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tolerance. As these alloys have increased in compositional complexity through attempts to use highly
reactive elements such as Zr to refine particle sizes and optimize nanoprecipitate dispersion charac-
teristics, much debate has ensued as to the effects of these alloying element additions on alloy properties.
In an attempt to reconcile differences in nanoprecipitate distributions reported in the literature over the
past decade, a detailed investigation of a recently developed ODS FeCrAl alloy with nominal composition

ﬁmﬁf}be tomography Fe—10Cr-6.1A1-0.3Zr+0.3Y,03 is presented using a combination of atom probe tomography (APT),
Oxide dispersion strengthened (ODS) alloy scanning/transmission electron microscopy (S/TEM), and computational thermodynamics modeling. It is
Precipitation illustrated that based on the amount of Zr available in the lattice, Zr competes with Al and Cr to form
Electron microscopy carbides and nitrides as opposed to oxygen-rich precipitates. This alloy system has a high number

density (>10%% m~3) of ~2—4 nm diameter (Y,Al,0)-rich nanoprecipitates, but it is shown that due to the
compositional spread and unknown partitioning of Al between the matrix and precipitates, significant
challenges still exist for quantifying the exact compositions of these precipitates using APT. However, the
noted compositional spread is supported by identified complex oxides yttrium aluminum monoclinic
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(YAM) and yttrium aluminum garnet (YAG) using S/TEM. As a result of these findings, researchers
developing ODS FeCrAl with reactive element additions must pay careful attention to C and N impurities
when optimizing reactive element additions.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

In the search for advanced materials capable of withstanding
high temperatures and corrosive environments while retaining
mechanical integrity, oxide dispersion strengthened (ODS) Fe-
based alloys have proven to be promising candidates for a variety
of applications. First developed for gas turbine, furnace, and space
applications requiring hot-gas corrosion resistance and enhanced
creep strength, legacy ODS Fe-based alloys with Cr and Al additions
(ODS FeCrAl) alloys MA956 and PM2000 received much attention
for these purposes [1]. The exceptional oxidation resistance of the
FeCrAl alloy stems from a passive alumina layer that forms in air
and steam environments [2,3]. Coupled with a dispersion of com-
plex oxides throughout the material that impede dislocation mo-
tion and pin grain boundaries, these alloys exhibited enhanced
creep-rupture strengths in comparison to wrought FeCrAl vari-
ants [1].

In comparison to these environments, no application is more
extreme than those proposed for advanced nuclear reactor designs.
With operating temperatures of advanced fission and fusion reactor
concepts in the range of 300—1000 °C and with irradiation doses
expected to climb as high as 200 dpa for some designs, these alloys
would not only require retention of their high-temperature corro-
sion and mechanical properties, but they would also need to
mitigate many irradiation-induced degradation phenomena asso-
ciated with these temperature/dose regimes [4]. In addition, with
many currently operating light water reactors nearing the end of
their licensing lifetimes, there is increased interest in advanced
materials that can extend reactor lifetimes while simultaneously
increasing safety margins in the event of an accident scenario [5,6].

Consequently, ODS alloys have received renewed interest for a
variety of nuclear reactor applications. In the case of existing light
water reactors, lower-Cr (10—12 wt%) ODS FeCrAl variants have
been under development (1) to provide enhanced oxidation resis-
tance and mechanical integrity under postulated loss-of-coolant
accident scenarios [7,8], (2) to mitigate deleterious embrittlement
stemming from Cr-rich «’ -precipitation in normal operating tem-
perature regimes [9], and (3) to reduce irradiation-induced hard-
ening by optimizing nanoprecipitate distributions to provide a
high-number density of sinks for irradiation defects [4]. For
fusion blanket applications, the addition of Al has been shown to
greatly enhance corrosion resistance in Pb—Li environments [10],
and for other advanced fission reactor concepts, ODS Fe-based al-
loys have exhibited exceptional resistance to void swelling, even at
high irradiation doses [11,12].

However, nanoprecipitates in legacy ODS FeCrAl alloys MA956
and PM2000 are not ideal for nuclear applications requiring high
sink strength. In comparison to popular ODS FeCr alloys MA957 and
14YWT without Al-addition, MA956 and PM2000 have nano-
precipitate distributions that are much coarser and lower in num-
ber density. This is because the addition of Al to the ODS FeCr alloy
shifts the types of preferentially nucleated precipitates from highly
stable (Y,Ti,O)-rich nanoprecipitates to (Y,Al,O)-rich precipitates
that exhibit less resistance to coarsening at the high temperatures
typically used for material fabrication [13—15]. As a result, recent
studies have focused on the development of ODS FeCrAl-specific

thermomechanical processing parameters to maximize nano-
precipitate populations and to optimize mechanical properties
[16—18].

Using a different approach, some researchers have added highly
reactive elements to fabricated ODS FeCrAl alloys to shift the types
of nanoprecipitates that nucleate from (Y,Al,O)-rich precipitates to
more stable complex oxides. Additions of Zr and Hf have been
demonstrated to reduce the average nanoprecipitate diameter from
6.7 nm to 4.8 and 4.3 nm, respectively [18—20]. Along with the
decrease in precipitate diameter, the researchers also indicate that
the precipitates shift from (Y,Al,O)-rich compositions to either
Y4Zr3012 or YpHf,07 These results differ from recent work by
Unocic et al., who developed low-Cr ODS FeCrAl alloys with similar
additions of Zr, where instead of seeing a competition between Al
and Zr for nucleation and growth of the smallest oxide precipitates,
they found that Zr was primarily associated with Zr(C,N)-rich
precipitates [21]. However, in Unocic’s prior work, the alloy
investigated was unique in that the Zr and Y additions were added
in the form of ZrO, and Y,03 ball milled with Fe—12Cr-5.6Al gas
atomized powder. The authors in this previous work acknowledged
that since the Zr alloying element was added by ball milling ZrO,
into the microstructure, it is possible that Zr was not sufficiently
incorporated homogeneously throughout the microstructure in a
manner that allowed for a direct comparison with other studies
where Zr was added through a gas-atomization process into the
host powder. The uncertainties with respect to the effective
dispersion of Zr throughout the microstructure, coupled with the
extremely high oxygen content of Unocic’s alloy (1920 parts per
million by weight) may have shifted the types of precipitates such
that a direct comparison with prior work on Zr addition may not be
applicable.

