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Abstract

This study characterizes the microstructural evolution of single-phase complex concentrated
solid-solution alloy (CSA) compositions under heavy ion irradiation with the goal of evaluating
mechanisms for CSA radiation tolerance in advanced fission systems. Three such alloys,
CrisFe27Mn27Nizs, CrisFessMnisNiss, and equimolar NbTaTiV, along with reference materials
(pure Ni and E90 for the CrFeMnNi1 family and pure V for NbTaTi1V) were irradiated at 50 K
and 773 K with 1 MeV Kr"™" ions to various levels of displacements per atom (dpa) using in-situ
transmission electron microscopy. Cryogenic irradiation resulted in small defect clusters and
faulted dislocation loops as large as 12 nm in face-centered cubic (FCC) CSAs. With thermal
diffusion suppressed at cryogenic temperatures, defect densities were lower in all CSAs than in
their less compositionally complex reference materials indicating that point defect production is
reduced during the displacement cascade stage. High temperature irradiation of the two FCC

CSA resulted in the formation of interstitial dislocation loops which by 2 dpa grew to an average
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size of 27 nm in CrigFe2sMn27Nizg and 10 nm in CrisFessMnisNiss. This difference in loop
growth kinetics was attributed to the difference in Mn-content due to its effect on the nucleation

rate by increasing vacancy mobility or reducing the stacking-fault energy.
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1. Introduction

Fast-reactor cladding and ducts require alloys that are resistant to void swelling up to several
hundreds of displacements per atom (dpa), maintain adequate creep strength up to 650 °C and
fracture toughness at 320 °C or less, and exhibit strong corrosion resistance in liquid sodium or
liquid lead-alloy coolants. Because of unacceptable levels of void swelling in 316 stainless steel,
the focus for cladding and duct applications has been ferritic-martensitic (F-M) steels. Based on
corrosion resistance, fracture toughness, and void swelling considerations, 9Cr steel has been
favored over HT9 for the next generation cladding and duct application for fast reactors. Further
optimization led to the consideration of compositionally optimized austenitic alloys such as D9
as well as G92 ferritic-martensitic steels [1, 2]. On account of its austenitic structure, D9 is not
expected to have adequate swelling resistance after hundreds of dpa while HT9 and G92 have
not been tested in excess of 200 dpa [3] and have shown a dramatic decrease in mechanical
properties after testing in liquid Na at 650 °C [4]. In addition, HT9 has limited resistance to creep
and creep fatigue above 550 °C [5]. Oxide dispersion strengthened (ODS) ferritic-martensitic
steels show promise [2], but fabrication of claddings of this material at reasonable cost in

sufficient volumes, and with predictable and reproducible properties continues to be a significant



challenge. Overall, the deployment of fast reactors is currently limited partly by the development
of materials which can sustain radiation damage at high levels of dpa to meet the necessary
safety and economic criteria for licensing and commercialization. It is therefore necessary to
explore new alloy compositional designs, outside the paradigms of ferritic and austenitic steels,
such as high-entropy alloys (HEAs). HEAs represent a radical departure from traditional alloy
design, which has historically involved a single principle alloying element with small additions
(<20 at% of alloying elements) to tailor corrosion or mechanical properties [6]. HEAs typically
consist of four or more elements, with no single element having a concentration less than 5 at%
or higher than 35 at%, which may lead to a random configuration of atoms on lattice sites [7, 8].
If the configurational entropy is sufficient to stabilize a single phase, the alloy may be considered
a CSA (complex concentrated solid-solution alloy) [9, 10]. However, even in a single-phase CSA
the configuration may not be entirely random, as it has been shown that short range chemical
order in HEAs may also drive the stability of a single phase [11-13]. CSAs based on 3d transition
metals (FCC) and light refractory metals (BCC) exhibit strength comparable to SS316 and
Inconel 718, respectively, and with acceptable ductility [7, 14]. CSAs composed of various
refractory metals, such as TiVTa-based alloys, have shown good compressive strength at high

temperature and acceptable tensile ductility at room temperature [15].

In addition, atomistic modeling and experiments suggest that certain CSA compositions possess
inherent resistance to radiation damage effects, such that CSAs may show potential for
replacement of conventional alloys, or at least their base matrices, in nuclear systems. It is well
understood that microstructural changes under irradiation are driven by point defect
accumulation and influenced by the spatial distribution and mobility of individual point defects

and defect clusters after the end of a damage cascade. CSAs were first believed to possess



intrinsic resistance to radiation damage owing to their highly disordered solid-solution matrix
resulting in sluggish mass diffusion due to an inherently strained lattice, which would limit the
densities of irradiation-induced 2D/3D defects [16]. While some CSAs have shown an increase
in resistance to irradiation effects as function of compositional complexity, these properties are
not simply dependent on the number of alloying elements and the resulting disorder, but rather
on the interactions which take place between cascades, defect clusters, isolated defects, and sinks
[6, 17-20]. Kumar ef al. were able to show that the FCC CSA CrsFe27Mn27Nizg experienced no
swelling after 10 dpa Ni*" ion irradiation at 700 °C [14]. Chen et al. showed that hardening
effects and microstructural evolution as a function of dose in CoCrFeMnNi and Alp3CoCrFeNi
were comparable to SS316H at 300 °C [21]. Li ef al. also showed similar effects in
CrisFe2;Mn27Nizg compared to conventional austenitic FeNiCr alloys under neutron irradiation
[22]. This would suggest that compositional complexity influences radiation damage tolerance to
a similar degree as alloying SS316 with Ti, Si, P, and native precipitates [23]. Beyond austenitic
stainless steels, microstructural evolution of body-centered cubic (BCC) F-M steels under
irradiation are detailed in [24], although these results are likely not entirely applicable to light-
refractory BCC HEA, especially those with a single phase. Light refractory CSAs are of interest
because of their larger variation in atomic sizes and masses and therefore greater lattice
distortion, as well as the inherent lower steady state swelling rate of the BCC structure.
Increasing recombination within the displacement cascade or reducing single-defect or defect-
cluster mobility are proposed mechanisms to explain this radiation damage resistance [25-31].
However, experimental studies are needed to determine if the radiation resistance of CSAs is

driven by different energy deposition during the thermal spike and/or different post-cascade



point defect mobility. Possible answers lie in the CSA microstructural evolution with irradiation

dose and temperature.

