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Abstract

The mechanisms of irradiation embrittlement of two Japanese RAFSs were different from each other. The larger DBTT
shift observed in F82H is interpreted by means of both hardening effects and a reduction of cleavage fracture stress by
M23C6 carbides precipitation along lath block and packet boundaries, while that of JLF-1 is due to only the hardening
effect. Dimensional change measurement during in-pile creep tests revealed the creep strain of F82H was limited at
300 �C. Performance of the weld bond under neutron irradiation will be critical to determine the life time of blanket struc-
tural components. Application of the ODS steels, which are resistant to corrosion in supercritical pressurized water, to the
water-cooled blanket is essential to increase thermal efficiency of the blanket systems beyond DEMO. The coupling of
RAFS and ODS steel could be effective to realize a highly efficient fusion blanket.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Despite of the variety of proposed systems for the
International Thermonuclear Experimental Reactor
(ITER) Test Blanket Modules (TBM), reduced acti-
vation ferritic steel (RAFS) was selected as the only
candidate for the structural material [1]. This clearly
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indicates the higher priority of RAFS over the other
materials candidates as a fusion blanket structural
material. The US proposed systems that utilize
lead–lithium as a breeder and/or coolant [2,3].
Japan proposed a variety of systems cooled by
water [4], helium gas [5], lead–lithium [6], lithium
[7] or molten salt [8]. Each party, however, selected
RAFS as the structural material of the TBMs.

Two US–Japan collaborative research programs
on RAFS have been carried out in parallel for several
years. One is the so-called ‘Phase IV’ program of the
.
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US-DOE (Department of Energy)/JAEA (Japan
Atomic Energy Agency) collaborative research on
reduced activation ferritic steels, which is character-
ized by irradiation experiments to provide the basic
irradiation database required for fusion blanket
design, including the effects of neutron irradiation
on the mechanical properties, dimensional stabilities,
microstructures and so on. The other is the ‘JUPI-
TER-II’ program of US-DOE/MEXT (Ministry of
Education, Culture, Sports, Science and Technology)
collaborative research on fusion blanket technol-
ogy led by Japanese universities and is focused on
the liquid breeder blanket system–material integra-
tion studies on the synergistic effects of corrosion,
helium and neutron irradiation in fusion relevant
environment.

The IEA-heat of F82H is the first candidate Jap-
anese RAFS, and the database has been compiled
under the US/Japan collaborative efforts. In this
paper, recent progress in US–Japan collaborative
research on ferritic steels R&D is reviewed with a
focus on ITER–TBM fabrication and DEMO blan-
ket design.
Irradiation Temperature, °CIrradiation T mperature, °

Fig. 1. The dependence of DDBTT and Dry on the irradiation
temperature in F82H and JLF-1.
2. Irradiation embrittlement mechanisms

2.1. Difference in DDBTT and Dry between

F82H and JLF-1

The fracture toughness measurement after HFIR
irradiation at 300 �C to 5 dpa revealed that a much
larger ductile brittle transition temperature (DBTT)
shift was observed for F82H than for JLF-1 [9]. The
main differences between these steels is the Cr, Ta
and N concentrations and heat treatment conditions
as shown in Table 1 in which the compositions of
the Mod. JLF-1 are also shown. The DBTT before
irradiation is 190 K and 215 K for JLF-1 and F82H,
respectively. The dependence of DDBTT and Dry on
the irradiation temperature for F82H and JLF-1 is
shown in Fig. 1. In both steels, the DBTT shift
decreases with increasing irradiation temperature,
Table 1
Chemical compositions and heat treatment conditions of F82H and JL

C Si Mn P S Cr

F82H 0.093 0.09 0.21 0.004 0.0014 7.46
JLF-1 0.097 0.05 0.46 0.002 0.0020 9.04
Mod.JLF-1 0.10 0.042 0.53 0.002 0.0014 9.03

F82H: normalized at 1040 �C for 30 min and then tempered at 750 �C
tempered at 775 �C for 1 h, AC; Mod. JLF-1: normalized at 1050 �C f
and the irradiation hardening appears to decrease
with increasing irradiation temperature up to
around 400 �C, and then it disappears. The DBTT
shift of F82H is twice that of JLF-1 at all the tested
irradiation temperatures, while the irradiation hard-
ening of the steels is not significantly different,
although the hardening of JLF-1 appears to be a
little bit smaller than that of F82H. It has been con-
sidered that the DBTT shift of RAFS is generally
interpreted in terms of a ‘hardening mechanism’
when they break in a cleavage fracture mode, and
there is a linear relationship between DDBTT and
Dry. The data obtained after irradiation at 300 �C
indicates that F82H exhibits a higher potential for
embrittlement than JLF-1 at the same hardening.
F-1

