
Comparative irradiation response of an austenitic
stainless steel with its high-entropy alloy counterpart

M.A. Tunesa,b,∗, G. Greavesb, H. Beic, P.D. Edmondsonc, Y. Zhangc,d, S.E. Donnellyb, C.G. Schöne,∗
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Abstract

Two metallic alloys in the quaternary system Fe–Cr–Mn–Ni were irradiated in situ within a transmis-
sion electron microscope (TEM) using Xe+ heavy ions in the temperature range of 293–873 K and
in the regime of low- (30 keV) and medium-energies (300 keV) with respective maximum doses of
around 40 and 140 dpa. The first alloy is the FeCrMnNi high-entropy alloy (HEA) synthesised with
the alloying elements close to equimolar composition. The second alloy is a commercial austenitic
stainless steel AISI-348 (70.5Fe-17.5Cr-1.8Mn-9.5Ni wt.%), selected as the “low-entropy” counter-
part of the FeCrMnNi HEA. Microstructural characterization was carried out in the TEM with in situ

heavy ion irradiation to investigate the role of entropy on radiation induced segregation and precipi-
tation (RIS and RIP). The results demonstrated that among all the irradiation cases investigated, the
FeCrMnNi HEA had its random solid solution matrix phase preserved in 80% of the experiments
whilst the austenite matrix of the AISI-348 steel underwent RIP in 80% of the cases. It is there-
fore demonstrated that small differences between two alloys can lead to different radiation responses,
confirming the trend that, by tuning the elemental composition superior radiation resistance can be
achieved in metallic alloy systems, but emphasising that some of the constitutive core-effects of HEAs
are still in need of further confirmation especially when the application of HEAs in energetic particle
irradiation environments is considered.

Keywords: A. High-entropy alloys, B. Irradiation effects, D. Microstructure, F. Electron
microscopy, transmission, G. Energy systems

1. Introduction

The evolution of physical metallurgy as the main branch of science addressing the relationship be-
tween microstructure, properties and processing of metals and alloys (and later of materials science,
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addressing all classes of materials) has brought – over the past century – unprecedented advances in
several fields of human technology. Lightweight Al-, Mg- and Ti-based alloys entirely revolutionised
modern industry with applications ranging from recyclable and high strength-to-weight ratio parts for
both automotive and aerospace industries to the infant industry of biocompatible and biodegradable
implants [1–13]. Fe-based alloys – in particular steels – have formed the backbone of our technol-
ogy thus far [14, 15] and are still just as relevant in modern technology as structural materials. The
combination metallic alloy such as steels with Zr-based alloys has led to the success of both thermal-
and fast-neutron reactors [16–18], providing clean electricity making up 10% of the world’s energy
supply [19].

Throughout history, the great majority of metallic alloys were developed based on available raw
materials [20–22]. The occurrences of such raw materials, in most cases, consist of minerals of a given
element and require particular technologies to be exploited. This led to the development of specific
metal industries, each one characterized by its own knowledge set. Traditionally, alloys developed
within one of these sets were named after the particular metal, so, the Cu industry developed Cu
alloys, the Fe industry developed steels and cast irons, the Al industry develops Al alloys, and so on.
Naturally in most cases that particular metal is predominant in the alloy, but not necessarily.

This resulted in the notion of the terminal solid solution principle which would consist of alloy-
ing a base metal with a small content of either major or minor solutes, which today are supposedly
selected following the formalisation of the Hume-Rothery rules [23, 24], but in fact empirical expe-
rience is often used. Using the perspective of the thermodynamics of alloy systems, terminal solid
solution alloys (sometimes referred to as dilute alloys) are those engineered considering the solute-
rich corner of phase diagrams [24]. Naturally this is a gross simplification of the technical alloys’
universe and there are plenty of examples which are neither based on the terminal solid solution (e.g

the so called beta bronzes), nor can be described as dilute alloys (e.g stainless steels).
Most recently, the science of metallurgy has been impacted with the advent of a new class of

metallic alloys: the high-entropy alloys (or HEAs) [25]. As opposed to terminal solid solutions,
HEAs are metallic alloys designed at or closer to the highly concentrated centre of phase diagrams.
Although HEAs attracted the attention of the materials science and metallurgy communities only in
the past 15 years, the idea of casting highly concentrated alloys is far from new; in fact, it dates back to
the eighteenth century. In 1778, Achard reported [26] his discoveries after casting and characterising
around 1000 metallic alloys with Ag, Pt, Co, Cu, Fe, Pb, Sn, Zn, Bi, Sb and As. According to Murty
et al. [25], Achard was probably the first metallurgist to synthesise equiatomic multicomponent
alloys. His work was revisited two centuries later by the research groups of Cantor and Yeh working
independently with focus on the quinary equiatomic alloy FeCrMnNiCo [25, 27–34].

