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Nanostructured ferritic alloys (NFAs) contain an ultra-high density of 2-4nm fcc pyrochlore Y,Ti; 0
nano-oxides (NOs) embedded in a bcc Fe-14Cr ferritic matrix. Characterization of helium interactions
with NOs and associated Fe-Y,Ti,O; interfaces is important to the development of structural materials
for nuclear fusion and fission applications. A benchmark 14YWT NFA was first annealed to coarsen the
NOs, then insoluble helium was implanted at 700 °C to produce a high number density of bubbles. High-
resolution scanning transmission electron microscopy characterization shows two dominant Fe-Y,Ti,0;
crystallographic orientation relationships (cube-on-edge and cube-on-cube). The smallest NOs (~ 2 nm)
are associated with the smaller bubbles (~ 1.5nm), while some of the largest NOs (> 6 nm) have larger,
and sometimes multiple, bubbles. NO corner {111} facets are the preferred sites for He bubble nucleation.
A refined sequence of events for He trapping and bubble formation is presented. These observations offer
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new insight on He management in NFAs, and provide a foundation for detailed modeling studies.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Nanostructured ferritic alloys (NFAs) are a revolutionary class of
Fe-Cr-based oxide dispersion strengthened (ODS) steels with many
outstanding mechanical, thermal, and chemical properties for nu-
clear applications [1-10]. NFAs have high temperature strength and
stability up to 900°C [11,12] and unmatched radiation resistance,
especially with respect to managing helium generated by nuclear
transmutation reactions [1,13-18]. These qualities arise from a very
high density of small Y-Ti-O nano-oxides (NOs) which pin dislo-
cations and grain boundaries, and deeply trap He resulting in the
formation of small, high-pressure gas bubbles at the NO-matrix in-
terfaces [1,2]. The bubbles further add to the radiation tolerance of
NFAs by acting as recombination centers for displacement damage
defects. Thus, it has been argued that NFAs can turn high He levels
from a liability to an asset [1,2].

NFAs are usually processed by first ball milling metal 14Cr-Fe-
Ti-W and yttria (Y,03) powders, thereby forcing the practically
insoluble Y and O into solution [19-21]. The mechanically alloyed
powders are typically then canned, degassed and consolidated by
hot isostatic pressing or hot extrusion. The Y, Ti, and O precipitate
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as NOs during consolidation [13,21]. NOs have been characterized
using transmission electron microscopy (TEM) [20-26], atom probe
tomography (APT) [27-30], small angle neutron scattering (SANS)
[21,31], and x-ray diffraction (XRD) [32-35]. Typical NFA NO
characteristics include average diameters (d) ~ 1 to 3 nm, number
densities N~1023-24/m3 and volume fractions f~0.5 to 1% [13,21].

A recent study by Wu et al. [22] unambiguously showed that
most of the NOs in several NFA conditions are fcc pyrochlore
Y,Ti;0; (YTO). The NO-matrix crystallographic orientation rela-
tionships (ORs) are of fundamental interest because they affect
critical properties such as interface energies, structures and misfit
strains, as well as NO interactions with dislocations, point defects,
and He. Interface characterization is also critical to calibrating
first principles and atomistic interface models [36-38]. The most
common bulk ORs for embedded NOs are cube-on-cube [22,23,25]
and cube-on-edge [22,25,39-41]. Three-dimensional polyhedral
NOs usually have topologically dictated low index {100}, {110},
and {111} YTO facets that presumably minimize the total interface
energy.

Helium management is critical for fusion reactor materials
that are expected to reach end of life damage levels of ~200
displacements per atom (dpa) and transmutation-product He
concentrations of ~2000 atomic parts per million (appm) [2,42].
Comprehensive first principles modeling by Jiang et al. [36,37,43]
indicate that He is initially trapped in the NOs themselves at a
binding energy of ~1.4eV. Pressurized He bubbles nucleate above


https://doi.org/10.1016/j.actamat.2019.10.045
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2019.10.045&domain=pdf
mailto:tiberiu.stan@northwestern.edu
https://doi.org/10.1016/j.actamat.2019.10.045

