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Abstract

Mechanically alloyed, oxide dispersion strengthened (MA/ODS) ferritic alloys are attractive for fusion reactor applica-
tions because of their potential for operation at high temperatures and also because the dispersed oxide particles may
provide a trap for transmutant helium. The microstructural stability of MA/ODS Fe-14 wt% Cr-3% W-0.4% Ti-0.3%
Y,0; ferritic alloys was investigated by atom probe tomography. Atom probe tomography revealed that these MA/
ODS 14YWT ferritic alloys contain a high number density of nanometer scale titanium-, yttrium- and oxygen-enriched
nanoclusters in the as-extruded condition. These nanoclusters were found to be extremely resistant to coarsening at

temperatures of at least 1000 °C.
Published by Elsevier B.V.

1. Introduction

Neutrons (14 MeV) stemming from the plasma
strike the first wall of the fusion reactor blanket pro-
duce damage in the form of atomic displacements of
up to 200 dpa, the production of point defects, such
as vacancies, both individual and clusters of vacan-
cies, and self-interstitial atom (SIA) defects as
well as transmutant helium with levels of up to
2000 appm. Therefore, alloys subjected to these high
neutron fluences and temperatures of up to at least
500 °C can exhibit void swelling, dislocation evolu-
tion, phase and structural instabilities and grain
boundary embrittlement by helium bubbles. In prin-
ciple, these effects may be controlled through the use
of alloys that contain high number densities of
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high sink strength nanometer-scale features to trap
(getter) both the helium in fine bubbles and the
radiation-induced defects to promote self-healing.
Several steels have been considered for this first wall
application, including the reduced activation ferritic/
martensitic (RAF/M) Fe-7.5 wt% Cr-2% W F82H
alloy. Recently, significant improvements in creep
strength and high temperature stability were achieved
in a mechanically alloyed oxide-dispersion-strength-
ened (MA/ODS) Fe-12.3 wt% Cr-3% W-0.4% Ti,
—0.25% Y05 ferritic alloy designated 12YWT com-
pared to the RAF/M F82H alloy [1-13]. These
results suggest that further improvements in the
high-temperature mechanical properties of iron base
alloys may be achieved by producing a high-density
of nano-particles in advanced nano-structured
ferritic (NSF) alloys.

In this atom probe tomography [14] study, the
stabilities of the fine scale particles in the micro-
structure of mechanically alloyed, oxide-dispersion-
strengthened Fe-14 wt% Cr-3% W-0.4% Ti ferritic
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alloys have been characterized after high tempera-
ture annealing at temperatures of up to 1000 °C
(~0.65 T},,). Previous atom probe tomography char-
acterizations of a MA/ODS 12YWT alloy with a
nominal composition of Fe-12.3 wt% Cr-3% W-
0.39% Ti-0.25% Y,0; revealed the presence of high
number densities of 2-4 nm diameter titanium-,
yttrium- and oxygen-enriched nanoclusters in both
the as-processed and crept conditions [7-12]. These
nanoclusters were also detected in the ferrite after
high temperature creep for up to 14500 h at
800 °C, indicating a remarkable stability to coars-
ening. Similar nanoclusters have also been observed
in the microstructures of three MA/ODS ferritic
alloys (12YWT, 14YWT and a commercial tung-
sten-free, molybdenum-containing MA957 alloy)
[13]. These nanoclusters have been characterized
in the as-received condition and after isothermal
heat treatments at temperatures up to 1300 °C
(~85% Ty) [13]

2. Material and sample preparation

The Fe-14 wt% Cr-3% W-0.4% Ti alloys investi-
gated in this study were prepared from argon gas
atomized pre-alloyed powders which were made by
Special Metals, Inc. (SM) or Crucible Research
(CR). Four alloys were prepared from these pow-
ders. Three samples of these alloys designated
14YWT were ball milled with 0.3 wt% Y,03 pow-
ders (Nanophase, Inc.) with a particle size ranging
from 17-31 nm. One sample designated 14WT was
also ball milled without the Y,0O3 powder. Therefore
in addition to the absence of yttrium in the alloy,
this alloy also had a lower oxygen content. The
mixed powders were ball milled in a Zoz Simolayer
CM high energy mill in an argon gas atmosphere
and with a ball-to-powder mass ratio of 10:1. The
information about the samples, the pre-alloyed
powder manufacturer, the amount of Y,03 powder
that was mixed with the pre-alloyed powders, the
initial particle size range of the powders, and the

Table 1
Summary of the alloy parameters and processing conditions
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Table 2
Compositions of the alloys used in this investigation. The balance
is iron

Element Alloy composition (at.%)

