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Abstract: Rate theory models have been developed for the swelling and He-embrittlement of
austenitic stainless steels and Ni-alloys in nuclear reactors. The models illustrate how microstructure
evolution during irradiation affects the rate of change of mechanical properties and the dimensional
stability. He-stabilised cavity accumulation on grain boundaries, which causes brittle failure at low
stresses and strains known as He-embrittlement, is shown to be strongly dependent on the irradiation
temperature and the rate of production of Frenkel pairs and He atoms. The results show that the
accumulation of cavities on grain boundaries falls into two regimes: (i) that dictated by matrix bubble
swelling at low temperatures; and (ii) that dictated by matrix void swelling at high temperatures.

Keywords: austenitic stainless steel; Ni-alloys; he-embrittlement; fracture; neutrons; radiation
damage; point defects; swelling; microstructure; rate theory; modelling; He-embrittlement; fracture

1. Introduction

Austenitic stainless steels and nickel alloys are used for core internal structures in
sodium-cooled fast reactors (SFRs), Light Water Reactors (LWRs) and Heavy Water Reactors
(HWRs) because of their high strength and retained toughness after irradiation to moderate
doses., i.e., before the onset of void swelling. According to the definition of Bhattacharya
and Zinkle [1], a cavity that is empty or filled with gas below equilibrium pressure is
called a void, while a pressurized cavity (near or above thermal equilibrium conditions)
is a bubble. An equilibrium bubble is one where, in the absence of irradiation at a given
temperature and bubble size, the work done by the pressure when a bubble expands is
balanced by the increase in surface energy that would result.

For fast reactors, operating temperatures vary from 400 ◦C to 550 ◦C for the internal
structures, and up to 650 ◦C for the fuel cladding. The internal structures of the LWRs and
HWRs operate at temperatures between about 200 ◦C and 320 ◦C although some parts can
be hotter (more than 400 ◦C) because of localised nuclear heating.

Ongoing reactor operability relies on being able to understand and predict how the
mechanical properties and dimensional stability of the core structural materials change over
extended periods of operation. Test reactor irradiations and power reactor operating expe-
rience over more than 50 years has resulted in the accumulation of a large amount of data
from which one can assess the effects of irradiation on swelling and mechanical properties.

The strength and ductility of austenitic alloy components, such as Inconel X-750, 304,
316 and 347 stainless steels, are sensitive to the accumulation of He-stabilised cavities
on grain boundaries. The accumulation, measured as grain boundary area coverage, can
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be predicted from rate theory, and is intimately related to the amount of swelling due
to cavities in the grain interior. He atoms are formed from α-particles. They have a
high mobility (0.14 eV), similar to self-interstitial atoms [2], and have a strong affinity for
vacancies, with a dissociation energy of 2.4 eV [3]. Unlike self-interstitial atoms, however,
the He atoms are not annihilated but trapped when they interact with vacancies. The He-V
complex is still mobile, albeit with a migration energy of 0.81 eV [3]. The complexities
of He interactions with point defects regarding migration and the effect of binding with
various clusters has been reviewed in various publications, notably [4–6]. Without knowing
what sink biases to apply for the He-V complexes, and what percentage of the He atom
migration to larger sinks is in the form of interstitial He or He-V complexes, we have chosen
to make the simplifying assumption that the net He migration to all sinks (including single
vacancies) is by a mix of interstitial He and He-V complexes, which may involve one or
two vacancies [6]. The evolution of the cavity clusters is then governed by the arrival of He
atoms migrating either as an interstitial or as a He-V complex. To this end we have chosen
measured values over theoretical values for migration energies [2,3]. It should be noted,
however, that the choice of He migration energy does not affect the results. Other than the
enhanced recombination of interstitials and vacancies at low temperatures, the fluxes of
point defects to various sinks are dependent on their rate of production rather than the
speed with which they migrate to the sinks.

At low temperatures (<300 ◦C), swelling is limited to that dictated by the ratio of
helium atoms to vacancies (He/V) in bubbles [7–15]. Equilibrium bubbles only grow by
absorbing He and should remain in a stable state, even after the irradiation ceases, if
maintained at the same temperature. At higher irradiation temperatures (>400 ◦C), the
He-stabilised cavities can grow by the bias-driven accumulation of vacancies, which leads
to accelerated swelling, i.e., more than that expected for equilibrium bubbles. Cavities, or
voids, that have evolved by the non-equilibrium (bias-driven) accumulation of vacancies
are thermally unstable and will shrink if the irradiation stops while maintaining the same
temperature, i.e., they are non-equilibrium. Equilibrium bubbles can grow by absorbing
thermal vacancies if the material is heated to a higher temperature after irradiation [15–17].
He-stabilised cavities cannot easily be removed by thermal means because of the very
strong binding of the He atom with vacancies [3].

Rate theory models can successfully predict swelling in the bias-driven growth regime
because the net flow of vacancy point defects to cavity sinks is dictated by the biased elastic
interaction between interstitial point defects and dislocation sinks [16,17]. Rate theory
can accurately predict swelling when the temperature is >400 ◦C and the He generation
rate is low, as it is in a fast or light water reactor [17]. At low temperatures (<300 ◦C), in
the recombination-dominated regime, the amount of swelling is determined by the He
content of the material and the temperature, which dictates the He/V ratio for equilibrium
bubbles [18].

If the He generation rate is very high it is conceivable that bubbles could contain
excessive amounts of He, i.e., above what would normally be the equilibrium state at
the temperature concerned. In an irradiation environment the concentration of vacancies
may still be sufficient to maintain thermal equilibrium. It is then a question of how
quickly vacancies and He atoms each migrate to the bubbles. The steady-state condition,
which may be close to thermal equilibrium, can be calculated using rate theory [15–17].
At intermediate temperatures (300–400 ◦C) for austenitic steels and Ni-alloys there is a
transition from recombination-dominated to sink-dominated kinetics that is dependent
on the microstructure and the production rate of He and Frenkel pairs [14]. In the sink-
dominated regime He-stabilised cavities contain an excess of vacancies and the cavity
volume is mainly determined by the rate of arrival of excess vacancies resulting in a He/V
ratio that is below equilibrium values.

The calculation of the accumulation of He-stabilised cavities on boundaries is depen-
dent on the sink strengths of the grain interior microstructure, i.e., the ability of the internal
microstructure to affect the flow of point defects and He atoms to the boundaries. Any
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grain boundary coverage model must include the sink evolution in the grain interior as
an input. As the interior microstructure evolution is directly related to swelling, the grain
boundary coverage requires that the swelling is also measured or calculated.

The freely-migrating point defect (FMD) production, which is dependent on the energy
distribution of primary knock-on atoms, is also required for rate theory modelling as the
modelling involves calculating the diffusion of point defects to different sinks. Some
authors include the diffusion of small atom clusters in the rate theory framework [15], but
the convention adopted here is to consider only the mobility of single point defects for
which diffusion coefficients are known and readily available [17].

In this paper we describe a rate theory model for grain boundary coverage in the bub-
ble and void growth temperature regimes. The model for grain boundary cavity evolution
is comprised of two parts: (i) determine the interior microstructure evolution (cavities and
dislocations); (ii) calculate the net flow of vacancies and He atoms to the grain boundaries,
thus determining area coverage. At high temperatures the cavity microstructure can be
determined using a conventional rate theory model for swelling [17] given experimental
input such as the cavity number density as a function of temperature [1]. For tempera-
tures <350 ◦C, cluster dynamics computations are necessary to model the cavity evolution
in the grain interior [15]. Alternatively, experimental data can be used. We use an empirical
model for the cavity microstructure as a function of temperature based on best estimates
of the mean cavity diameters and number densities from experimental observations of
austenitic material irradiated at low temperatures [18]. For temperatures >350 ◦C rate
theory is used to calculate the cavity evolution (swelling), given experimental data in the
form of cavity number density [1]. An empirical model for cavity number density is used
as input for the rate theory model that then provides predictions for swelling through
cavity growth [17]. The measurements of the cavity sink strengths come from Inconel X-750
components irradiated in Canada Deuterium Uranium CANDU reactors [18]. In all cases,
atomic displacements are represented by displacements per atom (DPA) and gas atom
production is given as atomic parts per million (APPM). He-embrittlement is the primary
focus although hydrogen may also be important, especially at very low temperatures. Even
though mechanical testing is often carried out at ambient temperatures, without strong
evidence linking hydrogen production with embrittlement in the cases being considered,
hydrogen effects, which are more esoteric than He-effects, are therefore not considered.
The DPA and He production can be determined from the applicable neutron fluxes and
spectra using available cross-section data [19–24].

1.1. Radiation Damage and Gas Atom Production

The calculation of the primary atomic displacement damage for given reactors is de-
pendent on the neutron spectrum. The damage is calculated using the SPECTER code [22],
which considers the reactions between neutrons of varying energies with atoms that result
in atomic displacements. The most common reactions considered have been described
elsewhere [22,25] and are illustrated in Figure 1.

For high dose radiation damage calculations in Ni-containing alloys the effects of trans-
mutation of 58Ni to 59Ni must be considered as this is a process that enhances both atomic
displacement and He production rates [20–22]. The presence of Ni can have profound
effects on mechanical properties and dimensional stability of austenitic alloys, especially
when subjected to a high thermal neutron flux [16–19,26–28].

