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Abstract

As emergent material candidates for extreme environments, refractory high-entropy alloys
(HEAsS) or refractory multi-principal-element alloys (RMPEAs) comprising refractory met-
als feature qualities such as high radiation tolerance, corrosion resistance, and mechanical
strength. A set of MoNbTi-based RMPEA samples with Al, Cr, V, and Zr additions are
prepared by spark plasma sintering and investigated for their response to irradiation using
10 MeV Si* ions with a dose of 1.43 x 10'° ions/cm?. Positron annihilation spectroscopy
and transmission electron microscopy are employed as atomic- and meso- scale techniques
to reveal how chemical complexity, nanotwinning, and phase fractions play an important
role in radiation-induced defect accumulation and damage tolerance. The study provides
experimental evidence of nanotwinning acting as an effective sink for radiation-induced
point defects.

Keywords: chemical complexity; nanotwinning; phase fractions; positron annihilation
spectroscopy; transmission electron microscopy

1. Introduction

Refractory multi-principal-element alloys (RMPEAs) or high-entropy alloys (HEAs)
continue to attract significant interest, owing to their remarkable durability in extreme
environments [1-4]. Broadly speaking, several configurations of high-entropy alloys have
shown favorable material response such as mechanical strength [5-7], thermal stability,
radiation tolerance [8-10], and corrosion resistance [11]. Naturally, when these alloys
are composed of refractory elements, RMPEAs are ideal material candidates for appli-
cations such as turbine components of aircraft propulsion systems, corrosive conditions
during manufacturing processes, or highly radioactive environments such as plasma-facing
components in a fusion reactor.
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The selected elements (namely Mo, Nb, Ti, Al, Zr, and Cr) for this set of RMPEAs are
based on their ability to form simple crystal phases such as body-centered cubic (BCC),
hexagonal-closed packed (HCP), and face-centered cubic (FCC) structures [12,13]. During
the design of these alloys, the goal is to maximize configurational entropy such that the
alloys exhibit properties such as severe lattice distortion, sluggish diffusion, and cocktail
effects [14]. Common strategies in the design of these alloys include using refractory
materials for their high-temperature properties, exploring chemically complex mixtures to
reduce defect mobility, and producing equiatomic solutions to maximize the entropy of
mixing [15].

The MoNbTi family of RMPEAs has been extensively investigated for mechanical
properties [16] and high-temperature resistance [17,18], however, there is little work in the
literature on probing radiation-induced atomic-scale defects in RMPEAs, a regime where
damage to the microstructure can also significantly alter the final state of the material. This
work employs positron annihilation spectroscopy (PAS), which encompasses a set of well-
known non-destructive techniques for probing atomic-scale vacancies at concentrations as
low as 0.1 ppm. For a detailed review on PAS, see Selim 2019 [19]. The two methods utilized
here to investigate atomic-scale defects are positron annihilation lifetime spectroscopy
(PALS) and Doppler broadening spectroscopy (DBS). These techniques have been combined
in previous works with other material characterization methods such as transmission
electron microscopy (TEM) [20] and atomic probe tomography (APT) [21] to give insights
on the fundamental mechanisms of radiation damage in Fe and FeCr. Although the body
of work is limited, a growing number of studies performed using PAS on high-entropy
alloys have been conducted [22-25]. In high-entropy configuration materials, early TEM
studies have shown that increasing chemical disorder leads to a reduction in damage
accumulation [26]. The current work applies PALS and DBS to investigate the effect
of chemical disorder on early stages of radiation damage; it investigates a set of spark
plasma sintering (SPS) samples based around a ternary composition (MoNbTi) alloyed
with different ratios of Al, Cr, V, and Zr.

While several permutations of the additional elements V, Cr, Zr, and Al can be consid-
ered, the sets of alloys are chosen based on several factors such as SPS fabrication feasibility.
Otherwise, many of these elements, individually or alloyed, are considered based on proven
functionality in reactor environments. Therefore, it is worthwhile to test whether their
performance in radiation extremes can be extended to RMPEAs. For instance, Zr is a well-
known alloying element for cladding materials such as Zircaloy and ZIRLO. Vanadium
alloys have shown resistance to void swelling [27]. Moreover, Al additions, particularly
in Cantor alloys, have also demonstrated reduced volume swelling [28]. Several studies
suggest that adding Al promotes structural stability and tolerance against radiation [29-31],
by way of inducing BCC ordered phases. Finally, Cr is commonly found in structural steels
and is especially resistant to oxidizing environments.

