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Abstract

Oxide dispersion strengthened ferritic steels are being considered for a number of advanced nuclear reactor applications
because of their high strength and potential for high temperature application. Since these properties are attributed to the
presence of a high density of very small (nanometer-sized) oxide clusters, there is interest in examining the radiation
stability of such clusters. A novel experiment has been carried out to examine oxide nanocluster stability in a mechanically
alloyed, oxide dispersion strengthened ferritic steel designated 12YWT. Pre-polished specimens were ion irradiated and the
resulting microstructure was examined by atom probe tomography. After ion irradiation to �0.7 dpa with 150 keV Fe ions
at 300 �C, a high number density of �4 nm-diameter nanoclusters was observed in the ferritic matrix. The nanoclusters are
enriched in yttrium, titanium and oxygen, depleted in tungsten and chromium, and have a stoichiometry close to
(Ti + Y):O. A similar cluster population was observed in the unirradiated materials, indicating that the ultrafine oxide
nanoclusters are resistant to coarsening and dissolution under displacement cascade damage for the ion irradiation
conditions used.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Mechanically-alloyed oxide dispersion-strength-
ened (MA/ODS) ferritic steels were developed in
the late 1970s for liquid–metal fast breeder reactors
due to their excellent high temperature creep and
.
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tensile properties, and further development has con-
tinued [1–7]. Their use is also attractive for space
nuclear power systems [8] and fusion reactor appli-
cations [9]. High fluence neutron irradiation of
structural materials typically produces extensive
microstructural evolution due to atomic displace-
ments. For some components, the neutron exposure
can lead to more than 100 displacements per atom
(dpa). The damage is characterized by atomic dis-
placement cascades which produce large numbers
of vacancies and self-interstitial atoms, small clus-
ters of these point defects, and about 20 appm
He/dpa by nuclear transmutation reactions. The
evolution of this defect population at elevated tem-
peratures leads to changes in the dislocation struc-
ture, phase instabilities, and phenomena such as
void swelling, irradiation creep, and embrittlement
by grain boundary He bubbles.

The MA/ODS steel designated 12YWT [Fe–
12.3 wt%Cr–3%W–0.39%Ti–0.25%Y2O3 {Fe–13.3
at.%Cr, 0.92%W, 0.46%Ti, 0.13%Y and 0.19%O}]
was developed by Japan’s Kobe Steel and has been
particularly well-studied [9–15]. The very high creep
strength exhibited by this alloy has been attributed
to a high density of very small (�2–3 nm) mixed
(Y + Ti) oxide particles that form during the conso-
lidation and post-consolidation heat treatment of the
mechanically alloyed powders [11–14,16]. This con-
clusion is supported by comparisons of mechanical
property measurements on alloys made with slight
compositional variations that either prevent or lead
to nanocluster formation [10]. The size, shape, chem-
ical composition, number densities of the nanoclus-
ters were characterized by atom probe techniques,
which are most suitable for obtaining an accurate
description of nanoscale features in metallic mate-
rials [17,18]. Atom probe tomography examination
of the 12YWT alloy in the as-received condition
and after isothermal annealing at temperatures up
to 1300 �C (0.85Tm) for up to 10 h indicated that
the nanoclusters are very stable.

Because of the interest in ODS steels for nuclear
applications, it is important to determine if the
nanoclusters remain stable when exposed to dis-
placive irradiation. Displacement cascades could
promote the loss of these particles by ballistic disso-
lution, and the radiation-enhanced diffusion of
solute atoms arising from their coupling with persis-
tent point defect fluxes could also influence particle
stability. In addition to providing desirable mechan-
ical strength, a stable nanocluster population could
also provide improved resistance to the effects of
irradiation by acting as trapping and recombination
sites for both point defects and He. Therefore, a
novel experiment involving 300 �C Fe ion irradia-
tion of prepared atom probe specimens has been
performed in an initial assessment of nanocluster
stability in the 12YWT alloy.

