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Abstract

Concentrated solid solution alloys (CSAs) — including high entropy alloys (HEAs) —
are known for their remarkable mechanical and corrosion resistances with superior
tolerance against the deleterious effect of irradiation exposure when compared with
pure metals and dilute alloys. To date, however, the mechanisms responsible for such
improvements are still unclear and remain a subject of investigation. The present
work reports in situ Transmission Electron Microscopy (TEM) study under simulta-
neous ion irradiation of the face-centred cubic (FCC) FeCrMnNi quaternary HEA,
comparing with a non-equiatomic Fe-based alloy, the AISI-348 austenitic stainless
steel that has Cr, Ni and Mn as alloying elements. The alloys were irradiated under
the same conditions, with 6 keV He' and 134 keV Xe* ions at 298 K up to 1.7x 107
ions-cm™2 (4 displacements per atom, dpa) and 2.7x10'® ions-em™2 (4 dpa), re-
spectively. The nucleation of inert gas bubbles was tracked upon post-irradiation
extended annealing up to 673 K. He and Xe bubbles were observed to grow at a
rate slightly slower in the equiatomic alloy. Trends from the bubble size analyses
show that the nucleation and growth of inert gas bubbles are suppressed or delayed

in some conditions in the nearly equiatomic alloy.
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1. Introduction

Complex concentrated solid solution alloys (CSAs), also known as high-entropy al-
loys (HEAs), have recently attracted the attention of scientific community due to the
scientific potential for high-demanding applications. In opposition to conventional
dilute solid solution alloys, CSAs are made with multiple principal elements, two
or more, in (near) equiatomic compositions [1]. The maximisation of the configura-
tional entropy in CSAs is believed to be part of the reason to stabilise them against
the precipitation/decomposition of complex intermetallic or secondary phases, by
lowering their Gibbs free energy of the system [1-4, 4-7]. This has been recently
associated with enhancements of several metallurgical properties [8] including en-
hanced ductility and fracture toughness [9, 10]. For example, an important core-
effect of CSAs is on the nature of atomic diffusion of alloying elements within the
random concentrated solid solution [11-19]. Research on point defect mobility in
CSAs began with the studies of Tsai et al. [20] who postulated that the diffusion
of alloying elements in these new metallic alloys can be considered “sluggish” when
compared with reference elemental metals. Despite all these efforts, a more appro-
priate theoretical-experimental justification for this important core-effect is yet to
be addressed [4, 5, 21].

A prominent field of scientific research on CSAs is their radiation resistance
by controlling defect mobility and migration pathways during energetic particle ir-
radiation exposure [22]. Modelling of the radiation resistance of a ZrNbHf HEA
suggests that the high stresses posed by the atomic size mismatch are responsible
for facilitating the process of amorphisation under irradiation when followed by local
melting and re-crystallisation promoted by thermal spikes [23]. Other experimental
studies have shown that this system — in a form of a nanocrystalline solid solution
alloy — was able to retain its matrix phase with no irradiation-induced transfor-
mation under exposure to a high-energy electron beam, up to damage levels of 10
displacements-per-atom (dpa) [23-25].

Another CSA, a nanocrystalline CoCuCrFeNi [26], has been reported to pos-
sess impressive irradiation resistance and phase stability up to 40 dpa: at this high
damage level, neither secondary phase formation nor grain coarsening were observed
under the MeV electron irradiation. In a recent study of nanocrystalline CoCuCr-
FeNi under 3 MeV Ni irradiation to nearly 600 dpa, the FCC phase is observed to
be stable with insignificant grain growth (from 15.6 to 25.2 nm) [27].

