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Irradiation hardening and embrittlement due to neutron irradiation around 573 K are the important
issues on RAF/M steels. It is expected that the improvement of irradiation hardening might be one of
effective ways to control the mechanical properties of RAF/M after irradiation. In this study, the purposes
are to investigate the effect of heat treatments on irradiation hardening of irradiated F82H variants and to
compare the irradiation hardening based on DHardness with the irradiation hardening obtained by
DYield Stress about F82H. Neutron irradiation was performed in HFIR at 573 K. The ion-beam irradiation
experiment at �573 K was carried out at the TIARA facility of JAEA. For the results of tensile test and
hardness test of F82H and F82H heat treatment variants neutron-irradiated at 573 K, all specimens
caused irradiation hardening. The irradiation hardening (DHardness) obtained by hardness test is almost
same level for neutron- and ion-irradiated F82H specimens, however irradiation hardening (DYield
Stress) of F82H Mod-1 A (two-steps heat treated F82H: high temperature tempering and then low tem-
perature tempering) is smaller than that of F82H.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Irradiation hardening and embrittlement due to high-energy
neutron irradiation around 623 K are the important issues on re-
duced-activation ferritic/martensitic steels [1,2]. It is expected that
the improvement of irradiation hardening might be one of effective
methods to control the mechanical properties of RAF/M after irra-
diation. Recently, it has been reported that the tempering condi-
tions of F82H strongly affected the void swelling and irradiation
hardening behavior in F82H irradiated by ion-irradiation and neu-
tron irradiation [3,4]. Also, it was obtained that the weld joint had
less hardening than the base metal from the tensile test results of
TIG weldments irradiated in HFIR [5]. These results show that irra-
diation hardening could be reduced by the optimization of heat
treatment condition for F82H.

On the other hands, the hardness test using a pyramidal tip has
a potential to be compared very easily by a small volume sample,
broken specimens and so on though it is difficult to estimate the
material property (e.g. yield stress) from the hardness. If more cor-
relation data between the irradiation hardening and its micro-
deformation zone analysis in ion/neutron-irradiated F82H could
be obtained, the yield stress may be estimated by micro-hardness
test and microstructural observation. In addition, it is important to
ll rights reserved.

: +81 29 284 3589.
).
estimate the yield stress before/after irradiation to evaluate the
model of irradiation hardening, e.g. Orowan-dispersion hardening.

The purposes of this study are to investigate the effect of heat
treatments on irradiation hardening of irradiated F82H and to
compare the irradiation hardening (DHardness) obtained from
Vickers-hardness with the irradiation hardening (DYield Stress)
obtained from tensile property about F82H.
2. Experiment

2.1. Materials

The material is F82H IEA heat. The detailed description of the
material has been published elsewhere [6]. The heat treatment
was normalized at 1313 K for 0.5 h and tempered at temperature
of 1023 K for 1 h (F82H Std). In this experiment, five types F82H
variants were also prepared by heat treatments in order to com-
pare with the irradiation hardening after irradiation. F82H LT and
HT (Tempering condition, LT: 973 K, 1 h; HT: 1073 K, 1 h) were
prepared to examine the effect of several tempering temperatures
on irradiation hardening. On the other hands, F82H Mod-1 A sim-
ulated an over (high temperature) tempered region and F82H Mod-
1 B and C simulated a fine grain region in the heat affected zone of
weldment. These F82H heat treatment variants were also used to
examine the effect of the second lower temperature tempering
(973 K) on irradiation hardening. The chemical compositions and
these heat treatment conditions are shown in Table 1.

mailto:ando.masami@jaea.go.jp
http://www.sciencedirect.com/science/journal/00223115
http://www.elsevier.com/locate/jnucmat


Table 1
Chemical composition (mass%) and heat treatment conditions of F82H.