To understand the impact of the neutron spectrum on the degradation of austenitic
alloys at relatively high doses one needs to consider how Ni transmutes. The two-stage
transmutations of 58Ni to 59Ni with subsequent (n,γ), (n,p) and (n,α) reactions are illustrated
below [20–22]:

58Ni + n→ 59Ni + γ
59Ni + n→ 56Fe + 4He
59Ni + n→ 59Co + H
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59Ni + n→ 60Ni + γ

The time-dependent equations giving the concentration of 59Ni and the concentra-
tion of H and He produced from the two-step reactions, 58Ni(n,γ)59Ni(n,p)59Co and
58Ni(n,γ)59Ni(n,α)56Fe, are used in conjunction with the SPECTER code to determine
gas production [20–22]. The protons and alpha particles are deposited in the material as
H and He. The production of these gaseous elements enhances the atomic displacement
rate because of the additional displacement damage from the ejected particles but, more
importantly, from the resulting high recoil energies [20,21].

Without considering changes in the isotopic mix due to transmutation, the atomic
displacement cross-sections for common elements used in nuclear reactor materials are
shown in Figure 2. Note that the displacement cross-sections for Zr are lower in the thermal
energy range because Zr has a very low thermal neutron absorption cross-section. A core
average spectrum and a spectrum close to the inner pressure vessel wall (the last water
node) of a PWR [29] are also shown for reference. For most naturally occurring isotopes the
atomic displacement damage coming from low energy neutron absorption and γ-photon
emission gives rise to a low level of atomic displacements because the recoil energy is
low. The largest contribution to atomic displacements in a PWR spectrum at high neutron
energies is through direct elastic and inelastic collisions with neutrons although high energy
absorptions, from n,p and n,α reactions producing H and He, can be important in fast
reactors with a higher percentage of neutrons with energies between 5 and 10 MeV, Figure 3.

The n,α cross-sections for Ni, Fe, Cr and Zr shown in Figure 3 correspond to the most
abundant isotopes and are scaled according to isotopic abundance. The plot illustrates the
neutron energy range where these absorption reactions, which result in high recoil energies
when the α-particle is emitted, become important. Not only are such reactions important
for producing atomic displacement damage but they are also important for producing He,
whose nucleus is the α-particle. Note the low value of the n,α cross-section for 90Zr; the
lack of insoluble gasses such as He being one reason that Zr is not prone to swelling. The
n,α absorption cross-section is also shown for 59Ni, which itself is produced from the low
energy n,γ reaction of 58Ni. In heavy water reactors with a high thermal flux, such as the
CANDU or Atucha reactors, the concentration of 59Ni can increase from zero to about 4 at
% of the 58Ni after about 5 years of reactor operation. The 59Ni is then capable of producing
large amounts of either He or H gas atoms over a large range of neutron energies, Figure 4.
There is a concomitant increase in atomic displacement damage arising mainly from the
high recoil energy associated with p and α emission. The 59Ni effect can double the atomic
displacement rates in a CANDU reactor after about 5 years operation when the 59Ni is at
its peak [26–28].

Even without considering 59Ni, Ni can still be effective in producing He in fast reactors
because the high energy n,α reaction cross-sections for naturally occurring Ni isotopes
results in an order of magnitude higher He production per atom compared with other major
alloying elements such as Cr and Fe. The 59Ni will become important to radiation damage
production once there are significant amounts of 59Ni produced from the parent 58Ni, e.g.,
when the thermal neutron fluence exceeds 1021 n.cm−2, E < 0.5 eV, [19]. It is clear that the
59Ni is important for enhanced He production in the high thermal neutron fluxes of power
reactors because the (n,α) cross-section is high across a large range of neutron energies
(Figure 4). Many materials will produce He but most (except for boron and lithium) only
have significant (n,α) cross-sections at high neutron energies. Elements such as B and Li
have high (n,α) cross-sections for He production in the thermal energy range but they are
present in small quantities as impurities and are therefore not included in this analysis.

Considering all the main reactions for atomic displacement damage and gas atom
production, the evolution with irradiation time is non-linear because of the dependence on
the production of 59Ni. This non-linearity is most extreme for the HWR cases and for high
Ni content alloys such as Inconel X-750 as shown in Figure 5. The non-linearity is factored
into the modelling and both displacement damage and He production rates are allowed to
vary accordingly.
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Having determined the primary atomic displacements created in collision cascades,
those defects that survive spontaneous recombination are free to form clusters and migrate
to various sinks in the microstructure. Although the total atomic displacements are useful
for establishing empirical relationships between irradiation dose and material properties,
for materials modelling it is important to know how many (what fraction) of the displaced
atoms, and the corresponding vacancies, survive spontaneous recombination in the collision
cascade. Of those point defects that survive, some form immobile clusters and some are
free to migrate to different sinks in the microstructure. The immobile clusters are important
for hardening at low doses and low temperatures and need to be assessed when studying
low temperature embrittlement of ferritic pressure vessel steels. The mobile point defects,
which may include small mobile clusters, are important for high temperature processes
such as irradiation swelling and creep.
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Rate theory calculations of creep and swelling require as input the concentration of
freely migrating defects, which can be single point defects or mobile clusters. An important
parameter that can be calculated using SPECTER, which provides the primary knock-on
atom (PKA) spectrum and the total atomic displacement damage for each element, is the
fraction of freely migrating defects.

1.2. Production of Freely-Migrating Point Defects

Radiation damage, in the form of atomic displacements, is dependent on the neutron
flux spectrum and the cross-sections for various reactions. Most of the displacement damage
is produced in collision cascades. Many of the Frenkel pairs recombine spontaneously and
the excess left after the cascade has collapsed can be calculated using molecular dynamics [30].
Whereas the surviving fraction of Frenkel pairs produced can be high (20–40%), the fraction
of defects that are mobile is lower, typically <10%. It is these mobile point defects that
contribute to irradiation swelling and creep. Rate theory models that depend on point
defect diffusion use the freely migrating (point) defect (FMD) production rate, which is
the total primary displacement damage rate multiplied by the FMD production efficiency
or fraction, as input. The FMD production efficiency (η) is a function of the cascade size,
which is dependent on the energy of the primary knock-on atom (PKA) that is designated
as EPKA.

Researchers using molecular dynamics simulations, e.g., Gao et al. [30], have produced
expressions for the fraction of surviving defects in a collision cascade as a function of the
energy of the primary recoiling atom. These surviving defects include the immobile clusters
as well as the freely-migrating point defects and clusters. Others, e.g., Okamoto et al. [31],
have produced data for the fraction of freely migrating point defects as a function of the
energy of the primary recoiling atom based on measurements of chemical changes due to
mass transport.

The Gao et al. formula for the surviving defect fraction is [30]:

5.2× E−0.76
PKA (1)

where EPKA is in keV.
Whereas Okamoto et al. [31] did not provide a formula, a fit to their data [17] gives a

freely migrating defect fraction as:

0.75× E−0.75
PKA (2)

where EPKA is in keV.
In both cases those calculated values, which are based on an empirical fit, that are >1 are

taken as being equal to 1. The FMD fractions depend on the atom and the reactor spectrum.
For engineering alloying elements such as Fe, Cr and Ni in a PWR the values generated
by Equation (2) are in the range of 1–10%, consistent with the values expected from the
analysis of Trinkaus et al. [32]. The FMD fraction as a function of recoil energies is shown
in Figure 6. The FMD expression Equation (2) is different from that reported by Kwon and
Motta [33] and was chosen because it provided the best fit when comparing rate theory
calculations to swelling data [17]. Also shown in Figure 6 are the experimental data for
FMD production from Okamoto and Rehn [31] and Svetukhin and Tikhonchev [34]. The
two datasets coincide very well giving support to the use of Equation (2) that corresponds
with the fit to the data from [31].
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1.2.1. FMD Production without Consideration of the 59Ni Effect

Given the PKA spectrum as a function of PKA energy, the FMD fraction is calculated
using Equation (2). The SPECTER code [22] has an option to generate the PKA spectrum
for each individual element but the output does not contain PKAs arising from n,γ recoil
reactions. To calculate the FMD fraction, that portion of the DPA arising from n,γ recoils is
calculated using the damage energy cross-section, which is also generated by SPECTER,
and subtracted from the total DPA. The remaining DPA is attributed to the SPECTER PKA
spectrum output and an FMD fraction for the PKA spectrum, FMD(PKA), is derived using
Equation (2). The FMD fraction attributed to the total DPA is then,

FMD Fraction (total) = DPA(γ) ∗ FMD (n, γ) + DPA(PKA) ∗ FMD (PKA) (3)

The recoil energy is small for the n,γ recoil reactions (395 eV for Fe and 491 eV for Ni)
and only a few atomic displacements are produced. In these cases, the FMD production
efficiency, FMD (n, γ), is =1 [17]. The PKA and FMD spectra for Ni in a CANDU reactors
are shown in Figure 7.
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1.2.2. FMD Production with Consideration of the 59Ni Effect

For Ni-alloys in a high thermal neutron environment the mode of damage production
can have a large impact on the calculated damage efficiency, which will be considerably
lower than that calculated from neutrons when there is a large fraction of damage coming
from high energy (n,p) and (n,α) reactions. When considering atomic displacements and
the associated FMD production in the context of the production of 59Ni, approximately half
of the total atomic displacements can come from the 59Ni (n, α) reaction once sufficient 59Ni
has been produced in a reactor with a high thermal neutron flux (such as a power reactor).
The FMD fraction is dictated by the recoil energy for the (n, α) reaction, which is 340 keV
for the reaction with thermal neutrons, yielding an FMD fraction of 0.01 using the formula
of Kwon and Motta [33] and significantly less (5 × 10−5) using the formula derived from
the data of Okamoto and Rehn [31]. Thus, although the recoil energy increases and the
DPA is higher with increasing PKA energy, the FMD fraction decreases.

