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For fusion to be realized as a safe, sustainable source of power, new structural materials

need to be developed which can withstand high temperatures and the unique fusion

radiation environment. An attractive aspect of fusion is that no long-lived radioactive

wastes will be produced, but to achieve this structural materials must comprise reduced

activation elements. Compositionally complex alloys (CCAs) (also called high entropy

alloys, HEAs) are promising candidates for use in extreme environments, including fusion,

but few reported to date have low activation. To address these material challenges, we

have produced novel, reduced activation, HEAs by arc-melting, and investigated their

thermal stability, and radiation damage resistance using 5 MeV Au2+ ion implantation.

Whilst the alloys were designed to form single phase BCC, using room temperature

and non-ambient in situ X-ray diffraction we have revealed the thermodynamically stable

structure of these alloys is in fact a sigma phase. We propose that a BCC phase is

formed in these alloys, but at high temperatures (>1000◦C). A BCC phase was also

formed during heavy ion implantation, which we propose to be due to the rapid heating

and cooling that occurs during the thermal spike, effectively freezing in the BCC phase

produced by an implantation induced phase transformation. The BCC phase was found

to have high hardness and a degree of ductility, making these new alloys attractive in the

development of reduced activation HEAs for nuclear applications.

Keywords: high entropy alloy (HEA), reduced activation, phase transformation, ion implantation, thermal stability,
nuclear, radiation damage

INTRODUCTION

High Entropy Alloys (HEAs), also known as compositionally complex alloys (CCAs), comprise
multiple principal elements instead of being based upon one single element, a characteristic of
most traditional alloys. As a result of their unique compositions, some HEAs have been reported to
exhibit properties such as excellent hardness, high-temperature thermal stability, and resistance to
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wear and corrosion (Yeh et al., 2004; Senkov et al., 2013a),
although brittle behavior (Salishchev et al., 2014) and low thermal
conductivity (Yan et al., 2018) have also been reported, which
are undesirable properties for nuclear applications. Suppression
of radiation-induced damage accumulation has recently been
observed in several HEA systems (Egami et al., 2014; Xia et al.,
2015; Zhang et al., 2015; Lu et al., 2016; Kombaiah et al.,
2018). The reported superior properties have highlighted CCAs
as candidates for applications in extreme environments, such
as plasma facing materials (PFMs) in a fusion reactor. PFMs
must be able to withstand neutron fluxes higher than in any
current nuclear fission reactor, and maintain their properties
whilst subjected to high heat loads. Another critical requirement
of potential PFMs is that they have low neutron activation and
generate only short-lived (<100 years) radionuclides, following
removal from the fusion core. Absorption of fusion neutrons
by some common constituent CCA elements, such as Co
and Ni, results in transmutation and production of long-lived
radionuclides (Gorley, 2015). Therefore, new CCAs need to be
developed which preserve the excellent mechanical properties
and radiation stability, whilst meeting the requirement for low
activation. To address this challenge, we have produced and
investigated two new HEAs from the systems SiFeCrVMo and
SiFeCrV; the first forms a more traditional HEA type alloy, with
five components, the latter is a reduced activation version of the
system without molybdenum. Mo is not a reduced activation
element but we employ both these alloys as examples of novel
HEAs, to investigate the high temperature thermal stability and
radiation damage resistance that can be achieved.

BCC structured metals have been found to display superior
resistance to radiation damage compared to FCC metals.
Garner et al. (2000) reported that following fast fission reactor
neutron irradiation between 400◦C and 550◦C in 304L austenitic
(FCC) stainless steel and 9–12%Cr ferritic/martensitic (BCC)
steels, the void swelling rate per displacements per atom (dpa)
was approximately 50 times higher for the FCC stainless
steel compared to BCC ferritic/martensitic steels. Furthermore,
radiation-induced defect cluster sizes and densities have been
found to differ between FCC and BCC alloys. Zinkle and Snead
(2014) reported the formation of significantly higher defect
cluster densities in FCC austenitic steel compared to BCC
ferritic steels, following low-temperature neutron irradiation. It
is hypothesized that the formation of fewer, finely dispersed
defect clusters in BCC structured alloys may enable greater
defect recombination during dynamical and thermal annealing
(Zinkle and Snead, 2014). Furthermore, as radiation-induced
embrittlement is due to the pinning of dislocations by defect
clusters, the production of fewer defect clusters in BCC alloys
is expected to suppress radiation-induced embrittlement, thus
extending the lifetime of the alloy in operation.

To date, radiation damage studies on CCAs have mainly
focused on FCC structured alloys. Zhang et al. (2015) reported
that radiation damage resistance in the NiCoFeCr HEA was
due to chemical disorder and compositional complexity, which
reduces the electron mean free path and thermal conductivity,
leading to much slower energy dissipation and, consequently,
slower damage accumulation during ion irradiation. However,

Egami et al. (2015) using a density functional theory approach,
reported that atomic-level stresses and local lattice distortion
facilitated amorphisation and subsequent recrystallisation of
CoFeNi and NiCoFeCr HEAs, resulting in the “wiping-out”
of structural defects. More recently, Owen et al. (2017)
used total neutron scattering measurements to determine
the lattice strain in the equiatomic CrMnFeCoNi HEA, and
reported, contrary to the mechanism proposed by Egami
et al. (2015), no clear evidence that the local lattice strain
was anomalously large. The irradiation stability in the high
activation AlxCoCrCuFeNi system was investigated by Xia et al.
(2015), who observed enhanced irradiation induced swelling in
BCC Al1.5CoCrCuFeNi, compared to FCC Al0.1CoCrCuFeNi,
following 3 MeV Au ion implantation, to 50 dpa, at room
temperature, a swelling behavior contrary to other BCC alloys
(Zinkle and Snead, 2014). It is evident therefore that the link
between CCA composition and structure, and their resistance to
radiation damage is not well understood.

