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Abstract

The present paper studies the gas bubble distribution in triple beam irradiated
(Fe*, He*, H") EUROFER97, ODS-EUROFER and a 13%Cr ODS-steel. All materials
were irradiated 350 °C, 450 °C and 550 °C up to a displacement damage of 40 dpa, a
helium concentration of ~12.5appmHe/dpa and a final hydrogen content of
~50 appm H/dpa, respectively.

While most of the bubbles, with diameters up to 107 nm, in the 13%Cr ODS-steel were
found to be attached to the ODS-particles at all temperatures, they showed a homogenous
distribution in EUROFER97 at 350 °C. At 450 °C however, many small clusters with
mainly facetted cavities were observed, whereas at 550 °C most of the bubbles were
localized at microstructural sinks like grain boundaries, dislocations or precipitates. The
largest bubble found in EUROFER97 had a diameter of ~19 nm.

In both materials, the largest bubbles were located in the area where, according to SRIM
calculations, superposition of maximum displacement damage and highest gas
concentration occurred. This observation suggests that synergetic effects between helium

and hydrogen strongly influenced the bubble growth but not the bubble nucleation.

Despite exhaustive analysis, no bubbles could be identified in any of the three ODS-
EUROFER lamellae. Apparently, bubbles have formed only below the TEM resolution
limit or the helium was evenly distributed within the grains or at the particle-matrix

interface.

In addition, electron energy loss spectroscopy (EELS) was used to confirm the existence

of helium and hydrogen inside closed gas bubbles.



1. Introduction

Due to the neutron radiation inside future fusion reactors, helium and hydrogen are formed in
the structural components of future fusion reactors as a result of transmutation processes and
have a lasting influence on its mechanical properties [1-5]. The formation of nanometer-sized
helium bubbles leads to successive embrittlement and swelling of the structural materials [6—
9]. For this reason, the prediction and mitigation of radiation-induced gas bubble formation is
one of the most important challenges on the way to fusion energy. In order to estimate the
consequences of the superposition of displacement damage and continuous gas production, the
validation of materials under realistic scenarios is essential. Currently, there is no research
facility available in which the exact fusion conditions can be simulated. Therefore presently
other methods [5,10-12] must be used to test the material behaviour in future fusion power
plants. lon implantation using single, dual or triple beams is a promising alternative for
obtaining information about the ageing behavior of materials under fusion conditions within a

very short time. [13]

In this study, the microstructural changes resulting from irradiation-induced helium and
hydrogen production in combination with displacement damage are investigated in potential
structural materials for fusion technology. Therefore, the low-activating ferritic/martensitic
(F/M) steels EUROFER97, ODS-EUROFER aswell as a ferritic 13%Cr ODS-steel (HIP-ODS)
were irradiated with a triple ion beam (Fe®*, He*, H*) at 350 °C, 450 °C and 550 °C up to
40 dpa, 500 appm He and 2000 appm H, respectively. Afterwards, the gas bubble distribution
(number, size, distribution and morphology) was analyzed in the transmission electron

microscope (TEM).



2. Experimental Procedure

2.1 Materials

In thiswork EUROFER97, ODS-EUROFER and a ferritic 13%Cr ODS-steel were investigated.

Chemical composition of all three materials can be seen in Table 1.

Table 1: Chemical composition of EUROFER97 [14], ODS-EUROFER and the 13%Cr ODS-steel

element (weight. %) EUROFER97 ODS-EUROFER 13%Cr ODS-steel
C 0.12 0.071 0.0562
Cr 8.91 8.92 12.97
W 1.08 1.11 1.82
Mn 0.48 0.408 0,0308
\% 0.2 0.193 0.0532
Ta 0.14 0.081 <0.001
N 0.02 0.0278 0.0270
Si 0.04 0.111 0.0467
Y - 0.192 0.2077
O - 0.144 0.0468
Fe balance balance balance

The EUROFER97 samples originate from batch E83697 and were manufactured by Bohler
Austria GmbH. Prior to the irradiation, the samples were austinitized for 30 minutes at 980 °C,
quenched in air and then tempered for 2 h at 760 °C. The ODS-EUROFER samples were
produced by mechanical alloying of EUROFER powder with 0.3 % yttrium at Plansee GmbH.
After hot isostatic pressing (HIP), this material was rolled, austinitized at 1100 °C for 30 min
and thentempered at 750 °C for 2 h. The ferritic 13%Cr ODS-steel was produced at the Institute



of Applied Materials — Applied Materials Physics (IAM-AWP) of the Karlsruhe Institute of
Technology (KIT) and was exclusively HIPt at 1100 °C and received no additional heat
treatment. Quantitative TEM-analysis of the two ODS-steels was already performed in an
earlier study [15]. The resultsare presented in Table 2. Mixing of the alloying elements for the

ODS-steels was partly done in glove boxes under Ar-atmosphere.

Table 2: Results of the quantitative analysis of ODS-EUROFER and 13%Cr ODS-steel. [15]

ODS-EUROFER 13%Cr ODS-steel
ferriticgrainsize (um) 4-7 6-8
martensitic grain size (um) - 0.4-0.8
carbid size (nm) 50-800 -
oxide average size (nm) 1146 10+3
oxide number density (m3) 5 x 10 8 x 1021
Dislocation number density (m-%) 108 108

2.2 Triple ion-beam irradiation

Discs with a diameter of 3 mm were prepared from all three materials and then irradiated with
a triple ion-beam at the Joint Accelerator for Nanoscience and Nuclear Simulation (JANNuS)
at the Université Paris-Sud, Saclay at 350 °C, 450 °C and 550 °C. This temperature range limits
the range of application of EUROFER97. Below 350 °C the material undergoes severe

embrittlement [16], above 550 °C creep becomes a critical factor [17].

All relevant experimental parameters for the irradiation (see Table 2) were calculated using the
full cascade mode in SRIM [18] assuming a threshold energy of 40 eV for the Fe atom
displacement. The He- and H-ion concentrations as well as the displacement damage reached
its maximum over the depth range from 1 to 2 um. The goal was to obtain the flattest possible
implantation profile at the desired depth by successive implantation of the ions at different
energies using beam degraders. More detailed information about the irradiation conditions as

well as the implantation profile can be found in [19].



