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Y2O3/Fe bilayer systems and associated interfaces with different crystallographic orientations were implanted
with helium. High resolution scanning transmission electron microscopy (HRSTEM) analysis showed that im-
planted helium formed larger sized bubbles at the interface than within the individual film layers. The bubbles
at the interface were located on the oxide side of the interface and only “wetted” a small area of the interface.
In contrast, bubbles nucleating at grain boundaries within the iron layer were observed to symmetrically form
across the grain boundaries, suggesting remarkable differences in helium bubble nucleation between metal/
oxide interfaces and grain boundaries in metals.

© 2018 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Helium can form in structuralmaterials in a nuclear reactor either by
neutron-induced (n,α) transmutation reactions or by the impingement
of α particles on the surface of the material as, for example, first wall of
fusion reactors. Helium is mostly insoluble in metals [1,2], forms bub-
bles at very low concentrations, and degrades themechanical properties
of structural materials over a wide range of temperatures, particularly if
the bubblesmigrate to high angle grain boundaries [3,4]. Helium gener-
ation can lead to void swelling, as gas pressure stabilizes small vacancy
clusters [5], making them resistant to thermal annealing [6], with evi-
dence suggesting that gas atoms are always involved in the void nucle-
ation process [7]. It has been shown that fine precipitates dispersed in
the material's matrix can disperse helium into smaller bubbles, which
can effectively retard the onset of void swelling [5] and limit the amount
of helium that can form bubbles on grain boundaries [8]. In oxide dis-
persion strengthened (ODS) steel and nanostructured ferritic alloys
(NFAs) for example, a very large number density of small oxide particles
[9] with different chemistries, including Y2Ti2O7, Y2TiO5, and Y2O3

[10–14] are dispersed inside the ferritic matrix and impart creep
strength [15–17]. The smallest particles in MA957 and NFA 14YWT are
found to be Y2Ti2O7 [18], while larger particles in similar materials, or
particles found in Eurofer97, are often found to be Y2O3 [12]. Recent
work featured the development of Fe/Y2Ti2O7 interfaces in order to
evaluate the interface properties of the smallest particles as they are
found in 14YWT [20]. It has been shown that the particle-matrix inter-
face can act as radiation induced point defect sink as well as a sink for
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helium or nucleation site for helium bubbles [21–25]. Thus, by virtue
of the high number density of the oxide particles found in these mate-
rials, helium can be effectively dispersed in many small bubbles. Due
to the small size of the oxide phase particles [9] and their complex
chemistry [26], irradiation stability studies at these interfaces are chal-
lenging. Thus,model interfaces with a simplified, but realistic chemistry
are often used as templates for irradiation studies [27–31]. In this work,
model Fe/Y2O3 bilayered systems and associated interfaces with differ-
ent crystallographic orientations were used as substrates to study the
formation of helium bubbles at the metal oxide interface as well as
within the oxide and metal phases on either side. In addition, in situ
post-implantation heating studies in TEM were performed to investi-
gate bubble growth and possible migration.

Aberration corrected Scanning Transmission ElectronMicroscopy
(STEM) was used to examine helium bubble size and nucleation sites
in the metal/oxide bilayer system. Epitaxial thin films of Y2O3 were
deposited on yttria-stabilized zirconia (YSZ, zirconia containing 8%
yttria) single crystal substrates with 〈100〉 and 〈110〉 orientations
that were purchased commercially. Depositions of the Y2O3 films
were performed by pulsed laser deposition from a pure Y2O3 target.
After the Y2O3 depositions, the samples were loaded into an ultra-
high vacuum (UHV) molecular beam epitaxy (MBE) system for Fe
film deposition. Potential carbon contamination was removed by ex-
posure to activated oxygen generated in an electron cyclotron reso-
nance microwave plasma source at room temperature. Samples
were then heated to ~550 °C for deposition of Fe film (to a nominal
thickness of 40 nm) from an effusion cell (flux rate 0.012 nm/s). Re-
flection high energy electron diffraction (RHEED) patterns were
monitored for crystalline order of the cleaned Y2O3 surface and the
subsequent Fe film deposition. Thin (~65 nm) TEM specimen were
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Fig. 1. Aberration corrected STEM images of as deposited Fe/Y2O3 interfaces in the following orientation relationships: (a) [001]Y2O3
‖[001]Fe & (100)Y2O3

