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Abstract

Helium bubble formation was examined by scanning/transmission electron microscopy (S/TEM)
in Fe-9/10Cr binary alloys and two dispersion strengthened nanostructured alloys (CNA3 and
14YWT) after ex-situ and in-situ He implantation to ~10,000 appm at 500 to 900 °C. The
combination of high-resolution STEM images and electron energy loss spectroscopy (EELS)
revealed that the Y-Ti-O nanoclusters in 14YWT were distributed the most uniform and
exhibited a one-to-one relationship for bubble attachment to the nanoclusters. In the in-situ
experiment at 900 °C, grain boundary cracking was severe in the Fe-10Cr model alloy, but not in
the nanostructured alloys. From 500-900 °C, the bubble size generally increased with increasing
irradiation temperature, while the bubble density decreased with increasing temperature. At the
same temperatures, the cavity size in the implanted materials was in the order of Fe-9/10Cr >
CNA3 > 14YWT, while the cavity density showed the opposite order. The observed bubble
number densities for the nanostructured alloys are comparable to the nanoparticle density,
suggesting that the nanoparticles in both alloys were effective in trapping He. Our results
indicate that very high He concentrations can be managed in nanostructured alloys by
sequestering the helium into smaller bubbles (which leads to a lower volume swelling value) and
to shield He from the grain boundaries. This can be attributed to the much higher sink strength
associated with the nanoclusters or the He trapping ability between different types of

nanoclusters.
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Graphic abstract

1 Introduction

Structural materials in nuclear fission and fusion reactors have to withstand high
temperature, neutron irradiation damage, and helium generated by (n,o)) transmutation reactions.
The synergistic effect of He along with radiation damage can cause unwanted degradation of the
mechanical performance of structural materials and impact the safety of nuclear reactors [1, 2].
Helium in irradiated materials can cause low-temperature hardening [3], cavity swelling [4, 5],
and high-temperature grain boundary embrittlement [6]; they ultimately determine the operating
temperature and dose limits for most materials. It has been proposed that these effects could be
mitigated by increasing the number of He trapping sites to control the bubble size or to shield He
from the grain boundaries [7, 8]. The trapping sites for radiation-induced vacancies, interstitials,
and He atoms are so-called sink strength. This concept has led to the development of
nanostructured ferritic alloys (NFAs) [8], with engineered high-sink-strength microstructures,
such as castable nanostructured alloys (CNAs) [9] or Oxide dispersion-strengthened (ODS)
steels [10-12]. Several studies have shown that nano-scale dispersoids, that are stable under
prolonged high temperature neutron service, can enhance mechanical properties, improve the
radiation resistance of the material, and sequester large amounts of helium into small bubbles
based on the concept of high sink strength [13-18]. However, there is still a lack of systematic
irradiation data showing how the density of nanoparticles and their He trapping ability (binding
energy) in advanced ferritic alloys affect the helium bubble density and size at elevated

temperatures.



By a pressure effect, helium stabilizes cavity formation at different formation sites (e.g.
grain matrices, dislocations, precipitate interfaces, and grain boundaries) [8]. Here, a cavity is a
vacancy cluster that may or may not contain gas impurities, while a He bubble is a pressurized
cavity that contains helium. Prior studies [5, 19, 20] have shown that when the He concentration
is low, the cavity swelling initially increases with increasing He concentration. Conversely, at
very high He concentrations, the cavity swelling decreases with increasing He concentration. As
for the effect of temperature, in general, the bubble formation at a lower temperature is diffusion
controlled, while at higher temperatures it is generally dominated by the thermal dissociation rate
of vacancies from helium-filled cavities [21]. Besides, prior studies have shown that hot-
implanted and cold-implanted helium (followed by annealing process) would result in a different
bubble density [19, 21]. In general, hot-implanted helium experiments are more favorable to

simulate the transmutant He in reactor irradiation conditions.

As a reference for studying fundamental radiation damage mechanisms in advanced
ferritic/martensitic (F/M) alloys, several Fe-Cr model alloy investigations have been conducted
to understand helium effects [22-25]. In general, the cavity size increases and the density
decreases with increasing irradiation temperature (cavity coarsening) [24]. At higher irradiation
temperatures (>550 °C), the formation of non-spherical faceted cavities was often observed [23,
24]. Yan et al. reported a spatial distribution change (from homogeneous to heterogeneous) of
bubbles in He irradiated Fe-9Cr (wt%) alloys at elevated temperatures [24]. Their result showed
heterogeneous nucleation of bubbles at dislocations at temperatures above 700 °C, and distinct
activation energies for helium at different temperatures. For the Cr solution effect, a study
comparing Fe-9Cr to pure Fe by Ono et al. [22] suggested lower bubble mobility in He

implanted Fe-9Cr, which could be caused by Cr segregation on the bubble surface.



Although the formation of He bubbles in binary Fe-Cr alloys have been widely studied,
and advanced manufacturing techniques are enabling fabrication of high-performance structural
alloys with finely-dispersed nanoclusters to achieve high sink strengths, relatively fewer studies
of the effects of the nanoparticles on the formation of helium bubbles have been published.
Therefore, the objective of this research is to study the bubble size and density in two advanced
nanostructured F/M alloys (CNA3 and 14YWT) with different precipitate features and different
initial dispersoid sink strengths. Coordinated ex-situ bulk material irradiation experiments with
post-irradiation examinations and in-situ ion irradiation on transmission electron microscopy
(TEM) samples were conducted to provide a better understanding of the formation of He bubbles
in nanostructured Fe-Cr alloys. In this study, cavity formation in high purity Fe-9/10Cr, CNA3,
and 14YWT materials with ex-situ and in-situ He implantation (to ~10,000 appm at 500 to
900°C) was examined by TEM. In addition, the 600°C in-situ irradiated samples were annealed

to 900 °C to compare with the 900°C directly hot implanted experiments.

