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In blankets of a fusion power plant 14 MeV neutrons produce displacement damage, dpa, and helium and
hydrogen. Martensitic steels offer the advantages of low swelling and reduced helium embrittlement
compared to austenitic steels. Reduced activation Eurofer 97 steel has been exposed to neutron displace-
ment damage up to about 15 dpa in materials test reactors such as OSIRIS and HFR at temperatures in the
range of RT to 600 �C, and up to 80 dpa in BOR-60 at temperatures in the range of 300–330 �C. The post-
irradiation mechanical properties in the range of 300–330 �C show increases in yield stress, decrease in
ductility and an increasing ductile to brittle transition temperature. The hardening rate is decreasing with
increasing damage level, but it does not show saturation at doses examined. Analyzing the present results
and reviewing properties of other steels with different compositions, including ODS steels, lead to the
conclusion that improvement of the radiation resistance of steel will be based on nano-microstructural
features.

� 2009 Published by Elsevier B.V.
1. Introduction

In fusion power plants blankets with lithium ceramics or liquid
lithium lead will produce the tritium needed for the fusion reac-
tion. The lifetime and reliability of the blankets require structural
materials that are tough and strong during long periods of time
to limit the remote exchanges of the blankets. Martensitic steels
offer the advantages of low swelling and reduced helium embrit-
tlement compared to austenitic steels. In addition the steel should
show low activation to limit waste cost and the environmental im-
pact [1]. Before much effort was devoted to chromium steel fast
reactor cladding development [2], but the cladding temperature re-
gime is way above that for fusion applications.

The implementing agreement of the IEA on fusion materials
stimulated co-operation on development of low-activation mar-
tensitic steels in Japan, the US and the EU in the early nineties of
the 20th century [3,4]. As long as there are no powerful 14 MeV
sources such as IFMIF, the radiation resistance of these low activa-
tion steels, with compositions quite different from conventional
steels, is tested with neutrons from fission reactions. The EU indus-
trial scale reduced activation steel batch, Eurofer 97, has been ex-
posed to neutron displacement damage up to about 15 dpa in
materials test reactors such as OSIRIS and HFR at temperatures in
the range of RT to 600 �C, and up to 80 dpa in the fast test reactor
BOR-60 at temperatures in the range of 300–330 �C.
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The present paper shows and interprets the major post-irradia-
tion mechanical properties results such as yield stress, tensile duc-
tility, and impact properties at radiation damage levels up to
80 dpa. The properties of other steels with different compositions,
including ODS steels, are reviewed with the objective to show the
potential roads to improvement of the steels radiation resistance.

2. Procedures

2.1. Materials and Specimens

The EU manufactured Eurofer 97 (9Cr-1W-0.2V-0.15Ta) on
industrial scale; heat 83697 weighs more than 5000 kg. Heat
83697 was austenitized at temperatures between 960 and
1050 �C and tempered at a temperature around 760 �C during
times dependent on the half product thickness. The Japanese re-
duced activation steel F82H mod. with 8.2Cr-2.2W-0.16V-0.02Ta
was also included in the tests. In addition conventional 9Cr-1Mo
(EM10) industrial steel is in the program:

Several laboratory melts such as OPTIFERIVc, manufactured by
FZK with the composition 9Cr-1W-0.25V-0.07Ta, and JLF-1(basic
composition 9Cr-2W-0.18V-0.08Ta) from the Japanese program
with some minor composition varieties and heat treatment are
also part of the program. Some laboratory scale heats have in-
creased boron contents to boost the helium production. From the
Eurofer 97 industrial scale cast Eurofer ODS steel was manufac-
tured through atomization and ball-milling adding 0.5% Y2O3 fol-
lowed by HIP. For comparison ODS-MA957 (14Cr-1Ti-0.3Mo-0.25
Y2O3) steel is tested in the program.
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Fig. 1. The increase in yield stress of RAFM steels, conventional 9Cr steel and ODS
steel MA957 as dependent on displacement damage at 300–330 �C.
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The impact property tests utilized the KLST Charpy-V sub size
specimens measuring 27 � 4 � 3 mm. Tensile specimens had
diameters in the range from 2 to 4 mm and gauge/diameter ratios
were higher than five. Some of the tensile specimens were hour
glass shaped to eventually allow fatigue testing.