This study focuses on the characterization of the microstructural evolution of multiple CSA
compositions under heavy ion irradiation with the goal of identifying the active mechanisms
which lead to radiation damage tolerance. Experiments were performed using in situ heavy ion
irradiation under transmission electron microscope (TEM) at the Intermediate Voltage Electron
Microscope (IVEM)-Tandem facility at Argonne National Laboratory (ANL), which allows for
the evolution of the microstructure to be observed while maintaining precise control of dose,
dose rate, imaging condition, and irradiation temperature. Selected compositions from the
CrFeMnNi and NbTaTiV systems were irradiated in situ up to ~2 dpa at 50 K and 773 K and
compared to structurally similar but less compositionally complex reference materials. The two
experiment temperatures are intended to isolate the mechanisms which have been proposed to
increase radiation resistance. At cryogenic temperatures thermal diffusion is strongly suppressed,
causing point defects to remain more localized within the irradiation cascade instead of growing
or migrating to sinks, giving a measure of the primary defect production from irradiation. This
isolates mechanisms which solely reduce point defect production within the displacement
cascade, as discussed in Section 4.1. At high temperature, point defects can diffuse and the effect
of compositional complexity on the clustering behavior of defects can be investigated. Results

are then discussed in the framework of these mechanisms.



2. Experimental Procedures

2.1 Alloy Selection

Three CSA compositions were investigated under various irradiation temperatures. Given
compositions are in atomic percent. Pure Ni and FepaNi15Cr16 model alloy E90 were used for
reference against two face-centered cubic (FCC) CSAs: CrigsFe27Mn27Nizg and CrisFessMnisNiss,
while pure V was compared to the equimolar BCC CSA: NbTaTiV. The FCC CSA
CrigFe27Mn27Niag is the same composition studied by Kumar ef al. in [14] and was originally
based off of Cantor’s CoCrFeMnNi alloy, leaving Co out due to activation concerns and
lowering Cr to slightly sub-equimolar concentration to stabilize a single phase after
homogenization at 1200 °C for 48 hours [32]. CALPHAD calculations (shown Figure 1a.)
predicted the formation of a new BCC phase in CrigFe2;Mn27Nizg below approximately 775 °C,
and indeed phase separation did occur after annealing for 1000 hours at 700°C [33]. The
CrisFessMnisNiss was one of very few compositions in the CrFeMnNi family which remained
single phase down to at least 600 °C, as predicted by CALPHAD results shown in Figure 1b. A
reduction in void swelling in austenitic FeNiCrMn alloys was correlated to an increase in Ni
content, so this second CSA composition, with higher Ni, shows promise [34]. Because BCC
materials tend to have lower void swelling resistance compared to FCC materials due to a lower
steady state swelling rate, a BCC CSA was also selected [35, 36]. Alloys from the BCC system
NbTaTiVZr were found to favor phase separation after slow cooling due to a tendency to form a
Zr-rich hexagonal close-packed (HCP) phase, so Zr was lowered in favor of equimolar NbTaTiV
[37]. NbTaTiV is predicted by CALPHAD to spinodally decompose into two BCC phases
slightly above 500 °C as shown in Figure 1c. Although CrisFe27Mn27Nizg and NbTaTiV are

expected to phase separate at reactor temperatures, they are not expected (and, as detailed later,



have not been observed) to phase separate over the course of the irradiation experiment and thus

remain suitable for studying the effect of compositional complexity on radiation resistance.
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Table 1. Irradiated materials and their fabrication and processing methods. Materials were cast
using either vacuum arc-melting (AM) or vacuum induction melting (VIM) and then annealed.

Material Fabrication Processing Electro-polishing

50 K TIrradiation Solution Voltage [V] Temp [°C]

Ni Foil received  Annealed by 5% perchloric 28 -40
vendor acid in methanol

E90 (FeCriNijis) AM Rolledto 0.2 mm A2 electrolyte 17-18 -24
thickness, disks (90 ml distilled
punched, annealed water, 730 ml
under high ethanol, 100 ml
vacuum for 30 ethylene glycol
min at 1050 °C monobutyl

ether, and 78 ml
perchloric acid)

CrisFe,sMnyNis AM Annealed 1200 °C A2 electrolyte 17-18 -24
for 2 days

CrisFessMnisNizs  AM Annealed 1200 °C 5% perchloric 28 -40
for 2 days acid in methanol

\Y AM Suction cast into 10% perchloric  26-28 V -35
2mm diameter rod  acid in methanol

NbTaTiV VIM Annealed 1200 °C 5% perchloric 20 -40
for 7 days acid in methanol

773 K Irradiation

CrisFe,sMny7Nis  VIM Annealed 1200 °C 5% perchloric 28 -40
for 2 days acid in methanol

CrisFessMnisNiss  AM Annealed 1200 °C 5% perchloric 28 -40
for 2 days acid in methanol