2 Experimental

2.1 Materials

14YWT-SM10 and CNA3 advanced F/M steels, and model Fe-9/10Cr (wt%) alloys were
used in this study. The TEM images and typical compositions of the as-received materials are
given in Fig. A.1 and Table A.1, respectively. The castable nanostructured alloys (CNAs) with
fine MX-type (M=Ti/Ta/V, X=C/N) nanoparticles and coarse M,;Cq particles were developed at
Oak Ridge National Laboratory (ORNL) [9]. The fine particle density and average diameter in

the CNA3 alloy were around 10%!-10?2 m and 3-20 nm, respectively. On the other hand, the



coarse M,3;Cg particles have an average diameter greater than ~70 nm, with a lower density on
the order of 10'8-10'"> m3. The prior-austenite grain size was near 10-60 um. The dislocation
density of the as-fabricated CNA3 alloy was ~3x10'* m=2. The 14YWT alloy is an ODS alloy
[12]. The SM10 heat of 14YWT demonstrated a uniquely fine and uniform microstructure of
nanograin structure (grain size ~0.2 um) and high density (~10?* m) of Y-Ti-O nanoparticles
(diameter about 2-3 nm). Other particles, such as Y,Ti,07, TiN, or TiC, with a relatively larger
size of 5-30 nm were also observed in 14YWT. The dislocation density of the as-fabricated
14YWT alloy was ~2x10'* m2. Fe-10Cr had very low impurities, whereas Fe-9Cr included 0.1-
0.6 wt% of Mn, Mo, Si, V, and W. Both binary alloys were heat-treated to reduce dislocation
density. The average grain size of the Fe-9Cr and Fe-10Cr alloys are ~0.6 and 82 um,
respectively. The fabrication process of the Fe-9/10Cr model alloys are described elsewhere [24,

26].

2.2 Ex-situ He-implantation in bulk materials

The 275 keV He implantation experiments on the Fe-10Cr model alloy and the NFAs
(CNA3 and 14YWT) were carried out at 500 and 700 °C with the High Voltage Engineering
Europe (HVEE) implanter at National Tsing Hua University in Taiwan. Bulk materials were cut
into 2 mmx 2 mm square specimens by a low-speed diamond saw. After cutting, the bar
specimens were mechanically polished using sandpaper up to 2000 grit and polishing fluids with
particles down to 0.01 um. The final thickness of the square samples was about 0.5 pm. Fig. 1a
shows the overall holder and sample arrangement. The 2 mmx2 mm samples were attached on a

3 mmx15 mm Fe strip with silver paste. The strips were then placed into a groove on a



Molybdenum holder. Quartz plates were placed on the periphery of the target holder (next to the
Fe alloy specimens) to confirm the ion beam profile and position. Also, thermocouple wires were
welded on the samples to measure the temperature during irradiation. The fluence and peak
helium concentration were 1.28x10?°m and ~8,000 appm, respectively. Fig. 1b shows the depth
profile of the He concentration calculated by the Stopping and Range of Ions in Matter (SRIM-
2013) program using the “quick calculation” vacancy.text files with displacement energy, E=40
eV for Fe target. The peak He production rate at depth 0.6 pm was 2.4 appm He/sec. In addition,
the dose and dose rate at depth 0.6 um was 0.3 dpa and 2.8x10- dpa/s, respectively. The
irradiated samples were prepared for TEM and STEM analysis using a focused ion beam (FIB)

in a cross beam Zeiss Auriga FIB/SEM. A gallium FIB beam probe at 2 keV was used for the

final polishing to minimize FIB beam damage.
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Fig. 1. (a) Sample loading and arrangement for the bulk material ex-situ irradiation; (b) SRIM
simulation for 275 keV He ions in Fe target (E4=40 eV) with a total fluence of 1.28x10%° m2.



2.3 In-situ He-implantation in thin foil materials

For the in-situ study, the samples were cut into 3-mm disks for transmission electron
microscopy (TEM) via wire electrical discharge machining (EDM) and mechanically thinned
from both sides to ~150 um thick before electropolishing. The thinned disks were then
electrochemically polished in a Struers Tenupol 5 electropolisher using a mixed solution of 5
vol% perchloric acid and 95 vol% methanol at -40 °C under an applied voltage of 23-27 V.
Following perforation, rinsing was performed in methanol for two minutes. After twin-jet
electropolishing, the electron-transparent region near the perforated hole of the wedge-shaped

TEM samples was investigated.

The TEM thin foils of Fe-10Cr, CNA3, and 14YWT materials were irradiated with 10
keV single He ion beam, with a 15° incident angle, at 600 and 900 °C. The thin TEM foils were
irradiated at the Intermediate-Voltage Electron Microscopy (IVEM)-Tandem facility in Argonne
National Laboratory (ANL) (Fig. 2a). As shown in Fig. 2b, with a total fluence near 6.82x10"°
m2, based on the SRIM-2013 calculation (also by “QC-vacancy.txt” method and E4=40 eV), the
peak radiation damage and He concentration at depth 60 nm were roughly 0.3 dpa and 12,000
appm, respectively. For the 600°C in-situ irradiated samples, when the peak dose reached 12,000
appm, we stopped the implantation and subsequently performed post-irradiation annealing to 900
°C. The annealing results were used to compare with the 900°C directly-hot-implanted
experiments. Table 1. summarizes the irradiation condition of both the ex-situ bulk material and

in-situ thin foil studies.
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Fig. 2. (a) Schematic diagram of the in-situ irradiation experiment; (b) SRIM simulation for 10

keV He ions in Fe target (Eq=40 eV) with total fluence of 6.82x10'° m?

