https://helda.helsinki.fi

Enhancement of vacancy diffusion by C and N interstitials in
the equiatomic FeMnNiCoCr high entropy alloy
Lu, Eryang
2021-08-15

Lu , E , Zhao , J , Makkonen , I , Mizohata , K , Li , Z , Hua , M , Djurabekova , F & Tuomisto
, F 2021 , ' Enhancement of vacancy diffusion by C and N interstitials in the equiatomic
FeMnNiCoCr high entropy alloy ' , Acta Materialia , vol. 215 , 117093 . https://doi.org/10.1016/j.actamat.2021.117093

http://hdl.handle.net/10138/334317
https://doi.org/10.1016/j.actamat.2021.117093
cc_by
publishedVersion
Downloaded from Helda, University of Helsinki institutional repository.
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.
Please cite the original version.

Acta Materialia 0 0 0 (2021) 117093

Contents lists available at ScienceDirect

Acta Materialia
journal homepage: www.elsevier.com/locate/actamat

Enhancement of vacancy diffusion by C and N interstitials in the
equiatomic FeMnNiCoCr high entropy alloy
Eryang Lu a,1,∗, Junlei Zhao b,1, Ilja Makkonen a, Kenichiro Mizohata a, Zhiming Li c,d,
Mengyuan Hua b, Flyura Djurabekova a, Filip Tuomisto a
a

Department of Physics and Helsinki Institute of Physics, University of Helsinki, P.O. Box 43, FI-00014, Helsinki, Finland
Department of Electrical and Electronic Engineering, Southern University of Science and Technology, 518055 Shenzhen, China
School of Materials Science and Engineering, Central South University, 410083 Changsha, China
d
Max-Planck-Institut für Eisenforschung, Max-Planck-Straße 1, 40237 Düsseldorf, Germany
b
c

a r t i c l e

i n f o

Article history:
Received 8 March 2021
Revised 31 May 2021
Accepted 13 June 2021
Available online xxx
Keywords:
High entropy alloys
Interstitials
Vacancy
Positron annihilation
Density functional theory calculations

a b s t r a c t
We present evidence of homogenization of atomic diffusion properties caused by C and N interstitials
in an equiatomic single-phase high entropy alloy (FeMnNiCoCr). This phenomenon is manifested by an
unexpected interstitial-induced reduction and narrowing of the directly experimentally determined migration barrier distribution of mono-vacancy defects introduced by particle irradiation. Our observation
by positron annihilation spectroscopy is explained by state-of-the-art theoretical calculations that predict
preferential localization of C/N interstitials in regions rich in Mn and Cr, leading to a narrowing and reduction of the mono-vacancy size distribution in the random alloy. This phenomenon is likely to have
a signiﬁcant impact on the mechanical behavior under irradiation, as the local variations in elemental
motion have a profound effect on the solute strengthening in high entropy alloys.
© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction
The quest for new metallic alloys with improved properties
for withstanding extremely harsh environments has picked up
pace in the past decade. Solid solution strengthening that stems
from the interaction of lattice dislocations with solutes, is one of
the key phenomena employed to tune the mechanical properties
[1,2]. However, the typically present negative correlation between
strength and ductility in traditional alloys that usually consist of
one or two principal alloying elements with dilute (impurity-like)
concentrations of other elements, limits material design strategies
[3]. High entropy alloys (HEAs) have drawn great interest as they
open new frontiers in novel materials design with potentially exceptional mechanical, physical and chemical properties [4–10]. In
HEAs, ﬁve or more principal elements in (near) equiatomic ratios are usually randomly distributed in a regular crystal lattice
e.g., face centered cubic (f.c.c.) or body centered cubic (b.c.c.). The
random arrangement of multiple types of atoms at high concentrations results in unique site-to-site lattice distortions (size mis∗
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ﬁt), and it also leads to a random chemical mixture that brings
about locally varying strain distributions (variations in local lattice
strain) and atomic-level conﬁgurational ﬂuctuations. These features
enhance the solute strengthening both geometrically and chemically in the highly concentrated alloys. On the other hand, the cubic structure in single-phase HEAs provides a variety of slip systems that promote ductility, effectively overcoming the strengthductility trade-off [9,11].
To shed light on the solute strengthening, various theoretical
approaches have been employed to analyze the details of strengthening mechanisms in HEAs. An effective-medium-based theory has
been proposed by Varvenne et al., [12] in which each elemental
component is modeled as a solute embedded in the average effective medium matrix. This model predicts that the local chemical
environment and the structural disorder in the random f.c.c. alloy signiﬁcantly affect the yield strength. Oh et al. [13] introduced
the concept of quantum-mechanically derived atomic-level pressure to couple the compositional ﬂuctuations with solute strengthening in single-phase concentrated complex alloys. They suggest
that the differences in the charge transfer between neighboring
elements drive the conﬁgurational ﬂuctuations that dominate the
solute strengthening phenomena. These theoretical advances highlight the importance of having a detailed picture of the chemical
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and structural disorder on multiple scales in HEAs for systematically improving design strategies of high-performing materials.
Recently, solid solution strengthening by interstitial introduction has been included in HEA design strategies. The introduction of foreign interstitials, such as C, N, B and/or H, has been
found to surprisingly improve the strength signiﬁcantly without
sacriﬁcing the ductility [14–20]. In traditional alloys, foreign interstitials, such as C and N usually induce spatial lattice ﬂuctuations (much higher lattice distortions/local strain distributions than
substitutional atoms), affecting the interaction between interstitial species and dislocations [21,22]. In addition, the dilute species
are responsible for the formation of carbides and nitrides in the
regular lattice, improving the solute strengthening and hardness.
From the point of view of lattice defect formation and mobility
on the atomic level, the dilute elements are easily trapped by defects or defect clusters and lead to interstitial-vacancy pair formation in traditional alloys [23–25]. The interaction/aﬃnity usually results in a strong binding energy of C or N with vacancies
by increasing the migration barriers of vacancy defects. In HEAs,
foreign interstitials not only lead to solute strengthening but also
present the potential to change the phase stability and stacking
fault energies. C atoms have been found by ﬁrst-principle calculations to stabilize the f.c.c. phase and increase the stacking-fault
energy in the Cantor alloy [26]. On the other hand, adding N interstitials signiﬁcantly enhances the yield strength by increasing
lattice frictional stress [27,28]. Moreover, improved phase stability
and mechanical properties (higher yield strength and ultimate tensile strength at good ductility) have been observed in C and N codoped Fe48.5 Mn30 Co10 Cr10 C0.5 N1.0 (at. %) HEA [19,29]. We recently
observed that C interstitials introduced into equiatomic FeMnNiCoCr strongly affect the primary irradiation damage formation and
suppress vacancy clustering [30]. However, a detailed understanding of the interstitial-controlled mechanisms governing the defect
dynamics and mechanical properties requires a better overall picture of atomic-scale interstitial-defect-lattice interactions in HEAs.
In the present work, we have systematically characterized the
thermal evolution and recovery kinetics of mono-vacancies created
by 6 MeV proton irradiation in equiatomic FeMnNiCoCr (HEA) and
C/N interstitial-containing FeMnNiCoCr (iHEA) by positron annihilation spectroscopy [31,32]. We observe unexpected narrowing and
reduction of the distribution of directly experimentally determined
vacancy migration barriers in the interstitial-containing random alloy. Our state-of-the-art theoretical calculations predict preferential
localization of C/N interstitials in Mn and/or Cr rich regions. These
regions exhibit the largest lattice distortion distribution without
the foreign interstitials. Our results hence suggest that the presence of the C/N interstitials homogenizes some of the ﬂuctuations
induced by the chemical disorder in the HEA lattice, with important implications on strengthening mechanisms.

