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Abstract

While ion-irradiation studies are a critical first step in studying compositionally complex alloys
(CCAs) for nuclear applications, they do not capture all the microstructural changes occurring
under the low irradiation dose rates and different particles’ scattering patterns experienced in a
nuclear reactor setting. To explore these phenomena in reactor-relevant conditions for the first
time in CCA, the single-phase solid-solution Cr10Fe30Mn30Ni30 was neutron irradiated up to 6.61
displacements per atom at 395 and 579 °C. Irradiation-enhanced local chemical ordering (LCO)
well beyond the range of short range ordering was observed, and is predicted to be the precursor
to the precipitation of a coherent Ni-Mn L10 phase and a Cr-rich α’ phase, though TEM analysis
did not indicate the presence of either in any irradiation condition. The line density of faulted
dislocation loops decreased from 6.47 to 1.69 ∙ 1015 m-2 from 3.43 to 6.61 dpa at 579 °C despite
no appreciable faulted loop content in the unirradiated material. LCO is expected to increase the
complexity of the energy landscape within this alloy, restricting interstitial point defect mobility
and creating local regions of greater stacking fault energy. These contribute to the negative
correlation between irradiation dose and faulted dislocation loop density in this study, as well as
the lack of void swelling observed.

Graphical Abstract
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1 Introduction
As the nuclear energy community continues to innovate and propose more efficient and
sustainable reactor designs, the limitations imposed by available materials become glaringly
apparent. Current ASME code-certified structural materials are suitable for pressurized-water
reactors and boiling-water reactors, yet their performance drastically suffers when exposed to the
high temperatures and irradiation doses anticipated by future reactor concepts [1]. For instance,
lead- and sodium-cooled fast reactors anticipate operational temperatures up to 600 °C and
irradiation doses up to 150 displacements per atom (dpa), far more aggressive conditions than the
300 °C temperatures the current fleet experiences [2]. Next-generation molten salt-cooled and
Very-High-Temperature reactors are following suit, posing challenges for both mechanical and
corrosion performance when implementing currently certified materials [2,3]. To address these
challenges, developing materials with enhanced irradiation tolerance is at the forefront of nuclear
material design.

Over the lifetime of a nuclear reactor, the continued bombardment of neutrons from fission
generates point defects within the microstructure. These, in turn, evolve into extended defects
such as embrittling dislocation loops and empty cavities which compromise the structural
performance of components and limit their operational lifetimes [4,5]. As irradiation
temperatures increase for advanced reactor concepts, the point defects generated by irradiation
have greater mobility to diffuse and coalesce into these larger extended defects [6,7]. This
increase only occurs up to a certain point at which the high operational temperatures lead to
thermal annealing of defects and void extended defect formation is less apparent in post-
irradiation examination [8]. However, these high temperatures exceed 600 °C, at which creep
resistance becomes a concern for many code-certified materials [1,8,9]. Several methods have
been proposed to reduce irradiation damage accumulation within structural materials, and while
recent efforts have included developing novel materials purpose-built for enhanced irradiation
damage resistance, methods of microstructural tuning such as grain refinement and oxide-
dispersion strengthening have historically dominated this field of research [10–13].

Compositionally Complex Alloys (CCAs), also referred to in literature as “High-Entropy
Alloys”, are a class of novel research alloys unique due to their lack of a single principal element
[14,15]. Instead of conventional alloying techniques to tune a base element’s performance, CCAs
are composed of multiple elements in appreciable quantities such that their properties are derived
from the interaction of each species with each other [16]. Retained strength at low temperatures,
superior corrosion resistance, and high strength while retaining ductility are all properties
previously exhibited by CCAs [17–22]. It should be noted, however, that these are not all present
at the same time, and compromise must be made in compositional design for targeted
applications like nuclear reactors [16].