Because the types of nanoprecipitates that nucleate within
nuclear-grade ODS FeCrAl are of crucial importance to establishing
optimized thermomechanical processing parameters since the
coarsening rates have been shown to differ between (Y,Zr,0)-rich
and (Y,Al,0)-rich nanoprecipitates [14], and also due to potential
differences in nanoprecipitate stability under irradiation as a
function of precipitate composition, a comprehensive investigation
of the effect of highly reactive elements such as Zr was undertaken.
Using an alloy with Zr already gas-atomized into the ODS FeCrAl
powder, this work aims to identify the effect of Zr on the formation
of the smallest nanoprecipitates in a series of ODS FeCrAl alloys,
thereby resolving the discrepancies between prior studies and
establishing a framework for optimizing alloy irradiation resistance
and mechanical response. Through a comprehensive comparison of
a recently fabricated ODS Fe-based alloy with nominal composition
Fe—10Cr-6.1A1-0.3Zr+0.3Y,03, atom probe tomography (APT) is
coupled with electron microscopy to characterize the dispersions
and compositions of various precipitates within the microstructure
in both powder and consolidated form. This new CrAZY alloy, with
Zr added directly into the FeCrAl powder using gas atomization,
provides a more realistic assessment as to the role of Zr in precip-
itation. By combining the atomic-scale microscopy methods uti-
lized in this work, new insights in accurate compositional
measurements for the smallest nanoprecipitates are presented.
Coupled with thermodynamic calculations using the ThermoCalc
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software, it is shown that researchers developing ODS FeCrAl with
reactive element additions must pay careful attention to C and N
impurities when optimizing reactive element additions.

2. Materials and methods
2.1. Specimen preparation

To produce the low-Cr ODS FeCrAl alloys containing Fe, Cr, Al, Zr,
and Y (designated CrAZY alloys in this work), the mechanical
alloying powder metallurgical route was taken. Gas atomized
Fe—10Cr-6.1A1-0.3Zr (wt.%) powder from ATI Powder Metals, with
an average particle size ranging from 44 to 149 pm diameter, was
mixed with nanocrystalline yttria (25—50 nm in crystallite size)
acquired from Alfa Aesar and ball-milled under Ar atmosphere for
40 h using low-C steel milling media. This CrAZY ODS FeCrAl alloy
has only 10 wt% Cr and has Zr added directly into the initial powder
through a gas-atomization process, which is markedly different
than previous 1 ' Generation ODS FeCrAl alloys such as 125YZ
previously reported in literature [21]. Milling was performed using
a CMO08 Zoz Simoloyer ball mill with a chamber large enough to
hold 1 kg of powder charge. During the alloying step, 350 rpm/
600 rpm rotational speeds were used with a ball-to-powder ratio of
10:1.

After mechanical alloying, ~20 g of powder extracted from the
CMO8 unit was encapsulated in an evacuated (10~ Torr) quartz vial
and annealed at 1000 °C for 1 h, resulting in an annealed powder
specimen designated as ZY10C60. This specimen was previously
investigated using APT for the quantification of precipitate coars-
ening kinetics, but detailed investigations of nanoprecipitate dis-
persions and compositions have not yet been undertaken for this
annealed powder [16]. In addition, ~600 g of milled powder from
the same milling batch was packed into a mild steel extrusion can
(4.83 cm OD), degassed at 300 °C for 24 h, and extruded at 1000 °C
after annealing for 1 h in the same manner as the ex-situ annealed
powder specimen. For the extrusion, a circular die with diameter
2.22 cm, was used to create cylindrical bar stock. This specimen is
designated as 4H10C to remain consistent in nomenclature with
prior work on CrAZY ODS alloy extrusions [17]. A visual represen-
tation of the specimen fabrication process is illustrated in Fig. 1. The
annealed powder specimen (ZY10C60) and the extruded alloy
(4H10C), in addition to the as-received gas atomized FeCrAlZr
powder and milling media, were analyzed using inductively
coupled plasma optical emission spectroscopy (ICP-OES), and the
chemical compositions of each specimen are presented in Table 1.

2.2. Data collection and analysis

The primary means of investigating the nanoprecipitate distri-
butions in these CrAZY specimens included APT and scanning
transmission electron microscopy (S/TEM) methods. APT speci-
mens were prepared at the Max-Planck-Institut for Eisenforschung
(MPIE) in Diisseldorf, Germany, for both the annealed powder and
the extruded alloy using a FEI Helios 600 focused ion beam (FIB).
Details of the FIB liftout technique used for APT specimen prepa-
ration can be found in Miller's 2007 paper [22]. APT needle
shaping/annular milling was performed using 30 kV Ga ions, while
final sharpening was performed using 5 kV ions to minimize ion
implantation into each sample. Operating in laser mode with a laser
pulse energy of 32 pJ and a pulse frequency of 200 kHz, a Cameca
LEAP 5000 XR local electrode atom probe (LEAP) at MPIE was used
to collect the APT data. The target detection rate was set to 5 ions
per 1000 laser pulses to minimize the number of multiple ions
detected during the same laser pulse event. At least two specimens
were prepared from both the annealed and extruded powder.
Although some heterogeneity may be expected due to the nature
by which these alloys were fabricated, the precipitate distributions
in all of the observed control volumes were highly homogeneous,
with only one precipitate free zone observed in these samples. This
way, a sufficiently high number of nanoprecipitates could be
collected for adequate sample statistics.

For data analysis, Cameca’s Integrated Visualization & Analysis
Software (IVAS) package (version 3.6.8) was used to identify body-
centered-cubic (BCC) poles within each sample for accurate sample
reconstruction [23—26]. Each range file was imported into Matlab,
and each peak in the mass-to-charge ratio spectrum was binned to
full-width tenth-maximum (FWTM) conditions to ensure consistent
sample-to-sample compositional measurements. Afterwards, the
bulk composition of each specimen was calculated using peak
decomposition algorithms built into the IVAS software package
[27,28]. This was needed due to several mass-to-charge ratio peak
overlaps for various ions such as at 27 Da (¥’Al* 1, >4Cr*2, >4Fe*2), 54 Da
(>4crt!, >4Fe*1), and 32 Da ('%03", %6Zr*3). To identify the smallest
populations of nanoprecipitates in this work, the maximum separa-
tion method was applied that uses iteratively determined parameters
(1) Nmin, the minimum number of solute atoms associated with a
cluster, and (2) dpax, the maximum diameter defining the cluster
[23,25,26]. For larger precipitates, isoconcentration surfaces were
used instead of the maximum separation methodology.

For accurate compositional measurements of the smallest nano-
precipitates identified using the maximum separation method, two
separate methodologies were used. First, the as-exported cluster
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Fig. 1. Process diagram for specimen preparation and evaluation.
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Table 1

Chemical compositions of powders (at. %) and alloys provided by DIRATS using ICP-OES. As governed by the test method, the error of each value is within 2% of the mean value

reported in the table.