Table 3: Irradiation parametersfor the triple beam irradiation of the three steels

ion energy temperature dose fluence dose (dpa)/
(°C) (ioncm?2st)  (ioncm?)  concentration (appm)

Fe3* 10 MeV 1.71 x 10*? 4.3 x 10'6 40 dpa

He®™ 1.3 MeV 350/450/550 2.30 x 10! 5.8 x 10%° 500 appm

H* 600 keV 7.14x 10" 1.80 x 10 2000 appm

2.3 Microstructural investigations & analytical TEM

TEM lamellae of all three materials with sizes between 6-7 um were prepared using a Zeiss
NVision FIB microscope equipped with a Ga* liquid-metal ion source. All foils were taken
from the inner third of the “bulk™ samples, since the radiation should have had its full effect
here. Afterwards all lamellae were systematically examined from the surface until the end of
the lamellae using a FEI Tecani 20 equipped with a field emission gun (FEG) operated at
200 kV.

By definition, bubbles are gas-filled cavities. However, within the scope of this work we did
not verify for all materials weather helium or hydrogen resides inside the defect cluster. For the
sake of simplicity, all defects, whether they are bubbles or just cavities, will be referred to as
bubbles, even if no gas might be present in the defect cluster. In order to distinguish the bubbles
in the TEM from other microstructural defects, or to make them visible at all, it is necessary to
take images outside the focal plane. At the transition from upper to lower focus, the contrast of
the bubbles changes from a black dot with a white fresnel fringe to a white dot with a black
fresnel fringe. [20,21]

In order to confirm the existence of helium and hydrogen inside the defect clusters, electron
energy loss spectroscopy (EELS) measurements of all three materials were performed using a
FEI Talos equipped with a x-FEG. For the spectrum image (SI) acquisition the microscope was
operated at 200 kV using a Dual EELS-Gatan Imaging Filter (GIF) Infinium. The obtained
energy resolution was 0.95 eV with a camera length of 37 mm. The dispersion was set to
0.025 eV/channel.



2.4 Statistical Characteristics

The analysis of the gas bubble distribution was done with the image processing package Fiji
[22]. In order to ensure uniform results, the statistical values such as bubble number and size
were measured in a 175 nm x 175 nm window for each depth. The FIB preparation partially
damaged the surfaces of the lamellae. In order to obtain comparable results from all samples
and temperatures the statistical evaluation therefore started at a depth of 500 nm. According to
ASTM E521-96 [23] the bubbles can be assumed to be completely spherical. The size is thus

determined simply by the diameter and the volume V is given by V = §r3n, where r is the

bubble radius. The swellingH can be calculated as 2 = 100 x [ v
Vo Vo Ve —AV

]. Here AV is the volume

of all bubbles measured in a total volume V.. The initial volume V,, is equal to ¥, — AV. One has
to keep in mind, that the calculated swelling only considers bubbles that are visible in TEM.
However, bubbles with a diameter of < 0.5 nm should only have a minor influence on the

swelling behaviour.

Finally, the bubble density p is calculated as p = (ﬁ) >t N;, where A is the area where the
bubbles have been measured, t the average thickness in that area and N; the number of bubbles
measured. The foil thickness of each lamella was determined by EELS using the log-ratio

technique [24].



3. Experimental Results

3.1 EUROFER 97
350°C

After irradiation at 350 °C the EUROFER97 sample predominantly showed bubbles with a
diameter of ~1 nm. All bubbles had a round geometry and were evenly distributed in the matrix
over the entire sample. In the range between 0.5 um and 1.5 um, bubbles with diameters of up

to ~2.4 nm could also be found sporadically. The typical microstructure can bee seen in Figure
1 (left).
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Figure 1: (left) Gas bubble distribution close to the surface and (right) volume fraction of the bubbles and
bubble density for the EUROFER97 irradiated at 350 °C up to 40dpa, 12.5appm He/dpa and
50 appm H/dpa

In general, the distribution of gas bubbles at this temperature depends strongly on the depth (see
Figure 1 (right)). Up to 2 um, the number of bubbles increases sharply, then decreases rapidly.
The same applies to the bubble density, which rises in the range between 1.5 um and 2 um up
to 5.5x1022m™ and then drops significantly again. At this temperature the swelling is
negligible. The maximum value is only ~0.0035 %. Starting from ~3.5 um either no more

bubbles have formed or they could no longer be resolved in the TEM.



450°C

The distribution of bubbles in irradiated at 450 °C EUROFER97 is completely different from
that at 350 °C. The bubbles are no longer evenly distributed and both, round and polyhedral
faceted geometries were formed. Most of the faceted bubbles are hexagonal, some are squared.
Figure 2 shows a section of the investigated TEM lamella from the surface covered with
platinum up to a depth of ~3000 nm. It can be clearly seen, that between 1500 nm and 2000 nm
a large number of bubbles have formed. From ~2400 nm on no more bubbles could be observed
or they were again too small to be resolved in the TEM. The mean bubble diameter was

determinedto be 2.6 nm at this temperature.

1500 nm 1000 nm

Figure 2: Section of the TEM lamella from the EUROFER97 sample irradiated at 450 °C up to 40 dpa,
12.5 appm He/dpa and 50 appm H/dpa. Most bubbles were found in a depth between 1500-2000 nm. At
~2.4 pmno more bubbles could be detected.

Figure 3 (right) shows the volume fraction and the bubble density as a function of the depth. In
this sample bubbles with sizes from 1.2 nm to 19.3 nm were detected. As shown in Figure
3 (right), the largest bubble diameters were found at a depth between 1500 nm and 2000 nm.
Figure 3 (left) shows how larger bubbles are often surrounded by much smaller ones. On the
other hand, some bubbles overlap and seem to merge. Up to this depth, the bubbles were almost
exclusively round. At greater depths, they also showed a clearly faceted structure and were
repeatedly distributed inthe matrix in the form of smaller clusters. Both the bubble density and
the volume fraction of the bubbles, as well as the bubble size, have increased significantly
between 1500 nm and 2000 nm. The sample has swollen by ~0.5 % in this area and has a bubble
density of 1.5x10?2m=. From 2000 nm on, the bubble density has increased again to

2.2 x 10?2 m while the volume fraction has clearly decreased.
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Figure 3: (left) Micrograph from the implantation region showing clusters of large and small bubbles and
(right) volume fraction and bubble density of the EUROFER97 sample irradiated at 450 °C up to 40 dpa,
12.5 appm He/dpa and 50 appm H/dpa

550 °C

Investigation of the 550 °C sample revealed, that the vast majority of the bubbles have a round
shape and are now also attached to lattice defects, especially in the implantation area between
1 um and 2 um. The few faceted bubbles have the same hexagonal structure as in the 450 °C
sample. However, in the range up to ~200 nm no bubbles could be detected at this temperature.
Between 250 nm and 1500 nm some small bubbles could be observed inside the grains. The
average size in this area was determined to be ~3 nm.