In this study, the two alloys (from the systems SiFeCrV and
SiFeCrVMo) were computationally designed to produce single-
phase BCC alloys, in order to further investigate how BCC
structured HEAs respond to radiation damage, produced in this
work by 5 MeV Au2+ ion implantation at room temperature.
The thermal stability of the alloys was determined by examining
changes in crystal-structure and microstructure, using data
collected from bulk and in-situmeasurements.

MATERIALS AND METHODS

Design of the Alloys
In order to explore further the behavior of CCAs during
irradiation, alloys showing new characteristics are required. With
the view that such alloys may be employed in plant for nuclear
power generation, a procedure was followed, developed for the
design of novel brazing filler metals (Snell, 2017) to attempt to
create novel alloys which may have future potential for these
applications. This approach uses a Python script written in-house
to perform calculations across a large number of potential alloy
systems and compositions. Initially, elements of potential interest
are selected, which here were the set of elements known to have
low neutron activation cross section (Cheng, 1989; Gorley, 2015)
plus some additional elements adopting body centered cubic
structures at room temperature (Mo, Nb). A preponderance of
BCC-stable elements was maintained in the list, intended to drive
the preferential formation of this structure, but the search was
otherwise deliberately quite wide-ranging, to identify and explore
alloys which had not previously been the subject of research.
From the full list, the script selects combinations of 4 or 5 of these
elements, and calculates, for each possible composition with each
element present in a quantity between 5 and 40%, the average
atomic size mismatch, δ and the enthalpy of mixing, 1Hmix. The
average atomic size mismatch, δ is defined as:

δ = 100

√

√

√

√

n
∑
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where ci is the atomic fraction of the ith element, ri is its radius
and the average radius is given by:

r̄ =

n
∑

i=1

ciri (2)

The enthalpy of mixing, 1Hmix, is estimated following the
method introduced by Miedema (Miedema, 1973a,b), extended
to multicomponent systems by using the coefficients (� ij)
reported in Takeuchi and Inoue (2005) and the equation:

1Hmix = 4
n

∑

i=1,i<j

cicj�ij (3)

Once these quantities have been determined, they can be used
to rank the likely formation of a single phase alloy in each
system. In other work on HEAs particular ranges where favorable
compositions are more likely to lie are defined (e.g., Ye et al.,
2016). However, as in this wide alloy search with multiple
different elements the behavior can be very different, and we
further wish to identify the most promising alloys. We have
therefore elected to apply different criteria, first setting the limits
that 0 < 1Hmix < 5 kJ/mol, and then, for the alloys that meet
this condition, of minimizing the absolute value of the atomic
size mismatch.

The method identified the systems of Si-Fe-V-Cr-Mo
and Si-Fe-V-Cr with alloys of the specific composition
Si0.05Fe0.35V0.16Cr0.35Mo0.09 and Si0.06Fe0.38V0.18Cr0.38 (atomic
percent, at%) as the optimized compositions, based on this
approach. As the procedure carries out this optimization on
alloys by varying the composition, it is noteworthy, though not
surprising, that the alloys are non-equiatomic in composition
(of the type described as Complex Concentrated Alloys, CCAs,
rather than equiatomic as entropy-maximizing HEAs will be).

While it must be acknowledged that there are other ways
of performing these calculations (e.g., the Miedema enthalpy
of mixing can be calculated in several different ways (Gallego
et al., 1988; Wang et al., 2007) and other criteria which have
been successfully used to predict such alloys (e.g., Poletti and
Battezzati, 2014; Leong et al., 2017), we have found that these
approaches give a good combination of suitable accuracy to
facilitate experimentation, and speed of calculation, even in
systems containing unusual pairs of elements where, for example,
the lack of data preclude the use of CALPHAD. The approach
is not a rigorous prediction, and will not successfully predict
optimized alloys in all cases, yet it is nevertheless useful to guide
early stage experimental work toward systems which have been
little considered.

Alloy Production and Characterization
To produce the alloys, elemental Si, Fe, V, Cr, and Mo (purity
> 99.5 %) were weighed to obtain the desired stoichiometry,
and melted using an argon-backfilled vacuum arc melter
(MAM1 Buehler). The alloys were re-melted and flipped five
times to improve homogeneity. The Si0.05Fe0.35V0.16Cr0.35Mo0.09
alloy composition was produced as a 5 g ingot, and the

Si0.06Fe0.38V0.18Cr0.38 alloy composition was produced as a 2.5 g
ingot. The smaller quantity was better adapted to the size of the
arc melting equipment used, though 5g was possible and was
used to facilitate greater accuracy in weighing out the small level
additions (Si and Mo).

Due to the potential for volatilization of elements during arc
melting, quantitative analysis of as-produced alloy compositions
was conducted by X-ray fluorescence (XRF) using a PANalytical
Zetium spectrometer and PANalytical’s Omnian analysis
methodology. Small spot mapping was carried out under
vacuum with a spot size of 500µm on a minimum of four
random points for each alloy. XRF results were used to calculate
an estimate for the theoretical melting temperature (Tm) of the
alloys using the rule of mixtures.

The density of the as-cast alloys was determined using a
Mettler ToledoNewClassicMF balance, applying the Archimedes
method. Vickers hardness measurements were taken from a
minimum of three random locations for each as-cast alloy. The
measurements were made using a Zwick-Roell Hardness Tester
with loads varying from 5 to 30 kg and a dwell time of 10 s.
The variation in load was made to ensure the resultant indent
was visible through the ×10 magnification view finder without
causing significant damage to the sample. A Nikon Eclipse
LV150N optical microscope was used to image hardness indents
in greater detail.

To investigate thermal stability, the alloys were sectioned and
annealed in a tube furnace under a flowing Ar atmosphere, with
a Ti getter, for 48 h at either 0.5 Tm or 0.65 Tm (with Tm the
estimated value as described above). The samples were heated
from room temperature, held at temperature for 48 h, and then
slow cooled in the furnace.