Ion irradiation is often used to simulate the
effects of neutron irradiation because an appropri-
ate choice of ion type and energy can be used to
obtain displacement cascades that are similar to
those induced by fast neutron irradiation. Displace-
ment rates are typically two to four orders of
magnitude higher than for neutron irradiation. This
acceleration can be both an advantage in terms
of the time required for the experiment, and a dis-
advantage in directly extrapolating the results to
the lower reactor irradiation conditions. A primary
advantage of the ion irradiation technique is simpli-
fied handling of materials because no induced radio-
activity is obtained. However, the limited range of
heavy charged particles means that only the region
very near the specimen surface, typically up to a
few micrometers depth even for MeV ions, is irradi-
ated. Thus, it is difficult to prepare atom probe spec-
imens from ion irradiated materials. However, since
the portion of an atom probe specimen to be ana-
lyzed is electropolished to a thickness of typically
�100 nm, it is possible to irradiate the complete
analysis volume with a suitable choice of ion energy.

A previous study [19] examined the differences
between electron and light ion (He) irradiation in
an ODS alloy with much coarser oxide particles.
Although the size range and nature of the oxide
particles were different than in the 12YWT, those
authors observed that He ion irradiation with small
displacement cascades did not strongly modify the
size of large oxide particles (>50 nm). The shape
of the oxide became more rounded and some yttria
particles became amorphous. They found that
irradiation with 1.2 MeV electrons did lead to a
decrease of the size of very large, �200 nm, oxide
particles. Thus, their study indicated ballistic ejec-
tion of atoms as not responsible for the observed
loss of diameter, and the role of point defect diffu-
sion has to be taken into account.

2. Materials and experimental

The 12YWT alloy was prepared by milling 70 mm-
diameter pre-alloyed metal and 20 nm-diameter Y2O3

powders in a high energy attritor mill for 48 h under
an argon atmosphere. The mechanically alloyed
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Fig. 1. Results from SRIM 2003 calculation for iron irradiation
with 150 keV iron ions. Typical ion trajectories are shown in (a)
and the ion range distribution in (b).
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flakes were then degassed for 2 h at 400 �C in vac-
uum at a pressure of <2 · 10�2 Pa, canned in mild
steel and then directly consolidated into bar by
hot extrusion at 1150 �C. The alloys were hot rolled
at 1150 �C into 7 mm sheet, warm rolled at 600 �C
to 2.7 mm sheet and then annealed for 1 h at
1050 �C in vacuum [10].

To fabricate the atom probe specimens,
0.2 · 0.2 · 10 mm3 bars were cut from the sheet.
These bars were electropolished into needle-shaped
atom probe field ion microscopy specimens with
standard methods [17,18]. The typical end radius
of the needles was �50 nm. This specimen thickness
is suitable for in situ ion irradiation. Iron ions were
selected so as not to introduce any additional chem-
ical or size effects of the implanted species. In order
to study the interaction of the ions with the micro-
structure, the energy of the iron ions was selected
so that the damage region was close to the centerline
of the atom probe needle. Suitable irradiation
parameters were determined using SRIM 2003
[20], and typical ion trajectories and the ion range
distribution for 150 keV iron ions is shown in
Fig. 1. Since the specimen presents a curved surface
slightly inclined to the ion beam, the end-of-range
region tracks across the centerline of the specimen.
This is illustrated Fig. 2, where the computed
150 keV ion range and analysis volume have been
superimposed on a transmission electron micro-
graph (TEM) image of a typical atom probe
specimen. The specimens were irradiated in the
medium energy ion accelerator (IRMA) of the Mass
Spectrometry and Nuclear Spectrometry Center
(CSNSM)-Orsay, France [21,22] with a controlled
150 keV iron ion beam. The irradiation parameters
are reported in Table 1. The damage rate is higher,
and the irradiation temperature is lower than in
many of the irradiation conditions of interest for
these ODS alloys.

The atom probe tomography characterizations
were performed in the Groupe de Physique des
Matériaux (UMR CNRS 6634-ERT1000)’s Tomo-
graphic Atom Probe (TAP). The experiments were
performed with a specimen temperature of 50–
60 K, pulse repetition of 1.5 kHz, and a pulse frac-
tion of 20% of the standing voltage. The atom probe
analyses were performed along the centerline of the
specimen to sample the ion implanted region. All
the compositions quoted in this paper are expressed
in atomic percent. The Guinier radius, rG, and the
composition of the particles were determined from
the positions of the solute atoms associated with
the particles with the use of the maximum separa-
tion method. The parameters used were a maximum
solute separation distance of 0.6 nm and a grid spac-
ing of 0.1 nm [18].