mosphere followed by water-quenching (WQ). According to wetchemical analysis, the exact C and N contents in the prepared iHEA
samples reach 0.60 at. % and 0.81 at. %, respectively, while they
are below 0.05 at. % in the HEA samples. The microstructures of
both HEAs were characterized by multiple probing methods. Electron backscatter diffraction (EBSD) analysis was performed using a
Zeiss-Crossbeam XB 1540 FIB scanning electron microscope (SEM),
and X ray diffraction (XRD) measurements were conducted by the
X-ray equipment ISO-DEBYEFLEX 3003 in conjunction with Co Kα 1
radiation [18]. A single f.c.c. phase structure with the average grain
size of ~ 200 μm was obtained in both HEA samples [18]. Sheet
specimens with the size of 5 × 5 mm2 were obtained through
electrical discharge machining. Electro-chemical polishing was performed on the sheet-like samples from both sides to reduce the
thickness to 90 ~ 100 μm. Figs. 1a1 and b1 present the inverse
probe ﬁgure (IPF) maps from the EBSD analysis, which reveal the
random distribution of grain orientations in the single f.c.c. structure both in HEA and iHEA samples. The f.c.c. structures of asquenched HEA and iHEA were also examined by XRD analysis as
shown in Figs. 1a2 and b2 .
All foil-like samples were mounted on an aluminum holder. A
6 MeV proton beam was obtained from the 5 MV tandem Van
de Graaff accelerator at Helsinki Accelerator Laboratory, and introduced into the samples at room temperature. The beam current
density was kept 800 nA/cm2 (~ 5 × 1012 ions•cm−2 •s−1 ), preventing overheating of samples during the irradiation, and samples
were irradiated to two different ﬂuences: 5 × 1015 ions/cm2 and
5 × 1016 ions/cm2 . The 6-MeV proton irradiation-induced damage
and ion distribution proﬁles in the equiatomic FeMnNiCoCr were
also predicted by the SRIM-code [36]. No hydrogen is implanted
into the samples, and uniform damage is created throughout the
thin samples (~100 μm in thickness), as shown in Fig. 1c. The introduction rate of vacancy defect predicted by SRIM is ~10 0 0 cm−1
and the two ﬂuences correspond to 1 × 10−4 and 1 × 10−3 dpa
(displacements per atom) in the samples. The stopping proﬁle of
positrons emitted from 22 Na (Emax = 0.545 MeV) in equiatomic
HEA is also presented in Fig. 1c, showing that most of the emitted
positrons (> 95 %) stop in the 100 μm thick samples, guaranteeing
effective detection and identiﬁcation of defects.
2.2. Positron annihilation spectroscopy
A fast-fast digital positron annihilation lifetime spectrometer
with a time resolution of 250 ps is utilized to identify and quantify the atomic scale open-volume defects in the crystalline samples [31]. A 22 NaCl emitter with 1 MBq activity, wrapped in 1.5
μm thick Al foil, is used as a positron source. The source is sandwiched between two identical sample pieces, and “double sandwich” structure with un-irradiated HEA samples (~ 0.5 mm in
thickness) as outside layer is used. The whole package is mounted
on a copper sample holder and placed in a vacuum chamber during the temperature-controlled positron lifetime measurements.
The irradiated samples were measured at 50 – 600 K by increasing
the temperature with 25 K intervals. Each measurement lasted 5 h
with ~1 × 106 events collected for the spectrum, Thermal recovery of irradiation-induced defects was observed during the measurements. Above 600 K, isochronal annealing from 650 to 800 K,
with 1 h duration and 50 K intervals, was performed on the irradiated samples with positron lifetime measurements performed
at RT between each annealing temperature. The corrections for
positron annihilation in the source material were determined as
210 ps (2.95 %) and 400 ps (~ 2.2 %), and 0.05 ~ 0.1 % of Ps contribution (1500 ps) was also subtracted from the experimental spectra.
The experimental positron lifetime spectrum is analyzed as a
sum of exponential decay components (intensities Ii , lifetimes τ i )

2. Methods
2.1. Materials and ion irradiation
To avoid any unwanted complex phenomena originating
from the material microstructure and from the implanted ion
species, we perform our experiments on carefully prepared (homogenized) single-phase HEA and iHEA samples, and irradiate them with 6 MeV protons to very low dose (less than
0.001 dpa) where only mono-vacancy defects are expected
[33–35]. The interstitial-free HEA with nominal composition
Fe20 Mn20 Ni20 Co20 Cr20 (at. %) and the iHEA with nominal composition Fe19.8 Mn19.8 Ni19.8 Co19.8 Cr19.8 C0.5 N0.5 (at. %) were synthesized in a vacuum induction furnace using pure metals, carbon and
FeCrN2 (as the source of nitrogen). The original casts were subsequently hot-rolled, and homogenized at 1200°C for 3 h in Ar at2
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Fig. 1. (a1 ) and (b1 ) EBSD IPF maps of the quenched HEA and iHEA samples, (a2 ) and (b2 ) XRD patterns of the HEA and iHEA samples. (c) SRIM predicted depth proﬁles of
6 MeV proton irradiation damage, ions distribution and positron stopping proﬁle in the equiatomic FeMnNiCoCr HEA.