(100)Fe and (b) ½001�Y2O3
‖½111�Fe

&ð110ÞY2O3
ð121ÞFe.
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prepared with a Zeiss Auriga Focused Ion Beam FE SEM and im-
planted with helium ions with a Zeiss ORION nanofab helium micro-
scope at the University of California, Berkeley. Implantations were
performed directly into the TEM foil at room temperature to a nom-
inal dose of 1018 ions/cm2 with a current of ~100 pA and ions energy
of 25 KeV. SRIM simulations [32] – not shown –were also performed
to determine the He concentration in the layered system. Average He
concentration in both the layers was found to be comparable, with a
peak He concentration of ~17% and 18% for the Fe and Y2O3 layers re-
spectively. Parameters for the simulations were displacement ener-
gies of 40 eV for Fe, 25 for Y and 28 for O, a sample thickness of
65 nm for both the layers and ion energies of 25 KeV.
Fig. 2.BF-underfocused images of the as implantedmaterial samples andheated samples. At roo
while the Fe layer shows an ordered structure of heliumbubbles (as evidenced by the faint spots
lost (small islands of what likely is Fe-oxide, indicated by a short red arrow, are seen to grow as
by the white arrows. (For interpretation of the references to colour in this figure legend, the re
Orientation relationships (ORs) between the Fe and the Y2O3 layers
were determined using Fast Fourier Transform (FFT) of the STEM im-
ages. STEM imaging of voids and bubbles was preferred over the con-
ventional Fresnel contrast method as the identification of small
bubbles close to interphase boundaries in conventional TEM is compli-
cated by spherical aberration and defocus effects [33]. A heating exper-
iment was carried out inside the TEM (JEOL 3010) using a Gatan 628
single tilt heating stage to 400 °C in-situ with an average heating rate
of 4.4 °C/min.

Fig. 1 shows aberration corrected STEM images of as deposited Fe/
Y2O3 interfaces. Several ORs were found among the samples analyzed,
and the ½001�Y2O3

‖½111�Fe&ð110ÞY2O3
ð121ÞFe , found on the samples
mtemperature (a), both layers show significant amounts of heliumbubbles in thematerial
in the FFT inset).When the same sample is heated to 400 °C (b) the order in the Fe layer is
a result of the heating). The FFT insets are calculated from the respective regions, indicated
ader is referred to the web version of this article.)
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synthesized on the YSZ(110) substrates, was the most commonly ob-
served one. After helium implantation, helium bubbles were identified
within both the thin films and at their interface. Interestingly, it was
found that the helium bubbles showed a distinct ordered structure in
the Fe layer, while no order in the Y2O3 layer was observed. Fig. 2
shows underfocused bright field (BF) TEM images of the Fe ð121ÞFe
layer on top of the Y2O3 (110)Y2O3

substrate. The inset shows the FFT cal-
culated from the helium bubble structure in the Fe and in the Y2O3. This
is not surprising since it is known that helium bubbles tend to arrange
themselves in relationship to the host lattice in most materials below
0.2Tm and in bcc materials along the [110] host lattice planes [34]. No
ordering was observed in the Y2O3 film and unfortunately no previous
work is available to bench-mark this finding. In the in-situ heating ex-
periment carried out inside the TEM up to 400 °C, it was found that
the superlattice is lost in the Fe film while initial growth of what likely
is Fe-oxide can be observed. During the heating it was observed that
the lattice order still exists at 250 °C while it is lost above that temper-
ature (350 °C and higher). It is known that helium bubble superlattices
are lost if the temperature exceeds 0.2Tm (361 °C for Fe) and thus the
observations in this study are consistent with literature [34].

