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The influence of helium co-injection at rates from 0 to 4 appm He/dpa on swelling in ferritic-martensitic
alloys T91 and HT9 was explored. Irradiations with 5.0 MeV Fe** ions and degraded He** ions were
performed at 445°C up to damage levels of 150 dpa and helium co-injection rates of 0, 0.02, 0.2 and 4
appm He/dpa in T91, and at 460°C to a damage level of 188 dpa and helium co-injection rates of 0, 0.06

and 4 appm He/dpa in HT9. Helium was observed to enhance cavity nucleation at low damage levels,
resulting in the maximum swelling at the highest helium co-injection rate. As the damage level was
increased, the helium content at which swelling was maximized shifted to lower helium concentrations,
ultimately resulting in the highest swelling occurring with zero helium by 150 dpa. This behavior was
due to the helium-stabilized bubble microstructure that increased the cavity sink strength and reduced
both cavity growth rate and swelling relative to the helium-free condition.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Generation 4 reactors require relatively high damage levels and
temperatures as compared to the current generation of reactors
[1,2]. Ion irradiation is gaining interest as a surrogate for neu-
tron irradiation because it is fast, cheap and effective [3-5]. How-
ever, ion irradiation does not include effects of transmutation that
produces gasses such as helium, necessitating pre-implantation
or co-injection. Helium has been shown to enhance cavity nu-
cleation across many alloys systems [6,7,8,9,10,11,12,13]. However,
studies on the influence of helium on the growth of cavities at
high damage levels in ferritic-martensitic steels are limited. Smidt
et al. [14] examined the behavior of EM-12 and HT9, two ferritic-
martensitic steels, using heavy ions. Before irradiation, a 30 MeV
helium beam was energy degraded using an aluminum sheet to
obtain a half-Gaussian helium profile with an 11.8 micron full
width half maximum with a peak concentration of 1 appm He. Ir-
radiations with 2.8 MeV Fe** ions were performed up to 250 dpa
at temperatures in the range 450 - 650°C to determine the temper-
ature dependence of swelling. The authors did not consider the ef-
fect of helium concentration on swelling or the interplay between
helium and temperature.
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Kai and Kulsinki [15] implanted either O or 100 appm He into
HT9 specimens and subsequently irradiated them up to 200 dpa.
Cavities were only observed in the samples pre-implanted with
100 appm He, suggesting that helium was necessary to nucleate
cavities. Since only one damage level was examined, no conclu-
sions could be made about the effect of helium on growth.

Conversely, Toloczko et al. [16] conducted ion irradiation of fer-
ritic ODS MA957, HT9 and EP-450 up to 500 dpa without im-
planted helium. In these experiments, a swelling rate of 0.2%/dpa
was observed for both HT9 and EP-450 with total swelling exceed-
ing 30% by 500 dpa for HT9, suggesting that helium was not re-
quired to facilitate the nucleation of cavities.

A more comprehensive examination of the effect of helium was
been performed by Getto et al. [17]. The effect of pre-implanted
helium was studied in HT9 with concentrations of 0, 1, 10 and 100
appm He. A difference in swelling rate was observed between 0,
10 and 100 appm He at 440°C and 480°C and between the 1 and
10 appm He conditions at 460°C. In general, higher amounts of
helium resulted in a higher swelling rate, which was on the or-
der of 0.02-0.04%/dpa [18]. Monterrosa et al. [12] covered a wider
range of helium and damage levels. T91 was pre-implanted with
0, 1, 10, 100 and 1000 appm He and subsequently irradiated to
damage levels up to 356 dpa at 460°C. A difference in swelling
rate was observed between all helium levels with the maximum
swelling rate observed for the lowest helium levels. This had the
effect of shifting the maximum swelling from the sample with
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Table 1
Chemical composition (wt%) of alloy T91, heat 30176, provided by PNNL and Luvak, Inc., reproduced from [21] and alloy HT9, heat 84425 [23,24].
g N Al Si P S Ti \' Cr Mn Ni Cu Nb Mo w Fe
T91 30176 (PNNL) .08 054 - 11 - - - 21 86 37 09 - 072 89 - Bal.
T91 30176 (Luvak)  .091 052 004 25 007 002 003 23 876 44 .10 .062 .08 .86 .004  Bal
HT9 84425 21 006 - 0.21 - - - 33 118 50 51 - - 1.03 .24 Bal.

10 appm He at 45 dpa to the sample without any helium at
356 dpa.

The previous studies were all performed with pre-implanted
helium. Yamamoto et al. [19] irradiated F82H with helium co-
injection rates of 15 to 55 appm He/dpa at a temperature of 500°C
to damage levels of 10 and 26 dpa. At both damage levels, the
maximum swelling was observed at 40 appm He/dpa. Similar be-
havior of a maximum swelling at the highest helium co-injection
rate was found in T91 irradiated to 17 dpa and co-injected helium
from O to 4 appm He [13]. However, the damage level is too low
to draw any meaningful conclusions about the effect of helium on
cavity growth and subsequent swelling.