For convenience, the five samples in this work will be referred to throughout the paper
as follows: MoNDbTi (base), MoNbTiZr (base + Zr), AIMoNDbTi (base + Al), CrMoNbTiV
(base + CrV), and MoNbTiVZr (base + VZr). Microstructural analysis on the as-cast alloys
using X-ray diffraction and TEM revealed that these alloys have varying fractions of single-
phase BCC, dual-phase BCC, and BCC + Laves solid solutions [32]. Here we investigate
how these phase structures and chemical disorder affect radiation-induced defects in these
RMPEA systems and their radiation response. To help the reader with the interpretation
of the positron data, the following section provides a brief introduction of defect analysis
by PAS.

When implanted into a sample, positrons rapidly thermalize, diffuse, and annihilate
in either a Bloch state or a defect state. At room temperature, single atom vacancies
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bind positrons within a potential well with a typical binding energy of ~1 eV, enough
to keep positrons trapped until they annihilate. This positron trapping at defects leads
to characteristic changes in the measured annihilation parameters using PALS and DBS.
In PALS measurements, positrons have characteristic lifetimes based on factors such as
elemental specificity [33] and atomic-scale defect structures [34]. The positron lifetime
spectrum can be described by the sum of states i,

N(t) = kf Iliexp(f) ,

where 1; are the individual lifetime components deconvoluted from the spectrum with I;
being their related intensities. Using non-linear fitting procedures, these individual lifetime
components can be extracted and be used to identify defect size and types [34]. DBS
parameters are obtained by quantifying the broadening of the e*—e™ annihilation gamma
peak which is centered at 511 keV. The broadening of the 511 keV peak is dominated by the
momentum distribution of the electrons in the lattice [35,36]. That is, since the positrons
are thermal, the shift in energies from the annihilation gammas is largely dominated by the
momentum distribution of the electrons. As a result, the width of the 511 keV peak can be
compartmentalized into the so-called shape (S) and wing (W) parameters. The S parameter
is associated with the annihilation of low-momentum valence electrons and is proportional
to the defect content of the material system [37]. The W parameter is related to annihilation
contributions from the high-momentum core electrons [38].

2. Experimental Methods
2.1. Sample Preparation and Irradiation

The samples were prepared by California Nanotechnologies using spark plasma
sintering (SPS) with an SPS 7.40 MKIV unit [32]. To achieve a chemically homogenous
mixture and maximize potential defect sinks, the high-purity powders were cryogenically
milled to ensure grain sizes less than 1 um. The elemental compositions of each RMPEA are
provided in Table 1. For a comprehensive analysis describing density, chemical composition,
lattice parameters, and fabrication of these RMPEAs using SPS, see Beausoleil et al. [32].
Samples were found to be heterogeneous with nanograined microstructures. They contain
large grain sizes of about 1 um, with smaller 200 nm grains in between. The addition of
light elements such as Al decreases the overall density of the system, forming BCC + FCC
phases and BCC + B2 two-phase structures [30].

Table 1. The elemental composition of the as-cast samples used in this study.

RMPEA Mo Nb Ti \Y Cr Zr Al
MoNbTi 32% 31% 37%
AIMoNDbTi 37% 35% 18% 10%
MoNbTiZr 22% 25% 30% 23%
CrMonbTiV 17% 18% 21% 22% 22%
MoNbTiVZr 18% 19% 21% 24% 18%

Sample irradiation was conducted at the Ion Beam Laboratory at Sandia National
Laboratoryusing a 3 MV tandem accelerator. Si ions were used to induce damage with a
fluence of 1.43 x 10'® ions/cm? at 10 MeV to avoid introducing Si impurities into the lattice.

2.2. Microstructural Characterization

The fabricated specimens were mechanically polished and lift-out samples were pre-
pared using a focused-ion beam (FIB) with an FEI Quanta 3D FEG Dual Beam scanning
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electron microscope (SEM) (Thermofisher Scientific, Waltham, MA, USA). Characterization
was performed with an FEI Talos 200X transmission electron microscope (TEM) (Ther-
mofisher Scientific, Waltham, MA, USA) to obtain high-angle annular dark-field (HAADF)
images, selected area electron diffraction (SAED) patterns, and chemical analysis through
scanning transmission electron microscopy (STEM) (Thermofisher Scientific, Waltham, MA,
USA) energy dispersive spectrometry (EDS).