Sample Form Mill Fe Cr Al Zr Y 0] C N

Milling media 5 mm steel ball n/a 93.40 1.62 0.02 0.00 0.00 0.00 417 0.01
Gas atomized powder Powder n/a 77.40 10.00 12.34 0.17 0.00 0.06 0.02 0.01
ZY10C60 [16] Annealed powder CMO08 7742 9.73 11.78 0.15 0.13 043 0.25 0.04
4H10C Extruded alloy CMO08 78.00 9.55 11.33 0.15 0.12 0.38 0.26 0.12

analysis file is not corrected for the peak-overlaps previously
mentioned. Edmondson et al. [29] have developed a methodology
that compares the ratio of the as-measured bulk composition to the
bulk composition exported from the cluster analysis file and estab-
lishes correction factors for each element that are then multiplied to
the matrix and cluster compositions to correct for peak-overlaps. The
resulting cluster compositions are referred to in this work as uncor-
rected cluster compositions since no further corrections are made for
spatial overlaps associated with trajectory aberration overlaps.

The second correction involves consideration of differences in
the evaporation rates of the precipitates and the surrounding ma-
trix. It is well known in the literature that high matrix concentra-
tions such as Fe and Cr are erroneously measured in precipitate
compositions due to trajectory aberrations arising from these
evaporation field differences [30,31]. For ODS FeCr alloys, multiple
methods for subtracting these matrix-associated elements have
been proposed. Noting that no Fe should exist in the smallest
(Y,Ti,0)-rich nanoprecipitates in these ODS FeCr alloys, Williams
et al. [32] have previously subtracted all of the Fe out of each pre-
cipitate and have correspondingly subtracted the remainder of the
matrix elements in proportion to the measured matrix composi-
tion. Using a more robust approach, Hatzoglou et al. [33] have
developed a chemical composition correction (CCC) model that
takes increased atomic point densities in each precipitate into
consideration, as well as differences in precipitate shape as a
function of local magnification effects to correct compositions for
each individual precipitate. For the nanoscale precipitates in this
work, discussions regarding corrections for spatial overlaps will be
framed with respect to this newly developed CCC model.

STEM specimens were prepared at the Low Activation Materials
Development and Analysis (LAMDA) Laboratory at Oak Ridge Na-
tional Laboratory (ORNL) [34] using a FEI Quanta 3D dual-beam FIB.
30 kV Ga ions were used for the initial liftout and thinning steps,
while 2 kV Ga ions were used for final thinning to minimize ion
beam damage to the STEM foils. To image the smallest nanoscale
precipitates using S/TEM, an aberration-corrected JEOL 2200FS
STEM was used; it was operated at 200 kV and was equipped with a
CEOS GmbH corrector on the probe-forming lenses. Simultaneous
bright-field and high-angle annular dark-field (HAADF) STEM im-
aging was acquired. For imaging, the convergence semi-angle was
26.5 mrad with an inner and outer 110 mrad and 470 mrad
collection semi-angle for the HAADF STEM detector. The beam
current was nominally 150 pA. A fast Fourier transform (FFT) was
generated from the HR-STEM images, and d-spacing was measured
based on present reflections using digital micrograph software. For
S/TEM imaging with elemental analysis, a FEI (now ThermoFischer)
Talos F200X S/TEM operating at 200 keV was used. The instrument
combines high resolution imaging with a large solid-angle (0.9
srad) windowless energy dispersive x-ray spectroscopy detector.
Here, imaging and elemental mapping were conducted using a
probe current of ~1 nA and a probe size of approximately 1 nm at
FWHM. Spectrum images were recorded over a 1024 x 1024 pixel
region and collected and analyzed using Bruker Esprit software
(v1.9) [35,36]. Multivariate statistical analysis (MVSA) was

performed using Sandia National Laboratory’s AXSIA code, with all
the data presented having undergone 2 x 2 spatial, and 2x spectral
binning [37]. Energy electron loss spectroscopy (EELS) was per-
formed on a 300 kV aberration-corrected STEM/EELS FEI Titan. For
general microstructure examination of the annealed powder and
the extruded alloy, a Hitachi 4800 field emission scanning electron
microscope (SEM) was used with an accelerating voltage of 15 kV.

3. Results
3.1. Specimen compositions and microstructure

The ICP-OES measured compositions of the specimens investi-
gated in this work are listed in Table 1. The as-received gas-atom-
ized FeCrAlZr powder is quite pure, with impurity contents in the
tens of parts per million by weight of C, N, and O. After mechani-
cally alloying and either annealing or extrusion, the C content in-
creases by two orders of magnitude, which is expected due to the
higher carbon content of the milling media that continually im-
pacts the powder during the mechanical alloying stage. Similarly,
the N and O contents also increase after the ball-milling step. The
increase of O content arises from (1) the addition of yttria to the
gas-atomized powder and (2) potential air-ingress into the milling
chamber backfilled with Ar gas, whereas the increase in N content
is attributed to air ingress during milling. There is a noted differ-
ence in measured N content when comparing the annealed powder
and the extruded alloy. Since the exact same powder was used for
both the powder anneal and the subsequent extrusion, the N
content would be expected to be the same for both specimens.
Since only 10 g of each sample was used for the ICP-OES chemical
analysis, this difference might be attributed to inhomogeneous
distribution of this impurity element throughout the as-milled
powder.

The microstructures of the annealed CrAZY powder (ZY10C60)
and the extruded alloy (4H10C) are shown in Fig. 2. It is readily
apparent that significant differences exist in the grain structures of
both samples. For the powder, the high stored energy within the
powder specimen after mechanical alloying has resulted in
abnormal grain growth mechanisms during the annealing step.
This type of microstructure in ball-milled and annealed ODS
powder has extensively been investigated by Sallez et al. [38],
where a combination of the very fine grain structure after ball
milling and an associated high dislocation density promote primary
recrystallization when the temperature exceeds ~800 °C during
annealing. Since the nucleation and growth of nanoprecipitates in
both ODS FeCr and ODS FeCrAl alloys have been shown to occur at
temperatures as low as 600 °C [16,39], the driving forces for this
abnormal grain growth mechanism are accepted to be much higher
than the Zener pinning of grain boundaries by nanoprecipitates
within the microstructure, which explains the bi-modal grain
structure of the powder. One important point regarding this bi-
modal grain size is that in the previous study on the same
annealed CrAZY powder, the nanoprecipitate distributions in both
the fine- and coarse-grained regions appear identical [16]. As a
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Fig. 2. SEM-BSE images of the (a) grain structure of the as-annealed ZY10C60 CrAZY
powder after 60 min at 1000 °C, as well as (b) longitudinal “L” and (c) transverse “T"
orientations for the as-extruded 4H10C sample consolidated after annealing for
60 min at 1000 °C. Also shown are oxide stringers oriented parallel to the extrusion
direction.

result, direct comparisons of precipitate distributions between the
annealed powder and the extruded alloy are possible.

