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S1 Low Temperature He-Embrittlement

He-embrittlement has generally not been widely recognised as a low temperature
(power reactor) phenomenon but, over the past 15-20 years, evidence has been accruing
that inter-granular failure can occur due to He-embrittlement in reactor components at
power-reactor operating temperatures (LWRs and HWRs). The characteristics of He-em-
brittlement are: (i) it is coincident with a decrease in the stresses and the strains at which
failure occurs; (ii) it is inter-granular, Figure S1 [1].

!

Unirradited

Figure S1. A comparison of fracture surfaces of Inconel X-750 spring material after crush testing to
failure at room temperature. The unirradiated materials exhibits conventional ductile cup-cone
fracture. The material irradiated in a CANDU reactor to dose of about 50 DPA at a nominal (esti-
mated) temperature of 315 °C exhibits inter-granular failure.

Examinations of failed components indicate that the inter-granular failure is the re-
sult an excessive accumulation of cavities at grain boundaries for irradiation temperatures
up to 350 °C [1]. Although the cavities are smaller at lower temperatures, which geomet-
rically should lead to a higher area coverage per unit volume of cavity, detailed TEM
measurements have shown that the coverage at a given dose increases as the temperature
is increased and this is consistent with the lower failure loads for material irradiated at
higher temperatures [2, 3]. There is considerable overlap in the area coverage measure-
ments but, collectively, the tendency is to measure higher area coverage at higher




2 of 12

temperatures. A TEM micrograph showing cavities segregated on a boundary in irradi-
ated Inconel X-750 is shown in Figure S2 [1].

Figure S2. Over-focussed image showing cavities segregated on a grain boundary (arrowed) in In-
conel X-750 after irradiation in a CANDU reactor to about 23 dpa at a temperature of about 315 °C.

Rate theory modelling shows that the grain boundary coverage increases at higher
temperatures even though the cavities are larger and this is because of a larger net flux of
vacancies and He atoms to the boundary as the temperature increases [2, 3]. The cover-
age is very much dependent on the grain interior microstructure as interactions with these
internal sinks dictate how many point defects and He atoms migrate to the boundary.
The concentration (area coverage) of cavities on the boundaries increases with increasing
temperature; partly because the total sink strength in the grain interior is decreasing with
increasing temperature allowing more point defects to migrate to the boundaries and
partly because the He flux to the boundary is reduced by vacancy capture in the grain
interior as the temperature is reduced. Because the vacancies are less mobile the steady-
state concentration is elevated at low temperatures leading to more trapping of He atoms
by single vacancies. The combined effect, shown by the model output, is that the cover-
age increases at higher temperatures within the bubble regime (<350 °C).

The relationship between grain boundary perforation and easy inter-granular frac-
ture has also been demonstrated for 316 SS flux thimbles irradiated in a PWR. The work
of Fujimoto et al. [4], Bosch et al. [5], and Edwards et al. [6, 7] showed that cavities were
observed decorating grain boundaries in a 316 SS flux thimble irradiated in a PWR (Figure
S3). They concluded that cavities at grain boundaries may promote IG failure and in-
crease susceptibility to IGSCC. The irradiation-induced embrittlement observed for
316SS in a PWR after irradiation at 315°C to 70 dpa and 625 appm He is associated with
grain boundary cavity segregation shown in the adjoining micrograph. The inter-gran-
ular fracture surface formed in the post-irradiation SCC test (Figure S3(a)) is indistin-
guishable from the fracture surfaces for similar material after post-irradiation tensile test-
ing to failure in an inert atmosphere [4].
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Figure S3. (a) Fracture surface showing inter-granular failure of 316 SS irradiated to 80 DPA at 320
°C and tested in PWR water chemistry at 55% of the irradiated yield, modified from [5]; and (b) TEM
micrograph showing grain boundary cavity segregation in 316 SS irradiated in a PWR at 315 °C to
70 dpa and 625 appm He, modified from [6].

