helium specimen, therefore, the
safety zone at higher temperature may be modified
by the suppression of deformation due to helium
production.

The effects of helium production on swelling and
fracture toughness as shown in Sections 3.2 and 3.4
can be also affected on the design window of mar-
tensitic steels for irradiation environment systems,
and the enhancement of swelling due to gas atoms
and the shift of DBTT due to helium atoms are neg-
ative effects. We would have to take care of these
effects to operate these systems.
4. Conclusion

Effects of gas atoms on microstructures and
mechanical properties of F82H steel irradiated by
ions were examined as described below:

(1) The hardness of F82H was increased by triple
beams, dual beams and single beam at 270 �C
to 20 dpa and 360 �C to 50 dpa, and the
increment of hardness by irradiation at
360 �C was larger than that at 270 �C. The
increment of hardness due to triple, dual
and single beams depended on the irradiation
temperatures.

(2) The peak temperature of swelling induced by
dual ion beams to 50 dpa was about 430 �C
at temperatures from 360 to 600 �C and the
value of swelling was about 0.6%.
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(3) The strength of F82H-std implanted with
helium at 120 �C resulted in increased strength
at 600 and 700 �C of SP test temperatures, and
no degradation in ductility was observed.

(4) As crack extends in ductile temperature
region, strengths of F82H with helium produc-
tion become lower than that with no helium
production. The cause is related to sub-bound-
ary crack.

(5) Brittle fracture surfaces of F82H + 11B and
F82H + 10B steels were observed at �50 �C
and 100 �C, respectively. The difference of
temperature was about 140 �C.

(6) The design window of safety zone of RAF
steels for operation of nuclear environment
systems may be modified by the suppression
of deformation due to helium production at
higher temperature, the enhancement of swell-
ing due to gas atoms and the shift of DBTT
due to helium.
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