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Abstract

FeCrAl alloys are an attractive class of materials for nuclear power applications because of their increased
environmental compatibility compared with more traditional nuclear materials. Preliminary studies into
the radiation tolerance of FeCrAl alloys under accelerated neutron testing between 300 and 400°C have
shown post-irradiation microstructures containing dislocation loops and a Cr-rich a' phase. Although
these initial studies established the post-irradiation microstructures, there was little to no focus on
understanding the influence of pre-irradiation microstructures on this response. In this study, a well-
annealed commercial FeCrAl alloy, Alkrothal 720, was neutron irradiated to 1.8 displacements per atom
(dpa) at 382°C and then the effect of random high-angle grain boundaries on the spatial distribution and
size of a(100) dislocation loops, a/2 (111) dislocation loops, and black dot damage was analyzed using
on-zone scanning transmission electron microscopy. Results showed a clear heterogeneous dislocation
loop formation with a/2 (111) dislocation loops showing an increased number density and size, black dot
damage showing a significant number density decrease, and a{100) dislocation loops exhibiting an
increased size in the vicinity of the grain boundary. These results suggest the importance of the pre-
irradiation microstructure and, specifically, defect sink density spacing to the radiation tolerance of
FeCrAl alloys.
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1. Introduction

FeCrAl alloys are currently under development as a potential replacement cladding solution for
zirconium-based alloys and could have other future uses in nuclear reactor applications [1]. The primary
driving force for the adoption of FeCrAl alloys as a nuclear material is their generally good environmental
compatibility, including high-temperature, chronic aqueous corrosion resistance and high-temperature
steam oxidation resistance [2—7]. These properties lend the material the ability to perform well under both
normal operation in a light water reactor (LWR) and an accident-based scenario such as a loss of coolant
accident.

The radiation tolerance of FeCrAl alloys is a key issue if they are to see deployment as a nuclear-
grade material. Preliminary investigations have focused on examining the compositional effect(s) on the
formation of radiation-induced defect structures, including dislocation loops and radiation-enhanced
precipitation of the embrittling Cr-rich o' phase [8—10]. Field et al. [8] have shown that both dislocation
loop and o' phase formation can lead to radiation hardening in FeCrAl alloys, but the o' phase ultimately
dominates the overall response at the dose and temperature studied. This led to further analysis by
Edmondson et al. [9] and Briggs et al. [10] of o' phase formation at high temperatures and in a neutron
radiation field. These works have revealed a chromium composition and damage dose effect on the
precipitation of the o' phase.

However, little work has gone toward understanding the role of initial microstructure in the
radiation tolerance of FeCrAl alloys. Of particular interest is the role of grain boundaries in the formation
of defect and precipitate structures during irradiation. Grain boundaries have been shown to be effective
defect sinks and sites for radiation-induced segregation (RIS) [11-17], precipitation-free zones [18,19],
void denuded zones [20—22], helium bubble—free zones [23,24], and dislocation loop—free zones [25-30]
in other material systems. Many of these observed effects can be linked to the defect-sink interactions at
grain boundaries and the diffusional processes controlling the defect mobility toward the grain boundaries
[31,32]. Furthermore, modification of the defect structures by the introduction of grain boundaries could

have more macroscopic implications, including altering the mechanical properties of the irradiated alloy.
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This work’s purpose is to assess the role of high-angle grain boundaries (HAGBs) in neutron
irradiation—induced defect formation in a commercial-grade FeCrAl alloy. Owing to the complexities in
observing the Cr-rich o' phase using diffraction-based electron microscopy [8], dislocation loop formation
was of primary interest in this work. Dislocation loop formation, as shown by Parish et al. [33], is readily
observable using on-zone scanning transmission electron microscopy (STEM) —based imaging.
Combining STEM-based imaging with image stitching techniques to create large fields-of-view (FOV; on
the order of several microns) can provide statistically significant observations of the role of grain
boundaries during sink-defect interactions in irradiated FeCrAl alloys. In this work, observations of the
dislocation loop microstructure at and near grain boundaries were performed on a commercial FeCrAl
alloy neutron-irradiated in the High Flux Isotope Reactor (HFIR) to 1.8 dpa at 382°C. Analysis of the
heterogeneous dislocation loop formations near HAGBs also includes understanding the differences in the
formation of dislocation loops with different Burgers vectors with respect to their spatial correlation to the
grain boundary.