3. Irradiation conditions

In order to determine the irradiation damage that
occurred in the analyzed volume of the atom probe
sample, the number of cascades per unit of time and
volume was calculated. The distribution of energies
given to primary knock atoms (PKA) as a function
of the depth in the atom probe sample is shown in
Fig. 3. The PKA distribution is obtained as a func-
tion of energy and depth from Fig. 3. The number
of PKA at a given depth, p, per second is given by

N E;p
PKA=s=at ¼ N E;p

PKA � U
N ion � N at � Dp

;



Fig. 2. TEM micrograph of typical atom probe specimen with computed 150 keV ion range and analysis volume superimposed.

Table 1
Ion irradiation conditions for 12YWT alloy

Ion Energy
(keV)

Flux
(ion/m�2/s�1)

Fluence
(ion/m�2)

Irradiation
time (s)

Damage rate
(dpa NRT/s)

Total exposure
(dpa NRT)

Temperature
(�C)

Fe 150 5 · 1014 1.8 · 1018 3600 1.9 · 10�4 0.7 300

Fig. 3. Energy given to PKA as a function of the depth (or thickness) of the sample with 150 keV Fe-ion irradiation.
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where U is the ion flux (ions m�2 s�1), Nion is the
number of incident ions used in the SRIM simula-
tion, Dp is the depth increment and Nat is the num-
ber of target atoms in a volume: 1 m2 · Dp. This
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distribution contains PKA with energies above
20 keV. Although only a few results are available
for the description of such high energy displacement
cascades, it is known from previous work [23] that
displacement cascades in iron above energies of
20 keV are divided into subcascades. Taking account
of that fact, cascades from PKA with energies higher
than 20 keV in the previous distribution were re-
placed in the analysis of the SRIM simulations by
their subcascade distributions. Thus, the production
rate of displacement cascades or subcascades with
energies between 0.1 and 20 keV were calculated at
any depth of the sample as shown in Fig. 4. In addi-
tion, to have an accurate estimate of the damage in
the irradiated, prepolished specimen, the thickness
of the specimen needs to be accurately known. These
thickness values were obtained by two ways. The
prepolished samples were examined in TEM before
irradiation. The end radius of the atom probe nee-
dle-shaped specimen was also estimated in the three
dimensional atom probe from the R = V/(b · E)
relationship, where R is the radius (nm), V the ap-
plied voltage (kV) to the specimen, b an experimen-
tally determined geometrical constant and E the
evaporation field (V nm�1) [17,18]. The thickness
Fig. 4. Subcascade production rate in the ana
of the sample at its extremity is then twice the end ra-
dius of the atom probe needle-shaped specimen.

Under the specified irradiation conditions, the
production rate of relatively large displacement
cascades or subcascades is taken as the sum of those
with energies above 10 keV in Fig. 4, 4.6 ·
1022 m�3 s�1. Thus, in a typical volume of 10�23 m3

(10 · 10 · 100 nm3) analyzed in a 3DAP, one dis-
placement cascade (10 keV < E < 20 keV) is pro-
duced every two seconds. This means that about
1800 displacement cascades were produced in the
analyzed volume. Based on displacement cascade
simulations such as those in Ref. [23], a typical sub-
cascade radius in a-iron is 2–3 nm. For subcascade
radii in this range, the total cascade volume is about
6–20 times the analyzed volume. Therefore, 6–20
displacement cascades have impinged on each indi-
vidual nanocluster during the 3600 s ion irradiation.
The defect production rate in units of NRT dpa/s
was also estimated from the SRIM results. The dis-
placement rate in the analyzed volume was found
to be 1.9 · 10�4 dpa/s, leading to a total dose of
about 0.7 dpa for the one-hour irradiation.