Fortunately, the significant deformation associated with the
subsequent extrusion step is sufficient to refine the bi-modal grain
structure to a more unimodal structure, with some associated grain
texture in the as-extruded microstructure. In the as-extruded
specimen 4H10C, the average grain size in the longitudinal “L”
orientation parallel to the extrusion direction was 755 + 22 nm,
while in the transverse “T” orientation perpendicular to the
extrusion axis the grain size measured 678 + 23 nm, with errors
reported as the standard error of the mean. The resulting grain
aspect ratio is 1.11, showing minimal grain elongation in the
extrusion direction. Also noted in the as-extruded condition are
stringers of precipitates, which are aligned in the extrusion direc-
tion as identified in Fig. 2. These precipitates have been noted in
previous extruded ODS FeCrAl alloys [10] and are believed to be
Al,03 oxides that have resulted from the fracturing of a thin-
alumina oxide layer on prior particle surfaces during the extru-
sion stage.

3.2. CrAZY nanoprecipitate distributions

A variety of different precipitate populations exist in both the
CrAZY annealed powder and the as-extruded alloy. APT control
volumes for both samples shown in Fig. 3 indicate identical pre-
cipitate dispersions and characteristics. Two different populations
of precipitates exist in these control volumes. A dispersion of red
precipitates highlighted using Y-, YO-, and AlO-rich isoconcentra-
tion surfaces comprises the finest and most integral nano-
precipitate population, as these precipitates serve as the primary
obstacles for dislocation motion and as sinks for irradiation defects.
In addition, coarser precipitates enriched primarily in Zr are

highlighted in purple. To more effectively show the elemental
segregations in each precipitate population, Fig. 4 depicts the atom
maps of different atomic species within the 4H10C control volume
previously shown in Fig. 3. The Y, YO, AlO, and O ionic species are
clearly associated with the smallest nanoprecipitate population,
while the larger precipitates appear to be enriched primarily in Zr
and C.

There is a high number density of nanoprecipitates within both
the annealed CrAZY powder and the extruded alloy. Although the
number of nanoprecipitates varies somewhat between the two
specimens, their number densities exceed 10> m~3, which is highly
competitive with model ODS FeCr alloys 14YWT and MA957 that
have been designed specifically for maximizing irradiation resis-
tance through a high sink-strength approach [40—42]. In addition
to the precipitate number densities (Np), Table 2 includes the vol-
ume fraction occupied by the smallest precipitates (measured to be
f~1%) and the average precipitate radius (R;). Although previous
APT studies have sometimes used the atomic count method to es-
timate nanoprecipitate radius (which uses the total number of ions
within each precipitate and an assumed atomic density to estimate
an equivalent spherical radius) this method is highly influenced by
extra atoms erroneously measured in the precipitate due to tra-
jectory aberrations [43—45]. Miller has previously shown that the
spherical equivalent Guinier radius (Rs, defined as /5/3 multiplied
by the measured radius of gyration of the precipitate) more accu-
rately represents ODS FeCr nanoprecipitates measured using elec-
tron microscopy methods [46]. Consequently, this work reports the
Guinier radius, as it is less prone to errors from APT artifacts. The
radii measured in both samples are highly consistent between
ZY10C60 and 4H10C.

APT results for the bulk compositions of both ZY10C60 and
4H10C are listed in Table 2, in addition to the matrix and uncor-
rected (Y,Al,O)-rich nanoprecipitate compositions. In comparison to
the chemical analysis results presented in Table 1, the bulk com-
positions are quite accurate in terms of the primary Fe, Cr, and Al
elements within the material. The corresponding matrix compo-
sitions are also comparable, aside from the reduction in Y content
due to its segregation to the precipitates. With respect to the pre-
cipitate compositions, a significant amount of Fe and Cr is measured

ZY10C60

4H10C

Fig. 3. APT control volumes for CrAZY (a) powder ZY10C60 annealed for 1 h at 1000 °C
and (b) alloy 4H10C annealed for 1 h at 1000 °C followed by extrusion. Depicted are red
1.5 at.% (Y,Al,0) isoconcentration surfaces and purple 10 at.% Zr isoconcentration sur-
faces atop 0.1% of black Fe matrix atoms. (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Atom maps for various single ion and molecular ion species of interest in 4H10C extruded alloy.

APT Results for bulk, matrix, and (uncorrected) precipitate compositions reported in atomic percent for the annealed ZY10C60 powder and 4H10C extruded alloy. Errors in
precipitate sizes, number densities, and volume fractions are reported as the standard deviation of the mean for the measured sample distributions. Means and errors are
computed based on the average of two different APT specimens for each sample, respectively.

ZY10C60 4H10C

Rs [nm] 1.1+03 Rs [nm] 1.1+£05

Np x10?% [m~3] 5.0 + 0.4 Np x102% [m~3] 1.7 +02

f[%] 1.7+ 0.1 f[%] 0.8 +£0.1
Element Prec. Matrix Bulk Prec. Matrix Bulk
Fe 64.64 + 7.82 78.39 + 0.42 78.26 + 0.51 56.32 + 13.10 78.78 + 0.23 78.68 + 0.27
Cr 835+ 1.53 9.68 + 0.06 9.67 + 0.05 7.55 + 2.08 9.60 + 0.04 9.59 + 0.04
Al 1142 + 1.47 11.00 + 0.01 11.01 + 0.01 10.67 + 2.02 10.75 + 0.10 10.76 + 0.10
Zr 0.26 + 1.70 0.30 + 0.19 0.30 + 0.23 0.24 + 0.66 0.13 + 0.01 0.13 + 0.01
Y 5.99 + 3.56 0.02 + 0.02 0.08 + 0.04 9.66 + 6.73 0.03 + 0.01 0.07 + 0.02
o 8.45 + 4.47 0.24 + 0.02 0.33 £ 0.01 14.75 + 9.46 0.17 + 0.07 024 +0.15
C 0.19 + 1.31 0.29 + 0.03 0.29 + 0.04 0.19 + 0.47 0.10 + 0.01 0.11 + 0.01
N 0.01 + 0.04 0.01 + 0.09 0.01 +0.10 0.04 + 0.08 0.02 + 0.003 0.02 + 0.003