X-ray diffraction (XRD) was used to determine the crystal
structures of as-cast and thermally annealed samples, using a
Bruker D2 Phaser with Cu Kα radiation. Phase analysis used
the International Center for Diffraction Data’s (ICDD) PDF-
4+ database, 2018 edition, and associated SIeve+ software.
Lattice parameters were obtained via least squares refinement
using STOE’s WinXPOW software. High temperature XRD
(HTXRD) data was used to investigate temperature induced
phase transitions in the SiFeVCr HEA. The alloy was first
ball milled in a Retzch GmbH Cryomill to powderise the
material. The sample was placed in a 50ml steel grinding jar,
with a 25mm steel ball used as the grinding organ. Milling
was performed over a period of 20min, in 2min intervals,
and a grinding frequency of 25Hz was used throughout. A
final 2min milling stage with liquid nitrogen cooling was
performed, again with a frequency of 25Hz. Non-ambient
X-ray diffraction data were collected from the powdered
alloy in situ, from 30 to 1000◦C under a vacuum of 1.5
× 10−5 mbar, using an Anton Paar HTK1200N furnace
mounted on a PANalytical X’Pert3 Powder diffractometer,
using Cu Kα radiation and a PIXcel1D detector, in Bragg-
Brentano geometry.

Scanning Electron Microscopy (SEM) was used to observe the
microstructures and element distribution in all samples, using an
Hitachi TM3030 desktop Scanning Electron Microscope (SEM)
equipped with a BSE detection system, operating at 15 kV. Energy
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TABLE 1 | Measured alloy compositions from XRF and EDX, and melting and annealing temperatures calculated using the rule of mixtures and XRF data.

Si (at %) Fe (at %) V (at %) Cr (at %) Mo (at %) Tm (◦C) 0.5 Tm (◦C) 0.65 Tm (◦C)

SiFeVCrMo (XRF) 2.30 ± 0.11 36.90 ± 0.90 14.79 ± 0.17 35.09 ± 0.39 10.92 ± 0.55 1983 991 1289

SiFeVCrMo (EDX) 5.30 ± 0.10 35.23 ± 1.00 16.60 ± 0.40 35.23 ± 0.90 7.37± 0.40

SiFeVCr (XRF) 2.16 ± 0.18 42.56 ± 0.48 17.94 ± 0.32 37.33 ± 0.73 0 1963 981 1276

SiFeVCr (EDX) 5.19 ± 0.10 39.69 ± 0.18 18.41 ± 0.18 36.69 ± 0.18 0

TABLE 2 | Refined structural parameters obtained from standard least squares refinement.

Tetragonal BCC

Space group a (Å) c (Å) V (Å) Space group a (Å) V (Å)

SiFeVCrMo As-cast P42/mnm 8.913 (16) 4.625 (13) 367.5 (6) Im3m 3.1486 (10) 31.213 (16)

0.5 Tm P42/mnm 8.932 (7) 4.621 (4) 368.7 (6)

0.65 Tm P42/mnm 8.9201 (5) 4.6155 (7) 367.24 (5) Im3m 3.1519 (17) 31.31 (3)

SiFeVCr As-cast P42/mnm 8.8468 (18) 4.5889 (18) 359.16 (12) Im3m 2.8877 (5) 24.081 (7)

0.5 Tm P42/mnm 8.858 (4) 4.585 (3) 359.79 (24)

0.65 Tm P42/mnm 8.8525 (9) 4.5867 (5) 359.44 (5)

Dispersive X-Ray (EDX) analysis was used to obtain elemental
maps and spectra.

The as-cast SiFeVCrMo alloy was implanted at room
temperature with 5 MeV Au2+ ions to a fluence of 5 × 1015

Au2+ ions per cm2 at the Ion Beam Centre in Helmholtz-
Zentrum Dresden-Rossendorf, Germany. The implantation was
carried out using a scanning beam, the beam spot size was
about 3–5mm on the target, the irradiated area was 50mm
in diameter, and the beam was moved fast by scanning in X
and Y directions. The ion flux was approximately 1.6 × 1011

Au2+ ions per second per cm2, and the ion beam current
density was about 50 nA/cm2. Prior to implantation, the sample
surface was polished to a mirror finish, first using a range
of SiC papers with decreasing grit size, followed by a final
polishing stage using colloidal silica. The same method was
used to prepare the samples for SEM, XRF and XRD. The
implantation induced damage profile was determined using
results from the Monte Carlo code SRIM (Ziegler et al., 1985).
The calculation type “detailed calculation with full damage
cascade” was chosen, a displacement energy, Ed, of 50 eV
was set for each element, and the experimentally determined
density of 7.2 g/cm3 was used. Grazing incidence XRD (GI-
XRD) was used to determine the crystal structure of the Au2+

ion implanted SiFeVCrMo sample. In GI-XRD, the penetration
depth of the X-rays can be tuned so as to probe only the
near-surface implantation-induced damaged region. The X-ray
penetration depth was calculated using linear attenuation theory,
from which an incident angle of 1.659◦ was determined to
correspond to a penetration depth up to 500 nm below the
surface, allowing the maximum level of damage produced,
as calculated using results from the SRIM simulation, to be
probed. GI-XRD of the SiFeVCrMo alloy before and after
Au2+ ion implantation was performed on a PANalytical X’pert3

diffractometer, using Cu Kα radiation and a PIXcel1D detector
in 0D mode.

RESULTS AND DISCUSSION

Phase Analysis
Quantitative analysis, using XRF, was performed on as-cast
alloy specimens. Results are presented in Table 1, and show
reasonable agreement with the targeted alloy compositions,
though both alloys are slightly richer in Fe and Cr than
anticipated and somewhat Si deficient. From these quantitative
results, theoretical melting temperatures were calculated using
the rule of mixtures (understanding that this is a very
approximate estimation), and used to set the required annealing
temperatures (Table 1).