C Cr W V Ta Mn Si P S N

F82H IEA 0.09 7.71 1.95 0.16 0.02 0.16 0.11 0.002 0.002 0.006

Normalization First heat treatment Second heat treatment

K h K h K h

F82H Std 1313 0.5 1023 1 –
F82H LT 973 1 –
F82H HT 1073 1 –

F82H Mod-1 A 1313 0.5 1073 0.5 973 1–14
F82H Mod-1 B 1133 0.5
F82H Mod-1 C 1193 0.5
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Fig. 1. (a) Relationship between various tempering temperatures and hardness
(Vickers-hardness and micro-indentation hardness) for F82H steel. (b) The micro-
hardness in various tempering F82H steels irradiated at 543 and 633 K up to
3.5 dpa.
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2.2. Irradiation

Neutron irradiation was performed in the Oak Ridge National
Laboratory (ORNL) High Flux Isotope Reactor (HFIR) to atomic dis-
placement levels up to 9 dpa (nominal) in the target position (cap-
sule name: JP26). Nominal irradiation temperature was 573 K. The
dimension of SS-J3 sheet type miniature tensile specimen was a
gauge section of 7.62 � 0.76 � 1.5 mm. The ion-beam irradiation
experiment was carried out at the TIARA facility of JAEA. These
specimens were irradiated at 543 and 633 K by 10.5 MeV Fe3+ ions.
The irradiation dose was performed to 3.5–14 dpa at the depth of
0.6 lm and the damage rate was about 1.0 � 10�3 dpa/s.

2.3. Post-irradiation experiment

The neutron-irradiated specimens were tested at a load of 9.8 N
using an AAV-500 micro-Vickers-hardness tester in Hot cell. The
hardness test was 8 � 10 points for each SS-J3 tensile specimen
at the end tab area. Tensile tests on F82H IEA and F82H Mod-1 A,
B and C were carried out at a strain rate of 1.6 � 10�3 s�1 at room
temperature in Hot Cell Facility, ORNL. The ion-irradiated speci-
mens were tested using an UMIS-2000 (CSIRO, Australia) ultra mi-
cro-indentation testing system. All specimens were indented up to
�400 nm from the surface (indentation load 10 � 16mN) to com-
pare with micro-hardness easily in before/after irradiation. The mi-
cro-indentation results were analyzed in the manner outlined by
Oliver and Pharr [7].

3. Results and discussion

3.1. Micro-hardness results for ion-irradiation

In this experiment, the ion-irradiation was performed to exam-
ine the effect of heat treatments on irradiation hardening as a
pre-neutron irradiation experiment. Fig. 1a shows the relationship
between various tempering temperatures and hardness (Vickers-
hardness and micro-indentation hardness) for F82H steel before
ion-irradiation. The hardness tends to increase as the lower
temperature tempering because in the case of low temperature
tempered F82H (F82H LT), high-density dislocations are observed
in the martensite lath. Therefore, the hardness of F82H LT is higher
than that of F82H Std. On the other hand, the hardness of high tem-
perature tempered F82H (F82H HT) is lower than that of F82H Std
because dislocations in martensite lath recover at high tempera-
ture tempering (e.g. tempering at 1073 K). Fig. 1b shows the mi-
cro-hardness in various tempered F82H steels irradiated at 543 K
up to 3.5 dpa. The F82H LT caused a large irradiation hardening.
Consequently, these results indicate that micro-hardness of irradi-
ated specimens tended to decrease by the higher temperature
tempering. Effects of several tempering conditions of F82H on irra-
diation hardening were also reported by using JMTR irradiation at
523 K up to 2 dpa [4]. In these results, neutron irradiation harden-
ing of F82H HT (Tempering condition: 1073 K, 0.5 h) also was larg-
est of all specimens. For the effect of two-step heat treatments,
F82H Mod-1 variants were irradiated at 543 K for 14 dpa. The re-
sults of micro-hardness in these irradiated specimens were shown
in Fig. 2a. Irradiation hardening occurred by ion-irradiation at
543 K about F82H IEA and F82H Mod-1 specimens. On the other
hand, it is indicated that the micro-hardness of irradiated F82H
Mod-1 A is smallest as well as the high temperature tempering
specimen.