While these studies demonstrate that the addition of helium
enhances nucleation and increases cavity densities, particularly in
pre-implanted samples, the effect of helium on cavity growth rate
and swelling at high damage levels with co-injected helium re-
mains unclear. Across these studies, multiple helium levels have
been examined, all with variable behavior in swelling. The only
systematic studies with co-injected helium were at a relatively
low damage level [13,19]. Additionally, variations in alloy, irradi-
ation temperature, damage level and helium implantation method
further complicate the interpretation of the effect of helium. This
work seeks to provide a clear understanding on the effect of co-
injected helium to high damage levels on swelling by performing
a comprehensive study on two alloys at a single temperature over
three orders of magnitude helium injection rate.

2. Experiment
2.1. Sample preparation

Two ferritic-martensitic steels were used for this study. Alloy
T91, heat 30176, was given a heat treatment consisting of normal-
ization at 1038°C for 30 min followed by an air cool, and then tem-
pering at 760°C for 30 min, again followed by an air cool [20]. This
alloy has been previously irradiated and characterized for swelling
and other microstructural features in both reactor [21] and dual
ion irradiation (5 MeV Fe** with energy-degraded He**) [13,22].
Alloy HT9, heat 84425, was given a heat treatment consisting of
a 30 min normalization at 1065°C followed by an air cool, and
then tempering at 750°C for 60 min, again followed by an air cool
[23,24]. Samples were cut from an archive fuel duct and the same
heat was used in the ACO-3 duct in the Fast Flux Test Facility
(FFTF) [20,25]. A comparison of the composition in weight percent
is shown in Table 1 as provided by both PNNL and Luvak for alloy
To1.

Samples were cut in the form of 1.5 mm x 1.5 mm x 20 mm
bars using electrical discharge machining, and then subsequently
cut in half using a low speed diamond saw for final dimensions of
1.5 mm x 1.5 mm x 10 mm. The bars were then mechanically pol-
ished with silicon carbide paper using grits of 400, 600, 800 and
1200. The surface was then polished to a mirror finish using dia-
mond slurries from 3 pm to 0.25 pm. After the mechanical polish-
ing, the samples were electropolished for 20 s in a 90% methanol
and 10% perchloric acid solution at temperatures between -40 and
-50°C with an applied voltage of 40 V between the specimen and
the platinum mesh.

2.2. lon irradiations

The specimens were irradiated using the dual-beam configura-
tion at the Michigan lon Beam Laboratory (MIBL) at the Univer-
sity of Michigan [26]. A 5.0 MeV defocused Fe** beam from a 3
MV NEC Pelletron accelerator impinged normal to the sample sur-
face and produced a damage rate of 7-9 x 10~ dpa/s. Simulta-
neously with the Fe** ion beam, helium from a 1.7 General lonex
Tandem accelerator with energy ranging from 2 to 2.85 MeV, de-
pending on the thickness of the aluminum foil energy degrader,
and raster-scanned at an angle of 60° to the sample normal to
simulate transmutation gases. The degrader produced He ion en-
ergies between 0.2 and 1.2 MeV and were distributed so as to
produce a fixed appm He/dpa over the depth range 300 to 1000
nm. Since the samples were polycrystalline and the lath sizes were
small enough to catch multiple laths within both the length and
depth of a liftout, sample orientation relative to the beam was not
measured.

The damage level for each irradiation was calculated at a depth
of 600 nm from the sample surface using SRIM in quick Kinchin-
Pease mode, using the PNNL composition for T91, with displace-
ment energies of 40 eV for Fe, Cr, Ni, V and Mn, 60 eV for Nb and
Mo, 90 eV for W and 25 eV for all other elements [21]. T91 was ir-
radiated to 17, 50 and 150 dpa with helium-to-dpa ratios of 0, 0.02,
0.2 and 4 appm He/dpa while HT9 was irradiated to 188 dpa with
helium-to-dpa ratios of 0, 0.06 and 4 appm He/dpa. The helium-to-
dpa ratio was non-uniform for the HT9 irradiations. However, this
was not expected to significantly influence the results in the area
of interest at 500-700 nm from the sample surface. The damage
and helium implantation profiles are shown in Figure 1.

Each irradiation used J-type thermocouples welded to the sam-
ple surface to calibrate a 2D FLIR® Thermal Imaging System so
that the temperature could be monitored in multiple locations on
the sample during irradiation. Temperature control was maintained
within a 2-sigma value of better than +8°C by using an electronic
cartridge heater and air cooling through the back of the irradiation
stage. The irradiations were performed at 445°C for T91 and 460°C
for HT9.