Room temperature XRD data were also collected to
characterize the phases present in both the as-cast and thermally
annealed alloys. The refined structural parameters obtained from
least squares refinement are presented in Table 2. In as-cast
SiFeVCrMo, Figure 1A, most observed Bragg reflections could
be indexed on a tetragonal unit cell, in the P42/mnm space
group, with lattice parameters a = 8.913 Å, c = 4.625 Å. A small
amount of a secondary BCC phase, in the Im3m space group,
was also observed, with Bragg peak positions indexing well to
Mo, and lattice parameter a = 3.1486 Å, identified in Figure 1A

by circles. For as-cast SiFeVCr, Figure 1B, the predominant
phase observed was BCC-type, indexing to the Im3m space
group, and lattice parameter a = 2.8877 Å. A small amount of
secondary tetragonal phase was observed in this sample. This
phase, identified by triangles in Figure 1B, could also be indexed
in the P42/mnm space group, with lattice parameter a = 8.8468
Å and c= 4.5889 Å.

For SiFeVCr, XRD data collected following annealing at
either 0.5 Tm (981◦C) or 0.65 Tm (1276◦C), Figure 2A, showed
predominantly a sigma-type phase. For this alloy, Bragg peaks
could be well indexed using a P42/mnm unit cell with lattice
parameters a = 8.858 Å, c = 4.585 Å for the sample annealed
at 0.5 Tm, and a = 8.8525 Å and c = 4.5867 Å for the sample
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FIGURE 1 | Room temperature XRD patterns from the as-cast SiFeVCrMo (A)
and SiFeVCr (B) samples. The circles indicate peaks attributed to BCC Mo.

The triangles indicate peaks attributed to a tetragonal phase.

annealed at 0.65 Tm. There is no evidence of a BCC cell being
present following the annealing treatment, and no significant
change in either peak position or intensity for samples annealed
at either 0.5 Tm or 0.65 Tm.

Similarly, no peaks from a BCC-type phase were observed for
the SiFeVCrMo sample annealed at 0.5 Tm (991◦C), Figure 2B.
Peaks could again be indexed using a single tetragonal sigma-
type unit cell (space group P42/mnm), with lattice parameters
a = 8.932 Å, c = 4.625 Å. However, after annealing at 0.65
Tm (1289◦C) XRD data showed evidence of phase segregation,
with the re-emergence of peaks indexed to a Mo-type BCC
phase (space group Im3m, and lattice parameter a = 3.1519
Å), and a significant shifting of peaks from the sigma phase
to lower diffraction angles, indicating an increase in the lattice
parameters for this phase and most likely a significant change in
its composition. In metallic systems, the sigma phase does not
have a specific stoichiometry and therefore can exist over a range
of compositions (Hall and Algie, 1966). The sample annealed at
0.65 Tm was indexed to the P42/mnm space group with lattice
parameter a= 8.9291 Å and c= 4.6155 Å.

From these room temperature data, it was unclear whether
the BCC or sigma type phases were most thermodynamically
stable, or whether one was a high temperature phase that had
been quenched in on cooling. Metastability is observed in HEAs,
especially in the small scale samples used for research purposes,
such as the discovery of precipitation in CoCrFeNiMn when
treated at moderate temperatures for extended times (Pickering
et al., 2016). The variation in phase assemblages observed in the
as-cast alloys here could be due to differential rates of cooling
during alloy production. The SiFeVCrMo alloy was produced
as a 5 g ingot, while the SiFeVCr alloy was produced as a 2.5 g
ingot. Therefore, the smaller SiFeVCr alloymay have cooledmore
quickly during casting, effectively enabling the quenching in of a
high temperature BCC phase.

To further investigate the thermodynamic stability of the
phases observed, HTXRD data were collected under vacuum

on an as-cast SiFeVCr alloy sample that had been powdered by
cryomilling (Figure 3). At 30◦C, the data could now be indexed
on a single BCC type unit cell, space group Im3m, with no
observable peaks from any tetragonal sigma phase present. On
heating, such peaks do begin to appear at 400◦C, and can indeed
be indexed using the P42/mnm space group, appearing analogous
to the sigma phase found in FeCr0.5V0.5 (Martens and Duwez,
1952). Peaks from a third phase, Cr2O3, appear on heating
from 600◦C, suggesting some level of surface oxidation occurring
despite the sample being heated under vacuum. The peaks
corresponding to the tetragonal phase become more prominent
with increasing temperature, though it is difficult to determine
whether a complete transformation from BCC to sigma phase
occurs, due to the overlap of peaks at around 65◦2θ from the
BCC phase and Cr2O3, and at around 45 and 82◦2θ from the BCC
and tetragonal phases. There is no evidence of a high temperature
tetragonal to BCC phase transition, suggesting that, if it exists, it
takes place at temperatures above 1000◦C in this alloy.

Non-ambient XRD data collected on subsequent cooling of
the alloy from 1000◦C show peaks from both sigma and Cr2O3

phases are retained to room temperature, with a slight shift in
peaks to higher diffraction angles due to thermal contraction
(Figure 4). As with Figure 3, due to overlapping of peaks in
Figure 4, it is difficult to unambiguously determine whether a
BCC phase is present and has been retained at room temperature.

The alloys were designed to form single phase BCC yet results
from XRD data show that the thermodynamically stable phase
is a sigma phase. This difference between designed and actual
structure is due to the nature of the prediction, which is simplistic
to give rapid exploration capability, and is primarily concerned
with identifying compatible elements capable of mixing and
forming a mutual solid solution. By choosing mostly BCC metals
as the input, stability in a BCC form, rather than for example
FCC, may be expected to dominate (Leong et al., 2017). However,
as sigma phase is known to form in the Si-Fe-Cr and Si-Fe-V
ternaries (Hall and Algie, 1966) a more stable option exists in this
case: the sigma phase is an even lower energy structure, that is not
assessed in our predictive calculations.