2.2 Sample Preparation

Table 1 shows the fabrication and processing details for each material used in the irradiation

experiments. Materials were cast using either vacuum arc-melting (AM) or vacuum induction-

melting (VIM) and then annealed. The two FCC CSAs, CrigFe27Mn27Nizg and CrisFes;sMnisNiss,

were arc-melted and tilt cast into a rod geometry using an Arcast Arc200 unit. The material was

sectioned into 1- to 2-mm thick circular discs, ~10 mm in diameter, which were then

encapsulated in a quartz tube for homogenization. E90 was also fabricated by vacuum arc-

melting, after which it was rolled to sheets of 0.2-mm thickness from which disks were punched



before annealing. A VIM CrigFe27Mn27Nizg sheet was also used for the high temperature
irradiation. The refractory CSA, equimolar NbTaTiV, was fabricated by vacuum induction
melting. Pure vanadium was used as a reference material. V samples were fabricated by arc-
melting and suction casting into 2-mm diameter rods. All CSAs were finally annealed at
temperatures and times necessary to obtain a homogeneous single-phase microstructure,
followed by water quench. The single-phase microstructures of each alloy were confirmed by
coupled 0-20 powder X-ray diffraction using a Bruker D8 Discover with a copper tube creating
K, X-rays of wavelength 1.54 A. Zeiss LEO 1530 and JEOL JSM-6610 scanning electron
microscopes (SEM) each equipped with Thermo Scientific UltraDry detectors were used to
confirm the presence of equiaxed grains and compositional homogeneity. Illustrations of final
grained microstructures and compositional homogeneity are shown in Figure 2. Some porosity is
present from the arc melting but was easily avoided within the electron transparent area of an
electropolished specimen. The chemistry of the final ingots was characterized using inert gas
fusion (IGF), combustion infrared detection (CID), and direct current plasma emission
spectroscopy (DCPES) techniques as well as inductively coupled plasma optical emission
spectrometry (ICP-OES). Figure 2 shows SEM and EDS micrographs confirming grain structure
and chemical homogeneity of arc-melted CSAs after homogenization in an inert environment.
Table 2 shows the compositions of the samples analyzed and the respective techniques used for
their analysis. The final alloy compositions were comparable to the targeted compositions, while

the impurity levels were kept to less than a few tenths of an atomic percent.



. a) é}13F627Mn27Ni28

Figure 2. SEM and EDS micrographs confirming grain structure and chemical homogeneity of
arc-melted CSAs after homogenization in an inert environment. a) CrisFe27Mn27Nizsg
homogenized at 1200 °C for 48 hours. b) NbTaTiV homogenized at 1200 °C for 1 week.

Table 2. Measured compositions from Luvak and Anderson Labs. Concentrations are in atomic
percent. Characterization techniques are indicated in the second column.

Alloy Techniq Cr Fe _Mn Ni_Nb Ta Ti V_C N O _si_ P s Cu

Arc-melted CrisFexMnzNizs  IGF, CID, DCPES 17.9 27.6 268 27.5 - - - - 00370039 0145001 0009 0.007 0.0016
Arc-melted NbTaTiV IGF, CID, DCPES - - - - 247 253 249 250 0.1310.026  0.144 0.0092 <0.006 <0.0014 0.0023
VIM CrisFexsMnzNizs IGF, CID, DCPES 179 27.5 273 267 - - - - 00180428  0.076 0.067 <0.004 0.014  0.024
VIM NbTaTiV IGF, CID, DCPES - - - - 256 230 246 262 0.181 <0.0032 0.091 0.136 0.015 <0.0014 0.116
VIM CrisFezrMnzNizs ICP-OES 190 275 257 274- - - - 00420016 0081016 002 0026 0.018
VIM NbTaTiV ICP-OES - - - - 259 224 246 267 0.0980.013 0.0390.03 <0.0150.006 0.114

Sections of arc-melted CrisFe27Mn27Niag, arc-melted CrisFessMnjsNiss, and VIM NbTaTiV were
mechanically thinned down to near 100 pm with a mirror finish on both sides and punched into
3-mm disks. V rods were sectioned at an angle such that specimens could fit inside of a 3-mm
diameter TEM holder and subsequently thinned to near 100 pm. All specimens as well as the
received E90 were electropolished using a Struers TenuPol-5 twin jet electropolisher.

Electropolishing parameters used for this work are listed in Table 1.

10



2.3 Irradiation Experiment

Alloys were irradiated at the [IVEM-Tandem facility at ANL, which allows for in situ
observation of the microstructural evolution over a wide range of temperatures. The microscope
is a Hitachi-9000 TEM operated at 300 keV while the 1 MeV Kr'" ion beam is uniform over a
1.5-mm-diameter area [21]. Two irradiation temperatures are used, 50 K and 773 K. E90 and
CrisFe27Mno7Nizs were irradiated at cryogenic temperatures (50 K) up to 5 dpa, as estimated by
facility-developed correlations between counts measured by a Faraday cup in the microscope and
SRIM calculations for the dpa in a 100 nm-thick specimen. Threshold displacement energy was
set at 40 eV for all elements in FCC materials, and 60 eV, 90 eV, 30 ¢V, and 40 ¢V for Nb, Ta,
Ti, and V, respectively [38]. A density of 7.2 g/cm® was set for the two FCC CSAs, while 7.99
g/cm?, 6.11 g/cm® and 7.66 g/cm? were used for E90, V, and NbTaTiV, respectively. The quick
KP-calculation was used and the number of displacements was calculated from the sum of
cascade energy dissipated by incident ions and recoils to phonons, as outlined in [39]. Atomic %
average displacement energies of 40 and 55 eV were used to calculate total displacements for
FCC and BCC CSAs, respectively, and the binding energy was set to 0 eV for all elements.
CrisFe2;Mn27Nizg was also irradiated to 2 dpa at high temperature (773 K). CrisFessMnisNiss
was irradiated to 2 dpa at 50 K, 300 K, and 773 K. NbTaTiV and reference materials V and Ni
were exclusively irradiated at 50 K. Bright-field and dark-field micrographs were taken by
pausing the ion beam at various doses. The imaging conditions used are listed in Table 3. Dark-
field micrographs of faulted dislocation loops were taken during in-situ irradiation experiments,
and also during post-irradiation examination (PIE) using an FEI Titan Themis 200 scanning
transmission electron microscope (STEM), using the relrod contrast condition, housed in the