The CCA property most intriguing for structural nuclear applications is a reportedly enhanced
irradiation tolerance in comparison to current code-certified materials [23–25]. Several theories
provide explanations for this irradiation resistance, chiefly driven by the complex energy
landscape created by such a chemically diverse solid-solution crystal structure [23,26]. A
hypothesis currently discussed in the community is that during the initial damage event where an
incident neutron creates a cascade of atomic displacements from their lattice sites (i.e. thermal
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spike), the energy imparted remains localized to the damage cascade longer than conventional
alloys due to increased phonon scattering in CCAs [27–29]. The longer thermal spike lifetime
would enhance the athermal recombination of point defects created during irradiation damage,
reducing the overall impact of the initial damage event. Another hypothesis is that once defects
have been created, their mobility navigating the complex lattice and energy landscape of CCAs
is impeded [30], reducing their ability to cluster together for extended defect formation. CCAs
also have displayed greater variety in point defect migration energies as a consequence of this
complex energy landscape, with vacancy and interstitial migration energies even overlapping
[30]. This overlap of migration energies would promote point defect recombination locally
instead of point defect migration and agglomeration, further reducing the severity of extended
defect formation [30,31]. Indeed, rather than generating large extended defects, a greater
population of smaller voids and dislocation loops are seen forming under irradiation of CCAs
[26,32,33]. The result are alloys which display higher density of smaller extended defects leading
to overall lower hardening and void swelling, and greater apparent phase stability, suggesting
enhanced irradiation tolerance and a potentially increased lifetime before irradiation-induced
effects can cause failure in components.

The high-damage irradiation studies on CCAs to date, however, are primarily based on heavy-
ion irradiations to achieve near end-of-life damage levels. While these ion irradiations are useful
for studying extended defects formed at high irradiation doses, they are not without
shortcomings. Due to the relatively high damage rate of heavy ions, the effect of ballistic mixing
is more present within the irradiated region of samples which reduces the ability for processes
such as thermal diffusion to occur in the irradiated region as they would in operation [16,34].
Notably, the superior phase stability exhibited by many ion irradiation studies has been shown to
be a dose rate-dependent effect within CCAs too [34]. This makes heavy ion irradiation data
difficult to apply for predicting CCA performance in nuclear reactor environments, where dose
rate is much lower and time at elevated temperatures is greatly increased. Limited ion irradiation
work on CCAs has also been performed at lower doses, for instance up to 7 dpa in-situ at
Argonne National Lab’s IVEM-Tandem facility, to study the evolution of irradiation response
for the CrFeMnNi system, though the damage rate in that study is still orders of magnitude
greater than the damage rate expected under neutron irradiation [32]. Complicating matters even
further, the damage produced by ion irradiation is not constant throughout the damage region,
with large damage gradients due to the interaction of charged particles in the material [31], and
the results are quite difficult to translate to neutron irradiation damage. Unfortunately, neutron
irradiation experiments are expensive due to the limited facilities available for both irradiation
and post-irradiation examination, and the long irradiation times and cooldown after material
activation greatly increase the time required for a full neutron irradiation study. As a result, the
gold-standard of neutron irradiation experimentation is lacking for CCAs. What little data is
available displays similar results to stainless steel alloys and show phase stability in a CrFeMnNi
CCA, though this reported study only provides insight in neutron irradiation response near room
temperature and to only 1 dpa [35].

In order to consider CCAs for future structural nuclear applications, it is vital to study their
irradiation performance at reactor-relevant conditions. This work studies a series of
Cr10Fe30Mn30Ni30 CCAs neutron-irradiated up to 6.6 dpa at 579 °C to provide a first look into the
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evolution of neutron-irradiation response of CCAs at reactor-relevant temperatures.

2 Methods
2.1 Sample Fabrication
The alloy selected for irradiation in this project is nominally Cr10Fe30Mn30Ni30 and was chosen as
a variation on the Co-free Cantor alloy previously studied for nuclear applications [21,35].
CALPHAD modelling guided the choice to reduce chromium content to only 10 at.%, far below
an equimolar concentration, in an effort to preserve a single-phase face-centered cubic (FCC)
microstructure at target operational temperatures for mechanical performance concerns. The
single-phase nature of this alloy also allows for more direct analysis of CCA performance in
terms of irradiation response of a compositionally complex matrix, as secondary phases require a
more complex deconvolution of irradiation effects. This alloy was arc-melted in an Argon
environment using Cr, Fe, Mn, and Ni with elemental purity all above 99.9 at.%., then
homogenized for 10 hours at 1200 °C. The actual composition as measured by atom probe
tomography (APT) is slightly iron-rich compared to nominal, and is listed in table 1. Samples
were then polished to a final cleaning with a colloidal silica suspension with 0.02 µm particulate
size for later sample preparation with a focused ion beam. To separate the in-reactor irradiation
effects from purely thermal effects, since the neutron-irradiated samples spent up to 10,000 hours
at temperature during irradiation, the as-fabricated material has been heat treated for 200 hours at
690 °C. The sample was encapsulated in quartz tube with titanium sponge as an oxygen getter,
then evacuated and backfilled with argon 5 times to eliminate oxidation concerns during heat
treatment. Since kinetic models are limited for CCAs, this temperature and exposure time aging
conditions were selected based on atomic mobilities calculated by Computherm’s Pandat®
software (PanHEA database, 2023 version) to obtain similar atomic diffusion characteristic
length for Mn, the least mobile of the elements in this composition, and thus reduce the aging
time from 10,000 hours down to 200 hours while aging in the same FCC + BCC dual-phase
stability prediction.