The pressure in the vacuum chamber was maintained below
107 torr (<1.3 x 1075 Pa). To prevent any possible carbon con-
tamination during irradiation, the stage containing the sample and
the vacuum chamber were plasma cleaned using an Evactron EP
Series Plasma De-Contaminator with a forward power of 15 W for
2 h prior to irradiation but after the samples and stage had been
loaded. In addition, to prevent contamination during irradiation, a
cold trap cooled by liquid nitrogen encircled the stage [27]. Addi-
tional information on the instrumentation and methodology used
for dual-ion irradiations performed in MIBL can be found in [26].

2.3. Post-irradiation characterization

Transmission electron microscopy (TEM) specimens were pre-
pared after irradiation at the Michigan Center for Materials Charac-
terization (MC2) on either a Thermo Fisher Helios Nanolab 650 or
a Thermo Fisher Nova 200 Nanolab focused ion beam (FIB) system.
At least two liftouts were produced and analyzed for each irradi-
ation condition. The same liftout procedure used for the previous
studies of the T91 was also used here [21,22]. Two additional steps
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Figure 1. Damage profile (blue), injected helium profile (green) and implanted iron profile (red) for dual ion irradiated to 100 dpa with 4 appm He/dpa in (a) T91 at 445°C
and (b) HT9 at 460°C. The shaded box shows the depth range from which the microstructural data was collected for this work.

were added to the typical FIB liftout process. First, the lamella
was thinned in sections to produce two thick window frames to
prevent bending as the thickness approached electron transparent
thickness. Second, a two-step low energy (5 keV and 2 keV) polish
was used to perform the final thinning from ~150 nm to 80-100
nm to effectively eliminate any visible FIB damage.

Imaging for the TEM specimens for this study was performed
on multiple microscopes using different techniques to accurately
quantify the microstructure. Cavities were characterized using
high-angle annular dark field (HAADF) scanning transmission elec-
tron microscopy (STEM) on a either JEOL 2100F or a Thermo
Fisher Tecnai G2 F30 at MC2. Additional characterization of cavities
smaller than 2 nm in diameter was performed on a Thermo Fisher
Talos F200X and a JEOL 2010F at MC? using over and underfocused
bright field (BF) transmission electron microscopy (TEM) imaging
with a Gatan CCD camera with 4k resolution. Finally, dislocations
were imaged in STEM BF using a JEOL 2100F and a Thermo Fisher
Talos F200X near the [001] or [011] zone axis using a similar
methodology as Yao et al. [28] and Parish et al. [29] to simulta-
neously image and distinguish between a<100> loops, a/2<111>
loops and dislocation lines. Finally, the thickness of the liftouts was
measured using electron energy loss spectroscopy (EELS). While
the entire depth of irradiation was imaged, due to the shallow
depth of penetration of 5 MeV Fe*+, a depth interval 300-900 nm
from the surface was selected for data collection to avoid effects
both from injected interstitials and the free surface [5,17]. To limit
the variation in damage across the examined region, the window
of analysis for this work was further reduced to 500-700 nm.

After collection of the images, features were hand-counted us-
ing Image] software to measure the diameter and estimate the
density. HAADF STEM images were used to quantify cavities greater
than 2 nm in diameter within depth bins of 100 nm. BF TEM im-
ages were used to estimate the diameter and density of cavities
with diameters less than 2 nm in diameter using an objective aper-
ture of 20 um. Finally, BF STEM images were used to quantify the
diameter and density of dislocation loops after irradiation.

The swelling in the material was estimated using the measured
cavity diameters. The volume of each cavity was calculated as-
suming a spherical shape. The sum of the volume of each cavity
within a bin was effectively the change in volume, AV, for the bin.
Swelling was then calculated as the change in volume divided by
the original volume, yielding the swelling for any specific depth

bin, in %, as:

7 N
Friad

Swelling (%) =
BAT) Ixwx8—ZYN, d3

x 100, (1)

where N is the number of cavities in the bin, d; is the diameter of
the ith cavity, [ is the length of area examined, w is the width of
the bin and § is the thickness of the TEM liftout.

Sink strengths for each of the features were also calculated. The
cavity sink strengths were calculated assuming spherical cavities

from the size distribution as % 4mr;p;, where N is the number of
i=1

bins in the size distribution, r; is the average cavity radius in the
bin and p; is the density of cavities within the bin. The dislocation
network density was calculated using the methodology established
by Smith et al. [30], counting the number of intersections of dislo-
cation lines with an equidistant circular gird. The dislocation loops
were converted into a line length by calculating their circumfer-
ence and then multiplying by their density: 2 rp,, where r is the
average loop radius and p4 is the loop density. The addition of the
loop and network sink strengths determines the total dislocation
sink strength.