Irradiated Materials Characterization Laboratory (IMCL) at Idaho National Laboratory (INL)
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[40]. In some cases, bending of the foils made it difficult to maintain exact imaging conditions
between imaging steps. In these cases, micrographs which contain a gradient from a weak to
strong condition were obtained. In order to minimize oxidation under the electron beam during
high-temperature irradiations, the temperature was raised to 773 K for irradiation but lowered to
573 K for microscopy. Defect densities and size distributions were quantified for each dpa step
using ImagelJ software to measure loops manually. The size of a cluster or loop was taken as its
largest extent in one dimension and the error is the standard deviation. Table 4 shows the matrix
of materials and irradiation temperatures while Table 3 lists the fraction of expected defects
resolved by each imaging technique. These fractions are calculated by dividing the number of
equivalent Burgers’ vectors for which g-b is not zero by the total number of equivalent Burgers’
vectors. In the case of the g220 contrast condition, defect clusters were assumed to be faulted and
their densities were scaled appropriately. Thickness was estimated by thickness fringes in FCC
materials where acceptable images were obtained using the strong g200 contrast condition, and
otherwise by electron energy-loss spectroscopy (EELS). Electron inelastic mean free paths were
estimated by atom-percent-weighted averages of the individual elements. Most error bars on
density calculations are a result of uncertainty in these thickness measurements. Thickness
calculation from the EELS zero loss peak measures thickness in mean free paths to an accuracy
of 10%. For sample thicknesses estimated from thickness fringes, a maximum deviation of 0.5g
from the strong g200 condition was assumed. This would result in an approximate 11%
overestimation of the extinction distance and thus the thickness, and an equivalent
underestimation of the calculated density. This only gives the positive error bar due to the
calculation of the effective excitation distance. [41] The negative error bar is estimated as half of

the percentage of features which were deemed uncertain while counting.
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Table 3. Fractions of which defect types may be resolved with the used contrast conditions

based.
Contrast Experiment % of faulted loops % of perfect loops
condition
FCC
g220 50 K: E90 and Cr18F627Mn27Ni23 50% 83.3%
2200 near <011> 50 K: Ni and CrisFe3;sMn;sNiss 100% 50%

773 K: CI‘18F627Mn27Ni23 and
CrisFessMnisNiss
Relrod near g311 50 K: CrisFe27Mn27Nias, 25% -
Cr15F635Ml’115Ni35 and E90
300 K: Cr15F635Mn15Ni35

BCC

gl10 50 K: V and NbTaTiV - 50% of b= ap/2<111>
66.7% of b= ap<100>

Table 4. Materials, irradiation temperatures, and max dpa of experiments conducted.

Material S50K 300K 773K
Ni 2dpa % x

E90 (FCCI’](,Ni]s) 5 dpa x x
CI‘13F627M1127Ni23 5 dpa x 2 dpa
Cr15Fe35Mn15Ni35 2 dpa 2 dpa 2 dpa
A% 2 dpa % x
NbTaTiV 2dpa X x

3. Results

3.1 Cryogenic (50 K) Irradiation

3.1.1 CrisFe27Mn27Nizg and E90

The microstructural evolution of the CrisFe;7Mn»7Nizg and E90 irradiated at 50 K up to 5 dpa is
shown in Figure A.1 and Figure A.2. Small dots (black in bright field, white in dark field) begin
to appear immediately under irradiation. It is known from literature for FCC and austenitic
stainless steels that these features are small defect clusters or precursors of loops [42, 43].
Clusters increase in number with increasing dpa and begin to raft and align into a network [44,
45]. At cryogenic temperature, loops are not expected to grow by the capture of diffusing

13



defects, but rather defect size increases by this alignment of clusters. This was seen for all
cryogenic irradiations of austenitic materials performed, except for pure Ni, and usually results
in a slight decrease in defect density as defects begin to merge. Due to the g220 vector used for
dark field contrast imaging during these two irradiations, these extended defect structures
complicate quantification of defects above 0.3 dpa in CrisFe>7Mn27Nizg and 0.5 dpa in E90.
Cluster densities and size distributions for this dpa range are included in Figure 3 alongside those
of other FCC materials. Since the contrast conditions reveal only a portion of the faulted loops,
the cluster densities of CrisFe27Mn27Nizs and E90 were adjusted according to Table 3. Features
larger than 16 nm were assumed to be rafts of multiple defect clusters and were not included in
size calculations. By 0.3 dpa rafts have an average length of 32+12 nm in CrisFe27Mn27Nizs,
while individual clusters were more easily distinguished in E90 at 0.5 dpa or below, so no
adjustment was made. Diffraction patterns, taken before and after irradiation did not indicate the

formation of new phases or significant oxidation on the surfaces of the samples.

Post-irradiation examination (PIE) using relrod contrast revealed faulted dislocation loops of size
17£8 nm in CrigFe27Mn27Nizg and 1549 nm in E90 after 5 dpa, shown in Figure 4. Whether or
not these loops formed under irradiation at 50 K or after subsequently warming the sample back
to room temperature for PIE was initially unclear, so relrod contrast imaging was included in

subsequent in situ irradiation experiments on CrisFe3sMnisNiss.
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Figure 3. a) Defect density and b) Average loop sizes of FCC materials irradiated at 50 K.