Fig. 3 shows STEM imageswhere heliumbubbles can be identified as
black spots due to their lower average Z-number as compared to the
surrounding background. As can be seen helium nucleates as small
Fig. 3. Aberration corrected STEM images of helium bubbles in (a) iron layer (b) Y2O3 layer
orientation relationship. (d) The average bubble size is greater at the metal/oxide interface as
seen at the interface. (For interpretation of the references to colour in this figure legend, the re
bubbles in both the Y2O3 and the Fe layers, and at the interface. The
size of helium bubbles is noticeably larger at the interface than in the in-
dividual layers, indicating that surface energy minimization effects may
favor coalescence of bubbles at the metal/oxide interface.

Statistical analysis yielded the following diameters of the average
helium bubble size: DY2O3 = 1.45 ± 0.23 nm, DFe = 1.51 ± 0.25 nm
and DY2O3/Fe = 2.23 ± 0.36. Thus, the average bubble size is similar in
the metal and in the oxide films, but significantly larger at the metal-
oxide interface.

Fig. 4 shows several bubbles nucleating on these metal-oxide inter-
faces and on general grain boundaries in the Fe film. For the Fe film,
the bubbles nucleating at grain boundaries are not significantly larger
than bubbles nucleating in the grain interior. An increase in bubble
size is observed only at the metal/oxide interface. Moreover, bubbles
nucleating on the grain boundaries of the Fe film symmetrically form
and overlap across the boundary. This is an interesting observation
and in contrast to what was observed at the metal/oxide interface,
where the bubbles nucleated on the oxide side and only wet this side
of the interface. No overlap of the bubbles across the interface was ob-
served for any of the analyzed bubbles at the metal/oxide interface. A
similar behavior has been observed in literature for Cu/Ag [35] and
Cu/Nb [36,37] interfaces, and explained on the basis of differences in
surface energies of the different constituents. Semi-empirical estimates
(c) large section of the metal oxide interface in the ½001�Y2O3
‖½111�Fe&ð110ÞY2O3

ð121ÞFe
compared to within the individual layers. Red arrows in (c) indicate some of the bubbles
ader is referred to the web version of this article.)



Fig. 4. Aberration corrected STEM images of helium bubbles in (a) YSZ(100)/Y2O3/Fe interface with ½001�Y2O3
‖½001�Fe&ð100ÞY2O3

ð110ÞFe OR and (b) YSZ(110)/Y2O3/Fe with ½001�Y2O3
‖

½111�Fe&ð110ÞY2O3
ð121ÞFe OR. (c and d) are the iFFT images obtained with the spots shown in the insets of (a) and (b). The bubbles preferentially nucleate on the oxide film side and

only wet the interface, even when misfit dislocations are located on the Fe side of the interface, as shown in (c). (e and f) show bubbles nucleating at two different grain boundaries in
the Fe layer.
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of the surface energy of iron varies between 2.42 J/m2 [38] and 2.48 J/m2

[39], while DFT simulations yield values ranging between 2.22 J/m2 and
2.73 J/m2 [40], depending on the specific surface. Since the interface is
the Fe surface, it is appropriate to use the surface energy instead of GB
energy which has a maximum value of 1.2 J/m2 for a non-specific GB
[41]. The surface energy of Y2O3 crystals is quoted as 1.66 J/m2 [42]
which is significantly lower than the values for Fe surfaces. Because of
its lower surface energy, bubbles are expected to nucleate on the
oxide side and onlywet themetal/oxide interface. Nucleation of bubbles
contained in both the individual layers is then most likely due to the
very high dose injected inside the sample and the existence of only
one interface. If a multilayered film structure is to be synthesized,
with a relatively small individual layer thickness, or a higher tempera-
ture irradiation is to be performed, it is likely that bubbles would nucle-
ate only at the metal/oxide interfaces (towards the Y2O3 side). An
estimation of the lowest bound for the metal/oxide interfacial energy
can be determined using the wetting parameter W:

W ¼ γA þ γAB−γB ð1Þ

withγA b γB, whereγA andγB are the surface energies of the two constit-
uents and γABis the interfacial energy. Since wetting is favored whenW
N 0, by using Eq. (1), a lowest bound for the energy value of 0.56 J/m2

can be set for these interfaces. This value falls within the interval of en-
ergies expected for semi-coherent interfaces [43].

