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Abstract

A novel multicomponent alloy, V25Cri2WMoCog.04, produced from elements expected to favour a BCC crystal
structure, and to be suitable for high temperature environments, was fabricated by arc melting and found to exhibit
a multiphase dendritic microstructure with W-rich dendrites and V-Cr segregated to the inter-dendritic cores. The
as-cast alloy displayed an apparent single-phase XRD pattern. Following heat treatment at 1187 °C for 500 hours
the alloy transformed into three different distinct phases - BCC, orthorhombic, and tetragonal in crystal structure.
This attests to the BCC crystal structure observed in the as-cast state being metastable. The radiation damage
response was investigated through room temperature 5 MeV Au* ion irradiation studies. Metastable as-cast
V2.5Cr12WMoCog.04 shows good resistance to radiation induced damage up to 40 displacements per atom (dpa).
96 wt% of the as-cast single-phase BCC crystal structure remained intact, as exhibited by grazing incidence X-
ray diffraction (GI-XRD) patterns, whilst the remainder of the alloy transformed into an additional BCC crystal
structure with a similar lattice parameter. The exceptional phase stability seen here is attributed to a combination
of self-healing processes and the BCC structure, rather than a high configurational entropy, as has been suggested
for some of these multicomponent “High Entropy Alloy” types. The importance of the stability of metastable high
entropy alloy phases for behaviour under irradiation is for the first time highlighted and the findings thus challenge
the current understanding of phase stability after irradiation of systems like the HEAs.
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1. Introduction

Initially detailed by Yeh et al. (2004) [1] and Cantor et al. (2004) [2], high entropy alloys (HE As) are described
as multi-component metallic systems with no principal element. Sometimes termed multicomponent concentrated
solid-solution alloys (CSAs) they are defined as alloys with five or more alloying elements present either
equiatomically, or in the range of 5-35 at %, offering a wide range of possible HEAs. Typically, HEAs have been
proposed for use as structural applications due to their superior mechanical properties, including high hardness
and wear resistance (Huang et al., 2004 and Chuang et al., 2011) [3][4], high temperature strength (Senkov et al.,



2014) [5] and corrosion resistance; it is these properties which make HEAs attractive for applications in extreme
environments. The high configurational entropy of these alloys has been proposed to encourage the formation of
solid solutions consisting of simple body-centered cubic (BCC) or face-centered cubic (FCC) crystal structures
rather than the more highly ordered intermetallic phases. For extreme environments, including high temperature
and neutron bombardment, the formation of undesirable phases during exposure to operational temperatures
would likely result in a decline of mechanical performance potentially to an inoperable level. At elevated
temperatures the high mixing entropy decreases the Gibbs free energy of the system and so greatly contributes to
the stability of single-phase HEAs, but this effect bears less significance at lower temperatures. Additionally,
enthalpy can also lead to phase separation even at high mixing entropy states (Wei et al, 2018) [6]. Exploration of
the temperature-dependent metastability of HEAs has shown to sometimes result in enhanced toughness, ductility,
and strength. For example, upon quenching, non-equiatomic FesoMn3zoCo10Crio undergoes a partial martensitic
transformation to HCP from room temperature stable FCC, resulting in an increase of ductility and strength (Li et
al, 2016) [7].

HEAs have been reported to exhibit a self-healing process (Egami et al., 2014) [8] during energetic ion
implantation, proposed to be due to high formation energies of vacancies and interstitials in HEAs induced by
local atomic-level stresses. It has often been reported that HEAs possess high atomic-stresses, in comparison to
conventional alloys, due to the large differences in atomic sizes of the elements incorporated in the lattice (He and
Yang, 2018) [9]. However, the difficulty of directly quantifying lattice strain by experimental methods has led to
uncertainty in attributing the exceptional properties observed in HEAs to lattice distortion. For example, recent
work by Owen et al (2017) [10] examined the local lattice distortion of CrMnFeCoNi, ‘Cantor’s alloy’, using total
scattering data from neutron diffraction studies. They reported that the lattice strain was not significantly large
and was similar to the lattice strain in CrNi and CoCrNi. It should be noted that in this work, the atomic level
stresses in the alloys are not assessed in this manner, and so the effect on the radiation damage tolerance cannot
be assessed. Upon ion implantation, particle bombardment can initiate atomic displacements leading to thermal
spikes, which may result in the recovery of Frenkel pairs. For high entropy alloys, this can result in high
recombination of defects, decreasing local strain, leaving the alloy with significantly fewer defects than
conventional materials, and thus restrains the formation of dislocation loops and voids (Xia et al., 2015) [11].
Irradiation-induced defects lead to structural damage in materials and so the self-healing effect is another feature
making HEAs an attractive candidate for fission and fusion-based nuclear reactors (Liaw et al., 2015) [12].

Recent studies have reported the radiation response of some HEAs (Kombaiah et al., 2018; Kumar et al., 2016;
Xiaetal.,2015) [13][14][11] where many of these studies have been for homogenised single-phase alloys. Studies
regarding the phase stability of HEAs after irradiation mostly focus on single-phase FCC crystalline structures
with many revolving around relatively minor variations to the content and composition of CrMnFeCoNi (Lu et
al., 2018; He et al., 2017; Xia et al., 2015) [15][16][11] and therefore concentrating on the 3d transition metals.
For materials exposed to irradiation by heavy, energetic particles, BCC-structured materials are generally
preferred over those with an FCC crystal structure as they are more radiation damage-tolerant. This is likely due
to the enhanced formation of small defect clusters and finely dispersed point defects in non-close-packed BCC
materials as opposed to the larger, less mobile defect clusters seen in FCC materials. Smaller defect clusters
enhance the probability of vacancy-interstitial recombination upon ion implantation, thus reducing irradiation-
induced structural changes in materials (Zinkle, 2005) [17]. When considering materials for radiation damage
resistance, phase changes during service are of concern as they are likely to alter the microstructure of the alloy,
thus affecting the in-service mechanical performance.