An investigation of the mechanisms of damage production in a NiCoCr CSA
using 3 MeV Au ions, comparing the response with the elemental components under

the same conditions, was conducted by Granberg et al. [28]. In their work, defect
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clusters and interstitial-type dislocation loops were observed to form in the CSA
for doses as low as 0.1 dpa, but the slower growth and evolution of irradiation-
induced defects compared to the single component material was attributed to a
suppressed diffusion effect. The irradiation of a quaternary Fey;CrigMno;Nisg CSA
(at.%) with 3 and 5.8 MeV Ni ions in the temperature range from 673 to 973 K
showed that the FCC phase did not exhibit any phase transformation up to doses
around 10 dpa, but it was observed that radiation-induced segregation (RIS) at
grain boundaries is significantly suppressed when compared to FeCrNi and FeMnCr
conventional alloys [29, 30]. All these recent works are suggesting a remarkably
high radiation resistance of the studied CSAs, although the underlying physical
mechanisms for such enhancement are still a subject of investigation.

As a result of the CSAs chemical complexity, some authors have recently pro-
posed that reduced defect mobility (commonly referred to as sluggish diffusion) and
modified system energetics are key mechanisms responsible for the superior radia-
tion resistance in these alloys [20, 31, 32]. ITon irradiation with 1.5 and 3 MeV Ni*
were performed for pure Ni, NiCo, NiFe and NiCoFeCr up to a fluence of 5x10'6
ions-cm™2 (corresponding to a peak damage dose of 60 dpa). The authors’ conclu-
sions on reduced mobility of defects were based on the experimental evidence that
the areal density and size distribution of radiation-induced voids were considerably
smaller for the NiCoFeCr CSA when compared with pure Ni [22]. These results were
further elucidated by recent computational research involving molecular dynamics
(MD) and ab initio methods based on density functional theory (DFT), as recently
reviewed by Zhao et al. [33, 34]. When compared with pure metals and dilute alloys,
CSAs would exhibit (i) wide defect energy distributions instead of specific values,
(ii) different migration barriers that depend on the local configuration, (iii) efficient
recombination dynamics of Frenkel pairs (enhanced recombination volume) that re-
sult in a “self-healing” effect under irradiation and (iv) elemental-biased diffusion
and mass transport.

A recent investigation using the Cluster Variation Method (a statistical mechan-
ics method used for modelling multicomponent simple solid solutions) investigated
the constituting hypotheses in the field of HEAs at a fundamental level [4, 7]. It
was shown that the configurational entropy has only a small (if any) effect on solid
solution stability and in particular it was demonstrated that, in selected cases, the
configurational entropy of the solid solution at the onset of long-range ordering may
proportionally decrease as the number of components in an equiatomic solid solu-
tion increase [4]. The stabilising effect of CSAs was detected, but it was attributed

to the existence of conflicting interactions between the alloy components or “con-



figurational frustration”. Furthermore, this work also investigated whether there is
some possible thermodynamic base for an ad hoc sluggish diffusion effect in these
concentrated solid solutions. The results suggested that these alloys behave as any
concentrated solid solution. Moreover, the thermodynamic effect of cross-diffusion
coefficients (the coefficients that describe the diffusion flux of one component, af-
fected by the gradient of chemical potential of another) may be as strong, or even
stronger than the effect on the direct diffusion coefficients (i.e. the coefficients which
control the diffusion flux of a components, affected by the gradient of its own chem-
ical potential). This points to a high complexity of diffusion in these concentrated
alloys, and it is probable that one of the manifestations of this complexity is the
“sluggish diffusion” effect.

In this work, in order to probe the reduced mobility concept of irradiation-
induced defects in CSAs, a FeCrMnNi CSA and an austenitic stainless steel (the
AISI-348 steel) were subjected to light and heavy ion irradiation under equivalent ir-
radiation and annealing conditions. Their microstructural responses were monitored
in situ within a transmission electron microscope (TEM). Further experimental ev-
idence that this CSA has suppressed/delayed defect energetics and mobility under
irradiation, using existing theories of bubble and void nucleation and growth [35, 36]

in solids is presented.

2. Experimental Methods

2.1. Sample preparation
The bulk CSA FeCrMnNi was cast at the Oak Ridge National Laboratory using an

arc-melting furnace and drop casting method. Detailed synthesis routes for this alloy
can be found elsewhere [29]. The austenitic stainless steel AISI-348 is a commercial
alloy. TEM samples were produced from the bulk alloys by using a Focused Ion
Beam (FIB) system and mounted onto Mo grids using the conventional lift-out
technique [37]. Energy dispersive X-ray spectroscopy (EDX) was used to determine
the composition of the alloys using an FEI Versa 3D Dual-Beam. The composition
of the as-received alloys were determined by means of the standardless Cliff-Lorimer
quantification method [38] and are shown in Table 1. The AISI-348 steel alloy also
contained minor additions of elements like Nb, Si and C at the levels of 0.32, 0.36
and 0.037 wt%, respectively.