Table 1. Measured composition (in atomic percentages) of the Cr10Fe30Mn30Ni30 material from APT.

Cr Fe Mn Ni Si C O
9.74 ± 0.01 34.64 ± 0.01 28.26 ± 0.01 27.32 ± 0.01 0.04 <0.01 <0.01

2.2 Irradiation
The irradiation of this CCA was performed at Idaho National Laboratory’s (INL) Advanced Test
Reactor (ATR) as part of a Consolidated Innovative Nuclear Research (CINR) project on
nanostructured materials for enhanced irradiation tolerance [36]. Irradiations occurred for up to
416 days for high-damage samples, and only 250 days for low-damage conditions at a rate of
approximately 10-7 dpa/s. Simulations for flux and damage were performed using Monte-Carlo
N-Particle modeling and overall damage was estimated using an atomic-weighted average
displacement threshold energy and a time step-based accumulation of damage [37]. Both the
targeted and calculated irradiation conditions are listed in table 2.
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Table 2. Summary of the four irradiation conditions present in this study. Targeted 2 dpa samples spent 250 days in Idaho
National Lab’s Advanced Test Reactor, while targeted 6dpa samples spent 416 days in-reactor.

Irradiation Temperature (°C) Irradiation Damage (dpa) Time in
ATR (days)Sample Name Target Reported Target Reported

3 dpa – 400 °C 300 368 2 3.09 250
3 dpa – 580 °C 500 565 2 3.43 250
6 dpa – 400 °C 300 395 6 6.52 416
6 dpa – 580 °C 500 579 6 6.61 416

2.3 Focused Ion Beam
Sections of each irradiated sample were prepared for atom probe tomography (APT) and
scanning transmission electron microscopy (S/TEM) using the FEI Quanta 3D FEG Focused Ion
Beam at Idaho National Laboratory’s Irradiated Materials Characterization Laboratory (IMCL).
Both TEM lift-outs and APT tips were made near grain boundaries to study chemical segregation
and defect evolution in both the bulk and intergranular region, though only TEM samples
captured the grain boundaries in this study. TEM and APT samples were finished to thicknesses
and base diameters of 100 nm, respectively, with a final milling at 5 kV, 50 pA of gallium before
analysis. APT tips of the unirradiated material were also produced at INL, while TEM lift outs in
the unirradiated material were performed at UW-Madison’s Nanoscale Imaging and Analysis
Center (NIAC) using a Zeiss Auriga gallium FIB with a final cleaning also at 5 kV, 50 pA.

2.4 Atom Probe Tomography
High resolution chemical analysis of each sample was collected with the IMCL’s LEAP 5000XR
Local Electrode Atom Probe (LEAP). All tips were run in pulsed laser mode, with a pulse energy
of 40 pJ and frequency of 200 kHz at a maintained temperature of 55K and a constant data
acquisition rate of 1%. 3D reconstructions and radial distribution functions (RDFs) were
reconstructed using the Integrated Visualization and Analysis Software (IVAS) from CAMECA
and analyzed inside of grains to quantify chemical segregation and local chemical ordering in the
irradiated, aged, and as-fabricated materials.