As at 450 °C, the largest bubbles could be observed in an area between 1500 nm and 2000 nm.
However, the maximum bubble size in this region is only 8.6 nm, and the maximum swelling
value only 0.14 % (see Figure 4 (right)). From Figure 4 (left) it can be seen, that at a depth of
1-2 um, the bubbles have nucleated mainly at microstructural sinks such as dislocation lines (1)
and even more at grain boundaries (2). Also, bubbles had repeatedly attached themselves to

precipitates, as shown in Figure 5.
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Figure 4: (left) Micrograph from the implantation region showing bubbles attached to (1) dislocation lines
and (2)a grainboundary, (right) volume fractionand bubble density of the EUROFER97 sample irradiated
at 550 °Cup to 40 dpa, 12.5 appm He/dpa and 50 appm H/dpa

Figure 5: TEM image at a depth of about 1 um. Clearly visible accumulation of bubbles at a carbide
precipitation. The bubble density inthe enlarged areais 6.0 x 1023 m-3,

3.2 ODS-EUROFER

First TEM investigations of the ODS-EUROFER samples initially gave the impression, that
small bubbles had formed at the surface of the ODS-particles in many places at all three
irradiation temperatures. Figure 7 shows images from the implantation regions for the different
temperatures. The red arrows mark structures that initially seem to be bubbles. On closer
inspection in the high resolution transmission electron microscope (HRTEM) and by tilting the
sample, however, it turned out that these features were almost always either small ODS-
particles or simply contrast phenomena that looked like bubbles. Figure 6 (left) and (right) show
how small ODS-particles with diameters of 2-4 nm are attached to much larger ones

12



7 shows the same typical structure for all three temperatures. Many ODS-particles, but no
bubbles. Observation of all samples under different diffraction conditions remained

unsuccessful as well.

Figure 7: TEM micrographs taken from the ODS-EUROFER sample irradiated at (left) 350 °C, (middle)
450 °Cand (right) 550 °C. The red arrows mark features that look like bubbles.

3.3 13%Cr-ODS steel
350 °C

The HIP-ODS sample irradiated at 350 °C revealed clearly visible bubbles already in the low
magnification mode. Figure 8 also clearly shows, that the largest bubbles again formed between
1.5 um and 2 pmand that bubbles could still be observed at a depth of ~4.2 um. Up to ~1.2 um
it was sometimes very difficult to clearly identify bubbles as such. In this area, they were often
smaller than 1.0 nm and could therefore not always be clearly distinguished from the image
noise of the TEM, even in high resolution. However, there were also a few larger bubbles with
a diameter of up to 10 nm in this range. From a depth of ~1.5 pum a clear jump in the bubble
size and consequently also in the swelling could be observed (see Figure 9 (right)). In the area
between 1.5-2 um several bubbles with a size between 30-70 nm were formed and also the
largest bubble with a diameter of ~107 nm was measured here. This resulted in a swelling of

~27 % in this area.

13
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Figure 7: Section of the TEM lamella from the HIP-ODS sample which was irradiated at 350 °C up to
40 dpa, ~12.5 appm He/dpa and ~50 appm H/dpa. The largest bubbles were found in the range between

1500-2000 nm.

It is also noteworthy that all bubbles > 40 nm were apparently attached to half elliptical ODS-
particles. In general, at this temperature, the majority of all visible bubbles, ~72 %, was formed
at ODS-particles that were freely deposited inthe matrix or at grain and phase boundaries. Only
~28 % were free inside the grain or not visibly attached to particles. At dislocation lines, directly
at precipitates or grain boundaries no bubbles could be observed. With a few exceptions, all
bubbles were spherical. Especially those that were visibly attached to ODS-particles. Only a
few weakly faceted bubbles as shown in Figure 9 appeared. From a depth of 2 um up to
~4.2 um, a bubble distribution as shown in Figure 9 was observed throughout. At many places
in the material, helium and vacancies accumulated at the surface of the ODS-particles. With
increasing depth, the maximum bubble size has decreased while the number of smaller bubbles
has increased. As a result, the bubble density between 3 um and 4 um initially increased up to

8.8 x 10?2 m™ before dropping down to 1.1 x 102! m at a depth of 5 um.

14
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Figure 9: (left) Bubble distribution at a depth of ~2 um in the HIP-ODS sample irradiated at 350 °C, the
red area marks a weakly faceted bubble, bubbles 1-3 are clearly oxidized; (right) volume fraction of the
bubbles and bubble density for the HIP-ODS irradiated at 350 °C up to 40 dpa, 12.5 appm He/dpa and
50 appm H/dpa

450 °C

In the 450 °C sample, considerably more bubbles than at 350 °C were detected. Up to a depth
of ~6.5 nm, there were many small bubbles with diameters between 1.5 nm and 6 nm as well
as individual larger bubbles with diameters up to ~70 nm (see Figure 10). Between 0.5 um and
1 pum bubbles had already a size of up to 10 nm. The vast majority was attached to ODS-
particles at this depth. In total, ~60 % of all bubbles were visibly attached to precipitates, grain
boundaries or phase boundaries, ~15 % apparently to dislocation lines, the remaining 25 %

were free in the matrix or not visibly attached to microstructural sinks.