The distinct properties of HEAs compared with conventional diluted alloys were reviewed recently
by Murty et al. [25]. It is believed that alloying in the highly-concentrated region of the multicompo-
nent metallic systems results in a strong thermodynamic stabilisation of a single-phase structure with
a random site-occupancy for substitutional solutes: this is an important core-effect of HEAs known as
the “high-entropy effect” [33]. At the foundation of this core-effect lies the hypothesis that the Boltz-
mann configurational entropy [35–37] – as shown in equation 1 – dominates the entropic contribution
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in promoting the thermodynamic stabilisation as an equiatomic alloy composition (the composition
of each i-th constituent of the alloy is denoted as xi in equation 1) will maximises the whole entropy
of the system, thus reducing its Gibbs free energy even at high temperatures [25, 27–34].

∆Scon f = −kBNA

N∑
i=1

xi ln xi (1)

Severe lattice distortion and sluggish diffusion are two important core-effects of HEAs recently
under intense research. The first occurs as a direct consequence of the random solid solution principle
which generates a distorted crystal structure as each lattice equilibrium position has an element with
different atomic radius. The second core-effect (hypothesised by Yeh et al. [38] and Chang et al.

[39]) suggests that solid-state diffusion and phase transformation kinetics are both suppressed and/or
retarded in HEAs when compared with diluted solid solution alloys. The “sluggish” solid-state diffu-
sion in HEAs would presumably occur due to the large fluctuation of the lattice potential energy and
high activation energy barriers, both closely related to the local chemical environment [25, 40–43].
Experiments recently indicated that the sluggish diffusion core-effect might affect several synthesis
and processing parameters in HEAs, for example nucleation and growth of precipitates, reduced grain
coarsening rate and increased creep resistance [25].

Both high-entropy and sluggish diffusion core-effects are of interest to the nuclear materials com-
munity as a (more) thermodynamically stable material with suppressed diffusion of point defects
induced by irradiation would result in an alloy with superior radiation tolerance when compared with
the conventional diluted alloys often used in nuclear materials such as Fe- and Zr-based alloys. In
fact, several scientists have already reported that HEAs are of superior radiation resistance [44–55].
Despite such reported stability under irradiation, some questions remain to be answered: are these
constitutive HEA core-effects real? Is it that the configurational entropy behind the single-phase ran-
dom solid solution stabilisation and sluggish diffusion, lead to radiation tolerance? In fact, criticism
of the constitutive hypotheses of the HEAs was presented by Bhadeshia in an editorial article in 2015
[56]. Four critical points were raised by Bhadeshia regarding the emerging concept of HEAs and are
summarised below:

1. The concept of ideal solid solutions has been used to shed light on the core-effects of HEAs
although ideal solid solutions simply do not exist;

2. The dominance of the configurational entropy factor in the Gibbs free energy assumes that the
enthalpy of mixing in a HEA is negligible. But as the HEAs should not be considered ideal solid
solutions, the quasi-chemical approach [57, 58] should be used instead where the enthalpy is
not (always) negligible;

3. HEAs are in fact already satisfying existing metallurgical principles and they should not be con-
sidered different than conventional dilute alloys. For example, the addition of Cr to equimolar
concentrations results in increased corrosion resistance simply because Cr itself improves cor-
rosion resistance [59] (unless precipitation is favoured in a certain metallic system);

4. Regarding the mechanical properties, it is often mentioned [60] that the atomic misfit causing
lattice strain would restrict the motion of dislocations, resulting in unique mechanical strength
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for HEAs. But the concept of lattice strain induced by atomic misfit is not clear considering
that in an HEA the distinction between solute and solvent does not exist.

Along with Bhadeshia [56], recent criticism of both sluggish diffusion [42, 61–63] and high-
entropy core-effects [64–66] indicate that the constitutive hypothesis of HEAs is still awaiting a more
definitive confirmation, especially whether they are attributed as the main reason for such a supe-
rior resistance to energetic particle irradiation. In this present paper, we target the hypothesis of
configurational entropy behind higher alloy thermodynamic stability, thus high radiation resistance.
Heavy ion irradiation in situ within a Transmission Electron Microscope (TEM) is used for real-time
monitoring of the effects of irradiation in two similar alloys, the austenitic stainless steel grade 348
(71.2Fe-17.5Cr-1.8Mn-9.5Ni wt.%) as a “low-entropy” alloy and its equivalent high-entropy alloy
(26.8Fe-18.4Cr-27.3Mn-27.5Ni wt.%). In order to compare the response to irradiation in both al-
loys, the microstructural characterisation within the TEM was focused to analyse any defects in the
alloys under bright-field conditions and the stability of the matrix phases using selected-area electron
diffraction.