2.3. PAS Measurements

Variable-energy PALS measurements were performed at the Helmholtz-Zentrum
Dresden-Rossendorf (HZDR) laboratory, using the Electron LINAC with high Brilliance and
low Emittance (EBLE) facility in Dresden, Germany [39,40]. The measurements were carried
out at the end station of the mono-energetic positron source (MePS). Incident positron
energies were from 0.5-12 keV. Variable-energy DBS measurements were performed at
the HZDR’s SPONSOR beamline [41,42]. Positron implantation energies ranged from
0.5-35 keV for depth profiling measurements up to ~1.6 um, subject to material densities.
For DBS, high-purity germanium (HPGe) detectors were used to record the energy of the
annihilation photons with energy resolution of 1.09 keV.

3. Results and Discussion
3.1. Microstructural and Phase Analysis

Figure 1a represents the bright field (BF) and HAADF micrographs and elemental
distribution maps of MoNDbTi alloy. The alloy showed a bimodal grain size distribution
(micro- and nanorange) as might be the case for many alloy systems processed through
non-equilibrium processing techniques like powder metallurgy followed by SPS. The three
base elements (i.e., Mo, Nb, and Ti) mix homogenously throughout the matrix as shown
in Figure 1 except for a few grains that are rich in Ti, which is attributed to its contrasting
crystal structure from that of Mo and Nb. Figure 1b shows the selected area electron
diffraction (SAED) analysis from the matrix phase which confirms its BCC structure along
the [3 3 1] zone axis (ZA) with lattice parameter of a = 3.22 A. Figure 1c depicts the SAD
analysis from the Ti-rich phase confirming its HCP structure with lattice parameters of
a=295A;c=469 A along the [110] ZA.
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Figure 1. (a) Microstructural and microchemical analysis of MoNbTi alloy showing the existence of
matrix and Ti-rich phases; (b,c) respective SAED analyses of matrix and Ti-rich phase.

With the existence of Zr in MoNbTiZr alloy (Figure 2), Ti tends to mix into the solid
solution with Mo and Nb, while Zr segregates on its own which may be due to the fact that



Metals 2025, 15, 989 50f 15

Zr is the element with highest atomic radius to be adopted into the BCC unit cell. However,
the preference of Ti to sometimes segregate along with Zr is also observed in Figure 2.

Figure 2. Microstructural and microchemical analysis of MoNbTiZr alloy showing the existence of
matrix and microsegregation of Ti along with Zr.

MoNbTiCrV alloy resulted in a comparatively simpler microstructure with a near
homogeneous matrix along with the presence of Cr (Nb, V) and Ti (V)-rich phases as can be
observed in Figure 3a,d. The respective SAED analyses of these phases have been presented
in Figure 3b,c,e which confirm the crystal structure of these phases to be BCC, Tig 92V 080
type FCC oxide, and Cry 7V 3Nb type C15 Laves phase (FCC).
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Figure 3. (a,d) STEM-EDS elemental maps of (base + CrV) alloy showing the existence of matrix,
Ti- and Cr-rich phases; (b,c,e) respective SAED analyses of the matrix, the blue circle indicates the
region from where the SAD pattern (e) was taken. Ti- and Cr-rich phases showing their BCC, FCC,
and C15 structures.
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Figure 4 shows the elemental distribution maps of (base + VZr) alloy which shows
segregation of (Mo, Nb, V) in the matrix and (Ti, Zr) towards the second phase. The
respective SAED analyses of these phases in (b, c) confirm their crystal structures of BCC
and HCP, respectively.

(a) [-11-21BCC (b)
(3-1-2)
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Figure 4. (a) STEM-EDS elemental maps of (base + VZr) alloy showing the existence of matrix and
TiZr-rich phases; (b,c) respective SAED analyses of the matrix and Ti-rich phases showing their BCC
and HCP structures.