T. Stan, Y. Wu and J. Ciston et al./Acta Materialia 183 (2020) 484-492 485

Annealing He Implantation
Yy N
) /,,/ “a\\ //" “\\ ) /x” - N
, W W S
° . o
[
o |
=Small NO = Coarsened NO ‘= Helium Bubble

Fig. 1. A schematic of the experimental approach used in this study. A 24YWT NFA
was first annealed to coarsen the NOs to ~ 6-8 nm, then He implanted at 700 °C to
produce NO-associated bubbles.

a critical size when the He energy in the fluid phase is lower than
in the NO. Thus, coupled with the ultra-high NO sink strength,
this ensures that the fate of He is to reside in nm-scale bubbles at
the oxide-matrix interfaces.

Very small NOs and bubbles (< 2nm) are difficult to image
simultaneously using conventional TEM techniques. Thus, to fa-
cilitate characterization, a 14YWT-NFA alloy was first annealed
to coarsen the NOs, and subsequently He was implanted to form
bubbles. A schematic of the general approach taken in this study is
shown in Fig. 1. The alloy was characterized by scanning electron
microscopy (SEM), electron backscatter diffraction (EBSD), bright
field TEM, and high resolution scanning transmission electron
microscopy (HRSTEM).

2. Materials and methods
2.1. Materials processing

General details regarding the fabrication, consolidation and ini-
tial characterization of the 14YWT class of NFAs can be found in
other publications [1,21]. Milled powders were consolidated by hot
isostatic pressing (HIPing) for ~1.1 x 10% s (3h) at 1150°C. The al-
loy composition is 14Cr, 0.25Y, 0.35Ti, 0.080, 3W, 0.016Al, 0.002N,
balance Fe (in units of wt%). Coupons were mechanically polished
down to 0.02pum colloidal silica, cleaned, and annealed at 1200°C
for 8.2 x 10° s (228 h) in vacuum to coarsen the NOs.

1 MeV He* ions were implanted at the Kyoto University DuET
facility at 700°C, at a rate of 1.2 x 10'2 He/cm?/s, for 3.6 x 10* s
(10h), producing a fluence of 4.5 x 10'® He/cm2. The high temper-
ature and low implantation rate were chosen so that He rapidly
diffuses and is essentially all trapped at the NOs, which have a
very high sink strength even in the annealed and coarsened condi-
tions. A continuously-spinning four-window degrader foil was used
to spread the implantation peak into four sample depth ranges.
The resulting He concentration profile as a function of implanta-
tion depth shown in Fig. 2 was simulated using the Stopping and
Range of lons in Matter (SRIM) software. The peak He concentra-
tion is ~4100 appm at a depth of ~1pum, and TEM examinations
were carried out over the full ~1.5um implanted depth.

2.2. Characterization methods

Electron backscatter diffraction (EBSD) data were acquired using
the CHANNEL 5 bundle on an FEI Quanta 400F scanning electron
microscope (SEM). Kikuchi patterns were fit using 5 bands to en-
sure crystallographic accuracy. The Tango software was used to re-
move single isolated pixels, and images were further cleaned using
low-level 8-neighbor solution fitting [44]. TEM lift-outs were fab-
ricated using a FEI HELIOS Focused Ion Beam (FIB) tool. The foils
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Fig. 2. A SRIM based He implantation profile. The peak He concentration is ~4100
appm at a depth of ~ 1pum.

were cleaned using a 2kV, 5.5 pA low energy ion beam to remove
residual gallium damage. Preliminary bright field contrast TEM was
carried out at the University of California Santa Barbara (UCSB) on
a 300keV FEI Titan to measure lift-out thicknesses, verify grain ori-
entations, and to identify areas suitable for high-resolution char-
acterization. The foils were then imaged using the 300 keV TEAM
I double-aberration corrected TEM at Lawrence Berkeley National
Laboratory in both high-resolution TEM (HRTEM) and HRSTEM
modes. A 17 mrad convergence semiangle and 53 - 260 mrad col-
lection angles were used to slightly emphasize diffraction contrast
in order to increase visibility of the smallest oxide particles and
He bubbles. General image processing, including measurements of
lattice d-spacings and inter-planar angles, was carried out using
Image] software.