Conventional multiphase alloys subjected to ion implantation have been studied to determine their response in
extreme environments. It is known for multiphase alloys that upon ion implantation the second-phase precipitates
undergo a series of complex processes simultaneously including: disordering or amorphisation, radiation
enhanced diffusion, and irradiation-induced solute segregation (Li et al., 2015) [18]. Alternatively, in nano-
structured alloys irradiation generally leads to the formation of precipitates. Nano-structured Cu-based alloys,
Cug35sWes and CugWi, upon 1.8 MeV Kr* irradiation resulted in the uniform distribution of W-rich nano-
precipitates. The absence of nano-precipitates after thermal annealing implies the formation of nano-precipitates
occurred during the thermal spike phase of the cascade evolution (Tai et al., 2012 and 2014) [19][20]. It has been
shown that nanoscale precipitates serve as point defect recombination sites and so are an effective way of
minimising remaining defects at high temperatures (Zinkle, 2005) [17].



There is a clear need therefore to explore the effectiveness of multiphase HEAs against radiation damage. This
sentiment is echoed by both Miracle et al. (2014) [21] and Liaw et al. (2015) [12] who advise against the sole
pursuit of single-phase solid solution alloys and instead suggest intentionally adding secondary phases to examine
the efficacy of particle strengthening of HEAs which can be more effective at higher temperatures than other
classical strengthening mechanisms (work-hardening, solid solution strengthening, grain boundary
strengthening).

The Single-Phase High Entropy Alloy (SP-HEA) 31.3Cr-23.6Mo0-26.4V-18.7W (termed CrMoVW) was recently
fabricated and characterised in the as-cast state for application in high temperature, oxidising environments
(Ikeuchi et al., 2019) [22]. The composition was determined through Density Functional Theory (DFT) studies
and the Alloy Search and Predict (ASAP) method to maximise the alloy melting temperature whilst also
maintaining a single phase below the solidus. Refractory elements were chosen for their high melting temperatures
(and then ranked by low cost) as well as an addition of Cr to prevent oxide scale formation. The binary phase
diagrams of the elements all indicate formation of a BCC solid solution over a wide temperature range and across
a variety of compositions with no apparent binary intermetallic compounds. All the elemental crystal structures
are BCC-structured over a wide range of temperatures which further promotes the stability of a BCC solid
solution. In the current work, to reduce the elemental segregation displayed by the alloys fabricated by Ikeuchi et
al. [22] (formed by large differences in the melting temperatures of the components), refinement of the alloy
composition and amendment of the arc-melting process were undertaken. The alloy design process was achieved
by utilising a combination of the CALPHAD method and the thermodynamic parameters used for prediction of
solid solution for high entropy alloys (Gandy et al., 2019) [23] resulting in the prediction of a novel alloy of
nominal composition V,5Cri2WMo. To avoid the only partial melting of the MoVW phase observed in the
CrMoVW alloy, all constituents were melted together with the highest melting temperature elements covering the
lowest melting temperature elements. Additional Cr was added to the elemental mix to account for its low boiling
point and subsequent partial evaporation during fabrication. To explore the microstructural and elemental
distribution changes after irradiation this alloy was characterised in the as-cast state and after room temperature
Au* ion implantation, and to assess thermal stability the alloy was annealed at intermediate temperature (1187 °C)
for 500 hours.

The key aim of this study is to evaluate whether a multiphase HEA, in this case VCrMoWCo, may possess the
same phase stability as found for some single-phase HEAs. Many alloys described as HEAs do not have a single-
phase structure, and this is particularly true of those based on the refractory elements (Huang et al., 2017; Fazakaz
et al., 2014; Guo et al., 2016) [24][25][26]. This could be significant for radiation damage resistance as, on the
atomic-scale where incident particles are interacting with the material, potentially inducing damage, the local
environment of the atoms in a multiphase structure will be significantly different and potentially much less
disordered and therefore less likely to benefit from some of the suggested inherent advantages to HEAs. However,
in contrast to recent research, we find that the multiphase nature does not negatively impact the radiation damage
response, therefore suggesting an alternative mechanism to configurational entropy stability underlying the
behaviour on irradiation.

2. Materials and Methods
Alloy Design

Efforts have been made to quantitatively predict alloy compositions with a single-phase solid solution (Takeuchi
and Inoue, 2000 and 2005; Zhang et al., 2008) [27][28][29]. Thermodynamic parameters derived and extrapolated
from the Hume-Rothery rules include atomic size difference and heat of mixing of binary pairs which were
proposed by Takeuchi and Inoue (2000) [27] for the formation of bulk metallic glasses (BMGs). This advancement
of the understanding of formation of BMGs (Takeuchi and Inoue, 2005) [28] has also helped high entropy alloy
design. In the first instance, the following design process was implemented to approximate an alloy composition
from chosen elements to form a single-phase BCC structure. To identify the possibility of the formation of any
intermetallic compounds at lower temperatures, this approach was then coupled with the use of the CALPHAD
approach to predict a phase diagram for the identified alloy composition over a range of temperatures.