For the reactor spectrum in EBR2, shown in Figure 3, and for 316 SS, the added
contribution from 59Ni to the FMDs is <0.01% of the total up to 100 DPA and is therefore
negligible. For a high thermal neutron flux such as exists in the Atucha or CANDU
reactors, the FMD production efficiency for naturally occurring isotopes at low doses can
be very high as the displacements arising from reactions with low energy neutrons is high
relative to that from high energy (fast) neutrons. The FMD production efficiency is low for
reactions giving rise to high energy recoils, which includes the high energy (n,p) and (n,α)
reactions of 59Ni with thermal neutrons. For the CANDU spectrum shown in Figure 3, the
contribution to DPA from 59Ni varies with dose and can be as high as 50–60% of the total
DPA accumulated after 5 years of operation in a Ni-alloy with a high percentage of Ni such
as Inconel X-750. In a CANDU reactor, for a dose of 100 DPA, 55 DPA comes from reactions
involving 59Ni. As most of that damage arises from particle emission followed by high
energy recoils, the FMD production efficiency is lower than conventional damage and thus
the total FMD fraction is reduced as the contribution from 59Ni increases.

The DPA calculated from all the 59Ni reactions [20,21] are separate from the SPECTER
output for the naturally occurring isotopes and thus the FMD fraction can be easily factored
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in to the total DPA, which includes the 59Ni contribution. The emission recoils for 59Ni
have been defined [21] and can be factored into the FMD calculation by weighting the
displacements that are attributed to 59Ni only by the energy of the recoil for each reaction.

According to Greenwood and Garner the displacements per event from: the 4.76 MeV
alpha particle emission, the 1.82 MeV proton emission and the γ-photons, are 1762, 222 and
5, respectively, [20,21]. Atomic displacement calculations resulting from protons and alpha
particles obtained from the SRIM code [35] indicate that those ions should produce 26 and
180 displacements respectively. The SRIM code does not consider ionisation losses within
the cascade and these values are thus over-estimated [36]. However, taking these values as
upper-bounds for the damage produced by the emitted ions directly, one can still make
a lower-bound estimate of the displacements from the alpha and proton recoils. For Ni,
the recoils induced by thermal neutron absorption and photon emission are low energy
(491 eV) and the FMD fraction is =1, see Figure 6. The atomic displacements per recoil and
the FMD fractions for each reaction (assuming a single recoil energy [21]) are shown in
Table 1, which also shows the values for FMD attributed to Okamoto et al. [31] and Kwon
and Motta [33].

Table 1. FMD fractions for 59Ni reactions using different formulae. Note that the total number of
displacements shown below includes the damage from the recoil only.

Ni-59 Factor Kwon and Motta [33] Okamoto et al. [31]

Recoil keV Displacements per Recoil FMD Fraction per Recoil

n,a 340 1760 − 180 = 1580 0.012 0.009

n,p 31 222 − 26 = 196 0.028 0.057

n,g 0.395 5 1 1

Total 1987 − 206 = 1781 Weighted Average FMD Fraction

0.016 0.017

Rather than attempting to estimate the FMD production efficiency from the ion dam-
age, which would require computing the PKA spectrum at all points along the trajectory
of the ions as they lose energy, it will be assumed that the FMD fractions calculated using
the recoils only are sufficient to capture the main effect of 59Ni on the FMD fraction. An
estimate of the total FMD fraction can therefore be obtained by combining the relative
contributions from 59Ni only (shown in Table 1) with those that do not include 59Ni. The
FMD contributions are combined by weighting the contributions to the FMD production
by the relative DPA arising from 59Ni alone together with the DPA without including 59Ni
effects at a given dose. For that purpose, we have arbitrarily chosen to show the FMD
fractions when the total dose is 100 DPA, see Table 2.

The effective weighted average FMD fractions can then be applied to the total DPA
determined for each alloy using the SPECTER DPA output [19–22] and used in rate theory
computations to predict the cavity evolution (swelling) and grain boundary coverage
by cavities.
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Table 2. Combined FMD fractions for different alloys in various reactors using Equation (2) and
reactor specific PKA spectra considering the relative contributions from the displacements arising
from 59Ni effects at a dose of 100 DPA.

Reactor Alloy
59Ni Fraction of

DPA FMD (No 59Ni) FMD 59Ni
Weighted Average

FMD Fraction

CANDU X750 0.55 0.142 0.017 0.073

ATUCHA X750 0.52 0.167 0.017 0.089

ATUCHA 347H 0.17 0.126 0.017 0.107

PWR 316 SS 0.02 0.075 0.017 0.074

PWR 304 SS 0.01 0.074 0.017 0.073

EBR2 316 SS 0 0.096 0.017 0.096

EBR2 304 SS 0 0.095 0.017 0.095

2. Results

The mechanical properties and swelling of stainless steels and Ni-alloys is assessed
using rate theory. Of particular interest is the He embrittlement of Ni-alloys irradiated at
low temperatures (<350 ◦C) in the CANDU heavy water reactor for which there are data
on mechanical properties as well as data on microstructure evolution from the analysis
of ex-service Inconel X-750 components. To calculate the perforation of grain boundaries
caused by the accumulation of He-stabilised cavities we must first compute the swelling.

2.1. Swelling

The swelling model for voids has been described in [17] and validated using swelling
data for 316 stainless steel in the EBR-2 reactor. The model parameters used here are the
same and are listed in [17]. Swelling for bubbles at low temperature has been deduced
from density measurements. When combined with measurements and calculations of
He concentrations, bubble swelling has been found to be approximately equal to the
concentration of He, i.e., He/V = 1 [37].

The void swelling as a function of temperature is calculated assuming that the cavity
number density is established early in the development of the microstructure following
the trend shown by Bhattacharya and Zinkle [1] for void swelling. The swelling is also
sensitive to the dislocation density. Dislocations serve as biased interstitial sinks allowing
for a net vacancy flux to cavities. The dislocation structure is a combination of network
dislocations created by cold-working and dislocations loops that form during irradiation.
The dislocation loop density is sensitive to temperature and that, together with the recovery
of the cold-worked dislocation structure, can result in lower dislocation densities during
irradiation compared with the original as-fabricated microstructure. Dislocation densities
from both sources are reflected in the yield strength. For this reason, an empirical model
based on measured yield strengths was adopted in an earlier study [17]. The same empirical
model for dislocation density is adopted for this work. We have assumed that the effect
of any precipitate formation is negligible. Whereas precipitates may act as nucleation
sites for vacancy clusters, it is assumed that any precipitate formation is captured in the
yield strength data and that precipitates are sources of lattice strain that act the same as
dislocation loops.

Previously it was shown that, for data from EBR2, the best fit of the rate theory model
for void swelling could be achieved by using a cavity surface energy (s) = 1 J.m−2 and
a recombination parameter (r) = 500. The recombination rate parameter in the model is
given as (a = r

a0
2 ·Di) where a0 is the lattice parameter, which for a face-centred-cubic

(FCC) lattice = 0.36 nm, and r is a geometric factor that corresponds with the number of
interstitial sites around a vacancy where spontaneous recombination can occur. The value
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of r recommended can vary between 50 and 500 [38]. The surface energy (s) is also variable;
different researchers using values ranging between 1 and 2 [16,17].

Although the swelling algorithm [17] was developed to apply to data from EBR2,
which has a low He production rate, the principles are the same for all reactor conditions
and the limitations come mainly from the empirical models derived for dislocation evo-
lution and the pressure in the cavities, with varying amounts of helium and vacancies,
as the microstructure evolves with increasing dose. Applying the model for EBR2, PWR,
CANDU and Atucha spectra corresponding to central locations of each reactor core, one
can see differences in the temperature dependence of the swelling for different alloys as
illustrated in Figure 8. Note that the swelling computation is for hypothetical temperatures
for the power reactors whose operating temperatures fall in a narrow range of temperatures
between 200 ◦C and 350 ◦C. Also included in Figure 8 is a hypothetical case for a high
damage rate like in EBR2 but with a He production rate that is equivalent to a high flux
reactor such as HFIR, labelled HFIReq. We have not used a spectrum from HFIR, partly
because the spectra in HFIR vary widely depending on location in and around the core but
also to illustrate the effect of He on swelling by using the EBR2 (row 2) damage rate with a
He/DPA equivalent to a HWR. The swelling rate at any point in time is dependent on the
dislocation structure, damage rate, temperature, and He generation rate. The He controls
the stability of cavities so that when the He generation rate is high, as it is for Inconel X-750
in the CANDU reactor, the swelling rate does not decrease at high temperatures (>550 ◦C)
as it does for EBR2 and PWRs, for which the He generation rate is lower. In the latter cases
one sees that increasing the atomic displacement rate (such as in EBR2) shifts the peak
swelling to higher temperatures. The effect of He, which helps stabilise cavities at high
temperatures when they would otherwise shrink, is apparent from the swelling curves for
the CANDU and Atucha spectra that have very high rates of He production per unit DPA.
Typical He generation rates as a function of DPA (i.e., He/DPA) at 100 DPA corresponding
with the five cases shown in Figure 8 are listed in Table 3. Note that for EBR2, the spectrum
corresponds with the centre line of row 2. Further out from the core the He/DPA increases,
e.g., from 0.16 for row 2 to 0.28 for row 8.

Table 3. He/DPA for different alloys irradiated in various reactors.