3. Results
3.1. EBSD characterization

Fig. 3 shows EBSD maps of the 14YWT alloy. The band con-
trast image in Fig. 3a shows a wide variation in grain sizes from
< 0.5pum to > 30um. The inverse pole figure z-direction map in
Fig. 3b is colored according to the out-of-plane crystallographic
orientation of the grain (see legend in the top right of Fig. 3b). For
example, a green grain indicates a {110} orientation while a red
grain indicates a {100} orientation, normal to the sample surface.
The annealed alloy does not exhibit preferential crystallographic
texturing. EBSD was used to identify grains with <100> directions
perpendicular to the surface normal.

3.2. TEM characterization

Previous SANS measurements on the as-HIPed (un-annealed) al-
loy indicate NOs with (d) ~ 3nm, N~7.2 x 1023/m3 and f~ 1% [21].
The alloy was annealed (700°C, 10h) and the NO (d), N and f
were measured using TEM in different grains. An inhomogeneous
distribution of NOs was observed. Some grains had (d) ~ 7nm,
N~17 x 1023/m3 and f~ 1.2%, while other grains had (d) ~ 4nm,
N~2.6 x 1023/m3 and f~ 0.8%. The overall NO (d) for the annealed
alloy is ~ 6 to 8 nm, consistent with a calibrated coarsening model
by Cunningham et al. [11].
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Fig. 4. (a) A low magnification bright field TEM image as viewed through the <100> zone axis; and, (b) under-focused bright field TEM image near the top region of the
dark grain in (a) showing faceted NOs. The black arrows in (b) indicate He bubbles which primarily reside at NO corners.

Fig. 4a shows a low magnification cross-sectional view of the
annealed 14YWT alloy. The dark 2.5 x 2.8 um grain in the center
of the image is viewed along the <100> zone axis. Helium was
implanted through the top surface, as indicated by the yellow ar-
row in Fig. 4a, to a maximum depth of ~ 1.5um. Fig. 4b is a
higher magnification under-focused bright field TEM image from
a 200 x 180 nm region just below the grain surface where the ex-
pected He concentration is < 250 appm. In the under-focused con-
dition, the cuboidal NOs have black outlines and bubbles appear as
white circles. Most bubbles in this region are found at the corners
of cuboidal precipitates (black arrows in Fig. 4b). This result clearly
shows that these corner facets are the preferred bubble nucleation
sites on NOs.

The raw (unprocessed) HRSTEM image in Fig. 5a was collected
from an implantation depth of ~1pm. In STEM imaging, the
cuboidal NOs have medium intensity and the attached bubbles are

darker. Fig. 5b shows the same image as Fig. 5a, but some of the
NOs have been outlined in yellow, and attached bubbles in blue.
As described in detail in reference [22] and also shown later in
Fig. 6¢, areas containing NOs have pyrochlore reflections in the Fast
Fourier Transform (FFT) patterns. Two crystallographic NO-matrix
bulk orientation relationships (ORs) were identified. The cube-
on-cube OR {100}Fe//{100}NO and <100>Fe//<100>NO, and the
cube-on-edge OR {100}Fe//{110}NO and <100>Fe//<100>NO. Two
NOs with these ORs are identified in Fig. 5b. Note the larger bub-
bles are likely to be faceted with interfaces dictated by an inverse
Waulff shape for ferrite. However, properly rendering the bubbles
is complicated by their attachment to the faceted NOs and the 2D
projection image of the combined 3D feature. Further, the bubbles
have low contrast due to the small defocus values necessary to
properly image the planes in the embedded NOs. In order to
emphasize the NO facets where the bubbles form, we have chosen
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Fig. 5. (a) An unprocessed HRSTEM image of an area near the peak He implanted region showing NOs and attached bubbles; (b) the same image as (a), but with some NOs
outlined in yellow and bubbles in blue; and, (c) a plot of bubble versus NO size showing a weak but positive correlation. (For interpretation of the references to colour in