Mechanical Properties
Table 3 gives the measured densities and Vickers Hardness values
of both as-cast alloys, the crystal structures, as determined by
room temperature XRD, and the deformation behavior observed
surrounding the hardness indent, shown in the optical images
in Figures 5a,b. Whilst the densities of both alloys are similar,
7.20 ± 0.11 gcm−3 for SiFeVCrMo, and 7.09 ± 0.10 gcm−3

for SiFeVCr, the SiFeVCrMo alloy was found to be much
harder (784 ± 54 HV5, or 7.69 ± 0.53 GPa) than the as-
cast SiFeVCr alloy (436 ± 50 HV5, or 4.28 ± 0.49 GPa). The
errors in the measurements for both density and hardness is
one standard deviation. From these data, and the approximate
rule that hardness is three times the yield strength, σy of
the alloys were estimated to be 2.6 GPa for SiFeVCrMo, and
1.43 GPa for SiFeVCr. The cracks propagating from the edges
and corners of the indent in the SiFeVCrMo alloy, shown
in Figure 5a, are indicative of brittle fracture. By contrast,
the deformation of indent edges in the SiFeVCr alloy, shown
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FIGURE 2 | Room temperature XRD patterns from (A) the SiFeVCr sample after annealing at 0.5 Tm (981◦C) and 0.65 Tm (1276◦C) for 48 h, and from (B) the
SiFeVCrMo sample after annealing at 0.5 Tm (991◦C) and 0.65 Tm (1289◦C) for 48 h. The circles indicate peaks attributed to BCC Mo and triangles to tetragonal

sigma phase.

FIGURE 3 | Non-ambient XRD data from FeSiVCr, showing single-phase BCC

at room temperature up to 400◦C; BCC to tetragonal phase transition from

400◦C, and formation of Cr2O3 at 600◦C. The triangles indicate peaks

attributed to a tetragonal phase, isostructural with FeCr0.5V0.5. The stars

indicate peaks attributed to Cr2O3.

in Figure 5b, suggests ductile deformation during indentation.
The sets of parallel lines surrounding the indent in Figure 5b

are therefore determined to be step edges, resulting from the
interaction of dislocations with the surface as they propagate
on crystallographic slip planes during loading. The hardness
values of both alloys are greater than typical for conventional
alloys, but are comparable to other HEAs reported. The hardness
and yield stress, at room temperature, of as-cast SiFeVCr (BCC
+ σ phase) is comparable to the single-phase BCC structured
refractory Al0.4Hf0.6NbTaTiZr HEA, (Senkov et al., 2014) as well
as to NbTiVZr, NbTiV2Zr, CrNbTiZr and CrNbTiVZr, reported
to have very high Vickers microhardness of 3.29 GPa, 2.99 GPa,
4.10 GPa, and 4.72 GPa, respectively, attributed to the presence
of disordered BCC solid solutions (Senkov et al., 2013b). The
higher hardness of as-cast SiFeVCrMo (σ phase) is comparable
to AlCoCrCuFe, which, after Spark Plasma Sintering, comprises
an ordered BCC (B2) phase, Cu rich FCC (FCu) phase and a σ

phase (Praveen et al., 2012).

FIGURE 4 | Non-ambient XRD data collected during cooling to room

temperature, from 1000◦C. Peaks from both sigma and Cr2O3 phases are

retained in all data.

Whilst the brittle nature of SiFeVCrMo is undesirable for use
as a structural material, the high hardness and ductile behavior
of SiFeVCr, as well as it being reduced activation, is promising
for the use of this alloy as a plasma facing material. However,
the desirable mechanical behavior of SiFeVCr is only observed
in the proposed high temperature BCC phase. Further work is
required to determine whether the proposed high temperature
phase can be stabilized at lower temperatures by, for example,
altering the alloy stoichiometry, as has been reported in other
HEA systems (Leong et al., 2017). In addition, other mechanical
properties, such as toughness, need to be evaluated in order to
further develop these alloys.

Microstructure: Morphology
and Stoichiometry
To investigate the microstructures and distribution of elements
in the as-cast and heat treated alloys, backscattered SEM images
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TABLE 3 | Density and Vickers Hardness values of the as-prepared alloys.

Density
(gcm−3)

Vickers
hardness
(HV5)

Crystal structure Observed
deformation
behavior

SiFeVCrMo 7.2 ± 0.11 784 ± 54 Tetragonal (σ phase) Brittle

SiFeVCr 7.09 ± 0.10 436 ± 50 BCC + tetragonal (σ

phase)

Ductile

(BSE) and EDX maps and spectra were obtained. Figures 6–8
show the SEM/EDX data collected on the SiFeVCrMo (Figures 6,
7) and SiFeVCr (Figure 8) alloys. The microstructures of the two
as-cast alloys (Figures 6A, 8A,B) show some differences, with
the SiFeVCr alloy comprising larger, more well defined regions
of different contrast. Figures 6A–C show the microstructures
observed in the as-cast, 0.5 Tm, and 0.65 Tm heat treated
SiFeVCrMo alloys, respectively. The contrast in BSE images
is due to variations in atomic number, with lighter regions
indicating the presence of heavier elements, and darker regions
indicative of lighter elements. To aid identification of regions
with different contrast, the contrast in the BSE images presented
here was enhanced by readjusting gray-scale levels using
paint.net. The microstructure of the as-cast alloy (Figure 6A)
and alloy following annealing at 0.5 Tm (Figure 6B) comprises
three regions, shown in the image as light gray, dark gray, and
black contrast. It is noted that the contrast variation between
light and dark gray regions is not as well defined in the 0.5
Tm heat treated alloy compared to the as-cast alloy, suggesting
the formation of a more homogenous alloy following annealing.
Following annealing at 0.6 Tm (Figure 6C), the alloy comprises
only two distinct regions, defined here as light gray and black.

To determine the compositions of the different regions, EDX
spot maps were collected in each region, using a spot size of
diameter 5µm. The spot size, collection time and magnification
were the same for all spectra collected. Table 4 gives the average
compositions of the phases identified by SEM/EDX. For each
phase, data was collected from two locations, with the errors
quoted being one standard deviation. The crystal structures
as determined by XRD are included for reference. Indicative
locations from where the EDX data were collected are shown
by the circles on each BSE image, with the blue dotted circles
indicating light gray regions, the red solid circles indicating dark
gray regions, and the green circles with combined dotted and
solid lines indicating black regions. In Figures 6, 8, EDX spectra
are presented under the alloys from which they were collected,
and circles on each spectrum identify the collection region. In
Figure 6, EDX spectra (d–f) were collected from the light gray
regions, (g–i) from the black regions, and (j, k) from the dark gray
regions. The Al present in some of the EDX spectra is attributed
to contamination during sample preparation where the samples
are fixed to an Al sample holder during grinding and polishing.