Thermodynamic Parameters Approach

Zhang et al. (2008) [29] identified atomic and thermodynamic parameters which could give the likelihood of the
formation of solid solution systems, specifically for multicomponent alloys based on the behaviour of its
constituent elements. The terms include entropy of mixing (AS nix), atomic size difference (), and mixing
enthalpy of a solid solution (AH nix), and can be expressed by their respective equations:

AS mix=-RZciln¢; Equation 1

where c; is the atomic percentage of each component and R is the gas constant. The high entropy of mixing
resulting from the presence of a large (>5) number of components in an alloy was initially thought to encourage
the formation of a disordered solid solution. However, Otto et al. (2003) [30] systematically studied the effect of
the AS nix term on single-phase formation. The substitution of one element at a time from the well-established
single-phase solid solution Cantor’s alloy, CoCrFeMnNi, would keep the AS nix term constant in the altered alloys.
Instead of retaining the single phase of the Cantor’s alloy, the substituted alloys contained multiple solid solution
phases and intermetallic compounds. This highlights the deficiency of use of the AS nix term in isolation to predict
a single-phase solid solution.

Additional terms which have shown importance in the prediction of stable solid solution include:
8 =100 (X ¢; (1-1i/r)*)'? Equation 2

where r = X ric; and is the average atomic radius of all components, and r; is the atomic radius of each component.
And:

AH nix =2 4Hij Ci Gj Equation 3

where the H is the enthalpy of mixing values for each binary pair of atoms (i and j) and can be calculated from
the Miedema model (Takeuchi and Inoue, 2005) [28]. This approach has been used by many to determine the
enthalpy of formation of multicomponent alloys and for the prediction of solid solution formation. The Miedema
model was initially used for the binary pairs of elements and its extrapolation for multicomponent alloys has
received criticism by some. Troparevsky (2015) [31] states that the sum of the enthalpies of pairs of elements can
disguise the extreme values of individual pairs if they average to a near zero value. Particularly negative values
of AH nix for a pair of elements will result in the precipitation of this compound from the alloy, yet this is not
always apparent from the sum of the values from all the pairs of elements. Whilst this method for determining AH
mix can be insufficient for some alloys, including CoCrFeMnNi, the pairs of elements used in this study all have
near zero AH nix values (Table 2) and so the approach is deemed satisfactory for this alloy as precipitation of
compounds is unlikely.

Guo and Liu (2011) [32] compiled existing experimental data from as-cast high entropy alloys to determine the
likelihood of solid solution phase formation. From the analysis of these findings, they stated that for the formation
of a solid solution in a high entropy system the previously stated terms must be within certain limits (Table 1). As
discussed above for this particular alloy, the compositionally-weighted averaged AH nix term cannot be used for
the prediction of intermetallic compounds in a chosen alloy, for this AH v for the intermetallic-forming elements
must be calculated. This highlights the need to identify the elements in the alloy which have the potential to form
intermetallic compounds; it is for this reason the binary, ternary, and quaternary phase diagrams are used to
establish all the potential phases that may form (Table 3). Across all combinations of elements, only a solid
solution BCC phase is formed and for this reason the thermodynamic parameters calculated here for V, sCri ;WMo
are deemed reasonable for design of the alloy composition.

Further expansion of these terms also includes utilising the Hume-Rothery rule for valence electron concentration
(VECQ); a critical parameter which determines whether an FCC (VEC > 8) or BCC phase (VEC < 6.87) will form.
From Table 1 we can see that the averaged VEC for V,5Cri.MoW predicts a BCC solid solution to form.

Yang and Zhang, (2012) [33] later defined a new parameter, Q, to predict the formation of a solid solution when
Q>1.1 and 8 < 6.6%:



Q = (Tm AS mix)/AH mix Equation 4
where Ty, is the melting temperature of the alloy using the rule of mixtures approach.

For the BCC-structured elements V, Cr, Mo, and W each parameter was calculated for a range of compositions
for each element from 5-35 at%. The most desirable alloy composition minimises the atomic size mismatch whilst
ensuring the VEC is below 6.87 and the enthalpy of mixing is between 0 and -5 kJ/mol. It was determined that
the composition V2 5Cr;2WMo met the criteria of these parameters (Table 1).

Thermo-Calc

The software Thermo-Calc version 2018b, based on the CALPHAD method, was used to calculate the property
diagram of equilibrium phases as a function of temperature. The SSOL4 (SGTE Alloy Solutions Database v4.9g)
thermodynamic database was utilised to ensure the binary phase diagrams of the all the elements were taken into
consideration. To verify the predictions from the thermodynamic parameters approach, the equilibrium phases of
the nominal alloy V,s5Cri2WMo were calculated. To accurately determine the phases in the as-cast alloy the
experimentally obtained elemental composition from XRF data was used to calculate the equilibrium phase
diagram of the V,5Cri2WMoCoo o4 alloy fabricated.

Alloy Preparation

The mass of each elemental metal was weighed out for the required composition of a 5g alloy of VCrWMo (all
elemental metals sourced from Alfa Aesar with a purity >99.5%). Using a vacuum arc melter (MAM1 Buehler)
under a high-purity argon atmosphere with a water-cooled copper hearth and a Ti-getter, a button-shaped ingot
was fabricated. Flipping and remelting of the ingot at least five times ensured greater chemical homogeneity.

The alloy was then prepared for irradiation and characterisation using Si-C grit papers up to P2500 followed by
polishing solutions and finishing with colloidal silica to ensure a mirror-like finish.