3.2. Defect and PALS Analysis

In this work, PALS and DBS measured as a function of implantation energy and depth.
The mean positron implantation depth (z) is dependent on several physical factors and is

calculated as follows:

A
z) = —E,"
@ = 2E,

Ey is the beam energy, p is the material density, and A and n are empirically determined
material dependent parameters. The positron implantation depths are calculated by averag-
ing (z) across all RMPEAs based on the model developed by Ghosh et al. [43]. The density-
averaged implantation depth as shown in Figure 5 is utilized in subsequent analyses.
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Figure 5. (a) Mean implantation depths calculated at selected energies for each RMPEA. The dashed
line represents the calculated average implantation depths across all RMPEAs. (b) SRIM simulation
performed for the base + VZr alloy irradiated with 10 MeV Si.

Since there are no computational or theoretical bulk lifetimes calculated for these
RMPEAs, estimates of the bulk lifetimes are calculated as the average lifetimes weighted by
the constituent elements of each RMPEA system. The experimentally determined values
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for bulk and monovacancy states for the pure elements are provided in Table 2, along
with the calculated lifetime estimates of the RMPEAs. In Figure 6, depth-resolved PALS
measurements using a monoenergetic pulsed beam at implantation energies up to 12 keV
provide the first lifetime component for both as-cast and irradiated samples and are plotted
as a function of implantation energy and implantation depth.

Table 2. Positron Lifetime values for defect-free constituent elements, compiled experimentally by
Robles et al. and is adapted from Ref. [33]. The lifetimes of the pure elements are used to estimate
bulk (7,404 ) and monovacancy (Tim,avg) lifetimes of each RMPEA.
Element Bulk (ps) Monovacancy (ps) RMPEA Estimated T g5 Estimated T, 1o
(ps) (ps)
Mo 106 170 MoNbTi 126.62 201.64
Nb 120 210 MoNbTiZr 136.04 214.46
Ti 150 222 AIMoNbTi 124.72 200.76
\% 124 191 MoNbTiVZr 132.66 208.32
Cr 120 150 CrMoNbTiV 124.80 210.78
Zr 164 252
Al 165 244
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Figure 6. The first positron lifetime components and their associated intensities before irradiation
(a,b) and after irradiation (c,d). For base + Zr, note that data points beyond 6 keV are missing due to
beamline issues, however, since the lifetime begins to plateau, we assume 17 to be in the neighborhood
of 203 ps.

The shortest-lived lifetime component, 71, measured for each of the RMPEAs is sig-
nificantly longer than 7 ;,¢, the estimated lifetime for annihilation in the bulk (defect-free
region). This indicates that all positrons annihilate from defect states [34]. The first lifetime
component 71 may be a mix of two components from annihilations in monovacancy and
dislocations [24] that cannot be resolved.
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3.3. DBS Analysis

Figure 7 shows the S(E) defect parameters for the RMPEA systems in the as-cast and
irradiated samples along with the mean penetration depth, (z). Sharp increases in the
magnitude of S(E) within the range 5-50 nm can be attributed to the transition between
the interface of an oxide layer and the sample surface. Moreover, surface interactions for
backscattered positrons and their diffusion back to the surface of the material at lower
energies can also explain the sharp changes in S parameters from 3-5 keV.

Mean Implantation Depth, (z) (nm)

0 68 210 406 647 929 1248 1602 0 68 210 406 647 929 1248 1602
. L R S L L T T T T : T . T
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Figure 7. Doppler broadening S(E) profiles for (a) as-cast and (b) irradiated samples representing
defect content as a function of energy and depth.

3.4. Characteristics of Defects in As-Cast Samples

Figure 8a shows 1 lifetime components for as-cast samples which correspond to
monovacancies and small vacancy clusters. There are two distinct groups in terms of
monovacancy content, namely: base + CrV and base + VZr with 1, values of about 200 ps.
Meanwhile, the base + Al and base + Zr systems exhibit much longer 1; lifetimes, at ~400 ps,
indicating the presence of larger vacancy clusters. Overall, vacancy content appears to
trend with HCP-rich phases, in order of increasing HCP fractions.