due to uncorrected trajectory aberrations, but Y and O are clearly
enriched in the precipitates in comparison to the surrounding
matrix. Although the average Zr content is slightly enriched in
these uncorrected compositions, this is primarily an artifact asso-
ciated with co-precipitation of finer (Y,Al,O)-rich precipitates at the
surface of larger (Zr,C)-rich precipitates, as it is clearly seen in the
atom maps that the Zr is not locally enriched in this smaller pre-
cipitate population. It is important to note that the matrix compo-
sition reported in Table 2 refers to the volume not occupied by the
fine-scale precipitates, so the increased Zr content in the matrix
composition stems from the larger Zr-rich precipitates and is not
due to Zr distributed homogeneously within the volume. The most
difficult element to interpret is the Al content in the uncorrected
precipitate compositions. Unlike ODS FeCr alloys—in which the
only constituent elements in the precipitates are usually Y, Ti, and
O, while the matrix comprises primarily Fe and Cr—in these ODS
FeCrAl alloys, Al is both in the matrix and is a primary constituent in
the smallest nanoprecipitates. Due to the significant trajectory ab-
errations included in these uncorrected cluster compositions, the
local enrichment in Al illustrated in Fig. 4 is not captured in Table 2.
This difficulty in assessing the Al content in the smallest nano-
precipitates is discussed later in Section 4.2.

If the Zr is not associated with the smallest nanoprecipitate
population, then the primary question still exists as to what role this
highly reactive element is performing within the microstructure.
This question has been addressed in part through the identification
of Zr- and C-rich precipitates in the previous control volumes, but a
combination of both S/TEM + EDS and APT provided even more
insight into this phenomenon. Fig. 5 shows the HAADF S/TEM image
of 4H10C, in addition to multiple elemental EDS maps for various

elements within the microstructure. It is immediately apparent that
Al and Zr are both associated with impurity elements within the
microstructure. Using multivariate statistical analysis (MVSA), the
spatial and elemental overlaps were discretized and separated into
two different populations of precipitates overlaid on the matrix
component of the EDS spectrum (Fig. 5f). The corresponding map in
Fig. 5g highlights an (Al,N)-rich precipitate population, in addition to
a (Zr,C,N)-rich precipitate distribution. Thus, it appears that instead
of competing with Al for Y and O in solution for the formation of the
smallest nanoprecipitates, Zr competes for the C and N in solution for
the formation of carbonitrides.

In addition to the S/TEM -+ EDS results, two additional APT
control volumes were able to capture secondary populations of
precipitates within the CrAZY annealed powder. As presented in
Fig. 6a, a variety of different precipitates with varied compositions
can be identified in one of the ZY10C60 control volumes. In addition
to the smallest (Y,Al,0)-rich precipitates shown in red, two Zr-rich
precipitates were identified and analyzed using 1D concentration
profiles through each. From the profile in Fig. 6b, the equal con-
centrations of Zr and C at the precipitate core suggest that this is a
ZrC precipitate of the MX type. However, the Zr-rich precipitate at
the bottom of the control volume shows a different composition.
The concentration profile in Fig. 6¢ indicates that this Zr-rich pre-
cipitate has a core/shell structure in which the core is primarily
Zr(C,N) while the shell is ZrC. The last type of precipitate high-
lighted in this control volume is Cr- and Fe-rich. Comparing the sum
of the Fe and Cr contents at the core of the precipitate with the C
content provides a ratio consistent with a M»3Cg precipitate. This is
an important observation, because it provides the framework for
explaining the role of C and N in the precipitation of the different
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Fig. 6. An (a) APT control volume of ZY10C60 annealed powder with multiple types of precipitates atop black Fe matrix atoms. Red 1.5 at.% (Y,Al,0) isoconcentration surfaces
highlight the smallest precipitate population, while brown 20 at.% Cr isoconcentration surfaces and purple 10 at.% Zr isoconcentration surfaces show larger precipitates in the
volume. 1D concentration profiles through larger precipitates provide evidence for (b) ZrC, (c) Zr(C,N), and (d) (Fe,Cr) 23Cs. (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

distributions of dispersed phases within the CrAZY alloy. The core/
shell structure of the Zr(C,N)-rich precipitate suggests that during
the nucleation and growth stage of this phase, the local N content
was depleted so that Zr, Cr, and C only remained for competition
between these elements. As more and more Zr reacted with C
within the microstructure, and was consumed by reaction with C,
any remaining excess C apparently reacted with Fe and Cr to form
the M,3Cg carbide phase.

The final APT control volume that captured Zr sequestration of
impurity elements indicates another interesting find, as depicted in

Fig. 7a. This APT specimen, in addition to the red (Y,Al,O)-rich
phases comprising the finest distribution of dispersed precipitates,
has two coarser precipitates enriched primarily in (Al,0) and (Zr,C).
A more detailed investigation of segregation of Y and YO ionic
species shown in Fig. 7b indicates a qualitative enrichment of Y
along the periphery of the coarse, Al-rich precipitate. A 1D con-
centration profile overlaid with the previous image (Fig. 7c) verifies
that the Al-rich precipitate is consistent with an Al,0O3 particle
(likely present in the microstructure prior to powder annealing),
while the Zr-rich precipitate is confirmed as ZrC. Also highlighted is
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Fig. 7. An (a) APT control volume of ZY10C60 annealed powder with red 1.5 at.% (Y,Al,O) isoconcentration surfaces show fine-scale precipitation in addition to two larger pre-
cipitates. In (b) overlaid Y and YO atom maps atop 25 at.% Al and 10 at.% Zr isoconcentration surfaces identify co-precipitation in this volume. In (c), a 1D concentration profile shows
these precipitates to be ZrC and Al ,03 with Y segregation to the surface of the alumina precipitate. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

the preferential segregation of Y and YO ionic species to the surface
of the Al,03 particle, while the same segregation is not noted for
the Zr-rich particle. This result indicates that, while the Zr prefer-
entially reacted with C in the matrix and not Y and O, the high af-
finity of Al to react to form stable (Y,Al,0) complex oxides drove
segregation of Y and O to the surface of the Al-rich precipitate.

These results strongly suggest that when interstitial elements
such as C and N exist in the matrix, Zr will preferentially react with
these elements instead of competing with Al for the formation of
(Zr,Y,0)-rich precipitates previously reported by Dou and col-
leagues on similar ODS FeCrAlZr alloys [19]. The following section
discusses testing of this hypothesis through the use of computa-
tional thermodynamics.