3.2. Hardness results for neutron irradiation

Fig. 2b shows the relationship between various heat treatment
conditions and Vickers-hardness for F82H steels before/after neu-
tron irradiation. Irradiation hardening occurred by neutron irradi-
ation at 573 K about F82H IEA and F82H Mod-1 specimens. This is
similar to the result of irradiation hardening in IEA and Mod-1 vari-
ants ion-irradiated at 543 K. The lowest hardness is F82H Mod-1 A
specimen before/after irradiation because the dislocations in mar-
tensite lath recovered under high temperature tempering. Irradia-
tion hardening (the difference between hardness after irradiation
and hardness before irradiation) is almost same level.
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Fig. 2. The results of (a) micro-hardness in the F82H Mod-1 variants ion-irradiated
at 543 K for 14 dpa and (b) Vickers-hardness F82H variants neutron-irradiated at
573 K for 8 dpa.
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Fig. 3. The irradiation hardening (DYS) for F82H IEA and F82H Mod-1 variants
irradiated at 573 K.
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3.3. Tensile properties of JP26 irradiated specimens

The tensile property and hardness obtained from the SS-J3 spec-
imens before/after JP26 irradiation were summarized in Table 2.
Increases in yield stress (DYS) of F82H IEA and F82H Mod-1 vari-
ants after irradiation are showed in Fig. 3 (include RB11J irradia-
tion data). These F82H steels occurred a large irradiation
hardening after neutron irradiation at 573 K. The increase of yield
stress of Mod-1 C is almost the same as that of F82H IEA. However,
the increase of yield stress in Mod-1 A is less than �30% of that of
F82H IEA. These results are similar to the tensile properties of TIG
Table 2
Results of tensile property and hardness for F82H variants before/after neutron irradiation

Tensile

Unirradiation ry (MP

F82H IEA – 523.0
F82H Mod-1 A – 434.0
F82H Mod-1 B – 414.3
F82H Mod-1 C – 532.0

JP26 irradiation Irradiation temperature dpa rv (MP

F82H IEA 573 7.7 935.5
F82H Mod-1 A 573 7.9 716.0
F82H Mod-1 B 573 5.3 766.5
F82H Mod-1 C 573 5.3 914.8
weldment irradiated at 573 K [5]. This shows that the conditions of
heat treatment for smaller irradiation hardening in F82H steel
were obtained in this experiment. In this case, it is expected that
the first heat treatment (high temperature tempering) caused a
reduction of dislocation density, and the second heat treatment
(low temperature tempering) contributed to decrease the solute
carbon concentration in lath-martensite matrix. Unfortunately,
the reduction of irradiation hardening wasn’t detected by Vick-
ers-hardness measurement. Moreover, for the results of the ulti-
mate tensile strength (UTS) in irradiated F82H variants, the
irradiation hardening behavior is similar to that of yield stress.
Relationship between Vickers-hardness (Hv) and UTS (rB) is
known as below,

rB=Hv;3: ð1Þ

In Fig. 4, actual factors which were rB/Hv for each specimen in this
experiment were plotted. The range of rB/Hv was from 2.8 to 3.2.

Also, at 573 K irradiation,

rB;ry: ð2Þ

Therefore, the ry (rB) of F82H after irradiation at 573 K can be al-
most estimated by Vickers-hardness.

Detailed examination of relationship between the micro-hard-
ness and the micro-deformation under the indent in irradiated
and un-irradiated F82H will be performed to estimate more accu-
rate DYS of F82H in future studies.
.

property Hardness

a) rB (MPa) eu (%) et (%) Hv1.0

621.6 5.7 22.4 212
561.0 11.2 31.9 167
567.0 12.8 35.4 185
647.0 7.1 26.6 198

a) rb (MPa) eu (%) et (%) Hv1.0

938.9 0.3 11.8 306
723.3 0.5 15.9 252
766.5 0.3 15.6 267
914.8 0.2 12.4 283
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Fig. 4. Relationship between ultimate tensile strength (rB) and Vickers-hardness for F82H and F82H heat treatment variants.
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4. Summary

(1) The irradiation hardening (DH) obtained by hardness test is
almost similar level (neutron- and ion-irradiated F82H vari-
ants), however, irradiation hardening (DYS) of F82H Mod-1
A is smaller than that of F82H.

(2) For this result, one of effective methods for reduction of irra-
diation hardening is two-step heat treatments. It is suggested
that the first heat treatment (high temperature tempering)
caused a reduction of dislocation density, and second heat
treatment (low temperature tempering) contributed to
decrease the solute carbon concentration in matrix.

(3) As results of hardness and ultimate tensile strength (rB) of
neutron-irradiated SS-J3 type specimens (F82H IEA and
Mod-1 A–C), the rB (or ry) after irradiation at �573 K up
to �8dpa can be estimated by Vickers-hardness results.
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