From ~1.5 pum on the bubble distribution has changed significantly. The bubbles were no longer
evenly distributed and the size distribution also showed a different picture than before.
Individual, very large bubbles were now again and again linearly arranged together with many
small bubbles, as can be seen in Figure 11. However, clearly visible dislocation lines or grain
boundaries could not be observed at these locations under the given TEM operating conditions.
In addition, it was sometimes relatively difficult to clearly identify the ODS-particles. At a
depth of ~1.6 um, the largest bubble with a diameter of 70.1 nm formed on an ODS-particle at
450 °C. As at 350 °C, smaller bubbles with diameters of up to ~8 nm were found exclusively
on round ODS-particles. Usually, only a single bubble was visible on an ODS-particle. At this
temperature, most of the bubbles were spherical, as shown in Figure 11. Especially the few

larger bubbles with a diameter of ~18 nm were slightly faceted. The maximum swelling,
15



~7.1 %, was reached again between 1.5-2 um. Since the entire helium was distributed over a
few bubbles, two additional swelling maxima between 3-4 um and 6-7 pum appeared. With
2.5 % and 4.6 %, however, they were smaller than the first one. It is also noteworthy that at all

points where the sample is visibly swollen, the bubble density has decreased significantly each
time.
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Figure 9: (left) Bubble distributionin ~1.2 um depth with different bubble geometries(1: semicircular, 2:
“conical”) at the surface of ODS-patrticles; (right) volume fraction of the bubbles and bubble density for the
HIP-ODS irradiated at 450 °C up to 40 dpa, 12.5 appm He/dpa and 50 appm H/dpa
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Figure 10: (left) TEM image of the 450 °C HIP-ODS sample in the range between 1500-2000 nm with linear
arrangement of the bubbles marked by the white lines. The red arrow marksthe precipitation to which the

70.1 nm sized bubble is attached. (right) HRTEM image of an ODS-particle with an attached bubble.
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550 °C

After irradiation at 550 °C fewer bubbles and in the majority, smaller bubbles were formed
compared to the irradiationat 450 °C. In addition, the bubbles were only visible up to a depth
of ~3.8 um. As with the two lower temperatures, a large bubble, with a diameter of 88.8 nm
(see Figure 12), was formed between 1.5 pm and 2 pum, but it was smaller than the largest
bubble at 350 °C. Furthermore, this bubble appears to have formed freely in the matrix.
Between 1.5 um and 3 um, a linear arrangement of individual larger bubbles with several small
bubbles, which usually had a size between 1.5 nmand 4 nm, could be observed again and again.
In this range the bubble density increased from 9.1 x 10?2 m? to 2.5 x 1022 m3. While the
swelling increased in several places for the 450 °C sample, the swelling curve for this
temperature shows only one maximum between 1.5 um and 2 pm with a value of ~12.0 %.
From ~2 pm on a significant increase in the number of bubbles was once again observed, before
from ~3 um on fewer bubbles were visible (see Figure 12 (right)). Some areas showed again
linear alignments of bubbles as it can be seen from Figure 12 (left). Justas at 450 °C, ~60 % of
the bubbles were attached to particles, ~25 % were freely distributed in the matrix or not
recognizably attached to defects, and ~15 % were possibly attached to dislocation lines. Figure

12 also demonstrates that even at this temperature larger bubbles showed a slight faceting.
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Figure 11: (left) Bubble distribution at 550 °C for the HIP-ODS sample, with a linear arrangement in the
white marked area; (right) volume fraction of the bubbles and bubble density for the HIP-ODS irradiated
at550 °Cup to 40 dpa, 12.5 appm He/dpa and 50 appm H/dpa
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3.4 Analytical Transmission Electron Microscopy

EELS measurements were performed with all three materials aiming for the detection of
hydrogen and helium within closed bubbles. As expected, we could not measure a signal for
hydrogen or helium within ODS-EUROFER. We also looked for unusual changes in the
elemental concentrations at the particle-matrix interfaces, that might be caused by voids or gas
bubbles [25] but remained unsuccessful. Surprisingly, we also found no signs of helium and
hydrogen in the EUROFER97 samples even though some bubbles had a size of up to 19 nm.
Either our samples were still too thick for the detection of the two gases — t/A was measured to
be between 0.7-1 — or the gas concentration in single bubbles was just too low and below the
detection limit of our microscope. The HIP-ODS samples, however, showed several bubbles

with clear hydrogen and helium signatures.
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Figure 12: (upper left) STEM-dark field (DF) image of a gas bubble (black) attached to an ODS-particle
(grey); (upper right) low loss EELS signal with H-K edge from the bubble inside as indicated by the green
cross, the blue line indicates the Gaussian that was used to model the plasmon; (lower left) hydrogen
intensity distributionafterwindowintegration between11-14 eV; (lower right) heliumintensity distribution
after window integration of the residual signal between 22-24 eV
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Figure 12 (upper left) shows a scanning transmission electron microscopy (STEM) dark field
(DF) image of a gas bubble (black) attached to an ODS-particle (grey) as well as a single low-
loss EELS spectrum (upper right) from its interior after principle component analysis (PCA)
[26]. The H-K edge is clearly visibleat 12.9 eV which is in good accordance with other values
reported in the literature [27—29]. The He-K edge, however, is only visible as a small shoulder
near the plasmon peak of the metallic matrix around 23 eV. Following Fréchard et al. [30] a
Gaussian curve (see blue line in Figure 13 (upper right)) was fitted to the plasmon peak and
afterwards subtracted from it to extract the He 1s - 2p peak. The residual signal, which
corresponds to the He-K edge, is then also modeled using a Gaussian. To gain insight into the
helium and hydrogen distribution, the areas under the two gas-peaks are then simply determined
by simple window integration between 21-24 eV and 11-14 eV, respectively. The pixel size for
this Sl is 9.0 A. As it can be seen from Figures 13 (lower left) & (lower right) both gases are
present throughout the whole bubble. At first glance it looks like, if the helium forms a “core-
like” structure within the bubble while the hydrogen resides also further outside in the bubble.
More detailed EELS analysis of these materials are in preparation and will be published

elsewhere.
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4. Discussion

4.1 EUROFER97

At all three irradiation temperatures, bubbles were found both inside and outside the ion
implantation region in the EUROFER97 samples. Figures 1, 3 and 4 also show that the largest
bubbles were located at a depth of 1.5-2 um. This observation is in good agreement with the
SRIM calculations for this irradiation experiment [19], according to which the helium and
hydrogen concentration as well as the displacement damage should have reached its maximum
in this area. Apparently, synergetic effects between simultaneous displacement damage as well
as helium and hydrogen implantation were observed in this area. In this context, a comparison
with the work of Kaiser et al. [31], who irradiated EUROFER97 with Fe3* (3.0 MeV) and
He* (1.2 MeV) at 330 °C, 400 °C and 500 °C up to 26 dpa and 450 appm He, and then
examined the microstructure in the TEM in the range in which the conditions according to
SRIM were exactly effective, is worthwhile. Table 4 shows the results together with the values

measured between 1.5 pm and 2 pum.