Similarly, Carsughi et al. [8] and James et al. [9] reported a transition to brittle inter-
granular failure of Inconel 718 with increased dose for temperatures up to about 400 °C.
Inconel 718 exhibited brittle inter-granular failure in the elastic regime after irradiation in
the Los Alamos Neutron Science Center (LANSCE) Accelerator Production of Tritium
(APT) facility at a temperature of 367 °C - 400 °C, Figure 54 [9]. Carsughi et al. [8]
stated that He embrittlement would be a possible explanation for their observations be-
cause He is generated by high energy protons. At 20 DPA the [He] concentration was
estimated to be about 3000 appm [10]. Carsughi et al. [8] considered that the tempera-
tures were too low for He-bubble segregation at grain boundaries and therefore another
explanation was wanting, possibly the formation of a brittle phase at grain boundaries.

In view of more recent data on Inconel X-750 irradiated in CANDU reactors [2, 3],
where [He] concentrations can be as high as 30,000 appm in a high power channel at EOL,
He-stabilised cavities are a feasible explanation for He-embrittlement even though the
temperatures likely range from 200 °C -315 °C. Mass transport is a function of concen-
tration and mobility (diffusion coefficient) so it is hardly surprising that embrittlement
from He segregation at grain boundaries can occur at low temperatures when the [He]
concentration is high as it is in HWRs.
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Figure S4. Room temperature stress-strain curves for Inconel 718 material extracted from the
LANSCE window and irradiated at a temperature between 367 °C and 400 °C. Reproduced with
permission from [9].
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S2 High Temperature He-Embrittlement

At high temperatures He-embrittlement is a well-known phenomenon. Just as with
the low temperature data, there is a direct correlation between the observation of cavities
on boundaries and inter-granular failure. The most striking example of He-embrittle-
ment has been demonstrated by Braski [11].  Braski showed that a V-15Cr-5Ti alloy ir-
radiated to 17 DPA and 300 appm He at 550 °C exhibited brittle failure in the elastic regime
(Figure S5). He showed that the low stress and strain at failure could be attributed to the
segregation of He-stabilised cavities on grain boundaries (Figure S6). Although ferritic
alloys are known to be embrittled at low temperatures (room temperature and below)
they are not known for high temperature embrittlement except, as in this case, they also
contain He. It is noteworthy there is little evidence of a high cavity density in the grain
interior and the material tested by Braski therefore exhibited low swelling.
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Figure S5. Room temperature stress-strain curves for ferritic V-15Cr-5Ti material irradiated in FFTF
to various dose levels. Modified from [11].
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Figure S6. (a) Brittle intergranular fracture surface for a V-15Cr-5Ti specimen containing 300 appm
He that was irradiated in FFTF to 17 dpa at 420°C and tested in tension at 420°C; (b) grain boundary
bubbles in a V-15Cr-5Ti specimen with 74 appm He after irradiation in FFTF to 40 dpa at 520 °C.
Modified from [11].

In general, one can say that He-embrittlement is not related to swelling, although
high swelling may indicate the presence of He-stabilised cavities, but is very much de-
pendent on segregation of He-stabilised cavities at grain boundaries.

The effect of He in promoting cavity segregation on boundaries is illustrated in Fig-
ure S7 [12,13].  Figure S7(a) is a TEM micrograph of a ferritic alloy (similar to that studied
by Braski [11]) that was irradiated to high doses with self-ions. The material in (a) exhib-
ited high swelling but there was no evidence of cavity segregation at boundaries. The
converse is true for the Braski case (Figure S6(b)) and is also demonstrated for austenitic
316 SSirradiated with He ions, Figure S7(b). The commonality in all cases, whether neu-
tron or ion irradiation, is that cavity segregation occurs at grain boundaries in the presence
of He but not when He is absent.