2. Materials and Methods

Alkrothal 720, a commercially available FeCrAl alloy, was used for this study. The composition
was analyzed by inductively coupled plasma and combustion techniques and determined to be 12.95 wt %
Cr, 4.21 wt % Al, 0.034 wt % C, 0.3 wt % Si, 0.0015 wt % S, 0.0018 wt % O, 0.0074 wt % N, and 0.008
wt % P, with a balance of Fe. Specimens for neutron irradiation in the HFIR were prepared using wire
electric discharge machining to make sheet-type, dog bone—shaped SS-J2 specimens. Neutron irradiation
was carried out in the HFIR to a nominal neutron fluence of 2.0x10% n/m? (E > 0.1 MeV), resulting in a
nominal damage dose of 1.8 dpa and a dose rate of 8.1x10” dpa/s. Irradiation temperature was determined
using passive silicon carbide (SiC) thermometry and the standardized analysis approach/software
developed by Campbell et al [34]. The irradiation temperature was estimated at 381.9 = 5.4°C, where the

error is one standard deviation of the mean from three separate SiC thermometry samples. The irradiation
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capsule and hence irradiation conditions were the same as previous studies on model FeCrAl alloys with
varying compositions [8,10].

For this study, one half of a broken tensile head in the neutron-irradiated state was used for
electron microscopy. An as-received sample was produced in the same fashion from the original sheet
product used during the tensile specimen machining. Before the focused ion beam (FIB) preparation,
samples were mechanically polished using standard metallographic techniques. Electron-transparent thin
foils were prepared from these polished surfaces using standardized techniques on an FEI Quanta 3D 200i
FIB. All FIB-produced samples were cleaned using first a 5 kV low-energy rastered ion beam followed
by a final 2 kV rastered ion beam polish. This step was crucial to reducing or, in most cases, completely
eliminating any FIB-induced artifacts into the specimens.

A JEOL JEM-2100F field emission gun scanning transmission electron microscope ([S]TEM)
operating at 200 kV was used for imaging dislocation loops and line dislocations. All imaging was
performed using on-zone STEM imaging on the [100] zone axis by means of simultaneous bright field
(BF) and annular dark field (ADF) detectors. On-zone STEM imaging enables all expected dislocation
loop variants in neutron-irradiated iron-based body centered cubic (BCC) materials to be imaged in a
single micrograph, greatly increasing collection efficiency while minimizing contrast interpretations [33].
For more information regarding this technique, see references [8,33,35] and the references within them.
Determination of the loop type (i.e. vacancy or interstitial type) was not in the scope of this study.

Individual images were stitched together to provide both high-resolution images and a large
enough FOV to enable statistically relevant analysis. Typical FOVs were 1.3x0.8 pm with the long axis
orientated parallel to the grain boundary of interest. Care was taken during the stitching process to
minimize any artifacts in the final image which might affect quantifications. Initially, automated software
analysis of the stitched images based on Hough transform algorithms were used to determine the size and
shape of each observed defect and its location with regard to the grain boundaries. Unfortunately, these
algorithms were not robust enough to explicitly differentiate between edge-on a{100) loops, tilted
a/2(111) loops, and in-plane a{100) loops when the foils were imaged in the [100] orientation. Hence,
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all quantification presented in this study was performed using manual counting techniques. The “fit
ellipse” routine was used in ImagelJ [36,37] to record each defect’s spatial position (x and y), major and
minor axis (i.e. diameter), and angle of the major axis to the origin of the image. Dislocation loop size
was defined as the major axis of the fitted ellipse. Defect type, e.g. Burgers vector, was determined based
on the morphology maps provided by Yao et al. [38] for the [100] zone axis.