3. Results

The results are organized by the alloy and then by microstruc-
tural feature. Cavities were observed under all irradiation condi-
tions, typically with a bimodal distribution. While a spectrum of
cavity sizes was present, the bimodal peaks are important feature
in which the first peak consists of cavities that dominate the sink
strength in the bias-driven growth regime, while the larger cavi-
ties in the second peak drive increased swelling in the bias-driven
growth regime. To provide a framework for presenting and dis-
cussing the results, cavities, bubbles and voids must be defined.
Cavities are the agglomeration of vacancies or vacancies and he-
lium to a size visible in TEM and refers to both bubbles and voids.
A bubble was defined to be any feature that falls in the first peak
of the bimodal cavity size distribution, and a void was defined to
be any feature that lies in the second peak of the bimodal cavity
size distribution. If only one peak was present in the cavity size
distribution (as was the case without helium), all features were
classified as voids.
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Figure 2. Cavity size distributions for dual-ion irradiated T91 at 445°C with 0 (red), 0.02 (blue), 0.2 (orange) and 4 (black) appm He/dpa at 17, 50 and 150 dpa. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.1. 191

The cavity size distributions are plotted for each damage level
in Figure 2. Bimodal size distributions are observed for all condi-
tions in which helium was injected for all damage levels. While the
argument could be made that some of the conditions, particularly
the 0.02 appm He/dpa case at 17 dpa, are not bimodal, it is likely
due to either the limited number of cavities counted under the
specific condition or normal size variation. In addition, consistent
with the observed increase in average void diameter, the width of
the size distribution increases with increasing damage level.

The evolution of the void microstructure as a function of he-
lium co-injection rate for each of the damage levels for all irra-
diation conditions (17, 50 and 150 dpa) are shown in Figure 3.
The average void diameter is relatively constant with helium co-
injection rates of 17 and 50 dpa, with the largest average diameter
of 6.9 + 1 nm at 0 appm He/dpa to the smallest average diame-
ter of 5.8 + 1 nm at 0.02 appm He/dpa at 17 dpa. At 50 dpa, the
largest average diameter was 11 + 1 nm without helium, dropped
to 8.1 £ 1 nm with 0.02 appm He/dpa and 9.9 + 1 nm with 0.2
appm He/dpa, and ended with the lowest average diameter of 8.0
+ 1 nm with 4 appm He/dpa. At the highest damage level, the
average void diameter drops significantly between 0 and 4 appm
He/dpa. As shown in Figure 3(b), the void density for the first two
damage levels of 17 and 50 dpa increases with increasing helium
co-injection rate, but at 150 dpa, the trend changes slightly as the
density at the highest helium co-injection rate of 4 appm He/dpa
decreases. The resulting swelling maximum occurs at the highest
helium co-injection rates at 17 dpa, shifting to an intermediate he-
lium co-injection rates at 50 dpa, and finally peaks at zero helium
at 150 dpa.

The bubble evolution with damage level for each helium co-
injection rate is plotted in Figure 4. Only one peak was observed in
the size distribution without the implantation of helium indicating
that not bubbles formed, as expected. The bubble diameter varies
little with appm He/dpa, Figure 4a, but varies with damage level,
from ~3 nm at 17 dpa to ~2 nm at 50 dpa and ~1 nm at 150 dpa.
The bubble density in Figure 4(b) shows a monotonic increase in
density with increasing damage level. The increase was more pro-
nounced at the lower damage levels. Of particular interest is the
change in the relative bubble density. At 17 dpa, the bubble density
increases monotonically with increasing helium co-injection rate.
As the damage level is increased to 50 dpa, the bubble density at
both 0.02 and 0.2 appm He/dpa increase by almost two orders of
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Figure 3. Average void diameter (a), void density (b) and swelling (c) as a function
of helium co-injection rate (appm He/dpa) for dual-ion irradiated T91 at 445°C at
17 (blue), 50 (red) and 150 (black) dpa. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

magnitude while the density at 4 appm He/dpa only increases by
about an order of magnitude. The change is not as significant as
the damage level increases to 150 dpa, but the bubble density at
0.02 and 0.2 appm He/dpa still increases by a larger amount than
the bubble density at 4 appm He/dpa.