Figure 4. E-90 Model alloy at 50K (imaged at RT), 5 dpa (left) and CrisFe27Mn27Nizg at 50 K
(imaged at RT), 5 dpa. (right). Dark field micrographs taken using relrod imaging condition.

3.1.2 Cri5Fe3sMnisNiss

Because of the dense network of fringes that formed during 50 K irradiation of CrisFe27Mn27Nizs
and E90 above 0.3 and 0.5 dpa, respectively, subsequent samples were irradiated only to 2 dpa to
better resolve the microstructural changes. The microstructural evolution of CrisFe3sMnjsNiss is
shown in Figure A.3. An increasing density of defect clusters is observed as well as the onset of
rafting at 1 and 2 dpa. Diffraction patterns before and after irradiation, not shown here, indicated
no formation of new phases or oxidation. Cluster densities and size distributions are shown in
Figure 3. The decrease in density is due to the rafting phenomenon which obscures the contrast

of smaller clusters. Features larger than 16 nm were assumed to be rafts and no longer individual
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defect clusters and were not included in size calculations. By 2 dpa rafts have an average length

of 46+33 nm in CrisFe3sMnisNiss.

Faulted loops between 5 and 12 nm long were also resolved while remaining at cryogenic
temperatures using the relrod contrast condition at 0.5 dpa and above. Similar loops were
resolved in the room temperature irradiation experiment of this material (results not shown here).
Example micrographs at 2 dpa are shown in Figure 5. Figure 6 shows the evolution of faulted
loop density and size in relation to the dpa. Since the relrod condition reveals one out of four sets
of faulted loops, these densities have been scaled to represent the total number of loops. Since
faulted loops appear at 50 K and densities are similar between 50 and 300 K in this material, it
can be concluded that the faulted loops seen in Figure 4 did in fact form under irradiation and not
upon returning the sample back to room temperature. Possibilities for why such loops have been
able to form at 50 K while thermal diffusion is suppressed are explored later in the discussion

section.

Figure 5. Faulted loops in CrisFe3sMnisNiss irradiated to 2 dpa at 50 K (left) and 300 K (right).
Dark field micrographs taken using relrod imaging condition.

16
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Figure 6. a) Faulted loop density and b) Average loop sizes of CrisFe3;sMnisNiss irradiated at 50
and 300 K.

3.1.3 Pure Ni

The microstructural evolution of pure Ni irradiated to 2 dpa at 50 K is shown in Figure A.4. The
cluster densities and size distribution are shown in Figure 3. The density of clusters increases
with increasing dpa saturating near 2.7x10%? m~. No rafting is observed at 2 dpa, but beyond 1
dpa the specimen begins to bend from the ion beam and defect clusters appear to saturate and be
most visible where the sample bends toward a slightly stronger imaging condition. Compared to
the two FCC CSA compositions, pure Ni and model alloy E90 both had a higher density of
defects at each dpa step as well as less growth of clusters. Rafting behavior did occur in E90
above 0.5 dpa. Diffraction patterns of the <011> zone axis before and after irradiation revealed
the appearance polycrystalline rings which likely correspond to some oxidation on the surface of

the Ni sample during irradiation.

3.1.4 NbTaTiV and Pure V
Figure A.5 and Figure A.6 show the microstructural evolutions of NbTaTiV and the pure V,

irradiated to 2 dpa at 50 K, respectively. After the first irradiation step to 0.01 dpa, defects could

17



only be seen found in NbTaTiV in the area shown, but at later steps better contrast was found
slightly farther from the edge of the electron transparent area. The thin area of the pure V showed
a complex network of fringes due to the rough surface created by electropolishing, but this
contrast is eventually weak compared to that of radiation-induced defects. Diffraction patterns
before and after irradiation showed no evidence of oxidation. As with the FCC materials under
irradiation, black dots appear in the bright field and white dots in the dark field. However,
because of the intrinsically high stacking-fault energy of BCC materials, these clusters nucleate
ideal loops with Burgers vectors of ap/2<111> or ap<100> if they reach a critical size rather than
faulted loops which nucleate in FCC materials. Dislocations with both these Burgers vectors may
be resolved by the g110 contrast condition, which was used here to resolve small defect clusters
which exert a strain field in the relevant planes. Cluster densities and average cluster size are
shown in Figure 7. The number of clusters appears to saturate in both materials, with the density
in pure V approximately three times that of equimolar NbTaTiV. Despite this difference in
density the average size of clusters is approximately similar in NbTaTiV. The average cluster
sizes in both materials also do not change significantly or deviate from one another with

increasing dpa.
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Figure 7. a) Defect cluster density and b) Average cluster sizes of NbTaTiV and pure V
irradiated at 50 K.
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3.2 High-Temperature (773 K) Irradiation of CrisFe3sMnisNi3s and CrisFe27Mn27Niog

The microstructural evolutions of the two FCC CSA compositions irradiated at 773 K to 2 dpa
are shown in Figure A.7 and Figure A.8. These densities are calculated using only the average
thickness in the region quantified, so the density may be underestimated. Small interstitial
clusters form at first but eventually evolve into loops which grow by absorption of additional
interstitial defects [43, 46]. Between 1 and 2 dpa of damage, edge-on loops became observable in
both materials which indicates that these are indeed faulted loops because at this zone, two sets
of 1/3<111> type loops will be edge on. Diffraction patterns before and after irradiation showed
some minor oxidation in both alloys. Loop density is higher in CrisFe3sMnisNiss than
CrisFe2;Mn27Niz2g while average loop size follows the opposite trend. Higher magnification
images at 2 dpa show this size difference in Figure 8. Loop densities and average loop sizes for
both alloys are shown in Figure 9, while box-and-whisker plots showing the loop size
distributions are shown in Figure 10. Loops grow generally twice as quickly in CrigFe2sMn27Niag

than in CrisFe3sMnisNiss, though both maintain the same distribution shape.