2. Materials and Methods

2.1. Alloys synthesis and processing

A plasma arc melting furnace and drop casting were used to synthesise the FeCrMnNi HEA bulk at
the Oak Ridge National Laboratory and more specific details on the procedure have been published
elsewhere [50]. The AISI-348 steel belongs to the 300-series of austenitic stainless steels and it was
commercially obtained (AISI is the designation of the American Iron and Steel Institute). The grade
348 contains Nb as a minor solute and according to Padilha et al. [67] these austenitic stainless steels
are often solution-annealed at temperatures around 1300 K and air-cooling is sufficient to warrant a
cooling rate to avoid the sensitisation of the austenite matrix. Information of the complete thermo-
mechanical processing of the AISI-348 steel used in this work was not provided by the distributor
(FOPIL [68]) as it is considered proprietary information, but it is presumably followed the usual
metallurgical procedure, in which the alloy is continuously cast and sequentially rolled with multiple
passes, while its temperature is decreasing, until the final state where a sheet is obtained. In their
pristine condition, both alloys are in the annealed state.

2.2. Electron-microscopy sample preparation

Due to limited material availability, electron-transparent lamellae from the FeCrMnNi HEA bulk were
prepared using the lift-out technique [69] within a FEI Quanta 3D Scanning Electron Microscope
(SEM) and Focused Ion Beam (FIB). For the AISI-348 steel, the technique of electro-chemical jet
polishing (ECJP) was used to produce electron-transparent 3 mm discs using a 10% perchloric acid
with 90% methanol solution at temperature of 233 K and an electric potential of 20 V. JEP was
performed until perforation of the 3 mm discs which were then left to dry in the air after several
pure methanol washing baths. For clarification and comparison with the experiments performed with
FeCrMnNi HEA, a limited number of electron-transparent lamellae of the AISI-348 steel were also
produced using the lift-out FIB technique, but it is worth to emphasise that regardless of the sample
preparation method, the results obtained with the AISI-348 steel were reproducible.
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2.3. Pre- and post-irradiation characterisation

Extensive pre-irradiation characterisation was performed in both studied alloys with a combination
of methods. For elemental composition estimation both inductively coupled plasma atomic emission
spectroscopy (ICP-OES) and Energy Dispersive X-ray Spectroscopy (EDX) were used. In the case
of steel, the composition was furnished by the steel provider (as measured by ICP-OES) and it is
found in ref. [70]. Transmission Electron Microscopy (TEM) was carried out in both alloys follow-
ing sample preparation: Bright-Field (BF), Dark-Field (DF) and Selected-Area Electron Diffraction
(SAED) were used in this work. Under BF conditions, samples were also screened using defocusing
phase contrast (also known as Fresnel contrast) in order to analyse the presence of voids and inert
gas bubbles before and after irradiation. SAED pattern indexing was carried out using reference data
provided by Howe et al. [71], Rarey et al. [72] and verified again using an austenite (FCC) model in
the software CrystalMaker/SingleCrystal with crystallographic data available from Oila et al. [73].

2.4. Heavy ion irradiations in situ within a TEM and fluence-to-dpa conversion

Heavy ion irradiations in situ within a TEM were carried out at the MIAMI-2 facility at the University
of Huddersfield [74] using two energy configurations: 30 keV (low-energy) and 300 keV (medium-
energy) Xe ions. Both FeCrMnNi HEA and AISI-348 steel were subjected to irradiations up to the
same doses. For 30 keV Xe irradiations the flux (at the specimen position within the TEM) was around
4.2×1013 ions·cm−2·s−1 whilst for 300 keV Xe irradiations the measured flux was around 2.0×1013

ions·cm−2·s−1. SRIM-2013 [75] was used to estimate the implantation and damage profiles for both
irradiation conditions which are shown in figures 1 and 2, respectively.

Fluence-to-dpa conversion was performed with a procedure proposed by Stoller et al. [76] using
the “quick calculation damage” option, although a recent work [77] has pointed out that the use of
this procedure for estimating dpa in multi-elemental targets may lead to inaccurate fluence-to-dpa
conversion results as the NRT model used in the quick calculation option within SRIM-2013 lacks of
modern ion-solid interaction physics. Note that, throughout this present work, dpa values are given in
the text, but the figures contain both fluence and dpa values for reference. The displacement energy for
each of the constituents of both alloys (FeCrMnNi) was set to 40 eV in the SRIM code. The thickness
of the specimens was around 70 nm as-measured using Electron Energy Loss Spectroscopy (EELS)
and this value was used for the fluence-to-dpa conversion. Given the similarities between the studied
alloys, their volumetric mass density (≈ 8.0 g·cm−3) and atomic density (8.7×1022 atoms·cm−3) were
assumed to be the same for calculation purposes. Under 30 and 300 keV Xe irradiations, the number
of displacements per ion collision in both alloys was estimated by SRIM to be 220 and 1900, respec-
tively. For example, under such conditions a fluence of 5.7×1016 ions·cm−2 corresponds to 21 dpa for
30 keV Xe ions whilst a fluence of 4.4×1016 ions·cm−2 corresponds to 140 dpa for 300 keV Xe ions.
Plots showing the complete scenario of fluence and dpa for low- and medium-energy irradiations are
shown in figure 1 and 2, respectively.