W V Ta Ti B N

1.96 0.15 0.023 – – 0.006
1.97 0.19 0.073 0.001 – 0.05
2.06 0.26 0.051 0.021 0.0032 0.10

for 1 h, AC; JLF-1: normalized at 1050 �C for 30 min and then
or 30 min and then tempered at 760 �C for 1 h, AC.



200

100

50

0

150

,gninedra
H

noitaidarrI
aP

M

dislocation loop

Tensile test

50 nm

dislocation loop

Tensile test

M23C6

Tensile test

50 nm

FFTF, 370°C, 10 dpa

TEM total
dislocation loop

As-irr.         400°C        500 °C      600 °C
Annealing Temperature

200

100

50

0

150

,gninedra
H

noitaidarrI
aP

M

dislocation loop

Tensile test

50 nm

dislocation loop

Tensile test

M23C6

Tensile test

50 nm

FFTF, 370°C, 10 dpa

TEM total
dislocation loop

As-irr.         400°C        500 °C      600 °C

Fig. 3. Comparison of the irradiation hardening from tensile test
results and estimated values from the microstructure using the
dispersed barrier model.
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2.2. Irradiation hardening mechanisms

It has been reported that the factors controlling
irradiation hardening of RAFS are irradiation-
induced dislocation loops, precipitates and micro-
voids [10–19]. The contribution of each factor on
the hardening depends on material. It was shown
that the irradiation hardening of mod. JLF-1 is
mainly due to dislocation loops [16,20]. Fig. 2 shows
dislocation structures and precipitates observed in
the steel after neutron irradiation at 370 �C up to
10 dpa, indicating that b = ah100i type dislocation
loops and very fine precipitates were observed after
the irradiation (M23C6 and possibly MX). Since both
structures were considered to be a cause of the hard-
ening, the following measurements were carried out
to evaluate each contribution to the hardening.
Fig. 3 shows the comparison of the irradiation hard-
ening measured in tensile tests and values estimated
from the microstructure calculated using the dis-
persed barrier model, where the barrier strength
was assumed to be 0.23 and 0.30 for dislocation
loops and precipitates, respectively. The tensile tests
and microstructural observations were performed in
the as-irradiated condition and after the post-irradi-
ation annealing at 400, 500 and 600 �C for 1 h. The
contribution of each structure to the irradiation
hardening was expressed by the following equation:

Dr2
Total ¼ Dr2

Loop þ Dr2
Prec: ð1Þ
Fig. 2. The dislocation structures and precipitates observed in
Mod. JLF-1 after neutron irradiation at 370 �C up to 10 dpa.
The irradiation hardening was decreased by anneal-
ing which caused recovery of the dislocation loops
as shown in the micrographs in the top of Fig. 3.
Small black dots, which are considered to be small
loops or precipitates, also disappeared during the
annealing. The contribution of dislocation loops
to the hardening was dominant, and the hardening
was almost accounted for by a dislocation loop
hardening mechanism. As for the role of microvoids
on the hardening, our previous work [21] clearly
indicated that it was small and less than 10% of
the contribution from dislocation loops.
2.3. Irradiation embrittlement mechanisms

Although the irradiation hardening of F82H and
JLF-1 is similar, F82H shows a larger DDBTT. This
can be interpreted in terms of reduction of fracture
stress in F82H. It is expected that the irradiation-
induced changes in the precipitation morphology
results in the reduction of cleavage fracture stress
and consequently increases the DDBTT. Although
the grain size is different between the steels, the previ-
ous research showed the DDBTTs of fine and coarse
grained F82H steels were almost the same [22].