Table 4: Comparison of dual [31] and triple beam irradiated EUROFER97

dual beam /triple beam (1.5-2 um)

displacement damage (dpa) 26/40

gas content 450 appm He/500 appm He, 2000 appm H
temperature (°C) 330/350 400/450 500/550
<d> (nm) 1.3/1.9 1.2/4.8 2.0/4.2
bubble density (1022 m3) 20/5.4 9.4/1.5 2.5/1.0
swelling (%) > (0.02/0.004 >0.02/0.5 >0.02/0.1

At all three temperatures, bubbles formed during triple beam irradiation were larger than those
formed during dual beam irradiation at comparable temperatures (see Figure 14). The triple
beam irradiations at 450 °C and 550 °C led on average even to ~4 times, respectively ~2 times

larger bubbles than the dual beam irradiation at 400 °C and 500 °C. Therefore also the swelling
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was found to be higher at those
the
bubble densities in this work are all

temperatures. In contrast,

lower than for the dual beam
irradiation of Kaiser et al.. These
observations support the common

thesis according to which the

presence of hydrogen has a
positive influence on bubble
growth, but not on bubble

formation [32,33]. Wakai et al.
[34] came to the same conclusion
after dual and triple beam
irradiation of F82H. The increased
swelling  after triple beam
irradiationat 470 °C was the result
of a comparatively large average
bubble Above the
maximum swelling temperature,
both the bubble density and the

bubble diameter have decreased

diameter.

after the triple beam irradiation. A
similar behaviour was found in this
work. The comparatively large
bubble density at 350 °C reported
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in this paper can be tentatively irradiationof EUROFER97

explained using the arguments from

reference [35], that state that below the maximum swelling temperature, small HeV clusters are

stabilized by hydrogen as it increases the binding energy of HeV clusters. At higher

temperatures the hydrogen atoms diffuse too fast from the HeV clusters to influence the
bubbles. Both, below 400 °C [53] and above 510 °C [58] the swelling in triple beam irradiated
FeCr alloy seems to be relatively low. Thus, the influence of hydrogen on the maximum

swelling is limited to a temperature window of ~110 °C. It has yet not been conclusively

clarified which exact mechanisms are responsible for the synergistic He- and H-effects. Both

21



H [36-38] and He [39-41] seem to facilitate the formation of vacancy clusters. Hayward & Deo
[42] conclude from their molecular dynamics (MD) simulation, that there is no direct interaction
between the two atoms. Instead, they suppose that hydrogen promotes bubble growth by loop
punching. Due to the large stress field around a bubble, which is generated by the high pressure
in its interior, adjacent matrix atoms can be knocked out of their lattice position. This resultsin
formation Frenkel pairs or dislocation loops [43]. While the created vacancy becomes part of
the bubble and increases its volume, the self interstitial atom (SIA) can move freely in the
matrix. For the system it is energetically most favorable, if hydrogen is not free in the matrix,
but within a He-H-V-Cluster on a vacancy position. The presence of hydrogen causes a
reduction of the helium vacancy ratio which is necessary for the energy-minimizing Frenkel

pair formation.

Under similar conditions as in the present study, Klimenkov et al. have investigated the
microstructure of B-doped EUROFER97 irradiated up to 16.3 dpa and 415 appm He in a high-
flux reactor [44]. These samples were used to simulate a fusion relevant helium to dpa ratio
under fission neutron irradiation due to enhanced He production by transmutation of boron. The
observed bubble structure was significantly coarser than after ion implantation in this work.
The cavity density and the maximum bubble diameter were reported to be 0.7 x 1022 m= and
25 nm at 350 °C, at 450 °C 0.8 x 1022 m= and 10 nm. Furthermore, the transition from a
homogeneous bubble distribution in the matrix to a heterogeneous bubble formation at
dislocations, precipitates and grain boundaries could already be observed at a temperature
between 350-450 °C. In addition, the B-doped samples already showed a swelling maximum at
350 °C and not, as observed here, at 450 °C. Thus, these results tend to fit more to the data
measured here at 450 °C and 550 °C and it seems there is a temperature shift of ~100 °C
between neutron and ion irradiation experiments. In order to simulate the significantly lower
damage rates of neutronirradiation [45] higher irradiation temperatures are obviously necessary
during ion implantation experiments. The authors in [31,46], who also observed a temperature

shift of < 50 °C between neutron and ion irradiation came to the same conclusion.

The observed dependence of the bubble distribution on temperature isin good accordance with
the theoretical considerations of Trinkaus & Singh [47] and the bubble growth model of
Dethloff [48]. In [48] the author investigated the influence of sinks on bubble development.
Grain boundaries were stronger sinks than dislocations under the given conditions. In addition,
relatively high temperatures and low helium rates had been shown to promote bubble growth
along sinks. The theoretical considerationsin [47] connect the bubble diameter and the type of
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distribution - homogeneous in the matrix or heterogeneous at microstructural sinks. At 350 °C
all bubbles were homogeneously distributed in the matrix and had an average diameter of
1.1 nm. Due to the high supersaturation of the matrix with He ions, two of them can
theoretically form a stable nucleus. In addition, the mobility of the implanted helium and the
vacancies is limited at this temperature. Thus many centers are available for nucleation of
bubbles while diffusion to grain boundaries, dislocations and precipitates but also bubble
growth is suppressed. With increasing temperature, larger bubbles with an average diameter of
2.8 nm could be observed at 450 °C. The small He(-vacancy) clusters are no longer thermally
stable and the He-atoms are no longer necessarily bound to them as they can diffuse through
the material due to the increased temperature. As a result, only clusters that have exceeded a
critical size and are stabilized by a sufficiently large supply of He can now grow. Consequently,
the bubble density has decreased from 34.9 x 102 m2t019.1 x 10?* m=. At 550 °C, the bubbles
were no longer distributed exclusively homogeneously in the matrix, but were also found along
dislocation lines, precipitates or grain boundaries (see Figure 4 and Figure 5 (left)). The
diffusivity of the helium atoms at this temperature was large enough to reach microstructural
sinks and anchor there. While the average bubble diameter remained nearly constant, the bubble
density decreased to 14.3 x 102t m3. Accordingly, at this temperature, the implanted helium has
attached itself not only in the form of visible bubbles, but also in the form of single atoms or
small clusters to sinks which were not visible in the TEM.