2.2. Neutron irradiation

The materials test reactors HFR and OSIRIS used different types
of rigs and irradiations capsules to irradiate the specimens at tem-
peratures in the range of 45–600 �C with 15 �C absolute accuracy
over the irradiation times lasting up to 3 years for 15 dpa. The cool-
ing material of the rigs and irradiations capsules was sodium. Most
specimens had thermocouples attached to check the temperature.
The determination of radiation damage relied on gamma radiation
of pure metal monitors extracted from the rigs in exact positions
related to the specimens.

The neutron fluxes in the BOR-60 ARBOR irradiations amounted
to about 1.8 � 1019 n m�2 s�1. The temperatures of the specimens,
submerged in sodium, remained under 340 �C for irradiations up to
80 dpa. In ARBOR-1 specimens were irradiated to about 40 dpa,
some of these specimens were irradiated in ARBOR-2 to 80 dpa
with negligible temperature and neutron flux gradients, and simi-
lar neutron spectrum.

2.3. Post-irradiation testing

Impact property test machines situated in hot-cells underwent
calibration for maximum impact energies of 15 J from KLST speci-
mens. The shielded tensile machines tested the small gauge tensile
specimens after calibration adjusted for such small prey, smallest
diameters 3 mm with gage length at least 18 mm. Post irradiation
furnace temperature control was within the limits for the applica-
tion, better than 5 �C deviation. Testing procedures were in line
with the EU and ASTM standards.

3. Results

3.1. Analysis and determination of neutron doses

The neutron irradiations in the materials test reactors HFR, Pet-
ten [5,6], and OSIRIS, Saclay [7], and BOR-60 Dimitrovgrad [8],
were carried out in capsules containing the specimens and neutron
monitor sets. The neutron monitor sets consist of a group of pure
materials pieces that undergo transmutation. The gamma radiation
from the transmutation products allow the determination of the
accumulated neutron fluence, and neutron spectrum experienced
by the monitor set. From this neutron information the displace-
ment damage, dpa, and fusion relevant transmutation products
such as He and H in the irradiated structural materials are calcu-
lated using FISPACT. Then the measured values are extrapolated
for each specimen; they reached to over 15 dpa maximally. The
neutron damage generated in BOR-60 is calculated using the SPEC-
TER code. In this case, the maximum damage value amounts to
80 dpa.

The temperatures in HFR, OSIRIS and Bor-60 capsules are mea-
sured [5–8] with several calibrated thermocouples. The measured
values are interpolated for each individual specimen. The irradia-
tion temperatures were in the range of 250–450 �C with 50 �C
intervals. The deviations from the nominal test temperatures were
15 �C maximally.

3.2. Mechanical properties

Fig. 1 shows the increase of the yield stress as dependent on the
displacement damage. The ferritic steels radiation hardening is
quite steep below 10 dpa up to about 250 MPa (ODS steel), reduced
activation steels up to 400 MPa, and up to 600 MPa for conven-
tional chromium steels. Between 10 and 40 dpa the increase is
about 150 MPa for reduced activation steel. Thus in the first 10
dpa the hardening rate is between 25 and 60 MPa.dpa�1, whereas
over 10 dpa the hardenong rate is between 5 MPa.dpa�1, a rate
decrease of an order of magnitude. The experiments to show
hardening saturation to be reached at 80 dpa have not yet been
conducted, but will be soon.

The total ductility of conventional chromium steels continu-
ously decreases to values below 1% at 43 dpa, whereas RAFM and
ODS-MA957 steel MA show total elongations over 5% up to
43 dpa. The uniform elongation of conventional and RAFM steel
is below 1% at radiation levels over 10 dpa; ODS-MA957 shows
1% uniform elongation over 10 dpa.

Fig. 2 shows the impact energies measured in different steels in
reference and irradiated conditions up to 80 dpa. The radiation
damage increases the DBTT of the different steels by 150–240 �C.
The upper shelf energy, USE, of the RAFM steels is nearly halved;
of the conventional 9Cr steels the USE is reduced to 20% of its ref-
erence level.

Fig. 3 shows the increase in DBTT plotted versus the displace-
ment damage resulting in three curves that show similarity with
the tensile hardening curves shown in Fig. 1. The 9Cr1Mo steels
show the largest hardening and ODS steel is the least affected by
radiation damage. The RAFM Eurofer steels take a position in be-
tween, but they do not show DBTT saturation.

It must be stressed that the irradiation temperatures are be-
tween 300 �C and about 330 �C. At this temperature the hardening
is at its highest level. Over 330 �C the radiation hardening rapidly
decreases to zero around 425 �C.