[31]. In this work, the spectra obtained in irradiated samples could
be analyzed with two components, while un-irradiated samples
and post-irradiation annealed samples (above 600 K) only showed
a single lifetime component. The shorter lifetime component (τ1 ) is
the reduced lattice lifetime, and the longer lifetime (τ2 ) characterizes a positron trap with open volume. The average positron lifetime (τave ) is simply deﬁned as: τave = I1 τ1 + I2 τ2 , where I1 + I2 =
1, and it is a statistically accurate parameter as it coincides with
the center-of-mass of the lifetime spectrum. In the case of a twocomponent spectrum representing a case with only one kind of
positron trap, the positron lifetimes obtained by ﬁtting the measured spectra are:

τ1 =

1

λB +  κ

τ2 = τV

us a simple model to understand the possible spread of results
that can occur in an alloy environment and approximate the lifetimes in real alloys using weighted averages (see Refs. [2,30] for
the idea applied to Doppler broadening in the HEA systems). We
use the local-spin-density approximation (LDA) [39] and the projector augmented-wave (PAW) method [40] as implemented in the
Vienna Ab-initio Simulation Package (VASP) code [41–43]. The f.c.c.
lattice and point defects are modeled using cubic 32-atom supercells. The electron-positron correlation energy and enhancement
factor are approximated using the LDA [44]. We use the simpliﬁed
form of the two-component density-functional theory (DFT) for
electron-positron systems, in which a localized positron does not
affect the average electronic density, and apply the zero-positrondensity limits of the functionals. This scheme has been shown to
give results agreeing with more self-consistent modeling. Vacancy
defects with trapped positrons are relaxed considering the repulsive force on ions due to the positron [45]. We also modeled the
positron lifetime in mono-vacancies in a selection of the randomized 256-atom supercells (see next section).

(1)
(2)

where λB is the positron annihilation rate in the lattice and is the
inverse of the lattice lifetime τB (often called the bulk lifetime),
τV is the positron annihilation lifetime in vacancy defects, and κ
is the positron trapping rate that is proportional to the defect concentration CD through κ = μCD , where μ is the trapping coeﬃcient.
When two kinds of defects compete in trapping positrons, we
employ a positron trapping model with two defects states that best
describes the positron behavior in the samples. In this case the average positron lifetime is written as [35]:

τa v e =

λB τB + κst τst + κV τV
λB + κst + κV

2.3. Modeling of interstitial formation energy and strain distributions
Spin-polarized DFT calculations are conducted using the VASP
[41,43,46,47] at the generalized gradient approximation (GGA)
level, employing the PAW method [40,42] and the revised PerdewBurke-Ernzerhof functional for solids (PBEsol) [48,49]. The valence
electronic states in the plane wave basis sets are expended with an
energy cutoff of 550 eV. For transition metal elements, the 3p, 3d
and 4s states are treated as valence states in the PAW potentials
while for C and N, the standard 2s and 2p valent states are considered. Non-spherical contribution of gradient of electronic density is considered. The reciprocal space integration is conducted
with a 3 × 3 × 3  -centered Monkhorst-Pack k-mesh grid [50].
The 1st -order Methfessel-Paxton method with the energy smearing
width of 0.05 eV is used to describe the partial occupancies of the
electronic states. Detailed convergence tests are shown in Supplementary Figure 1. We choose 10−4 eV and 10−3 eV as the energy
convergence criteria for optimization of the electronic and ionic
structures, respectively. The initial magnetic conﬁgurations are set
as ferromagnetic and are updated collinearly throughout calculations. The ﬁnal stages are ferrimagnetic conﬁgurations, similar to
the previous reports [51,52], where Cr and Mn spins are aligned
anti-parallel to the Fe, Co and Ni atomic spin. A 256-atom supercell (4 × 4 × 4 conventional f.c.c. cells) is used. Each supercell con-

(3)

where κ st is the trapping rate to structural defects with the annihilation lifetime τ st , and κ V describes the trapping rate to vacancy
defects with the annihilation lifetime τ V . As in the case the singledefect model, the trapping rate to the defect is proportional to its
concentration (Ci ): κi = μiCi , where μi is the trapping coeﬃcient
of the defect. For the vacancy-type defects in f.c.c. metals, we use
the trapping coeﬃcient μV ≈ 5 × 1014 s−1 , independent of temperature [37]. We model positron trapping to structural defects with
a trapping coeﬃcient (μst ) with a temperature dependence of T−n
with the experimental value n ranged between 0.5 and 1.5, originating from diffusion-limited trapping [35,38].
In support to the experiments, we calculate the positron lifetimes in defect-free and defected HEAs systems by considering
separately the 5 constituent elements as elemental metals in the
f.c.c. structure and modeling mono-vacancies in them. This gives
3
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Fig. 2. Average positron lifetime (τ ave ) in as-grown and irradiated samples as a function of measurement temperature from 50 up to 400 K. The upper panels show the two
components τ 1 and τ 2 , as well as the intensity (I2 ) of τ 2 extracted from the temperature-dependent lifetime spectra of irradiated samples. The dashed and dotted curves
show the ﬁtting results based on the two-defect state positron trapping model.

3. Results

sisted 51 Co, 51 Cr, 51 Fe, 52 Mn and 51 Ni atoms, closely resembling the equiatomic composition. In order to consider the effect of
local enrichment of certain elements, the chemical disorder is not
elaborately uniﬁed as the special quasi-random structure (SQS) approach [53]. By directly comparing the local bond disorder of our
structure with the SQS cells from the literature [52], we conclude
that the lattice distortion is insensitive to the chemical disorder.
The atomic conﬁgurations are visualized by OVITO [54].