An explicit source of error based on the observation and analysis technique was in the definition
of the grain boundary position. To get grains orientated to the [100] zone axis, not all grain boundaries
were strictly orientated edge-on to the beam. Rather, it was decided to define the grain boundary location
as the center of the apparent grain boundary width. This definition limited variations in the peak zone
distance and width from grain boundary to grain boundary as presented later.

After the grain boundary location was defined, using the outputs from the ellipse fitting routine,
the data were input into a specialized set of algorithms to determine the quantitative information for the
dislocation loop populations. To compensate for artifacts in the number density based on foil thickness,
the areal density for each grain boundary was determined in 25 nm bins emanating perpendicularly from
the grain boundary. Those values were then plotted as functions of their respective foil thicknesses. The
slope of the areal density versus foil thickness was then used to develop an aggregate number density
without foil thickness artifacts. Hence, individual number densities as a function of distance for each
grain boundary are not presented here. More details on the application of this technique can be found
elsewhere [39—41].

The specimen thickness for each region of interest (ROI) near a grain boundary was determined
using energy-filtered transmission electron microscopy using a collection semi-angle of 6.36 mrad and
assuming a normalized atomic number based on the Fe, Cr, and Al content of the alloy. Thickness maps
(ts/A, where ¢, is the specimen thickness and A is the average inelastic scattering mean free path length-
calculated to be 117.3 nm) were used, as they provided an average thickness value for the large FOV
gained by the stitched STEM images. The reported error in the thickness measurement for each grain
boundary represents one standard deviation of the mean used in the FOV for quantification.
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Grain boundary structure was determined by indexing Kikuchi patterns generated using STEM of
each adjacent grain by way of a semi-automated software program developed for TEM-based Kikuchi
patterns [42]. The grain boundary misorientation angle and axis were determined from the rotation matrix
between the two adjacent grains. The misorientation angle and axis were then evaluated to determine
whether any low-X coincidence site lattice boundary criteria (¥<15) were met [43].

3. Results
3.1 Unirradiated microstructures

The as-received microstructure had a typical ferritic equiaxed grain structure (Figure 1a) with an
average grain size of 18.842.7 um, measured as per ASTM E112-13 procedures [44]. STEM-based
dislocation imaging revealed almost completely defect-free grains with minimal populations of line
dislocation segments (Figure 1b). Dislocation line density measurements were not performed, as the
density was too low to gain a statistically significant value. Limited numbers of phases, such as carbides
or oxides, were observed. Based on these observations, it was determined that the prominent defect sink
in the bulk samples was the grain boundary network in the sample, which is indicative of a well-annealed
specimen. Note, that this is in stark contrast to the previous study of model FeCrAl alloys, which had
pronounced dislocation networks in the as-received structure due to cold working [8].

3.2 Irradiated microstructures

The irradiated microstructure consisted of a high number density of resolvable dislocation loops
and smaller defect clusters. No cavities were observed in any specimen. No difference in the line
dislocation density was found between the unirradiated and irradiated cases. Note that small-angle
neutron scattering (SANS) indicated the presence of the Cr-rich o' phase. Owing to the bulk averaging of
the SANS technique, no details of the spatial distribution of the o' phase could be determined. Hence,
further information on the SANS results will not be presented in this work.