2.5 Transmission Electron Microscopy
All TEM and STEM analysis of irradiated samples was performed with the FEI Titan Scanning
TEM at Idaho National Laboratory’s Irradiated Materials Characterization Lab (IMCL) at a 200
kV accelerating voltage, while unirradiated specimens were analyzed at the University of
Wisconsin Madison’s NIAC with a FEI Tecnai TF-30 TEM operating at 300 kV. STEM-EDS
characterization of irradiated samples was collected to observe compositional changes in the bulk
and grain boundary regions of each specimen. To investigate cavity formation within the bulk,
high magnification STEM imaging was performed and contrast from over- and under-focused
imaging was used to identify defects at high magnification [38]. Imaging of the faulted
dislocation loops within the {1 1 1} planes was performed with darkfield imaging of the rel-rod
present in the 1/3 (3 1) direction of the [1 1 0] zone axis, a technique which displays edge-on
faulted dislocation loops [39,40].
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3 Results
3.1 Unirradiated Material
TEM and X-ray diffraction (XRD) using the Bruker Discover D8 Diffractometer at UW-
Madison’s Nanoscale Imaging and Analysis Center (NIAC) confirmed a single-phase FCC solid
solution with a lattice parameter of 3.618 ± 0.001 Å, and no visible faulted dislocation loops
were observed during TEM analysis. The FCC matrix of the aged sample displayed a lattice
parameter of 3.617 ± 0.002 Å and no discernable faulted dislocation loop content either.
CALPHAD modeling using the Computherm’s Pandat HEA database (PanHEA 2023) suggests
the presence of a secondary Cr-rich BCC phase from 500 to 700 °C, replaced by ordered MnNi-
rich Beta and CrFeMn Heusler L21 phases below 360 °C and 540 °C, respectively (Figure 1). It
is worth noting that earlier version of the databases were only predicting a single phase FCC
above 360 °C. APT of both the homogenized bulk and aged-unirradiated samples revealed no
chemical segregation, with RDF data indicating chemical ordering on the length scale of a single
unit cell.

Figure 1. The predicted phase composition of Cr10Fe30Mn30Ni30 from 300 to 800 °C and the temperatures at which each
irradiation occurred
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Figure 2. a.) SEM-EDS intensity maps and XRD diffraction data from the a.) as-fabricated microstructure displaying chemical
homogeneity, and b.) XRD diffraction data displaying a single-phase FCC lattice with a lattice parameter of 3.618 Å

Figure 3. 40 x 40 x 5 nm APT reconstruction slices and TEM diffraction data from the a.) as-fabricated and b.) thermally aged
samples, both displaying solid solution with no chemical segregation and a lattice parameter of 3.618 Å
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3.2 Void Swelling
No clear voids were observed in any of the samples studied, though nano-scale imaging with
over- and under-focused STEM imaging revealed contrasting features. The largest size of these
contrast features was under 2 nm, and faceting (or lack thereof) was not resolvable to determine
the nature of these defects; an example is available in the supplementary figures. Due to the
small size and population of contrasting features present in the irradiated TEM foils, it is
ambiguous whether they are helium bubbles stabilized in the matrix, voids, or experimental
artefacts created during FIB preparation [41]. Comparing this to the work of Parkin et al., ion
irradiation of single-phase CrFeMnNi CCAs to similar irradiation damage levels with the
addition of helium has displayed cavity formation, though the total swelling from bubbles and
voids only reached 0.3%, significantly less than the 1.4 and 5.8% swelling of the Fe56Ni44 binary
alloy and pure Ni, respectively, in the same study [32]. It is inconclusive whether void swelling
was present at any of the irradiation conditions for this study, and based on the results from
Parkin et al., any potential void swelling is expected to be extremely small.

3.3 Faulted Dislocation Loops
Dislocation loop images and data are summarized in Figure 4 and Figure 5. Quantification of
faulted loops in each sample reveals a decrease in dislocation loop size with increasing
irradiation temperature. Samples 3dpa – 400 °C and 3dpa – 580 °C display faulted dislocation
loops with average diameters of 14 and 7 nm, respectively, while their higher damage
counterparts 6dpa – 400 °C and 6dpa – 580 °C have smaller dislocation loops on average (10 and
5 nm diameters). While there is overlap in these values including standard deviations, the
sampled areas display an unexpected decrease in faulted loop densities with increasing damage
for both irradiation temperatures. At 3dpa – 580 °C, a faulted loop density of 1.0 ∙ 1024 m-3 is
measured, while a density of only 3.3 ∙ 1023 m-3 was present in the 6dpa-580 °C condition. A less
pronounced effect is seen in the lower temperature condition, with a decrease from 4.7 to 3.6 ∙
1023 m-3 with increased irradiation damage.
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Figure 4. Faulted dislocation loops from rel-rod contrast imaging from the {1 1 1} habit plane for a.) 3dpa – 400 °C, b.) 3dpa –
580 °C, c.) 6dpa – 400 °C, and d.) 6dpa – 580 °C