The relatively high lattice mismatch between the two films also
causes the formation of a very high density of misfit dislocations
(MDs) at the interface. Nonetheless, the interfacial bubbles always nu-
cleate on the oxide side of the interface, even when several MDs are ob-
served to be located on the Fe side of the interface, as shown in Fig. 4.
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Moreover, it appears from the high-resolution images that, occasionally,
the interface initially flat becomeswavy as a result of the presence of the
bubbles. Even in this case, bubbles do not overlap across the interface, as
can be seen by the bubble surface which clearly terminates within the
Y2O3 film. It must be noted that recent work performed on Cu/Nb bulk
nanolayered composites fabricated by accumulative roll bonding
(ARB), have shown that layer thickness and temperature can dictate
whether the cavities cross the interface following He implantation
[44]. It would be interesting to extend studies onmetal/oxide interfaces
to similar regimes, to evaluate if similar behaviors can be observed.

Statistical analysis of the bubble size did not yield a significant differ-
ence for different ORs and between interfaces with specific ORs and in-
coherent interfaces.Moreover, bubbleswere seen tonucleate at random
locations at the interface, and not at specific sites such as MDs, which
theory predicts to be preferential nucleation sites. However, it must be
noted that for the synthesized interfaces, MDs density was extremely
high, so it would not be probable for bubbles to nucleate at every MD.
Although a difference in bubble size is expected to be a function of the
interface character, the fact that the metal/oxide interface in general is
effective in sequestrating helium is a valuable observation. ODS steels
and NFAs being considered for nuclear reactors will in fact have
nanometer-size scaled oxide particles with a broad range of interfacial
characteristics. The observation that all metal/oxide interfaces can be
potentially effective nucleation sites for helium bubbles, independently
of their interfacial character, supports the ability of these alloys to effec-
tively disperse large concentrations of helium in many small bubbles
and to effectively resist helium embrittlement and swelling. Moreover,
bubbles observed at grain boundaries in the Fe layer were observed to
have a size comparable to bubbles observed in the interior of the Fe
grains. These observations confirm the metal/oxide interface to be
very efficient site for helium bubble nucleation and even more so than
grain boundaries in the metal matrix. Finally, bubbles nucleating at
the metal/oxide interface nucleate from the oxide side and only wet
the interface, never growing across this boundary. This is due to the dif-
ferences in the surface energies of the oxide and the metal films, and
confirms the intrinsically different character of these interfaces, as com-
pared to grain boundaries.

These observations have important implications on how the helium
bubbles will be distributed in the nanostructure of ODS steels and NFAs
and the role of the oxide nanoparticle size in the overall capacity of
these materials to absorb helium bubbles warrants further experimen-
tal investigation. Thus, the presence of a large number of oxide particles
inside the matrix is indeed very beneficial in sequestering helium and
retarding or even suppressing embrittlement caused by helium bubble
formation and accumulation at various sites.

In conclusion, the direct helium implantation on specifically de-
signed Fe/Y2O3 interfaces leads to results which can aid in a better un-
derstanding of helium management in ODS and NFA materials
systems. It was found that a helium superlattice is present in the Fe
layer but not in the Y2O3 layer after room temperature helium implan-
tation. The superlattice structure is lost at annealing temperatures
above 250 °C, which is in agreement with the literature. Large helium
bubbles nucleate at the Y2O3/Fe interface regardless of the OR between
the Fe and the Y2O3 layers and of the interface character. The helium
bubbles nucleating at the interface are all within the Y2O3 film, which
can be attributed to its reduced surface energy as compared to the Fe
layer. Furthermore, the observed behavior is in agreement with the hy-
pothesis that oxide particles in a ferritic steel matrix can accommodate
large amount of helium.
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