Since carbides may be the nucleation sites for
brittle cleavage fracture that determines DBTT,
the difference in their irradiation-induced precipita-
tion behavior was investigated for F82H, JLF-1 and
ORNL-9Cr steels to understand the difference in
the DBTT shift among the steels [23]. The struc-
tures and chemical compositions of the extracted



Table 2
Summary of the results obtained for F82H and JLF-1

HFIR irradiation, 300 �C,
5 dpa

F82H JLF-1

Irradiation hardening (RT) 370 MPa 314 MPa
DBTT before irradiation 215 K 190 K
Shift in DBTT 110 K 40 K
Loop density 6.64E + 23/m3 5.91E + 23/m3

Loop size (average) 3.5 nm 3.6 nm
Estimated from dispersed

barrier model
310 MPa 300 MPa

Precipitates (extrusion
residue) a measure of
large precipitates

Total amount
increased

Total amount
decreased

Precipitates (TEM), a
measure of precipitation
location

Fraction of prec.
Increased at
block
and PAG
boundaries

Small M23C6,
small MX in
matrix

Main factor controlling
hardening

Loops Loops

Main factor controlling
DBTT shift

Hardness and
carbides
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precipitate residues from the steels were investi-
gated. The main results obtained suggested that
in JLF-1 and ORNL steels, large MX (TaC) car-
bides disappeared during irradiation, while they
were observed in F82H [23]. A TEM observation
revealed that the volume fraction of the M23C6 that
precipitated along lath block and packet boundaries
to the total volume of the M23C6 was twice as large
for F82H than JLF-1. It is expected that the fracture
stress along lath block and packet boundaries is
reduced by the precipitation of M23C6 carbides.
The experimental results are summarized in Table 2
along with the mechanisms of irradiation hardening
and embrittlement.

The effects of tempering heat treatment condition
on the irradiation hardening were investigated for
F82H. The materials were tempered at different con-
ditions and irradiated in JMTR at 300 �C to 2 dpa.
The DBTT shift was considerably influenced by the
tempering temperature [24].

3. Dimensional stability

3.1. In-pile creep

Creep tube specimens were fabricated from F82H
and JLF-1 series steels and irradiated in HFIR at
300 �C up to 5 dpa (for 526 days). In-pile creep
strain was determined by measuring the diameters
of the tubes pressurized to each hoop stress level
after irradiation, and is shown in Fig. 4. Below the
hoop stress of 350 MPa, no significant difference
in the creep strain was observed among the steels
tested. The in-pile creep strain at 300 �C of the steels
was 0.12% at a hoop stress of 320 MPa. At high
hoop stresses, over 375 MPa, a significant large
creep strain was observed for JLF-1which is consid-
ered to be due to the applied stress exceeding the
yield stress.
3.2. Swelling by dual beam ion irradiation

The effects of helium on swelling in JLF-1 has
been investigated by means of dual beam irradiation
where iron ions and helium ions were simulta-
neously introduced at 470 �C up to 80 dpa. Fig. 5
shows the dependence of the void swelling of JLF-
1 irradiated with dual ion beams [25,26] as well as
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the results obtained for the steel irradiated with neu-
trons at 420 �C [27]. The swelling peak temperature
of the steel depends upon the type of irradiation. In
case of the ion irradiation, the swelling peak temper-
ature was measured to be around 470 �C, while it
was around 420 �C for the case of neutron irradia-
tion in fast reactors, which is due to the difference
in the damage rate. There are two characteristic
features in the dose dependence: (1) an incubation
dose, and (2) on almost linear dependence with a
slope of 0.028%/dpa above it. The incubation dose
was 20 dpa and 50 dpa for ions and neutrons irradi-
ation, respectively. A higher damage rate could
enhance the occurrence of swelling.

4. Joining/welding techniques

A blanket structure is generally complex. Even a
simple structure demands rather high performance
of joints and welds. The mechanical properties of
TIG and EB welds were investigated for F82H.
Fig. 6 (TIG weld) and Fig. 7 (EB weld) show metal-
lographic photos of the welds of F82H-IEA heat
and their mechanical properties. Tensile specimens
were fabricated from the TIG weld bond. The spec-
imens obtained from the weld metal showed a
higher yield stress than base metal at all the test
temperatures. The specimens denoted as TIG/WJ
were fabricated so that the heat affected zone
(HAZ) area was located in the gage section of the
tensile specimens. It is clear that there is a soft area
in the HAZ of the TIG weld where the yield stress is
m
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Fig. 6. Metallographic photo of the TIG weld of F82H-IEA heat
and its mechanical properties.
about 50 MPa lower than the base metal. This
behavior is similar to a reactor pressure vessel steel,
A533B steel [28,29], which showed that there is a
soft area in the HAZ of an A533B sub-merged arc
weld. It is of note that the soft area is not ductile
but it shows the highest DBTT despite the lowest
yield stress. The width of EB weld bond is much
narrower than that of TIG weld, and also the weld
metal is harder than base metal.