4. Discussion
4.1. Thermodynamic assessment of Zr precipitation

When assessing the affinity to react preferentially with Y and O
in solution to form finer nanoscale oxides, previous researchers
have used Ellingham diagrams to justify why (ZrY,0)-rich pre-
cipitates form preferentially in ODS FeCrAl alloys in comparison to
(Y,Al,0)-rich precipitates. Although this is a completely valid design
methodology for these alloys, the uni-dimensional nature of these
analyses does not account for the potential impact of other reactive
impurity elements such as C and N. A more robust method requires
using the CALPHAD approach [47] to model precipitate stability in
these alloys. Originally coined as the Calculation of Phase Diagrams
(CALPHAD), this methodology has been extended to the computer
coupling of phase diagrams and thermochemistry, whereby all
available thermodynamic data and experimental phase diagrams
for constituent elements are combined in a semi-empirical model
to describe multi-component systems [48,49]. In this work, the
CALPHAD approach was implemented using the ThermoCalc

software [50] to predict equilibrium phases that should exist in the
current CrAZY alloy system based on the measured composition of
the extruded 4H10C alloy listed in Table 1.

Using the TCFE9 database within the ThermoCalc software,
which includes all of the elements comprising the CrAZY alloy, the
expected phase equilibria were calculated as a function of ther-
momechanical processing temperature based on the minimization
of the Gibbs energy of the system for given conditions. Two sce-
narios were investigated for the current alloy system: (1) C and N
are present, and (2) no C and N exist in the material. This way, the
previously stated hypothesis that Zr preferentially will react with C
and N instead of O in the matrix can be directly modeled.

Consistent with the previous experimental observations, the
computational thermodynamics results indicate a strong effect of
(C\N) solute impurities on equilibrium phases within the micro-
structure. When C and N are present in the matrix (Fig. 8a), the
primary phases that are expected to form are Zr(C,N), AIN, Cr car-
bides, and complex (Y,Al,0)-rich oxides (orthorhombic yttrium
aluminum perovskite YAP, and cubic yttrium aluminum garnet
YAG). The experimental results would suggest that at 1000 °C, the
smallest amount of precipitates is one of these two complex
(Y,ALO)-rich oxides, while the larger precipitate populations seen
through APT and S/TEM are validated as Zr(C,N) and AIN. The
calculation suggests that (Cr,Fe);C3 is stable at 1000 °C, but in
experiment, (Cr,Fe),3Cs was observed. This discrepancy suggests
that either the thermodynamic modeling on the relative stability of
these two carbides needs to be revised, or the (Cr,Fe);3Cg observed
in the microstructure was transformed from (Cr,Fe);Cs during the
cooling process. In comparison, when C and N are removed
completely from the material (Fig. 8b), the high affinity of both Zr
and Al for O in solution results in a competition for the formation of
Zr3Y4012 and YAP (YAIOs) at the annealing/extrusion temperature
of 1000 °C.

These results provide significant insights into the discrepancies
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increasing C and N concentration on the equilibrium phases at 1000 °C.

that different researchers have found for the identities of the
nanoprecipitates in ODS FeCrAlZr alloys [19,21]. In the alloy pre-
viously developed by Dou and colleagues [19], this competition is
even stronger with respect to Zr for O since the Zr content of their
alloy is doubled (0.37 at.%) in comparison to the alloy developed in
this work (0.15 at.%). When this increase in Zr content is taken into
consideration, the only complex oxide that would be expected to
nucleate would be the Zr3;Y401, phase, which is consistent with the
high resolution TEM results presented in the Dou study. This also
suggests that the impurity C and N contents in the Dou alloy are
lower than those introduced during the mechanical alloying stage
in this work. To support this assertion, Fig. 8c illustrates the effect of
increasing impurity C and N contents on the expected phases in our
CrAZY alloy. With less than 0.1 at.% C and N added into solution, the
low Zr content added to the present alloy is quickly sequestered,
and the fraction of Al-rich oxides quickly increases in comparison to
Zr-rich oxides.

With respect to alloy optimization and irradiation resistance, it
has not yet been established which complex oxide is most benefi-
cial in nuclear reactor applications. Recent comparisons of coars-
ening kinetics of (Y,Zr,0)- and (Y,Al,O)-rich precipitates at high
temperature have suggested that although both complex oxides
coarsen at faster rates than the (Y,Ti,O)-rich nanoprecipitates in
ODS FeCr alloys, the coarsening kinetics of (Y,Al,0)-rich precipitates
are somewhat slower [14]. However, future irradiation work must
be performed on both alloys to determine which precipitate pop-
ulation provides improved resistance to ballistic dissolution.
Furthermore, it remains unclear as to whether the secondary pre-
cipitate population of Zr(C,N) aids in the creep strength of these
ODS FeCrAl alloys or if these precipitates deteriorate fracture
properties by serving as pathways for crack propagation. These
insights provide a framework for alloy design and comparison in
future studies.

4.2. Insights on (Y,ALO)-rich precipitate identities

Up to this point, the primary focus of this work has focused on
the effect of Zr on precipitation in the CrAZY alloys, but the iden-
tities of the smallest nanoscale precipitates within these ODS
FeCrAl alloys are equally important. Fig. 4 illustrates that the
smallest nanoprecipitates were enriched in Y, Al, and O, as sup-
ported by computational thermodynamics results. However, mul-
tiple types of (Y,Al,O)-rich precipitates have been said to exist in a
variety of fabricated ODS FeCrAl alloys, including yttrium

aluminum tetragonal (YAT, Y3Al5012) [51,52], yttrium aluminum
garnet (YAG, Y3Al5012) [21,53], yttrium aluminum perovskite (YAP,
YAIOs3) [52—56], yttrium aluminum hexagonal (YAH, YAIOs3) [54],
and yttrium aluminum monoclinic (YAM, Y4Al;09) [57,58]. With
these discrepancies in the literature, it was thus undertaken to
combine APT and high resolution S/TEM observations in an attempt
to identify the specific precipitates that have nucleated in the
current alloy system.

As mentioned above, all previous APT investigations of ODS Fe-
based alloys have been limited to the FeCr system, in which the
smallest precipitates are enriched in only Y, Ti, and O, and the
surrounding matrix does not contain duplicate elements that can
interfere with precipitate compositions after correcting for APT
artifacts. Even in the case of ODS FeCr alloys, differences in APT
compositions in comparison to expected stochiometric phases such
as Y,Ti,07 and Y,TiOs have sparked rigorous debate in the litera-
ture [42,59—68]. The current system increases the complexity of
correcting these nanoprecipitate compositions drastically because
the extent to which Al is partitioned between the precipitate and
the matrix is unknown. If the matrix is subtracted out in proportion
to erroneously high Fe and Cr contents, one may be subtracting out
significant Al from the nanoprecipitates and fundamentally shifting
the predicted nanoprecipitate compositions.