Figure 8. Bright field images taken near <011> zone axis showing size difference between loops
in CrisFe3sMnisNiss (left) and CrisFex7Mno7Nigg (right) at 2 dpa.
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4. Discussion

4.1 Cryogenic Irradiation Experiment

773 K.

Although void swelling is the principle radiation damage concern for nuclear structural materials

for fast reactors, no materials exhibited voids in this study. This is likely due to the irradiation

conditions (low temperature, low dpa, and lack of stabilizing gas), as void swelling usually has

an incubation period in the tens of dpas. [47] The primary form of damage accumulation in

cryogenic irradiations is by small vacancy and interstitial defect clusters, which also form during

irradiation at higher temperature but can grow and form loops due to more favorable thermal
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diffusion kinetics. At cryogenic temperatures, defect clusters become resolvable by TEM after
they grow large enough to disturb the stress field and be visible under TEM, which is usually
assisted by the overlapping of cascades. Although these clusters have not yet collapsed into
loops, they are assumed to provide the best diffraction contrast under the same imaging
conditions as the loops which commonly form based in the compact planes of the material as
shown in Table 3. It was shown in vacancy loop nucleation in aluminum that vacancy clusters
which have yet to grow to a critical size and collapse into loops more closely resemble a bloated
disk of vacancies than a perfect sphere [48]. It follows that the plane of this disk is along the
plane most favorable for loop formation for both vacancies and interstitials. These defects do not
grow significantly larger by thermal diffusion of additional defects but instead experience beam-
assisted or athermal stress-induced 1D diffusion which causes them to align into the rafts shown
in Figure A.1 and Figure A.2. Dislocation rafts are a typical feature in cryogenic irradiations that
are substantially below the temperature threshold for thermally activated diffusion [49]. The
influence of this mobility is supported by the confirmation that edge-on faulted loops, resolved
by relrod contrast, form under irradiation, even at 50 K. These loops were only found above 0.5
dpa for the cryogenic irradiation when the relrod streak became visible in the diffraction pattern
and could be selected for a dark field condition. By that dpa level, the contrast of the rafting and
other defects obscured such loops in the simpler imaging conditions. By this point the rafting of
clusters obscures the contrast of even the weak 2-beam condition such that these loops are not
resolvable except by relrod contrast. The source of mobility for the individual point defects or
clusters to reach these loops at 50 K needs further investigation. Comparing the FCC and BCC
materials directly, the cluster density in NbTaTiV was higher than that of the FCC CSAs and yet

lower than the less complex FCC materials. The clusters seen in BCC materials also remain
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smaller than 10 nm and do not experience rafting by 2 dpa, suggesting that their mobility is
reduced by the larger atomic size and mass fluctuations in light refractory compared to austenitic

CSAs.

At 50 K it is assumed that that diffusion of point defects to sinks is negligible such that the
density of these clusters provides a direct measure of point defect production. Both FCC CSA
compositions exhibited slower accumulation of defect clusters with increasing dpa compared to
E90 or pure Ni, saturating at a density approximately an order of magnitude lower than either of
the less compositionally complex systems (1x10?> m vs. 1x10?> m). The measured density in
E90 is consistent with previous irradiations performed on E90 at 300 °C [50]. The results also
align with recent work which used Rutherford backscatter spectrometry along a channeling
direction (RBS/C) and Monte Carlo (MC) simulations to confirm a lower concentration of
defects in NiFeCoCr and NiFe compared to pure Ni during 500 keV Ar" irradiation at 16 K. [51]
The average cluster sizes followed the opposite trend of cluster density. Comparing
CrisFes3sMnsNiss to CrisFe27Mn27Niog, the average cluster size is smaller but the densities are
similar. This may be a result of the different g-vectors used in these experiments, or it may
indicate some compositional dependence of the defect production term. NbTaTiV also showed
reduced defect production compared to pure V, saturating at ~1/3 of the cluster density of pure
V. These results support one hypothesis for CSA radiation resistance, which attributes a
reduction in defect production in CSA to heat transport modes during the thermal spike. It has
been proposed that the lattice distortion effect as well as atomic mass, size, and force constant
fluctuations between lattice sites in CSAs cause significant scattering of phonons and electrons
compared to less compositionally complex materials, decreasing the mean-free path of heat

transported away from the displacement cascade [26-31, 52-57]. Beland et al. showed that
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electron thermal conductivities are reduced in HEA and that a reduction in thermal conductivity
by a factor a would imply an increase in quenching time by a factor 1/a [58]. The resulting
increase in quenching time is assumed to allow for more recombination of point defects before
recrystallization, although it was also shown by simulation that the reduction of surviving point
defects was small in NiFe compared to Ni [30]. The results presented here suggest that CSAs
may show fewer surviving point defects post cascade quench, implying slower point defect
production. If this is the case, the threshold dose for defect clusters to saturate should be higher
for CSAs in Figure 3 and Figure 7, but roughly similar saturation doses are observed. Perhaps the
densities appear to saturate as they raft together and density decreases. The theory also implies
that CSAs with larger variations in atomic size and mass should have the greatest reduction in
point defect production, but this is not the case for this work, as the reduction in defect cluster
density in the BCC CSAs was less pronounced than in their FCC counterparts despite similar
densities in the simpler materials. It is also noted, that the above theory contradicts a long-
standing theory about displacement cascade evolution, which assumes that energetic interstitial
atoms, ejected to the periphery of the displacement cascade by replacement collision sequences,
can exit the region affected by the thermal spike, leaving the molten core of the displacement
cascade with a lower atomic density. As the recrystallized solid front advances inward, atoms
initially fill every lattice site and no vacancies are frozen in. The temperature gradient and the
recrystallization effect result in a naturally lower density of the displacement cascade core, as
vacancies are forced to cluster at the center. Slower cooling allows more time for density
fluctuations to affect the migration of vacancies to the core, increasing the spatial separation of
vacancies and interstitials and slowing their intra-cascade recombination. Enhanced vacancy

clustering within the cascade core would then lead to a higher density of stacking-fault
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tetrahedra, whereas a comparably quick cooling time would leave point defects more evenly

dispersed throughout the cascade volume [59].