14YWT-CR 14YWT-SM 14WT-SM*
Cr 15.13 15.22 15.21
w 0.86 0.59 0.59
Ti 0.27 0.26 0.26
Si 0.30 0.06 0.06
Mn 0.64 0.17 0.17
Ni 0.22 0.21 0.21
Mo 0.006 0.006 0.006
Cu 0.018 0.009 0.009
\Y 0.011 0.011 0.011
Nb 0.006 0.006 0.006
S 0.009 0.007 0.007
o 0.31 0.35 0.23
N 0.44 0.56 0.56
C 0.16 0.17 0.17
Y 0.08 0.08 -

% Calculated from 14YWT-SM without Y,O0s.

duration of ball milling process is summarized in
Table 1. The compositions of these alloys are listed
in Table 2.

After ball milling, the powder was transferred to
a 50 mm diameter mild steel can, degassed in a
vacuum of ~1072 mbar at 400 °C, and sealed. The
powders were consolidated by heating the sealed
cans for 1 h at 850 °C followed by extruding at
850 °C. Samples were cut from the extruded alloys.
Some samples were also heat treated for 1h at
1000 °C in a vacuum of ~10~® mbar.

3. Microstructural characterization

The microstructures of these alloys were charac-
terized with the Oak Ridge National Laboratory
local electrode atom probe. A specimen temperature
of 60 K, a pulse repetition rate of 200 kHz and a
pulse fraction of 20% were used for the analyses.
Compared to previous types of atom probes, this
new instrument has a significantly faster rate of data

Sample number  Alloy designation Metal particle size (um)

Y,0; content (wt%)

Y,0;5 particle size (nm) Milling time (h)

1 14WT-SM* 45-150
2 14YWT-SM? 45-150
3 14YWT-SM? 45-150
4 14YWT-CR® <45

0.3
0.3
0.3

17-31 40
17-31 40
17-31 80
17-31 40

# Special metals.
> Crucible research.
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acquisition and a larger field of view and hence a
larger volume of analysis.

The presence of solute-enriched precipitates was
determined with the maximum separation method
[14,15]. This method is based on the premise that
the distance between solute atoms in a solute-
enriched precipitate is significantly smaller than that
in the surrounding matrix. Therefore, the atoms
that belong to a solute-enriched precipitate may be
distinguished from those in the matrix based on a
maximum separation distance, d,,x. Computer sim-
ulations of random solid solutions with a body cen-
tered cubic a-Fe crystal (qp=0.288nm) and a
detection efficiency of 60% were used to define the
value of d,,x = 0.6 nm and the minimum number
of solute atoms associated with each cluster,
Nmin = 25, to exclude fluctuations consistent with
the random solid solution. The size of the solute-
enriched features was estimated in terms of the
radius of gyration, which was determined from posi-
tions of the solute atoms in each cluster. The com-
position of each cluster was estimated with the
envelope method with a grid spacing of 0.1 nm
[14]. The number densities were estimated from
the number of particles in the volume of analysis,
where the volume was estimated from the number
of atoms in the volume, the detection efficiency of
the mass spectrometer and the atomic density of
body centered cubic iron.

4. Results and discussion

The Vickers hardnesses of the 14WT and 14WYT
alloys in the as-extruded condition and after ther-
mal annealing for 1 h at 1000 °C are compared to
the previously characterized as-processed 12YWT
alloy in Table 3. The hardnesses of the as-extruded
14YWT alloys were slightly higher than the as-
processed 12YWT. The hardnesses of the yttria-
containing 14YWT alloy were ~40% higher than

Table 3

that of the yttria-free 14WT alloy. Some softening
of all the alloys was observed after the 1h at
1000 °C heat treatment.

The general microstructures of the 14WT and
14YWT-CR alloy in the as-extruded condition and
after thermal annealing for 1 h at 1000 °C are shown
in Fig. 1. Transmission electron microscopy revealed
uniformly distributed grains and a non-uniform dis-
persion of titanium oxides with sizes ranging from
~10-50 nm in the 14WT alloy. Only a few such
coarse particles were observed in the 14YWT alloy.
The grains in both alloys were slightly elongated
parallel to the extrusion direction. After extrusion,
the grain size was ~1-2 um in the 14WT alloy and
~0.2-0.5 um in the 14YWT alloy. Annealing for
1 h at 1000 °C did not have a significant effect on
the grain size or coarse precipitate size.