3.1. Irradiation-induced vacancy defects
Fig. 2 shows the positron lifetime obtained in HEA and iHEA
samples irradiated to two different ﬂuences with 6-MeV protons
(φ = 5 × 1015 cm−2 and 5 × 1016 cm−2 , referred to lower and
higher ﬂuence, respectively) as a function of measurement temperature in the range 50 – 400 K. The data for un-irradiated samples
are measured in the range 50 – 300 K. At RT, the un-irradiated
samples produce a single-component positron lifetime spectrum
with average positron lifetime (τ ave ) of 119/117 ps (HEA/iHEA notation). In earlier work, the positron lifetime in the lattice (often
called the bulk lifetime for historical naming reasons) has been
4
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determined to be in the range τ B = 108 – 112 ps based on experiments in the Cantor alloy and FeCoCrNi [2,55,56]. In elemental metals constituting the HEA samples, experimental results have
been reported as 110 ps (f.c.c. Ni and b.c.c. Fe) [57,58] and 120 ps
(b.c.c. Cr) [59]. We hence assume that the bulk (lattice) lifetime is
τ B = 110 ps, i.e., slightly shorter than the average lifetime in the
un-irradiated HEA and iHEA samples.
In the irradiated samples, τ ave increases to 130/126 ps at
the lower ﬂuence, and to 174/164 ps at the higher ﬂuence. This
ﬂuence-dependent increase in τ ave is a direct indication of open
volume defects produced by the irradiation. The increase is less
pronounced in iHEA than HEA, indicating that the overall open volume of the defects introduced in the irradiation is smaller in the
interstitial-containing samples, in line with our earlier observation
of suppressed open volume irradiation damage in iHEA [30]. The
separation of the lifetime spectra into two components is shown
in Fig. 2 (panels b-d). It is clearly seen that the second (longer)
lifetime component is systematically shorter in iHEA (τ 2 = 186
± 7 ps) than in HEA (τ 2 = 199 ± 6 ps). The shorter component
(τ 1 ) and the intensity I2 of the second component are the same
in both HEA and iHEA (for both ﬂuences), except at the lowest
temperatures. Hence the difference in τ ave between irradiated HEA
and iHEA originates purely from the value of the second lifetime
component and not its intensity. This is a direct indication of the
vacancy-type defects created in the irradiation containing slightly
smaller open volume on average in iHEA than HEA. At the same
time, the concentration of the irradiation-induced defects is the
same in both HEA and iHEA with the same irradiation ﬂuence.
Mono-vacancy positron lifetimes in the constituent elemental
metals have been experimentally determined for f.c.c.-Ni (τ V = 180
ps) [57] and b.c.c.-Fe (τ V = 175 ps) [58]. In un-irradiated FeMnNiCoCr samples, lifetime components as originating from monovacancies have been reported in the range 170 – 185 ps [55,60],
somewhat shorter than in our irradiated HEA and iHEA samples.
However, direct comparison is not straightforward as microstructural details and impurity levels are different or unknown. Also,
the effect of dislocations on the apparent mono-vacancy lifetime
(see below) needs to be taken into account to allow detailed comparison. To estimate the mono-vacancy lifetime that could be expected in HEA, we performed ﬁrst-principles calculations on elemental metals in the f.c.c. structure (the calculations were validated by calculating also the correct elemental metal structure
and comparing to experiments for Ni and Fe). By averaging over
the 5 elements and by performing the standard correction of shifting the calculated values by the difference between the calculated
and experimentally determined lattice (bulk) lifetimes, we obtain
an average mono-vacancy lifetime of τ V = 200 ps in FeMnNiCoCr
HEA. This coincides with the experimental τ 2 in the irradiated HEA
samples, and we hence identify the defects introduced by irradiation as mono-vacancies in the HEA samples. Earlier theoretical calculations [60,61] predict mono-vacancy lifetimes that are slightly
shorter than in our modeling, in line with their different approach.
Note that mono-vacancies coupled with C interstitials have been
found to exhibit a positron lifetime 15 ps shorter than for the pure
mono-vacancy in b.c.c.-Fe [58], and we also ﬁnd shorter τ 2 in irradiated iHEA than in HEA. However, the reduced temperature of
thermal recovery (see next section) prevents us from interpreting
the positron lifetime in our experiments to originate from monovacancy-interstitial complexes in iHEA, as such a complex is by
deﬁnition more stable than a pure mono-vacancy. We also calculated the mono-vacancy positron lifetimes in a subset of randomized HEA supercells to ﬁnd that the scatter in lifetimes is 10 ps for
various conﬁgurations, which corresponds to the range of observed
τ 2 in the experiments on the HEA and iHEA samples.
It is clearly seen in Fig. 2 that the average positron lifetime
decreases with decreasing temperature (in a reversible manner).

Table 1
Positron trapping rates at mono-vacancies, mono-vacancy concentrations
and migration barriers extracted from the data in the irradiated HEA and
iHEA.

κV
( λB )
HEA_5E15
HEA_5E16
iHEA_5E15
iHEA_5E16

0.32 ± 0.02
2.9 ± 0.1
0.34 ± 0.02
3.1 ± 0.1

Vacancy concentration
• appm
• cm−3
5.8
5 × 1017
52
5 × 1018
6.2
5 × 1017
56
5 × 1018

Vacancy
migra1.6 – 1.9
1.6 – 1.9
tion
1.63 ± 0.02
bar1.64 ± 0.02
riers
(eV)