Table 1. Conditions of helium implantations.

He appm

Peak He
Sample Ion _ Temperature Fluence ‘ Irradiation
Material concentration
type Species °O) (m2) time (sec)
(appm)
Fe-10Cr
Thin 10 keV 600
CNA3 6.82x10" ~12,000 ~900
foil He 900
14YWT
Fe-9Cr
275 keV 500
Bulk CNA3 1.28x10%0 ~8,000 ~3,000
He 700
14YWT




2.4 TEM characterization

Microstructure examination was performed using a 300 kV Hitachi 9000 NAR TEM, a
ZEISS Libra 200HT FE MC TEM, and a 200 kV Cs-corrected JEOL JEM-ARM200F S/TEM.
The thickness of the sample was evaluated from low-loss EELS spectra (Zero-loss and Plasmon-
loss) using the log-ratio method. [27]. We performed thickness mapping (Figs. A.2-4) of the FIB
and electropolished samples to quantify the thickness of the TEM investigated areas. The number
density and volume fraction [26] of bubbles were obtained from TEM under- and over-focused
images (Fig. A.5). TEM magnifications of 100 or 200 kx were used for measuring the bubble
sizes. Analysis of the STEM-EELS data was performed using Gatan GMS software. The
morphologies of various types of nano-particle were demonstrated by elemental maps acquired
by STEM-EELS. The STEM-EELS and STEM-imaging conditions are provided in the
supplemental file. The error bars in the figures considered the statistical counting errors and

EELS thickness measurement errors (assumed £ 20%) using general error propagation methods.

3 Results

3.1 Bubble formation of in-situ He-implanted Fe-10Cr alloy and NFAs

We performed in-situ helium implantation on TEM samples of high purity Fe-10Cr alloy
and two nanostructured alloys (14YWT and CNA3) utilizing the IVEM facility at Argonne
National Laboratory. As shown in Fig 3, He bubbles were observed in all of the He-irradiated
materials at 600 and 900 °C. The bubbles are visible in the matrix and also at the grain
boundaries. For the Fe-10Cr model alloy, the mean matrix bubble diameter significantly

increased from 2.8 nm to 14.4 nm with elevated temperature. Conversely, the matrix bubble
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density decreased from 6.3x10%2 to 2.5%10%! m-3 at 600 and 900 °C, respectively. At the same
temperature range, in CNA3, the average bubble diameter increased from 3.3 to 5.7 nm, and the
density slightly decreased from 2.9x10%2 to 1.5x10%2 m-3 with increasing temperature. The
variation of bubble size and density with irradiation temperature was more moderate for the
14YWT alloy. The average bubble diameter slightly increased from 1.8 to 2.1 nm between 600
and 900°C. However, at both 600 and 900 °C, the bubble density of 14YWT remained almost
constant around 2x10?* m=3. In general, the average bubble size in the matrix was in the order of

Fe-10Cr > CNA3 >14YWT, while the cavity density showed exactly the opposite sequencing.

Fig. 3. Under-focused TEM images of bubbles in in-situ He implanted Fe-10Cr and NFA thin

foils at 600 °C (a-c) and 900 °C (d-f).
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Fig. 4 provides TEM images of the cavities in the He-implanted samples annealed at 750
and 900°C. These samples were irradiated at 600 °C (for ~15 min) and then annealed at 750°C
(for ~15 min) and 900 °C (for ~15 min). The temperature was reduced to below 150°C during
the interval between irradiation and annealing. Similar to the hot-implanted results, bubbles were
visible in both grain matrices and grain boundaries. Also, the bubble size gradually increased
from 600 to 900°C. Comparing the 900°C annealing results with the 900°C directly hot
implanted experiments, the bubble size was only slightly larger in the annealed 14YWT and
CNA3 samples, while the average bubble diameter of Fe-10Cr was 6 nm for the 900°C annealed
case compared to 14.4 nm observed in the 900°C directly implanted sample. On the other hand,
the density decreased relatively less than the directly hot implanted experiments for all of the
three materials. The bubble density remained constant for the annealed 14YWT alloys. At
600°C, it is worth noting that the visible bubble density of CNA3 was lower than the Fe-10Cr
alloy (Figs. 3a and 3b). However, the bubble density in CNA3 abnormally went up when
annealed at 750 °C (comparing Fig. 3b to Fig. 4b). It is considered likely that a portion of small
cavities (diameter below 2nm) in the CNA3 alloy, irradiated at 600 °C, may not be detected and

counted by the Fresnel contrast imaging technique.
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Fig. 4. Under-focused TEM images of bubbles in post-irradiation annealed Fe-10Cr and NFA

thin foils at 750 °C (a-c) and 900 °C (d-f).

Fig. 5 summarizes the average size and density of the He bubbles in the Fe-Cr grain
matrix. The dense-filled bars represent the directly hot-implanted experiments, and the sparse-
filled bars are the 600°C implanted specimen followed by sequential annealing at 750 and
900°C. The annealed time and direct implantation both took ~15 minutes at each temperature.
From 600 to 900°C, the general trend showed that bubble size increased and the density
decreased in Fe-10Cr and CNA3. However, the visible bubble size and density for [4YWT
remained constant within the listed error bars. The changes were most pronounced for Fe-10Cr

and relatively moderate for the two alloys with nanoparticles.
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Fig. 5. Comparison of the (a) average size and (b) density of bubbles in the in-situ irradiated Fe-

10Cr and NFA thin foils at 600-900 °C.