Irradiation

The polished side of the as-cast alloy was implanted at room temperature with 5 MeV Au™ ions to a fluence of 5
x 10'5 Au* ions per cm? at the Ion Beam Centre in Helmholtz-Zentrum Dresden-Rossendorf, Germany. Using the
experimental density measurement, results calculated from the Monte Carlo code SRIM (Zeigler et al., 1985) [34]
indicated this implantation condition would produce ballistic damage in a region from the surface to a depth of
approximately 800 nm, with a peak damage of about 40 dpa 300 nm below the surface, shown in Figure 1.

Heat Treatment

The as-cast alloy underwent an ageing heat treatment at 1187 °C. This is approximately 0.5 Tr, estimated from
the experimentally determined elemental compositions from XRF data using the rule of mixtures methodology to
provide an estimate of the melting point (Table 4). The alloy was encapsulated in an evacuated silica quartz
ampoule to minimise oxidation, heat treated in a box furnace for 500 hours and then quenched in water to preserve
the equilibrium phases at the chosen intermediate temperature.

Alloy Characterisation

To determine the crystal structure of the alloy after Au* ion implantation, Grazing-incidence X-ray diffraction
(GI-XRD) was carried out using a PANalytical X pert® Powder diffractometer with Cu Ka radiation operated at
45 kV and 40 mA. For irradiated samples, the X-ray penetration depth was calculated using linear attenuation
theory. An incident angle of 1.947° was calculated to probe a depth of 500 nm below the surface, in accordance
to SRIM results, so only the near-surface implantation-induced damage region would be probed. To perform phase
analysis, the International Centre for Diffraction Data’s (ICDD) Sleve+ software was used to search the PDF -4+
database. Refined lattice parameters for the crystal structures were determined using the least squares refinement
method from the STOE WinXPOV software. X-ray fluorescence (XRF) using a PANalytical Zetium spectrometer
under vacuum at room temperature with a spot size of 6mm was used to establish the relative elemental



composition of the alloy (in the heat-treated condition) using the PANalytical Omnian analysis software. The
microstructure of the alloy was investigated by scanning electron microscopy (SEM), using a Hitachi TM3030
Tabletop SEM, operating at 15 keV, and an FEI Inspect F50 SEM, operating at 20 kV with energy dispersive X-
ray (EDX) spectroscopy to detect the elemental distribution within the phases. Vickers microhardness testing was
performed on a Bakelite mounted sample in five random locations of the button-shaped alloy. The dwell time was
set to 10s, magnification x40, with a load of 1kg using a Struers DuraScan-70 system. The density of the as-cast
alloy was determined using the Archimedes method using a Mettler Toledo NewClassic MF balance.

3. Results and Discussion
As-cast V2.5Cri.2WMoCoo.04

There was a small contamination of Co in the water-cooled copper crucible in the vacuum chamber during the
melting process, with the quantitative analysis of the heat-treated alloy by XRF characterisation calculating the
composition to be 43.4V-21.75Cr-17.11W-17.11Mo-0.635Co. Although small and unintentional, recognising the
potential for this content to impact on properties we therefore refer to the alloy throughout the rest of this work as
V2.5Cr1 2WMoCog,04.

For the as-cast alloy, SEM and EDX mapping clearly show a multiphase, mostly dendritic, microstructure (Figures
2a and 2c); this can be attributed to elemental segregation on a microscale. During the melting process, the highest
melting element (W) solidifies preferentially into the growing dendrites, whilst V and Cr segregate into the inter-
dendritic regions. Mo is more homogeneously distributed, with slight preferential distribution to the inter-dendritic
regions (Figure 3a). As suggested by Ikeuchi et al. (2019) [22] the preferential segregation of V and Cr is likely
to be due to the negative enthalpy of mixing of V-Cr in comparison to the slightly positive enthalpy of mixing
between W-Cr and Mo-Cr. The small content of cobalt is clearly segregated from the rest of the melt and
precipitates by itself in the inter-dendritic region. For the elements V, Cr, Mo, and W when assessing the binary
phase diagrams (Brandes and Brook, 2013) [35] there is a continuous solid solution formation across the entire
temperature range with very little formation of intermetallic compounds (only CrW3 is suggested as potentially
forming at 91 wt.% of W). The binary phase diagrams for the elements including Co are more complex and suggest
the formation of a variety of intermetallic compounds over a range of temperatures and compositions with all the
other elements present. This suggests that the removal of cobalt from the alloy would produce very similar results
with respect to morphology and crystal structures. The small atomic percentage of cobalt present in the alloy does
not appear to play a significant role in the microstructure or have a substantial effect on phase stability and thus
is established as a contaminant within the alloy.

As-cast V25Cri s WMoCoo o4 displayed a single BCC phase XRD pattern (Figure 4) where indexes of the crystal
planes of the experimental diffraction peaks corresponds to an Im-3m space group with a lattice parameter
a=3.0348 A (Table 6). This is in good agreement with the ROM (Vegard’s law — Vegard, 1921) [36] calculated
lattice parameter a=3.0265 A (Table 4). This match is consistent with a random distribution of the elements in a
single-phase structure, i.e. the BCC solid solution. Additionally, both density measurements, experimental and
theoretically predicted, support that the alloy is likely in a random disordered solid solution state. The small
resultant increase in percentage volume, 13.41%, is attributed to the porosity observed in the as-cast alloy, directly
formed from the rapid cooling rates induced by the process of arc-melting.