3. Results and Discussion

We report the results obtained with the pre-irradiation characterisation and the heavy ion irradiations
in situ within a TEM of the two alloys investigated in this work: the AISI-348 steel and the FeCrMnNi
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HEA. Although a brief discussion on the results will be given in this section, a more comprehensive
assessment of the radiation response of both alloys is in the section 4. For each irradiation case
investigated and for each alloy studied, two (or more than two in some cases) independent experiments
were carried out with starting pristine samples.

3.1. Pre-irradiation characterisation of the alloys

A pre-irradiation characterisation of the AISI-348 steel and the FeCrMnNi HEA before the irradiation
is shown in figure 3. BFTEM micrographs of the pristine FeCrMnNi HEA are shown in figures 3(a-c)
at focus, under and overfocus (defocus of 800 nm) conditions, respectively, and they show that the
HEA has no voids or bubbles in its pristine condition. Similarly, BFTEM micrographs in figures 3(e-
g) exhibit the pristine microstructure of the AISI-348 steel. No voids or bubbles were detected prior
to irradiation as shown in the under and overfocus (defocus of 1000 nm) micrographs in figures 3(f)
and 3(g), respectively. The SAED patterns for both alloys are shown in figures 3(d) and 3(i). These
patterns were indexed to be of face-centred cubic (FCC) structure confirming previous reports on both
alloys [44, 50, 62].

Two particular features distinguish the AISI-348 steel and the FeCrMnNi HEA from a microstruc-
tural perspective. Comparing the BFTEM micrographs in figures 3(a-c) with the micrographs in fig-
ures 3(e-f), one can notice that the FeCrMnNi HEA has a higher density of twins than the AISI-348
steel. At the same time, as a result of the addition of Nb, the AISI-348 steel has rounded nanoparticles
of Nb(C,N) as dispersoids in its matrix phase. The first observation is that alloying within the centre
of the phase diagrams decreases the stacking fault energy of certain metallic systems [78], thus allow-
ing the nucleation and growth of large twins during processes such as solution heat-treatment and/or
thermal annealing. In this way, the FeCrMnNi HEA is more prone to the nucleation and growth of
annealing twins than the AISI-348 steel. With respect to the Nb(C,N) nanoparticles, this topic was
extensively studied by Silcock et al. [79] who concluded that the continuous segregation of Nb and
C into stacking faults within the austenite is a governing factor for the nucleation of rounded-shape
Nb(C,N) precipitates. A detailed quantitative and qualitative characterisation of the Nb(C,N) precip-
itates in the austenite matrix of the AISI-348 steel in comparison with the relevant literature review
[80] was recently performed by Tunes [81].

Still on twinning, as noted in the figure 3(c), the SAED aperture only partially covers the twin
on its right side, therefore, a single satellite spot (characteristic of twinning in austenitic stainless
steels [82–87]) is seen in the diffraction pattern in 3(d). In addition, it is worth emphasizing that
for better visualization of radiation damage under BFTEM conditions, the micrographs were taken
slightly off-zone axis which also impair a more detailed twin characterisation.

The pre-irradiation characterisation revealed that both alloys are of FCC structure, have twins in
their matrix phase (with a higher density in the FeCrMnNi HEA) and the AISI-348 steel has Nb(C,N)
precipitates in its austenite matrix. Analytical characterisation using ICP-OES and EDX revealed the
elemental composition of both alloys as shown in tables 1 and 2. Morphologically, the two alloys
are of equiaxed grain structure and despite small differences such as the large annealing twins in the
FeCrMnNi HEA and the Nb(C,N) precipitates in the AISI-348 steel, the two alloys studied in this
work can be considered similar. Essentially, the major difference between the two alloys are in fact
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the elemental composition.

3.2. Low-energy heavy ion irradiation

Low-energy heavy ion irradiation has been carried out in situ within the TEM in the temperature
range from 293 to 873 K and the results are shown in this section. As noted by English et al. [88],
low-energy heavy ion irradiation (typically E ≤ 200 keV up to fluences of around 1013 ions·cm−2) is
an interesting alternative to emulate the effects damage cascades generated by neutron irradiation in
α-Fe. Typical PKA average energies generated by fast neutrons in a common light-water reactor are
≈ 10 keV [89]. The PKA average energy of Fe when irradiated with 30 keV Xe ions is 11.7 keV as
calculated with the SRIM code.