2000 nm

Figure S7. Voids in ion-irradiated materials: (a) Voids in MA957 ferritic alloy (Fe-14 wt%Cr, 0.9%
Ti, 0.3% Mo) after Fe-ion irradiation to 500 dpa at 450°C — No He is produced and no grain boundary
segregation, modified from [12]; (b) AISI 316 SS tested in tension to rupture at 1023K during He-ion
irradiation; [He] = 2500 appm He: mean bubble diameter: 50 nm , modified from [13].
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S3 Swelling-Induced Embrittlement

Swelling is often cited as being synonymous with embrittlement [14]. Swelling-in-
duced embrittlement does not depend on cavity segregation at grain boundaries and is
therefore not typically inter-granular in nature, although variations in the microstructure
in the vicinity of grain boundaries may affect where failure occurs. The main character-
istic of swelling-induced failure is the observation of classic cup and cone ductile dimples.
These cup and cone features generally reflect micro-void formation and coalescence in a
deformed material. Considering a tensile test specimen, rather than high (micro-void)
porosity being present in the highly strained necked region of a tensile specimen prior to
failure, a material that has a high void density is already porous and one is therefore closer
to the failure point (in terms of porosity) when considering a standard mechanical test.
The stress between the void ligaments is larger than the applied engineering stress, just as
itis in a necked tensile specimen. If, for some reason, the deformation is localised due to
inhomogeneities such as stringers, it is easy to see that failure can occur at lower stresses
and strains than unperforated material and that swelling and embrittlement are synony-
mous.

Unlike He-embrittlement, where failure is restricted to the grain boundaries, swell-
ing-induced embrittlement tends to be trans-granular with the fracture surface perpen-
dicular to the tensile axis. Any association with grain boundaries can be ascribed to var-
iations in the microstructure near the boundaries, for example, zones denuded of cavities
near the boundary [12], Figure S7(a), or even depleted in precipitates and dislocation
loops, all resulting in a softer region adjacent to the grain boundary. It therefore seems
reasonable that the cup and cone failure associated with swelling-induced fracture may
be more prevalent in, or adjacent to, regions where the material is softer.

An example of a fracture surface exhibiting localised cup and cone brittle failure is
shown in Figure S8 [14].

l“.

10 microns

Figure S8. Fracture surface in an Fe-18Cr—10Ni-Ti austenitic stainless steel.tensile specimen after
testing at a swelling level of 30%. Modified from [14].

Neustroev and Garner [14] noted that material with high swelling values exhibited a
trans-granular cup-cone morphology and thus failure proceeded by micropore coales-
cence arising from stress concentration between deforming voids. Similar fracture mor-
phology has been observed in other studies on different stainless steels. They also re-
ported that alloys containing 15 wt% Ni exhibited zero ductility at alower dose than those
with 10 wt% Ni. Although Neustroev and Garner [14] do not mention He production,
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the higher Ni content will result in higher levels of He for a given dose, whether in a fast
or thermal neutron environment, and one must consider the role that He could play in
enhancing the embrittlement process.

Porollo et al. [15] described the fracture of Russian EI-847 stainless steel creep cap-
sules tested to failure, which exhibited swelling levels in the BN-350 fast reactor of the
order of 10% at temperatures of 335-365 °C and doses of 73-82 dpa. They noted the same
cup and cone fracture attributed to swelling-induced embrittlement described by
Neustroev and Garner [14], but also showed that the micro-void coalescence occurred
preferentially at the edge of the denuded zones adjacent to grain boundaries, i.e. away
from the boundary itself, see Figure S9. This unusual effect was attributed to the zone
denuded of voids near the boundary. Being softer than the rest of the matrix it seems
that the micro-void coalescence is easier in these regions and, as Porollo et al. state, the
cracking then follows the grain boundaries without being on the grain boundaries.

100 MPa
L————  Hoop stress

Figure S9. (a) Fracture surface of failed cold-worked creep tube at 365°C and 83 dpa, showing duc-
tile coalescence of voids parallel to grain boundaries; (b) Large voids associated with cracking along
denuded zone adjacent to grain boundaries at 335°C and 73 dpa in an annealed stress-free tube.
Modified from [15].

Although there are cases where cracking is observed in a high swelling material by
the inter-linking between uniformly distributed voids, such a mechanism should not be
confused with He-embrittlement, which occurs preferentially at grain boundaries because
there is a higher density of cavities on the boundary compared with the matrix.