2.2. Light and heavy ion irradiation in situ within a TEM

TEM analyses with in situ ion irradiation experiments were performed at the MIAMI-
1 and -2 facilities at the University of Huddersfield with 134 keV Xe™' and 6 keV He™
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Table 1: Primary elemental composition of the austenitic stainless steel AISI-348 and the Fe-
CrMnNi CSA measured by SEM-EDX (error is ~3%).

Element | AISI-348 steel [wt.%] | HEA [wt.%]
Fe Balance' 26.80
Cr 18.08 18.40
Ni 9.38 27.50
Mn 1.10 27.30

"The AISI-348 steel has minor alloying elements (C, Si, S, P, Nb, Co and Ta) in
which the sum of the content is <1 wt.%.

ions. The ion energies were chosen so that the majority of these inert gas species
will be retained in the TEM specimens based on SRIM calculations. Implantations
were performed at room temperature in order to minimise bulk diffusion. MIAMI-1
consists of a JEOL JEM-2000FX TEM coupled with a 100 kV ion accelerator, while
MIAMI-2 couples a Hitachi H-9500 TEM with a 300 kV ion accelerator [39]. The
energies of the light and heavy ions were selected to approximate both implanted
ion range and damage profile as predicted from SRIM quick Kinchin-Pease damage
calculations (see section 2.3). Details on the design of the experiment are presented
in figure 1(a-b).

After the irradiation, the samples were annealed up to 673 K for approximately
40 minutes using a Gatan double-tilt heating holder. The evolution of their mi-
crostructures was monitored in situ within the TEM by means of a Gatan ORIUS
SC200 digital camera. A heating ramp of 60 K per minute was used to reach the
temperature of 673 K.

Gas bubbles were observed in bright field (BFTEM) mode with the objective lens
underfocused by approximately 1000 nm in order to obtain well-delineated images of
the bubbles (Fresnel contrast) [36]. Bubble sizes were measured using the software

ImageJ [40] with protocols already reported in literature [41, 42].

2.3. Fluence-to-dpa conversion and SRIM calculations

The Monte-Carlo code Stopping and Range of Tons in Matter (SRIM-2013) [43] was
used with the Kinchin-Pease model in order to carry out fluence-to-dpa conversion as
suggested by Stoller et al. [44]. In our calculations, the displacement energy for each
alloying element was set to 40 eV based on reference values [45] and the samples
thicknesses were assumed to be within the range of 70 to 75 nm. Samples were
irradiated using 134 keV Xe up to a fluence of 2.7x10' ions-cm 2 (corresponding to
approximately 4 dpa), and 6 keV He, up to a maximum fluence of 1.7x10'" ions-cm 2

(or 4 dpa). The fluence-to-dpa profile is shown in the figure 1(c).
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Figure 1: SRIM-2013 calculations of (a) implanted ranges, (b) damage profiles and (c¢) fluence-to-
dpa conversion for both alloys irradiated with 6 keV He and 134 keV Xe ions. The Monte Carlo
calculations with SRIM-2013 led to an equivalent number of displacements per ion collision in both

AISI-348 steel and FeCrMnNi CSA.

3. Results

The experiments were designed to investigate the microstructural response of both
the FeCrMnNi CSA and the AISI-348 steel in situ in the TEM under the same

irradiation conditions. The results are subdivided with respect to the ion species

and energies.