An attempt at cluster composition correction requires (1) the
establishment of a methodology for systematically correcting for
trajectory aberration artifacts and (2) an establishment of what to
subtract from the precipitates. For ODS FeCr alloys, the “correction
composition” was originally established as the measured matrix
composition of the specimen [32]. Some authors have used TEM
methods such as EELS and APT methods to identify what appears to
be a Cr-rich shell surrounding the smallest (Y,Ti,O)-rich nano-
precipitates [32,69—71], resulting in a subtracted correction
composition equal to the composition of the Cr-rich shell (80% Fe
and 20% Cr in at.%). In this case, the methodology used for aber-
ration correction is the recently developed CCC model [33], so the
primary question is whether a similar Fe- and Cr-rich shell sur-
rounds the (Y,Al,0)-rich precipitates in the current alloy system.

Consider two limiting cases shown in Fig. 9 that could exist
after the assumed supersaturated solid solution of elements is
heated and the nanoscale (Y,Al,O) precipitates nucleate and grow
to stable sizes. In the first case, the nanoprecipitate nucleates
such that only the matrix enriched in Fe, Cr, and Al surrounds the
precipitate. In this case, when applying the CCC model, the
correction matrix subtracted from the nanoprecipitate
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Fig. 9. Visualization of the two limiting cases for precipitate compositional correction.

composition will be equal to the matrix composition reported in
Table 2. In the second case, the consumption of Al locally around
the precipitate results in an Al-depleted region enriched in Fe
and Cr only, which prevents significant Al from being subtracted
from the nanoprecipitate compositions.

To determine which of these cases to use in the implementation
of the CCC model, a combination of EELS and APT was used to assess
potential Cr-enrichment surrounding precipitates in the CrAZY
extruded alloy. In Fig. 10a, EELS was used on a representative pre-
cipitate 2 nm in diameter that appears in the HAADF image as a
darker feature. The Fe and Cr maps across this precipitate show no
significant variations, which suggests that although the thickness of
the specimen was thin enough to resolve this nanoscale precipitate,
significant through-thickness Fe and Cr contents make the EELS
results insufficient to indicate the existence of a Cr-rich shell. As an
alternative approach, an identical methodology to that imple-
mented by London et al. [69] for a comparable model ODS FeCr
alloy was implemented in Python. In this approach, for each indi-
vidual precipitate, a control volume equal to the width of each
precipitate was created around each precipitate with a length equal
to 4 x the evaporation “z” direction through the precipitate. Then,
1D concentration profiles were recorded for each precipitate and
normalized with respect to the total distance across each precipi-
tate. In London’s work, a clear enrichment of Cr was seen at the
precipitate/matrix interface and was measured as high as 20 at.%
for precipitates larger than 4 nm in diameter. The results of the APT
analysis in the current study are presented in Fig. 10b, with results
separated as a function of precipitate size. In contrast to the results
on ODS FeCr alloys, the variation of Cr content across precipitates of
all sizes did not exceed 1% in comparison to the surrounding matrix
composition. These EELS and APT results do not support the exis-
tence of a Cr-rich shell surrounding the precipitates, so the
compositional correction composition was assumed to be equal to
that measured initially in the matrix surrounding the precipitates.

The implications of these results are depicted in Fig. 11. In

Fig. 11a, the average modeled nanoprecipitate composition for the
342 nanoprecipitates in an APT control volume of CrAZY alloy
4H10C is shown as a function of the extent of compositional
correction. After applying the CCC model, if there were a Cr-rich
shell deplete of Al, then the average nanoprecipitate composition
would have a Y/Al ratio similar to that expected for the YAG
(Y3Al5012) complex oxide phase, although significantly under-
estimated in oxygen content. As the correction composition is
changed from that of a Cr-rich shell to that only subtracting the as-
measured matrix composition from the precipitates as a function of
precipitate shape and atomic density variation, the average
composition tends toward a phase consistent with YAM (Y4Al»0g),
and the O content is much less underestimated in comparison to
the expected stochiometric phase. In Fig. 11b and Fig. 11c, each
individual precipitate composition is plotted on the same ternary
diagram for the limiting cases of a Cr-rich shell and for no shell,
respectively. The diameter of each circle on the plot is scaled as a
function of precipitate diameter. In addition, using the probability
frequency of multiple points lying on the same point of the ternary
diagram represented by the color bar under each figure, the com-
positions with the highest probability of occurrence are highlighted
on each ternary diagram.

Even after applying the CCC model for correcting these precip-
itate compositions, significant spread still exists in the composi-
tions of many of the identified precipitates. This may suggest that
(1) a spread still exists in the types of (Y,Al,O)-rich precipitates that
have nucleated during annealing or (2) even the most robust
correction algorithms developed for ODS FeCr alloys such as the
CCC model are imperfect for cases such as the current CrAZY alloy
system where there is partitioning of certain elements between
precipitates and the matrix.

One aspect of the CCC model that may be able to provide better
clarity for nanoprecipitate compositions would be the inclusion of a
term accounting for atoms of each element that are non-quantified
during the field evaporation process. Unfortunately, without bulk
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Fig. 10. (a) EELS results for a ~2 nm diameter precipitate in extruded alloy 4H10C showing insufficient evidence for a Cr-rich shell surrounding the identified precipitate, and (b)
average normalized 1D concentration profiles taken from APT data through precipitates in CrAZY specimen ZY10C60 showing no detectable Cr-rich shell surrounding (Y,Al,0)-rich
precipitates of different sizes. Error bars indicate 95% confidence intervals for the measured Cr concentration.

APT measurements on ternary (Y,Al,O) oxide phases, the unknown
partitioning of Al between the matrix and the precipitates doesn’t
allow for the direct calculation of this term in the current analysis.
Consequently, in an attempt to qualify the results of the CCC model
applied to the APT data on the precipitates in 4H10C, high resolution
S/TEM was conducted on the same sample. Multiple precipitates
were successfully imaged, and FFTs of the S/TEM images were
indexed to determine the likely phases from direct structural ob-
servations. Two of these precipitates are highlighted in Fig. 12. The
measured d-spacings and angles are compared with tabulated values
for compared stochiometric phases and are also reported in Table 3.
One of the major challenges in the indexing of these FFT patterns is
that many of the reflections between the different phases are similar
with respect to angles, but luckily, both the d-spacings and measured
angles could be compared simultaneously. The precipitate in Fig. 12a
matches well to reflections for the YAM phase, while the precipitate
in Fig. 12b matches to a structure consistent with the YAG phase.
Errors for the d-spacings and angles for each precipitate were within
1—2% error, giving high confidence that both of these phases exist
simultaneously in the CrAZY alloy. Unfortunately, these S/TEM re-
sults do not aid in the validation of either assumption used in the
APT data correction algorithm. Instead, this result supports the
spread in APT data, suggesting that a variety of different phases exist
in the as-fabricated alloy [21,51-58].