The detection of a single-phase from XRD data (Figure 4), but observation of a multiphase microstructure from
SEM (Figure 2), may result from the crystal structures of the two (or more) observed phases being of the same
type and very similar in lattice parameter; this is expected as all the pure elements are BCC metals (Table 4) and
have similar lattice constants (aside from Co which has an FCC and HCP phase at room temperature) resulting in
a less distorted lattice and stable crystal structure. The as-cast XRD pattern displayed narrow peaks but with a
slight shoulder on the right-hand side of the peaks at a higher angle indicating a possible overlap of two or more
very similar disordered BCC phases. This coincides with SEM observations and will be further resolved using the
sensitivity of neutron diffraction and transmission electron microscopy at a later date.



Confirmation that the BCC phase would be expected can be seen from the Thermo-Calc predictions which show
a single ordered BCC phase over a wide temperature range from 750 °C to 2400 °C. Additionally, the presence
of two ordered BCC_A2 phases is predicted up to 700 °C (Figure 5). The Rule of Mixtures (ROM) melting
temperature (Table 4) also accurately matches the Thermo-Calc calculation, most likely due to the absence of
predicted intermediate phases resulting in a less significant temperature deviation from the ROM value.

Irradiated V2.5Cr1.2WMoCoo.04

GI-XRD examination of the post-irradiated V25Cri2WMoCoo.04 revealed a retention of ~96 wt. % of the as-cast
BCC crystal structure (Figure 4) despite some broadening of the peaks at higher angles. This predominant phase
has a refined lattice parameter of a=3.0594 A. The additional 4wt.% is attributed to the transformation of a second
BCC structure, with an Im-3m unit cell, and an expansion of the lattice parameter a=3.1603 A. The retainment of
the as-cast crystal structure is somewhat surprising as in conventional alloys ion implantation can promote a
change in crystal structure and / or phase segregation. An example of these radiation-induced effects can be shown
by the self-ion irradiation of Ferritic/Martensitic HT9 steel. After irradiating at 1, 10, and 2 dpa using 5 MeV Fe?*
ions, Ni and Si segregation at defect sinks along with precipitation of a Ni, Si, Mn rich G-phase was reported [37].
Radiation-enhanced diffusion increases atomic diffusion during irradiation due to the enhanced number of defects
and the continual creation of new defects. Under irradiation, the concentration of interstitials and vacancies within
a material are increased when compared to those produced thermally, which results in diffusion coefficients
several orders of magnitude larger than thermal diffusion coefficients. For example, enhanced chromium diffusion
in austenitic steel alloys is typically observed after ion irradiation, ~4 orders of magnitude higher than that of the
thermally annealed sample (Chen et al, 2018) [38], however it is predicted for HEAs that sluggish atomic diffusion
may suppress this effect, and this is addressed later in the discussion.

There is no apparent elemental rearrangement or variation in composition in the dendritic and inter-dendritic
regions following ion implantation; EDX maps (Figure 3b) of the alloy after irradiation are in good agreement
with the as-cast sample further underlining the exceptional phase stability. No radiation-induced segregation (RIS)
has taken place due to the ion implantation taking place at room temperature. Normally at elevated temperatures,
a redistribution of solute and impurity elements leads to enrichment or depletion of alloying elements near the
implantation surface, dislocations, voids, and grain boundaries. Such radical changes can lead to localised property
differences and an overall loss in integrity of the component. The stability of V25Cri2WMoCop.os could be
attributed to the chemical heterogeneity of the single-phase structure in HEAs, which results in the pinning of
dislocations (Wu et al., 2016) [39] and reduced thermal conductivity, due to the lattice distortion effect (Xia et al.,
2016 and Gao et al., 2016) [40][41].

Some studies have shown structural stability on irradiation of single phase HEAs and attributed the irradiation
tolerance to high configurational entropy (Murty et al., 2014) [42]. Reports so far have stated that multiphase
alloys exhibit phase separation and thus are not stabilised against radiation damage by the high entropy effect. In
this case, the similarity between the two dendritic BCC phase lattice parameters may indicate a two-phase structure
that is not detrimental to phase stability. Comparable HEA studies displaying results from similar implantation
fluences include Xia et al. (2015) [11] and Yang et al. (2016) [43]. V25Cri2WMoCooo4 can be likened to the
HEAs in these reports, AlCoCrFeNi, which similarly displayed structural stability up to 50 dpa from Au* ions at
room temperature. With regards to phase stability, the as-cast single FCC phase Aly;CoCrFeNi HEA
demonstrated excellent phase preservation, whereas the as-cast multiphase alloys displayed irradiation-induced
defect clusters and precipitation, as observed by TEM studies, upon ion irradiation. This instability upon
implantation was credited to the initial phase separation and ordered nature of the multiple phases, causing them
to behave like conventional binary and ternary alloys. In the same study, the single-phase as-cast alloys
demonstrated no precipitation for doses of 43 dpa. The atomic scale rearrangement in the ion-implanted
V2.5Cr12WMoCoo.04 cannot be observed due to the resolution of SEM. Future TEM studies will reveal if any fine
scale precipitation or atomic rearrangement has occurred.