Dislocations loops were observed to form under all irradiation
conditions in T91. STEM-BF images of dislocation loops were col-
lected for each helium co-injection rate irradiated at 445°C to 17
dpa and for all damage levels at 0.2 appm He/dpa. The average
dislocation loop diameters and number densities are tabulated in
Table 3 and plotted in Figure 5. The primary dislocation loops ob-
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Figure 5. Average dislocation loop diameter (a) and dislocation loop density (b) for
dual-ion irradiated T91 at 445°C at 17 (blue) and 0, 0.02, 0.2 and 4 appm He/dpa
and at 0.2 appm He/dpa at 17 (blue), 50 (red) and 150 (black) dpa. A line has been
added to the 17 dpa data to guide the eyes. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

served at each helium co-injection rate were a<100> dislocation
loops with very few a/2<111> dislocation loops observed. The av-
erage dislocation loop diameter did not change significantly with
helium co-injection rate at 17 dpa from 18 + 3 nm to 25 + 3
nm or with damage level at 0.2 appm He/dpa from 18 + 3 nm
to 22 + 3 nm. The dislocation loop density did not significantly
change with helium co-injection rate at 17 dpa in the range of
31 + 05 x 102" m=3 to 3.9 + 0.5 x 102! m~3 or with damage
level at 0.2 appm He/dpa in the range of 2.9 + 0.5 x 102! m—3
to 3.9 + 0.5 x 102! m~3. Because the dislocation loop microstruc-
ture was not observed to change significantly with damage level at
0.2 appm He/dpa, it was not measured at any other helium level.
Dislocation lines were observed at all helium co-injection rates and
no significant alteration of the existing network dislocation density
was noted compared to the as-tempered condition.
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3.2. HT9

Voids were observed to form under all helium injection rates
in HT9 at 188 dpa and 460°C while bubbles were only observed
for the two helium injection rates: 0.06 appm He/dpa and 4 appm
He/dpa. The void behavior is plotted in Figure 6(a) and tabulated in
Table 2. The average void diameter was highest at 0 appm He/dpa
with a value of 44 + 1 nm and dropped monotonically with he-
lium co-injection rate. Void density exhibited the opposite trend
with helium co-injection rate with a value of 6.9 x 102 m—3 at
0 appm He/dpa and a maximum of 17 x 102 m~3 at 4 appm
He/dpa. Swelling followed a similar trend to void diameter with
a maximum of 4.7% with 0 appm He/dpa, decreasing to 3.7% at
0.06 appm He/dpa and reaching a minimum of 1.8% at 4 appm
He/dpa. As shown in Table 2, even with the differences in void evo-
lution, the void sink strength was relatively constant, only varying
between 1.9-2.6 x 10" m~2,

The behavior for bubbles is plotted in Figure 6(b) and tabulated
in Table 2. No bubbles were observed without the injection of he-
lium. With increasing helium co-injection rate, both the average
bubble diameter and the bubble density increased from 0.5 nm
and 130 x 1020 m—3 at 0.06 appm He/dpa to 3 nm and 440 x 1020
m~3 at 4 appm He/dpa. In contrast to the void sink strength, these
differences in bubble evolution significantly changed the bubble
sink strength, reaching a value of 8.3 x 10 m=2 at 4 appm
He/dpa.

The cavity size distribution for the three He injection rates at
188 dpa are plotted in Figure 7. Without the addition of helium,
a unimodal distribution develops as expected. With the addition
of a small amount of helium (0.06 appm He/dpa), a narrow lower
peak develops producing a bimodal distribution. With the addition
of helium at higher rates (4 appm He/dpa), the peak both increases
in height and broadens in width. The trends for the second peak of
the distribution (or the single mode of the 0 appm He/dpa condi-
tion) follow a slightly different trend. With the addition of helium,
the second mode shrinks in width, spanning a range of ~60 nm
without any helium, but only ~40 nm at the highest helium injec-
tion rate. Conversely, the height of the distribution increases with
increasing helium co-injection rate.

Dislocations loops were observed to form under all irradiation
conditions in HT9. STEM-BF images of dislocation loops were col-
lected for each irradiation condition. A summary of the average
dislocation loop diameters and number densities are tabulated in
Table 3 and plotted in Figure 8. The primary dislocation loops ob-
served at each helium co-injection rate were a<100> dislocation
loops with very few a/2<111> dislocation loops observed. The av-
erage dislocation loop diameter did not change significantly with
helium co-injection rate at 188 dpa and the dislocation loop den-
sity decreased slightly with helium co-injection rate at 188 dpa in
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Table 2
Summary of void and bubble microstructure after ion irradiation.
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Helium-to-dpa