From the compositional data presented in Table 4, no clear
relationship between the light and dark gray phases is evident,
with variations in compositions observed within the same phase
across samples. The EDX data does indicate that both phases are
rich in Fe and Cr, relative to the other elements, and it is clear
that the black regions in all three alloys (as-cast, 0.5 Tm and 0.65

Tm) are rich in V, relative to the light and dark gray phases. After
annealing at 0.6 Tm, the V rich phases grow in size, and form
two distinct morphologies, either roughly circular or platelet.
Figure 6L shows a lower magnification BSE image of the as-
cast alloy, which clearly shows regions of light contrast. Figure 7
shows elemental maps from this region to show the spatial
distribution of elements. The light contrast here is attributed
to residual Mo, which did not fully alloy during arc melting.
Because of this residual Mo, EDX data was collected from both
SiFeVCrMo and SiFeVCr, from an area of approximately 200
µm2, in order to determine the nominal composition of both
HEAs. The data is presented in Table 1, to compare with XRF
data from both alloys. A greater amount of Si is detected by EDX
in both HEAs, which we attribute to contamination from the
SiC paper used to prepare the sample surfaces for SEM. There
is relatively little difference between the concentration of Mo
detected by XRF and EDX, suggesting that the random XRF spot
maps (with spot size of 500µm) that were collected from the alloy
did not intersect any residual Mo.

The microstructures of the as-cast, 0.5 Tm and 0.65 Tm

heat treated SiFeVCr alloys are shown in Figures 8A,C,D,
respectively. A lower magnification BSE image of the as-cast alloy
is given in Figure 8B. Similar to the SiFeVCrMo alloy, the as-cast
alloy comprises multiple regions of varying contrast, indicative of
the formation of an inhomogeneous alloy. Following annealing
at 0.5 Tm and 0.65 Tm, the variations in contrast are reduced,
suggesting some homogenization occurs during annealing. Small
black regions are visible in all three alloys that do not grow in size
significantly during annealing. EDX spectra from the lighter gray
matrix (e) and (f), and the small black regions (g) and (h), are
presented for the 0.5 Tm and 0.65 Tm heat treated SiFeVCr alloys.
Quantitative EDX data from all three samples (as-cast, 0.5Tm and
0.65Tm) is presented inTable 4. As with the SiFeVCrMo samples,
the lighter gray regions comprise all five elements and are rich
in Fe and Cr, and the black regions are rich in V relative to the
other elements.

The room temperature XRD pattern from the as-cast
SiFeVCrMo alloy (Figure 1A) and SEM/EDX data suggests that,
within the sensitivity of the techniques, a single-phase tetragonal
alloy has been produced: whilst extra peaks corresponding to
BCC Mo are present, the SEM/EDX data suggests these are
attributed to unalloyed Mo. For both SiFeVCrMo and SiFeVCr
alloys, whilst the SEM/EDX data show regions of varying contrast
indicative of differences in composition, there is no evidence of
secondary phases (other than Mo) in the XRD patterns. Sigma
phases can form over a range of compositions, therefore it is
unsurprising that in SiFeVCrMo and SiFeVCr the structure type
remains the same across regions of different compositions, e.g.,
in both the CrFe-rich and V-rich regions.

Heating the alloys in flowing Ar to 0.5 Tm and 0.65 Tm

resulted in some homogonization of the as-cast morphologies.
Furthermore, whilst the small V rich phases present in the
SiFeVCrMo alloy grew in size and changed morphology, this
growth was suppressed in the SiFeVCr alloy, suggesting Mo
somehow aids diffusion of V, or reduces the stability of V in
the solid solution. Heating BCC SiFeVCr to above 400◦C has
been shown to provide sufficient thermal energy to facilitate
the formation of the stable tetragonal phase. As no higher
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FIGURE 5 | Optical microscope images of indentations following Vickers Hardness testing in the as-cast samples, showing evidence of (a) brittle fracture in

SiFeVCrMo and (b) ductile behavior in SiFeVCr.

temperature tetragonal to BCC phase transition was observed in
the HTXRD data, we conclude that this transition, if it exists,
occurs at temperatures > 1000◦C. The Fe-V, Fe-Si and Fe-Cr
binary phase diagrams all show BCC phases at high temperatures.
The binary Fe-V phase diagram shows the formation of a BCC
phase across the entire compositional range at temperatures
greater than 1252◦C (Andersson, 1983). In the Fe-rich region
of the Fe-Si phase diagram, BCC alloys exist in both ordered
(B2 and D03) and disordered (A2) structures (von Goldbeck,
1982a), and in Fe-Cr, the sigma phase transforms into a BCC
phase by a congruent reaction BCC↔ σ at temperatures between
820 and 825◦C (von Goldbeck, 1982b; Mikikits-Leitner et al.,
2010; Jacob et al., 2018). It has previously been reported that
the α (BCC) to σ phase transition, in an Fe-Cr alloy, was
time and temperature dependant, with S-shaped kinetic curves
indicative of a nucleation and growth process, with maximum
transformation rate at 750◦C (Baerlecken and Fabritius, 1955).
Elements such as Si (Yukawa et al., 1972) andMo (Kubaschewski,
1982) have been found to accelerate the α to σ phase transition.
In this work, peaks corresponding to the sigma phase appear
in non-ambient XRD data at 400◦C, increase in intensity and
become predominant at 600◦C, compared to the original BCC
phase present, indicative of nucleation and growth of the sigma
phase within the BCC matrix. The stability of sigma phase at
low temperatures, compared to other reported FeCr alloys, could
be due to the addition of Si, V and Mo, reducing the activation
energy of sigma phase formation, although it is noted that sigma
phase is produced at about 500◦C in a 47 wt%Cr alloy, as
indicated in the Fe-Cr binary phase diagram.