Combining the SRIM calculation with the analy-
sis of molecular dynamics (MD) cascade simula-
lyzed volume of the atom probe sample.



Fig. 5. Atom maps showing titanium-, oxygen- and yttrium-
enriched nanoclusters in the 12YWT alloy after Fe ion irradiation
at 300 �C. The lines are the three-dimensional box bounding the
data. The atom maps in parts (a) and (b) correspond to two
different ion irradiated samples.
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tions to obtain a radiation damage source term, and
then employing this source term in a mean field
(reaction rate theory model) [24–26], the steady state
point defect concentrations produced during the ion
irradiation at 300 �C were calculated to be 10�7 and
10�13 atomic fraction for vacancies and interstitials,
respectively. These calculations accounted for the
initial displacement cascades, point defect recombi-
nation, and point defect elimination at sinks (point
defect clusters, dislocations, and the sample sur-
face). The primary damage analysis lead to a point
defect production rate of 4 · 10�5 dpa s�1. As
expected from MD simulations [23], this value is
smaller than the NRT dpa rate obtained from with
SRIM.

4. Microstructural observations

The solute distributions observed in two speci-
mens of the 12YWT alloy after Fe ion irradiation
at 300 �C are shown in the atom maps in Fig. 5(a)
and (b). The analyzed volumes are 14 · 14 ·
120 nm3 in Fig. 5(a) and 14 · 14 · 80 nm3 in
Fig. 5(b). Following the analysis described above,
about 1800 displacement subcascades with energies
above 10 keV have occurred in each volume, but
there is no evidence of the nanoclusters dissolving
and no coarsening is observed.

The number density of ultrafine Ti-, Y- and O-
enriched nanoclusters observed was �5 · 1023 m�3.
The average Guinier radius of the nanoclusters
was determined to be 2.0 nm with values in the
range 1–3 nm. The number density was slightly
below the 1.4 · 1024 m�3 measured in the as-
received condition and slightly above the number
densities measured in the thermally aged material
[14]. Values of 4.3 and 3.8 · 1023 m�3 were mea-
sured after annealing for 1 and 10 h at 1300 �C,
respectively. The compositions of the particles in
atom percent are: 6%Y, 39%Ti, 42%O, and 2%Cr,
with traces of W and the balance being iron. The
results are consistent with the chemistry ratios
observed in the as-received and thermally aged
materials; the nanoclusters are enriched in yttrium,
titanium and oxygen and depleted in tungsten and
chromium and have a stoichiometry close to
(Ti + Y):O.

Tomographic atom probe analysis indicates that
the high flux ion irradiation which generated many
displacement cascades in the vicinity and on the
top of the nanoclusters has not lead to: (i) ballistic
dissolution, (ii) dissolution due to the production
of a high level of freely migrating defects, or (iii)
coarsening of the nanoclusters. This irradiation
study further demonstrates the extremely high
stability of these ultrafine oxide nanoclusters.
5. Conclusions

The radiation stability of oxide nanoclusters in
the 12YWT MA/ODS ferritic alloy was investigated
with by atom probe tomography. After ion irradia-
tion to �0.7 dpa with Fe ions at 300 �C, a high
number density of �4 nm-diameter nanoclusters
was observed in the ferritic matrix. The size, number
density, and chemical composition of the nanoclus-
ters were similar to that observed in the as-received
and thermally-aged specimens. The large number
of energetic displacement cascades that occurred in
the analyzed volume of material (1800 displacement
cascades in 104 nm3) did not lead to either ballistic
dissolution of the oxide particles or their coarsening.
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This result is in agreement with an earlier study on a
different class of ODS alloy mentioned above. The
presence of these ultra-fine oxide nanoclusters in
the MA/ODS ferritic materials is responsible for
their good mechanical performance, particularly
high temperature strength by blocking mobile dislo-
cations. The observed stability of the nanoparticles
under irradiation is an encouraging indicator for
their use in advanced nuclear energy systems, and
suggests that the particles have the potential to help
reduce phenomena such as void swelling by acting
as trapping/recombination sites for point defects
produced under irradiation. Further experiments
are needed to confirm the desirable behavior at
higher irradiation temperatures and doses.
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