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

{100}Fe
{100}YTO

Fig. 6. (a) An unprocessed HRSTEM image as viewed along the <100> Fe zone axis; (b) an outlined image showing an embedded NO and bubble in yellow and blue,
respectively; (c) the corresponding FFT pattern with YTO and Fe reflections marked with yellow and white, respectively; (d) an IFFT image showing a zig-zag pattern of
atomic columns of Y, Ti, and Y+Ti; (e) the atomic overlay showing the cube-on-edge bulk OR; and, (f) a plausible 3D rendering of the embedded NO with labeled facets.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

to render the bubbles as simple blue circles (Fig. 5b) or spheres
(Fig. 7c). The plot in Fig. 5c shows the rough correlation between
bubble size and NO size for the particles analyzed in this HRSTEM
study (including those shown in Fig. 5). Only NOs with sizes ~2 to
~10nm with clearly visible bubbles were measured. The red trend
line has a positive slope of 0.85 indicating that larger NOs have
larger bubbles attached to them. On average, the bubbles reach
~75% of the NO sizes. These observations are important to the
general understanding and modeling of He management in NFAs.
The NO in Fig. 6 was selected for in-depth crystallographic
analysis. Fig. 6a is an unprocessed HRSTEM image viewed along
the <100>Fe and <110>YTO zone axis. A NO with size of
~6.5x~3.4nm is outlined yellow in Fig. 6b. The dark area at the
top of the NO is likely a ~2.2nm He bubble, above or below, the

NO attached to a corner facet (bubble attachment is discussed in
detail in conjunction with Fig. 7). Fig. 6¢c shows the FFT pattern
from the image in Fig. 6a. The YTO and Fe spots are labeled with
yellow and white, respectively. The FFT pattern clearly shows the
cube-on-edge bulk OR {100}Fe//{110}NO and <100>Fe//<100>NO,
also seen in reference [22].

Fig. 6d is an Inverse Fast Fourier Transform (IFFT) image cre-
ated by isolating all of the spots in the FFT in Fig. 6¢ for both the
pyrochlore and the ferrite. This procedure filters out large wave-
lengths and identifies the atomic columns in the image. A zig-zag
pattern is apparent in the NO, which is expected for the Fe-YTO
cube-on-edge bulk OR. The pattern is clearer near the center of the
NO, naturally becoming less visible near the thinner edges. Fig. 6e
is a CrystalMaker rendering of the atomic positions of the cube-
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Bubbles attached
at Y,Ti,0, corners

{110} Y,Ti,0, Zone Axis View

{100} Y,Ti,0, Zone Axis View

{111} Y,Ti,0, Zone Axis View

Fig. 7. (a-c) Unprocessed HRSTEM image, processed image, and processed image with outlines of a NO and two bubbles in yellow and blue, respectively; and (d-f) a 3D
rendering of the NO and bubbles as viewed through the {110}, {100}, and {111} YTO directions, respectively. (For interpretation of the references to colour in this figure

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

on-edge OR, overlaid onto the zig-zag NO column pattern. Fe, Y,
and Ti atoms are shown in yellow, green, and blue, respectively.
These results further confirm the presence of the YTO pyrochlore
structure.

A 3D reconstruction of a plausible embedded NO polyhe-
dral shape can be obtained by combining the particle outline
with the crystallographic orientation. The polyhedral shape shown
in Fig. 6f is labeled with the different facet surface orienta-
tions. The top and bottom NO facets have a rotated cube-on-
cube interface OR: {100}Fe//{100}JNO with <100>Fe//<110>NO.
Notably, this OR was observed in Fe thin film depositions on
{100} Y,Ti,O; single crystal substrates [45]. The facets labeled
“{100} Side Face” in Fig. 6f have the edge-on-cube interface
OR: {110}Fe//{100}NO with <100>Fe//<100>NO. The side inter-
faces labeled “{110} Edge” in Fig. 6f have the cube-on-edge OR:
{100}Fe//{110}]NO with <100>Fe//<100>NO. Finally, the diago-
nal ORs labeled “{111} Corner” are close to the edge-on-corner:
{110}Fe//{111}NO with <100>Fe//<110>NO. This OR is also found
in thin film Fe deposition on {111} Y,Ti, 05 single crystal substrates
[46]. However, as also seen in the FFT pattern in Fig. 6¢c, there is an
~8° angle between the {110}Fe and {111}YTO planes. The {100}YTO
facets have the largest interfaces areas, followed by the {110} and
{111} facets. This is also the case for most of the NOs observed in
this study. Thus, the {100} interfaces likely have the lowest inter-
face energies (see discussion section).

