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Microstructural development of a heavily neutron-irradiated
ODS ferritic steel (MA957) at elevated temperature
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Abstract

Microstructural observation was performed on a neutron-irradiated oxide dispersion strengthened (ODS) ferritic steel
with emphasis on oxide behavior, including phase stability under irradiation at elevated temperature (�973 K). Transmis-
sion electron microscopy observation of the Y–Ti complex oxide particles showed they were fine (�40 nm) whereas the
Ti-oxide particles were relatively coarse (�300 nm). Dispersion parameters of oxide particles, such as mean size and
number density, changed due to irradiation. This implies recoil resolution of the oxide particles. When irradiated at
973 K, some Y–Ti complex oxides survived and interacted with the dislocation structures, which delayed the dislocation
recovery and stabilized the elongated grain structure. It is considered that oxide particles could be effective pinning points
of dislocations in motion under irradiation to a dose of �100 dpa.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

To achieve high thermal efficiency for solid bree-
der blankets of fusion reactors or fuel pins in liquid
metal fast fission reactors, candidate structural
materials must have good tolerance for irradia-
tion-induced void swelling and for irradiation-
enhanced creep at elevated temperature.

For the last few decades, oxide dispersion
strengthened (ODS) steels which promise better
high temperature creep properties than conven-
tional ferritic/martensitic steels and greater dimen-
sional stability than austenitic steels have been
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vigorously studied for applications in fast reactors
[1–3]. Based on the results of extensive research
and development (R&D), two ODS alloys for
cladding tubes with base compositions Fe–0.12C–
9Cr–2W–0.2Ti–0.35Y2O3 and Fe–12Cr–2W–0.3Ti–
0.24Y2O3 have been fabricated; these alloys were
developed to reduce the anisotropy of mechanical
properties attributed to their processing [4,5]. Both
have a more desirable grain morphology, i.e. equi-
axial grains, obtained by utilizing phase transforma-
tion or recrystallization, respectively. Tubes made of
these ODS steels have been irradiated to a maxi-
mum dose of �15 dpa in the experimental fast
reactor JOYO and have been verified to be very
irradiation tolerant materials [6].

Among current R&D issues for ODS steels,
extending the available range of irradiation data is
as important as developing advanced ODS steels
.
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Table 1
Irradiation conditions of INCO MA957

CMIR
campaign no.

�2 3 4 5 Remark
temperature (K)

Cumulative
time (h)

9880 14520 18740 23540

Cumulative
dose (dpa)

44.5 65.0* 84.0 101.0* 775
52.5 76.5* 99.0* – 862
53.0 77.5* 100.5* – 982

* Microstructural observations were done for the specimens
irradiated under the conditions indicated by the asterisks.
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by composition/processing optimization. Thus, the
present study focused on the microstructural evolu-
tion of one ODS ferritic steel (MA957) that was
irradiated to a dose of �100 dpa at a temperature
from 775 to 973 K, conditions at which the perfor-
mance of ODS steels is generally thought to be
degraded. This extended the high temperature side
of the irradiation data field. Since MA957 has been
investigated from various viewpoints [7–12], special
emphasis in this study was on oxide behavior,
including phase stability under irradiation at ele-
vated temperatures (�973 K).
2. Experimental procedure

The material used in this investigation was a com-
mercially produced ODS steel, INCO MA957, in
which yttrium oxide (Y2O3) particles were dispersed.
The analyzed composition of the MA957 was
Fe–13.9Cr–1.0Ti–0.31Mo–0.27Y2O3–0.18O (mass%).
This oxygen content was differentiated from the oxy-
gen component of Y2O3.

The MA957 samples, in sheet form, were neu-
tron-irradiated in the core materials irradiation rig
(CMIR) through successive irradiation campaigns
in JOYO. The irradiated MA957 sheets were
unloaded at the end of the third, fourth, and fifth
irradiation cycles, coupons were cut from them
Fig. 1. Bright field TEM micrographs of MA957: (a) as-received, irradia
982 K (c) to 77.5 dpa and (e) to 100.5 dpa.
and then the sheets were reloaded to continue irra-
diation. Details of the irradiation conditions are
shown in Table 1.

Samples for transmission electron microscopy
(TEM) were prepared from the irradiated MA957
sheets as follows. The coupons that were cut from
the irradiated sheets were mechanically thinned to
60.15 mm. The thinned coupons were punched to
get 3 mm discs. These discs were electro-polished
at 288 K and 90–100 mA with an electrolytic solu-
tion of CH3COOH:HClO4 in the ratio 19:1.