3.2 Bubble formation of ex-situ He-implanted bulk Fe-9Cr alloy and NFAs

For the study on bulk irradiated materials, 275 keV He ions were used to irradiate a Fe-
9Cr alloy and the two nanostructured alloys (14YWT and CNA3) at 500 and 700°C with a
fluence of 1.28 x 10?° m2. Based on the SRIM calculation, the peak radiation damage (at ~700
nm) and He concentration were roughly 0.3 dpa and 8000 appm, respectively. Figs. 6 and 7 show
the cavity distribution of the three materials following He implantation at 500 and 700°C in
cross-sectional TEM images. Cavities are visible in the He-implanted region for all of the six ex-
situ irradiated samples. The peak damage depth at ~700 nm is indicated in red dashed lines in
both Figs. 6 and 7. Most of the cavities were distributed in the range of 500-800 nm from the
implanted surface. However, for the 700°C He-implanted Fe-9Cr model alloy (i.e., without the

addition of nanoparticles), bubbles were agglomerated along the primitive dislocations/grain-
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boundaries showing a heterogeneous distribution. This is evidence that He bubble precipitation
can be more heterogeneous at high temperatures, due to higher mobility of small He-vacancy

clusters compared with lower temperatures (discussed in detail elsewhere [24]).
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Fig. 6. Cross-sectional defocused TEM images of the bubble distribution in He-implanted bulk

500

Fe-9Cr and NFAs at 500°C

15



Depth (nm) 700 °C

200

300

400

500

600

700

800

Fig. 7. Cross-sectional defocused TEM images of the bubble distribution in He-implanted bulk

Fe-9Cr and NFAs at 700°C

To quantify the bubble size and density, higher magnification TEM images of all the

samples were taken near the depth of 700 nm, as shown in Fig. 8. TEM examinations showed

16



that the size of the bubbles increased with increasing irradiation temperature, while the bubble
density decreased with increasing temperature. The bubble size and density measurement results
are plotted in Fig. 9. At both 500 and 700°C, Fe-9Cr (without nanoparticles) had the largest
average diameter (3.7 and 8.8 nm, respectively) and the lowest density (1.0x10%3 m-3 and
2.0x10%2 m3, respectively). In accordance with the in-situ results, the bubble size of the
irradiated bulk samples was also in the order of Fe-9Cr > CNA3 >14YWT, and the density had
the opposite sequencing. Considering the temperature effect, the size increment and density
decrement also have the same order, i.e. for a given implanted material the smallest size and
largest density occurred at the lower temperature. Looking at the two materials with the lowest
and highest nanostructure density, with increasing temperature (from 500 to 700 °C) the cavity
sizes in Fe-9Cr and 14YWT increased by a factor of 2.35 and 1.01, respectively. Regarding the
density dependence on temperature, Fe-9Cr and 14YWT decreased by a factor of 5.33 and 1.37,

respectively.
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Fig. 8. Under-focused TEM images of bubbles in He implanted bulk Fe-9Cr and NFAs at 500

and 700 °C
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Fig. 9. Comparison of the (a) average size and (b) density of bubbles in bulk Fe-9Cr and NFAs at

500 and 700 °C.

3.3 STEM and EELS characterization on bubbles attached to nanoparticles

Previous APT and TEM results showed that the nanoparticle density of 14YWT [12] and
CNA3 [9] alloys were around 10%3-10%*and 102!-10?> m3, respectively. These nanoparticle
densities are consistent with our EELS elemental mapping results (Figs. 10-13). The cavity
appears dark in the STEM annular dark-field (ADF) images, which is opposite to the TEM
bright-field images. As shown in our EELS results, the nanoclusters in 14YWT were mainly Y-
Ti-O nanoclusters (Fig. 10), whereas coarse Ti-N particles were also observed (Fig. 11). Cr
segregation was observed on the bubble surface in 14YWT, but not in CNA3. Note that the
schematic diagram (in Figs. 10-13) of nano-particles and cavities are produced from projected

images. The exact 3D position of the nano-particles and cavities is undetermined.
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Fig. 10. (a) STEM-EELS elemental mapping of ex-situ He implanted 14YWT at 700 °C. (b)

Schematic diagram of Y-Ti-O nano-particles and cavities based on Fig. 10a.
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Fig. 11. (a) STEM-EELS elemental mapping of ex-situ He implanted 14YWT at 700 °C. (b)

Schematic diagram of Ti-N nano-particles and cavities based on Fig. 11a.

The MX precipitates (M=Ti, W, V, Ta; X=C, N) were observed in the EELS result of
CNA3 (Figs. 12 and 13). In Figs. 12 and 13, the elemental mapping of W, V, and Ta have the
same site distribution as Ti. Our EELS elemental mapping results are qualitatively consistent
with other atom probe tomography (APT) results of CNA3 with primarily (Ti, W, V, Ta)C
particles. However, we also observed that a few of the domains were lack of MX particles. Fig
12 shows a lonesome particle overlapped with possible oxides. Other studies indicated that
inclusions (oxygen- and/or nitrogen-rich) in the CNA3 materials may affect the distribution of

MX particles.
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Fig. 12. (a) STEM-EELS elemental mapping of ex-situ He implanted CNA3 at 700 °C (W, V,
Ta have the same site distribution as Ti). (b) Schematic diagram of a (T1, W, V, Ta)C

nanoparticle, oxides, and cavities based on Fig. 12a.
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Fig. 13. (a) STEM-EELS elemental mapping of ex-situ He implanted CNA3 at 700 °C (W, V, Ta
have the same site distribution as Ti1). (b) Schematic diagram of (Ti, W, V, Ta)C nano-particles,

dislocations, and cavities based on Fig. 13a.