S(E) profiles show significantly different defect characteristics across all RMPEAs
with changes in chemical complexity. Before irradiation, the RMPEA systems show a
large concentration of defects near the surface which is reflected by the peaks in the
S(E) profiles near the surface, at mean depths of around 7-68 nm. Before irradiation,
the S defect parameter generally decreases as a function of depth since positrons probe
through a thin oxide layer around 20-50 nm thick, a high defect content sub-surface
around 50-170 nm, and eventually approach the values measured in the bulk of the sample
(>170 nm). Although oxidation and corrosion are not the focus of this study, it should be
mentioned that the RMPEAs with Al and Zr additions likely have a monolayer of oxidation
which is consistent with the higher S values on the surface [44]. Structural characterization
of these RMPEAs presented above revealed multi-phase compositions of BCC1, BCC2,
and intermetallic C15 Laves. It can be seen from Figure 7 that S parameters are lower for
alloys that mostly comprise BCC elements, the lowest being base + CrV, containing a BCC1
phase fraction of 90%. The RMPEAs with larger S(E) profiles indicate a greater presence
of open volume defects in systems with increasing HCP or FCC phase fractions, in this
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case base + Al and base + Zr. The two highest BCC1 phase fractions are the base alloy and
base + CrV.

Mean Implantation Depth,(z) (nm)
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Figure 8. 7, lifetimes for (a) as-cast and (c) irradiated samples and their intensities (b) and (d),
respectively. In practice, about 2 or 3 lifetime components are measurable, however, the intensity
components of base + Al and base + Zr appear to be weak but are non-zero.

S-W analysis of valence and core annihilation parameters of the alloys are shown in
Figures 9 and 10, and the labels on the figures show how defect structure changes with
increasing depth, indicated by the direction of the arrow in the first plot (base + VZr and
base + CrV). The base + VZr and base + Al alloys have much larger W defect parameters
than the other RMPEAs. It should be noted the extended ranges of W parameters are
largely attributable to the surface region. This effect can be described by an oxidation and
corrosion layer that has formed on the surface of the base + VZr and base + Al alloys [45].

1.03 S

" Sub-Surface| g MoNbTIVZE
1.02 F WV O  CrMoNbTiV

[ MoNbTi 1
1.01 |- \ % v AIMoNbTi =
I 8 a MoNbTiZr 1

Bulk

0.99 - -

S/ Sbulk

0.98 | ° -
L v o
0.97 |- -
L Surface 1
0.96 |- -

0'95-....I........I....I....
0.90 0.95 1.00 1.05 1.10 1.15

W/ Wbulk

Figure 9. Bulk normalized S-W curves for as-cast RMPEAs. The surface, sub-surface, and bulk labels
serve as a guide for identifying distinct regions within the sample. The arrows indicate the direction
of increasing positron implantation energy. The datum at (1, 1) marks positron implantation in the
sample bulk, measured at 30.05 keV.
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Figure 10. (a) Lifetime measurements featuring 7; and 1 lifetime components, plotted as a function
of chemical complexity for as-cast and irradiated samples. (b) DBS S-parameter measurements as a
function of chemical complexity.

Both base + VZr and base + CrV systems show significant differences between their
S-W surface states with W/ Wy,x parameters that are proportional to higher Z elements. In
this case, Z = 24 for Cr and Z = 40 for Zr. Apart from base + Al, all other RMPEAs do not
exhibit a significant change in defect structure as other alloying elements are added. Many
of these RMPEAs already begin with a high defect content as indicated by saturation of
positron trapping revealed from PALS measurements. Positron parameters sampled at 100,
200, and 650 nm are plotted in Figure 10 across the five samples to show how they vary due
to chemical composition. At a positron implantation energy of around 10 keV, the mean
depth corresponds to ~200 nm for each alloy.

3.5. Characterization of Defects in Irradiated Samples

As expected, the ion-induced radiation damage significantly alters the microstructure
of the RMPEAs, which is reflected in the large differences between the as-cast and irradiated
RMPEAs across several positron parameters. The irradiated S(E) profiles show a significant
increase in defect content in most samples with some exceptions. The TEM analysis revealed
that the pristine base sample has a large BCC1 phase along with nanotwinning effects with
Ti HCP grains (Figure 11) that were not present in the more complex alloys. An atomic
simulation study performed on Ti grains by K. Siemek showed that these nanotwinned
structures are integral to radiation tolerance with evidence of self-healing properties [46].
The irradiated base MoNbTi exhibits consistent S values throughout the depth suggesting
that the defects are homogenously distributed throughout the layers. This alloy after
irradiation exhibits relatively low S values indicating low defect contents, accompanied
by an increase in the defect lifetime component 1, without an increase in its intensity.
This implies an increase in the size of the original vacancy clusters without inducing new
vacancy clusters after irradiation. This interpretation is due to the presence of nanotwins
which may facilitate recombination of interstitials and vacancies. This result provides
experimental evidence on how nanotwins may change the formation and evolution of
radiation-induced defects.
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Figure 11. TEM BF image of base alloy showing nanotwins along with STEM-EDS map showing Ti
enrichment in the phase.