3.1. Light ion irradiation at room temperature and subsequent annealing

The microstructure of the FeCrMnNi before irradiation with 6 keV He ions is shown
in the BFTEM micrograph 2(a). He bubbles were first observed (resolvable) in the
CSA at a fluence of 7.1x10'% ions-cm 2 (or 1.5 dpa) and became clearly observable
throughout the matrix and trapped at interfaces up to 4 dpa (figure 2(b-c)). The
damage microstructure of the CSA after subsequent annealing is presented in figure
2(d) where He bubbles exhibited preferential growth at interfaces. The diffraction
pattern inset of figure 2(d) shows (a FCC crystal structure) that the FeCrMnNi
CSA has not suffered phase decomposition, suggesting that the material remains as
a disordered solid solution single phase matrix.

Similarly, the microstructure of the AISI-348 steel before irradiation is shown
in figure 3(a), in which annealing twins are observed in the austenite matrix. He
bubbles are observed in the austenitic stainless steel under irradiation up to a fluence
of 3.7x10' ions-cm? (or 0.83 dpa). The damaged microstructure after 6 keV He
ion irradiation up to 4 dpa is shown in figure 3(b) where He bubbles were observed
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Figure 2: Underfocused BFTEM micrographs of the FeCrMnNi CSA (a) before irradiation and
(b-c) after 6 keV He irradiation up to 4 dpa. Microstructure of the alloy after 4 dpa and subse-
quent annealing at 673 K (d), where the inset represents the diffraction pattern of that area after
irradiation and annealing. Note: the scale marker in (c) also applies to (d).



in the austenite matrix at 4 dpa, but not at the interfaces between the matrix and
annealing twins. After 4 dpa and subsequent annealing at 673 K, bubbles were
observed to grow in the matrix as exhibited in figure 3(c-d).

He bubbles were observed to be trapped at the grain boundaries in the AISI-348
steel after 4 dpa as showed in figure 4(a) both after irradiation and after annealing,
the bubbles were also observed to grow at these interfaces as shown in figures 4(b-d).
As confirmed by the diffraction pattern inset of figure 3(d), the austenite phase has
not suffered decomposition. For all the irradiation and annealing experiments, the
electron beam appears to have a minimal apparent influence on the nucleation and
growth of inert gas bubbles and this was confirmed by analysing areas that were not

exposed to the electron beam during the ion irradiation experiments.

3.2. Heavy ion irradiation at room temperature and subsequent annealing

The microstructure of the FeCrMnNi CSA before the 134 keV Xe ion irradiation
is shown in figure 5(a). During irradiation, Xe bubbles became observable in the
matrix of the FeCrMnNi CSA at a fluence around of 4.8x10 ions-cm™2 (or 0.73
dpa) and after 4 dpa, Xe bubbles were observed both in the matrix and trapped
at interfaces, as shown in figure 5(b-c). Subsequent annealing at 673 K, figure
5(d), revealed that the Xe bubbles have not undergone significant alteration when
compared to those just prior to the annealing. The inset in figure 5(d) shows that
the CSA has not suffered phase decomposition within these experimental conditions.

Correspondingly, the microstructure of the AISI-348 steel before the 134 keV
Xe ion irradiation is shown in figure 6(a) in which annealing twins were present in
the austenite matrix. Xe bubbles became observable in the austenite matrix under
irradiation at a fluence of 1.0x 10 ions-cm™2 (or 1.5 dpa). The annealing twins were
dissolved after irradiation up to 4 dpa (confirmed by tilting the specimen) and Xe
bubbles were trapped both at grain boundaries as well as in the austenite matrix,
as shown in figure 6(b-c). After subsequent annealing at 673 K — figures 6(e-f) — Xe

bubbles have grown preferentially in the matrix as shown in figure 6(g).

3.3. Bubble size determination

By measuring the diameter of He and Xe bubbles that have nucleated and grown
after irradiation up to 4 dpa and subsequent annealing at 673 K, size distribution
statistical analysis was performed for the alloys under investigation. The study of
nucleation and evolution of in inert gas bubbles in the CSA and AISI-348 steel was
subdivided for bubbles in the matrix and trapped at the interfaces with the results
summarised in figure 7, exhibiting the size distribution histograms for each case as

well as the average diameter size values and the associated standard deviation.
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Figure 3: Underfocused BFTEM micrographs showing the microstructure of the AISI-348 steel
(a) before irradiation and (b) after 6 keV He irradiation up to 4 dpa. The micrographs (¢) and
(d) show the alloy after 4 dpa and subsequent annealing at 673 K. The inset to (d) shows the
diffraction pattern of that area after irradiation and annealing. Note: the scale marker in (a) also
applies to (c) and the scale marker in (b) also applies to (d).