The four types of investigated nanoparticles all showed good capability for trapping He
bubbles. Among our EELS results, the Y-Ti-O nanoclusters in 14YWT have the most uniform
distribution and exhibited a one-to-one relationship for bubble attachment to the Y-Ti-O
nanoclusters. The (Ti, W, V, Ta)C dispersoids in CNA3 attached ~3-10 small He bubbles to a
single particle. In the CNA3 sample irradiated at 700°C, some bubbles were observed to be
trapped not by nanoparticles but by network dislocations (Fig. 13). The same phenomenon is
clearly revealed by STEM images in the same CNA3 irradiated sample (Fig. 14), where bubbles

appeared at the nodes of dislocation networks.
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Fig. 14. STEM images of cavities in ex-situ He implanted CNA3 alloy at 700 °C, showing

preferential location of cavities on intersecting dislocations: (a) STEM-BF, (b) STEM-LAADF,

and (c) STEM-HAADF

The difference between the low-angle annular dark-field (LAADF) and the high-angle
annular dark-field (HAADF) images is the collection angle of the detector [28-30]. LAADF
images would still show diffraction contrast or difference of specimen thickness dependence due
to the partial collection of Rutherford scattering (elastic) signal which dominates at lower angles.
HAADF images collect thermal diffuse scattering (quasi-elastically) signals and are more

sensitive to the atomic number.

4 Discussion

4.1 Overall bubble behavior

In Fig. 15, for both ex-situ and in-situ experiments, with increasing temperature from 500

to 900°C, the general trend showed that bubble size increased and the density decreased for the
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three alloys, as expected based on simple cavity coarsening expectations. The 14YWT alloy
appears to sequester the helium into smaller bubbles more effectively, and has the highest bubble
density among the three investigated alloys at all temperatures. The CNA3 alloy exhibited good
He trapping at 500 and 600°C but relatively inefficient trapping at 700 and 900°C, based on the
decrease in measured cavity density and the observation of cavities preferentially attached to
dislocations rather than exclusively being associated with MX particles (Fig. 14). This may
indicate that MX particles in CNA3 may not be stable or have a lower He binding energy (lower
He trapping ability) at high temperatures above 700°C. In addition, above 700°C, the irradiation
temperature approaches the austenite transformation temperature, generally only evident above
848 °C for 8-10 at% Cer, in iron-chromium binary system [31]. Therefore, phase transformation
has a chance to occur in the matrix and affect the formation of bubbles for the high temperature
anneals (especially at 900°C). Generally, the cavity swelling resistance of body-centered cubic
metals (e.g. ferritic/martensitic steels) is superior to that of face-centered cubic metals (e.g.

austenitic steels) [5, 32].

Dauben et al. [23] and Yan et al. [24] reported two different activation energies at low-
temperature and high-temperature regimes for helium in Fe-Cr alloys. The activation energies
were evaluated from the line slope of the Arrhenius plot of bubble size (or bubble density) vs.
inverse temperature. The activation energies exhibit a weak dependence on temperature below
~600°C and a stronger temperature dependence above ~600°C. Yan et al. suggested that the
activation energy difference is related with different point defects evolution stage at different
temperatures [24] Dauben et al. inferred that the activation energy for bubble size (E%) is one-
quarter or one-sixths of the helium migration energy at the low-temperature regime [23]. For the

high-temperature regime (> 600°C), the increment of activation energy could attribute to helium
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desorption or migration of helium bubbles [33]. In Fig. 15, Arrhenius plots were illustrated for
the He implanted materials to compare the effective activation energies and their temperature
dependence. The 600 and 800°C data for Fe-9Cr in Fig. 15 are reproduced from the study by
Yan et al [24], where a same Fe-9Cr material and irradiation facility were used. The estimated
activation energies for bubble size (E%") and density (E$Y) are summarized in Table 2. The
activation energy (obtained from the linear regression slope) of Fe-9/10Cr are in consistent with
previous studies [23, 24] showing a surge/drop at around 600°C (Fig. 15). Overall, the E%* of
model Fe-Cr alloys is in the range of 0.11-0.17 and 0.48-0.82 eV for the low- and high-
temperature regime, respectively. The E§F of Fe-Cr alloys is 0.17-0.21 and 0.86-1.95 €V for low
and high temperatures, respectively. However, the two NFAs did not show distinct activation
energies in the two temperature regimes. The activation energies of CNA3 are in-between the
low- and high-temperature activation energies of Fe-9/10Cr, while the activation energies of
14YWT are even lower than the low-temperature activation energies of Fe-9/10Cr. This
indicates that nanoparticles in NFAs can impede the helium motion. It is suggested that, at high
irradiation temperatures (> 600°C), a sufficient He binding energy of bubble attached to
nanoparticles could suppress the helium desorption or migration of helium bubbles in the Fe-Cr

matrix.
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Table 2. Effective activation energy for bubble size (E4") and density (E§ ) obtained from the

Arrhenius plot in Fig. 15.

Activation energy (V) Fe['zlf]cr Ffzi]cr Fe-9/10Ct | CNA3 | 14YWT
0.1720.06° | 0.12° | 0.1120.02°

pact & & & 0.18£0.02 | 0.02+0.01
0.82:0.08" | 0.64" | 0.48+0.01"
0212005 | 0.177 | 0.17£0.05"

Eact & & & 0.45:0.16 | 0.12£0.07
1955021 | 0.99° | 0.86+0.20"

*Experiments at temperatures below 600 °C
“Experiments at temperatures above 600°C

