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Abstract

Grain growth and phase stability of a nanocrystalline face-centered cubic (fcc) Nig2Feo2C00.2Cro2Cuo.2
high-entropy alloy (HEA), either thermally- or irradiation-induced, are investigated through in-situ and
post-irradiation transmission electron microscopy (TEM) characterization. Synchrotron and lab X-ray
diffraction measurements are carried out to determine the microstructural evolution and phase stability
with improved statistics. Under in-situ TEM observation, the fcc structure is stable at 300 °C with a small
amount of grain growth from 15.8 to ~ 20 nm being observed after 1800 s. At 500 °C, however, some
abnormal growth activities are observed after 1400 s, and secondary phases are formed. Under 3 MeV Ni
room temperature ion irradiation up to an extreme dose of nearly 600 displacements per atom, the fcc
phase is stable and the average grain size increases from 15.6 to 25.2 nm. Grain growth mechanisms

driven by grain rotation, grain boundary curvature, and disorder are discussed.
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1. Introduction

The continuous pursuit to develop metallic alloys has led to considerable increases in structural
strength and improved functionality, as well as exciting research developments. Historically, the
incorporation of alloying elements at low-concentrations has been widely used to achieve desired
materials properties, such as improved creep-resistance, better yield strength, and significantly enhanced
radiation performance. Many of today’s structural alloys contain single or multiple phases with one
principal element (e.g., Fe- or Ni-based alloys) or two dominant elements (e.g., (Fe-Cr)- or (Ni-Cr)-based
alloys) modified by smaller additions of other elements. Most of these alloys, with the major elements
acting as a solvent and the alloying elements as solutes, are termed dilute alloys. In dilute alloys, there is
generally no solute-solute interaction; rather, solute neighbors are all solvent atoms. Adding solute
elements in order to pin dislocations and impede their movement, therefore altering dislocation dynamics
[1], has been a traditional approach for the enhancement of mechanical performance.

Continuous discoveries in the past 15 years of Concentrated Solid-solution Alloys (CSAS) with
remarkable properties, unexpected from dilute alloys, have drawn immense attention and opened new
frontiers in materials research. CSAs are composed of two to five (or more) elemental species, all at high
concentrations. Unlike in dilute alloys, the principal elements in CSAs are randomly arranged on a
simple crystalline lattice. These are generally simple face-centered cubic (fcc), body-centered cubic (bcc),
or hexagonal closest packed (hcp) lattices, with few or none of the atoms having the same distribution of
neighbors (i.e., the first and second nearest neighbors of constituents are different). The multi-component
CSAs containing five or more elemental species, such as Nig2Feo2C002Cro2Cug2 (NiFeCoCrCu), are
commonly termed high-entropy alloys (HEAs). The high chemical inhomogeneity feature is noteworthy
for complex CSAs, including HEAs. In complex CSAs, compositional complexity can be achieved by
modifying the number, type, and concentration of constituents. CSAs, having 3d transition elements
(from Cr to Cu) with similar atomic mass and size in a fcc structure, exhibit superior tensile strength and
fracture toughness at both low and high temperatures [2-7], robust phase stability [8], ultrahigh low-

temperature toughness [9], superparamagnetism [10], superconductivity [11], and two orders of
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magnitude improvement in radiation tolerance [12]. New knowledge regarding concentrated alloys [2-17]
has clearly revealed that compositional complexity (high chemical inhomogeneity), as opposed to the
incorporation of dilute solutes [1], has a significant influence on defect dynamics that results in improved
radiation performance [18-22].

Nanoscience and nanotechnology [23,24] with the ability to control individual atoms has led to
many breakthroughs and applications. As the size of a structure reduces to a countable number of atoms,
chemical, physical, electrical, optical and magnetic properties become fundamentally different from their
bulk counterparts. Nanostructured materials [25-34], especially with grain sizes well below 100 nm, are
of great academic and industrial interest, including uses such as novel catalysts, sensors, membranes,
drug delivery, and advanced nuclear energy systems [25,35-38]. Research on improving radiation
performance has been focused on engineering nanostructures in dilute alloys to increase sink density and
strength (e.g., grain boundaries (GBs) and interfaces in pure metals or dilute alloys) or on incorporation
of nanoscale features (precipitate/matrix interfaces) to mitigate displacement damage [3,30.31,36-42].
Although radiation-induced defects and defect clusters are expected to be trapped or eliminated in these
chemical or structural inhomogeneities, interactions of defects with GBs, however, can lead to GB
chemical and structural changes that involve further complications and pose additional scientific
guestions. Substitutional solid solutions, with increasing structural and chemical complexities that are
intrinsic in HEAS, cause unique site-to-site distortion and a locally disordered chemical environment,
which may have a profound effect on the fundamental processes determining defect dynamics [2-16,18-
22]. Such extreme elemental inhomogeneities in HEAs may strongly affect microstructure evolution in
nanocrystalline films under ion irradiation. While research has shown improved radiation resistance of
some crystalline CSAs over traditional dilute alloys [18-22,43], the performance of nanocrystalline CSAs
under ion irradiation is largely unknown. Nanocrystalline HEAs with atomic-level chemical
inhomogeneity may offer additional possibilities to control defect migration and mass transport and thus

may outperform more traditional nanocrystalline dilute alloys.



Unique properties of nanostructured materials depend on their structural integrity. Under
radiation, a constant flux of defects moves towards and accumulates at the sinks (chemical or structural
inhomogeneities), which may cause structural and compositional modifications and in turn, may modify
the sink properties. Many nanomaterials suffer from microstructural coarsening (i.e., an inherent
instability) attributed to thermally or irradiation-induced grain growth. Nuclear materials must perform in
in extreme environments (e.g., the combination of radiation, high temperatures and compositional change
over time) and require components to be intrinsically structurally stable. In this work, we study
structural stability under thermal annealing (equilibrium conditions) and ion irradiation (non-equilibrium
conditions) of nanocrystalline NiFeCoCrCu HEA films with a focus on both thermally-induced and

irradiation-induced grain growth mechanisms.