4 dpa
annealed at 673 K

Figure 4: BFTEM micrographs of the AISI-348 steel irradiated with 6 keV He up to 4 dpa showing
(a) He bubbles trapped at interfaces before annealing and (b-d) after annealing at 673 K. The
micrographs (c¢) and (d) show that such accumulation effect was also detected at interfaces that
were not under constant electron beam exposure. Note: scale marker in (a) also applies to (b) and
the scale marker in (c) also applies to (d).
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Figure 5: BFTEM micrographs of the FeCrMnNi CSA (a) before irradiation and (b-c) after 134
keV Xe irradiation up to 4 dpa. The micrograph (d) exhibit the damaged microstructure after
subsequent annealing at 673 K. The inset in (d) is the diffraction pattern of that area after irradi-
ation and annealing. Note: the scale marker in (a) also applies to (b) and the scale marker in (c)

also applies to (d).
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Figure 6: BFTEM micrographs of the AISI-348 steel (a) before irradiation and (b-c) after 134
keV Xe irradiation up to 4 dpa. The microstructure after annealing at 673 K is shown in the
micrographs (e-g). Note: the scale marker in (a) also applies to (b) and (e) and the scale marker
in (c) also applies to (f).
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Figure 7: Size (diameter) distributions of He and Xe bubbles in the matrix and at the interfaces
of both the FeCrMnNi CSA and the AISI-348 steel after irradiation up to 4 dpa and subsequent
annealing at 673 K. Note: the error bars are the standard deviations of each data set.
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4. Discussion

The physical mechanisms for inert gas bubbles nucleation and growth in crystalline
solids has been a subject of intense study over the past decades and are intrinsically
related to the kinetics of point defects at the atomic level. It is well known that inert
gas atoms have low solubility in metals [46, 47]. In a crystalline solid, with mobile
vacancies and implanted inert gas atoms, bubbles will grow by the incorporation of
vacancies and inert gas atoms interstitials to the cavity. Similarly, they will shrink
upon vacancy emission. A steady-state equilibrium condition will be established
when the rates of absorption and departure of vacancies are equal [36, 48]. By using
such concepts, the current hypothesis on the reduced mobility of defects in CSAs
can be tested by analysing the behaviour of inert gas bubbles in the microstructure
of the FeCrMnNi CSA.

As a result of the ion irradiation in FeCrMnNi CSA and AISI-348 steel, Frenkel
pairs will be generated in a cascade of defects. Monte Carlo calculations using
SRIM-2013 indicates that 6 keV He ion irradiation generates approximately 10 va-
cancies per ion collision on average for both alloys whilst 134 keV will generate
approximately 900 vacancies per ion collision — an increase in damage injection of
nearly two orders of magnitude higher by much heavier Xe ions. Upon the cooling
down of the ballistic phase (in a time frame of a half picosecond) of the damage
cascade [49], defect recombination will take place during the kinetic phase within a
picosecond [49] and only a fraction (=~ 30% for metals [50, 51]) of the initial defect
distribution will survive. Multi-scale modelling indicates that these atomic-driven
processes of defect generation and recombination due to irradiation extends to the
nanosecond timescale [52], sluggish diffusion and defect evolution can continue even
into microseconds [53]. The surviving defects will eventually recombine with the
implanted inert gases interstitial atoms and bubbles will nucleate throughout the
microstructure.