Titanium, oxygen, tungsten and chromium atom
maps of the yttria-free 14WT alloy after extrusion
are shown in Fig. 2. A low number density of diffuse
titanium- and oxygen-enriched nanoclusters is
evident. The number density of these ~4 nm dia-
meter nanoclusters was estimated to be approxi-
mately 6 x 10> m >, Similar nanoclusters were pres-
ent after the thermal annealing treatment of 1 h at
1000 °C, as shown in Fig. 3. However, their number
density had decreased to ~1 x 10> m~> and their
size had increased to ~10 nm, indicating that some
coarsening had occurred during the annealing treat-
ment. Some carbon was found to be associated with
these nanoclusters.

Significantly higher number densities of ultrafine
titanium-, oxygen- and yttrium-enriched nanoclus-
ters were observed in both the as-extruded and ther-
mally aged yttria-containing 14YWT materials, as
shown in Figs. 4 and 5, respectively. The distribu-
tion of these nanoclusters was not uniform with
some layering of the nanoclusters evident. Two of
these layers are viewed edge-on in Fig. 4(a). The dis-
tribution of these nanoclusters was also not uniform

Vicker hardnesses (VPN) of the 14WT and 14YWT alloys in the as-extruded condition and after 1 h at 1000 °C. Data from the 12YWT in
the as-processed condition and after 1 h at 1300 °C are included for comparison

Condition 12YWT 14WT-SM 14YWT-SM 14YWT-SM 14YWT-CR
40 h mill 40 h mill 80 h mill 40 h mill
Hardness SD Hardness SD Hardness SD Hardness SD Hardness SD
As-processed 411.2 16.1
As-extruded 3254 13.8 459 4.6 465.3 13.7 451.2 12
1000 °C/1 h 254.8 9.3 377 6.1 440.9 12.9 386 33.6

1300 °C/1 h 298.5 6.2
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As-extruded

1 h at 1000°C

Fig. 1. Transmission electron micrographs of the 14WT-SM1 and 14YWT-CR4 alloys after extrusion and thermal annealing for 1 h at

1000 C.

10 nm

Cr —

Fig. 2. Atom maps of the 14WT-SM1 alloy after extrusion. One titanium- and oxygen-enriched particle is evident in this volume.

within the two-dimensional layers. This non-uni-
form distribution of nanoclusters yielded a range
in the number density from approximately 1-7 X
10** m 3. The chromium was also enriched in these
layers possibly from the incorporation of some
chromium oxide from the surface of the powder.
This local variation may be due to the residual effect
of surface oxidation of the powder and the mechan-

ical milling process leaving a non-uniform oxygen
distribution, and suggests that the homogenization
of the alloy during milling was incomplete. Alterna-
tively, these layers of nanoclusters may be forming
preferentially on grain boundaries due to enhanced
nucleation at and diffusion along the boundary.
This range of number densities is higher than that
observed in the yttria-free 14WT alloy. The higher
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Cr 1 Oim

Fig. 3. Atom maps of the 14WT-SM1 alloy after thermal annealing for 1 h at 1000° C. Two titanium- and oxygen-enriched nanoclusters
are evident in this volume.

Cr

Fig. 4. Atom maps of the 14YWT alloys after extrusion, (a) SM alloy after 40 h milling, (b) CR alloy after 40 h milling and (c) SM alloy
after 80 h milling.

number density of nanoclusters in the 14YWT alloy The average size and compositions of the nanocl-
may be associated with the increased level of oxygen usters in the 14YWT alloy as determined from
in the alloy and the presence of yttrium. the maximum separation envelope method are
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Y 10 nm c

Fig. 5. Atom maps of the 14YWT alloys after thermal annealing for 1 h at 1000 °C, (a) SM alloy after 40 h milling, (b) CR alloy after 40 h

milling and (c) SM alloy after 80 h milling.

summarized in Table 4. The diameter of these
nanoclusters, ~2 nm, was significantly smaller than
the original 17-31 nm Y,O3 powder. The metal-to-
oxygen ratio was approximately 1:1 and there was
substantially more titanium than yttrium in these
nanoclusters indicating that the nanoclusters were
consistent with TiO rather than the original Y,O;
powder. The yttrium distribution did not reveal
any residual remnants with a Y,O; stoichiometry.