3.3. Fractography

Fig. 4 shows the SEM pictures of tensile fractures. They are typ-
ical for Eurofer 97 specimens tested at 300 �C in air with a strain
rate of 1 � 10�3 s�1 after irradiation in BOR 60 at 300 �C and
15 dpa. The fracture appearance is still very ductile with the dim-
ple structure containing hard inclusions.
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They show typical cup and cone fracture with a 65% reduction
of area, underpinning the ductility data retrieved from post-irradi-
ation tensile curves, though uniform elongation amounts to les
than 1%.

Fig. 5 shows the fracture surfaces of impact tested KLST speci-
mens at 30 dpa. The lower shelf specimens show no deformation
at all, whereas specimens fractured in the upper shelf show defor-
mation. The upper shelf results show somewhat more deformation
for the higher austenitization temperature. These results are typi-
cal for the high dose irradiation effects on impact fracture
appearance.
4. Discussion

4.1. Strength and ductility

Fig. 1 shows that the increase in yield stress reaches saturation
somewhere near 40 dpa. The data points at 64 and 69 dpa are at
levels similar to those observed at 30 and 40 dpa and at least in
the scatter band for the data. Yamamoto et al. recently analyzed
the effects of irradiation on yield stress in 8Cr tempered steels
[9]. Whapham and Makin earlier explained the effect of displace-
ment damage on the increase in yield stress [10]. Whapham and
Makin argue that in the early stages the radiation particles, in
our case neutrons, produce lattice damage creating obstacles for
dislocation movement. At first the obstacle production is linear
with the radiation damage, and hence the yield stress increases
with the square root. At higher damage levels the existing obsta-
cles capture the newly formed ones leading to saturation of the
obstacle density, and thus the yield stress. They derive the
equation:

DYS ¼ DYSsat½1� expð�/=/0Þ�
1=2 ð1Þ

where,

DYS ¼ the increase in yield stress from radiation damage
DYSsat ¼ the saturated yield stress from radiation hardening
/ ¼ radiation dose
/0 ¼ scaling factor depending on radiation conditions

such as temperature

Dimelfi [11] showed for other ferritic reactor pressure vessel
steels that the Whapham and Makin model is valid, but for a nar-
rower damage window than the present experimental conditions.
The present experimental evidence up to 70 dpa supports the sat-
uration model proposed by Whapham and Makin for the RAFM and
conventional steels investigated in the HFR, OSIRIS, and the AR-
BOR-2 experiment in BOR-60.

The total elongations of RAFM steels neutron irradiated up to
70 dpa measure at least 10% and reductions of area are in excess
of 50%. The deformability of the material is thus considerable,
though it is not uniformly spread over the specimen gauges, be-
cause the uniform elongation derived from the tensile curve is un-
der 1%, down to a few tenth of a percent. After reaching its peak
stress the deformation continues to spread over the specimen. This
observation suggests a mechanism whereby initiation of disloca-
tion movement is inhomogeneous distributed, followed by a phase
in the test where unpinning of dislocations is more homogeneous.
The precise development must be derived from additional
microscopy.

The role of helium cannot be studied adequately with fission
reactors, but it might have an appreciable effect on the deforma-
tion mechanism [12]. In the end fusion environment simulators
such as IFMIF, must provide the experimental evidence for the
interaction of displacement damage and transmutation produced
helium.

The ODS steel shows total and uniform elongations of 4.5% and
1.2%, respectively, indicating a different dislocation movement ini-
tiation and propagation. In the ODS steel case besides the displace-
ment damage to the lattice, the dispersions have a strong effect on
ductility.

4.2. Impact properties

Fig. 3 shows that the increase in DBTT has not saturated. The
DDBTT for values near 70 dpa are significantly, about 10–20 �C
higher than the DBTT observed at about 35 dpa. The USE though
does not differ significantly for the irradiation damage interval



Fig. 5. (a) Fracture of lower shelf impact of Eurofer (anneal 980 �C) tested after
30 dpa, (b) Fracture of upper shelf impact of Eurofer (anneal 980 �C) tested after
30 dpa, (c) Fracture of lower shelf impact of Eurofer-2 (anneal 1040 �C) tested
after 30 dpa, (d) Fracture of upper shelf impact of Eurofer-2 (anneal 1040 �C) tested
after 30 dpa.
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Fig. 4. (a) Detail of tensile fracture at 300 irradiated to 15 dpa in BOR-60, (b) Necking of tensile specimen at 300 irradiated to 15 dpa in BOR-60.
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from 15 to 70 dpa. These observations lead to the conclusion that
the RAFM material still can absorb considerable energy. The onset
of energy absorption though starts at an increasingly higher tem-
perature. In contrast with the tensile hardening saturated over
50 dpa, the ductile impact response is at a still higher temperature.