Fig. 7a shows an unprocessed HRSTEM image of a NO with
two He bubbles. Fig. 7b was obtained using Image] by smooth-
ing Fig. 7a twice and applying a maximum grayscale dilation fil-
ter which replaces each pixel with the largest value its neighbor-
hood. This technique was chosen over the conventional IFFT image
processing because it better outlines bubble locations and sizes.
Bubbles appear as darker features in STEM images that disrupt the
atomic column periodicity. The two disordered areas in Fig. 7b sug-
gest the presence of bubbles (marked with blue circles in Fig. 7c).

The faceted NO in Fig. 7c (outlined with yellow dashed lines)
is roughly ~3.5 x ~5.9nm, and has two bubbles with diameters
~2.6nm and ~1.3 nm. A plausible 3D rendering of the NO and bub-
bles is shown in Fig. 7d. A FFT analysis indicates that the NO has
the Y,Ti, 07 pyrochlore structure with the same bulk OR and inter-

faces as the NO shown in Fig. 6. Fig. 7c and Fig. 7d show that the
smaller bubble is attached to the {111} NO corner facet, while the
larger bubble is centered on the {111} NO facet, but has grown to
envelop the surrounding NO interfaces. Fig. 7e is the same 3D ren-
dering as Fig. 7d, but the NO and bubbles have been rotated by 45°
about the vertical axis. Fig. 7e is a visualization of the particle for
the <110>Fe and <100>YTO zone axis. Fig. 7f is again the same
3D rendering, but viewed for the <111>YTO zone axis. TEM imag-
ing only shows a 2D projection of the 3D particle, and the particle
shape can be discerned by its outline. Together, Figs. 7d, e and f
show how the same particle appears different depending on the
imaging orientation.

4. Discussion

In this study, a 14YWT NFA was annealed to coarsen the em-
bedded NOs, and subsequently implanted with 1 MeV He to form
bubbles. EBSD results show a wide variety of grain shapes with
sizes ranging from < 0.5um to > 30pum. The maximum implanta-
tion depth was ~ 1.5um, and similarly sized grains were selected
for TEM examination. All of the inspected NOs large enough for
FFT analysis (d > ~2 nm) showed the Y,Ti,O; pyrochlore structure.
This has been established as the dominant phase for the smallest
NOs in most NFAs [22,23]. The atomic-scale detail obtained us-
ing the TEAM I double-aberration corrected microscope allowed
a full 3D estimation of the NO particle shapes, as illustrated in
Figs. 6 and 7.

NO-matrix interface chemistries and energies (y ) are highly
dependent on the O partial pressure (Pgy) [37], which are not
well established. The likely thermodynamic bounds are Pg, lev-
els between in equilibrium Cr,03 and TiO,, which result in non-
stoichiometric Y-Ti rich interface terminations with semi-coherent
energies between =~ 0.2 - 0.8]/m? [37]. However, APT studies mea-
sured higher non-equilibrium levels of unreacted excess O (due
to internal oxidation kinetic limits and perhaps excess vacancies)
with matrix values in the range of ~ 0.1 at% or more [21]. In this
case the interface will be highly O enriched, with semi-coherent
energies < 0.8]/m? [37]. First principles models indicate that Fe
atoms usually match with the O atoms for both Fe-YTO [37] and
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Interface names, labels on polyhedral shown in Fig. 6, interfacial orientation relationships, facet surface areas on polyhedral, calculated interface misfit dislocation spacing,

near coincidence site lattice (NCSL) area, and relative interface energies.

Orientation
Relationship

Interface Name Label on Polyhedral

Surface Area
[nm?]

Dislocation
Spacing [nm]

NCSL [nm?]