Reactor Alloy He/DPA at 100 DPA

CANDU Inconel X750 301

Atucha Inconel X750 285

Atucha 347H SS 84

PWR 316 SS 9.9

EBR2 (row 2) 316 SS 0.16

EBR2 (row 2) and PWR reactor spectra, for which the He/DPA is low (~0.2 to 10 appm
He/DPA), have different high temperature behaviour compared with Atucha and CANDU
reactor spectra for which the He/DPA is considerably higher (up to ~100 appm [He]/DPA
for 347H SS and up to ~300 [He]/DPA for Inconel X-750). The higher He/DPA ratio
results in more swelling at higher temperatures for the Atucha and CANDU spectra where
otherwise the vacancy emission would dominate when the ratio of He atoms to vacancies
in the cavities (He/V) is low. The algorithm for void swelling has been described in detail
in [17].
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At low temperatures (<300 ◦C) and high He generation rates the cavity stability is
governed by the He/V ratio in the cavities. Whereas the He/V ratio in the cavities is
evolving, and dependent on the individual conditions for each curve shown in Figure 8, the
stability of cavities at high temperatures (>550 ◦C) for the HWR spectra is also dependent
on the amount of He that is being generated for those reactor spectra. At low temperatures
the swelling is dependent on the He content so that when the He content is low (as it is
in EBR2) the swelling cannot be sustained by a net vacancy flux, which is given by the
product of the vacancy concentration and diffusion coefficient. The He itself stabilises
vacancies and vacancy clusters and the swelling is determined by thermal effects. Under
these conditions the cavities are called bubbles. There is thus a transition from bubble
swelling at temperatures <300 ◦C to void swelling at temperatures >400 ◦C.

The dependence of cavity stability on temperature and He content can be illustrated
using rate theory. Using the model developed previously [17] for an austenitic alloy the
effect of temperature on the net flux of vacancies to cavities having different diameters and
a constant number density (1023 m−3) is shown in Figure 9 for He/V ratios of 0.01 and
1. In this example the damage rate is about 2 dpa/year corresponding approximately to
that in a PWR or HWR. These plots show the temperatures at which there is a transition to
bias-driven growth, i.e., when the cavity growth rate increases with increasing temperature.
The temperature at which there is a transition to bias-driven growth is dependent on the
cavity size, decreasing as the cavity size increases. The transition temperature is a complex
function of the He/V ratio, the cavity diameter and the dislocation microstructure at that
temperature. For low He/V ratio (=0.01), cavities that are >5nm in diameter are unstable
at temperatures greater than about 350 ◦C, i.e., vacancy emission dominates the cavity
growth at such low values of He/V ratio. For a high He/V ratio (e.g., =1) the transition to
bias-driven growth occurs at lower temperatures as the cavity diameter is increased.
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The effect of cavity diameter at a constant number density (1023 m−3) on the net flux of
vacancies to cavities at different temperatures is shown in Figure 10 for He/V ratios of 0.01
and 1. At low temperatures small cavities (<2 nm diameter) have high vacancy absorption
rates. The rate of vacancy absorption decreases substantially as the cavities/bubbles grow.
At 350 ◦C and above, the cavities evolve into sink-dominated behaviour where the rate of
absorption of vacancies increases with increasing cavity diameter, provided that the He/V
ratio is large enough. At low values of He/V, e.g., 0.01, the cavities (bubbles) are stable
at low temperatures and are unstable for temperatures >350 ◦C with a limited range of
stability at 350 ◦C.

Coincidentally, the void swelling model only applies to the conditions where the
void number density can be defined empirically, i.e., for temperatures >350 ◦C [1,17]. It
is reasonable to assume therefore that the cavities are bubbles at temperatures <350 ◦C,
provided the He/V ratio is large enough, and are voids for temperatures >350 ◦C. Naturally,
the microstructure is evolving continuously as the swelling progresses and both the cavity
diameters, and the He/V ratio change as the microstructure evolves.
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2.2. Cavity Accumulation on Grain Boundaries
2.2.1. Theory

There are numerous problems involved in obtaining measurements for the accumu-
lation of cavities on grain boundaries. Rate theory modelling has therefore been applied
to predict the grain boundary coverage as a function of operating conditions. The model
should not be considered definitive, rather an indication of how the grain boundary mi-
crostructure evolves with certain assumptions. The most important aspect of the modelling
is not necessarily in calculating the absolute area coverage, rather in describing the trend in
area coverage with dose and temperature.

The net vacancy and He flux grain to boundaries is dependent on the grain size and the
sink strengths of dislocations and cavities within the grain interior. In the bubble regime at
temperatures <350 ◦C the cavity size and number densities are dictated by the availability of
He. Density measurements have shown that the swelling is proportional to the He content
such that the average cavity He/V ratio for bubbles within the grains is about 1 [18,37].
With this assumption the bubble number density can be deduced from the measurement of
the mean cavity diameter, which decreases with increasing temperature, given a calculated
value for the [He] concentration. From the bubble diameter and density deduced from the
[He] content, given He/V = 1, the sinks strengths are calculated and serve as input to rate
theory calculations for the net vacancy and He flux to grain boundaries. Likewise, the void
sink strength in the swelling regime can be calculated given the calculated swelling and
number density data described in the previous section.

In both the bubble and void regimes, the sink strength dependence on temperature
will be dependent on the number density and the cavity diameters. In both cases the cavity
sink strength in the grain interior decreases with increasing temperature even though the
cavity diameters increase,
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Cavity sin k strength = 4π
D
2

ρ (4)

where D is the cavity diameter and ρ is the cavity number density.
For voids the sink strength is dependent on the bias-driven growth. For a given cavity

diameter (D) the swelling is proportional to D3, while the sink strength is proportional to
D. So, although the voids may have a lower number density (ρ) at higher temperatures, the
swelling can still increase while the sink strength decreases. The bubble number densities
are relatively insensitive to temperatures <350 ◦C, and the diameters are mostly determined
by the amount of He in the system. The sink strengths in the bubble regime have a different
temperature trend compared with voids [1].

When the internal sink strength is high, i.e., when the swelling is large, fewer point
defects (vacancies and He atoms) migrate to grain boundaries and one can expect a decreas-
ing rate of grain boundary coverage as the swelling (internal cavity sink strength) increases.
Just as the swelling is a non-linear function of the cavity diameter, the grain boundary area
coverage is also non-linearly dependent on the mean diameter of cavities on the boundary.
In the latter case, for a given number of vacancies, the area coverage decreases as the cavity
diameter increases. The grain boundary area coverage as a function of temperature is thus
a complex function of the grain interior sink strength and the average cavity diameters on
the boundary. It is assumed that the diameters of the cavities on the grain boundaries are
double that of the grain interior to be consistent with observations [18]. This then forms
the basis for modelling grain boundary coverage. The modelling is separated into two
parts: (i) a low temperature bubble growth regime at temperatures <350 ◦C; and (ii) a high
temperature void growth regime for temperatures >350 ◦C. The transition from bubble
to void regimes will not be abrupt but will occur gradually over the temperature range
between 300 ◦C and 400 ◦C. However, to simplify the analysis we will assume that there is
an abrupt transition at 350 ◦C.

The diffusion-rate-limited kinetics of point defect annihilation at different sinks has
been determined by many different researchers, but each give the same essential results that
are derived by first considering the rate of diffusion of the point defects to an individual
sink and then scaling up to the total number of sinks per unit volume (the sink density).
Sinks are not uniformly distributed and there will be spatial variations in their distribution,
but the rate theory calculations presented here are tractable because they are based on
averages; an average sink density for an average point defect concentration in the medium
mid-way between the sinks; this is the so-called mean-field approach. Mean-field refers to
averages and steady-state or pseudo-steady-state behaviour. The rate theory calculation
gives a rate for a given set of conditions and can be adjusted as the microstructure evolves
at each time step. The changes in the evolving microstructure can either be calculated using
rate theory or as an input derived from experimental data. For the purposes of this report,
there are only three types of sinks to consider: (i) dislocations, (ii) cavities, and (iii) grain
boundaries. The derivation of the sink strengths will be described for each.

Dislocations

By solving diffusion equations with cylindrical geometry, Heald and Speight [39]
showed that the rate constant for point defect interactions with dislocations is

k2
i,v =

1
L2

d
= zi,vρd (5)

where ρd is the dislocation density of a given type of dislocation and Ld is the average
distance a point defect travels before encountering a dislocation, and

zi,v =
2π

ln 2R
li,v

(6)
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where R is the mean distance between dislocations and li,v is determined from the elastic
strain field interactions between the dislocation and respective point defects. One can think
of li,v as the radius of an effective trapping cylinder [39].

Cavities

By solving diffusion equations with spherical geometry, Heald and Speight [39] also
calculated the sink strengths for cavities. Cavities are considered “neutral” sinks because,
unless highly pressurized, the strain field is not large compared to the cores of disloca-
tions. Accordingly, the same reaction rate expression is applicable for both interstitials
and vacancies.

k2
i,v =

1
L2

c
= 4πrcρc (7)

where rc is the cavity radius and ρc is the cavity number density (number per cubic metre)
and Lc is the average distance a point defect travels before encountering a cavity. Recent
work shows that when cavities are small and under-pressurised there is an interaction with
interstitial point defects that can delay cavity evolution and thus increase the incubation
time for the onset of swelling [40]. This interstitial bias is inversely related to cavity diameter
and pressure and increases at lower temperatures. Such an effect could account for the
longer incubation times that have been observed for 316 SS irradiated in EBR2 [17]. Whereas
such a consideration may be useful in void nucleation models, we use empirical data for
cavity nucleation as a function of temperature and only consider cavity growth after the
nucleation stage. The expression (7) thus stands. although there may be a small effect of
interstitial bias that can be subsumed into a net interstitial bias for dislocations (the bias
differential between dislocations and cavities). It should be noted also that pressurisation
of the cavities alleviates the bias thus reducing the probability for interstitial absorption by
bubbles [40].