Material/l Damage  Ratio (appm  Average Void Void Density Average Bubble Bubble Density Bubble Sink Cavity Sink
Temp (°C) Level (dpa) He/dpa) Diameter (nm) (1020 m-3) Diameter (nm) (102° m—3) Strength (10 m~2)Strength (10 m~2)Swelling (%)
T91/445 17 0.00 69 +1 0.082 + 0.008 N.O. N.O. N.O. 0.004 + 0.0008 0.00014 + 0.00002
0.02 58 +1 11 +£0.1 311 30+03 0.058 + 0.01 0.12 + 0.024 0.0044 + 0.0007
0.20 59+1 34+03 2.5.241 7.0 =07 0.11 + 0.02 0.24 + 0.048 0.0051 + 0.0008
4.00 6.6 + 1 49 + 05 26 +1 320 + 30 52+1 54 +1 0.0073 + 0.001
50 0.00 11x1 0.53 + 0.05 N.O. N.O. N.O. 0.037 + 0.007 0.016 + 0.002
0.02 811 16 +£0.2 16 1 190 + 20 19 +£04 2004 0.00675 + 0.001
0.20 9941 80+08 18 +1 220 + 20 25+05 30+ 06 0.078 + 0.01
4.00 80+1 55+ 0.6 1.9+ 1 1500 + 150 17+3 18+3 0.032 + 0.005
150 0.00 30+ 1 2.7 +£03 N.O. N.O. N.O. 0.51 + 0.1 0.6 + 0.09
0.02 17-%1 33+03 073 =1 4000 + 400 18+ 4 19+4 0.14 + 0.02
0.20 21 +£1 29+03 083 +£1 9600 + 1000 50 + 10 51 +10 0.38 + 0.06
4.00 15+1 24 4+ 02 12 +1 7900 + 800 60 + 10 60 + 10 0.082 + 0.01
HT9/460 188 0.00 44 + 1 69 + 0.7 N.O. N.O. N.O. 19+ 04 47 £ 0.7
0.06 31 £1 13+1 0.50 = 1 130 = 10 0.39 + 0.08 28 + 06 37 +06
4.00 24 + 1 17 £2 30+ 1 440 + 40 83+2 11+2 1.8+03
Table 3
Summary of dislocation microstructure after dual ion irradiation.
Dislocation Average Dislocation Dislocation Loop Total Dislocation Loop
Material/Temp Damage Level Helium Co-Injection Number of Dislocation Loop Density  Loop Diameter Line Density (10'*  Sink Strength (10"
(°C) (dpa) Rate (appm /dpa) Loops Examined (102! m3) (nm) m-2) m2)
T91/445 17 0 156 38+08 19+2 23+05 28 + 0.6
17 0.02 141 3.1+06 19+ 2 1.8 £ 04 23+ 05
17 0.22 104 39+ 08 18 + 2 21+05 27 +06
50 0.22 113 29 £ 0.6 22+3 21+£05 2.6 + 06
150 0.22 107 33 +0.7 20+ 3 20+ 05 26 + 06
17 43 103 35+07 25+3 28 + 0.6 2.5+ 0.6
HT9/460 0 188 31 1.6 £ 0.3 34 + 4 1.7 £ 04 22+ 0.5
0.06 188 47 0.31 + 0.06 37+ 5 0.36 + 0.09 0.46 + 0.1
4 188 29 0.73 £ 0.15 35+5 0.80 £ 0.20 1.0 +£0.2
1x 1023 ; : ; : work dislocation density was noted compared to the as-tempered
condition.
—=— 4 appm He/dpa
1x 102 —=—0.06 appm He/dpa | | 4. Discussion
e
'g —=— 0 appm He/dpa Cavity evolution in both alloys depends on both the rate at
R which helium is co-injected into the samples as well as the to-
‘g1 1021 ¥ tal damage level. At the lowest damage level examined, 17 dpa,
Blx HT9, 460°C, 188 d : imi : s
i > s pa swelling was maximized at the highest helium co-injection rate.
= The presence of co-injected helium served to create nucleation
5 o0 sites such that a high density of void was established early (low
Alx10° g damage level). As seen in Figure 3(b), the void density for both the
é* 0 appm He/dpa and the 0.02 appm He/dpa conditions increased
= as the damage level was raised from 17 to 50 dpa indicating that
Q I 10|9 both irradiation conditions were still in the nucleation-dominated
X regime at 17 dpa. This observation is consistent with previous
work performed by Getto [31] and Toloczko [16,17] that showed
that the nucleation regime extends out to at least tens of dpa.
1x10% I As the damage level is increased, swelling transitioned (the so-

0 20 40 60

Cavity Diameter (nm)

100

Figure 7. Cavity size distributions for dual-ion irradiated HT9 at 460°C and 188 dpa
with 0 (red), 0.06 (blue) and 4 (green) appm He/dpa. (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of
this article.)

the range of 0.31 + 0.1 x 102! m~3 to 1.6 + 0.5 x 102! m—3 but
was likely due to local variation and the relatively limited num-
ber of counted loops. Dislocation lines were observed at all helium
co-injection rates and no significant alteration of the existing net-

called transition regime) from a nucleation-dominated regime in
which void density drives the increase in swelling, to a growth-
dominated regime in which void growth drives the increase in
swelling. Thus, it would be expected that the effect of helium on
swelling would change as well. Recall that the He/dpa value at
which swelling was a maximum shifted from 4 appm He/dpa at
17 dpa to 0.2 appm He/dpa at 50 dpa to 0 appm He/dpa at 150
dpa, indicating that there is indeed a change in the process. To de-
termine how swelling depends on He content, the swelling regime
of each helium co-injection condition examined using the simple
cavity growth rate equation [32]:

dr

2
E = T [Ducu == D,'C,' = Dllcu.Texp(Ty = pg)]‘ (2)
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Figure 8. Average dislocation loop diameter (blue) and dislocation loop density
(red) for dual-ion irradiated HT9 at 460°C to 188 dpa. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