2. Material and experimental procedure
2.1. Film deposition

The NiFeCoCrCu HEA films with thicknesses of ~70 nm and 1000 nm were sputter deposited on
different substrates using a 50 mm diameter equiatomic composition target, fabricated from pure metals
of Ni, Fe, Co, Cr, and Cu (>99.99%, weight percent). The deposition process was similar to that reported
in Ref. 44, except a DC supply was used instead of an RF supply. The system was pumped to ~ 1x107’
Torr before back-filling the system with an Ar flow rate of 25 sccm through a throttle valve setting to
equilibrate the system at 5 mTorr. The target power was set to 200 W and pre-sputtered for 5 minutes
with the shutter closed. The sputtering rate was 7 nm/min determined via cross section scanning electron
microscope imaging. During the sputtering, no intentional substrate heating was applied. The thin and
thick HEA films were deposited directly onto NaCl substrates and Si wafers, respectively. The 70 nm
films were deposited on NaCl salt substrates (HEA/NaCl) to facilitate sample preparation procedures for
in-situ annealing experiments within a transmission electron microscope (TEM), while the thick 1000 nm
films deposited on Si (HEA/Si) were prepared for ex-situ ion irradiation studies.

2.2. Ni ion irradiation



The HEAJ/SI films were irradiated at room temperature (RT, 295 K) using 3 MeV Ni* (self-ions)
along the surface normal direction to 5 different fluences up to 2.35x10% ¢cm?, as listed in Table 1. The
irradiations were carried out using the 3.0 MV tandem accelerator facility at the lon Beam Materials
Laboratory (IBML) located at the University of Tennessee campus [45]. A constant ion flux of 6.94x10%?
cm2st was used for all implantations to minimize beam heating effects. Adjustable beam slits were used
to define an irradiation area, and the ion beam was defocused and wobbled in the horizontal and vertical
directions perform uniform irradiation. All samples were mounted on a molybdenum holder using double-
sided carbon tape on the back of the samples.

The Stopping and Range of lons in Matter code 2003 version (SRIM-2003) [46] in full-cascade
mode was used to estimate the displacement damage, assuming a film density of 8.356 g-cm™ (8.705x10??
atoms-cm) with a threshold displacement energy of 40 eV for all the constituent elements [47]. In order
to compare ion and neutron irradiation results, the use of the quick Kinchin—Pease option in SRIM to
compute radiation damage exposure has been recommended [48] within the nuclear community. This
recommendation is simply based on less differences among the quick option, the MD results [49], and the
NRT model [50,51]. Nevertheless, the authors also state [48] that (1) the MD results depend on the
reliability of interatomic potentials used, (2) both SRIM and MD do not account for the charge state of the
moving ions, (3) SRIM does not consider temperatures, and (4) the NRT model is chosen not for its
accuracy, but for its broad adoption as a common standard for converting a calculable parameter. In this
work, the displacement damage is estimated using the full-cascade mode, the SRIM prediction from the
quick option is also included for easy conversion.

The theoretical density of a solid-solution alloy can be roughly estimated from the atomic
fraction, atomic weight and density of each constituent element [52]. A recent experimental study of
thermophysical properties has shown that the theoretical density and experimental value of a
NiFeCoCrCu alloy were 8.324 and 8.295 g-cm™ [17], respectively. The value of 8.356 g-cm™ used in the

simulation is the default value in SRIM. A slight change of this value does not induce noticeable



differences in predictions in Fig. 1 or affect conclusions in the current studiy. The damage profile
estimated from SRIM is determined by the sum of the predicted vacancy concentrations using the column
“Knock-Ons” from Ni ions and columns of “Vacancies” from target elements of Ni, Fe, Co, Cr and Cu
(provided in VACANCY .txt), together with the replacement collisions (provided in NOVAC.txt) [53].
Assuming a bulk NiFeCoCrCu HEA, the predicted damage profile in displacements per atom (dpa) and
the implanted Ni ion profile are shown in Fig. 1. The conversion factor from ion fluence (10** cm?) to
local dose (dpa) is indicated by a long-dashed line and a dotted-dashed line for the full-cascade and quick
predictions, respectively. For a film of 1000 nm (indicated by the background shading), the average dose
is taken at a depth of 500 nm as marked by a star. The peak dose (marked by a heart) under 3 MeV Ni
irradiation is estimated to be located at 950 nm. In other words, the average and peak doses in the HEA
films resulting from 10%* cm Ni irradiation under full-cascade simulation are 0.1568 and 0.2522 dpa with
injected Ni concentration at 0.00019% (a negligible level) and 0.0014%, as shown in Fig. 1. Given the
20% Ni in the HEA film and low concentration of the injected Ni ions, no injected self-ion effect is
expected from the implanted Ni under the conditions in this study. For the five ion fluences, average
doses ranging from 0.73 to 368.48 dpa are estimated, with the maximum peak dose approaching 600 dpa.
Such a wide dose range is designed to evaluate the structural stability of nanocrystalline HEA under a
prolonged extreme irradiation environment.
2.3.  TEM characterization

The in-situ TEM characterization with video imaging was carried out to directly examine grain
growth and microstructural evolution as a function of time at both 300 and 500 °C. These annealing
experiments were performed in a Hitachi H-9500 TEM operating at 300 kV in the MIAMI-2 facility
located at University of Huddersfield [54]. The vacuum in the Hitachi H-9500 TEM was 0.9 Torr. A
Gatan double tilt heating holder was used for the annealing of nanocrystalline HEA films (~ 70 nm) that
were placed on 500-mesh Mo grids. Images and videos were recorded using a Gatan OneView digital

camera with 16 Mpx. The samples were heated in the temperature ramping mode up to 300 and 500 °C,



respectively, with a temperature ramp of 60 °C/min. When the desired temperature was reached, the
samples were monitored in situ within the TEM in bright-field (BF) at a magnification of 120kx. The total
annealing time of 30 minutes (1800 s) and 32 minutes 22 seconds (1942 s), comparable with the RT
irradiation time (2160 s or 36 minutes, Table 1) of film-D, was used for the 300 and 500 °C thermal
treatments. Selected area electron diffraction (SAED) was used to record diffraction patterns (camera
length of 0.5 m) before and after the annealing experiments. A Gatan GIF Quantum SE camera was used
to record unfiltered and zero-loss images of the samples before and after annealing, aiming at mapping
the thickness of the samples.