3.2.1. 293 K

The real-time response to 30 keV Xe ions of both the FeCrMnNi HEA and the AISI-348 steel at 293 K
and up to 10 dpa is shown in figures 4(a-c) and figures 4(d-f), respectively. Xe bubbles were detected
in the two alloys at 5 dpa. The austenite matrix phase of the AISI-348 steel was observed to decom-
pose as monitored by the SAED patterns shown as insets of micrographs 4(d) and 4(f): the initial
single crystal austenite at 0 dpa transformed into a microstructure full of small crystalline precipitates
indicated by the yellow arrows in the BFTEM micrographs 4(e) and 4(f) as well as confirmed by the
presence of Debye-Scherrer rings in the SAED pattern in 4(f). Similar radiation-induced precipita-
tion (RIP) effects were not observed to occur in the FeCrMnNi HEA which remained fully crystalline
without precipitates at 10 dpa. Black-spots developed in the microstructure of the FeCrMnNi HEA at
around 5 dpa (purple circles in figures 4(b) and 4(c)), but a trend for their annihilation upon increasing
the dose was observed. The red arrow in micrograph 4(b) also points to Xe bubbles growing with dose
at 5 dpa, but at higher doses such large bubbles vanished, i.e. in the FeCrMnNi HEA there is a trend
for annihilation of both black-spots and Xe bubbles.

The set of BFTEM and DFTEM micrographs in figures 5(a) and 5(b), respectively, shows that
the FeCrMnNi HEA has Xe bubbles in its matrix phase at 21 dpa, but it remarkably exhibits no
nanometre-sized precipitates as is the case for the AISI-348 steel. This is also confirmed by the SAED
pattern inset in figure 5(b): apart from the satellite spots corresponding to pre-existing annealing
twins, no Debye-Scherrer rings were detected in the FeCrMnNi HEA.

3.2.2. 573 K

The real-time response to low-energy heavy ion irradiations at 573 K is shown in figures 6(a-c) and
6(d-f), respectively for the FeCrMnNi HEA and the AISI-348 steel. In the HEA, Xe bubbles are
noticeable at 8 dpa, but no further growth is observed at 10 dpa. In addition, as confirmed by the
SAED patterns shown as insets in figures 6(a) and 6(c), the FeCrMnNi HEA random solid solution
is preserved during and after irradiation confirming that no matrix phase decomposition occurred in
this alloy. With respect to the AISI-348 steel, Xe bubbles and displacement damage in the form
of black-spots were observed to develop and grew preferentially at the edge of the specimens with
increasing dose. RIP was detected to occur at 573 K as indicated by the SAED pattern inset in the
BFTEM micrograph in figure 6(f). Although the SAED pattern in figure 6(f) indicates the presence
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of amorphous-like rings, this is rather associated with the reduced size nature of precipitates (or even
damage clusters/precursors) than to the matrix phase amorphisation (as steels do not amorphise) or
even self-passivation (as the experiments in the MIAMI-2 facility were carried out in high vacuum of
around 1×10−7 Pa). Carbonaceous contamination cannot also be discarded.

At higher doses, the FeCrMnNi HEA still has its matrix phase free of precipitation up to 25 dpa as
shown in the BFTEM micrograph figure 7(a) and the respective SAED pattern inset. The occurrence
of RIP was confirmed in the AISI-348 steel also at higher doses shown in the BFTEM micrograph in
figure 7(b) and the respective SAED pattern inset. With respect to the microstructure of the AISI-348
steel at higher doses, precipitates and black-spots were observed at higher magnifications and they
were distinguished by using phase contrast in the TEM as shown in the micrographs in figures 7(c)
and 7(d).

3.2.3. 873 K

At higher temperatures such as 873 K, the response of both alloys to low-energy heavy ion irradiation
was remarkably similar as shown in the micrographs in figure 8. Xe bubbles were noticeable in both
alloys at a dose of around 2 dpa. Upon increasing the dose, bright areas were observed (under BF
conditions) to form and grow. These areas resemble craters or large bubbles, but the occurrence of
radiation-induced segregation (RIS) cannot be ruled out. The similarities were also found at higher
doses as shown in the BFTEM micrographs in figure 9(a-d). Matrix phase decomposition (i.e. RIP)
was detected in both alloys by the presence of Debye-Scherrer rings in the SAED pattern shown as
insets in micrographs 9(a) and 9(c), however, nanometre-sized precipitates were evident in the AISI-
348 steel matrix as exhibited in the BFTEM micrograph in figure 9(d).

3.3. Medium-energy heavy ion irradiation

Medium-energy heavy ion irradiation (300 keV Xe) was used to investigate the response of both
alloys at higher doses (around 100 dpa) and the results are shown in this subsection. According to the
SRIM calculations, under this irradiation parameters, the number of displacements per ion collision
is approximately 1900, thus one order of magnitude higher than the low-energy heavy ion irradiation
(30 keV Xe) from the last subsection.