Interface Energy

rotated cube-on-cube {100}Fe//{100}NO
<100>Fe//<110>NO
<110>Fe/[<100>NO
{110}Fe//{100}NO
<100>Fe//<100>NO
<110>Fe/[<110>NO
(100}Fe//{110}NO
<100>Fe[/<100>NO
<100>Fe/[<110>NO
{110}Fe//{111}NO
<100>Fe//<110>NO
<110>Fe//<112>NO

{100} Top
edge-on-cube {100} Side
cube-on-edge

{110} Edge

edge-on-corner {111} Corner

~14.0 Largest

~1.8 x ~1.8

~3.0 Largest

Smallest

~8.7 Medium

~5.9 Medium

~1.2 Smallest

~1.8 x ~1.8 ~3.0 Largest Medium

~14 x ~1.7 ~2.5 Medium Medium

~14 x ~1.2 ~1.7 Smallest Largest

Fe-Y,03 [47] interfaces. Such O-rich terminations may also be
partly responsible for significant segregation of Cr and Ti to the
NO interfaces [21,28]. A supersphere calculation by Ribis et al. indi-
cates primarily cube-on-cube interface energies of ~ 0.26J/m? [23],
while Barnard et al. found coarsening due to pipe diffusion to be
consistent with interface energies of ~ 1.2]J/m? [38].

Due to the YTO pyrochlore structure and many possible inter-
face chemistries, as well as the vastly different lattice constants
between YTO (10.1 A) and Fe (2.86 A), it is impossible to determine
how all of the matrix atoms bond with Y, Ti and O across the
interfaces based purely on geometrical considerations. Even in
the simplest cases, determining the complex nature of NO-matrix
interfaces requires accurate first principles atomic-scale modeling
such as those performed by Yang et al. [36,37,43]. The compu-
tational challenges to model all of the possible interface ORs are
enormous, and in some cases practically prohibitive.

In spite of these complexities, estimates of the comparative
of metal-oxide interface energies can be obtained by examining
the different facet sizes and crystallographic orientations ob-
served in the present study (Table 1). In a Wulff construction, the
anisotropic interface energy yp is plotted in the hkl crystallo-
graphic direction at an energy scaled distance of |yp| from the
crystal center [48-50]. The equilibrium crystal shape is defined as
the inner convex hull bounded by planes drawn perpendicular to
each point along the yp, surface. The equilibrium crystal shape
minimizes XApg Y ng Where Apy is the surface area of the plane
with energy of yp. Figs. 6 and 7 show that the {100} facets have
the largest surface areas, followed by the {110} edge facets, and
then the {111} corner facets. The {100} planes are closest to the
crystal geometrical center indicating a smaller y 1qq. Therefore, the
interface energies for the embedded particle are ranked as: y 19
< Y110 < Y111- This ranking is consistent with NO shapes seen in
other studies [22,23,25], but is not expected for free surfaces in fcc
systems where {100} and {111} facets are generally dominant [48].

All four ORs observed in this study were created using Crys-
talMaker to further gain insight into relative interface energy
magnitudes. Unstrained Fe and YTO surfaces were geometrically
matched and the resulting near coincident site lattices (NCSLs)
were compared. Top views are shown in Fig. 8, where the Fe-oxide
interfaces are perpendicular to the viewing direction. For the in-
terfaces with {100} YTO surfaces (Fig. 8a and b), the NCSLs exhibit
two-fold symmetry, which is expected for cubic systems. However,
the {110} and {111} YTO interfaces (Fig. 8c and 8c) exhibit rect-
angular NCSLs, thus the expected misfit dislocation spacing would
vary in different directions along the biphasic boundary. Large
NCSLs are indicative of large interfacial misfit dislocation spacings,
large facet sizes, and small interface energies [48,51-53]. Because
the atomic bonding across the Fe-YTO interface is not fully known,
it is difficult to estimate the misfit dislocation network for each

of the four ORs. All of the interfaces are semicoherent with misfit
strains of at least ~19%, calculated using the same methods as
detailed in our previous paper [39] and in reference [45]. The ob-
served NCSL sizes are reported in Table 1. The edge-on-corner OR
shown in Fig. 8d has the smallest NCSL, is the smallest observed
NO facet, and thus has the largest interface energy. The 1.2 nm?
{111} NO corner facet on the embedded NO observed in Fig. 6 is
too small to fully fit the 1.8 nm? NCSL, further suggesting a
corresponding high interface energy. The geometrical CrystalMaker
study yields similar trends in interface energy ranking (Y190 <
Y110 < ¥111) as obtained by comparing NO facet sizes.

