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Abstract

For basic understanding of how to produce a homogeneous distribution of nano-scale oxide particles, we have
applied dual ion-implantation to make a super-saturation of oxide-forming elements. Y* and O" ions were implanted
into ferritic alloys at room temperature. Both in situ annealing in an electron microscope for thin samples and con-
ventional annealing for bulk samples were carried out at 300-1300 K. Nano-particles of Y,0; precipitated during
annealing, where the starting temperatures for the nucleation and growth depended on the annealing methods. In thin
specimens the growth and nucleation of Y,Oj; started at 573 and 613 K. In bulk specimens, the growth and nucleation
shifted to higher temperatures. Compared with conventional Mechanical Alloying, it is concluded that dual ion-
implantation can produce much finer distributions of nano-scale oxides. In order to explain these results, we emphasize

the roles of super-saturated elements and lattice defects.

© 2004 Elsevier B.V. All rights reserved.

1. Introduction

Oxide dispersion strengthened (ODS) ferritic steels
have excellent resistance to radiation damage, as well as
superior high temperature creep strength. From these
properties, they are one of the most promising candidate
materials for the first wall component in fusion reactors
and cladding materials in fast breeder reactors [1-6]. The
materials issues for ODS ferritic steels have been the
anisotropic mechanical properties due to bamboo
structure, stability of oxide particles, heat-treatment
condition, chemical composition of minor elements, and
others.

New issues are focused on controlling the oxide size
and the distribution at the nano-level for developing
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advanced ODS materials. They are fabricated commer-
cially by mechanical alloying (MA) at ambient temper-
ature, followed by hot-extrusion or hot isostatic pressing
(HIP process) around 1150 °C. However, the distribu-
tion and size of Y,0O; particles are not homogeneous
microscopically in the matrix. In order to achieve a
homogeneous and nano-scale distribution, it is impor-
tant to understand the process of atomistic mixing of
oxide-forming elements and rearrangement during fab-
rication.

Recently, important results have been reported on
the stability of oxide particles, such as the effectiveness
of Ti addition for controlling nano-size oxide particle
distributions [7], and high-resolution microscopy show-
ing a faceted interface between the nano-oxide particle
and matrix [8]. An important result was reported on
high-resolution microscopy of the oxide particles in an
ODS austenitic alloy fabricated by conventional MA.
The fine particles grew during annealing above 800 °C
and showed facetted features similar to precipitates.
However, no fine particles were confirmed just after
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MA. This result suggested that the MA process can in-
duce some super-saturation of oxide-forming elements,
which is termed a mechanically forced super-saturation,
which can produce precipitation following the HIP
process. It is important to control the nano-scale struc-
ture of the oxide particles. However, MA the process is
not perfect for introducing oxide-forming elements into
matrix with nano-scale-dimension. Fortunately, a low
temperature ion-implantation provides a method for
introducing a homogeneous distribution of the elements
in a super-saturated condition.

For this paper, we performed dual ion-implantation
and annealing experiments, and evaluated the nano-
oxide formation and its distribution in ODS ferritic
steels. Specific microstructural changes were surveyed by
in situ observation in a high-voltage electron micro-
scope.

2. Experimental

Dual ion-implantation was carried out in the Tan-
dem Facility of Argonne National Laboratory. Both 400
keV Y* and 83 keV O™ ions were implanted at ambient
temperature to 1.0x10'%/cm®> and 1.5x10'%/cm?,
respectively. A TRIM96 calculation (Fig. 1) showed a
peak predicted implantation at ~80 nm from the sur-
face.

For preparing thin TEM specimens of the implanted
layer, we used the following sectioning method. After
measuring the polishing rate, a surface layer of ~50 nm
was removed by using a polishing in the electrolyte of
CH;COOH:HCI = 19:1, where the optimal flash pol-
ishing time was 0.4-0.6 s.

Annealing was performed by two different methods:
(1) in situ annealing for thin foil samples in a high-
voltage electron microscope (JEM-ARM1300) where the
temperature range was 573-873 K and vacuum level was
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Fig. 1. The calculated distribution of elements after dual ion-

implantation of 400 keV Y* and 83 keV O to 1.0x10'%/cm?
and 1.5% 10'%/cm?.

5x107° Pa; (2) furnace annealing for bulk samples in a
vacuum condition, where the temperature was 873-1273
K for 15 min. After electro polishing, the particle
structures were surveyed by conventional high-resolu-
tion microscopy (JEM-2010F).

3. Results
3.1. Development of particles during in situ annealing

Fig. 2 shows a sequence of particle development in a
thin specimen during in situ observation. Before
annealing, a small amount of the particles was observed,
which means that particle precipitation takes place
under the dual ion-implantation condition. Their size
was about 5 nm. In Fig. 2(b)—(d), it is clear that addi-
tional particles nucleated and grew due to the annealing.

Fig. 3 shows the particle number density and average
size as a function of the in situ annealing temperature.
No microstructural change occurred till 570 K, but the
average size clearly increased with increasing tempera-
ture above 570 K. The number density started increasing
at 625 K, and at the same time, extra spots developed in
the diffraction patterns. Both growth and nucleation
continued up to 823 K, after which they saturated. A
small decrease in the number density was confirmed at
873 K, which may suggest Ostwald ripening. Fig. 4
shows the dark field image from extra spots after
annealing at 873 K. It is confirmed that the particles are
distributed homogeneously after growing in size to the
several tens of nanometer level. Such a random distri-
bution is much more ideal compared to the particle
structure in commercial ODS samples developing during
MA.

After in situ annealing, EDS analysis was applied to
the particles and the presence of Y was confirmed.
Diffraction patterns were also analyzed, we conclude
that the particles are Y,0O; with BCC structure where the
lattice constant is 1.06 nm.