A total of six grain boundaries were analyzed for heterogeneous dislocation loop formation. The
basic information on the nature of these grain boundaries and their ROIs is summarized in Table 1. All
grain boundaries were indexed to be random HAGBs. Random HAGBs have been shown through RIS
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studies to obey the perfect sink criteria [12,15,45—48]; hence, it is anticipated that all grain boundaries
will have the same or very similar defect sink strengths and interactions. Figure 2a and 2b show
representative micrographs of the dislocation loop populations near one of these random HAGBs. The
dislocation loops and defect clusters were determined to be a{100) dislocation loops, a/2 (111)
dislocation loops, and black dot damage. The indexed loop types and their respective spatial distributions
and morphologies are shown in Figure 2c. Note that images in Figure 2 are a reduced FOV for graphical
simplicity; total FOV's were significantly larger at 1.1x10° nm* for each grain boundary.

Figure 3 shows the calculated number density and size for the three defect types observed as a
function of distance from the random HAGBs. Thickness effects were eliminated in the number density
quantification by using the areal density versus thickness plot, as outlined in the materials and methods
section. The quantification illustrated in Figure 3 indicates distinct trends in the heterogeneous formation
of dislocation loops and defects. Near the grain boundary (<100 nm), a/2 (111) dislocation loops were
the dominant feature, with a number density peaking at 9.7x10*' m™ approximately 40-60 nm from the
random HAGBs. The a/2 (111) dislocation loops were observed to be larger near the grain boundaries
than in the grain interior, i.e. 18.94+1.4 nm versus 8.01+0.5 nm, respectively. The number density of the
a/2 (111) dislocation loops rapidly decreased and then began to taper off with increasing distance from
the grain boundary, which generally matched the size changes as a function of distance from the grain
boundary.

It is interesting that the a(100) dislocation loops did not have such a pronounced change in
number density with increasing distance from the grain boundary (Figure 3b). A small peak is observed at
75—100 nm from the grain boundary, but the values tend to lie in the range of 2-3x10*' m regardless of
distance from the grain boundary. Given this, the size variation mirrored that of the a/2 (111) dislocation
loops as a function of distance from the grain boundaries, and the loops decreased in size with increasing
distance from the grain boundary. Note that as the sizes of the a/2 (111) or a{100) dislocation loops

reached 9—10 nm, the resolvable limit of the on-zone STEM—based imaging technique was met, resulting
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in a high proportion of defects being categorized as black dot damage. This artifact of the technique could
have artificially inflated the number density values for black dot damage in Figure 3b, but it was
unavoidable using this STEM-based technique.

In the grain interior, black dot damage was the most observed defect, but its number density
dropped drastically as the distance to the grain boundary approached <100 nm. Its size however remained
unchanged except directly adjacent to the grain boundary. Areal density—versus-thickness plots for the
black dot defects typically intercepted near the origin, indicating the observed defects were not FIB-
induced artifacts [39—41].

Summing all of the visible defects (dashed line in Figure 3b) shows a peak number density at
~120 nm from the grain boundary. This peak was primarily driven by the significant change (nearly an
order of magnitude increase) in the black dot damage number density. Peak defect density spacing from
the grain boundary has been measured in other materials and has been related to ~10X the areal defect
spacing [31]. Here, the average areal defect spacing was measured as 17.3+1.9 nm for the six
investigated grain boundaries, resulting in a peak density distance-to-defect spacing ratio of ~7.0, a value
lower than that reported for cavities in neutron-irradiated aluminum or nickel. Although not identical, the
value of this ratio seems reasonable, taking into account the different material systems, defect type(s), and
the fact that the defect spacing is a two-dimensional value derived from the projection of defects in a
three-dimensional distribution in the FIB foil specimen.