Cavity swelling (estimated by calculating the total volume of each spherical bubble with

respect to the volume of the analyzed zone) increased steadily with increasing irradiation and/or

annealing temperature (Fig. 16). At the same temperatures, the 14YWT alloy showed the lowest
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total volume swelling, while Fe-9/10Cr had the largest swelling value. Further, the Fe-9Cr ex-
situ specimen exhibited higher swelling at all temperatures compared to the in-situ Fe-10Cr
specimen. At comparable temperatures, the bubble density is lower in the in-situ studies. This
could partially due to the low-swelling surface effect of in-situ irradiated thin foils or the
difference in grain size, impurity, and primitive dislocation density between the two binary
alloys. Also, the swelling variation with increasing temperature was much more moderate for the
14YWT alloy, which had the highest nanocluster density. With the same amount of implanted
He content, both the ex-situ and in-situ experiments infer that distributing He to a higher density
but smaller size of bubbles could reduce the total swelling value. This is evidence that the
dispersoids in both of the nanostructured alloys (particularly 14YWT) were rather effective in
trapping He-vacancy complexes at their dispersoids. In addition, once these bubbles formed on
nanoparticles, they could act as sinks for He as well as point defects (vacancies or interstitials).
Further study on the He content in the bubbles and the He binding energy of bubbles attached to
nanoclusters, dislocations, or grain boundaries would be useful to understand the detailed

mechanism of the formation of bubbles in nanostructured alloys.
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Fig. 16. Cavity swelling of the (a) ex-situ (bulk) and (b) in-situ (thin foil) irradiated Fe-9/10Cr
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For the ex-situ irradiated bulk materials, apart from examining the bubbles near the peak
He concentration depth (~700 nm), it is also worth understanding the overall bubble distribution
from the sample surface to depth >700 nm. Fig.17 illustrates the depth distribution of the number
of bubbles in the irradiated bulk materials (see Figs. 6 and 7 for the cross-sectional defocused
TEM images). As shown in Fig. 17, the bubble distribution is concentrated near the peak He
concentration depth (~700 nm), which is in agreement with the SRIM estimation (Fig. 1b). At
700°C (Fig. 17b), the cavity number fraction in 14YWT, CNA3, and Fe-9Cr model alloy at the
500-800 nm depth interval were 76%, 70%, and 38%, respectively. This indicates that the
addition of a higher density of nanoparticles could better confine the diffusion of He. However, a
small amount (cavity number fraction < 3%) of He bubbles in 14YWT were observed near the

sample surface (at depth < 100 nm), but not in CNA3. This may due to the much smaller mean
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grain size (~0.2 pm) of the 14YWT material compared to the prior-austenite grain size of CNA3
(10-60 pum). The longer total length of grain boundaries may enhance the diffusion of He via a

pipe diffusion along grain boundaries, as discussed in the next section [34].
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Fig. 17. Depth variation of the number of bubbles in the ex-situ irradiated bulk samples at (a)

500 and (b) 700 °C.

4.2 Bubbles in grain boundary

In addition to the evolution of bubbles in the matrix, the bubbles at the grain boundaries
have also been examined. Statistical information on the bubbles at grain boundaries is
summarized in Fig. 18. In the three materials, the average bubble size at grain boundaries
increased with increasing irradiation temperature and with higher temperature annealing process.
However, the temperature dependence of the cavity density at grain boundaries was monotonic.

Also, the distribution in sizes was inhomogeneous with large standard deviations. Helium bubble
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nucleation along grain boundaries is likely to be aided by the enhanced diffusion of He along
grain boundaries by a pipe diffusion mechanism, which occurs with a lower activation energy
[34]. At sufficiently high irradiation temperatures, vacancies became mobile and may be trapped
by the grain boundaries resulting in a net growth of the bubbles [15, 35]. As shown in the in-situ
post-irradiation annealed TEM images (Figs. 4d-f'), because bubbles can diffuse more readily
along grain boundaries due to the increased free volume, the growth of bubbles may be further

facilitated by a migration and coalescence mechanism.

)

30 10"

— In grain boundary In grain boundary
E 251 Fe-10Cr [/} Fe-10Cr (annealed) )
bl CNA3 CNAZ3 (annealed)
8 E= 14YWT E— 14YWT (annealed) — 10" |
g20t 1 E
®© = =
— = \\\:
© = =
215 1 2 10" = ﬁ%
0 o == —
K] =] — —
= = —
210 - % = —
5 S 10" = NS
o m = —
g°® 1 = =
< = =

0 10" - =

750 600 750
Temperature (°C) Temperature (°C)

Fig. 18. Comparison of the (a) average size and (b) density of cavities at grain boundary in the
in-situ irradiated Fe-10Cr and NFA thin foils at 600-900 °C.

As for the comparison between He bubbles at grain boundaries in materials with and
without nanoclusters, Fig.18 shows that the grain boundary average bubble diameter in Fe-10Cr
at 600 °C is 2-3 times larger than in the two nanostructured alloys. Besides, at 900 °C, grain
boundary cracking was severe in Fe-10Cr (Fig. 19a). Therefore, the grain boundary bubble size
and density of the Fe-10Cr sample could not be measured at this irradiation temperature. Fig.

19b shows possible traces of large faceted cavities with a side length up to ~1 pm, near and
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along a grain boundary. As discussed earlier that the austenite (gamma phase) transformation
temperature is about 848 °C for 8-10 at% Cr, and gamma phase Fe with FCC crystal structure
has less resistance to cavity swelling. There is a possible influence of alpha-gamma phase
transition-induced stresses in addition to standard thermal annealing bubble coarsening effects.
This significant difference between model and nanostructured alloys in the formation of
cavities/bubbles at grain boundaries demonstrates the effectiveness of nanoparticles as
preferential sites for He bubble nucleation in the matrix, thereby suppressing the amount of He-
vacancy clusters that diffuse to grain boundaries. This also emphasizes the ability of
nanoparticles to reduce the nucleation of large He bubbles along grain boundaries that would
result in the degradation of material properties (e.g. high-temperature grain boundary

embrittlement).