Despite having a multiphase microstructure, the structural phase stability of V,5Cri2WMoCoo o4 after irradiation
at doses of up to 42 dpa is evident as shown by the SEM micrographs (Figure 2 b, d) and the GI-XRD pattern
(Figure 4). In this report, results gathered from the SRIM simulation (Figure 1) indicate that the maximum
radiation damage depth would be at 800 nm below the implantation surface with peak damage of 40 dpa occurring
at 300 nm, and a damage level of 10 dpa at the surface. However, there is little difference in the morphology post-



irradiation, with structural features also being retained. The average ion penetration of the Alo1CoCrFeNi alloy
was less than 100 nm which was enough to observe by SEM irradiation-induced structural changes. Some HEAs
have been found to exhibit structural changes with as little as 1 dpa; equiatomic CrFeCoNiMn and CrFeCoNiPd
alloys produced a further L.10 phase and spinodal decomposition after 1250 eV electron irradiation (He et al, 2017)
[16]. Whilst GI-XRD allows for investigation of any implantation-induced structural modifications below the
surface, only surface modifications can be detected by the SEM used in this study. SRIM typically overestimates
the amount of damage produced, as the simulation assumes the sample to be amorphous, and at absolute zero.
Therefore, in reality the level of damage produced at surface may not have been sufficient to cause microstructural
changes.

Unlike the single-phase HEAs, where their phase stability has been attributed to their high configurational entropy,
as-cast V25Cri2WMoCogo4 exhibits clear elemental separation yet has still shown excellent phase stability at
similar doses to the AlCoCrFeNi irradiation studies. The results from this study therefore differs from previous
reports that suggest only single phase HEAs can demonstrate superior irradiation resistance (Kumar et al., 2016
and Xia et al., 2015) [14][11] and instead indicates that the stability of the alloy studied here is partly dependent
on the particular phases which are present and which phase transformations are likely to occur. As mentioned
previously, suppressed atomic diffusion due to lower diffusion kinetics in HEAs has been previously reported in
numerous different alloys (Zhang et al., 2014) [44] and this sluggish solute diffusion could be contributing to the
suppression of phase transformations. However, as highlighted by reviews on the topic, Pickering and Jones
(2016) [45] and Miracle and Senkov (2016) [46], there is not yet enough evidence to clearly demonstrate that
atomic diffusion within HEAs is particularly sluggish in comparison to conventional alloys, and it may even be
faster. It is unknown whether sluggish diffusion has played a role in the stability, as suggested by Kumar et al.
(2016) [14] and Yang et al. (2016) [43], as the ion irradiation study in this report was not conducted at elevated
temperatures. In this case, it is proposed that the self-healing effect of HEAs is responsible for the stability of the
multiphase alloy.

Annealed V25Cri.2WMoCoo.04

Whilst the as-cast state is mostly stable against phase changes following ion irradiation, upon heat treatment at
1187 °C for 500 hours, a phase transformation occurred with a further three phases being present in the XRD
patterns (composed of a tetragonal, an orthorhombic phase, and a BCC phase) indicating the alloy did not consist
of equilibrium phases in the as-cast state (Figure 6). The heat-treated BCC phase has a slightly larger refined
lattice parameter (a=3.1105 A) than the phase present in the as-cast alloy (a=3.0348 A) and accounts for 25 wt.%
of the microstructure. The tetragonal phase accounts for 24 wt.% of the structure, is isostructural to V.72No.os and
the Bragg peaks could be well-indexed using a P42/mnm unit cell with a lattice parameter of a=9.111 A and
¢=4.8650 A. The predominant phase with 51 wt.% is an orthorhombic phase comparable to Mno.¢7No 33, Pbna unit
cell, with most of the Bragg reflections indexed to refined lattice parameters of a=6.061 A, b=3.996 A, and
¢=4.898 A. This unexpected phase transformation, not predicted by the CALPHAD method, is evidence that the
as-cast disordered BCC phases were metastable (and therefore their exceptional stability on irradiation cannot be
attributed to them being in an inherently stable state). The validity of the predictive methods employed by Thermo-
Calc have been examined for high entropy multicomponent systems. The thermodynamic database selected for
the calculation of equilibrium phases is of great importance as this will determine which binary and ternary phase
diagrams are used for the Gibbs free energy component of the phase diagram calculation. In this case the SSOL4
(Solid Solutions v4.9) thermodynamic database was chosen for this alloy as it includes all of the relevant elements.
Other available thermodynamic databases: TCFE8 or TCNIS, are more suitable for steels/Fe-based alloys or Ni-
alloys as the experimental data evaluated would be based on the respective elements. Another factor that needs to
be considered is the relevance of the phases included in each database. For example, the TCNIS8 (v8.2) Ni-alloys
database does not include the BCC_A2 disordered phase, whilst the SSOL4 database does. Nevertheless, the
limited accuracy of the SSOL4 database may be demonstrated by the absence of some experimental data
(including quaternary phase diagrams). Nonetheless the predicted phase diagram can be a good starting point for
the alloy design of high entropy alloys. Contrary to this, Tancret et al. (2017) [47] reviewed a range of databases
and their accuracy in predicting stable phases in concentrated alloy space but found there were small discrepancies.



Especially at lower temperatures and of the prediction of smaller concentrations of phases, Thermo-Calc has been
shown to not accurately predict phases present experimentally in as-cast alloys, most likely due to the kinetic
restraints of the computational method (Manzoni et al., 2015) [48]. This demonstrates that, whilst the CALPHAD
method can be a useful tool in the high-throughput approach for the exploration of HEAs, care must be taken in
accepting the prediction of equilibrium phases.