The irradiation performed with He shows that He bubbles have nucleated in the
matrix of both alloys at room temperature, and at doses of up to 4 dpa the average
diameter for He bubbles is slightly larger in the AISI-348 steel compared with the
FeCrMnNi CSA. After annealing, the He bubbles have grown approximately 42%
(AISI-348 steel) and 33% (FeCrMnNi CSA) in diameter. Given that He atoms in
metals are mobile at 673 K [47] and with respect to He bubbles in the matrices
of both alloys after irradiation and extended annealing, the results suggest on a
trending basis that the growth mechanism of inert gas bubbles in the CSA may
be slightly supressed. The effect of 6 keV He irradiation in these alloys led to

very similar results in both alloys when the statistical error is considered. It is
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worth emphasising that, as per the SRIM-2013 calculations, the number of vacancies
generated in a single 6 keV He ion collision is small and after recombination, the
reduced number of remaining defects will be a limiting factor for the growth of He
bubbles in the matrices of these alloys.

On the other hand, He bubbles were observed to grow significantly at the in-
terfaces of the FeCrMnNi CSA as exhibited in figure 1(d) and the distribution in
figure 7(c). The same growth effect has not been observed to the same extent for
the AISI-348 steel. These experimental observations suggest that the interfaces as
grain and twin boundaries present in the CSA microstructure are prone to act as
sinks for irradiation-induced defects upon annealing. At first glance the effects of 6
keV He ion irradiation in the FeCrMnNi CSA exhibits a discrepancy: upon anneal-
ing, bubbles in the FeCrMnNi CSA do not grow significantly in the matrix, but are
prone to grow at the interfaces.

Such experimental observations can be explained with the most recent works in
CSAs. For these complex alloys, computer simulations within the scope of molecular
dynamics and density functional theory have suggested that both the formation
energies for point defects and the migration barriers for diffusion are higher in CSAs
compared with pure metals and dilute alloys [33]. As a result, on the nucleation
and evolution of He bubbles in the matrix of the FeCrMnNi CSA, it is reasonable to
assume that the observed trend of reduced growth (when compared with the AISI-
348 steel) can be apparently explained by the sluggish diffusion effect which is also
intrinsically related with an enhanced recombination effect (self-healing), leading
to a reduced generation and survival distribution of primary collisional defects as
recently proposed by several authors [22, 31-33, 49, 54].

The complex energy landscape and the subsequent sluggish defect kinetics prop-
erty characteristic of concentrated solid solution alloys are strongly affected by tem-
perature according to Zhao et al. [31, 33]: at temperature close to the homologous
temperature,the sluggish diffusion property is assumed to cease. Osetsky et al. [53]
have also pointed out that the physical origin of the sluggish diffusion effect may be
attributed to the compositional dependence of vacancy migration energy with max-
imum near the site percolation threshold, and argued that the coupled percolation
and composition-dependent barriers for vacancy jumps within different subsystems
in CSAs leads to the sluggish diffusion [53].

Another factor affecting the reduced mobility of defects in CSAs is the presence
of interfaces by inducing preferential diffusion of some chemical species and point
defects at these site specific dependencies. Preferential channels for diffusion of

interstitials and vacancies will exist and they will be dominant near interfaces. As
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a result of this effect, chemical segregation processes have been reported to occur
in some CSAs under irradiation [29], although this has not been observed for He
irradiations on the FeCrMnNi CSA in this present work: if significant radiation-
induced segregation had occurred, electron-contrast differences would be observed
along the interfaces of the studied alloys as previously reported by our group in
similar irradiation conditions [55]. These facts can explain the anomalous growth
of He bubbles at the interfaces of the FeCrMnNi CSA upon subsequent annealing
as herein reported and in contrast with the observed results in the matrix. In the
stainless steel, the same effect has not been observed to the same extent, possibly
because in this material, the tendency is for the He bubbles to grow in the matrix
thus reducing the population of surviving defects that could be available to diffuse
towards the interfaces. Therefore, these mechanisms require further investigation.

With respect to the irradiation with 134 keV Xe, the same trends observed in
the He irradiation are reproduced. The bar plot in figure 7(c) shows that after the
heavy ion irradiation up to 4 dpa, Xe bubbles are larger in the austenite matrix
in the stainless steel when compared with the CSA. Upon annealing, the growth is
also more prominent in the steel. A single 134 keV Xe ion collision will generate
approximately 10% vacancies. Following the postulated reduced mobility of defects
and the enhanced recombination effect, the delayed growth of Xe bubbles in the
CSA is consistent with the results observed with 6 keV He, but if the statistical
error is again taken into consideration, the radiation response of both alloys under
exposure to energetic heavy ions will lead to similar results. At the interfaces, figure
7(d), Xe bubbles have not grown significantly in both materials and this can be
correlated with the reduced mobility of Xe atoms [56, 57] under the experimental
conditions and temperatures in the performed experiments.