MeV Au2+ Ion Implantation and Grazing Incidence

X-Ray Diffraction
The radiation stability of the as-cast SiFeVCrMo alloy was
investigated using 5 MeV Au2+ ion implantation. In order
to design a simplified implantation experiment, this alloy was
chosen for implantation as it formed as a single phase tetragonal
structure which we have determined to be the stable phase in

this alloy system, and had the least amount of V precipitation,
compared to the annealed samples. Discrete phases, such as
precipitates have been found to alter the radiation damage
response of alloys, such as in oxide dispersion strengthened
(ODS) steels (Song et al., 2018), where alloys containing nano-
particles are produced to improve high temperature mechanical
properties of the alloy. The implantation conditions chosen
here (5 MeV Au2+ ions implanted at room temperature with
5 × 1015 Au 2+ ions/cm2) are not representative of the fusion
environment, but, in the absence of accessible fusion neutron
irradiation facilities, heavy ions are often used as analogs for
energetic particles produced during radioactive decay, including
transmutation, such as neutrons or alpha-daughter recoil nuclei.
Results from the Monte Carlo code SRIM were used to calculate
the damage produced by 5 MeV Au2+ ion implantation, to a
fluence of 5 × 1015 Au ions/cm2. Figure 9 shows the damage
profile calculated using results from the SRIM simulation. These
results indicated that a damaged region extending from the
surface to a depth of approximately 900 nm would be produced,
with a peak damage of about 30 dpa located at a depth of
approximately 400 nm below the surface. GI-XRD was used to
determine any ion implantation induced structural modifications
up to a depth of approximately 500 nm below the surface of
the alloy. Figure 10A shows the GI-XRD patterns from the ion
implanted sample, with the GI-XRD pattern from the as-cast
alloy in Figure 10B for comparison. Due to peak broadening due
to data collected in grazing incidence, least squares refinement
was not performed on the GI-XRD data. However, in agreement
with results from room temperature XRD data in Figure 1A,
and by using the SIeve+ software and ICDD database, the
diffraction pattern from the as-cast alloy was found to be
analogous to the sigma phase found in FeCr0.5V0.5 (Martens
and Duwez, 1952). The GI-XRD pattern following heavy ion
implantation was determined to be analogous to the BCC
structured Cr0.6Mn0.4 alloy (Pearson and Hume-Rothery, 1953),
which indexes well to the BCC phase in the as-cast SiFeVCr
alloy (Figure 1B).
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FIGURE 6 | Backscattered electron images of SiFeVCrMo (A) as-cast, (B) after annealing at 991◦C (0.5 Tm) for 48 h, and (C) after annealing at 1289◦C (0.65 Tm) for

48 h. EDX spectra (D,G,J) collected from the as-cast sample, (E,H,K) from the sample annealed at 0.5 Tm, and (F,I) from the sample annealed at 0.65 Tm. A low

magnification image of the as-cast alloy is shown in (L).

During ion implantation, elastic interactions between Au2+

ions and atoms in the alloy results in numerous atomic
displacements. The displacement energy, Ed, is the energy
required to displace an atom from its lattice site by an energetic
particle. If the energy transferred from the Au2+ ion to an
atom in the alloy is greater than Ed, then the atom will be
displaced from its position and travel through the lattice. This
displaced atom, called the primary knock-on atom (PKA), can
go on to displace a significant number of other atoms in the
alloy, if it has sufficient energy. Each elastic interaction results
in the transference of kinetic energy from the PKA to other

atoms, until the PKA and displaced atoms have energy less
than Ed. This process is called a collision or displacement
cascade, at the end of which the atoms will have insufficient
energy to produce further displacements. The final excess kinetic
energy is then in the form of lattice vibrations, which results
in localized heating of temperatures up to several thousand
Kelvin, which lasts a few picoseconds, known as a thermal
spike (Skirloa and Demkowicz, 2012). Due to the rapid rate
at which this thermal energy dissipates, the damage produced
during the thermal spike is quenched in a region surrounding the
implanted ion track.
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FIGURE 7 | Lower magnification backscattered electron image of as-cast SiFeVCrMo, with elemental maps showing the special distribution of elements.

The resultant implantation induced damage can take many
forms, depending on the sample material, implanted ion
species and energy, and temperature of the sample during ion
implantation. Radiation enhanced diffusion results in phase
separation and transformation in many alloys (Doyle et al.,
2018), including the formation of a secondary brittle Ni3Al phase
following 5 MeV Ni+ ion implantation in the Ni-12.8 at%Al
solid solution (Rehn, 1982), and can result in stress corrosion
cracking in irradiated stainless steel due to Cr diffusion away
from grain boundaries (Hackett et al., 2009). During radiation
enhanced diffusion, atoms of different atomic sizes can diffuse
at different rates and by different mechanisms (vacancy- or
interstitially-mediated) leading to the local rearrangement of
atoms, and the formation of regions either rich or depleted
in certain elements. Due to the local change in composition,
solubility limits may be exceeded and the formation of secondary
phases occurs. Secondary phase formation has been observed
in the Al0.12NiCoFeCr HEA following Ni+ ion implantation at
500◦C up to 100 dpa (Kombaiah et al., 2018).

Implantation induced phase transformations have been
observed in Ni2Al3, following Xe or Ne ion implantation at
liquid nitrogen temperatures (Nastasi and Meyer, 1991). Ni2Al3
has a trigonal crystal structure, which transforms upon ion
implantation to an ordered cubic phase, NiAl, which possess
a CsCl structure. The phase transition is reported to be
driven by the similarity in the crystal structures, possessed by
Ni2Al3 and NiAl, and the ordering of Ni vacancies in Ni2Al3
and disordering of vacancies in NiAl. Displacement of atoms
during ion implantation results in the loss of vacancy ordering,
transforming the Ni2Al3 in NiAl.