3.3.1. 293 K

The microstructures of the AISI-348 steel and the FeCrMnNi HEA irradiated with 300 keV Xe ions
at 293 K up to 123 dpa are shown in the BFTEM micrographs in figures 10(a) and 10(b), respectively,
and as demonstrated in the SAED patterns inset within the micrographs, both alloys preserved their
matrix phases and RIS or RIP were not observed. Under these irradiation conditions, Xe bubbles
were observed to nucleate and grow to larger sizes along the boundaries of Nb(C,N) precipitates as
shown in the BFTEM micrograph in figure 10(c). In the case of the FeCrMnNi HEA matrix, a small
number of Xe bubbles were observed to grow to larger sizes as shown in the BFTEM micrograph in
figure 10(d).
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3.3.2. 573 K

The results obtained with medium-energy heavy ion irradiation at 573 K diverge from the results at
293 K as shown in the BFTEM micrographs in figure 11(a-b). At 140 dpa, both Xe bubbles and
black spots were significantly larger in the AISI-348 steel compared with the FeCrMnNi HEA and in
addition, the austenite phase was observed to decompose under irradiation in contrast to the HEA as
shown in the SAED patterns as insets in figures 11(a-b).

4. Comprehensive Discussion

A summary of the results obtained with low- and medium-energy heavy ion irradiations on both
the FeCrMnNi HEA and AISI-348 steel is presented in table 3 and it is evident that among all the
cases analysed in this present research, the FeCrMnNi HEA has a superior radiation tolerance than
its “low-entropy” counterpart, the AISI-348 steel. The results are more interesting when the common
operational temperature of light-water reactors (LWRs) is taken into consideration, i.e. at a temper-
ature of around 573 K; in both irradiation scenarios, the FeCrMnNi HEA matrix phase was stable
whereas the AISI-348 steel decomposed into nanometre-sized precipitates.

A comment must be made on the nature of the precipitates formed as a result of heavy ion irradi-
ation in the austenite matrix of the AISI-348 steel. The available literature suggest that the phase is
the τ-carbide (Cr23C6) [70, 90, 91], although a recent work [92] indicated that due to limited spatial
resolution, an overlapping of lattice spacings between different Cr-rich carbide phases (Cr23C6, M6C
and MC) will occur in the TEM and by this, a precise characterisation of such precipitates using ex-
isting electron microscope methods is not accurate. Due to these reasons, in this present work, the
experimentally observed matrix phase instabilities are confirmed by the presence of Debye-Scherrer
rings independent of the crystallographic phase and nature of the formed precipitates.

The question of whether the HEA constitutive core-effects can be used to shed light on its superior
radiation tolerance remains to be addressed. Firstly, the high thermodynamic phase stability of HEAs
is (hypothetically) associated with the high configurational entropy given that the alloy is highly
concentrated and (closer to) equiatomic. In fact, equation 1 was used to estimate the configurational
entropy for both the FeCrMnNi HEA and the AISI-348 steel and the calculated values are: 11.4 and
7.4 J·K−1·mol−1, respectively. This simple calculation indicates that the configurational entropy of
the FeCrMnNi HEA is around 35% higher than that of the steel.

It is worth emphasising that these calculated values represent the maximum configurational en-
tropy assuming a random solid solution, but as demonstrated by Schön et al. [63–65], these concen-
trated solid solutions have a certain degree of short range ordering (SRO). Considering SRO levels
in HEAs, the configurational entropy is reduced by up to 80-85% of its maximum value in BCC sys-
tems. For FCC systems, Schön et al. [93] reported that this reduction is expected to be even higher.
SRO becomes less significant in diluted alloys than in concentrated solid solutions, therefore, the
entropy reduction in the AISI-348 steel is expected to be smaller than in the FeCrMnNi HEA. This
emphasizes that although the calculated entropy difference between the FeCrMnNi HEA and AISI-
348 steel is around 35%, the real difference could be smaller. In terms of thermodynamics, this small
configurational entropy difference is insufficient to explain the superior matrix phase stability of the
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FeCrMnNi HEA under extreme irradiation.
The second hypothetical core-effect of HEAs that could play a major role in the observed radi-

ation response of both alloys is the hypothesis of sluggish diffusion. Before discussing, it is worth
remembering that a detailed study investigating the sluggish diffusion core-effect in the FeCrMnNi
HEA and the AISI-348 steel was carried out by Tunes et al. [62] who reported that the nucleation and
growth of He and Xe inert gas bubbles in both alloys was very similar. If sluggish diffusion existed to
suppress the diffusion of point defects (a necessary condition for the nucleation and growth of inert
gas bubbles in alloys), the sizes of inert gas bubbles in the AISI-348 steel should be larger than in the
FeCrMnNi HEA: the authors observed that within the statistical error, the sizes of bubbles were of
similar size in both alloys.