Microstructural observations used a conven-
tional TEM (JEM-4000FX) operated at 400 kV
and/or a high resolution TEM (JEM-2010F) at
200 kV. Microchemical analyses were performed
utilizing an energy dispersive spectrum (EDS) device
on the electron microscope.
ted at 775 K (b) to 65.0 dpa and (d) to 101.0 dpa, and irradiated at
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3. Results

TEM micrographs of MA957 specimens before
and after irradiation are shown in Fig. 1(a)–(e).
Prior to irradiation (Fig. 1(a)), MA957 had
elongated ferritic grains which had developed
during the fabrication of the consolidated bar from
mechanical alloying (MA) powder. When Fig. 1(a),
(b) and (d) are compared, the elongated ferritic
grains were seen not to change to any extent by irra-
diation at 775 K up to a dose of 104 dpa. Compar-
Fig. 2. Bright field TEM micrographs illustrating cavity structure distri
precipitate; (a) before irradiation, (b) after irradiation at 775 K to 101.

Fig. 3. Bright field TEM micrographs illustrating representative precip
were (a) Ti oxide, (b) Y–Ti complex oxide and (c) chi-phase (FeCrTiMo
to 99.0 dpa, whereas (b) was observed in the unirradiated sample.
ison of Fig. 1(a), (c) and (e) show little
microstructural evolution of MA957 even at 982 K.

The micrographs in Fig. 2 show small cavities
observed in the ferritic matrix before and after irra-
diation. Most cavities prior to irradiation (Fig. 2(a))
were concentrated at the precipitate–matrix inter-
face. Some cavities were also found in the matrix.
Based on past experiences with ODS steel fabrica-
tion, these cavities were deduced to be Ar gas bub-
bles trapped during fabrication. Fig. 2(b) shows that
after irradiation at 775 K cavities were concentrated
buted in the matrix. Some cavities were attached at the surface of
0 dpa.

itates in MA957 before and after irradiation; precipitates arrowed
). Both (a) and (c) were observed in the sample irradiated at 862 K



Table 2
Dispersion parameters of oxide particles measured for the
MA957 irradiated to �100 dpa

Unirrad. 775 K 982 K

Diameter (nm) Min. 5.2 9.5 8.7
Ave. 74.5 84.8 82.0
Max. 300 186 230

Number density (·1013 cm�3) 2.76 1.16 1.36
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near and at the precipitate interfaces and their mean
size seemed to grow slightly due to successive
irradiations.

In regard to the precipitates, two types of oxide
(Ti oxide, Y–Ti complex oxide) and one type of
intermetallic compound (chi-phase) were identified
by selected area diffraction (SAD) analysis and mic-
rochemical analysis. Paired micrographs and the
associated SADs are shown in Fig. 3(a)–(c). Y–Ti
complex oxide particles were much smaller than Ti
oxide particles and the mean size of the former
was about one tenth as large as that of the latter.
Also, tetragonal-shaped precipitates (Fig. 3(c)) were
found to have a cubic structure (a0 = �0.92 nm)
and to contain Fe, Cr, Ti and Mo. Both oxides in
the unirradiated specimen were found in all the irra-
diated specimens, but chi-phase was only found in
the irradiated specimens.

Dispersion parameters of oxide particles, such as
mean size and number density, measured from
TEM micrographs are detailed in Table 2. All
parameters were average values from arbitrarily
selected areas (total area was equal to 5 · 5 lm2)
since distribution of oxide particles was relatively
uniform and broadly similar despite the anisotropic
structure before and after irradiation. Particle size
variations were small between unirradiated and irra-
diated specimens (775, 982 K) though the number
densities decreased by about one-half due to
irradiation.
4. Discussion

The MA957 has previously been investigated for
microstructural evolution under ion irradiation [7],
irradiation-induced swelling [8,9], irradiation creep
[9,10], mechanical properties [11], and atom probe
tomography of oxide dispersoids [12]. Experimental
temperatures covered in these reports, however,
were limited to below 873 K. The mechanical prop-
erty degradation of ODS steel planned for use in
fusion and fission reactors is closely related to
microstructural evolution under irradiation. In most
cases, microstructures change when mechanical
properties are degraded. In comparison with other
structural materials, the benefits of ODS steels are
believed to be produced by fine dispersions of ther-
mally stable oxide particles. Therefore, quantitative
evaluation of oxide stability under irradiation is
quite challenging but essential if desired operating
temperatures of future nuclear reactors are to be
achieved. It is thus necessary to discuss and antici-
pate the dynamic interactions between oxide parti-
cles and defect structures (e.g. dislocations and
cavities) for target operating conditions.