Size distributions of all defects also changed as a function of distance from the grain boundary.
Three regimes and their size distributions are shown in Figure 4. The three regimes selected are at the
grain boundary (d=0-80 nm), in the transitional size and number density regime (d=100-200 nm), and in
the grain interior (d>400 nm), where d is the distance from the grain boundary. Size distributions
followed a normal or gamma distribution regardless of distance from the grain boundary. For the grain
boundary regime, size distributions tended to be broad (Figure 4a). The a/2 (111) or a(100) dislocation
loops had nearly identical size distributions; hence the reported values and error shown in Figure 3a. The
transitional regime and grain interior regime (Figure 4b-c) exhibit reduced full widths at half maximum
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(FWHM) in the size distributions with increasing d, resulting in increasingly narrower size distributions.
At the grain interior (Figure 4c¢), all three defect types show nearly identical size distribution widths, with
only the a/2(111) or a(100) having a marginally higher peak size compared with the black dot damage.
4. Discussion

Neutron irradiation to 1.8 dpa at 382°C in commercial Alkrothal 720 FeCrAl induced a
microstructure consistent with other high-chromium (>9 wt %) FeCr and FeCrAl alloys irradiated at
similar doses and temperatures [38,49-54]. The microstructure consisted of a/2 (111) dislocation loops;
a(100) dislocation loops; black dot damage; and, although it is not discussed in detail here, the Cr-rich o'
phase. A lack of cavity-induced swelling, based on the observed lack of cavities in the microstructure,
was also consistent with the results for neutron-irradiated high-Cr FeCr and FeCrAl alloys irradiated to
similar conditions [8,55].

The most striking result, as shown qualitatively and quantitatively in Figure 2 and Figure 3,
respectively, is the stark change in the nucleation and growth of visible dislocation loops near HAGBs in
the irradiated commercial-grade FeCrAl alloy. Similar results have been reported by Sakaguchi et al. [28]
in a face-centered cubic (FCC) steel and Kaoumi et al. [29] in a ferritic BCC Fe-Cr steel in which loops
showed denuded zones near grain boundaries. As previously noted, cavities in a wide range of irradiated
metals have shown similar heterogeneous behaviors near grain boundaries [31]. Clearly, the planar sink
effect of a grain boundary on heterogeneous defect accumulation and growth does not appear highly
sensitive to the alloy and/or defect type. Given this, the variable magnitude of this effect in alloys with
increased defect densities does indicate sensitivity to the pre-irradiation microstructure [20].

It is difficult to determine whether the observed heterogeneous dislocation loop formation near
grain boundaries has any dose, temperature, and/or dose rate effect. As only one dose and temperature
condition was available at the time of this study, no direct effects of these variables on the observed
results can be determined. Some speculations can be offered by comparing these results with similar grain
boundary effects observed in other studies. For example, denuded zones of faulted loops were found to
decrease with increasing dose under elevated-temperature electron irradiation and neutron irradiation in
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FCC steels [27,28]. In either case, the widths of the denuded zones were minimized when doses
approached roughly 10 dpa. Temperature was also found to affect loop formation in the case of neutron-
irradiated molybdenum. Brimhall and Mastel showed that, with increasing temperature, the width of a
heterogeneous loop formation zone similar to the one described in this work increased [26]. The increased
width of the zone with increasing temperature was attributed to the increased mobility of defects within
the irradiated molybdenum specimens [26]. It is therefore probable that a dose, temperature, and/or dose
rate effect exists for the grain boundary effect in neutron-irradiated FeCrAl alloys; but further studies are
needed to determine the magnitude of the effect of these variables on the observed response.

The difference in the observed formation of a/2 (111) dislocation loops, a{100) dislocation
loops, and black dot damage adjacent to a random HAGB is of particular interest. This heterogeneous
formation could be attributed to the mobility of these defects under elevated-temperature irradiation. Yao
et al. [52] and Satoh et al. [56] showed, using in situ ion and electron irradiation, that a/2 (111)
dislocation loops are mobile in the vicinity of 400°C, whereas a{(100) dislocation loops are drastically
less mobile in a BCC matrix. Mobile loops produced in a region adjacent to a planar defect sink, such as a
random HAGB, have a higher probability of being trapped at the defect sink. This could be the primary
reason that black dot damage, which could be small a/2 (111) interstitial clusters/loops, has a decreased
number density adjacent to grain boundaries compared with the hypothetically less mobile a(100)
dislocation loops. A higher mobility for black dot damage, compared with the larger and hence more
stable a/2 (111) and a(100) dislocation loops, could be the driving factor for a wider and more severe
defect loss at the random HAGBs for black dots. Additionally, the absorption of point defects and small
mobile defect clusters near the grain boundaries could suppress defect clustering directly adjacent to the
grain boundaries, leading to decreased loop nucleation in those regions.