He-embrittlement is characterised by inter-granular failure and is considered a high
temperature phenomenon. One might consider that cavity segregation will be more pro-
nounced at high temperatures if there is also higher swelling because it is an indication of
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higher He/DPA levels [16]. For low He/DPA values, the swelling in a PWR or fast reactor
such as EBR-2 decreases at higher temperatures, but the lower sink strength in the grain
interior also results in more cavities on the boundary, i.e. more He embrittlement when
the void swelling is low. Therefore, He-embrittlement may be prominent even when
there is low swelling. An example of material with low swelling but having a high den-
sity of He-stabilised cavities on the grain boundary is shown in Figure S6.

S4 Trans-Granular Failure

Whereas swelling-induced embrittlement can be described as involving an intra-
granular cracking process, the occasional observations of trans-granular failure in materi-
als exhibiting He embrittlement may be unrelated. Citing Hamilton et al. [17], Neustroev
and Garner [14] state that, “segregation of nickel to void surfaces causes martensitic insta-
bility in the matrix, especially at the crack tip. This in turn produces a tearing modulus of
zero and transgranular failure with the failure surface completely coated with alpha mar-
tensite.”

These claims are based on the interpretation of one unidentified reflection with a dif-
fracting vector consistent with the BCC phase and used to create a dark-field image from
a TEM sample taken at the fracture surface [17]. The area corresponding with the dif-
fraction pattern is not specified and the pattern itself is indexed as if it is a <111> pole but
does not exhibit six-fold symmetry. Whereas the claim that the phase is BCC may be
correct, for other reasons, the proof has not been provided. Rather than forming a- or
even o'-martensite at the fracture surface it is possible that cracking occurs along an exist-
ing platelet phase. Given that Hamilton et al. [17] also refer to e-martensite and twin
platelets in the base unirradiated material, it is conceivable that the phase identified on
the surface fracture is comprised of e-martensite or twin platelets and is present prior to
irradiation.

The interfaces between hexagonal-close-packed (HCP) platelets (n-phase) and the
face-centred-cubic (FCC) matrix have been identified as preferential sites for cracking in
PE-16[18]. Itbegs the question whether the fracture surface noted by Hamilton et al. [17]
could be e-martensite or a twin/e-martensite complex. Such platelet structures are often
observed in stainless steels after cold-working [16]. To support this notion trans-granu-
lar platelets decorated with He-stabilised cavities have been observed in neutron irradi-
ated Inconel X-750 [19], Figure 510.
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Figure S10. TEM micrographs of Inconel X-750 material irradiated to ~55 dpa, ~18000 appm He at
about 315 °C, showing planar sub-grain boundaries (possibly incoherent twins or e-martensite
platelets) covered with helium bubbles (arrowed). Modified from [19].

Whereas irradiation-enhanced embrittlement may be the result of matrix hardening
and the incompatibility with the platelet phases, it is also conceivable that an increase in
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cavity segregation on these platelets may contribute to the preferential fracture at these
locations. He is especially important because it not only enhances cavity growth but also
stabilises cavities on grain and other interface boundaries [20].

S5 He-Embrittlement and IASCC

The stress corrosion cracking (SCC) and irradiation assisted stress corrosion cracking
(IASCC) susceptibility of austenitic alloys such as stainless steels and other Ni-alloys has
been the subject of great concern to the nuclear industry. Cracking is often inter-granular
in nature and depends on the combined effects of stress, the environment and the material
[21]. SCC and IASCC tests are slow strain rate tests generally conducted below the yield
stress, like a creep ductility test. They are distinguished from creep ductility tests by
adding the environmental factor. In the case of fracture toughness, the applied engineer-
ing stress may be below the engineering yield stress while the stress at the crack is above
the yield stress thus generating crack advance in a ductile manner. Normally crack-
blunting may be expected to arrest crack advance. Crack advance can progress, how-
ever, by corrosion creating new sharp cracks.  Fracture toughness or creep ductility tests
conducted in an inert corrosion environment provide information about the mechanical
properties (embrittlement for example) that cannot be assigned to an SCC or IASCC pro-
cess. For irradiated materials, characterising the susceptibility of material changes
caused by irradiation to an IJASCC mechanism cannot be performed with a single test be-
cause one does not know whether the changes to the material are simply affecting the
creep ductility or fracture toughness and a control test in an inert environment is required.