V2.5Cr12WMoCoo.04 also exhibited microstructural changes after heat treatment. From the EDX maps (Figure 7)
Co is still segregated from the other elements post-heat treatment like both the as-cast state and upon irradiation.
Whilst the W-rich dendritic cores remain unchanged, V has diffused out and precipitated in between the dendrites
(Figure 8). These V precipitates are attributed to the tetragonal phase detected in the XRD pattern as this structure
was analogous to the Vo.7:Nio2s phase. Areas of the dendrites which appear to be retained likely consist of Cr-Mo-
W according to the EDX maps, and this is expected to be isostructural to the BCC structure Cro33Wo33Mo00.34
reported from the XRD data. This leaves the remaining inter-dendritic phase, Cr-Mo-Co to be associated with the
majority orthorhombic phase. The tetragonal and orthorhombic phases were kinetically restricted during
fabrication due to high cooling rates of arc-melting. Furthermore, the proposed slow diffusivity of elements in the
multicomponent alloy may have contributed to the suppression of these additional phases. Due to homogenisation
of the alloy, the dendritic structure is much less defined and has become globular and more rounded due to the
reduction of interface area as seen in the back-scattered micrographs (Figure 8).

The water-cooled copper crucible containing the ingot during fabrication induced rapid cooling which most likely
would have suppressed the formation of equilibrium phases, resulting instead in quenched metastable BCC phases
forming in the as cast state. This is also supported by the metastable dendritic microstructure as the formation of
dendrites commonly occurs from the large undercooling where the melt is in contact with the cooled-copper
crucible (although in such complex alloys constitutional supercooling cannot be discounted). For this reason, arc-
melted HEAs frequently display dendritic microstructures in their as-cast state (Licavoli et al., 2015) [49].

Precipitation of V at 0.5 Ty, was not wholly unexpected as it has been previously proposed that HEAs will
decompose into more than one phase upon heat treatment above the solvus temperature (Tsai and Yeh, 2014) [50].
Precipitation of further phases at 1187 °C may not be detrimental to its irradiation resistance at application
temperatures (for example, claddings of a reactor core do not exceed a peak temperature of 700 °C) but indicates
ion irradiation at elevated temperatures is needed if the application temperature is higher. Furthermore, as reported
by Pickering et al. (2016) [51], there are several examples of HEAs which form precipitates at intermediate
temperatures but demonstrate excellent phase stability at higher temperatures. To assess whether the as-cast phases
are either metastable or if further phases are being kinetically restricted, additional prolonged annealing at
intermediate temperatures is required. Even though at the intermediate temperature of 1187 °C the alloy underwent
a phase transformation, the metastable state of the alloy has shown stability against ion irradiation at room
temperature.

Vickers Microhardness

Table 5 shows the hardness values as determined using Vickers Microhardness testing. The exceptionally high
hardness demonstrated by the as-cast alloy is comparable to many reported HEAs (Dang et al., 2018; Long et al.,
2019) [52][53]. In HEAS the atoms are regarded as solute atoms and therefore form saturated solid solutions. This
solid solution strengthening effect enhances the strength of these alloys, in comparison to similar conventional
alloys, by impeding the motion of dislocations. The multi-phase nature of the alloy would also be expected to
contribute to an increase in hardness.

The unexpected decrease in hardness post-irradiation (from 9.47 GPa £ 1.08 to 7.55 GPa £ 0.18 see Table 5) may
be further confirmation of the self-healing of radiation-induced defects and intrinsic material defects. Irradiating
at low temperatures increases the likelihood of both radiation hardening and embrittlement in high entropy alloys
and conventional alloys alike, thus causing a degradation of fracture toughness and increasing the ductile to brittle
transition temperature (Victoria et al., 2001) [54]. This is a direct result of the defect-damaged microstructure that
develops upon irradiation. At low irradiation temperatures (<0.3T.,) considerable hardening is predicted to occur
due to the increase in irradiation defect clusters including dislocation loops which operate as obstacles to the glide
of dislocations (Kumar et al., 2016) [14]. And so, a predicted increase in Vickers microhardness is expected to be
observed post-irradiation as seen by many irradiated HEAs (Kumar et al., 2016; Yeh et al., 2004; El-Atwani et



al., 2019) [14][1][55], yet the softening of the alloy can be further evidence of defect recombination, without these
other hardening and embrittling effects. According to Egami et al., [8] the recrystallisation of the radiation-induced
melt unexpectedly causes a reduction in hardness due to defect recombination ‘healing’ any intrinsic defects,
leading to less mobile dislocations. The phase stability of the alloy suggests that this is not entirely the case for
V2.5Cr12WMoCoo.04. The decrease in hardness is more favourable than embrittlement for structural materials,
however the long-term effect of a decrease in hardness is unknown as it is only theorised that self-healing is the
responsible mechanism.

A recent study has attributed the decrease of hardness post irradiation at a dose of 1.0 x 10'® He* ions per cm? to
an exfoliation of the surface of CoCrFeCuNi in addition to recovery induced by a long-term thermal spike (Wang
et al., 2018) [56]. This is consistent with helium ion implantation, where regions of the implantation surface
completely detach from the alloy due to the deformation caused by the intersection and agglomeration of helium
ions at the surface. As expected, there is no evidence of exfoliation of the implanted layer in V2 5Cri2WMoCoo.04
upon Au* irradiation. Instead, the annealing of any defects is most likely responsible for the decrease in hardness
post-irradiation.

After heat treatment there was an increase in overall hardness (from 9.47 GPa + 1.08 to 10.41 GPa + 0.20) which
can be attributed to the precipitation hardening seen from SEM micrographs due to the formation of V precipitates.