Ex-situ post TEM examinations were conducted at the University of Michigan on Ni-irradiated
samples, due to the long irradiation time (over 9 hours for the highest fluence) as shown in Table 1. The
focused-ion beam (FIB) on a FEI Helios Nanolab workstation was used to prepare cross-sectional TEM
and scanning transmission electron microscope (STEM) samples using FIB lift-out techniques [12]. Prior
to characterization, the TEM foils were cleaned using a Fischione Plasma Cleaner to remove
carbonaceous contamination. A double Cs-corrected JEOL 3100R05 STEM operated at 300 keV was
employed for STEM-bright Field. The STEM images were taken with an inner angle of 59 mrad and
camera length of 8 cm. Diffraction patterns were taken close to the irradiation surface using a selected
area aperture with diameter of 50 um.

2.4, Synchrotron and lab X-ray diffraction measurements

The thin films were collected from the HEA/NaCl samples and measured with synchrotron X-
rays at the Cornell High Energy Synchrotron Source (CHESS) in a transmission geometry. The X-ray
energy was 61.32 keV (A=0.2022 A), and beam size was 0.2x0.2 mm?. The Bragg images were recorded
using a two-dimensional image plate detector with pixel size of 200x200 um?. The diffraction image was
then converted into diffraction profiles (Fig. 2) using Fit2D software [55]. All the instrumental parameters
were calibrated using CeO as the standard. The lattice parameters were derived from Rietveld refinement

and grain size was estimated from the Williamson-Hall plot, shown as an inset in Fig. 2.



X-ray diffraction (XRD) measurements were also performed on the thick 1000 nm HEA/Si films
using a PAnalytical X'pert Pro thin-film diffractometer at the Center for Nanophase Materials Sciences
(CNMS) in the Oak Ridge National Laboratory (ORNL). The Cu Kq1 X-ray (A=1.5406 A) from a high-
tension X-ray generator (45kV, 40A) was used. The sample orientation was optimized by scanning the
sample along different axes. The results suggested that the as-deposited HEA/Si films were textured and
only the strongest (111) Bragg peak can be detected with reasonable statistics. In order to obtain high
intensity XRD profiles, the film samples were scanned by rotating around different axes. Scanning the
incident angle of the X-ray beam suggested that the (111) peak had good intensity with an angle of 8-30°.
The incident beam was kept at #=18° and a continuous 26 scan was recorded with a step size of 0.01° for
all the as-deposited and irradiated film samples (Table 2). The width of the columnar grains is estimated
using the Scherrer formula from the (111) diffraction peak fitted with pseudo-Voigt functions, and
summarized in Table 2.

3. Results
3.1 As-deposited nanocrystalline HEA films

The 70 nm HEA films measured with synchrotron X-rays at CHESS were a collection of free-
standing films from the NaCl substrates. As shown in Fig. 2, a fcc single-phase structure with a lattice
constant of 3.600(1) A is identified. A method developed by Williamson and Hall [56,57] is applied to
estimate the grain size. In this method, the average grain size (L) is determined using the equation f-cosé
= K-ML + C-e-sind, where f is the full width at half maximum (FWHM) of Bragg peaks in radians, 0 is the
Bragg angle, A (0.2022 A) is the X-ray wavelength and ¢ is the microstrain. The parameters K and C are
constants that depend on the shape of the grains. By fitting the individual Bragg diffraction peak with
pseudo-Voigt functions, the Williamson-Hall plot of the thin film sample is shown as an insert in Fig. 2.
The (200) diffraction has a big deviation from other peaks, an indication that the thin film has a long-

range lattice distortion and is excluded from the linear fitting. The Williamson-Hall plot of S-cosé versus

sing, indicates that the strain (C-¢) and size (K-A/L) components can be obtained from the slope and the



intercept, respectively. When taking the K and C values as 1 and 4 (commonly suggested [58-60]),
respectively, the average grain size of 70 nm HEA films is estimated to be 9.3 (¥2) nm and the
microstrain is 0.006(1).

The microstructure analysis of the 70 nm NiFeCoCrCu HEA thin films is shown in Figs. 3-6. The
grain size of the 70 nm films has a broad distribution. Checking different areas of the as-deposited films
by TEM at room temperature, the average grain diameter, estimated from the area assuming a circular
grain, is ~11 nm with a standard deviation of 6 nm. The large standard deviation is attributed to a few
very small and large grains observed in a relatively limited number of grains that are sampled. Inspection
of the bright-field TEM micrograph of the as-deposited film in Fig. 5(a), shows the presence of voided
grain boundaries as is evidenced by the brighter contrast around GBs. This observation indicates that the
grains have nucleated at low homologous temperatures into a columnar structure with tapered voids
between columns, in agreement with zone | of the Movchan-Demichishin-Thornton (MDT) model of
sputter-deposited coatings [61,62]. For the thick HEA/Si films, columnar grains are observed with
increasing width (diameter) close to the surface, shown in Fig. 7 and Table 3.