Table 4
Table of input parameters for alloy T91 used in the cavity growth rate equa-
tion,

Parameter Value Reference
Temperature, T Input parameter This work
Damage Rate, Ko Input parameter This work
Helium Co-Injection Rate  Input parameter This work

N 8.34 x 102 at/cm? [33]

Lattice parameter (a) 0.288 nm [18,33]

Sink strength From microstructure  This work and [22]
w; 29:%:10'% 51 [33]

wy 1.6 x 1013 5! [33]

y 1.75 J/m? [18]

Evm 0.63 eV [18]

Ev 1.6 eV [33]

Eim 0.35 eV [33]

St 217k (32)

Dislocation Bias 5%

where D,C, represents the arrival of vacancies, D;G; represents the
arrival of interstitial atoms and D.,C,,_Texp(g,Z — pg) represents the
thermal emission of vacancies. Furthermore, r is the radius of a
cavity, t is time (and can be converted to dpa using the damage
rate), Q is the atomic volume of the alloy, Dy is the diffusion rate
for vacancies (v) or interstitials (i), Cy is the concentration of va-
cancies (v) or interstitials (i), C,r is the thermal concentration of
vacancies, y is the surface energy of the alloy and pg is the gas
pressure. Since the growth of the larger cavities, which are not gas
stabilized, drive swelling in the growth dominated regime, the gas
pressure is assumed to be negligible and has been treated as 0
for all subsequent calculations. The point defect concentrations are
calculated using the steady-state point defect equations:

0= KO o= Kiuci(cv =+ Cl'.T) - k(z,“p)D(i.x/)C(i.u)' (3)

where Kj is the damage rate, K;, is the recombination coefficient

and k2 is the sink strength for vacancies (v) or interstitials (i).
The inputs for these equations are provided in Table 4. The sink
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strengths for dislocations and cavities, respectively, are calculated
from the size distributions using:

kéis = ZZJTijj. (4)
J

and

kcz'auzz477rjpj- (5)
J

where 1; is the average radius of and p; is the defect density in bin

The only place in which helium appears directly in the simple
cavity growth rate equation is in the gas pressure term. However,
it is reasonable to assume that for voids (particularly large ones),
the helium pressure is small and can be neglected, so helium must
be influencing the cavity growth in some other way.

Helium can indirectly influence the cavity growth rate equation
by stabilizing a bubble microstructure and increasing the overall
sink strength in the system, reducing the vacancy supersaturation,
and thus, the flux of vacancies to voids. Using Eqs. 4 and 5, the
cavity and bubble sink strengths at 50 and 150 dpa, the dislocation
sink strengths and swelling are plotted as a function of He/dpa for
T91 at 445°C in Figure 9a and tabulated in Table 2. Recall that dis-
locations were only measured at a single helium-to-dpa ratio and
did not show a significant difference with damage level as shown
in Table 3. As such, only the 17 dpa dislocation sink strength was
plotted. As shown in Figure 9a, swelling follows the difference be-
tween the dislocation and cavity (voids + bubbles) sink strengths.
Swelling is maximized with 0.2 appm He/dpa at 50 dpa in T91
when the cavity sink strength is just below the dislocations sink
strength. As the damage level increased to 150 dpa, the intersec-
tion of dislocation and cavity sink strengths occurs at very low
He/dpa level so swelling decreases from that value onward. It is
important to note that the bubble sink strength is the main com-
ponent of the cavity sink strength for all conditions in which bub-
bles were observed, suggesting that the helium stabilized bubbles
are driving the increased sink strength in the microstructure. A
similar analysis can be performed for the HT9 samples irradiated
to 188 dpa at 460°C and shown in Figure 9b. At this damage level,
swelling is inversely proportional to both the cavity sink strength
and the helium-to-dpa ratio with the maximum swelling observed
at zero helium and dropping off monotonically as the helium in-
jection rate increases.