Figure 5. Average faulted loop size (with standard deviation), population, and total line density from the {1 1 1} habit plane

3.4 Lattice Distortion
The lattice parameter measured from the main diffraction pattern in the irradiated material was
calculated to be 4.30 Å, though a coherent secondary diffraction pattern can be seen, displayed as
small halos near the main diffraction pattern. Measurement of intensities in both the {1 1 1} and
{2 0 0} directions suggest a second FCC structure with a lattice parameter of 3.68 Å (Figure 6).
This distinct lattice mismatch present following irradiation suggests a decomposition into two
distinct but coherent FCC phases, indicating either precipitate formation or chemical short-range
ordering.
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Figure 6. [1 1 0] direction diffraction patterns and {1 1 1} line diffraction intensity of samples a.) 6dpa – 400 °C and b.) 6dpa –
580 °C. Each pattern displays two sets of diffraction spots corresponding to lattice parameters of 3.68 ± 0.03 and 4.30 ± 0.02 Å,

respectively.

3.5 Chemical Segregation
While most samples displayed no apparent grain boundary segregation from STEM-EDS
measurements, a mild Ni enrichment by less than 5 at.% was observed at the grain boundary of
the most aggressive irradiation condition (6dpa – 580 °C). The bulk of 3dpa – 580 °C, however,
displayed an unexpected fine chemical segregation in a lamellar fashion within one of its grains.
On the length scale of 7-8 nm, Cr and Fe preferentially segregate together, as do Mn and Ni. This
is illustrated in Figure 8 with Fe and Mn, chosen for illustration purposes. The plot there shows
the fluctuation of the composition relative to the initial bulk measurement. A positive value on
this plot indicates an enrichment of Fe and lack of Mn, and the opposite for a negative value.
This chemical fluctuation is constantly shifting along the segment seen in Figure 7, highlighting
its banded nature in this sampleFigure 7. APT results, discussed below, provide the high
resolution necessary to analyze this phenomenon further.
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Figure 7. Banded chemical segregation in the 3dpa – 580 °C sample, with a chemical variation plot to display the pairing of Fe
and Mn in the sample.

While little segregation is visible in the 3dpa – 400 °C APT sample, the scale of chemical
segregation is visibly increased at both higher irradiation doses and temperatures (Figure 8). As a
means of quantifying this ordering, radial distribution functions (RDFs) have been employed and
summarized in Figure 9. Similar to the Warren-Cowley parameter which quantifies chemical
short-range order (cSRO) [42], chemical RDFs parameterize the composition of a material
relative to its distance from a chosen element with the following equation:

Where r is the radial distance from element i, xi-j is the atomic fraction of element j as a function
of r, and xo

j is the bulk atomic fraction of element j. This is an imperfect system for quantifying
segregation since it samples a spherical volume while the features of interest are notably non-
spherical, it provides a tractable method of approximating the degree to which chemical ordering
is occurring. In this instance LCO length will be defined by the RDF distance at which Cr-Fe and
Mn-Ni co-segregation pairs reach their bulk concentration within the material as a function of
their distance from Cr atoms (Figure 9).
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Figure 8. APT isosurface maps displaying regions of Cr-Fe and Mn-Ni co-segregation enrichment from the bulk composition,
and 40 x 40 x 5 nm slices from each tip. Regions of local clustering within the co-segregated regions have been identified in the 6

dpa 580 °C sample

Figure 9. The radial distribution functions for the 580 °C samples at a.) 3 and b.) 6 dpa, and c.) the chemical ordering distance
based on RDFs centered around Cr atoms for all irradiated sample