The increased loop sizes for both a/2 (111) dislocation loops and a{100) dislocation loops in the
vicinities of grain boundaries indicates that grain boundaries affect not only the nucleation and absorption

of visible defects but also their subsequent growth. The broad size distributions for the near—grain

Page 11



boundary region (d=0-80 nm) shown in Figure 4a indicate continuous growth within this region. In
general, the growth of a loop can be attributed to several different phenomena, including the diffusion and
absorption of point defects and small defect clusters, cascade overlap, and/or coalescence of loops [29].

Cascade overlap is least inclined to promote spatially dependent growth near the grain boundary,
as cascade overlap related dislocation loop growth likely has limited impact at the elevated temperature
examined here (382°C) and would be relatively insensitive to the local microstructure. Loop coalescence
also has limited significance, as the largest loops are observed at ~25—50 nm from the grain boundary, but
the peak defect density is 3—4 X farther away than that observed distance (Figure 3). The decreased defect
spacing in the peak density region would mean an increased cross-section for coalescence leading to
enhanced growth, an observation not seen here.

It is most probable that the attractive force of the grain boundary for small, mobile defect clusters
and the RIS of impurity atoms to the HAGB reduced the saturation of pinning defects and impurities in
the region directly adjacent to the grain boundary. This under-saturation of defects and impurities
promoted the diffusion of point defects in the vicinity of the grain boundary regime, resulting in an
increased flux of defects to less mobile, larger loops, hence causing increased loop growth near the
random HAGBs. Similarly, non—spatially dependent loop growth mechanisms have been proposed based
on molecular dynamics simulations in iron in which large a{100) dislocation loops continued to grow by
biased absorption of a/2 (111) defect clusters [57]. Furthermore, increased interstitial mobility over
vacancies and the biased sink of the grain boundaries would suggest the larger loops are interstitial in
nature. Although dislocation loop nature was not investigated in this study, interstitial-type loops were
identified as larger loops in the peak zone region of molybdenum after neutron irradiation at similar
homologous temperatures [26].

An engineering-scale use for these findings is that the dislocation loop sizes and number densities
for a given irradiation dose and temperature in irradiated FeCrAl alloys could potentially be tailored by
controlling the defect density spacing of pre-irradiation defects, such as line dislocations, and the level of
impurities in the base alloy. For example, cold working a material to a point at which the subgrain or
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dislocation network size approaches one to two times the visible defect spacing (~120-240 nm) could
lead to significantly higher bulk dislocation loop sizes and number densities. Furthermore, the ratio of
a/2(111) or a(100) loops could be manipulated using this technique. This effect is represented in
Figure 5, which compares the size and number density of dislocation loops from near-HAGB and in-grain
regions in this study with the bulk size and number density of dislocation loops in a cold-worked model
Fel2CrAl alloy irradiated to the same conditions [8]. The Fel2CrAl model represents a low-impurity
FeCrAl alloy with grain sizes on the order of 20-30 um, dislocation line density of 1.5+ 0.7x10" m ™,
and a dislocation wall spacing below 300 nm in the unirradiated state [8,58].