As indicated in Fig. 1(a)–(e), the as-fabricated
microstructure of MA957 was highly strained and
was not changed macroscopically even at high dose
and/or high temperature. Also, irradiation-induced
defect clusters such as dislocation loops and newly
nucleated cavities were not formed although Ar
bubbles were present prior to irradiation and were
concentrated near and at the precipitate surfaces
(Fig. 2(a)–(c)). These facts are interpreted as follow:
the highly strained textures of MA957 contained
dense dislocation tangles and networks. This
allowed irradiation defects to easily diffuse by many
diffusion paths over long distances at elevated tem-
perature and to annihilate at high density sink sites
(e.g. grain boundary, dislocation, interface between
precipitate and matrix).

Also, the possibility of irradiation-induced
changes in existing oxide particles (Fig. 3(a) and
(b)) was considered. The present studies implied that
all the oxides had uniformly decreased in size by
ballistic resolution due to repeated high energy neu-
tron bombardments and also that some tiny oxide
particles disappeared. As a result, the number den-
sity of fine oxide particles decreased but the average
diameter remained nearly unchanged (Table 2). Sim-
ilar behavior of oxide particles has been reported in
European ODS ferritic steel [13]. The chi-phase
(Fig. 3(c)) formed during irradiation at elevated
temperature was also considered. An aging experi-
ment with the European ODS steel which contained
higher Ti and Mo contents than MA957, revealed
that chi-phase was thermally precipitated and stable
during high temperature aging [2]. Therefore though
Mo and Ti contents were lower in MA957, the
results show that chi-phase formation was assisted
by irradiation at elevated temperature.

Finally, TEM observation revealed that the
recoil resolution of oxide might be high. This is a
concern, since the benefits of ODS steels were
brought about by fine dispersion of thermally stable
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Fig. 4. TEM micrographs and EDS profile exhibiting interaction between fine oxides (arrowed) and dislocation line; (a) bright field image,
(b) dark field image taken by using g = 011, and (c) EDS spectrum from fine oxides (arrowed).
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oxide particles. On the other hand, a further signif-
icant observation specific to the ODS steels was that
the relatively fine oxide particles (10–20 nm in dia-
meter) in material irradiated at 982 K to 100.5 dpa
have interacted with dislocations during irradiation
(Fig. 4(a) and (b)). Fig. 4(c) shows that these oxides
particle contained Y and Ti. These results illustrate
that as if some oxides particles dissolved under irra-
diation, surviving oxides particles would still be
effective pinning points of dislocations and contrib-
ute to sustain the high temperature strength proper-
ties. Further consideration on dynamic processes of
both solute elements redissolved from oxides is pos-
sible during irradiation, based on the fact that
neither solute element have high solubility in Fe–
Cr–X (X = Y or Ti) ternary system. Namely, Y
and/or Ti atoms exceed their solubility limits and
would have to segregate or reprecipitate during irra-
diation unless their solubility limits under irradia-
tion are higher in comparison to their thermally
equilibrium systems. In contrast, if their solubility
limit became higher during irradiation, solution
hardening due to solute elements released from oxi-
des would be expected. Further investigations of
oxide particle behavior during irradiation are
needed to clarify the dynamic process.

5. Conclusion

Microstructural observation was performed on a
ODS ferritic steel (MA957) heavily neutron-irradi-
ated at �973 K, and the irradiation data base avail-
able on ODS steel was extended to this higher
temperature. The following conclusions on oxide
particles phase stability were obtained:

(1) Diametrical size variations were small between
unirradiated and specimens irradiated at 775
and 982 K, though the number densities
decreased by about one-half due to irradia-
tion. This implies that the recoil resolution
of oxide particles was induced by ballistic
bombardment of high energy neutron.

(2) Oxide particles effectively function as pinning
points for dislocations even under irradiation
to a dose of �100 dpa at 982 K, demonstrat-
ing sustained high temperature strength
properties of ODS steels in an irradiation
environment.
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