The surveillance tests on the effects of irradiation
on the hardness and DBTT of welds is essential for
the design and practical fabrication of the blanket.
Again, the studies on A533B [28,29] revealed that
the weld metal and soft area of HAZ suffered the
largest DBTT shift by neutron irradiation. Conse-
quently, the DBTT of the A533B steel weld is deter-
mined by the DBTT of the weld metal that showed
highest DBTT.

ITER operation condition indicates the impor-
tance of fatigue database because of the pulse mode
operation and occurrence of severe plasma disrup-
tions. Fatigue properties of the weld that has a soft
area could be one of the critical issues for blanket
structure, because the fatigue life of an irradiated
weld is to be determined by the weakest soft area.
5. Compatibility to super-critical pressurized water

5.1. Resistance to stress corrosion cracking

High temperature SCPW (super critical pressur-
ized water) is an attractive option from the view-
point of higher thermal efficiency. F82H has been
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tested to investigate the susceptibility to stress cor-
rosion cracking (SCC) by means of slow strain rate
tests (SSRT) at a strain rate of 3 · 10�7 s�1 in a
flowing (flow rate: 6 · 10�7 m3 s�1) SCPW environ-
ment, at a pressure of 23.5 MPa at temperatures
between 280 and 550 �C in a solution with a
dissolved oxygen of 0.2–0.3 wt ppm [30]. For com-
parison, the deformation behavior at a strain rate
of 5 · 10�5 s�1 was also investigated, and both are
shown in Fig. 8. Tensile properties, such as yield
stress, ry, ultimate tensile stress, rUTS, total elonga-
tion, eTotal, and reduction in area, RA, were almost
the same despite the difference of the strain rate.
Furthermore, no stress corrosion cracking has been
observed with the specimens showing ductile frac-
ture mode. The above suggests that the susceptibil-
ity to SCC of F82H is low at these test conditions.

The susceptibility of ODS steels to SCC was eval-
uated by means of slow strain rate tests (SSRT) in
the loop system of hot pressurized water at 288 �C
at the pressure of 7.8 MPa. Dissolved oxygen
(DO) was controlled to be 8 ppm which is larger
than BWR condition. Strain rates were in the range
from 10�4 to 3 · 10�7 s�1. In ODS steels, the ductil-
ity did not depend on the strain rate between 10�4 to
3 · 10�7 s�1, indicating that the 19Cr–ODS steel
and 19Cr–4.5Al–ODS steel show very low SCC
susceptibility. The fracture surface observation by
SEM revealed that the entire fracture surface
showed ductile mode with many dimples. The
reduction in area was also large at all the strain rate
conditions. For comparison, similar tests were car-
ried out for the sensitized SUS316L, and the sensiti-
zation at 700 �C for 100 h caused a remarkable
reduction of the total strain that indicated the
occurrence of the SCC.
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5.2. Corrosion test

The weight change during the SSRT was mea-
sured for F82H at temperatures between 380 and
583 �C, and the results are shown in Fig. 9, indicat-
ing that it depends strongly on the test temperature.
A similar behavior was observed for JLF-1 that
showed a weight gain of 1.7 mg/cm2 at a pressure
of 25 MPa at 510 �C after 200 h elapse [30].
Fig. 10 shows the dependence of weight gains on
corrosion test period of the ODS steels [31]. This
result indicates that the weight gains of all high-Cr
ODS steels are smaller than an austenitic stainless
steel (SUS316L). It is noticed that the ODS steel
which contained even 14 wt% of Cr showed higher
resistance to corrosion than SUS316L that con-
tained 18 wt% Cr and 10 wt% Ni. The ODS steels
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Table 3
Summary of the effects of aging on the 19Cr–ODS steel

Age
hardening
(MPa)

Reduction
of
elongation

DDBTT TEM

14Cr–4AI 42.1 No change �0 –
16Cr–4AI 34.6 No change �0 a0-phase
19Cr–4AI 168 Small 70 K a0-phase