To determine whether these differences in sink strength could
have driven the observed shift in maximum swelling from high
to low helium co-injection rate with increasing damage level, the
swelling rate, dS/dt was calculated using the cavity size distribu-
tions, the calculated sink strengths, and the parameters in Table 4.
Since swelling can be calculated from the total volume of all cav-
ities, a simple time derivative can estimate the swelling rate from
the rate of change of the cavity volumes according to:

ds , dr dr;
5_47” pm_;@rrfpjﬁ. (6)

where r; was the average cavity radius in bin j, p; was the cavity

density in bin j, and %—r[i was the growth rate calculate for a cav-
ity in bin j using Eq. 2. The resulting swelling rate is plotted in
Figure 10 along with the swelling rate calculated from the mea-
sured swelling values. First, it should be noted that the calculated
and measured swelling rates are in reasonable agreement indicat-
ing that even though it is simple, the model captures most of the
observed behavior. Second, the swelling rates line up very well
with the shift in swelling observed in the data. Specifically, at 50
dpa, the maximum swelling rate occurs at 0.2 appm He/dpa, and
then by 150 dpa, the maximum swelling rate shifts to zero He.
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Figure 9. Sink strength and cavity trends with helium-to-dpa ratio in (a) T91 irradiated at 445°C to 50 dpa (triangles) and 150 dpa (diamonds) and (b) HT9 irradiated
at 460°C to 188 dpa. Cavity sink strengths are shown in blue with solid markers and solid lines. Bubble sink strengths are shown in blue with open markers and dashed
lines. Total dislocation sink strengths (loop and network) are shown in red squares with solid lines. And Swelling is shown in black with solid markers and solid lines. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Figure 10. Measured (blue) and calculated (red) swelling rates as a function of
helium-to-dpa ratio for dual-ion irradiated T91 at 445°C to 50 dpa (a) and 150 dpa
(b). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

The behavior of swelling with helium is compared to work by
others on similar alloys but with pre-injected He to separate out
the effect of helium injection mode. Monterrosa et al. [12] used a
different heat of T91 (C2269) that was pre-implanted with helium
to levels of 0, 1, 10, 100 and 1000 appm He and then irradiated to
50, 150 and 300 dpa at 460°C. Under these conditions, the max-
imum swelling was observed to occur at an intermediate helium
concentration of 10 appm He at 50 dpa which was the result of
decreasing cavity size and increasing cavity density with He, pro-
ducing the maximum swelling at an intermediate value of He. As
the damage level increased to 150 dpa, the cavity density did not
change for any helium concentration other than 0 appm He, in-
dicating that helium had accelerated the nucleation of cavities. In
contrast, the average diameter decreased monotonically with He,
resulting in the highest cavity growth rate and swelling rate were
observed with 0 appm He, which corresponded to the lowest sink

strength. Finally, as the damage level was increased to 300 dpa, the
cavity density was observed to have saturated for all helium con-
centrations meaning that any changes in swelling were due solely
from changes in cavity diameter. Cavity size decreased with He,
resulting in the maximum swelling occurring at 0 appm H. Thus,
the trend observed by Monterrosa was consistent with that in this
study. This agreement suggests that the dependence of swelling
on He content depends on dpa, but not on the helium injection
method.

The work by Yamamoto et al. [19] mentioned previously, is re-
visited to establish the universality of these trends. They irradiated
alloy F82H with 6.4 MeV Fe3* ions and energy degraded He™ ions.
The data for different helium-to-dpa ratios were taken by look-
ing at different depths within the sample. Two different nominal
damage levels were produced: 10 dpa and 26 dpa. The maximum
swelling was observed at 40 appm He/dpa at both nominal damage
levels with the swelling dropping off as the helium-to-dpa dropped
both at shallower and deeper depths. The number density did not
change significantly with helium co-injection rate, so the difference
in swelling was driven by differences in the cavity diameter. It is
difficult to draw conclusions from these two data points in isola-
tion since they are at relatively low damage level. However, taken
with the previous discussion, it provides support for the idea that
helium reduces swelling as the damage level increases.

This work combined with the work from Monterrosa et al.
[12] and Yamamoto et al. [19] are plotted in Figure 11 and shows
that across three different alloys (one with two different heats),
and for both helium co-injection and pre-injection, the condi-
tion for maximum swelling is high helium concentrations at low
damage levels shifting to low (or zero) helium concentration at
higher damage levels. This behavior is driven by a reduction in the
swelling rate due to an increase in the cavity sink strength caused
by a helium-stabilized bubble microstructure.
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Figure 11. Helium-to-dpa Ratio at which the maximum swelling was observed
in multiple ferritic-martensitic alloys and irradiation conditions under both pre-
injection (PI) and co-injection (CI) [12,19].

5. Conclusions

Conclusions resulting from variation of both the damage level
and the He injection rate and their effect on swelling are as fol-
lows:

+ The helium-to-dpa ratio at which the maximum swelling oc-
curs shifts to lower helium-to-dpa levels as the damage level
increases in ferritic-martensitic steels

« The helium stabilized bubbles increase the cavity sink strength
of the microstructure and reduce the growth rate of voids

» The trend holds for multiple heats and alloys of ferritic-
martensitic steels

+ The trend is irrespective of helium injection method; cold pre-
injection or co-injection
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