Another way to visualize the radiation response of the RMPEAs is by plotting the
difference in S parameters, AS, between the as-cast and irradiated samples as shown in
Figure 12. The AS values are expected to be positive since irradiation generally increases
the defect content in a material, whereas negative AS trends may indicate a decrease in the
original defect content, which is seen at all depths in the case of the base + VZr alloy. As
mentioned earlier, the MoNbTi alloy shows relatively low defect contents after irradiation,
meanwhile, the base + Zr additions also show a similar behavior. In the VZr system,
at all implantation energies, the lifetime components and S parameters for the as-cast
MoNDbTiVZr system remain consistently higher than those of the irradiated samples.
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Figure 12. Change in overall defect content after irradiation plotted as a function of energy and depth.
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Defect shrinking in MoNbTiVZr can also be seen in Figure 6, Figure 7, and Figure 10
where both the first lifetime component and S defect parameters show lower values in the
irradiated RMPEA. However, the case is not the same for the second lifetime component of
the MoNbTiVZr system. This suggests that smaller vacancy clusters are being recombined
into larger defects but also reduces the overall defect content in the system. Another
instance of shrinking of defect size is in AIMoNbTi, where Figure 10 show regions of lower
T, values after the sample is irradiated. Moreover, the S-W analysis of the VZr alloy in
Figure 13 shows that the point after irradiation deviates slightly from the fitted line of
the as-cast sample, signaling some change in the defect structure after irradiation at the
positron implantation depth of 10 keV. This behavior combined with the decrease in S value
indicates that the original defects in the sample may act as sinks for radiation-induced
defects. Finally, Figure 7 shows that the VZr system which has the most HCP phase (about
40%) exhibits S values meaning larger defect content in the as-cast samples. These original
defects seem to act as defect sinks for radiation-induced defects.

__MoNbTiZr
0580 HP“:. = as-cast E
% « irradiated
LN
= 0575 | AIMONbTi ! |
Q CrMoNbTiV
45 MoNbTize — " 1g#
% 0.570} / 3 ]
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Figure 13. S-W plots for as-cast samples and irradiated samples measured at et implantation energy
of 10 keV. The linear fits are calculated to highlight the evolution of defect structure as a result of
damage induced by 10 MeV Si™ ions. Since S-W curves of both as-cast and irradiated samples have
different slopes this indicates a change in defect structure after irradiation. Adapted from ref. [30].

4. Conclusions

Defect studies by PAS were performed on samples of MoNbTi-based multi-principal-
element alloys fabricated by spark plasma sintering. Using PALS and DBS measurements,
we observe how chemical complexity alters the microstructure of these alloys before and
after irradiation. Measurements performed on as-cast samples show a high level of defect
content attributed to severe lattice distortion and multi-phases created during the SPS
fabrication process. Al and Zr additions to the base alloy led to the formation of an oxide
layer on the sample surface. As expected, all RMPEAs show changes following irradia-
tion. However, the RMPEASs fabricated with microstructures that include Zr additions
or nanotwinning (namely, the base, base + Zr, and base + VZr alloys) show evidence of
radiation resistance. The mechanisms behind the higher radiation resistance have been
explained as follows. In the case of Zr alloys, the addition of Zr led to the formation of HCP
phase and a high level of vacancy clusters in the as-cast samples which act as sinks for both
interstitials and vacancies. This is evident by the increase in the size of the vacancy clusters
and the decrease in their numbers after irradiation. For the samples with nanotwins, the



Metals 2025, 15, 989 13 of 15

mechanism behind radiation resistance is explained by the role of nanotwins to act as
recombination centers for interstitials and vacancies during collision cascades.
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