Thermal expansion of the crystal lattice produces at most 0.2
– 1 ps/100 K in τ ave [35,62], hence the observation is defectrelated. Here, the observed temperature dependence strongly suggests diffusion-limited trapping (and hence scattering off, e.g.,
phonons) that is typical of structural defects such as grain boundaries and dislocations. The temperature-dependent lifetime data
can be modeled assuming a system with two positron-trapping defects. Using the experimentally determined τ V (HEA) = 199 ps and
τ V (iHEA) = 186 ps, and assuming τ st = 112 ~ 120 ps and τ B = 110
ps in both materials, we can ﬁt the temperature behavior of τ ave
in the irradiated samples in the range 50 to 400 K with Eq. (3).
The ﬁtting results are shown as the dashed lines in Fig. 2, reproducing the experimental data very well (only two ﬁtted parameters: trapping rates of structural defects and irradiation-induced
mono-vacancies). The best ﬁts are found by setting τ st = 112 ps
and n=1.5 for the temperature dependence (T−n ) of the trapping
coeﬃcient of the structural defects in all samples. We note that
the behavior of τ 1 is consistent with this model. Due to this effect
of the structural defects on the lifetime decomposition (slightly decreasing τ 2 with decreasing temperature), only the data above 200
K are used for determining the average τ 2 in both HEA and iHEA.
Similar effects have been observed in Ref. [55].
The ﬁtting gives structural defect trapping rates at 50 K as κ st =
2 − 3 λB in irradiated HEA and κ st = 5 − 7 λB in irradiated iHEA,
with no dependence on the irradiation ﬂuence. The as-grown data
cannot be reliably ﬁtted due to the subtle variation of τ ave with
temperature, but a value of κ st not less than that in the irradiated
materials is required to reproduce the visible T-dependence. The
difference by a factor of 2 – 3 between the two materials suggests that positron diffusion is somewhat enhanced in iHEA, as
the structural quality of the HEA and iHEA samples is very similar. The T−1.5 dependence of κ st leads to values less than 0.3 λB at
elevated temperatures, negligible compared to κ V in higher dose
samples, but the positron trapping to these structural defects must
be taken into account when analyzing the lower dose data. For the
sake consistency, it has been taken into account in the trapping
rate ﬁtting in the higher dose samples as well.
Table 1 gives the ﬁtted positron trapping rates to irradiationinduced vacancy defects for the HEA and iHEA samples, as well as
the corresponding vacancy concentrations. These allow us to estimate the vacancy concentration as [V]5E15 ≈ 5 × 1017 cm−3 and
[V]5E16 ≈ 5 × 1018 cm−3 in as-irradiated HEA and iHEA samples.
The introduction rate for mono-vacancies can hence be estimated
as [V]/φ = 100 cm−1 . This value is an order of magnitude smaller
than the prediction by SRIM (10 0 0 cm−1 ), indicating that partial
recovery of the irradiation damage takes place already at RT. As
the vacancy concentration increases in proportion with the irradiation ﬂuence, we conclude that this RT recovery is simple Frenkel
pair recombination without complex defect-defect interactions, as
expected at the low irradiation ﬂuxes and ﬂuences used in our experiments.
5
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Fig. 3. Positron lifetime results as a function of temperature in irradiated samples. The measurements from 300 to 600 K were performed at corresponding temperatures,
and the data from 650 to 800 K were measured at RT in between the annealing steps. The average positron lifetime τ ave is shown in panel (a). The upper panels (b)-(d)
show the two lifetime components τ 1 and τ 2 separated from the lifetime spectra, as well as the intensity I2 of the longer lifetime component τ 2 .

suggesting improved mobility of point defects in iHEA. Further examination of Fig. 3a reveals that the thermal recovery process begins at the same temperature (about 450 K) in both iHEA and HEA,
but the evolution is faster with increasing temperature in iHEA
than in HEA. During the recovery process (between 450 K and 600
K), the I2 and τ 2 data (Figs. 3b and 3d) indicate that the recovery
process consists of the removal of the irradiation-induced vacancy
defects and that the size of these vacancy defects does not change
during the recovery process. The latter observation is based negligible evolution of τ 2 in the temperature range 300 – 550 K (increasing on the average by 0.3 ps in HEA and 3 ps in iHEA based
on the statistically accurate τ 2 data) of the higher ﬂuence samples. We note that both increases are smaller than the scatter of
the data and the individual statistical errors on the data points,

3.2. Thermal recovery of the irradiation-induced vacancy defects
Fig. 3 shows the positron lifetime obtained in the irradiated
HEA and iHEA as a function of measurement and annealing temperature from 300 to 800 K. The RT data for the un-irradiated samples is shown for reference. It is clearly seen that the thermal recovery process starts at around 450 K. Above this temperature, the
average positron lifetime gradually decreases, and the original state
of the samples as monitored by positron annihilation (τ ave in the
range 115 – 120 ps) is reached by 600 K in both HEA and iHEA
samples. This is a direct indication of thermal recovery of the irradiation damage through removal of the irradiation-induced open
volume defects. Interestingly, the thermal recovery process appears
to take place at slightly lower temperatures in iHEA than in HEA,
6
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Fig. 4. Positron trapping rate (κv ) at irradiation-induced mono-vacancies as a function of annealing temperature in irradiated samples. The dashed curves show the ﬁt of the
model describing the isochronal annealing process.

hence indicating that τ 2 is constant throughout the thermal recovery process. Further, the higher ﬂuence data indicate that the
difference between HEA and iHEA originates from faster removal
of the vacancy defects in iHEA. We also note that τ 1 behaves consistently with this picture. Also, it is somewhat too high to be explained by Eq. (1), as expected due the presence of the shallow
positron traps discussed in the previous section.
Fig. 4 shows the positron trapping rate at irradiation-induced
mono-vacancies (κv ) extracted using Eq. (3) from the positron data
(Fig. 3) in the post-irradiation annealing temperatures 300 – 800
K. We ﬁt an activation energy EA of the thermal recovery of the
irradiation-induced vacancy defects to the vacancy concentration
values that have been determined from positron data, similar as in
Refs. [35,63]. The isochronal annealing of the defect concentration
[V] can be described as follows [64]:

[V ]i+1 = [V ]∞ + ([V ]i − [V ]∞ )exp(−ν t · exp(−EA /(kB Ti ) ) )

be ﬁtted with an activation energy that ranges from 1.6 eV to 1.9
eV in the temperature range 450 K – 550 K (α ﬁtted as 0.0023 in
the model), implying that the mono-vacancies anneal out in several overlapping stages in this temperature range. Interestingly, the
lowest activation energy coincides with the single mono-vacancy
migration barrier found in iHEA.
3.3. Lattice location of C and N interstitials in HEA and the local
lattice distortions
We performed state-of-the-art DFT calculations to determine
the preferred sites for C and N interstitials. An example of the employed randomized equiatomic supercells is shown in Fig. 5a. For
both the C and N cases, 100 randomly chosen octahedral sites were
calculated (see Supplementary Figure 2). The local atomic environment is determined by counting the number of elements in the
6 1st nearest-neighbor (1NN) and 14 1st and 2nd nearest-neighbor
(1&2NN) atoms as shown in Fig. 5b. Fig. 6 shows the histograms of
the counting distributions and the formation energy distributions
for both C and N interstitials in 5 different elemental surroundings.
A clear tendency of increasing formation energy for both C and N
interstitials with increasing number of Ni atoms in the surroundings, as well as a clear tendency of decreasing formation energy
with increasing number of Cr atoms, is visible in Fig. 6.
The slopes of linear ﬁtting are shown in Table 2, where we
have also employed the Spearman rank-order coeﬃcient [65] RS
to quantitatively characterize the correlations (values given in bold
denote the highest ﬁdelity). In addition to the opposite tendencies
for Cr and Ni rich surroundings, also an increase in the number
of Mn atoms surrounding the C or N interstitials decreases the
formation energy. The results for Fe and Co differ more and they
also exhibit larger statistical uncertainty for the two types of interstitials, but generally there appears to be a tendency for increasing formation energy with Co rich surroundings and decrease with
Fe rich surroundings. In short, the linear correlation analysis indi-

(4)

where the subscript i denotes the annealing step (Ti =
[300 + 25 × (i − 1 )] K), t = 180 0 0 s is the annealing time, kB
is Boltzmann constant, ν = 1013 s−1 is a frequency factor and
assumed to be constant, [V ]∞ is the decreased defect concentration due to annealing. In the case where a single activation
energy does not describe the behavior suﬃciently well, we use
EA = EA0 + α (Ti − T1 ) as the activation energy where the parameter
α allows the activation energy (EA ) to evolve linearly as a function
of the annealing temperature.
A single activation energy can be ﬁtted to the iHEA data of both
low and high ﬂuence, giving EAV (iHEA_5E15 ) ≈ 1.63 ± 0.02 eV and
EAV (iHEA_5E16 ) ≈ 1.64 ± 0.02 eV. A single activation energy is an
indication of a simple recovery process limited only by the migration barrier of the species annealing out, hence this value of EA
is interpreted as the migration barrier of mono-vacancies in the
iHEA samples. In the HEA samples, however, the trapping rate data
could not be reproduced with a single activation energy. Allowing
the activation energy to evolve with temperature, the HEA data can
7
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Fig. 5. Exemplary 256-atoms equiatomic supercell and octahedral interstitial sites. Six 1st nearest neighbors (1NNs) and eight 2nd nearest neighbors (2NNs) surrounding the
interstitial atoms were used to determine the local atomic environment.
Table 2
Statistical summary of the DFT calculations. Spearman correlation coeﬃcients RS , P-value, the slope of the linear ﬁtting and the residues of the linear ﬁtting (the measure
of the scatter). The bold numbers indicate strong correlation. The P-value is deﬁned as the probability of an uncorrelated system producing datasets that have a Spearman
correlation which is equal or larger than the one computed from the actual datasets.
ElementC interstitials 1NN
Spearman RS
P-value
Co
0.054
0.596
Cr
-0.231
0.021
Fe
-0.213
0.034
Mn
-0.150
0.138
Ni
0.513
0.000
N interstitials 1NN
Co
0.376
0.000
Cr
-0.523
0.000
Fe
0.057
0.571
Mn
-0.383
0.000
Ni
0.524
0.000

Slope of linear ﬁtting
0.023
-0.086
-0.049
-0.034
0.139

Residues of linear ﬁtting
7.535
6.807
7.398
7.500
5.738

0.124
-0.214
0.044
-0.125
0.258

13.193
9.144
14.992
13.536
9.801

cates preferential localization of C/N interstitials in regions rich in
Mn and Cr, while clearly avoiding Ni-rich regions. Our calculations
are in line with recent experimental evidence that suggests Cr to
have the highest aﬃnity towards N interstitials [66] in equiatomic
FeMnNiCoCr.
Fig. 7 shows the effects of N interstitials on the local bond
distortion distribution in Cr-rich environment, where they are expected to be the most signiﬁcant due to the preferential localization. The data clearly show that bond distortions behave as expected and similar to that in dilute alloys: the bond distortion distribution becomes wider for all elements. The effect is strongest
for Cr as it is over-represented in the 1st nearest neighbors –
detailed analysis shows the most signiﬁcant effects on the local bond distortions are found in the 1st and 2nd nearest neighbors, as expected. We note that our calculations without the interstitials reproduce the local bond distortion distribution shown
in Ref. [52]. Cr and Mn exhibit the widest distributions of local bond distortions. The overall rank order of the distortions is
Cr>Mn>Fe>Co>Ni.

C interstitials 1&2NN
Spearman RS
P-value
0.036
0.720
-0.179
0.075
-0.066
0.513
-0.094
0.354
0.369
0.000
N interstitials 1&2NN
0.229
0.022
-0.315
0.001
0.004
0.970
-0.249
0.013
0.436
0.000