All the as-deposited HEA/Si samples were also examined by XRD conducted around the (111)
peak with a fixed incident angle. Experimental results have revealed that the HEA/Si films are strongly
textured, and the strongest (111) Bragg peak is in good agreement with the SAED patterns taken during
the ex-situ TEM characterization as shown in Fig. 8, as well as the in-situ TEM observation shown in Fig.
6. The average width of the long columnar grains of the as-deposited film is estimated to be ~ 15.6 nm
with a standard deviation of 0.3 nm (Table 2). The XRD-determined width of 15.6 nm for the HEA/Si
films (~ 1000 nm) is larger than the TEM-determined width of 9.3 nm for the HEA/NaCl films and 10.2
nm near the HEA/Si interface in Table 3. This is mainly attributed to the dense columnar microstructures
at the early stage of film deposition as described by the MDT model [61] and supported by the columnar
structure evolution along the deposition direction, as shown in Fig. 7.

It is worth mentioning that the apparent difference in grain size determined by XRD and TEM,
easily noticeable in some cases discussed later, is attributed to the grain size variation, limited TEM
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sampling, and location of the examination (distance to interface or surface). In this work, all samples were
carefully labeled and examined both before and after thermal treatments or irradiation experiments.
Nevertheless, XRD provides more representative results due to its significantly larger sampling region
and the number of grains that are examined.
3.2 In-situ TEM observation of structural stability during thermal annealing

To evaluate the thermal stability, 70 nm nanocrystalline HEA films were used. These were
floated off the NaCl substrates in distilled water and captured on Mo TEM grids. The annealing
experiments were carried out in vacuum at 300 and 500 °C, respectively. Snapshots of the experiments
taken from videos (see supplementary data online) are presented in Figs. 3 and 4 and show the
morphological evolution of the nanocrystalline films. For the 300 °C thermal treatment, some
microstructural changes, as marked by three pairs of ellipses in Figs. 3(a) and (b), are observed within the
first ~ 3 minutes. Under prolonged annealing, up to 30 minutes, the microstructural images shown in Figs.
3(b)-(e) stay largely unchanged, suggesting both negligible grain activities and other microstructural
changes. In other words, grain growth is basically inactive (except the initial growth within 3 minutes),
and the nanocrystalline structure remains stable. Post-image analysis of the 300 °C annealed sample was
performed from images taken from the video (see online supplementary data), where 50 grains with an
average size of 15.8 (+6.0) nm at 0 s were followed. The size of 15.8 nm determined by TEM is larger
than the 9.3 nm value which had been determined by synchrotron X-ray results. TEM, under the
conditions in the current study, is not sensitive to very small grains (e. g., < 3 nm). In addition, grain
growth has already taken off for nearly 5 minutes during the temperature ramp up from RT to 300 °C.
During annealing after 163 s, the average grain size increases to 17.3 (£8.0) nm. A further increase of
annealing time to 600 s at 300 °C leads to additional growth to ~ 20.0 (+7.6) nm, but no clear growth is
detected during annealing from 600 to 1800 s.

During annealing at 500 °C, continuing grain activities (changes in contrast due to grain rotation

and growth) and increase of grain size (i.e., average grain diameter) with increasing time are observed
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throughout the experiment (32 m 22 s or 1942 s). In Figs. 4(a) and (b), images of the same region are
chosen for comparison, while Figs. 4(c) to (f) are taken from a neighboring region. Growth kinetics are
clearly observed, especially at the marked locations, for example those shown in the solid and dashed
circles in Figs. 4(a) and (b), where the dark contrasted regions in (a) disappear in (b) after 110 s. Similarly,
as marked by solid circles in Figs. 4(c) to (f), little contrast is observed in (c) after annealing for 306 s.
However, a dark spot can be seen by 479 s and continues to develop up to 1423 s, and then the crystallite
shrinks to nearly half of its size at 1942 s. Another growth activity is shown by the dashed circles, where
small grains seen at 306 s develop into a large grain at 479 s (shown as a dark spot, ~ 12 nm) which then
dissolves at 1423 and 1942 s. While the nanostructure is stable at 500 °C, some large crystallites reaching
~ 40 nm are observed (supplementary information, Fig. 1). In post-experiment image analysis, 50 gains
with an average grain size of 20.8 (£8.3) nm (500 °C, after 1942 s), including two large grains of 1390.6
and 1511.6 nm?, are observed. Assuming a circular shape, they have diameters of 42.1 and 43.9 nm,
respectively. The sizes of these two grains were 13.9 and 14.4 nm at the start of the observation.
Examining small grains ranging from 9.1 to 12 nm after 500 °C 1942 s annealing reveals that their initial
size ranges from 8.8 to 12 nm at the beginning of annealing. These surprisingly stable small grains
indicate that the overall grain growth may be at the expense of their neighbors with either much smaller
grain size (not clearly observable) or grains with unstable GBs (high GB energy, less stable GB
structures).

An overall summary is shown in Fig. 5 based on bright-field transmission electron microscopy
(BFTEM) micrographs and spatial thickness maps, and in Fig. 6 based on SAED patterns of the as-
deposited, 300 and 500 °C annealed films, respectively. Grain growth is prominently observed in the
sample annealed at 500 °C as evident in Figs. 5(c) and (f), whereas insignificant differences are noted
between the microstructure at RT and 300 °C, as shown in Figs. 5(a), (b), (d) and (¢). The grain growth is
clearly observed by analyzing the diffraction patterns taken after the annealing experiments, as shown in

Fig. 6. The cubic structure of the film is indicated by the overlaid indices in Figs. 6(a)-(c). At RT and 300
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°C, the SAED patterns consist only of polycrystalline Debye-Scherrer rings. For the sample annealed at
500 °C, clear crystalline spots are observed, indicating thermally-induced formation of relatively large
crystallites. In addition, secondary phases appear, as clearly shown by the additional peaks in Fig. 6(d) for
the 500 °C curve. Grain growth is also present in the EFTEM thickness map analysis in Figs. 5(d)-(f). A
relatively smooth morphology is observed in Figs. 5(d) and (e). The rougher thickness distribution map in
Fig. 5(f) for the 500 °C sample, as compared with the RT and 300 °C samples, is attributed to more elastic
scattering.
3.3 lon irradiation induced grain growth of 1000 nm nanocrystalline HEA/Si films