In fact, both impurity and displacement damage types in the form of Xe bubbles and black spots
were significantly reduced in the FeCrMnNi HEA compared with the AISI-348 steel. This can be
observed, for example, in the figures 11(a-b). One particular experimental observation made in this
present work is that upon increasing the temperature (at 873 K see figures 8a-h), the FeCrMnNi HEA
was observed to be subjected to RIS/RIP in a similar manner to that in the AISI-348 steel. This sug-
gests that if the HEA core-effects such as sluggish diffusion and high entropy effect do exist, they play
a minor role in the radiation response of the FeCrMnNi HEA in the high-temperature regime: this is
in disagreement with the high-entropy core-effect, since the thermodynamic stability should increase
more at high temperatures. The experimental observations made in this present work agree with re-
cent ab initio investigations performed by Zhao et al. [55] who identified that the intrinsic diffusional
characteristics of some HEAs (NiFe, NiCo and NiCoCr) diminish at elevated temperatures. Details
of the ab initio methods used to estimate constitutive parameters of HEAs were recently reviewed by
Zhang et al. [45].

Another particular feature of the FeCrMnNi HEA microstructure is the higher density of annealing
twins at the nanoscale when compared with the AISI-348 steel. As Zhao et al. [55] commented, in
the presence of defect sinks, the preferential diffusion of a particular element of the HEA would
inevitably lead to RIS and RIP at higher temperatures which explain the results herein observed with
the FeCrMnNi HEA irradiated with 30 keV Xe ions at 873 K. But in the low-temperature regime, the
presence of a higher density of annealing twins could serve as preferential sites for radiation-induced
diffusive point defects, resulting in less Xe bubbles and black-spots accumulation and growth in the
HEA matrix. This later assumption agrees with a previous study by our group [62] where inert gas
bubbles were prone to grow along twin boundaries in the FeCrMnNi HEA upon annealing, thus
suggesting that these twins are active sinking sites of radiation-induced defects. This sheds light that
further studies are required to investigate the nature of twinning in this HEA. This can also be the
reason for a suppressed susceptibility to RIP in the HEA when compared with the AISI-348 steel,
leading to the superior radiation resistance experimentally observed.

5. Conclusions

Low- and medium-energy heavy ion irradiations were performed in this work in a FeCrMnNi high-
entropy alloy and in the AISI-348 steel as its “low-entropy” counterpart. Within the wide range of
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irradiation configurations analysed, the FeCrMnNi HEA was more stable to irradiation than the steel
in terms of the stability of the matrix phase. A trend for RIP to occur in the AISI-348 steel was
observed in almost all the conditions studied.

A surprising metallurgical finding is that by simply tuning the chemical composition, higher radi-
ation tolerance can be achieved in the particular thermodynamic system of Fe–Cr–Mn–Ni. The high
configurational entropy and sluggish diffusion core-effects were tested and discussed to reflect on the
observed results. Given the low difference between the calculated value of the configurational en-
tropy of the two alloys and the fact that the FeCrMnNi HEA was observed to decompose (as was the
steel) in the high-temperature regime, it is unlikely that these core-effects govern the high radiation
tolerance observed.

Another particular observation that must be made on the differences in the radiation response of
HEAs and dilute alloys: the observed radiation resistance of the FeCrMnNi HEA indicate that, in
general, the HEA will also degrade as does the AISI-348 steel, but such degradation start at higher
temperatures and much higher doses. The presence of internal surfaces in the case of FeCrMnNi
HEA – annealing twins – could play a key role on its radiation response, mainly in delaying (on the
FeCrMnNi HEA) the observed degradation in the AISI-348 steel, but further research is pending to
confirm such hypothesis.

Although the results indicate that metallic alloying in the highly-concentrated region of phase
diagrams result in alloys with superior radiation tolerance, the underlying constitutive hypotheses of
this novel metal alloy class require clarification, evidence and, therefore, further research. The role
of surfaces as sinks for irradiation-induced defects on both FeCrMnNi HEA and the AISI-348 steel
is also another subject for further research investigations. In addition, the nature of the precipitates
observed in the FeCrNiMn HEA matrix when subjected to low-energy heavy ion irradiation at 873 K
are yet pending of further analytical characterisation.
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[9] J. A. Österreicher, G. Kirov, S. S. Gerstl, E. Mukeli, F. Grabner, M. Kumar, Stabilization of 7xxx aluminium alloys,
Journal of alloys and compounds 740 (2018) 167–173.
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Figure 1: SRIM-2013 implantation, damage and fluence-to-dpa profiles for 30 keV Xe irradiation in both FeCrMnNi
HEA and AISI-348 steel.