4.2 High Temperature Irradiation Experiment

Other theories to explain the mechanism of improved radiation resistance of CSAs focus on
individual defect and cluster migration after the displacement cascade has cooled and are largely
derived from the lattice distortion and sluggish diffusion hypotheses. Sluggish diffusion is
believed to slow the agglomeration of point defects into clusters and larger extended defects.
However, sluggish diffusion has been found to be highly alloy dependent due to differences in
diffusion parameters and their temperature dependence. Sluggish diffusion and radiation
resistance are therefore not simply functions of the number of alloying elements [60, 61]. Lattice
distortion was shown to inhibit the long range 1D motion of glissile interstitial clusters and loops
which would typically annihilate at sinks. In CSAs, glide of small interstitial clusters is rather
defocused into 3D motion because random lattice distortions, more prominent in CSAs, may
reorient the glide cylinder [19]. As a result, interstitial loops may remain more localized in CSAs
and absorb more vacancies, resulting in less localized vacancy super-saturation thereby
inhibiting void nucleation. This increased absorption of vacancies would reduce void nucleation,
but not necessarily cause a significant reduction in interstitial loop growth. These results do not
support the swelling resistance of CSAs but do support the notion that compositional changes
can have a large influence on the formation of interstitial loops and likely of other extended
defects. It has also been suggested that rather than all species experiencing slower diffusion, the
gap in migration energy between interstitial atoms and vacancies is decreased by lattice

distortion [62]. That is, vacancies become more mobile while interstitials become less mobile
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[18]. This is thought to facilitate short-range recombination of irradiation induced point defects,
allowing the recombination regime of defect evolution to occur after less defect accumulation.
Thus, at higher temperatures, it is expected that increased compositional complexity results in
suppressed point defect production during the displacement cascade and, for a given dose rate,
favors an earlier recombination regime. Reduced mobility of larger defect structures, such as
clusters and loops, slows the formation of point defect super-saturations, such as that of

vacancies, which is a prerequisite for void swelling.

At 773 K, interstitial dislocation loops begin as the small clusters observed at 50 K but can grow
by thermal diffusion of radiation-induced interstitials. Clusters grow by capturing more
interstitials than vacancies until they reach a critical size and collapse to form a faulted loop. The
difference in microstructural evolution between cryogenic temperature and high temperature is
illustrated in Figure 11. Compared to in situ irradiation of other CSAs at 773K, the average size
of loops in CrigFe27Mn27Nizs is consistent with the 20-25 nm loop size observed in two other
FCC SP-CSAs, Alo3CoCrFeNi and CoCrFeMnNi. On the other hand, loops in CrisFe3sMnisNiss
are slightly smaller than the 14 nm average loop size observed in pure Ni at similar dpas [63]. As
can be seen in Figure 12, the results are consistent with other CSAs irradiated under the same
conditions. The loop densities and average sizes are comparable to the more complex SP-CSAs,
except for the nearly twice as large average size of loops in CrigFes;Mn27Nizg [46]. Modeling
studies suggest that compositional complexity and the consideration of phonon-electron coupling
results in a lower density of smaller defect clusters, which seemingly contradicts the larger loops
that were observed by Shi as well as this work [64]. However, such simulations only model the
direct result of the displacement cascade. Interstitial defect clusters must acquire more atoms by

migration and/or overlap with other clusters in order to nucleate loops, and if their production is
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reduced, fewer loops are able to nucleate before they begin to grow. If loops begin to grow with
similar or only slightly reduced defect production, they will grow larger in alloys which have
nucleated fewer loops. The observed difference in interstitial loop growth rates between the two
FCC CSAs demonstrates the large effect that composition may have on defect mobility and
microstructural evolution under irradiation within a CSA family. The thickness of each irradiated
foil was comparable, estimated by thickness of fringes to be 120 nm and 140 nm for
CrisFe2;Mn27Nizs and CrisFessMnisNiss, respectively, which rules out the possibility of the sink
effect from the foil surfaces compounding the results. The difference in loop growth kinetics is
attributed to the only element which differs significantly between the two compositions, namely
Mn. Mn may affect the nucleation rate of interstitial loops by its effect on (i) vacancy mobility
and/or (i1) stacking-fault energy (SFE) of the matrix. Regarding (1), although Mn is the fastest
diffuser in the CoCrFeMnNi system, it was also found that sluggish diffusion of individual atoms
on a Ti-relative temperature scale is only present in Mn-containing alloys from said system [60].
The lower concentration of Mn in CrisFe3sMnisNiss may reduce the overall mobility of
vacancies, which diffuse by switching places with matrix atoms. Lower Mn content means
vacancies diffuse by switching with fewer of these more mobile atoms. This would reduce the
arrival rate of vacancies to interstitial clusters, effectively increasing the nucleation rate of
faulted interstitial loops [65]. As mentioned above, once loops begin to grow, similar levels of
irradiation induced point defects are spread across more loops, such that this higher density of
loops would grow more slowly compared to a higher Mn-containing alloy. Regarding the second
mechanism (ii), it is noted that the nucleation of a loop in an FCC material requires the collapse
of a cluster into a faulted loop. The SFE contributes to the energy barrier for cluster collapse.