The microstructure of the as-deposited and ion irradiated HEA/Si films was characterized, and the
corresponding BFTEM images and SAED patterns are shown in Figs. 7 and 8. Clearly columnar structure
is observed in all the films. Moreover, the nanostructure is stable under the RT irradiations up to the
highest fluence of 2.35x10" cm. Since the columnar grains have a narrower width close to the HEA/Si
interface and become wider along the growth direction (close to the surface), the grain width is measured
at four depths, 50 nm from the interface, and at 500, 300 and 50 nm from the film surface, respectively.
The width of columnar grains is defined using a linear intercept method at different locations in ImageJ
software. More than 3 measurements at each depth are conducted. The error is the standard deviation,
ranging from 2 to 5.2 nm for columns 3-5. Considering the narrower width close to the interface, more
than 5 measurements are performed to determine the average width, and the corresponding deviation is
between 1 and 2.5 nm. The corresponding average width of columnar grains for both the as-deposited and
irradiated films is summarized in Table 3. As shown in Fig. 8, the films consist of columnar grains with
dense grain boundaries, faceted top surfaces, and an increased grain width. With continuing deposition
(e.g., from 70 nm to 1000 nm), surface diffusion becomes the leading process and the film morphology
transits from Zone | to Zone Il. The increase of the width along deposition direction agrees well with the
structure zone model for sputter deposition (i.e., MDT model) [61,62]. The SAED patterns in Fig. 8

are taken close to the irradiation surface with a large selected area aperture that includes ~half of the films
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along the growth direction. The pattern in Fig. 8(a) shows a typical nanocrystalline structure for the as-
deposited sample. The cubic phase is retained in all the irradiated films. Compared with the SAED
patterns of the irradiated films, the more discrete diffraction spots are observed with increasing ion
fluence, suggesting increased grain size and more aligned orientations.

The microstructure analysis is inherently limited in TEM and SAED due to an insufficient
examined region (e.g., only several hundred nanometers in size). Aiming at achieving better statistics,
XRD measurements conducted on both the as-deposited and irradiated HEA/Si films cover areas of
several millimeters in size. As a much larger film area is characterized, the average grain size determined
by XRD has better statistics and lower uncertainty than that characterized by TEM (resulting from much
smaller number of examined grains). The fitted results from the XRD peaks are therefore used for grain
size determination and general discussion of grain growth. Due to the strong texture of the films, only the
(111) peak exhibits a reasonable intensity, as shown in Fig. 9. The grain diameter is estimated from
Scherrer formula L=K\/(Sn-cosd), where A (1.5406 A) is the wavelength of X-ray, @ is the diffraction
angle, S is the FWHM of the Bragg peak in radians after subtracting instrument broadening [57]. The K
value is a dimensionless quantity depending on the shape of grains [58,59]. K = 0.89 has been suggested
for spheres or particles, and values ranging from 0.83 to 0.91 for cubic structures (e.g., 0.94 for spherical
crystals with cubic symmetry) [63]. In the absence of detailed shape information, K = 0.9 is expected to
be a good approximation [58,59,64]. As observed by TEM (Fig. 7), the grains of the film have columnar
shapes. Taking K=0.9 [58,59,64] for the current work, the estimated grain size (the average width of the
columnar grains) of the unirradiated film ranges from 15.4 nm for Film-D and Film-F to 16.2 nm for
Film-B, as listed in Table 2. Irradiation-induced grain growth is investigated using these pre-examined
films. The FWHM of all the peaks becomes narrower with increasing average ion dose as marked, which
clearly indicates the growth of the nanograins. The average size of the sequentially irradiated films and

net growth under different ion fluences (doses) are also summarized in Table 2. Irradiations with ion
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fluences ranging from 4.7x10' cm (0.73 dpa) to 2.4x10' cm (368.5 dpa) lead to an average grain
growth from 2.6 to 9.8 nm for the lowest and highest fluences, respectively.
4. Discussion
4.1 Thermally-induced versus defect-simulated grain growth

One challenge of nanomaterial applications is the stability of grain size. Much research effort has
been devoted towards understanding and controlling the grain growth of nanomaterials, including pining
the grain boundaries [65-67,72] and lowering GB energies through solute segregation [68,69].
Temperature-dependent grain growth, either thermally-induced or defect-stimulated, has been reported
[41,70-78]. Simulations reveal three grain-growth mechanisms, driven by grain rotation, curvature, and
disorder [79-82], respectively. Both grain-rotation and curvature-driven growths are commonly observed
during thermal treatments. The rotation—coalescence mechanism favors elimination of the smallest grains,
removes the common GB between neighboring grains and results in the formation of highly elongated,
unstable grains that then grow via the GB migration mechanism [79]. For curvature-driven GB migration,
the motion of the high-energy (often high-mobility) GBs towards the center of their curvature leads to
elimination or conversion of them into low-angle GBs and releases a large amount of energy [79,83,84].