19



Figure 2: SRIM-2013 implantation, damage and fluence-to-dpa profiles for 300 keV Xe irradiation in both FeCrMnNi
HEA and AISI-348 steel.
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Figure 3: Characterisation of the pristine alloys studied in this work. The BFTEM micrographs of the FeCrMnNi HEA
are shown in micrographs (a-c) where (b) and (c) were taken under and overfocus (defocus of 800 nm). The BFTEM
micrographs of the AISI-348 steel are shown in figures (e-h) where (f) and (g) were taken under and overfocus (defocus
of 1000 nm). The micrographs (d) and (i) are SAED patterns recorded with the aperture positioned as indicated in (c) and
(h), respectively. Note: the scale bar in (a) also applies to (b) and (c) and the scale bar in (e) also applies to (f) and (g).
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Figure 4: Real-time response of the FeCrMnNi HEA (a-c) and the AISI-348 steel (d-f) upon low-energy heavy ion
irradiation up to 10 dpa at 293 K. Note: the scale bar in (a) also applies to (b) and (c) and the scale bar in (d) also applies
to (e) and (f).
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Figure 5: Microstructures of the (a-b) FeCrMnNi HEA and the (c) AISI-348 steel after low-energy heavy ion irradiation
up to 21 dpa at 293 K. Whilst the FeCrMnNi HEA preserves its random solid solution during irradiation, the austenite
matrix of the AISI-348 steel is observed to decompose into nanometre-sized precipitates.
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Figure 6: Real-time response of the FeCrMnNi HEA (a-c) and the AISI-348 steel (d-f) upon low-energy heavy ion
irradiation up to 10 dpa at 573 K. Note: the scale bar in (a) also applies to (b) and (c) and the scale bar in (d) also applies
to (e) and (f).

24



Figure 7: Low-energy heavy ion irradiations at 573 K indicate that even at higher doses (25 dpa), the FeCrMnNi HEA
preserves its matrix phase and no RIP/decomposition was detected. On the other hand, Debye-Scherrer rings in the AISI-
348 steel indicates the presence of nano-precipitates as shown in micrograph (b). Further analysis using phase contrast
in the TEM has shown that the precipitates can be distinguished from black-spots with under and overfocus conditions
as shown in micrographs (c) and (d). Note: micrographs (a) and (b) are underfocused to 1000 nm and the defocus in the
insets in micrographs (c) and (d) are respectively ±300 and ±1000 nm.
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Figure 8: Real-time response of the FeCrMnNi HEA (a-d) and the AISI-348 steel (e-h) upon low-energy heavy ion
irradiation up to 10 dpa at 873 K. Note: the scale bar in (a) applies to all micrographs in the figure.
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Figure 9: Low-energy heavy ion irradiations at 873 K revealed RIS and RIP in both the FeCrMnNi HEA (a-b) and the
AISI-348 steel (c-d). The SAED patterns insets in (a) and (c) also confirm the matrix phase decomposition in both alloys.
Note: the scale bar in (a) applies to all micrographs in the figure.
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Figure 10: Real-time response of the AISI-348 steel (a-c) and the FeCrMnNi HEA (b-d) upon medium-energy heavy ion
irradiation up to 123 dpa at 293 K.
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Figure 11: At 573 K and up to 140 dpa medium-energy heavy ion irradiations resulted in RIP in the AISI-348 steel as
shown in the BFTEM micrograph (a) and its respective SAED pattern inset whilst the FeCrMnNi HEA preserved its
matrix phase as shown in the BFTEM micrograph (b) and its respective SAED pattern inset. Displacement and impurity
damage types were also more prone to nucleate and evolve in the steel when compared with the HEA.
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Table 1: The elemental composition of the FeCrMnNi HEA measured by SEM-EDX (the error is ±5% for each value).

Element Composition [wt.%]
Fe 26.8±1.3
Cr 18.40±0.9
Ni 27.50±1.4

Mn 27.30±1.4
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Table 2: The elemental composition of the austenitic stainless steel AISI-348 measured by ICP-OES (the error is ±1% for
each value) (also reported previously in [70]).

Element Composition [wt.%]
C 0.037
S <0.001
P 0.002
Ni 9.47
Si 0.36

Mn 1.81
Cr 17.50
Co <0.001
B <0.008
Ta 0.003
Nb 0.32
Fe 70.48
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Table 3: AISI-348 steel and the FeCrMnNi HEA matrix phase stability under low- and medium-energy heavy ion irradi-
ations in the dose range of 0–140 dpa.

AISI-348 steel FeCrMnNi HEA

Low-energy
298 K Matrix phase decomposed Matrix phase preserved
573 K Matrix phase decomposed Matrix phase preserved
873 K Matrix phase decomposed Matrix phase decomposed

Medium-energy 298 K Matrix phase preserved Matrix phase preserved
573 K Matrix phase decomposed Matrix phase preserved
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