At 400 °C the ordering length of Cr-Fe and Mn-Ni pairs increases from 1.8 to 3.2 nm at 3.09 and
6.52 dpa, respectively, and the samples irradiated near 580 °C display even longer ordering
lengths, up to 5.4 at 3.43 dpa, and well past the 10 nm observation window of the RDF at 6.61
dpa. By comparison, the as-cast, unirradiated material displays an ordering length of 0.3 nm –
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approximately one unit cell for this microstructure. The unirradiated sample aged at 690 °C also
displays a similarly low ordering distance of 0.4 nm. These results indicate that, even at similar
diffusion characteristic lengths, irradiation induces chemical ordering, and there is an increase in
chemical ordering distance with irradiation damage. Furthermore, at similar irradiation damage
doses, a higher irradiation temperature results in longer ordering distances for this alloy. In
addition to the general Cr-Fe and Mn-Ni co-segregation pairs, there are notable Cr-rich, Fe +
Mn-rich, and Mn + Ni-rich regions apparent in the 6 dpa 580 °C sample, indicating the
beginning of secondary phase formation (Figure 8).

4 Discussion
Despite no chemical ordering in the as-fabricated and aged sample, all irradiated conditions

displayed LCO, with greater ordering distance observed at higher irradiation temperatures and
damage. Studies on cSRO are quite prominent in literature and have shown that chemical
ordering, even on a small scale, has a significant influence on the mechanical and
thermodynamic properties of CCAs [43–46]. Since LCO plays a critical role in material
performance, it will be the primary irradiation effect of interest discussed in this study. On the
other hand, no void swelling was observed in any of the neutron-irradiated CCAs. Faulted
dislocation loop concentration, measured with rel-rod contrast imaging, decreased with both
increasing irradiation temperature and damage. It should be noted that discussing the irradiation
response in this study requires consideration of ion irradiations due to the lack of neutron
irradiation data available for CCAs. To address potential inaccuracies expected from dose-rate
dependent effects, studies discussed in this section are supplemented by molecular dynamics
(MD)-based simulations or directly discuss the influence of dose rate, when available.

Research of cSRO’s influence on extended defect accumulation under irradiation is limited,
though coupled atomistic modelling and ion irradiation studies provide some insight on the
phenomena occurring in these conditions. In Zhang et al.’s research of a CrCoNi CCA, a 32%
reduction in irradiation-induced defect density was observed after ion irradiation in LCO samples
when compared to the random solid solution [47]. MD modelling of the point defect formation
energy in this study showed little difference between the random solid-solution and chemically-
ordered CrCoNi. As a result, the cascade-induced point defect concentration was influenced
minimally by LCO’s presence during the initial damage event. Kinetically, however, the
activation energy for both interstitial and vacancy migration was calculated to be greater with
LCO, and a greater energy penalty for defect mobility was seen for interstitials over vacancies
[47]. This is especially relevant since interstitials typically have much greater mobility and are
expected to annihilate at defect sinks such as grain boundaries before vacancies can diffuse. By
reducing the rate at which they will annihilate, a greater interstitial population is available for
recombination with vacancies in the bulk to reduce the surviving irradiation-induced point defect
density over time, and thus reduce the extended defect density [31]. Another feature of LCO seen
in MD-MC studies is a greater trapping of dislocations and defect clusters due to LCO’s
tendency to further increase the complexity of the energy landscape in CCAs [48–52]. The
restricted mobility of interstitial clusters has been proposed as a means of reducing void
formation by again increasing the availability of interstitial point defects available for
recombination with the slower-diffusing vacancies [48]. The impeded mobility of both interstitial
point defects and clusters enhances recombination with vacancies to reduce void swelling, a
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finding consistent with many experimental- and modelling-based CCA ion irradiation studies
[21,23,26–29,32,47,48].

While FIB damage during preparation of TEM samples prevented studying the full dislocation
network, reported neutron-irradiation studies on metallic materials generally display an increase
in dislocation line density with increased irradiation damage [53,54], and this discussion will
assume similar behavior for these neutron-irradiated CCAs. The faulted dislocation loops
observed experimentally decreased in size, line density, and population with increasing
irradiation dose and temperature, which could have several causes.