When cavities are pressurized, it is assumed that the main influence of the pressur-
ization is in the absorption and emission of vacancies from the cavity surface. Apart from
the free energy of the vacancy itself, the free energy change of the cavity caused by the
absorption of one vacancy is given by−(p− 2·γ

r )Ω, where p is the pressure in the cavity, γ is
the surface energy of the cavity, r is the cavity radius and Ω is the atomic volume [7–11,17].

Grain Boundaries

Grain boundaries are a special case. Although the high densities of cavities and
dislocations within the matrix can be assigned average sink strengths and the partitioning
of point defects between those sinks can be calculated assuming no other interactions, the
flux of point defects to the grain boundaries surrounding the sinks within the grain is
determined by the mean steady-state concentration in the interior and the concentration
gradient at the boundary. As the steady-state point defect concentration in the matrix is a
function of the total sink density within the grain, the grain boundary sink strength is not
only dependent on the grain boundary density (grain size) but also on the density of other
sinks within the grain interior.

The sink strengths of grain boundaries have been calculated assuming spherical
geometry (treating the grain as a sphere of diameter d), while considering the internal
sinks within the grains [41]. The diffusion of point defects to the grain boundary is
determined from the steady-state point defect concentration within the grain interior and
the concentration gradient at the boundary, assuming that the boundary itself is a perfect
sink. As for the cavities, the same reaction rate expression is applicable for both interstitials
and vacancies. If the average diffusion length averaged over all sinks is λ, then the sink
strength for the grain boundaries are given by,

k2
i,v =

6
λd

, or
6k
d

, when (zi,vρd + 4πrcρc)
0.5 � 1/d (8)
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when the diffusion length for the interior is very much smaller than the grain boundary
dimensions. Alternatively,

k2
i,v =

24
λd

, or
24k
d

, when (zi,vρd + 4πrcρc)
0.5 � 1/d (9)

when the diffusion length for the interior is very much larger than the grain boundary dimensions.
Harkness and Li [42] showed that the sink strength for diffusion of point defects to the

grain boundary per unit volume is composed of two parts: (i) the concentration gradient at
the boundary (c − co)/λ, where c is the mean-field steady-state point defect concentration
in the grain interior, co is the concentration at the boundary; and (ii) the grain boundary
area per unit volume, ≈ 6/d. Considering the boundary to be a perfect sink, co is assumed
to be zero. It is further assumed that λ is the mean diffusion length for point defect species
within the grain interior, i.e., (zi,vρd + 4πrcρc)

0.5. The result is the same as that derived
by Heald and Harbottle [41] for high sink densities in the grain interior. When the cavity
density is high λ is about the same as Lc (the average diffusion length for the grain interior
cavity microstructure). When a denuded zone is present it is assumed that λ = L + dx,
where dx is the denuded zone width (Figure 11), although for simplicity the calculations in
this paper do not include the effect of a denuded zone.
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Figure 11. Diagram illustrating source of He flow to grain boundaries. Half of the He generated in the
denuded zone is assumed to migrate to the grain boundary and half migrates into the grain interior.
The He flux from the interior is equivalent to the He flux to the boundary that would exist in the
absence of a denuded zone; this flux to the boundary is reduced by the presence of the denuded zone.

The net vacancy flux to cavities on the grain boundary (JCav
v ) is the product of the

net vacancy flux to the boundary (JGB
v ) and a vacancy reaction term that is a function of

the pressure, and thus He content within the cavities. The flux of vacancy point defects to
cavities is given by,

JCav
v = JGB

v ·exp


(

Pc − 2·s
rc

)
·Ω

k·T

·σ (10)

where P is the pressure, r is the cavity radius, s is the surface energy, Ω is the atomic volume
and σ is the area fractional cross-section. Increasing the pressure in a pressurised cavity
effectively increases vacancy and decreases interstitial absorption. The reaction term gives a
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probability related to the work done when a cavity absorbs an interstitial or a vacancy point
defect. There is the added complication of a possible intrinsic interstitial bias for cavities [40].
However, such a bias is only effective at the nucleation stage, is reduced for pressurized
cavities and is not deemed significant for these calculations (see Section 2.2.1). There is
another possible complication regarding applied stress. Luo et al. [43] have shown that the
interstitial bias for cavities decreases for cavities on grain boundaries perpendicular to an
applied tensile stress for stress levels up to 120 MPa. Applied stresses are not considered in
this treatment, but if there was an effect of stress on either vacancy or self-interstitial point
defect diffusion, the accumulation of cavities on boundaries perpendicular to a tensile stress
is contrary to the principle of Herring-Nabarro creep [44,45], which requires interstitials to
migrate to boundaries perpendicular to the tensile stress, not the other way around. This
inconsistency concerning stress effects has been addressed in a previous review [28] noting
that, rather than being contrary to Herring-Nabarro creep the effect of stress in promoting
interstitial He diffusion to grain boundaries perpendicular to the tensile stress would be
consistent with Herring-Nabarro and is a more logical explanation for the observations
that cavities are more prevalent on grain boundaries perpendicular to a tensile stress.
A schematic diagram describing the interaction of point defects with cavities on grain
boundaries is shown in Figure 12.

The net flux of point defects to boundaries (He atoms and vacancies) is dependent on
the grain interior sink strength, as shown in Figures 11 and 12. At low temperatures the
elevated steady state vacancy concentration that exists because of the low vacancy mobility
is important because vacancies are strong traps for He atoms [3]. The size of the cavities on
the boundary is also important because smaller cavities have a higher area coverage for a
given cavity volume. The net effect is complicated and is best observed by simply running
a model including all the parameters discussed here.
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Figure 12. Schematic diagram illustrating source of vacancy and interstitial point defect flux to grain
boundaries. There is a higher vacancy, relative to interstitial, flux from the grain interior. The flux
to cavities is a function of the point defect flux to the boundary and an interaction term. p is the
pressure, r is the cavity radius, s is the surface energy, and σ is the area fractional cross-section.
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2.2.2. Model Results

Measurements from cavity number densities and mean diameters for Inconel X750 in
the CANDU reactor show considerable variability but the sink strengths generally show
the same trend, decreasing sink strength with increasing temperature, Figure 13 [18,37].
Also shown in Figure 13 are the sink strengths obtained from a void swelling model [17]
for EBR2, a PWR and a CANDU reactor to show how the sink strength in the void regime
has a different trend with temperature.

The modelling in the bubble regime is restricted to the grain boundary cavity coverage
of Inconel X-750 in a CANDU reactor and 316 stainless steel in a PWR reactor for which
bubble measurements exist as a function of temperature. In the PWR case only approximate
data concerning bubble diameters and number densities at two temperatures (315 ◦C and
290 ◦C) are available [46]. Unfortunately, although the number densities were given, the
diameters were not measured accurately and a nominal value (<3 nm) was quoted for
two dose levels. In the CANDU case many measurements have been obtained for cavity
diameters and densities [18,37] at nominal estimated temperatures (315 ◦C and 200 ◦C)
and a range of doses. Because of the large range of variability of the grain interior sink
density and bubble diameter measurements in the bubble regime, the upper limits of the
mean cavity size at 80 DPA have been used to obtain cavity number densities and thus sink
strengths as a function of temperature. Assuming the trapping of He by single vacancies
is a dynamic process, i.e., any accumulation contributes to the observed bubble structure,
the error from ignoring the He that will be trapped in single vacancies at EOL, when the
swelling from immersion density is measured, is estimated at about 10−4 and 10−6 for
material irradiated at 200 ◦C and 300 ◦C respectively. Ignoring this contribution to the
swelling will result in an over-estimate of the cavity diameter by a small fraction. The
cavity number density was therefore calculated for a given mean cavity size to be consistent
with the measured swelling without taking into account the contribution from the single
vacancy traps [18,37]. The values used for the bubble microstructures are shown in Table 4.

Table 4. Bubble microstructure data for CANDU and PWR.

CANDU [18]

Dose/DPA T D/nm ρ/1023 m−3

80 200 ◦C 2.26 49.29

80 315 ◦C 3.66 11.55

PWR [46]

Dose/DPA T D/nm ρ/1023 m−3

33 295 ◦C <3 0.61

77 315 ◦C <3 1.60

In the model the CANDU data are extrapolated to 100 DPA by assuming the bubble
number density is constant and the bubble volume evolves at a rate proportional to DPA.
The PWR data are extrapolated to 100 DPA by assuming the bubble number density is still
evolving (lower He generation rate) and the bubble volume evolves at a rate proportional
to DPA. As the data were only provided as “less than”, two mean diameters were assumed,
3 nm and 1.5 nm. In this way, although the sink strengths are guesses, the effect of changing
the sink strength can be seen in the model. The model uses grain interior sink strengths at a
give dose (say 100 DPA) as a target and the grain interior sink strength is assumed to vary
linearly with dose until the target value is achieved. The target sinks strengths for bubbles
in CANDU and PWR conditions extrapolated to 100 DPA are shown in Figure 13. For the
two PWR cases the sink strengths are referred to as upper and lower in the model outputs.

At higher temperatures (in the void swelling regime) the grain interior void sink
strengths are calculated from a swelling model previously published [17]. The cavity
diameters at 100 DPA are calculated for the respective operating conditions and combined



Metals 2022, 12, 1692 22 of 36

with the number densities at each temperature [1,17]. The corresponding cavity sink
strengths as a function of temperature used as inputs to the grain boundary coverage
model are shown in Figure 13. The dislocation sink strengths as a function of temperature
have been calculated using an empirical model developed previously [17] and are applied
equally for the bubble and void conditions.