Slope of linear ﬁtting
0.005
-0.043
-0.008
-0.012
0.071

Residues of linear ﬁtting
7.587
7.143
7.579
7.559
6.607

0.066
-0.117
0.0014
-0.055
0.134

14.390
12.214
15.186
14.748
12.335

vacancy migration can also be extracted from elemental diffusion
experiments that have been performed in similar HEAs by employing isotope-controlled bulk tracers [67] and diffusion couples
[68,69]. The elemental diffusion activation energies determined in
these experiments vary from element to element in the range 2.8
– 3.2 eV [67], 3.0 – 3.3 eV [68] and 3.2 – 3.5 eV [69]. The monovacancy formation enthalpy has been determined experimentally
with positron annihilation as 1.7 ± 0.2 eV in equiatomic FeMnNiCoCr [56], but there is no elemental information that could be
extracted as in experiments the identity of the missing atom from
the vacant lattice site is not known. Assuming the elemental diffusion to proceed via the vacancy mechanism, the above-listed experimental diffusion activation energy ranges correspond to vacancy migration barrier ranges of 1.1 – 1.5 eV, 1.3 – 1.6 eV, and
1.5 – 1.8 eV (with an overall additional uncertainty of at least ±
0.2 eV), respectively. Our values are in excellent agreement with
those obtained from Ref. [69], and somewhat higher than in Refs.
[67,68]. Both in our experiments and in the diffusion experiments
the distribution of the obtained values is the same with a 0.3 – 0.4
eV range.
Mono-vacancy migration barriers have also been studied employing theoretical calculations. The predicted values in equiatomic
FeMnNiCoCr for different elemental vacancies exhibit a range of
0.3 – 0.5 eV irrespective of the employed method [68,70–73], but
the modeling predicts systematically lower values (by 0.5 – 1.0
eV) [70,71] than those found in most of the experiments, including ours. The well-known delocalization error from approximated
functionals [74] is a likely source of systematic differences between theory and experiment, but the comparison is challenging

4. Discussion
Our direct monitoring of the thermal recovery of irradiationinduced mono-vacancies in the HEA and iHEA samples leads to the
conclusion that the mono-vacancy migration barriers are generally
in the range 1.6 – 1.9 eV in equiatomic FeMnNiCoCr. That the migration barriers exhibit a distribution instead a single value is natural due to local ﬂuctuations of elements surrounding the irradiation induced vacancies in a random alloy. The energetics of mono8
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Fig. 6. Interstitial formation energy of (a) IC and (b) IN vs. the number of certain neighboring elements in the surroundings. As a quantitatively characterization, the Spearman
rank-order coeﬃcients, RS is used to describe the correlation tendency and the slope of the linear ﬁtting is used to extract the dependency of the formation energy on the
number of certain elements in the surroundings, as shown in Table 2.

also due to nature of the random alloy itself. First, we note that direct comparison between our experiments and the published theoretical work is not straightforward. In modeling, the vacancies
are typically deﬁned by the atom that has been removed from its
lattice site, while in our experiments it is not possible to identify which atoms is missing from the vacant lattice site. Interestingly, the mono-vacancy migration barrier in pure Ni has been
determined experimentally as 1.1 – 1.3 eV [57,75,76], and theory
predicts values that are in excellent agreement with experiments
[77]. The theoretically calculated mono-vacancy migration barriers
are shown to slightly increase when Ni is alloyed with Fe or Co
(equiatomic binary alloys) [77], but in the multi-component alloys
the predicted mono-vacancy migration barriers are lower than in
elemental Ni [68,70–73]. The scale of diffusion phenomena and
the full energy landscape are discussed in Ref. [73] as possible
sources of differences between the observations in experiments
and the modeling efforts. In our experiments, the mono-vacancies
need to migrate a distance of the order of 100 μm, and in the
elemental diffusion experiments the distances are several tens of
μm (slightly longer in diffusion couple than in tracer diffusion
experiments). In atomistic modeling, the distances of atomic motion that can be analyzed are several orders of magnitude shorter.
Hence it appears that the extracted migration barriers are correlated with the distance traveled by the diffusing species, strongly
suggesting that the detailed energy landscape of the random al-

loys has an important role in determining the migration processes.
The longer the distance that the diffusing vacancy (or atom) needs
to migrate, the more probable it is that it ﬁnds (randomly occurring) regions of higher migration barriers dictated by the immediate atomic surroundings. This is likely to increase the average
migration barrier(s) found in experiments, and contribute to the
interpretations concerning sluggish diffusion in HEAs in general.
The fact that the mono-vacancy migration barrier range is reduced to a single migration barrier – and to that at the low end
of the range – upon the introduction of N and C interstitials in
iHEA is unusual and intriguing. C/N interstitials are known to effectively bind to vacancies and signiﬁcantly increase the migration
barriers as, e.g., in b.c.c. Fe, austenitic steel and f.c.c. Ni [25,58,78].
Also in our earlier work [30] the results show that at higher irradiation damage doses (of the order of 1 dpa) and dose rates, it is evident that C interstitials bind to vacancy defects and suppress their
mobility. However, when strictly isolated point-like defects are introduced as in our present experiments, the presence of C/N interstitials induces opposite effects. To further discuss this unusual
phenomenon, we ﬁrst summarize the key observations from our
experiments and modeling:

1 The irradiation introduces mono-vacancies at the same rate in
HEA and iHEA samples.
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Fig. 7. Local bond distortions with and without N interstitials, analyzed from 10 cases with Cr-rich environment (3 or 4 Cr atoms among the 6 1st nearest neighbors). The
data show the normalized probability density with the bin-width of 0.1 %.

2 The irradiation-induced mono-vacancies anneal out in thermal
treatments on average at lower temperatures in iHEA than in
HEA.
3 The mono-vacancy related lifetime stays constant throughout
the thermal recovery process in HEA and iHEA.
4 The irradiation-induced mono-vacancies are on average slightly
smaller (their positron lifetime is slightly shorter) in iHEA than
in HEA.
5 The distribution of activation energies (migration barriers) related to the thermal recovery process is narrower in iHEA, and
the distribution narrows towards the lower end of the energy
range.
6 Theoretical calculations show that without interstitials, the local lattice distortion distribution is the widest for Cr and Mn.
The distributions are symmetrical. Interstitials widen the distributions.
7 Theoretical calculations show that interstitial C and N both prefer Cr and Mn rich regions of the HEA lattice. These are the
regions that exhibit the highest distortions (both shorter and
longer bonds).