One theory from Parkin et al. suggests that materials with greater stacking fault energy (SFE)
will have a reduced faulted loop nucleation rate and maintain fewer faulted loops since higher
stacking fault energy increases the barrier for interstitial cluster collapse and formation of
stacking faults [30]. The enhanced loop unfaulting is based on the concept of a critical stacking
fault energy that, when surpassed, makes prismatic loops more energetically favorable which
promotes loop unfaulting [56]. Greater SFE would decrease the critical size of these faulted
loops, which would be reflected experimentally by a decrease in the average faulted dislocation
loop size observed. The tendency for loops to unfault more readily in the CrFeMnNi system from
their study was attributed to Mn content exceeding 15 at.%, which has been experimentally
shown to increase SFE in the matrix [32,55]. The alloy studied here is already be expected to
have high SFE due to its nearly 30 at.% Mn in the bulk, and locally is expected to have even
greater SFE due to local enrichment with LCO. This would increase the regions of high SFE
within the matrix and decrease the critical faulted loop size further, albeit locally. This offers one
explanation for the decreased faulted loop size and population observed with both increasing
irradiation dose and temperature in this study.

This SFE-based theory conflicts with the later work of Daramola et al., however, whose MD
simulations found that an austenitic stainless steel is expected to experience greater loop
unfaulting than a CrFeMnNi CCA, despite having lower SFE [57]. Their work primarily
attributed the unfaulting of loops to the formation of Shockley partials, which would remove the
stacking fault from loops and leave prismatic loops where faulted once existed [57]. Daramola et
al.’s study proposed that Shockley partial formation and movement were more sensitive to SFE
fluctuation instead of overall SFE, which would hinder movement due to greater lattice friction
and reduce loop unfaulting [57]. SFE is expected to fluctuate significantly more in CCAs [30],
which explains the decreased unfaulting in Daramola et al.’s CCA over stainless steel. One key
feature found in their study was that the lattice friction hindering Shockley partial movement is
reduced at higher temperatures, which led to a corresponding relative increase in loop unfaulting
within their CCA simulations [57]. While this justifies the lower population of faulted loops with
increasing temperature, it does not explain the smaller loop size observed, especially with
increased LCO at higher temperatures and doses.

One leading theory which may explain this is based on the interaction between faulted loops and
other loop and line dislocations. MD simulations display that these interactions cause loop
unfaulting or integration into the general dislocation network [58,59], and the work of Chen et al.
found that it occurs more frequently as loops grow larger and have a higher probability of
interacting [53]. Given that loops are expected to grow larger with increasing irradiation dose
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and temperature [31], the larger faulted loops would more readily interact, unfault, and leave
only a population of smaller faulted loops observable. This aligns with the results of this study,
though it is imperative to note this is only a speculative explanation due to the lack of prismatic
loop and dislocation network data in this study. While the mechanisms for this reduced faulted
loop content are uncertain, it’s clear the reduced faulted loop content is valuable for structural
applications, as it has been shown to suppress irradiation-induced hardening rates in both CCAs
and stainless steels [53,57,60]. The observed decrease in faulted dislocation loop content as a
function of irradiation over time in this experiment may result in less severe irradiation-induced
hardening, although this effect was not measured in our study.

While Cr-Fe and Mn-Ni co-segregation pairs are observed in this experiment, there is further
chemical segregation occurring within these two regions. Cr-rich regions are observed within the
Cr-Fe segregated region, though a distinct BCC precipitate, as predicted by CALPHAD, was not
observed. While thermodynamics suggest an equilibrium between this Cr-rich BCC phase and a
near-nominal composition FCC phase, this does not account for kinetics, which are expected to
be sluggish in CCAs and would hinder its formation [26]. Additionally, the Mn-Ni region of the
6 dpa – 580 °C sample contains both Mn-Ni and Fe-Mn enriched regions. The Fe-Mn rich
clustering is chemically similar to that of the predicted L21 phase, but again no BCC-structured
phase has been identified in this alloy under TEM. The Mn-Ni rich regions in this work are
consistent with alloys which share similar predicted phase compositions, such as
Cr18Fe29Ni30Mn23 and Cr0.6FeNiMn [34,61]. In these alloys from the works from Kamboj et al.,
heavy-ion irradiation at 500 °C up to 10 dpa resulted in the formation of NiMn-rich precipitates
with an L10 microstructure [34]. Furthermore, when the dose rate decreased from 10-4 to 10-5