3.2. Particle behavior after bulk annealing

Fig. 5 shows typical particle structures in the speci-
mens after bulk annealing at 873-1273 K for 15 min.
Nano-sized particles were observed in all annealed
samples, and the particle distribution was as almost
homogeneous as that of the thin specimens. However,
the size (6.5 nm) and number density (4.4 x 10 m~?) did
not change much as the temperature varied. The size was
relatively small and the number density was high com-
pared with in situ annealing of thin specimens (Fig. 6).
This suggests that nucleation and growth of the particles
starts below 873 K, and continues to higher tempera-
tures side compared with thin specimen. This difference
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Fig. 2. Nano-oxide particle structure during in situ annealing: (a) before annealing, and annealed at (b) 573 K, (c) 623 K and (d) 673

K.
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Fig. 3. The particle number density and average size for thin
specimens as a function of the in situ annealing temperature.

may be explained by different annealing conditions, such
as electron-irradiation enhanced diffusion during in situ
observation.

EDS analysis and electron diffraction were carried
out, and the particles identified as Y,0O; structure as
following thin specimen annealing. It was noted that a
halo ring and some additional spots in the diffraction
pattern come from surface oxides and a film formed
during bulk annealing.

4. Discussion
4.1. Solute distribution after dual ion-implantation

In this study a small amount of Y,0;, about 0.01%
volume fraction, precipitated in the as-implanted con-
dition. The homogeneity of the implanted elements is
not perfect, as expected from the TRIM code calcula-
tion. It can be concluded that almost all of the implanted
elements remained in the matrix in a super-saturated
solution, because the volume fraction of precipitate in-
creased up to 0.32% after in situ annealing (Fig. 7). Y,05
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Fig. 5. Nano-oxide particle structure after bulk annealing: annealed at (a) 873 K, (b) 1073 K and (c) 1273 K.
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Fig. 6. The particle number density and average size for bulk
specimens as a function of annealing temperature.

did not change until 573 K. At low temperature, it is
assumed that diffusion distance is short. This condition
can be regarded as a super-saturated solid solution, or
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Fig. 7. Volume fraction of the particles as a function of
annealing temperature.

forced-solid solution, similar to the MA condition. For
explaining the remaining small amount of precipitation,
we consider the roles of strong chemical affinity of
implanted O and Y, as well as the large amount of



396 D. Sakuma et al. | Journal of Nuclear Materials 329-333 (2004) 392-396

radiation-produced point defects. Both of these may
assist the formation of Y,O; nuclei, even at low tem-
peratures. Such factors may be achieved in MA condi-
tion, i.e., decomposition of Y,0; due to mechanical
grinding, and lattice defects and dislocations with high
density. However, MA method cannot achieve the some
level of homogeneous atomic mixing obtained with dual
ion-implantation.

4.2. Precipitation during in situ annealing

It should be noted that the starting temperature for
the growth was relatively low, 573 K, which was
extrapolated from the growth rate of the particles. The
nano-particles may grow at this temperature due to the
assistance of lattice defects with high concentration. On
the contrary, the starting temperature for additional
nucleation was 673 K, which was extrapolated from the
number density line. Super-saturated O and Y can form
additional nuclei at relatively high temperature. Both the
growth and nucleation processes are completed at
723 K.

The activation energy of the growth was estimated as
0.22-0.29 eV from the extrapolated lines. This energy is
relatively small compared with 1.7 eV for diffusion in a-
Fe. If the small energy can be assumed to be the dif-
fusion energy, the process appears to be enhanced by
the electron-irradiation and the thin film effects. The
amounts of irradiation were about 3 dpa during in situ
observation. Generally, the thin film effects are carbon
contamination and surface diffusion. In this case, there is
little influence of carbon contamination, because Y,Oj; is
an oxide. It is assumed that main influence is surface
diffusion.

4.3. Comparison of atomic mixing

It has been reported that intensive growth of Y,0s,
may start from 800-900 K for ODS ferritic steels made
by MA [9]. This temperature range is similar to the
result of dual ion-implanted samples followed by bulk
annealing. However dual ion-implanted thin samples
followed by in situ annealing showed growth at lower
temperature. This may result from enhanced diffusion
due to radiation damage and surface diffusion. The
strong enhancement of this precipitation is supported
by the large volume fraction of the particles in this
sample, which means precipitation even at low tem-
perature.

From the comparison of mixing methods, we can
conclude that dual ion-implantation can induce a fine
distribution of nano-scale oxide-forming elements under
super-saturated condition, and can achieve much finer
homogeneity of the nano-scale oxides compared with
the MA process.

5. Conclusion

Dual ion-implantation was applied to control nano-
scale oxide formation in ferritic steels. Both in situ
annealing in an electron microscope for thin samples
and conventional annealing for bulk samples were car-
ried out at 300-1300 K. Almost all of the implanted Y
and O are in the super-saturated solid solution in the as-
implanted condition, which is equivalent to the MA
condition. Nano-particles of Y,0; precipitated during
annealing, but the starting temperatures for the nucle-
ation and growth depend on the annealing process. In
thin specimens the growth of Y,O; started at 573 K, and
the nucleation started at 613 K, and this process is sat-
urated at 723 K. The activation energy was about 0.22—
0.29 eV, which is relatively small compared with bulk
diffusion. This result can be explained by the assistance
of irradiation-enhanced diffusion. From the comparison
of mixing methods, we can conclude that dual ion-
implantation can induce a fine distribution of oxide-
forming elements under super-saturated condition on
the nano-scale, and can achieve much finer homogeneity
of the nano-scale oxides compared with MA.
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