Rapid disorder-driven grain growth under ion irradiation has also been observed experimentally
[71-73] or revealed by molecular dynamics (MD) simulations [73]. When an ion moves through a solid,
it undergoes many collisions and produces primary knock-on atoms (PKAs). Some high-energy recoils
can create significant crystalline damage and lead to instability of the crystalline lattice through
consecutive collision cascades and sub-cascades along the ion path. Grain growth under irradiation has
been explained by the direct impact of displacement thermal spikes on GBs [85]. Within the
displacement spikes, GBs migrate through atomic jumps that are biased by the local GB curvatures. MD
simulations [73] have, however, revealed that irradiation-induced damage leads to unexpected fast grain
growth due to the disorder-driven mechanism. MD simulations [73] show that the stochastic, non-
uniform, localized damage processes play an important role in nanocrystalline grain growth. If

irradiation-induced instability happens in small grains, the grains can be consumed by neighboring grains
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having stable lattices (little or no irradiation-induced damage). If instability happens in a large grain, but
close to a GB, the damaged part of the grain may be absorbed by the neighboring grain on the other side
of the GB. At a simulation temperature of 2300 K for a model ceramic oxide (nanocrystalline ceria, a
radiation tolerant material similar to the radiation tolerant HEA film), while a disordered grain disappears
within 50 ps and neighboring grains grow, grain rotation and GB movements via the curvature-driven
mechanism take a much longer time (e.g., 800 ps and 2500 ps, respectively) [73]. Disorder-driven grain
growth is not limited to irradiation (non-equilibrium conditions). In fact, the disorder-driven grain growth
can also be viewed as defect-stimulated growth that has been observed experimentally during both
synthesis and under irradiation conditions [70-73,85]. Thermally-activated grain movement, especially at
the beginning of high-temperature annealing, is also observed in nanocrystalline materials, due to the
existence of high defect concentrations from synthesis.

Grain growth of nanocrystalline materials can be described by a power law expression D" — Dq" =
Kmd, where Dy is the initial mean grain diameter, ¢ is ion fluence, and Ky is proportional to the grain
boundary mobility of the materials and the driving force [70,71,85]. Both n and K, are constants that may
be characteristic of the material system and the dominating grain growth mechanisms. It has been
reported that, in pure metals, n=2 or 3 for thermally activated and irradiation-induced grain growth,
respectively [85]. In nanocrystalline oxide films, n=5 or 6 for CeO, and 6 for ZrO, [70-73].
4.2 Thermally-induced growth of nanocrystalline NiFeCoCrCu thin HEA film

The in situ TEM annealing experiments have revealed that thermally-induced grain growth of
nanocrystalline NiFeCoCrCu thin films has two major stages: (1) at RT and 300 °C, the fcc phase and
nanocrystalline structure are observed to be stable with insignificant grain coarsening; and (2) at 500 °C,
significant growth activities are observed with some abnormal grain growth that may relate to new phase
formation.

Examining the recorded video images, changes in contrast are commonly observed, much more

frequently at higher temperatures (500 °C) as discussed above. The loss of contrast between neighboring
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grains is attributed to the consumption of the grains or disappearance of the boundary between two grains.
To observe the contrast change, the orientation of neighboring grains must be within a few degrees,
suggesting grain rotation to align with the same orientation and continued growth by GB migration via
curvature-driven mechanism.

The bright-field micrographs in Figs. 5(a)-(c) show that a majority of the voided grain boundaries
have vanished at 500 °C whereas they remain largely unchanged at 300 °C. This suggests that voided
grain boundaries may act as a preferential diffusion path during the kinetics of grain growth. It is worth
noting that TEM samples are only a few tens of nm thick. In the current in-situ TEM characterization, the
thickness is ~70 nm. The two surfaces (originally the surface and the interface of the HEA/NaCl samples)
would also act as strong defect sinks and may restrain the grain growth, therefore the corresponding
thickness effects should not be neglected. At higher temperatures, defects can be thermally activated
and their enhanced mobility along preferential diffusion paths towards defect sinks is expected to
contribute significantly to the observed growth at 500 °C. This is consistent with the fact that the BFTEM
contrast at voided grain boundaries decreases during annealing.

Some abnormal grain growth is observed, as shown in supplementary Fig. 1 in addition to SAED
spots and peaks in Figs. 6(c) and (d). The abnormal grain growth may be related to the appearance of
additional SAED spots, suggesting the formation of secondary phases. These results indicate that, after
the initial thermodynamic equilibrium is reached (~ 300 s), the microstructure is driven towards a new
stable state during the extended annealing to 1942 s.

4.3 Irradiation-induced growth of nanocrystalline NiFeCoCrCu HEA

When materials are bombarded with energetic particles during irradiation, defect evolution is
considered to primarily involve atomic—level dynamics, where materials undergo structural damage and
their properties degrade [1]. Accumulated radiation damage can modify the microstructure. Under ion
irradiation, the temperature significantly affects defect dynamics and can have a large influence on the

microstructural evolution. Five major temperature-dependent recovery stages in dilute alloys are
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proposed in this work, based on research conducted over 70 years [86-89]. Stage | (~0.1 T, where Twm is
the melting temperature) corresponds to the onset of long-range self-interstitial atom (SIA) migration.
When the irradiation temperature is below Stage I, correlated (close-pair) or uncorrelated (long-range
recombination of Frenkel defects from different primary displacement events) SIA migration is
negligible. Stage Il involves long-range migration of small SIA clusters and SIA-impurity complexes (i.e.,
mobile SIAs but immobile vacancies), and Stage Il (~0.2 Tw) is associated with the onset of vacancy
motion. Stage IV involves migration of vacancy and vacancy—impurity clusters (i.e., both SIAs and
vacancies are mobile), and Stage V (~0.3 Twm) corresponds to thermal dissociation of sessile
(displacement cascade-produced) vacancy clusters. Above Stage V, dislocation loop and network
dislocation density monotonically decrease due to mobile defects and vacancy loop dissociation.