dpa/s up to 2 dpa, the size of Ni-Mn rich precipitates increased slightly, and their relative volume
fraction nearly tripled, reaching 26% of the matrix [34]. In our study, while 420 days under
irradiation at 579 °C up to 6.61 dpa displayed ordering of Ni-Mn segregation above 70 at.%
NiMn within a radius of 3.4 nm throughout the APT tip, no superlattice spots for the L10

microstructure were observed under diffraction, and neither lattice parameter found in the two
coherent lattices from diffraction matches the expected lattice parameters of 3.74 or 3.52 Å for
NiMn L10 [62,63]. Thermal aging of the unirradiated specimen also revealed a lattice parameter
of 3.617 Å and no coherent second diffraction pattern, which indicates that the LCO seen in the
580 °C (and likely also 400 °C) irradiations is indeed enhanced by irradiation. Finally, despite
local enrichment of Cr and Fe in the matrix, there was no α′ phase observed. However, the
nucleation of α’ phase cannot be ruled out since the Cr-clustering observed in the 6 dpa 580 °C
sample reached as much as 80 at.% concentration of Cr. Thus α’ phase precipitation may be
possible with longer exposure. This precipitation would be concerning for future application due
to α′-driven embrittlement as observed in FeCrAl alloys [64–66]. While no actual precipitate
formation was observed in this work, the chemical segregation observed is expected to be the
precursor to eventual Ni-Mn-rich L10, Cr-rich α', and Fe-Mn-rich L21 precipitations. The
formation of coherent precipitates and α' would likely inhibit dislocation motion, increasing
overall strength and potential embrittlement [64,67].

LCO does not only impact the irradiation response of CCAs, it directly impacts their mechanical
performance too. The presumed increase in stacking fault energy present in this study, caused by
the tortuous energy landscape observed in solid solution CCAs and further roughened by Mn-
rich LCO regions, will increase the strength of this CCA by providing a larger energy barrier for
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dislocation motion [46,68–70]. While this may increase strength, the presence of LCO in CCAs
has been observed to generate wavy dislocations, indicating both dislocation glide and climb are
occurring [45,71]. MD simulations of the CrCoNi CCA from Li et al. propose that the
“ruggedness” of the energy landscape with LCO guides the motion of dislocation climb and glide
and creates select pathways for dislocations to move [45]. By restricting the available paths for
dislocation motion their potential to interact is expected to increase, leading to greater work
hardening through dislocation interaction and multiplication [71]. This increased work hardening
has been seen in both experimental and modelling studies [46,51,67,69,72]. While the unfaulting
of faulted dislocation loops may reduce the potential irradiation-induced hardening, prismatic
loop and line dislocation motion are still impeded significantly by LCO. This, along with
potential secondary phase precipitation, will significantly contribute to irradiation-induced
hardening. It is expected, then, that an overall irradiation-induced hardening effect will be
observed, but potentially delayed by early dislocation loop unfaulting enhanced by local
chemical ordering. Future work including neutron-irradiated CCA tensile specimen is necessary
to further expand on the effects of LCO and faulted loops on mechanical response.

5 Conclusions
In this work, the neutron irradiation response of a CCA was for the first time studied at
operationally relevant temperatures. The Cr10Fe30Mn30Ni30 CCA was studied at 400 and 580 °C
up to 6.61 displacements per atom. While no appreciable chemical ordering was observed in the
as-cast and aged samples, irradiation-enhanced diffusion led to local chemical ordering far in
excess of 10 nm. This is presumed to be the initial stages of a MnNi-rich L10, Cr-rich α’, and
potential FeMn-rich L21 phase precipitations. At this stage of irradiation, local chemical ordering
further increases the complexity of the energy landscape within this CCA, which significantly
impacts its irradiation response. The lack of apparent void swelling is attributed to increased
activation energy for interstitial diffusion, one expected result of the LCO-roughened energy
landscape. Reduced interstitial mobility facilitates greater point defect recombination after the
initial damage cascade, limiting vacancy supersaturation necessary for void formation.
Additionally, the high SFE expected from 30 at.% Mn content in the alloy is expected to increase
the likelihood of dislocation loops unfaulting into prismatic loops at higher temperatures and
doses, which would explain the decreased faulted loop concentration at higher irradiation doses.
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