Regarding interactions with He, nearly all of the observable NOs
in the HRTEM micrographs had nm-scale bubbles attached. The
larger NOs are associated with larger bubbles, and some of the
largest (>~ 6nm) NOs had multiple bubbles. On average, the bub-
ble sizes reach ~75% of the NO sizes, and almost always found on
{111} NO facets. The {111} YTO interface is likely a preferred nucle-
ation site due to the high interface energy, and the ~8° mismatch
between {111}YTO and {110}Fe planes, as shown in the atomic ren-
dering in Fig. 9. The figure was created in CrystalMaker by match-
ing perfect (un-strained) YTO and Fe lattices. Note that O atoms
were omitted for clarity, and to better match the top-right corner
of the embedded particle in Fig. 7c. The rendering in Fig. 9 shows
a gap at the corner interface, but the actual YTO-Fe bonding in
the NFA is likely complicated and presumably involves large strains
or dislocations. The corner interface (roughly eight {110} Fe planes
wide) with one misfit dislocation could accommodate the ~8°, but
it is difficult to experimentally observe individual misfit disloca-
tions on very small NO facets as most of the TEM signal comes
from the matrix atoms above and below the embedded particle.
The high-energy of this interface, along with the ~8° mismatch,
rationalizes why the corner facet is the smallest and why it is a
highly preferred He bubble nucleation site.

The observations in this study add to the growing general un-
derstanding regarding helium management in NFAs. An updated
sequence of events is as follows. He is first produced by neutron-
alpha transmutation reactions in the ferritic NFA matrix [14]. Being
practically insoluble, He atoms migrate to sinks that are dominated
by the YTO NOs. As shown by first-principles modeling, He enters
the relatively open pyrochlore YTO structure and is deeply trapped
at octahedral interstitial positions within the NOs themselves [37].
The He energy is similar at the interface, where diffusional cluster-
ing and bubble formation occurs. At very small sizes, the He en-
ergy is higher in the bubbles than in the NOs. However, classical
stochastic nucleation mechanisms produce bubbles up to a criti-
cal size, at which point the He energy decreases to a value below
that in the NOs, resulting in He draining into the interfacial bub-
bles. The bubbles preferentially nucleate at higher interface energy
YTO corner facets. Conceptually, the NOs act as a “helium storage
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tank” for filling bubbles, which further rationalizes the observation
that larger NOs are associated with larger bubbles. While the bub-

bles initially grow on the {111} facets, they eventually envelop the
neighboring NO facets (as shown in Fig. 7). For the implantation
conditions in this study (1 MeV He™", 700°C, 1.2 x 10'2 He/cm?/s,
4.5 x 1016 He/cm?) the bubbles grow to ~75% of the NO size.

5. Summary and conclusions

To further the understanding of helium behavior in NFAs, a
14YWT alloy was annealed to coarsen the NOs, followed by He
implantation to produce bubbles. HRSTEM characterization shows
two dominant Fe-Y,Ti,O; orientation relationships (cube-on-edge
and cube-on-cube). The smaller NOs are associated with smaller
bubbles, while some of the largest NOs (> 6nm) often have two
bubbles. Most bubbles nucleate at {111} NO facets. An updated
sequence of events for He trapping and bubble formation is pre-
sented. These observations establish a detailed understanding of
NO-associated bubble formation that enables efficient He man-
agement in NFAs, and also provide a fundamental foundation for
first principles modeling efforts. Future studies include additional
HRSTEM observations and TEM tomography to confirm the 3D
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NO shapes, and electron energy loss spectroscopy (EELS) measure-
ments to obtain the density of helium in bubbles.
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