The melting temperature of NiFeCoCrCu HEA films can be estimated by averaging the solidus
temperature and liquidus temperature of the material [90] or using the rule of mixture (ZXi-T 'n) where X;
and T 'mare the molar fraction and melting temperature of the constituent element i, respectively [91]. In
recent work [17], a Ni-Fe-Co-Cr-Cu fcc HEA was produced with a matrix phase formed by
approximately 22at.% of Ni, Fe, Co, and Cr plus a reduced amount of ~11% Cu together with an
embedded Cu-enriched (~67%) solid solution phase. The liquidus temperature of this alloy was
determined to be 1382 °C (1655 K). Assuming that the Twm of the NiFeCoCrCu nanocrystalline HEA
deposited in this work is close to 1650 K, room temperature irradiation is clearly below 0.2 Ty, and is
thus likely to be between recovery Stages | and Ill. However, SIAs and small SIA clusters may be
absorbed at GBs or remain mobile to recombine with sessile monovacancies and vacancy clusters.

In dilute alloys, suppression of nanocrystalline grain growth is commonly achieved through two
mechanisms [42,92]: (1) kinetic stabilization by solute-drag effect to hinder GB mobility [65-67,93] or by
pinning boundaries with a fine dispersion of precipitates [94]; and (2) thermodynamic stabilization by
solute segregation to GBs in order to reduce the GB energy and to minimize or eliminate the driving force

for growth [68,69]. In HEAS, high chemical inhomogeneity leads to lattice distortion, and therefore lattice
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potential energy variation and higher activation energy along the diffusion path, and consequentially
lower diffusion efficiency than that in dilute alloys. In other words, an atom would experience a
fluctuating lattice potential energy due to different lattice distortions from its neighbors as well as
coordination bonding along its diffusion path and accordingly a higher activation energy to overcome
deep traps [6,90, 95-97]. Sluggish atomic-level diffusion and transport [95-97] has been experimentally
observed to reduce elemental segregation and defect clustering [12,18,21], and is also anticipated to
hinder grain growth under irradiation.

The ion-irradiation-induced grain growth determined from XRD measurements is summarized in
Fig. 10. The power law fit suggests n=21 and K =1.5x10'2, which is significantly higher than n values in
the literature. This difference is attributed to the more aggressive ion irradiation conditions and to
sluggish defect dynamics [98]. Comparing the results from the 300 °C annealing in Fig. 11, the RT
irradiation induces more rapid grain growth within the first 100 s, as suggested by the sharp curvature (i.e.,
the change in slope). While the ion flux may affect the curvature to some extent, MD simulations of
radiation-resistant oxide materials [70-73] reveal that the observed swift process induced by disorder, as
compared with the relatively slow grain rotation and GB migration mechanisms, is representative.

The sluggish diffusion arises from changes in defect energetics [15,99,100] due to the local
chemical inhomogeneity and atomic-level segregation bias [98]. The sluggish diffusion in CSAs is
theoretically investigated and explained by the difference in formation and migration energies of
interstitial atoms in different CSAs. For example, higher migration barriers for interstitials and
considerably reduced number of jumps (below the coordination number of the lattice in CSAs than those
in pure Ni) are revealed, which lead to sluggish defect diffusion and small clusters. The diffusion mass
transport in CSAs is not only slower than that in pure components but is also chemically biased [101].
While this study demonstrates the phase and microstructure stabilities under RT self-ion irradiation to

nearly 600 dpa. Detailed comparison of irradiation responses of nanocrystalline HEAs versus
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nanocrystalline dilute alloys requires systematic study over a wide range of temperatures and ion doses,
beyond the scope of the current work.
5. Conclusion

The mechanisms of grain growth and the microstructural stability of nanocrystalline NiFeCoCrCu
HEA films under both thermal annealing and ion irradiation are investigated. In situ TEM annealing
experiments at 300 °C show that nanocrystalline grains grow starting from 15.8 (+6.0) nm to 17.3 (£8.0)
nm at 163 s and then stabilize at ~20.0 (£7.6) nm, with no further growth detected from 600 to 1800 s and
that the fcc phase is stable during the 300 °C annealing. At temperatures of 500 °C, significant grain
growth occurs during the whole annealing period of 1942 s. In contrast with the observed microstructural
stability under annealing at 300°C, secondary phases are formed at 500 °C. At low and moderate
temperatures (<300°C), while some defect atoms at GBs are expected to move into crystalline sites to
reduce GB energies and small grains may be consumed by larger neighboring grains, the grain growth is
significantly hindered by the suppressed Kinetics (thermally inactive) of point defects characteristic of
HEA systems. At higher temperatures (~ 500°C), the observed growth of nanocrystals is associated with
the local reorganization of crystalline structures towards a different thermodynamic equilibrium state,
conceivably with the nucleation of secondary phases, as manifested by differences in the in situ monitored
diffraction patterns.

Radiation creates high concentrations of defects far beyond those found under thermal
equilibrium conditions. During the interaction of energetic particles with HEAs, significant fluxes of
point defects can be induced in the vicinity of GBs. In contrast with the in-situ annealing experiments
within a TEM, the RT ion irradiation induces more rapid grain growth. The instant defect responses (at a
ps timescale) and sequential migration (extending to us timescale or longer) effectively drive
microstructural evolution via a disorder-driven mechanism. The grain size increases and follows an
exponential law as a function of ion fluence or dpa, starting ~15.6 nm to 18.8, 21.0, 22.6, 23.9 and 25.2

nm at average doses of 0.73, 4.4, 23.5, 125.4 and 368.5 dpa. This leads to average grain growth from 2.6
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to 9.8 nm at the lowest and highest fluences, respectively. The fcc phase is stable under the high-dose

irradiation to nearly 600 dpa. The growth driven by irradiation-induced disorder (instability) is more rapid

than the relatively slow grain rotation and GB migration mechanisms observed during annealing

experiments.
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Table 1. Irradiation conditions of 3 MeV Ni irradiation of the HEA/Si films to different fluences, together
with the average dose and peak dose (dpa) as predicted by full-cascade and quick SRIM simulations,
respectively.

Sample Fluence Time Average dose (dpa) Peak dose (dpa)
(cm?)