66 A. Kimura et al. / Journal of Nuclear Materials 367–370 (2007) 60–67
with higher Cr concentration show better corrosion
resistance. However, the weight gain of the 9Cr-steel
(JLF1) is much larger than the SUS316L. It is clear
that the oxide film of 9Cr martensitic steel consists
of multi-layers and is thicker than that of SUS316L,
as expected from the weight gain test results. How-
ever, the oxide film of the 16Cr–4Al–ODS steel is
too thin to distinguish each oxide layer by means
of SEM. The oxidation film of SUS316L was very
rugged, while those of the ODS steel were very
uniform. As for the effect of Al on the corrosion
rate, it is too small to cause the difference in the
weight gain between the ODS steel with and without
Al addition.
6. High-thermal efficiency for DEMO and beyond

6.1. High-temperature strength

An increase in the Cr content (19Cr) increased
the tensile stress of 9Cr–ODS steel. This can be
explained by solid solution hardening by Cr. The
tensile stress was larger than 9Cr–ODS by about
100 MPa at temperatures between RT and 400 �C,
and about 50 MPa at 800 �C. Since the potential
hardening by oxide dispersion is much larger than
that by solid solution of Cr, the difference in the ten-
sile stress due to increasing Cr is somewhat smaller
than the difference in the tensile stress between fer-
ritic steel and 9Cr–ODS steel.

A coupling of RAFS and ODS steel could be
effective to construct highly efficient and realistic
fusion blankets.
6.2. Potential of aging embrittlement

Since the increase in Cr concentration to over
14 wt%Cr often causes aging embrittlement due to
formation of Cr-rich secondary phases, the effects
of aging on tensile properties were investigated after
aging at 500 �C for 1000 h. The test temperature was
RT and the deformation rate was 0.5 mm/min.
Although the aging caused an increase in the yield
stress, almost no effect was observed for the total
strain of all the steels. The hardening was larger in
higher Cr content ODS steels. The DBTT shifted
to high temperature by about 40 �C and 70 �C in
the 19Cr–4Al–ODS and 19Cr–ODS steel, respec-
tively. In contrast to this, the 16Cr–4Al–ODS steel
never showed the DBTT shift even after the aging
at 500 �C for 4800 h.
To make clear the mechanism of the aging
embrittlement, the microstructure of 19Cr–ODS
steel was observed by transmission electron micro-
scope (TEM) before and after the aging at 500 �C
for 1000 h. In the as-received condition, fine oxide
particles were observed in the matrix, while many
larger structures as well as oxide particles were
observed after aging. Since the diffraction patterns
of the aged sample did not show any extra spots
besides those due to oxide particles, the structures
were assumed to be Cr-rich phases which had
BCC structure with almost the same lattice param-
eter as iron. The hardening observed for the aged
specimen appears to be interpreted in terms of pre-
cipitation hardening by Cr-rich phases.

The effects of aging on the 19Cr–ODS steel are
summarized in Table 3, indicating that 14Cr and
16Cr–ODS steels suffer no aging embrittlement after
the aging at 500 �C for 1000 h, while 19Cr–ODS
showed a remarkable embrittlement. It is interesting
that Cr-rich a 0 phases were observed in 16Cr–ODS
steel that did not suffer any aging embrittlement.
It was reported that the formation of Cr-rich a 0

can be influenced by the third element of the steels
[32]. A more precise correlation study is necessary
to understand the role of Cr-rich a 0 phases in the
aging embrittlement.
7. Concluding remarks

US–Japan collaborative research on ferritic
steels R&D has been successfully provided an irra-
diation database utilizing HFIR. Recent results
clearly showed that the mechanism of irradiation
embrittlement of two Japanese RAFSs were differ-
ent from each other. The larger DBTT shift
observed in F82H is interpreted in terms of both
the matrix hardening mechanism and reduction
of cleavage fracture stress along lath block and
packet boundaries, while that of JLF-1 is due to
only the hardening effect. The reduction of lath
block and packet boundary fracture stress is con-
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sidered to be due to M23C6 carbide precipitation of
which the morphology can be controlled by ther-
mal heat treatment. Dimensional change measure-
ment during in-pile creep tests revealed the creep
strain was limited at 300 �C. Materials perfor-
mance of welds under neutron irradiation will be
critical to determine the life time of blanket struc-
tural components. Further irradiation experiments
and database development is necessary. Corrosion
tests have been done for F82H. High Cr–ODS
steels showed higher resistance to corrosion than
austenitic stainless steel, SUS316L. Application of
ODS steels to a fusion blanket is essential to
increase the thermal efficiency of the blanket sys-
tems beyond DEMO. A coupling of RAFS and
ODS steel could be effective to construct a highly
efficient and realistic fusion blanket.
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