Fig. 19 TEM images of (a) grain boundary cracking and (b) possible traces of large faceted
cavities/bubbles in the in-situ irradiated Fe-10Cr thin foil at 900 °C.
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4.3 Relation of bubbles to nanoparticles

In Figs. 10-13, the EELS results show that the bubble number densities are comparable to
the nanoparticle densities for the CNA3 and 14YWT alloys and that the He bubbles are
preferentially associated with nanoparticles, suggesting that the nanoparticles are rather effective
at trapping He-vacancy complexes at the particle-matrix interface. In order to further discuss the
relation of bubbles to nanoparticles, the nanoparticle density as a function of cavity/bubble
density in various irradiated NFAs are compiled in Fig. 20, at irradiation temperatures below and
above 600°C. Note that the irradiation conditions of each data point were different: Lu et al. (460
°C, ~0.5 appm He/dpa) [36]; Parish et al. (650 °C, ~15 appm He/dpa) [16]; Brimbal et al. (460
°C, ~17 appm He/dpa) [37]; Yamamoto et al. in 2007 (500 °C, ~42 appm He/dpa) [38];
Yamamoto et al. in 2014 (650 °C, ~47 appm He/dpa) [17]; Edmondson et al. (400 °C, ~12,000
appm He/dpa) [14]; ex-situ study of this work (500 and 700 °C, ~2,700 appm He/dpa); in-situ

study of this work (600 and 900 °C, ~4,000 appm He/dpa).

As shown in Fig.19, the cavity density increased with increasing nanoparticle density.
Compared to the cavity density in Fe-9/10Cr (without nanoclusters) as a reference point, at
irradiation temperatures below 600°C, the cavity density in several NFAs with nanoparticle
density below ~10%?> m- did not show a significant difference compared to Fe-9/10Cr model
alloys. However, above 600°C, where the number of cavities in Fe-9/10Cr would dramatically
decline (Fig 15b), the cavity density in NFAs remains high. Overall, the data points exhibited a
1:1 correspondence between cavity density (N ) and particle density (N,,;) within one order of
magnitude deviation. The cavity density of NFAs with high particle density ~10?* m- showed a

slight deviation of N. < N,,,,;, while the NFAs with particle density ~10>> m3had N, > N

ppt> ppt

This could be related to the average nanoparticle size difference between CNA3 (~8 nm) and

33



14YWT (~ 4nm). As shown in or EELS elemental mapping results (Fig. 13), a single

nanoparticle in CNA3 could attach 3-10 small He bubbles, and a single particle in 14YWT

attaches roughly one helium bubble (Fig. 10). In other words, the nanoparticle size or surface

area could also affect the Nc/Nppe ratio.
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Fig. 20. Variation of bubble density as a function of nanoparticle density. (a) Irradiation

temperature < 600°C, (b) Irradiation temperature > 600°C. Ref. [14, 16, 17, 36-38].

With a simplified estimation, the mean inter-particle distance (7) could be calculated by:

_ 1
r=
pl/3

(1
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Where p is the nanoparticle density. Substituting the nanoparticle density of CNA3 (~1022m™3)
and 14YWT (~10**m™) into the equation finds the average interparticle distance of 46 and 10
nm, respectively. On the other hand, the implanted He can escape to a free surface (e.g.
dislocations, grain boundaries, sample surface, etc.) if the mean free path (L) for He diffusion
between the bubbles is larger than the distance to a free surface. The mean free path can be

estimated by [23]:
1 _—
L =3(mNR) 05 (2)

Where N is the bubble density and R is the bubble radius. Take the bubble density and size in Fe-
9Cr irradiated at 700°C for example, the equation gives a diffusion length of ~30 nm, which is
on the same order of the average interparticle distance of nanoparticles in CNA3 (~46 nm).
However, this interparticle distance is smaller than the diffusion length of ~30 nm. This could
partially explain the observation of bubbles trapped by dislocations in CNA3 (Fig. 14). As for
14YWT, the mean free path is three times larger than the interparticle distance, which indicates
that the He-vacancy complexes have sufficient mobility to easily diffuse the distance to a

nanoparticle.

Although Fig. 20 infers that the nanoparticle density could be positively correlated with
cavity density, other factors such as different types of sink strength (e.g. dislocation, grain
boundary, alpha prime precipitates), the He trapping ability of the nanocluster, He per dpa ratio,
the Cr effects, and temperature could all affect the formation of cavities. Based on the standard
rate theory [39], approximations of the defect sink strengths for different microstructural features
of the as-received materials were evaluated (see appendix for details). Our calculation results

(Table A.2) showed that the total initial sink strength (unirradiated material) is dominated by the
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dispersoids when the particle density is above ~10?! m-. The sink strength of a grain size above
~0.1 pm and dislocation density below ~1x10'* m?2 would be on an order of magnitude less than
the nanoparticle sink strength (when their density is above ~10?! m3). Fig 21 shows the bubble
size, bubble density, and swelling in the He implanted materials as a function of sink strength.
The estimated total initial sink strengths of as-received Fe-10Cr, Fe-9Cr, CNA3, and 14YWT
material were 1x10'2, 1x10, 2x10%5, and 3x10'® m2, respectively. The bubble size decreased
(Fig. 21a) and the bubble density (Fig. 21b) increased with increasing sink strength. For the
cavity swelling, Fig. 21c¢ suggests that a significant decrease in cavity swelling can be achieved if

the sink strength is above ~10'> m2, which corresponds to a nanoparticle density above ~10%! m-

3

36



Fe-10Cr Fe-8Cr CNA3 14YWT
4 { 4 l
.“]12 1913 1u14 1[]15 1u1E

E 15Fa 4 so0cq -
- | ]
2 10t - -
Q I
% 5 - \\..EH ]
o ! | h—-—-—:l;’“‘a:.
0F eoocq 500°C (E) -
y 1l v vl yyal 1w raenl r 1wl L1
“'5;11324 b ]
= F 500:C (E) ____._,_..éé
23 [ 600°C (1) _____,...—i. g
00 T AT
€ o2 | —e =
o ]
101 el EGD? I'”. ol L | 3
E 3 | C ®._900°C () -
2 Ll T~ ]
= I ~— )
g 1 i 500°C (E) A \\“'“———H__ |
m ﬂ i . h-‘-"“--._______‘ﬂ ___E-
i S R IR R

1u'|2 ."]'13 1u14 1u15 1U1EI
Sink strength (m3)

Fig. 21. Variation of (a) bubble size, (b) bubble density, and (c) swelling as a function of sink
strength.