Assuming the similarities of the results in both alloys and, in particular, the
statistical error associated with the bubbles size distribution, defect population and
availability as well as inert gas atomic mobilities are factors under consideration
to interpret the observed trending. Figure 7 establishes a baseline: (i) light ion
irradiations lead to similar bubbles sizes in the matrix of both alloys, but significant
growth at the interfaces in the FeCrMnNi CSA and (ii) heavy ion irradiations lead
to equivalent bubbles at the interfaces, but significant growth in the matrix of the
AISI-348 steel.

Heavy ion irradiation will generate two orders of magnitude more defects than
light ion irradiation which imply in vastly different cascade structures. By this, He
irradiation will likely result in Frenkel pairs whereas the Xe irradiation will result in

small defect clusters that are somewhat (meta-)stable. As a result, tie-up of defects
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can readily occur in the Xe case. On the inert gases mobilities, He can migrate
through the lattice of the alloys more easily than Xe (which is not very mobile
at the studied temperatures). If the He bubbles in the CSA interfaces grow by
incorporation of He, with minimal impact on the diffusion of defects (vacancies), Xe
may be more mobile in the AISI-348 steel and will be able to interact with the small
defect clusters in the matrix resulting in larger bubbles as observed. In this way,
the hypothesis of sluggish diffusion can be used to explain the observed trending in
the bubble sizes.

5. Conclusions

Herein by analysing trends in data regarding the nucleation and growth of inert gas
bubbles in a concentrated solid solution alloy, the FeCrMnNi CSA, and an interme-
diary solid solution alloy, the austenitic stainless steel AISI-348, at the equivalent

irradiation and annealing conditions, the following conclusions:

e Light ion irradiation has led to similar bubbles sizes in the bulk matrix, but
growth at the interfaces of the FeCrMnNi CSA. Heavy ion irradiation has
led to equivalent bubbles in the interfaces, but growth in the matrix of the
AISI-348 steel.

e Due to differences in defect populations and collision cascades morphology, He
irradiations are likely to generate Frenkel pairs whereas Xe irradiations can
result in small defect clusters that will induce tie-up of defects in the Xe case
compared with the He case. At the studied temperatures, the fast mobility
of He and reduced mobility of Xe, He bubbles grow at the interfaces of the
FeCrMnNi CSA via He incorporation with minimal impact on the diffusion of
vacancies. Similarly, Xe may be more mobile in the AISI-348 steel and can
interact with the small clusters of defects resulting in larger bubbles in the
bulk matrix when compared with the results in the FeCrMnNi CSA.

e Trending on data indicates that He bubbles have grown faster in the matrix of
the AISI-348 steel compared with in the FeCrMnNi CSA. After annealing, He
bubbles in the matrix have also grown larger in the first alloy. Similar results
were obtained by irradiating both alloys with the heavier ions. These results
show that the complex thermodynamic state of the FeCrMnNi CSA may act
in order to limit or delay the growth of inert gas bubbles by suppressing the
diffusion of point defects in the matrix of the nearly equiatomic alloy. It is

worth emphasising that in this sense, the “sluggish” diffusion is a result of

17



the complex energy landscape of CSAs in agreement with the most recent

understanding of the scientific community.

When the statistical error on measuring the sizes of the inert gas bubbles is taken
into account, the radiation response at lower doses for both alloys can be considered
to be very similar and in this sense the sluggish diffusion effect plays only a minor
role. The observation of inert gas bubbles accumulation at the interfaces may di-
minish the applicability of this CSAs within the context of future nuclear reactors
as they play key roles in embrittlement and swelling resulting in strong degradation
of mechanical properties in many materials and alloys, but the occurrence of inert
gas bubbles and their relation with mechanical properties in CSAs are still subjects

of future research.
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