The identified phases as measured using APT and S/TEM, YAM
and YAG, differ from the phases calculated using computational
thermodynamics. From the ThermoCalc results, it was predicted
that the YAP phase would be more prevalent in the microstruc-
ture, with a small fraction of YAG also possible. In fact, the

computational thermodynamics results suggest that no thermo-
dynamic driving force is available in the formation of the YAM
phase with respect to the current alloy composition if YAG and
YAP are allowed to form. To put this into perspective, it is
important to consider previous high-resolution TEM results from
the literature, as well as local atomic concentrations within the
material during annealing. Multiple researchers have asserted
that the YAM phase exists for nanoscale precipitates in ODS
FeCrAl alloys either in annealed powder or extruded alloys
[57,72]. The argument for the preferential nucleation of this
complex oxide has been previously framed with respect to a
fundamental study comparing complex oxides that formed in a
diffusion bond between yttria and alumina at high temperature
[73]. In this study, it was found that the formation of the complex
oxides was limited by the rate at which Al diffused into yttria.
Consequently, the first complex oxide formed (at the lowest
temperature of 900—1100 °C) was that of the largest ratio of Y to
Al, or YAM. Then at higher temperatures YAP and YAG would
form, respectively, as the ratio of Y/Al decreased as more Al
diffused into yttria. This is a somewhat flawed argument in the
sense that in these ODS FeCrAl alloys, assuming a solid solution
after mechanically alloying, the ratio of Y to Al is quite small
since only a small amount of yttria was initially added to a matrix
heavily enriched in Al This is supported by a study in which
different proportions of alumina and yttria were ball-milled and
then annealed at high temperature. Depending on the ratio of
alumina to yttria, the preferential phases formed were consistent
with the ratio of Y to Al expected for each complex oxide phase
[74]. From this perspective, YAG would be expected to
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preferentially form from a supersaturated solid solution instead
of YAM for the current ODS FeCrAl alloy system.

To resolve these differences, a new mechanism is proposed that
considers the extent to which mechanical alloying has successfully
driven Y into solid solution in the ODS FeCrAl matrix. It has been
previously shown that after the mechanical alloying step in ODS
FeCr alloys, Y is not fully in solid solution, and instead there are YO-
rich clusters (<1 nm in size) at a much higher number density in
comparison to the annealed powder after further growth and
coarsening of the smallest oxide particles [66]. From this perspec-
tive, not only is there the potential for a partial solid solution of Y in
the matrix, but there are also many clusters that are highly enriched
in Y and O that would only require Al diffusion to the clusters to
form a complex oxide. If a cluster is already enriched mostly in Y,
then the ratio of Y/Al during the initial growth of the cluster would
be higher, allowing for YAM to form. In contrast, for regions with Y
in solid solution, the YAG phase would preferentially form. This
would result in a variety of complex (Y,Al,0) oxide phases forming
during the initial stages of nucleation and growth, providing evi-
dence that the many oxide phases noted in the literature may all
exist simultaneously, depending on the local concentrations of el-
ements in the as-milled ODS FeCrAl powder during annealing and
subsequent consolidation.

5. Conclusions

In this study, a detailed investigation of the types of precipitates in
annealed powders and consolidated ODS FeCrAl CrAZY alloys was
performed. Using detailed APT characterization, a high number
density of (Y,ALO)-rich nanoprecipitates with number densities
exceeding 10?3 m~3 and diameters in the 2—4 nm range were iden-
tified. Through computational thermodynamic modeling, it was
found that the alloy composition—notably impurity C and N con-
tents—are highly influential in the types of precipitates that form
after alloy consolidation. When C and N are present in the matrix,
highly reactive alloying elements such as Zr preferentially form MX-
type carbonitride phases and compete with Al and Cr in the matrix
for these interstitial elements. When impurity elements C and N are
low, Zr competes with Al in the matrix to form the smallest complex
oxides that give these ODS FeCrAl alloys their beneficial properties.
Using the state-of-the-art compositional correction models available
in literature for ODS FeCr alloys, a parametric investigation of (Y,Al,O)-
rich precipitate compositions was performed, stressing the need for
specific methodologies for considering element partitioning between
the precipitate and the surrounding matrix. A combination of high-
resolution S/TEM and APT indicates that many types of precipitate
phases can exist in ODS FeCrAl alloys simultaneously with pre-
cipitates enriched in Y, Al, and O. With these results in perspective,
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(a) Identified precipitate consistent with YAG

13

Fig. 12. High-resolution S/TEM images of select nanoscale precipitates in the CrAZY extruded alloy 4H10C, showing examples of precipitates matching the structure of (a) YAM and

(b) YAG.

Table 3

Comparison of measured inter-planar distances (d) and angles («) for precipitates shown in Fig. 12 with respect to tabulated ICDD values for YAG (PDF# 00-033-0040) and YAM
(PDF# 00-022-0987).

Precipitate 1 — Fig. 12a

d-spacing Comparison

Angles Comparison

Location Measured (A) Reflection Tabulated (A) Error (%) Angle Measured (°) Tabulated (°) Error (%)
d, 3.058 (122)yam 3.01 1.59 o 54.15 54.85 1.28

dp 2.634 (040)yam 2615 0.73 agc 54.49 54.85 0.66

de 2977 (-12-2)yam 3.01 1.10 ocp 71.37 70.28 1.55

dp 3.058 (-1-2-2)yam 3.01 1.59 0pF 108.63 109.7 0.98

dg 2.634 (0—40)yam 2615 0.73

dr 2977 (1-22)vam 3.01 1.10

Precipitate 2 — Fig. 12b

d-spacing Comparison Angles Comparison

Location Measured (A) Reflection Tabulated (A) Error (%) Angle Measured (°) Tabulated (°) Error (%)
dy 3.15 (321)yag 3.210 1.87 0pp 57.69 57.68 0.02

dg 3.04 (040)yac 3.002 1.27 opc 57.69 57.68 0.02

de 3.12 (-32-1)yac 3.210 2.80 acp 64 64.6 0.93

dp 3.15 (-3-2-1)yac 3.210 1.87 apg 57.69 57.68 0.02

dg 3.04 (0—40)yac 3.002 1.27 ogF 57.69 57.68 0.02

dr 3.12 (3—21)yag 3.210 2.80

new ODS FeCrAl alloys can be developed, with an integral under-
standing of how compositional variations can change alloy properties
and potentially the viability of these alloys in extreme environments
associated with advanced nuclear reactor applications.
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