Figure 14: Cluster formation at 450 °C (left) and 550 °C (right) in EUROFER97; the red frames mark
bubble coalescence, the blue frame marks bubbles that are attached to a dislocation line.

At 450 °C and 550 °C bubble clusters could be observed repeatedly as exemplified in Figure

15. Larger bubbles were often surrounded by smaller bubbles. In general, bubbles can grow by
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two different mechanisms [47,49]. On the one hand by the migration and consolidation of
bubbles, on the other hand by Ostwald ripening. The first mechanism assumes, that the bubbles
can move due to random rearrangement of the bubble surface by diffusion of the matrix atoms
at the surface due to an external driving force, e.g. a stress field or a vacancy concentration
gradient. When two bubbles come into contact, they immediately merge together [50]. This
mechanism could be the cause of the monomodal particle size distribution at 550 °C (see Figure
16 (lower left)). The Ostwald ripening occurs due to a diffusion flow from smaller to larger
bubbles [48] due to different chemical potentials resulting from the different gas pressures of
different sized bubbles. Small bubbles dissolve and the released helium atoms are absorbed by
larger ones. The more He atomsreside in a bubble, i.e. the larger the pressure in its interior, the
larger the energy barrier for diffusing helium atoms to join existing bubbles [51]. Figure 16
shows the size distributions together with the box plots for all three temperatures. The lower
end of the box plot is bounded by the 0.25% quantile, the upper end by the 0.75% quantile. The
whiskers are limited to 1.5 times the interquartile distance (IQR). At 450 °C, a bimodal bubble
distribution was clearly visible. Larger bubbles were always surrounded by the numerically
superior smaller ones. Possibly, the bubbles at this temperature have therefore grown by

Ostwald ripening.
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Figure 15: Size distribution of bubbles in EUROFER97 irradiated at (upper left) 350 °C, (upper right)
450 °C, and (lower left) 550 °C. The red curves are the Gaussian fits and the box plot is limited at the lower
end by the 0.25 % quantile at the upper end by the 0.75 % quantile. In plot (upper left) the classsize is
0.25 nm, in plots (upper right) and (lower left) 1 nm, respectively.

4.2 ODS-EUROFER

Although all three ODS-EUROFER samples were systematically examined in HRTEM, no
bubbles could be reliably identified. In earlier studies, ODS-EUROFER samples were irradiated
with neutrons [52] or a-particles [5] as well as by multiple ion implantation [46,53]. While
bubbles with diameters of up to ~11 nm [5] had clearly formed at the surface of the ODS-
particles during the irradiations with a-particles and neutrons, the results of the ion
implantations were not completely consistent. Brimbal et al. [46] had irradiated ODS-
EUROFER at 400 °C up to 27 dpa, 440 appm He and 2000 appm H and reported bubbles with
an average diameter of 2.0 nm and a bubble density of 2.3 x 10?2 m=3. However, the bubbles in
the pictures presented inthis paper - as well as in the present work - cannot be identified without
any doubt as such. HRTEM images were not published. Grieveson [53] had investigated ODS-
EUROFER irradiated at 300 °C up to 4.5 dpa and 2000 appm He, then analyzed it in HRTEM
and could not detect any bubbles. When reviewing TEM images in publications, it should
always be noted that these are only snapshots and that it is often difficult to assess bubble

formation on the basis of these alone.

In general, under the given conditions in ODS-EUROFER, the formation of bubbles during ion
implantationis very limited or non-existent. In this work, either only very small bubbles were
formed which could no longer be resolved by the TEM, or the helium is in such a low
concentration within the individual grains or at the particle-matrix interfaces that no bubbles

were formed.

Assuming that the implanted helium atoms are uniformly attached to all available ODS-
particles [15], a helium dose of 500 appm results in a helium concentration of
2.14 x 10°® helium-atoms/particle. If one compares the surface of an average oxide particle in
ODS-EUROFER, 9.5 x 101" m2 [15], with the area occupied by 2.14 x 10° helium atoms,
3.02 x 102t m?, it quickly becomes clear that a monolayer of helium atoms could have formed
around the oxide particles. In addition, a small portion of the helium may have attached itself
to other sinks such as grain boundaries or dislocations, thus providing a fine distribution of the
implanted helium. Furthermore, helium atoms can also be stored in the lattice gaps of the
oxides. Yang et al. [54] calculated the formation energy of substitutional helium with 2.28 eV,

for helium within the lowest energy octahedron gap of Y,Ti,O; it was only 0.96 eV.
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Accordingly, helium first migrates from the matrix into the ODS-particles or to their interface
where it is trapped until a sufficiently large bubble with ry > r¢ has formed at the interface. As
soon as the binding energy for helium Ey inside the bubble is lower than the energy Eo in the
oxide, it migrates from the oxide into the attached bubble, which continues to grow due to void
absorption. Since the helium atoms interacted mainly with the oxygen anions of the oxides,
Yang et al. conclude that all oxides have the potential to capture and store helium. The helium
concentrations of 2.14 x 10° helium atoms/particles were obviously not sufficient to form stable

bubble nuclei at the surface of the oxides which were large enough to be seen in the TEM.

4.3 13%Cr-ODS steel

As with the EUROFER97 specimens, bubbles were found in the ferritic HIP-ODS at all three
irradiation temperatures inside and outside the implantation area. Figures 9, 10 and 12 also
show that the largest bubbles, as well as the swelling maxima, were located in the area between
1.5um and 2 um for all samples. Apparently there were also synergetic effects between
hydrogen and helium, which promoted the volume increase in this area. It is astonishing,
however, that both at 350 °C (4.9 %) and 550 °C (2.5 %) there was an increased swelling, while
the volume increase at 450 °C (2.0 %) was comparatively small. At 450 °C and 550 °C the
average bubble diameters were increased compared to 350 °C while the bubble densities tended
to be lower. Farrell & Lee [55] had justified the synergetic effects between hydrogen and
helium with the fact that hydrogen reduces the surface energy of the helium bubbles and thus
facilitates the formation of further bubbles. Accordingly, many small bubbles - as can be seen
in Figure 10, for example - could have formed at the ODS particles, which later grew into
individual large bubbles. However, it is unclear why the swelling has risen again at 550 °C. It
is also possible that the synergetic effects between helium and hydrogen in ODS alloys play

only aminor role or are decisively influenced by the ODS particles.