Tailoring of the strength, ductility, and strain-hardening behavior of high Mn F-M steels has long
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focused on the influence of SFE through transformation- and twinning-induced plasticity (TRIP
and TWIP) mechanisms [66]. It has been shown that addition of Mn in austenitic stainless steels
reduces the SFE to a minimum near 15 wt% Mn at 300 K, after which further Mn addition
begins to increase the SFE [67]. It has also been shown that CSAs experience higher local
fluctuations in SFE compared to less compositionally complex alloys. This is a result of the large
variation and tunability of the SFE with local chemical composition and short-range order, which
would reduce point defect production and increase the onset stress for dislocation movement [68,
69]. Under typical applied stresses, these fluctuations hinder the mobility of loops that may
encounter new energy barriers along their glide cylinders and find it energetically favorable to
reorient. As loops grow larger, they may also unfault and become network dislocations with
higher probability if the Shockley partial sweeps through a region with a large local increase in
SFE. Direct measurement of the SFEs of FCC CSA systems and determination of the effect of
Mn content on those SFEs would be necessary to further confirm that these mechanisms are at
play in irradiation-induced loop growth. High-throughput experimentation and computational
techniques may supplement these efforts by efficiently probing the composition space for

favorable attributes such as SFE or degree of SFE fluctuations.
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Figure 11. Comparison of the microstructural evolution in CSAs at 50 K and 773 K. Initially
small clusters form in at both temperatures, but clusters raft at low temperature while interstitial
loops are able to grow at high temperature.
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Figure 12. a) Loop density and b) Average size evolutions of various SP-CSA irradiated to 2 dpa
at 773 K by Shi et al. compared to those of CrigFe27Mnz7Nizg and CrisFessMnisNiss [41].

5. Conclusions
Three complex concentrated alloys, CrigFe2sMn27Niag, CrisFessMnisNiss, and NbTaTiV, along
with reference materials (pure Ni and E90 for the CrFeMnNi family and pure V for NbTaTiV)

were irradiated at 50 K and 773 K with 1 MeV Kr ions to various dpa using in situ TEM
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techniques. The cryogenic irradiations resulted in a high density of small defect clusters and a
lower density of faulted dislocation loops as large as 12 nm in the FCC CSAs, implying that
individual point defects are not entirely immobile at under these conditions. The small defect
clusters undergo rafting to form a network of parallel fringes nearing the point of saturation.
With diffusion still strongly suppressed, defect densities were lower in both FCC and BCC CSAs
than in their less compositionally complex reference materials which supports the theory that
point defect production during the displacement cascade is reduced in CSAs. However, because
the FCC CSAs showed a greater reduction in defect cluster density, the notion that larger
variation in atomic size and mass causes a greater reduction in point defect production is not
supported. Slower defect production implies a slower overall evolution of defect loops to
vacancy super-saturation and void swelling. High-temperature irradiations of the two FCC CSAs
resulted in the formation of interstitial dislocation loops which grow with increasing dpa to an
average size of 27 nm in CrisFe27Mn27Nizg and 10 nm in CrisFessMnisNiss. This difference in
loop growth kinetics was attributed to the difference in Mn-content due to its effect on the
nucleation rate by increasing vacancy mobility and/or the SFE minimum near 15 wt% Mn. The
results of this work demonstrate the influence of composition on faulted loop nucleation and the
evolution of microstructure under irradiation. The SFE may be a useful parameter for
determining the irradiation resistance of austenitic CSAs as well as their strength, ductility, and
strain-hardening behavior. Future work should focus on experimental verification of differences
in SFE in FCC CSAs, as well as high temperature in situ irradiation experiments with He co-
implantation to promote the formation of voids. This result also underscores the necessity for

high-throughput mapping of radiation effects by combining novel manufacturing techniques such
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as magnetron-sputtered combinatorial thin-film synthesis and laser metal deposition 3D printing

with complimentary high-throughput irradiation and characterization techniques.
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Appendix Al. Microstructural Evolutions with Dpa

Figure A.1 Microstructural evolution with dpa in CrisFe27Mn27Niz2g CSA irradiated at 50 K. Top:
bright field near z=<111>, Bottom: WBDF g220. Scales are all the same as bottom-right corner.

Figure A.2 Mlcrostructural evolutlon w1th dpa in model alloy E90 1rrad1ated at 50 K. Top: bright
field near z=<111>, Bottom: WBDF g220. Scales are all the same as bottom-right corner except
for 0.05 dpa.
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Figure A.3 Microstructural evolution with dpa in CrisFe3sMnisNi3s irradiated at 50 K. Top:
bright field near z=<011>, Bottom: WBDF g200. Scales are all the same as bottom-right corner.
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Figure A.4 Microstructural evolution with dpa in pure Ni irradiated at 50 K. Top: bright field
near z=<011>, Bottom: WBDF g200. Scales are all the same as bottom-right corner.
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Figure A.5 Microstructural evolution of NbTaTiV during irradiation at 50 K. Top: bright field
near z=<111>, Bottom: WBDF g110. Scales are all the same as Bottom-right corner.

Figure A.6 Microstructural evolution of pure V during irradiation at 50 K. Top: bright field near
z=<111>, Bottom: WBDF g110. Scales are all the same as Bottom-right corner.
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Figure A.7 Microstructural evolution of CrisFe3sMnisNiss during irradiation at 773 K. Top:
bright field near z=<011>, Bottom: WBDF g200. Scales are all the same as bottom-right corner.
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Figure A.8 Microstructural evolution of CrigFe2sMnz7Nizg during irradiation at 773 K. Top:
bright field near z=<011>, Bottom: WBDF g200. Scales are all the same as bottom-right corner.
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