size distribution. As the C/N interstitials push away the atoms in
the 1st and 2nd neighboring cells and the mono-vacancies are on
the average 2 – 3 bond lengths from the interstitials (based on
the statistics of 1% interstitial concentration), the mono-vacancies
end up being smaller on average. At the same time, the large-size
tail of the mono-vacancy size distribution is removed as the interstitials occupy the space where the largest mono-vacancies would
have been introduced in the irradiation. Note that our data does
not exclude the possibility of a small fraction (statistics suggests
less than a percent) of the irradiation-induced mono-vacancies to
be bound to the C/N interstitials – their concentration would be
low enough to not be distinguished from the open volume defects
existing in the samples prior to irradiation. The interstitial-induced
narrowing and reduction of the mono-vacancy size distribution
leading to the narrowing and reduction of the migration barrier
distribution implies that mono-vacancy migration is strongly sizedependent in HEA.
The fact that the nature of the atomic-scale chemical disorder
and its effects on the local lattice distortions are a decisive factor
determining the elemental motion in HEAs might not be surprising, but needs to be taken into account when developing microscopic theories of solute strengthening. The effective and unusual
homogenization of the mono-vacancies and their motion in iHEA
is opposite to the phenomena found in traditional dilute alloys. We
note that our results and the proposed mechanism do not provide
a clear distinction between the effects of the C or N interstitials.
Both are present at 0.6 – 0.8 at. % in our iHEA samples, and theoretical calculations predict their general behavior to be very similar
from the point of view of lattice site energetics in varying atomic
surroundings. Our earlier results on the irradiation response of C
interstitial containing FeMnNiCoCr [30] suggest that C interstitials
alone can lead to the reduction of the total open volume contained
in the defects introduced by the irradiation, but the magnitude of
that effect cannot be reliably compared to the present results due
to the different scale of the experiments. As the concentrations of
both C and N interstitials are rather low in our iHEA samples, it is
unlikely that they would signiﬁcantly interact with each other in

We propose the following mechanism, based on the fundamental chemical disorder in the HEA lattice, to explain our unusual
experimental observations. Observations (1), (2) and (3) together
imply that, unlike in Fe or Ni [23,25,58,78], the mono-vacancies
are not bound to the interstitials in iHEA at any stage of irradiation and thermal treatments, and that we can assume that
the irradiation-induced mono-vacancies are randomly (evenly) distributed in the whole lattice in both HEA and iHEA. Due to the
lattice distortions, the mono-vacancies in HEA exhibit a distribution of sizes. However, the mono-vacancy size distribution is not
symmetric unlike the elemental local bond distortion distributions,
as it is bound from below – this distribution has a tail extending to
larger sizes. We argue that the preferential localization of the C/N
interstitials in the Cr/Mn rich regions of the HEA matrix, that host
the largest bond distortions and by consequence the largest and
smallest mono-vacancies, effectively narrows the mono-vacancy
10
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irradiation damage and thermal recovery processes. Incorporating
a detailed understanding of the effective strain landscape variation
mechanism by these and other foreign interstitials (e.g., O) should
profoundly beneﬁt the development of HEA engineering strategies.
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5. Summary
In this work, we report unusual homogenization of vacancy diffusion properties in the equiatomic FeMnNiCoCr high entropy alloy doped with C and N interstitials (iHEA). We present direct experimental evidence of an unexpected interstitial-induced reduction and narrowing of migration barriers of mono-vacancy defects
introduced by particle irradiation in the iHEA. The phenomenon
is attributed to the preferential localization of C/N interstitials in
naturally occurring atomic scale Mn and Cr rich regions of the
random alloy predicted by state-of-the-art theoretical calculations.
The conclusions obtained by eﬃcient combination of independent
experiments and modelling open a pathway for understanding the
effect of foreign interstitials on solute strengthening and mechanical properties under irradiation in high entropy alloys.
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M. Zajusz, W. Kucza, G. Cieślak, K. Berent, T. Czeppe, T. Kulik,
M. Danielewski, Demystifying the sluggish diffusion effect in high entropy alloys, J. Alloys Compd. 783 (2019) 193–207, doi:10.1016/j.jallcom.2018.12.300.
W.M. Choi, Y.H. Jo, S.S. Sohn, S. Lee, B.J. Lee, Understanding the physical metallurgy of the CoCrFeMnNi high-entropy alloy: An atomistic simulation study,
Npj Comput. Mater. 4 (2018) 1–9, doi:10.1038/s41524- 017- 0060- 9.
M. Mizuno, K. Sugita, H. Araki, Defect energetics for diffusion in CrMnFeCoNi
high-entropy alloy from ﬁrst-principles calculations, Comput. Mater. Sci. 170
(2019) 109163, doi:10.1016/j.commatsci.2019.109163.
J. Kottke, D. Utt, M. Laurent-Brocq, A. Fareed, D. Gaertner, L. Perrière, Ł. Rogal, A. Stukowski, K. Albe, S.V. Divinski, G. Wilde, Experimental and theoretical
study of tracer diffusion in a series of (CoCrFeMn)100−xNix alloys, Acta Mater.
194 (2020) 236–248, doi:10.1016/j.actamat.2020.05.037.
S.L. Thomas, S. Patala, Vacancy diffusion in multi-principal element alloys: The
role of chemical disorder in the ordered lattice, Acta Mater. 196 (2020) 144–
153, doi:10.1016/j.actamat.2020.06.022.
A.J. Cohen, P. Mori-Sanchez, W. Yang, Insights into Current Limitations of
Density Functional Theory, Science 321 (2008) 792–794, doi:10.1126/science.
1158722.
L.C. Smedskjaer, M.J. Fluss, D.G. Legnini, M.K. Chason, R.W. Siegel, The vacancy
formation enthalpy in Ni determined by positron annihilation, J. Phys. F Met.
Phys. 11 (1981) 2221–2230, doi:10.1088/0305-4608/11/11/005.
W. Wycisk, M. Feller-Kniepmeier, Quenching experiments on high-purity
nickel, Phys. Status Solidi. 37 (1976) 183–191, doi:10.1002/pssa.2210370124.
S. Zhao, G.M. Stocks, Y. Zhang, Defect energetics of concentrated solid-solution
alloys from ab initio calculations: Ni0.5Co0.5, Ni0.5Fe0.5, Ni0.8Fe0.2 and
Ni0.8Cr0.2, Phys. Chem. Chem. Phys. 18 (2016) 24043–24056, doi:10.1039/
c6cp05161h.
D.J. Hepburn, D. Ferguson, S. Gardner, G.J. Ackland, First-principles study of helium, carbon, and nitrogen in austenite, dilute austenitic iron alloys, and nickel,
Phys. Rev. B. 88 (2013) 024115, doi:10.1103/PhysRevB.88.024115.