In addition to the role of cavities and dislocations in competing for point defects, He-
trapping at vacancies, which have a higher steady-state concentration at lower temperatures,
is also included in the model. The effect of single vacancy traps on the net vacancy flux
to grain boundaries is negligible at temperatures >300 ◦C because the calculated vacancy
concentrations translate into sink strengths are of the order of 1012 m−2 and thus have
little effect compared to trapping by the large vacancy clusters, i.e., the cavities. At lower
temperatures however, in the bubble regime, the role of single vacancies is an important
element in the model with the single vacancy sink strengths rising to levels of the order
of 1015 m−2 at 200 ◦C. The single vacancy sink strengths are about 3 orders of magnitude
higher at 200 ◦C compared with 300 ◦C and are thus important traps for He atoms at the
lower temperature.
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of Inconel X-750 in CANDU reactor and 316 SS in a PWR extrapolated to 100 DPA as a function of
temperature. Also shown are the sinks strengths for voids calculated for various reactors at 100 DPA.

While the values used for bubble sink strengths are not ideal, especially in the case of
the PWR data, they are to be considered best estimates given both the paucity and large
scatter in the available data. For the purposes of demonstrating the principles of the model
the data shown in Figure 13 are thus the best that can be assumed at this time. In principle
the lower sink strength for PWR compared with CANDU conditions is directionally correct
given the much higher (30 fold) He production rate in the CANDU conditions, which
would likely result in a higher bubble nucleation density.

With the internal microstructure defined at a certain target dose (100 DPA), as plotted
in Figure 13, one can calculate the effect of the evolution of the internal sink structure on the
flow of point defects and He atoms to the grain boundaries and thus calculate the degree to
which the boundaries become perforated with cavities (bubbles or voids) with dose. The
algorithm for the evolution of the cavities on the boundary is shown in Figure 14.
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Figure 14. Algorithm describing the grain boundary cavity evolution subject to a vacancy and He
flux to the boundary up to a target end-of-life (EOL) time.

Grain Boundary Coverage for a CANDU Reactor Neutron Spectrum

For Inconel X-750, the grain boundary coverage is calculated assuming that the grain inte-
rior microstructure can be described by either: (a) bubble evolution or (b) void evolution models.

Applying the algorithm (Figure 14) to the case for cavities in Inconel X-750 irradiated
in a CANDU reactor neutron flux, the evolution of the grain boundary coverage as a
function of temperature are shown in Figure 15a, for the case of bubble sink strengths,
and Figure 15b, for the case of the void sink strengths. Note that the expected operating
temperatures of components in the CANDU reactor do not exceed 350 ◦C and inclusion of
hypothetical calculations for higher temperatures is included to encompass the range of
temperatures of interest for this study. The surface energy used was that found to give the
best agreement with swelling, [17], i.e., 1 J.m−2. The grain boundary area coverage at 100
DPA for surface energies of 1 and 2 J.m−2 is illustrated in Figure 16. Increasing the surface
energy lowers the grain boundary area coverage when using the bubble swelling sink
strengths compared with the void swelling sink strengths shown in Figure 13. Figure 16
also illustrates that the area coverage increases with increasing temperature in the bubble
regime but is relatively insensitive to temperature in the void regime up to about 550 ◦C.
At temperatures higher than 550 ◦C the grain boundary coverage decreases, corresponding
with the increase in the swelling that is predicted for Inconel X-750 in CANDU reactor
conditions, Figure 8.
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Figure 15. Hypothetical grain boundary cavity coverage as a function of dose (DPA) for Inconel X-750
material irradiated in the neutron flux of a CANDU reactor assuming: (a) a bubble evolution model;
(b) a void evolution model. The surface energy (s) was assumed to be 1 J.m−2 and the recombination
parameter (r) was assumed to be 380.
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Figure 16. Calculated grain boundary cavity coverage as a function of temperature after 30 years of
operation for Inconel X-750 material (100 dpa) irradiated in a neutron spectrum typical of a CANDU
reactor core for two values of cavity surface energy (s = 1 or 2 J.m−2) and assuming an arbitrary shift
from bubble to void-swelling regimes at temperatures >350 ◦C.

Grain Boundary Coverage for a PWR Neutron Spectrum

The grain interior sink strengths at 100 DPA resulting from the evolution of either
bubbles or voids for 316 SS in a PWR are shown in Figure 13. The sink strengths for the
PWR case are lower by a factor of 5 or 10 compared to the CANDU case and this can
be attributed to the lower number density, which is in turn correlated with a lower He
concentration. Note that in a previous publication the grain boundary coverage for a
PWR was calculated using an assumed sink strength that was considerably lower than the



Metals 2022, 12, 1692 25 of 36

more reasonable values used here and therefore gave higher coverage results. The current
PWR data, although crudely estimated, are better estimates for the PWR because they are
assumed to follow the same temperature dependence as the CANDU data. The predicted
grain boundary area coverage for 316 SS in a PWR as a function of temperature at 100 DPA
is shown in Figure 17. Data calculated according to the two upper and lower interior sink
strengths estimates are labelled in each case. In doing this one can see the effect of changing
the grain interior sink strengths, a higher grain interior sink strength leading to lower
grain boundary coverage and vice versa. For comparison, the CANDU Inconel X-750 data
are also shown, illustrating the effect of the higher He generation rate. Note that at high
temperatures, >550 ◦C there is an increase in the grain boundary coverage as a function
of temperature for the PWR case and then a decrease for temperatures >650 ◦C mirroring
the swelling behaviour (Figure 8). Likewise, there is a decrease in grain boundary area
coverage with increasing temperature over the same temperature range for the CANDU
case that also mirrors the swelling behaviour, shown in Figure 8. The prediction is even
more extreme for grain boundary coverage for 316 SS in EBR2 also shown in Figure 17. In
that case the coverage is small at temperatures corresponding to the peak swelling regime
but increases rapidly at temperatures >700 ◦C where swelling is very low. For the HFIR
equivalent spectrum the coverage is mostly flat over a large temperature range, again
mirroring the swelling behaviour.
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Figure 17. Calculated grain boundary cavity coverage as a function of temperature after about 100
dpa for 316 SS subject to a PWR, EBR2 and HFIR equivalent spectra and Inconel X-750 subject to a
PWR equivalent spectrum (both core average fluxes). The 316 SS in the PWR use sink strengths that
are upper and lower bound estimates from published data (see text).
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The differences for each reactor spectrum and material can be attributed to the effect
of He in stabilizing cavities and thus enhancing swelling at high temperatures when void
swelling, in the absence of He, would normally be small [17]. There is still a small amount
of He present in the EBR2 case that is sufficient to stabilize cavities on grain boundaries
when there is minimal swelling.

3. Discussion
3.1. Swelling of Austenitic Alloys

The dimensional stability of austenitic stainless steels is largely dependent on cavity
(void) swelling, which is also dependent to some extent on having He present to stabilise
cavities against collapse to vacancy dislocation loops. Using a rate theory model that was
previously validated using good quality swelling data for 316 SS irradiated in EBR2 [17], we
have expanded the study to include other austenitic alloys used in various nuclear reactors
by applying the model and computing the swelling at 100 DPA as a function of temperature
using appropriate spectra relevant to particular reactors. Because He is generated in many
reactor spectra and is an integral part of any swelling model we have computed the He
production for each spectrum and included these values in the model so that the effects
of He become apparent. A large temperature range (200–800 ◦C) has been assessed but it
should be noted that for power reactors the range of temperatures studied does not reflect
the temperature range likely to be experienced in the cores during normal reactor operation
(200–350 ◦C).

The nucleation of cavities has not been modelled. Rather, experimental data compiled
by Bhattacharya and Zinkle [1] have been used for cavity number densities as input
assuming the nucleation is established early on in the irradiation and the number densities
remain constant with increasing dose thereafter. The model results show that the irradiation-
induced swelling of austenitic alloys typically increases with increasing temperature for
temperatures >200 ◦C. For cases where the He production rate is low (<10 He appm/DPA),
as in PWRs and fast reactors like EBR2, there is a peak in the measured swelling rate per
unit dose at temperatures of about 500 ◦C. When the He production rate is high, as it is
in HWRs and high flux reactors such as HFIR, the swelling follows a similar trend up
to about 500 ◦C, but rather than decreasing at higher temperatures there is an uptick in
swelling that can be attributed to the stabilising effect of He. Most swelling data come from
irradiations in fast reactors such as EBR2 or high flux reactors such as HFIR. The model
reproduces the swelling from EBR2 well except for the incubation period before the onset
of swelling that increases as the temperature falls below 500 ◦C [17,47]. It was hypothesised
that the longer incubation at lower temperatures may have been related to trapping of He at
dislocations [17] but recent theoretical work has indicated that it may also be related to the
interstitial bias for small vacancy clusters that increases with decreasing temperature [40]
therefore inhibiting nucleation as the temperature falls below 500 ◦C [17,47]. The uptick in
swelling for high He/DPA ratios at temperatures >550 ◦C shown by the model is consistent
with limited swelling data reported for HFIR [48,49].