Implantation induced amorphisation has been observed in
some metallic systems, including 2 MeV proton irradiated

Zr−1.6Sn−0.6Nb−0.2Fe−0.1Cr to a dose of 8.2 dpa
(Shen et al., 2014) and Zr(Fe,Cr)2 precipitates in Zircaloy-4,
during 2 MeV proton irradiation to 5 dpa at a temperature
of 310◦C (Zu et al., 2005). Whilst, ion implantation induced
amorphisation has not been directly observed in HEAs, it
has been proposed as a damage recovery mechanism. Egami
et al. (2014) reported that, due to local strain facilitating
amorphisation, both local melting and recrystallization occur
more easily in HEAs during the thermal spike. They suggest
that this rapid recrystallization wipes out implantation induced
structural defects, making HEAs radiation damage resistant.

It is clear that ion implantation-induced damage can take
on many forms in alloys, e.g., secondary phase formation
and phase segregation, crystal structure transformations, and
ultimately amorphisation. In absence of any evidence of ion
implantation induced amorphisation in SiFeVCrMo, we propose
that an implantation induced sigma to BCC phase transition
occurred, similar to that seen in Ni2Al3, rather than the
amorphisation/recryallisation model proposed by Egami et al.
The rapid cooling experienced during the thermal spike may
have been sufficient to quench in the high temperature BCC
phase in SiFeVCrMo, similar to the rapid cooling experienced
by the smaller ingot sized SiFeVCr alloy, which formed the
metastable BCC phase. Irrespective of themechanisms governing
the ion implantation induced phase transformation, these results
suggest that reduced activation HEAs comprising SiFeVCr have
the potential to maintain high hardness and ductile behavior
(observed here in the BCC phase), at high temperature during
ion implantation. There would therefore appear to be great scope
for further development of alloys of this type, in this system and
others, for applications requiring high resistance to radiation, and
thermal stability.
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FIGURE 8 | Backscattered electron images of SiFeVCr, (A,B) as-cast, (C) after annealing at 981◦C (0.5 Tm) for 48 h, and (D) after annealing at 1276◦C (0.65 Tm) for

48 h. EDX spectra (E,G) collected from the sample annealed at 0.5 Tm, and (F,H) from the sample annealed at 0.65 Tm.

CONCLUSION

The thermal stability and radiation damage resistance of novel
high entropy alloys, one comprising solely reduced activation
elements, have been examined using 5 MeV Au 2+ ion
implantation, room temperature and in situ XRD, and SEM/EDX
analysis. It was found that for both alloys the thermodynamically

stable structure is a tetragonal sigma phase. A radiation
induced sigma to BCC phase transformation was observed in
SiFeVCrMo, and a high temperature (>1000◦C) σ to BCC phase
transformation was proposed for both SiFeVCr and SiFeVCrMo.
Rapid cooling during alloy production of SiFeVCr and of the
irradiated volume in SiFeVCrMo enabled the BCC phase to
be observed in room temperature XRD data. The BCC phase
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TABLE 4 | Summary of crystal structures as determined by XRD and phase compositions as determined by SEM/EDX.

SiFeVCrMo Composition (at%)

As-cast 0.5 Tm 0.65 Tm

Light gray Dark gray Black Light gray Dark gray Black Light gray Black

Si 5.48 ± 0.53 5.15 ± 1.15 4.05 ± 0.55 4.43 ± 0.38 5.88 ± 0.68 3.78 ± 0.10 5.08 ± 0.43 0.96 ± 0.38

Fe 37.51 ± 0.18 31.01 ± 1.73 26.77 ± 2.38 35.66 ± 1.59 38.40 ± 0.24 25.62 ± 0.70 36.72 ± 0.29 2.60 ± 0.65

V 16.35 ± 1.51 16.32 ± 2.46 39.02 ± 0.90 16.56 ± 0.09 16.41 ± 0.16 37.53 ± 0.90 13.96 ± 0.82 87.68 ± 5.50

Cr 33.93 ± 1.65 40.50 ± 0.47 25.79 ± 0.58 36.89 ± 1.36 32.95 ± 0.76 28.14 ± 0.70 37.26 ± 1.13 8.23 ± 6.68

Mo 6.75 ± 0.18 7.04 ± 0.89 4.38 ± 0.35 6.47 ± 0.71 6.36 ± 0.30 4.92 ± 0.30 7.00 ± 0.40 0.53± 0.14

Crystal structure Tetragonal (σ phase) Tetragonal (σ phase) Tetragonal (σ phase)

SiFeVCr Composition (at%)

As-cast 0.5 Tm 0.65 Tm

Light gray Dark gray Darker gray Light gray Black Light gray Black

Si 6.52 ± 0.28 21.53 ± 0.36 4.38 ± 0.34 5.12 ± 2.03 13.51 ± 2.48 5.38 ± 0.16 3.45 ± 0.30

Fe 40.91 ± 2.09 28.00 ± 1.65 37.07 ± 1.21 42.02 ± 1.62 24.07 ± 5.46 41.32 ± 0.52 26.86 ± 1.61

V 19.10 ± 1.15 29.44 ± 1.73 18.74 ± 1.02 18.27 ± 1.47 41.76 ± 0.45 17.68 ± 0.42 44.56 ± 0.45

Cr 33.48 ± 1.23 19.14 ± 0.28 39.81 ± 0.16 34.60 ± 1.89 20.67 ± 1.27 35.62 ± 0.07 25.13 ± 1.77

Crystal structure Predominately BCC with some tetragonal (σ phase) Tetragonal (σ phase) Tetragonal (σ phase)

FIGURE 9 | Calculated damage profile, in displacements per atom (dpa), and

range of implanted Au2+ ions, in ions/cm2, from SRIM simulation of 5 MeV

Au2+ ion implantation to a fluence of 5 × 1015 Au ions/cm2.

was found to have desirable mechanical properties, based on
hardness measurements and observation of the indents. As the
BCC phase was formed at high temperatures as well as under
ion irradiation, these alloys represent promising developments
in the search for reduced activation alloys for advanced
nuclear systems.
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FIGURE 10 | Room temperature grazing incidence XRD patterns from

SiFeVCrMo, before (B) and after (A) room temperature ion implantation with 5

Mev Au2+ ions, to a fluence of 5 × 1015 Au2+ ions/cm2, showing the

transformation from tetragonal to BCC following ion implantation.
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