These results indicate that the Y,0O3; powders were
fully dissolved in the ferrite during the milling pro-
cess. Some carbon and nitrogen were also detected
in some of the nanoclusters. No significant differ-
ence was found between the 40 and 80 h milled con-
ditions or between the different sources of powder.
No significant difference was observed between the
as-extruded and thermally aged conditions, indicat-
ing that the nanoclusters were remarkably resistant
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Table 4

The size and composition of the titanium-, oxygen- and yttrium-
enriched nanoclusters as estimated from the maximum separation
method with dp,,x = 0.6 nm, 7,,;, = 25 atoms and a grid spacing
of 0.1 nm

Particle 14YWT-SM 14YWT-SM 14YWT-CR
40 h mill 80 h mill 40 h mill
As-extruded
G, nm 1.0+£0.2 1.0+£0.2 0.9+0.2
N,, m™> 4x10% 2x10% 2x10%
Fe 55+4.6 43+3.7 3.6+3.2
Cr 1.24+1.1 0.8+0.8 0.5+0.5
w 0 0 0
Y 75443 51+49 54445
Ti 22456 42.54+4.1 438423
e} 435453 472453 46.7+ 3.8
1h 1000°C
G, nm 0.9+0.2 1.0+£0.2 1.0+£0.2
Ny, m~3 1x10% 1x10% 7% 10%
Fe 34+34 3.6+18 45+35
Cr 1.1+1.1 0.8 +0.81 12+12
w 0 0 0
Y 69+58 43418 12.3+8.8
Ti 43.946.7 46.1 +1.7 37.6 + 8.6
o) 447+ 4.0 451+ 1.7 444+ 46

Some carbon and nitrogen was detected in some of the
nanoclusters.

to coarsening at elevated temperatures. These
results are consistent with previous atom probe
tomography investigations of 12YWT and MA957
alloys [13].

Ferritic alloys fabricated with traditional casting
methods generally contain only a few parts per mil-
lion of oxygen in the ferrite matrix with the remain-
ing oxygen present in the alloy as coarse oxide
inclusions. These MA/ODS ferritic alloys contain
significantly higher concentrations of oxygen in the
ferrite matrix. The presence of ultrafine titanium-
and oxygen-enriched nanoclusters in the 14WT alloy
reveals that the Y,03 powder is not the only source
of oxygen in these alloys. This oxygen is incorpo-
rated during the milling process from the dissolution
of the Y,03 powder particles, oxide and adsorbed
oxygen on the surface of the metal powder, oxygen
absorbed from the argon atmosphere during the
milling process as well as any oxide inclusions pres-
ent in the metal powder. Therefore, a much larger
quantity of oxygen is available for reaction and pre-
cipitation than in traditional ferritic alloys. The non-
uniform distribution of the nanoclusters indicates
that the surface oxide locally increases the oxygen
concentration and that the diffusion length scale is
very small.

In order for the titanium-, yttrium-, and oxygen-
enriched nanoclusters to nucleate and coarsen, these
elements must diffuse through the ferrite lattice.
However, the slow coarsening rate suggests that
the diffusion rate of at least one of the elements is
much slower than expected at high temperatures.
Both yttrium and titanium atoms are significantly
larger than iron atoms and therefore may be
expected to be slow diffusers. However, the possibil-
ity of yttrium-vacancy or titanium-vacancy diffusion
would significantly alter these diffusion rates. Oxy-
gen would be expected to be a rapid diffuser in iron
as it is an interstitial species. However, the ferrite
matrix also contains significant levels of chromium,
tungsten, titanium and yttrium as well as other resid-
ual elements. These elements can interact with the
oxygen and form M-O complexes thereby retarding
its diffusion rate. Some experimental support of this
mechanism was observed as a substantial fraction of
the titanium and oxygen detected from these nanocl-
usters was in the form of TiO"" molecular ions indi-
cating a strong affinity between these elements.

The free energy of formation of the Y,O3 phase is
higher than that of any of the titanium oxides [16], so
that the most thermodynamically stable phase and
the one that should form in this system is Y,03
rather than the TiO phase that was observed. The
low yttrium content in the nanoclusters would sug-
gest that yttrium does not diffuse as fast as titanium.
It is possible that the yttrium—oxygen interaction is
sufficiently strong to form stable yttrium—oxygen
complexes, thereby removing the bulk of the yttrium
and some of the oxygen from participating in the
nucleation and coarsening processes. This Y-O
interaction mechanism would also support the
coarsening observed in the 14WT alloy.

5. Conclusions

The fine scale precipitates and nanometer-scale
clusters in mechanically alloyed, oxide-dispersion-
strengthened (MA/ODS) ferritic alloys have been
characterized by atom probe tomography. Atom
probe tomography has revealed that these MA/
ODS 14YWT ferritic alloys contain a high number
density of ~2 nm diameter titanium-, yttrium- and
oxygen-enriched nanoclusters in the as-extruded
condition. These nanoclusters were found to be
extremely resistant to coarsening at temperatures
of at least 1000 °C. A lower number density of
~4-nm diameter titanium- and oxygen-enriched
nanoclusters was observed in a yttrium-free 14WT
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alloy. In this alloy, these nanoclusters coarsened to
~10 nm diameter after annealing at 1000 °C.
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