Full cascade | Quick | Full cascade Quick
Film-A 0 0 0 0 0 0
Film-B | 4.7x10% 1m7s 0.7 0.3 1.2 0.5
Film-C | 2.8x10% 6m43s 4.4 1.9 7.1 3.0
Film-D | 1.5x10%% 36 m 23.5 10.2 37.8 16.0
Film-E 8.0x10% 3h12m 125.4 54.2 201.8 85.3
Film-F 2.4x10Y7 9h23mb59s 368.5 159.1 592.7 250.5

Table 2. Diffraction angle (8), full width at half maximum () of the (111) Bragg peak, and the estimated
grain size (L) from the XRD measurements before and after Ni irradiation of the HEA/Si samples. The
corresponding standard deviation is listed in parentheses. The grain growth is shown in the last column.
The standard deviation of the FWHM is 0.3 nm.

sample As-deposited After irradiation Growth
20 (°) | FWHM (°) | L (nm) 20 FWHM | L (nm) | AL (nm)
Film-B | 43.654(2) | 0.529(6) 16.2 | 43.690(2) | 0.456(5) 18.8 2.6
Film-C | 43.654(2) | 0.551(1) 155 | 43.628(1) | 0.408(4) 21.0 5.5
Film-D | 43.642(1) | 0.554(4) 15.4 | 43.651(1) | 0.379(3) 22.6 7.2
Film-E | 43.631(2) | 0.550(6) 15.6 | 43.570(1) | 0.358(1) 23.9 8.3
Film-F | 43.633(2) | 0.555(7) 15.4 | 43.553(1) | 0.339(2) 25.2 9.8
Table 3. The average width (nm) of the columnar grains in HEA/Si films, irradiated to the different

fluences described in Table 1. Four different locations were measured: at ~50 nm from the HEA and Si
substrate interface, and at 500, 300 and 50 nm to the film surface, respectively. The standard deviation is
up to 2.5 nm and 5.2 nm for column 2 and columns 3-5, respectively.

sample | 50 nm to interface | 500 nm to Surface | 300 nm to surface | 50 nm to surface
Film-A 10.2 9.8 11.8 14.6
Film-B 11.0 30.4 34.1 40.0
Film-C 11.9 30.9 39.5 40.5
Film-D 12.2 36.9 40.9 43.8
Film-E 12.6 38.2 47.2 46.9
Film-F 14.7 52.6 66.9 67.7
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FIG. 1. SRIM predicted damage profile (left axis) predicted from both full-cascade and quick option,
together with implanted Ni concentration (right axis) under 3 MeV Ni irradiation to an ion fluence of
1x10% cm2. The film thickness of 1000 nm is shown as a shaded area in the background.
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FIG. 2. High-energy synchrotron XRD measurement of a stack of free standing thin NiFeCoCrCu HEA
films (70 nm) taken from the NaCl substrates, showing the fcc structure. The inset is the W-H plot
indicating the grain size of 9.3 (£2) nm.
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FIG. 3. Thermal evolution of a thin nanocrystalline HEA film annealed at 300 °C for 1800 s. All
micrographs are taken at the same magnification with the scale bar shown in (e) and the elapsed time
marked on each micrograph. For better comparison of thermally-induced activities, the same locations are
marked on each micrograph by ellipses. The video can be found online in the supplementary data.

(b) 110

FIG. 4 Thermal evolution of a thin nanocrystalline HEA film annealed at 500 °C for 1942 s. All
micrographs are taken at the same magnification with the scale bar shown in (f) and the elapsed time
marked on each micrograph. For better comparison of thermally-induced structural changes, the same

locations are marked on each micrograph by ellipses. The video can be found online in the supplementary
data.
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FIG. 5. (a-c) BFTEM images and(d-f) thickness map of the 70 nm nanocrystalline HEA films at RT (left),
300 °C (middle) and 500°C (right) samples. The scale bars in (a) and (d) also apply to the images in the
same row.
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FIG. 6. Diffraction patterns with overlaid indices of the 70 nm nanocrystalline HEA films at (a) RT, (b)

300°C after 1800 s annealing and (c) 500°C after 1942 s annealing, together with (d) their intensity plot.

The crystallographic indices are labelled accordingly and agree well with the results from the synchrotron
XRD patterns shown in Fig. 2.
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FIG. 7. (a) Cross-sectional TEM micrograph of the as-deposited thick HEA film (~1000 nm) on Si
substrate, and (b) higher magnification image showing the highly textured columnar grain structure along
the deposition direction (along the surface normal as shown by the arrow). The vertical dashed line in (a)

indicates the interface of the HEA film and the substrate. The inset in (b) shows the grain structure and
GB quality.

(d) 23.52 ' W ) 368.48

FI1G. 8. TEM micrographs of as-deposited and irradiated HEA/Si films with increasing irradiation dose,
at approximately 500 nm from the film surface, as noted on the corresponding images. The average doses
range from (b) 0.73 dpa to (f) 368.5 dpa. The corresponding SAED patterns are shown on the right-hand
side.
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FIG. 9. XRD spectra of (a) the as-deposited HEA films and (b) the films irradiated at room temperature
to different fluences (Table 1). The average irradiation doses are marked on the plot.
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FIG. 10. Irradiation-induced grain growth as a function of either average dose (bottom axis) or ion
fluence (top axis). The uncertainty of the grain size is indicated by error bars. The solid line is the model
fit to a power law expression with n=21 and K»=1.5x10%2,
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FIG. 11. Comparison of grain growth as a function of time under room temperature irradiation and
thermal annealing at 300 °C. The solid line is the model fit, and the dashed line is a smooth fit to guide
the eye.

Supplementary Fig. 1 Inverse contrast BFTEM micrographs of the 70 nm nanocrystalline HEA film
thermally treated at 500 °C to 1423 and 1942 s. Some large crystallites with dimensions of ~ 40 nm are
observable, as marked.
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