STEM-HAADF characterization was performed to identify the nanoparticle structure and
the attached bubbles in the ex-situ He-implanted CNA3 and 14YWT nanostructured alloys at
700°C (Fig. 22). The HAADF scattering signal from a single column of atoms is strongly

dependent on the atomic number and the number of atoms in a single atom column [28-30].
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Hence, the bubbles exhibit black contrast in HAADF images due to the absence of atoms. In Fig.
22, a series of high-resolution HAADF images were taken at the junction of the bubble (B) and
nanoparticle (P) (Figs. 22a-c), or junction of bubble and grain boundary (Fig. 22d). For the fine
Y-Ti-O and (Ti, Ta, W, V)C clusters with diameter <10nm (Figs. 22a and 22b), the atomic
structure under TEM as well as their fast Fourier transform (FFT) images taken at the B and P
regions remains the same as the matrix ferritic structure. The cavity and nanoparticle with a
diameter of less than ~10 nm are embedded in the matrix structure. Considering a sample
thickness of ~80 nm, at least seven-eighths of the atoms in an atomic column would be the
surrounding Fe or Cr matrix atoms. Therefore, an overlap of atoms may occur and impact the
contrast in the STEM images. For the coarse TiN particles with diameter >10 nm (Fig. 22c), a
possible NaCl atomic structure was observed, which agrees with a previous report that indicated
Ti(N,C,0) precipitates in 14YWT may have a NaCl structure [14]. However, the distinct
structure was observed in the bubble (B) region, but not the particle (P) region. The overlap of
particles and cavities, which reduces the number of matrix atoms in the analyzed column height,
could aid the imaging of the atomic structure of particles. Fig. 22d shows a few bubbles attached
to a grain boundary. The atomic structure on the left (L) and right (R) regions are obviously
different. In order to minimize the matrix atom distribution, a thinner TEM sample or conducting
heat treatment to coarsen the bubbles or nanoparticles (as reported by Stan et al. [40]) would be

valuable to visualize the atomic structure of the nanoparticles.
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Fig. 22. Atomic resolution STEM-HAADF images of nanoparticles (a-c) or grain boundary (d)
and associated helium bubbles in 14YWT and CNA3 nanostructured alloys ex-sifu irradiated at
700°C. (a) Y-Ti-O, viewed along the <001> Fe-Cr matrix zone axis; (b) (Ti, Ta, W, V)C
particle, viewed along the <011> Fe-Cr matrix zone axis; (c¢) Ti-N, viewed along the <111> Fe-
Cr zone axis; and (d) grain boundary, viewed along the <133>(L)/<001>(R) Fe-Cr matrix zone
axis. The corresponding FFT patterns of the labeled area are on the right of each figure. (B: He
bubble, P: nanoparticle, L: left-grain, R: right-grain)

Conclusions

Cavity formation was examined by TEM and STEM in bulk He-irradiated and in-situ He-
irradiated ferritic alloys containing different nanoparticle densities: Fe-9/10Cr (without nano-
particles), CNA3 (intermediate), and 14YWT (highest nanoparticle density). The observed
bubble number densities and the nanoparticle density in the two nanostructured materials were
comparable and a ~1:1 relationship of bubbles attached to nanoparticles was typically observed,
suggesting that the nanoparticles were effective in trapping He. The results indicate that very
high He concentrations (up to ~10,000 appm) can be well managed in nanostructured alloys with
a high density of nanoparticles (10?2-10?* m) by sequestering the helium into smaller bubbles
(leading to a lower volume swelling compared to conventional alloys) and to suppress He

diffusion to the grain boundaries. Based on the experimental findings the main conclusions are:

(1) In agreement with previous studies, the bubble size was observed to increase with
increasing irradiation temperature, while the bubble density decreased with increasing

temperature for all three alloy systems.

(i1) At all temperatures, the cavity density in the He implanted materials was generally in
the order of Fe-9/10Cr < CNA3 < 14YWT, which directly corresponds to the nanoparticle

density, whereas the cavity size showed the opposite order.
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(ii1) The effective activation energy of Fe-9/10Cr model alloys (without nano-particle)
exhibited a weak dependence on temperature below 600°C and a stronger temperature
dependence above 600°C. However, the discrepancy of activation energy at high and low

temperatures was not significant in the CAN3 and 14YWT nanostructured alloys.

(iv) Comparing the 900 °C post-annealed TEM images with the 900 °C direct-hot-
implanted results, the bubble size was only slightly larger in the annealed 14YWT and CNA3
samples, while the cavity radius of Fe-10Cr grew rapidly in the 900°C direct-implanted sample.
In addition, the most severe grain boundary cracking was observed in the 900°C direct-implanted

Fe-10Cr, which is possibly affected by alpha-gamma phase transition.

(v)14YWT alloy sequesters the helium into smaller bubbles more effectively than the
other alloys. This may be attributed to the much higher sink strength associated with the
nanoclusters in the 14YWT alloy, or the difference of the He trapping ability (binding energy)

between oxides and MX precipitates.
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