The majority of the bubbles have formed on the available Y,0s-particles. In other publications
[5,56], only between 50 % to 60 % of the helium bubbles were visibly attached to oxide
particles and about 40-50 % to other sinks, or they were visible inside the grains. The ferritic
ODS-steel was exclusively HIP-treated and should, therefore, have a coarser grain structure
than ferritic ODS-steels treated subsequently [57]. The average grain size of the 13%Cr ODS-
steel examined here was determined in [15] with 6-8 pum. As a result, there was a strong helium
accumulation at the particles. At 350 °C about 70 %, at 450 °C and 550 °C about 60 % of the

bubbles were visibly attached to the oxides. As a result, bubbles with diameters of up to 70 nm

26



were formed at all three temperatures, and even significantly above 107 nm at 350 °C. These
observations provide convincing evidence that the oxide particles are strong sinks for helium.
However, materials that have been heat after HIPing [8,58,59] show significantly better
irradiation behavior. The triple beam irradiation of Fe-14Cr-0.3Y,0;3 [58] at 600 °C up to
~30 dpa, 500 appm He and 2000 appm H, resulted only in few bubbles with diameters of
2-3nm. Even after irradiation of the 14%Cr ODS-steel MA957 [60] up to 9 dpa and
380 appm He at 550 °C, only bubbles with diameters of <1 nm and a bubble density of
3 x 102 m? could be observed. For the present study the densities were 1.3 x 1022 m* and
9.7 x 102! m2at 450 °C and 550 °C, respectively.
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Figure 16: Size distribution of bubbles in the irradiated HIP-ODS (upper left) 350 °C, (upper right) 450 °C,
(lower left) 550 °C. The red curves are the Gaussian fit. The box plot is limited at the lower end by the
0.25 % quantile and at the upper end by the 0.75 % quantile. The class size for all three plotsis 1 nm.

For the smaller bubbles with a diameter of 3-6 nm, a dependence of the bubble size on the
diameter of the ODS particles could be determined. The larger the spherical oxides were, the
larger were the bubbles visibly formed on their surface. As already discussed in chapter 4.2,
helium can be embedded in the lattice gaps of the oxides or pinned to the particle-matrix
interface and later migrate into attached bubbles. Larger oxides can store more helium or trap

it at the surface and thus also allow larger bubbles on their surface as bubbles with a higher
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helium content can collect more voids until the equilibrium condition p=2y/r is reached. Here

p is the pressure, y the surface energy and r the bubble radius. [8]

Furthermore, the implanted helium was not evenly distributed over a large number of oxide
particles, but attached to comparatively few particles in the form of relatively large bubbles.
Once a bubble has formed, it also acts as a strong sink for free interstitial helium or HeV
clusters. This observation is further illustrated by the size distribution in Figure 17. The box
plots are again limited by the 0.25 % or 0.75 % quantile at the lower and upper ends,
respectively. The whiskers again mark 1.5 timesthe IQR.

At all three temperatures, the majority of the bubbles had a diameter between 0.85 nm and
7.8 nm (see Figure 17). In addition, most of the bubbles had a spherical form and were only
weakly faceted in some places. In particular, bubbles with diameters > 15 nm were not perfectly
spherical. These observations suggest that the pressure inside the bubbles and consequently the
helium concentration is relatively high and comparatively few vacancies were necessary for
bubble growth.
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4.4 Overall Considerations

During our TEM study we could never observe interstitial type defects that could be clearly
linked to the ion irradiation. It is well known that at low doses ( < 1 dpa) or low temperatures (
<400 °C) small dislocation loops, often called “black dots”, form in Fe-Cr alloys [61-64]. As
the sample preparation in our study was done with a FIB it is almost impossible to distinguish
between FIB induced damage and ion irradiation defects. With increasing dose or temperature,
dislocation loops begin to grow and form extended dislocation networks ( [64,65]) (see Figure
5. in [65]). Throughout our TEM investigations we could never localize any dislocation loops
that were large enough to be clearly identified as such. At 550 °C, however, we could observe
in some places linear arrangements of bubbles (see Figure 4) which seem to be attached to
dislocation lines. Therefore it might be concluded that at 350 °C and 450 °C small dislocation

loops or black dots could have formed and developed into dislocation structures at 550 °C.

The ODS-EUROFER samples confirmed the outstanding irradiation resistance of this material.
Despite intensive investigations, no bubbles could be reliably identified in any of the samples.
Apparently, the entire helium was distributed evenly throughout the matrix, at the surface of
the ODS-particles or at other microstructural sinks. In contrast, bubble formation in
EUROFERR97 occurred already at the lowest irradiation temperature. At 350 °C and 450 °C
the bubbles were predominantly freely distributed within the grains. At 550 °C they were also
visibly attached to dislocation lines, precipitates and grain boundaries. The HIP-ODS samples
reacted worst to the irradiation. Bubbles with diameters up to 107 nm had formed at 350 °C,
resulting in local swelling of up to 27 %. The vast majority of the bubbles in this material were
attached to the ODS particlesat all three irradiation temperatures, at 450 °C and 550 °C partly
also to other sinks, especially dislocation lines. An overview of the bubble characteristics is

shown in Table 5.

Table 5: Overview of bubble properties inirradiated EUROFER97 and the HIP-PDS irradiated up to
40 dpa, 500 appm He and 2000 appm He.