4. Conclusion

The metastable as-cast state of the alloy has shown excellent phase stability against 5 MeV Au* ion irradiation of
doses up to 42 dpa. SEM micrographs highlight no change in microstructure post-irradiation and EDX maps show
no further elemental segregation. In the as-cast state a single BCC crystal structure detected by XRD is speculated
to consist of two similar microsegregated disordered BCC phases. GI-XRD has shown that post-irradiation, 96
wt. % of this original BCC structure is preserved with the remaining 4 wt.% phase transforming into a similar
BCC phase with a slightly larger lattice parameter. This preservation has been attributed to the self-healing effect
due to the multiphase nature of the alloy. Following ion implantation, V,5Cri,WMoCogos demonstrated
exceptional resistance against radiation hardening and embrittlement which may be due to self-healing and
recombination of radiation-induced defects. The formation of three phases, BCC, tetragonal, and orthorhombic in
crystal structure, post-heat treatment indicate that the alloy was only metastable in the as-cast state. However, this
metastable state has shown to possess superior irradiation resistance.

The exceptional phase stability of the V25Cri2WMoCopos demonstrates the need for further research into
multiphase HEAs and other multicomponent systems due to the uncertainty it raises over previous theories that
only single-phase microstructures are desirable for radiation damage tolerant structural components.
V2.5Cri2WMoCoo.04 proves to be a very promising alloy as shown by the resistance to radiation damage and phase
stability against ion irradiation.
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Table 1. The calculated thermodynamic parameters for V,sCr; WMo in addition to the boundary conditions
stated in literature for the formation of a solid solution

Q o ASmix AHmix VEC
Literature >1.1 0-8.5 11-19.5 -22-7 <6.87 for BCC
V2.5Cr1.2WM 247 32 10.8 -0.92 5.6
0
Table 2. Calculated AHnix values for the binary pairs of VCrMoW using Miedema’s model.

Cr Mo W

v -2 0 -1

Cr X 0 1

Mo - X 0

Al - - X

Table 3. Crystal Structures identified for the binary and ternary phases (at several isotherms) of V2.5Cr1.2WMo




System Solid Solution Phase Intermetallic compounds
V-Cr BCC -
V-Mo BCC -
V-W BCC -
Cr-Mo BCC -
Cr-W BCC -
Mo-W BCC -
V-Cr-Mo BCC -
V-Cr-W BCC -
Cr-Mo-W BCC -

Table 4. Measured elemental composition (in atomic percentage) of the alloy using XRF data. The melting
temperature, Tn, lattice constant, a, for each pure element in the alloy, as well as calculated and experimental
alloy averages. The density of each pure element and calculated density, p, for the alloy is also displayed.

V (at%)
Elemental 434
composition
(at%)
Tm (°C) 1910
a (pm) 303

p (gem™) 6.11

W (at%)

17.11

3422

316.5

19.25

17.11

2623

314.7

10.28

Mo (at%)

Cr (at%)

21.75

1907

291

7.19

0.635

1495

250

8.9

Co (at%) Alloy calc. Alloy

exp.
2277 -

302.65 -
9.647 10.94




Table 5. Measured Vickers microhardness values (GPa) of V,5Cr; s WMoCoy 04 in the as-cast, irradiated, and heat-
treated state.

Vickers Microhardness

(GPa)
As-cast 9.47 £ 1.08
Irradiated 7.55£0.18
Heat-treated 10.41 +1.20

Table 6: Refined lattice parameters and space groups of crystal structures acquired from least squares refinement.

Crystal Structure Space Group Refined lattice
parameter (A)

As-cast BCC Im-3m a= 3.0348(7)
Irradiated BCC 1 Im-3m a= 3.0594(14)
BCC2 Im-3m a= 3.1603(7)
Heat-treated BCC Im-3m a=3.1105(10)
Orthorhombic Pbna a=6.0610(5)

b=3.9960(4)

¢=4.8980(3)
Tetragonal P42/mnm a=9.1110(23)

c=4.8650(17)



Figure 1: Damage profile calculated using the SRIM code

Figure 2: (a, c¢) Backscattered electron images of different regions in as-cast V,5Cri 2 WMoCog g4, (b, d) showing
the same regions after 5 MeV Au* ion irradiation depicting that no microstructural changes have taken place. The
post-irradiation alloy still displays the same dendritic microstructure, indicating stability of the elemental
segregation of the as-cast state.

Figure 3: BSE image and EDX maps of the same region in (a) as-cast and (b) irradiated

V2.5Cr12WMoCog 04

Figure 4: XRD patterns of as-cast V25Cri2sWMoCoo.04 and 5 MeV Au* ion irradiated V25Cri 2 WMoCog 4. The
filled and unfilled circles denote the two BCC phases present in irradiated V»5Cri s WMoCog 4, Where the red
filled circle denotes the as-cast BCC phase mostly retained post-irradiation.

Figure 5: Predicted Thermo-Calc property diagram, indicating the formation of two ordered BCC_A2 phases to
be present in V25CrisWMoCoos. The first BCC_A2 phase to be formed is stable over a wide range of
temperatures, indicating a single-phase is likely to be present in the alloy.

Figure 6: XRD patterns of as-cast V25Cri2WMoCog.4 and heat-treatedV, sCri 2WMoCog .04 (1187 °C

for 500 hours). The circles, squares and triangles above heat-treated V2.5Cri2WMoCog.o4 correspond

to the BCC, tetragonal, and orthorhombic structures of the phases present.

Figure 7: BSE image and EDX map of the heat treated V,5Cri2WMoCog.04

Figure 8: BSE images of different regions in pristine V25Cri 2WMoCoo.04, (a, ¢) comparable regions to those in
(b, d) respectively after heat treatment for 500 hours at 1187 °C.