Applied to the evolution of cavities on grain boundaries the model has shown that
increased swelling is coincidental with lower grain boundary coverage by He-stabilised
cavities. It is noteworthy that the ductilities of austenitic alloys irradiated in fast and
high flux reactors increases at temperatures >500 ◦C [50]. This may be attributed in
part to a lower defect density so any effect of He-embrittlement is confounded by other
microstructural features, even swelling-induced embrittlement [47], which is not related
to grain boundary perforation by cavities. As there are many different aspects of the
microstructure that are changing with irradiation temperature it is difficult to single out
any one effect. However, in [50] the authors do state that “Ductility appears to be higher for
alloys irradiated in fast reactors where little helium is produced, but even for fast reactor
irradiation, ductility begins to drop above 700 ◦C. This behavior, which is enhanced by
higher helium concentrations, is believed to be a result of helium embrittlement.”
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3.2. Embrittlement of Austenitic Alloys

Austenitic alloys that include some stainless steels and many Ni alloys, have better
ductility and strength, during and after irradiation, compared to other core materials
such as Zr-alloys [16], except when there are large numbers of cavities created during
irradiation. These alloys have an FCC structure because of the presence of Ni, which is
particularly prone to n,α reactions that create He in a power reactor environment. Unlike Zr-
alloys, austenitic alloys can suffer from He-embrittlement at high doses and temperatures
provided they operate in a neutron spectrum that produces sufficient helium from n,α
reactions [50–52].

The phenomenon known as He embrittlement can be categorised as low- and high-
temperature and is briefly summarised in the Supplementary Material, Sections S1 and S2
respectively [18,26,27,37,46,53–60].

Low temperature He embrittlement is characterized by a transition from ductile to
inter-granular fracture after irradiation (Figure S1). The fracture is associated with the
segregation of a high density of He-stabilised bubbles on grain boundaries (Figure S2).
The embrittlement applies to enhanced inter-granular fracture during post-irradiation
SCC testing and is also linked to He-stabilised bubbles segregated at grain boundaries
(Figure S3). Often samples will fail in the elastic regime during post-irradiation tensile
testing (Figure S4).

Failure in the elastic regime is also observed for high temperature He embrittlement
(Figure S5). Although the material shown in Figure S5 is a ferritic alloy, the same char-
acteristics of inter-granular failure, associated with He-stabilised cavity segregation at
grain boundaries, are exhibited (Figure S6). Even though the ferritic alloy in question had
low swelling, it was still embrittled because of the segregation of He-stabilised cavities at
grain boundaries. He stabilizes cavities on boundaries and He embrittlement is therefore
not necessarily associated with high swelling. For self-ion irradiation there can be a high
density of voids in the matrix and none on boundaries. Figure S7a shows a high density
of voids in a ferritic steel irradiated to a very high dose (500 DPA) with no evidence of
any segregation on grain boundaries. Figure S7b shows a sample of 316 SS after testing at
50 MPa in tension with simultaneous He-ion irradiation to the point of rupture at 750 ◦C.
There are many He-stabilised cavities on grain boundaries but few in the matrix.

There is another embrittlement mechanism that applies to austenitic alloys at high doses,
i.e., swelling embrittlement, that is not necessarily associated with perforated grain boundaries
and is briefly summarised in the Supplementary Material, Section S3 [16,61,62]. Swelling-
induced low ductility failure has been observed in austenitic alloys and is attributed to the
weakening of the material by high densities of cavities. The fracture surfaces exhibit ductile
dimpling (Figure S8). Although some involvement with grain boundaries has been noted
(Figure S9), the failure is still ductile and is not the same as the more localised inter-granular
failure attributed to He-embrittlement.

The intra-granular fracture phenomenon that has been dubbed channel fracture may be
a misnomer as there is evidence that the fracture may be associated with cavity segregation
at platelet interfaces within austenite grains (Figure S10). The platelets may be large
precipitates, incoherent twins, or martensite platelets. In that sense there are instances of
trans-granular fracture that may also be linked to He embrittlement as discussed in the
Supplementary Material, Section S4 [63–65].

There may also be some overlap between He-embrittlement and irradiation induced
stress corrosion cracking (IASCC) in cases where the effect of irradiation is not only to
harden the material but also to degrade the grain boundaries so they become more sus-
ceptible to inter-granular stress corrosion cracking (IGSCC). This possibility is outlined in
Supplementary Material, Section S5 [66–70]. High densities of small He-stabilised bubbles
have been observed segregated at grain boundaries in austenitic alloys during irradiation
at power reactor temperatures (see Figure S3b). It is conceivable that He segregation will
enhance the sink strength of the boundaries with respect to vacancy absorption and this
will have an effect on the concentration of fast diffusers such as Cr that will be depleted at
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vacancy sinks (the bubbles) by the inverse-Kirkendall mechanism (Figure S11). Anorther
factor, not necessarily linked with He, is the enhancement of self-diffusion by irradiation.
Elements such as Cr that are both carbide formers and fast diffusers may show charac-
teristics (such as sensitization) that are normally attributed to high temperature thermal
treatments (Figure S12).

Normally grain boundaries are the strongest part of any material, having a structure
that is closer to amorphous compared with the softer crystalline lattice that can deform
relatively easy by dislocation slip. The presence of grain boundaries that are perforated by
He-stabilised cavities reduces the stress that needs to be applied to cause fracture, which
is characteristically inter-granular in nature. This He-embrittlement is coincident with a
reduction in ductility. Whereas the ultimate failure is inter-granular in nature, fracture
may often be preceded by bulk yielding within the matrix. However, there are many
examples where failure occurs without any sign of macroscopic plastic deformation prior to
failure [16,27,28]. Ultimately, some form of shear that is restricted to the perforated region at
the boundary, i.e., between the cavities, is likely to be involved. The notion that decohesion
is a viable mechanism is unlikely because, even when there is a reduced contiguous area
of two adjoining grains, the stresses needed to simply pull the grains apart are still very
high. The reduced ductility characteristic of He-embrittlement is often coincident with
reduced engineering stresses at failure that can be below the bulk yield stress. In contrast
to other failure mechanisms He embrittlement is characterised by both inter-granular and
trans-granular fracture because grain boundaries and incoherent interfaces are perforated
by He-stabilised cavities that are sites for easy crack propagation.

The inter-granular fracture of austenitic alloys has been well documented [16,27,28,49–53,64,71–74].
It is reasonable to suppose that in many cases embrittlement is directly related to the perforation
of the grain boundaries, and it is further assumed that the degradation in mechanical
strength as a function of dose is a function of the amount of perforation [37]. One of the first
concerns of a reactor engineer when seeing evidence of mechanical property degradation is
whether the effect is likely to accelerate with time (dose). The main purpose of the grain
boundary perforation model presented here is therefore to show that the rate of change in
perforation is not likely to be increasing with increasing dose. The results indicate that the
predicted degree of perforation (grain boundary coverage) is decreasing with increasing
dose. Without a mechanistic explanation of the effect, the trend cannot be predicted with
any confidence. The rate theory model presented here provides an explanation for the
changes in mechanical properties and forms the basis for the development of mechanical
models to predict failure loads outside of the range of current data [37]. The extrapolation
applies not only to time/dose but also to dependencies on other factors such as temperature
and dose rate.

Predictions of maximum load carrying capacity from the polycrystalline finite element
simulations of an Inconel X-750 component irradiated in a CANDU reactor are shown in
Figure 18 [37]. The mechanical model includes the development of an empirical relationship
between the extent of perforation and the point of failure by traction forces applied to the
boundary. It was developed to predict the failure load when a spacer coil is loaded in
compression after removal from the reactor. During operation the spacers are only loaded
over a short length that is pinched between the fuel channel and the surrounding calandria
tube. Whereas there will be some outer-fibre stress on small sections of the spacer coils
there is no evidence that this stress has any effect on post-irradiation properties. Those
parts that are of most interest (the unpinched sections having the worst degradation) are
not subject to any stress during service. The data refer to room temperature crush test
results represented as a load per coil at failure. At the time of the modeling work, test data
were limited to the dose levels up to 70 dpa. The blue circles are predictions for a sample
irradiated at a nominal temperature of 315 ◦C (unpinched material). The green circles are
predictions for a sample irradiated at a nominal temperature of 200 ◦C (pinched material).



Metals 2022, 12, 1692 29 of 36
Metals 2022, 12, x FOR PEER REVIEW 30 of 37 
 

 

 
Figure 18. Comparison of finite element predictions for optimized spacers with crush test results 
from ex-service spacers. 

The finite element predictions were based on a mechanism where the grain boundary 
mechanical strength was a function of the grain boundary area coverage. The coverage 
calculated for the conditions specific to the spacer coil samples was predicted using the 
rate theory model described here. 

The important result from the rate theory is the trend of grain boundary area cover-
age with increasing dose, exhibiting a decreasing rate of coverage with increasing dose, 
Figure 19. This simply identifies that the limiting factor in the evolution of the grain 
boundary cavity structure are the point defect fluxes from the grain interior, which are 
non-linear with dose. The model was compared to estimates of area coverage from various 
TEM samples. The observations of grain boundary coverage exhibited considerable vari-
ability. The model was therefore applied using available grain interior microstructure 
data that provide upper and lower bound values for sink strengths giving predictions that 
encompass the observations. This process was tractable for the high temperature data but 
not the low temperature data, for which the prediction was generated using mean values 
for the low temperature microstructure data. 

Figure 18. Comparison of finite element predictions for optimized spacers with crush test results
from ex-service spacers.

The finite element predictions were based on a mechanism where the grain boundary
mechanical strength was a function of the grain boundary area coverage. The coverage
calculated for the conditions specific to the spacer coil samples was predicted using the
rate theory model described here.

The important result from the rate theory is the trend of grain boundary area cov-
erage with increasing dose, exhibiting a decreasing rate of coverage with increasing
dose, Figure 19. This simply identifies that the limiting factor in the evolution of the
grain boundary cavity structure are the point defect fluxes from the grain interior, which
are non-linear with dose. The model was compared to estimates of area coverage from
various TEM samples. The observations of grain boundary coverage exhibited considerable
variability. The model was therefore applied using available grain interior microstructure
data that provide upper and lower bound values for sink strengths giving predictions that
encompass the observations. This process was tractable for the high temperature data but
not the low temperature data, for which the prediction was generated using mean values
for the low temperature microstructure data.