Figure 5 shows similar average loop sizes for the cold-worked model Fe12CrAl alloy and the
near—grain boundary Alkrothal 720, indicating the high sink density in the model alloy leads to larger
loops than are found in low-defect density microstructures, such as that of the in-grain well-annealed
alloy studied here. Furthermore, the dominance of a/2 (111) over a{100) loops is the same between both
alloys where strong sinks were present; in regions with large defect density spacing, such as the in-grain
Alkrothal 720 material studied here, a{100) dislocation loops were found to be dominant. The higher
number densities of defects in the Alkrothal 720 alloy than in the model Fe12CrAl alloy could be
attributed to the higher impurity concentrations in the commercial-grade alloy; these act as trapping
centers, leading to lower defect mobility under irradiation, and hence higher nucleation rates. Similar
impurity effects were attributed to changes in the growth and number density of dislocation loops in Fe-
9Cr and Fe-18Cr model alloys with varying levels of C, O, N, P, and Si impurities [59].

5. Conclusions

A commercial FeCrAl alloy with a nominal composition of 12.95 wt % Cr and 4.21 wt % Al was
irradiated in the HFIR and then analyzed using on-zone STEM techniques to determine the role of
HAGBsS in dislocation loop formation during irradiation. Results showed a clear grain boundary effect
with variations in the a/2 (111) dislocation loops, a{100) dislocation loops, and black dot damage

number densities and sizes as a function of distance from the grain boundary. This heterogeneous
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formation on dislocation loops based on a grain boundary effect was attributed to the mobility of the
defects under irradiation and the attractive forces and sink strengths of HAGBs within the low-sink-
density microstructure. A comparison of the results of this study to the results of research on heavily
deformed FeCrAl microstructures was presented; differences were attributed to both the observed grain
boundary effect and the levels of impurities in the different alloys. Based on previously published [8] and
the currently presented results and discussion, it can be concluded that not only the composition but also
the pre-irradiation microstructure must be optimized to develop radiation-tolerant, nuclear-grade FeCrAl
alloys.
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Tables

Table 1: Summary of grain boundaries that were analyzed for heterogeneous formation of

dislocation loops after neutron irradiation.

Property

Boundary Specimen Number
ID Mis. angle(®)/axis | GB-type | Thickness Defects
(nm) Counted

1 39.3 [322] RHAGB | 87.1+6.4 1833

2 52.2 [302] RHAGB 74.5+52 1609

3 36.0 [102] RHAGB 81.9+8.1 1179

4 34.5 [214] RHAGB 63.7+4.1 1023

5 46.8 [103] RHAGB 73.7+£6.9 1177

6 40.8 [013] RHAGB 96.3+7.8 1569

RHAGB = random high-angle grain boundary.
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Figures

Figure 1: As-received microstructure of the Alkrothal 720 FeCrAl alloy. (a) Optical micrograph
showing the ferritic grain structure, (b) BF-STEM image showing minimal line dislocation
networking (black contrast).
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Figure 2: Dislocation loop distribution as a function of distance from the grain boundary (band on
left in images) after neutron irradiation to 1.8 dpa at 382°C from grain boundary 2 in Table 1. (a)
BF-STEM image, (b) ADF-STEM image, (c) indexed loop map showing different loop types: black
circles are black dot damage, red ellipses are a/2 (111) loops, blue circles are in-plane a(100)
loops, and blue ellipses are edge-on a(100) loops. Thickness of sample is 74.5+5.2 nm.
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Figure 3: Size and number density of observed defects after neutron irradiation to 1.8 dpa at 382°C
as a function of distance from the grain boundary based on aggregate values from all grain
boundaries. Error bars in (a) denote one standard deviation of the mean of all grain boundaries;
error bars in (b) are generated from the standard error of the linear regression to compensate for
foil thickness variations.
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Figure 4: Size distributions of black dot damage, a(100), and a/2 (111) after neutron irradiation

to 1.8 dpa at 382°C from grain boundary 3 in Table 1 where “d” in the figures denotes the range of

distance from the grain boundary: (a) the near—grain boundary region, (b) the transitional region,
(c) the grain interior region.
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Figure 5: Comparison of size and number densities of imaged defects after neutron irradiation to

1.8 dpa at 382°C in a cold-worked model Fel2CrAl alloy from Field et al. [8] with the defects
observed in this study near the HAGBs and from the grain interior.
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