Fig. 6 shows the DBTT increase and USE reduction for the differ-
ent materials irradiated to 32 dpa at about 332 �C. There seems to
be a, weak, correlation of the DBTT shift and the USE reduction. The
outlier is an ODS steel with a non-optimized production path. It
has already a very low USE in the reference condition and the radi-
ation hardly affects it. A correlation between USE and DBTT shift is
not very significant.

Comparing DDBTT values observed for different irradiated
RAFM steels at different temperatures [3] it becomes evident that
there is a strong separation in deformation and irradiation regime
at about 350 �C. Below 350 �C high DDBTT values are observed,
above 350 �C DDBTT values are negligible. Microscopic studies
show a dramatic reduction in the damage density, explaining the
experimental observation, [13].

4.3. Effects of steel composition and microstructure

The control of the impurities in the steels dramatically im-
proves the mechanical properties and especially the toughness
[14]. A homogeneous microstructure without delta ferrite, large
inclusions or carbides and without intermetallics is very favor-
able for the behavior of the material. However, the influence of
Cr, W, Mo, Ta, V is not so clear. Further it is difficult to quantify
the effects for each of these major elements from the integrated
results.

The behavior of ferritic/martensitic materials after neutron irra-
diation at temperatures near 325 �C depends strongly on their fab-
rication process and microstructure. The ODS MA957 considered in
this study has a microstructure which in some point reminds a
martensitic steels with very fine laths. Contrary to martensitic
materials, in fine grain ODS, the ‘‘laths” are much longer and with
almost the same crystallographic orientation, but the analogy to a
martensitic microstructure is clear. It appears that this type of
microstructure, with very high densities of boundaries or inter-
faces resists neutron exposure the best. Without considering the
helium embrittlement, the presence in the macrostructure of
nano-phases like nano-oxydes (present in the MA957 material)
or nano-carbonitrides (present in the Eurofer but not in the 9Cr
1Mo steel) seems to improve also the behavior of the material.
The 9Cr1Mo steels, which is the softest material with a very low
DBTT before irradiation exhibit a high hardening under irradiation
and present the most important shift of the DBBT among the mate-
rials after irradiation.
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4.4. Extrapolation of properties and potential improvements

Despite the remarkable results obtained within the European
framework and especially the improvement of the DBTT of mar-
tensitic steels before and after irradiation, the challenge to obtain
a martensitic steel as structural material for fusion power plants
remains open. After irradiation at low temperature (325 �C or be-
low), a saturation of the hardening and of the increase of the DBTT
was expected. The latest results show that this is not the case and
no martensitic/ferritic materials seems to be available for such low
temperatures. A close cooperation between designers of fusion
power plants and material scientists has to take that major point
into account. The crucial issues that have to be resolved are prob-
ably the displacement hardening after irradiation, and the helium
embrittlement. As mentioned above, at 400 �C the neutron irradia-
tion of ferritic/martensitic steels is much less severe for the mate-
rial. The operating window of the martensitic steels has to be
shifted toward higher temperatures, maybe up to 650 �C with a
lower limit near to 400 �C. The design of new martensitic materials
for fusion application has then to be rethought in the direction of
nano-microstructural features (Section 4.3. Different tentative re-
sults have already been published [5,15]. The use of the new ther-
mo-kinetic calculation models (MatCalc or Dictra for example) will
guide the development further.
5. Conclusion

1. Tensile hardening shows saturation at 70 dpa and 330 �C. This is
not the case for impact properties. The DBTT at 70 dpa and
330 �C still increases by about 25 �C. The Whapham and Makin
saturation radiation hardening model works well for tensile
properties. It does not work perfectly well for impact fracture
of Eurofer steels, but the impact deformation rate is many
orders of magnitude higher than that under normal tensile
conditions.

2. Microstructures with high interface densities (grain boundaries
or laths) of low activation steels seem beneficial for neutron
radiation resistance in comparison with conventional steels
coarser micro-structural features, irradiated to radiation dam-
age levels similar to 70 dpa.
3. The paths to more radiation resistant ferritic/martensitic steels
will be guided by thermo-kinetic codes to limit the necessary
experimental verification to the essentials. The direction of
development is nano-microstructural features that promise to
improve the radiation resistance in steels.
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