When grain boundaries are embrittled by He, this may affect the interpretation of
IASCC effects. At the same time the segregation of He at grain boundaries must be con-
sidered when interpreting changes in the chemistry, Cr depletion in particular, at grain
boundaries that is widely viewed as detrimental to IASCC. In 2005, when Edwards et al.
[6] reported that He bubbles are present on grain boundaries in 316 SS irradiated in a
PWR, it was widely viewed as a milestone in improved understanding of the behaviour
of stainless steels in a power reactor environment. The observation of Edwards et al. begs
the question whether work conducted prior to 2005 could be re-interpreted, bearing in
mind that He bubbles can be expected to be present on boundaries for similarly irradiated
materials. One example is the work of Bruemmer et al. published in 1999 [22]. They
showed that Cr was depleted at grain boundaries as a result of irradiation, Figure S11 [22].
Apart from the embrittling effect of perforated grain boundaries, if He bubbles were also
present on the boundary (arrowed in Figure 511) they will be preferential vacancy sinks
thus supporting the notion that the Cr depletion is the result of inverse-Kirkendall diffu-
sion. Preferential Cr depletion at the boundary is the result of the vacancy flux to the
boundary because Cr atoms are faster self-diffusers compared with the other elements
present [23]. Whereas one might expect an excess flux of vacancies to grain boundaries
because interstitials are absorbed at biased dislocation sinks within the grain interior, the
existence of He bubbles on the boundary will also provide an additional driving force for
a vacancy flux because the bubbles will preferentially absorb vacancies compared with
interstitials, irrespective of irradiation, if the temperature is high enough and vacancies
are mobile. Bubbles that are 1-2 nm in diameter may not be easily imaged in an electron
microscope unless the objective lens stigmators are well-aligned (irrespective of the de-
gree of Fresnel focus) so one may suspect that such small bubbles may not have been
noticed until Edwards et al. [6] showed their existence.
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Figure S11. Composition profiles across a grain boundary in a neutron-irradiated 300-series stain-
less steel and corresponding TEM image with boundary. Modified from [22].

He bubbles on boundaries are not the only driving force for Cr depletion. In other
work, Andresen and Was [24] showed how the concentration of Cr on the boundary of
various austenitic stainless steels decreases with increasing dose, Figure 512 [24].
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Figure S12. Dose dependence of grain boundary chromium concentration for several 300-series aus-
tenitic stainless steels irradiated at temperatures about 300 °C.  Reproduced with permission from
[24].

Although the Cr depletion at grain boundaries has been called a radiation-induced
effect, radiation-enhanced diffusion due to an elevated vacancy concentration also pro-
vides a mechanism to explain the chemical redistribution that occurs. The effect of irra-
diation in the range of temperatures relevant to operation in a PWR (300 °C - 350 °C) is to
enhance the self-diffusion coefficient to levels that are the same as if the temperature was
about 550 °C [1, 16]. For an alloy that has not been de-sensitised to Cr depletion by pre-
cipitating all the available carbon by heat treatment, it is reasonable to expect some Cr-
carbide precipitation after about 3-4 years of operation in a PWR simply because of the
radiation-enhanced self-diffusion. The radiation enhancement of self-diffusion will be
larger as the dose rate is increased in the case of ion irradiation and the effective temper-
ature will be correspondingly higher, even though the irradiation time may be less. An
indication that Cr depletion during ion irradiation is linked with carbide precipitation
comes from the work of Fournier et al. [25]. They examined the effect of adding Pt and
Hf on the RIS at grain boundaries in austenitic stainless steels using proton irradiation.
They noted a “spectacular” effect of Hf in suppressing the depletion of Cr at grain bound-
aries. If the depletion of Cr is the result of radiation-enhanced diffusion and carbide for-
mation, then the effect of adding Hf in reducing Cr depletion may be understood because
itis a carbide former. The presence of Hf, which will react with any excess carbon, is one
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way to reduce Cr-carbide formation and thus limit the amount of apparent depletion of
Cr at grain boundaries that is otherwise attributed to RIS.
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