EUROFER97 HIP ODS
350°C 450°C 550°C 350°C 450°C 550°C
bubble density(10%! m3) 34.9 19.1 14.3 5.7 13.2 9.7
<diameter>(nm) 1.1 2.8 2.7 5.2 4.7 4.9
max. diameter (nm) 2.1 19.3 8.6 107.2 70.1 88.8
swelling (%) 0.003 0.16 0.03 4.9 2.0 2.5
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max. swelling (%) 0.0035 0.47 0.14 27.4 7.0 12.0
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EUROFER9Y samples was bubble diameter for the irradiated HIP-ODS and

expected. For both materials, EUROFER97

however, it could be observed that a comparatively large swelling of the samples is the result
of a tendency towards a lower bubble density and a large bubble diameter (see Figure 18).
Within the scope of this work, however, it was not possible to conclusively clarify why no
visible bubbles were formed in the ODS EUROFER, but bubbles with diameters of up to
107 nm could be seen in the ferritic ODS-steel. Actually, a relatively similar irradiation
behavior was expected. Irregularities during irradiation can in principle be ruled out. All
samples from this work and the EFDA iron samples from Roldan et al. [21] were irradiated

simultaneously in the same experiment. The microstructural investigation of both,
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EUROFER97 and ODS-EUROFER, and of the EFDA iron showed no unexpected changes in
the microstructure. Furthermore, the strong difference between the two ODS-steels was
observed not only at one but at all three temperatures. Thus the influence of possibly strong
local fluctuations of the element concentrations and particle distribution within the individual
samples can be excluded. The material properties of the two materials are also relatively similar.
Both the mean grain size (4-7 nm vs. 6-8 nm) and the mean size of the oxide particles (10 +
3nmyvs. 11 £ 6 nm) are of the same order of magnitude for both materials and should therefore
also be ruled out as the cause of the strong differences [108]. However, the examination of the
non irradiated 13%Cr ODS-steel in the scanning electron microscope (SEM), revealed two
possible causes for the deviant irradiation behaviour. Figure 19 (left) shows, on the one hand,
that individual grains with a size of up to 10 um and more could be observed in some places.
In these areas (1) there is a smaller number of sinks than in the areas with a finer grain structure
(2). Thus, there is a higher tendency for helium to attach to the ODS particles in these regions.
On the other hand, pores could be found in some places (see Figure 19 (right)), which indicates
an incomplete compaction of the material during HIPing. These cavities may have grown during
irradiation to the huge bubbles seen in the TEM due to the influence of temperature,
displacement damage and implanted gases. All prepared lamellae had a size of only 6-7 um.
Therefore, it cannot be excluded that the three examined lamellae were randomly cut from those
areas of the material where either the grain structure was very coarse or many pores were
present. Additionally it is well known that argon, which is used as an inert gas during
production, can form small bubbles on top of ODS-particles in non-irradiated material
[25,66,67]. These already pre-existing bubbles might have been developed into the observed
enormous pores. However, in earlier studies [15] of the non-irradiated material we could never

observe these bubbles.

Figure 18 shows that the volume increase in both, HIP-ODS and EUROFER97, are the result
of an increased bubble diameter and a comparatively low bubble density respectively. For both
materials, the swelling was greatest at all three temperatures at depths between 1.5 um and
2 um. However, the EUROFER97 showed a significantly lower swelling (0.16 %) than the
HIP-ODS samples, which, due to the strong helium accumulation on the ODS particles at
350°C, are swollen on average by up to 4.9 %. However, the initial porosity was not taken into
account. The EUROFER97 samples thus underline the excellent swelling resistance of F/M
steels, which usually experience a volume increase of well below 1 %. The ferritic HIP-ODS

samples, on the other hand, performed significantly worse than other subsequently treated
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ferritic ODS-steels [68,69]. At 350 °C swelling exceeds the 3 % mark, which in some cases is

stated in the literature as the embrittlement limit. [7]

Figure 18: Grainstructure of the HIP-ODS in the unirradiated state. The left image shows coarse (1) and
fine (2) areas. The red arrows mark small poreswhich were visible at several places in the material.
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5. Concluding Remarks

Within the scope of this work, the gas bubble distribution was analyzed in EUROFER97, ODS-
EUROFER and a ferritic 13%Cr ODS-steel, after triple beam irradiation at 350 °C, 450 °C and
550 °C. Both in EUROFER97 and in the ferritic 13%Cr ODS-steel, clearly visible bubbles
formed at all three temperatures. Despite extensive investigations, the ODS-EUROFER
lamellae showed no bubbles. This underlines the outstanding irradiation resistance of this
material. In EUROFER97, bubbles with a size of up to 2.1 nm e were initially homogeneously
distributed in the matrix at 350 °C, while bubbles with diameters of up to 19.3 nm, often
faceted, were repeatedly observed in the form of small clustersat 450 °C. This indicates bubble
growth by Ostwald ripening. After irradiation at 550 °C, a considerable part of the bubbles with
a size of up to 8.6 nm could also be localized at dislocations, grain and phase boundaries. The

average swelling for this material was highest at 450 °C with 0.16 %.

Comparison of the bubble structure in the EUROFER97 samples from this work with samples
irradiated in a high flux reactor suggests a temperature shift of about 100 °C between ion

implantation and neutron irradiation.

All samples in which bubbles could be observed showed a maximum bubble size in the range
where SRIM calculations suggested helium and hydrogen concentrations and displacement
damage to be greatest. Furthermore, the bubble density was comparatively low at the
temperatures, which tended to cause a stronger threshold. Thus, synergistic effects between

helium and hydrogen should mainly promote bubble growth.
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7. Appendix

Calculation of He density at ODS-particles

atomic radius iron: 126 pm = 1.26 x 101 m [70]
atomic radius helium 31 pm =0.31x10%m [70]
oxide particle density: 1.9 x 1022 m3 [15]

<oxid particle size> 5.5 nm [15]

volume of a cubic face centered (fcc) unit cell

V =a3 witha =2

NE
4x1.26x 10710 m
a= =291x10719 m
V3

V=246x10"2° m3
unit cells/m?3:

1 unit cell 407 %1028 unit cells
2.46x10-22m3 % m3

With 2 atoms per cubic fcc unit cell the number of atoms/m?2is given as:

atoms
2 atoms x 4.07 x 108 m=3 = 8.13 x 1028 =3
helium atoms/m?:
helium atoms helium atoms
500 appm Hex8.13x10*® ————— = 4.07x 10 ————
m m

helium atoms/particle:

407 x 1025 hehur;nn?toms
= 2.14x103

19x 1022 parti?,cle particle

helium atoms
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surface of an ODS-particle:
A=4mr? = 4mx(2.75x107°m)? =9.5x 101" m?

Surface of 2.14 x 10° helium atoms:
A=214x103x2mr? =2.14x103x 2mx (0.31x10%2)%2 = 3.02x 10721 m?

41