The rate theory model output in this case served as input for the finite element
model [37]. To a large extent having a mechanistic model provides confidence in extending
predictions outside of the range of conditions applicable to the mechanical test data against
which it is compared. The results presented here show how the model can be extended
to predict grain boundary coverage by cavities over a large range of temperatures and
damage rates applicable to different reactors.
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3.2.1. Grain Boundary Segregation of He Bubbles

The rate theory model described in this paper has been aimed at predicting the trend
in embrittlement as a function of operating time for nuclear reactor components prone to
He embrittlement.

The interplay between swelling and GB perforation is such that both embrittlement
and swelling are dependent on the presence of He to stabilise cavities. Without He to
stabilise a large vacancy cluster (cavity), any vacancies that migrate to grain boundaries are
simply absorbed and are free to migrate along the boundary until they are annihilated at
a suitable sink. When He is present, vacancies are trapped and the resultant evolution of
the grain boundary cavity microstructure weakens the boundary simply by reducing the
coherency of the interface. There are many examples to show that cavities are absent on
boundaries in electron- or self-ion-irradiated materials, for which there is no involvement of
He, and are more concentrated than in the matrix when He is present (see Supplementary
Material, Sections S1 and S2).

Even with He atoms available at the boundary, the extent to which cavities are segre-
gated on the boundary is governed by the difference in the sink strength of the boundary
and the sink strength of the grain interior. Typically, the dislocation microstructure evolves
and reaches a steady-state condition at low doses (<5 dpa) but the cavity structure can
evolve over long periods. An increase in the cavity sink strength within the grains, which
is coincident with increased swelling will, in principle, interfere with the migration of point
defects to grain boundaries. So, while both swelling and He embrittlement are dependent
on He, the interplay between the two means that it is possible for high swelling to coincide
with lower grain boundary embrittlement if the effect is to limit the flow of point defects
to the boundaries. It is possible to get high swelling without He and swelling-induced
embrittlement that is not inter-granular (see Supplementary Material, Section S3). In such
cases there is no mechanism to stabilise cavities on grain boundaries and therefore voids
can form in the matrix but not on the boundary [28].
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Apart from stabilising cavities on grain boundaries, void formation without an insolu-
ble gas such as He requires a large stochastic fluctuation so that a void embryo can form and
grow by a bias-driven mechanism [3–11]. The stochastic fluctuation must be large enough
to exceed a stability condition that applies to the arrival of a net flux of vacancies but also
because any small vacancy cluster would normally collapse to form a loop. The presence of
an insoluble gas, which does not necessarily have to be He, will always stabilise a cavity
at some equilibrium size dependent on the temperature. The nature of He-embrittlement,
which is an inter-granular failure mechanism, shows that a small amount of He is necessary,
in the first instance, to stabilise cavities on grain boundaries.

Whereas dose rate has not been specifically addressed in this paper, because grain
boundary coverage increases as the swelling decreases, one can deduce that tempera-
ture shifts in swelling as a result of increased dose rates should also be reflected in the
temperature dependence of He embrittlement [27].

3.2.2. Inter-Granular Fracture

Inter-granular fracture is often associated with He embrittlement because of the con-
comitant observations of high densities of He-stabilised cavities on grain boundaries.
He-embrittlement was often considered to be a high temperature phenomenon and limited
to SFRs where the He generation rate is low and swelling decreases at high tempera-
tures (>600 ◦C) while the He-embrittlement increases. Recent observations have indicated
that He-embrittlement failures are occurring at normal power reactor operating tempera-
tures [16–18,26–28].

That grain boundaries perforated by cavities will be weakened to some extent is
understandable. The extent of coverage that leads to inter-granular failure can be de-
duced empirically from measurement or from finite element modelling of grain boundary
cracking. Demkowicz [75], showed that grain boundary crack blunting occurs for an area
coverage <18%. At higher levels he showed that brittle failure occurred and the crack
advances by some mechanism akin to necking between the bubbles. A potential embrit-
tlement mechanism is illustrated schematically in Figure 20. Subject to an applied stress
Figure 20a,b show how a grain boundary crack is blunted by plastic deformation that
occurs preferentially at the crack tip because of stress intensification at this location. When
cavities are present slip opens the side of the cavity closest to the crack tip and a hinge is
created at the opposite side of the cavity, Figure 19c,d, thus providing a mechanism for
easy advancement of the crack without the blunting that would normally occur.
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ary cavities on inter-granular fracture: (a) grain boundary crack that emits dislocations; (b) crack
blunting effect when the deformation at the crack tip is unconstrained; (c) crack on a perforated
boundary emitting dislocations; (d) dislocations have to cut through the nearest cavity, effectively
blunting the crack, and create a hinge that re-centres the deformation on the grain boundary.



Metals 2022, 12, 1692 32 of 36

4. Conclusions

For austenitic alloys in fast reactors such as EBR2 rate theory shows that the swelling
regime extends from about 250 ◦C to 700 ◦C with a peak swelling at 500 ◦C of about 40% at
100 dpa. In high thermal fluxes He production extends the swelling regime to temperatures
higher than 700 ◦C. The start of the swelling regime shifts by about 50 ◦C to slightly lower
temperatures (200 ◦C) in thermal power reactors. The peak swelling at 500 ◦C increases
up to about 60% at 100 dpa. He production in HWRs and high flux reactors such as HFIR
promotes more swelling at high temperatures with upticks in swelling rates relative to
EBR2 at temperatures ranging from 550 ◦C to 650 ◦C.

Using a rate theory model validated against swelling data from EBR2 the accumulation
of He-stabilised cavities on grain boundaries with increasing dose show that the rate of
coverage is non-linear and decreases with increasing in-reactor exposure.

The propensity for increased grain boundary coverage in Ni-containing alloys in
HWRs can be largely attributed to the high He production rates in these reactors stemming
from the absorption of thermal neutrons by 58Ni creating 59Ni, which has a high (n,α)
reaction cross-section with thermal neutrons.

With respect to grain boundary coverage there are two regimes to consider: (i) bubble,
(ii) void. The void regime refers to the situation where He-stabilised cavities exhibit
bias-driven growth. In the bubble regime the extent of interface coverage at a given dose
increases with increasing temperature. In the “void” regime, the extent of interface coverage
is relatively insensitive to temperature but mirrors the swelling such that less swelling
corresponds to a higher grain boundary coverage.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/met12101692/s1, 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 (estimated) temperature of 315 ◦C exhibits inter-granular failure.
Figure S2. Over-focussed image showing cavities segregated on a grain boundary (arrowed) in
Inconel X-750 after irradiation in a CANDU reactor to about 23 dpa at a temperature of about 315 ◦C.
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 [55]; 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 [56]. 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 [58]. Figure S5. Room temperature
stress-strain curves for ferritic V-15Cr-5Ti material irradiated in FFTF to various dose levels. Modified
from [59]. 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 [59]. 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 [60]; (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 [53]. 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 [61]. Figure S9. (a)
Fracture surface of failed cold-worked creep tube at 365 ◦C and 83 dpa, showing ductile 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 [62].
Figure S10. TEM micrographs of Inconel X-750 material irradiated to ~55 dpa, ~18,000 appm He
at about 315 ◦C, showing planar sub-grain boundaries (possibly incoherent twins or ε-martensite
platelets) covered with helium bubbles (arrowed). Modified from [65]. Figure S11. Composition
profiles across a grain boundary in a neutron-irradiated 300-series stainless steel and corresponding
TEM image with boundary. Modified from [67]. Figure S12. Dose dependence of grain boundary
chromium concentration for several 300-series austenitic stainless steels irradiated at temperatures
about 300 ◦C. Reproduced with permission from [69].

https://www.mdpi.com/article/10.3390/met12101692/s1
https://www.mdpi.com/article/10.3390/met12101692/s1


Metals 2022, 12, 1692 33 of 36

Author Contributions: Conceptualization, M.G., S.X., J.E.R.N.; methodology, M.G., S.X., J.E.R.N.;
software, M.G., S.X.; validation, M.G., S.X., J.E.R.N.; formal analysis, M.G.; investigation, M.G.;
resources, M.G., S.X., J.E.R.N.; data curation, M.G., S.X., J.E.R.N.; writing—original draft preparation,
M.G.; writing—review and editing, M.G., S.X., J.E.R.N.; visualization, M.G.; supervision, M.G.; project
administration, M.G.; funding acquisition, M.G. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

appm atomic parts per million
at% atomic%
BOR a series of Russian test reactors
BWR boiling water reactor
CANDU a trademark of Atomic Energy of Canada Limited
CW cold-worked
DPA or dpa displacements per atom
EBR2 experimental breeder reactor 2
FCC face-centered-cubic
FMD freely migrating defects
FPY full power years
FT flux thimble
HCP hexagonal-close-packed
HFIR high flux isotope reactor
HWR heavy water reactor
IASCC irradiation assisted stress-corrosion-cracking
IGSCC inter-granular stress-corrosion-cracking
INCONEL a trademark of the special metals company
LMR liquid metal (fast) reactor
LWR light water reactor
ORNL Oak Ridge National Laboratory
PKA primary knock-on atom
PWR pressurized water reactor
PV pressure vessel
SEM scanning electron microscope (or microscopy)
SFR sodium fast reactor
SPECTER a code for calculating DPA for various elements
SS stainless steel
TDAM energy available for creating atomic displacements for a given PKA
TEM transmission electron microscope or microscopy
UTS ultimate tensile strength
wtppm parts per million by weight
wt% weight %
YS yield strength
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