Local segregation versus irradiation effects in high-entropy alloys:
Steady-state conditions in a driven system
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We study order transitions and defect formation in a model high-entropy alloy (CuNiCoFe) under ion irradi-
ation by means of molecular dynamics simulations. Using a hybrid Monte-Carlo/molecular dynamics scheme
a model alloy is generated which is thermodynamically stabilized by conﬁ ratlonal entropy at elevated tem-
peratures, but partly decomposes at lower temperatures by copper pre . Both the high-entropy and
the multiphase sample are then subjected to simulated particle irr damage accumulation is
analyzed and compared to an elemental Ni reference system. The res szﬁeal that the high-entropy alloy—
independent of the initial configuration—installs a certain fractionfof shert-range order even under particle
irradiation. Moreover, the results provide evidence that defect accu is reduced in the high-entropy
alloy. This is because the reduced mobility of point defects léa s 0 a Steady state of defect creation and
annihilation. The lattice defects generated by irradiation are s w tewact as sinks for Cu segregation.

I. INTRODUCTION tageou robus?ess against radiation damage can be as-
1bed to ced defect mobility and consequently a
High-entropy alloys (HEAs) constitute a relatively new 1aller owth rate of defect clusters.! 2! Additionally,

class of materials, which have recently attracted consider- S hemlcal isorder decreases thermal conductivity, which
able attention in the field of high-performance materials also“assumed to prevent the formation of large defect

They consist of at least four to five principal elements oc- clusters by facilitating defect annihilation.'™'®2* Tf, on
h
}\

curing in an equimolar or near equimolar ratio, such t e Other hand, a HEA has a tendency towards multi-
their fractions do not drop below 5% or exceed 3
HEASs owe their name mainly to the large contributio

. phase formation at lower temperatures, particle irradia-
.f\"ﬁon can also drive the system into thermodynamic equi-
librium and lead to precipitiation.?' Thus, in irradiated
posed that the influence of the entropy stab'hzes ) high-entropy alloys there is a delicate interplay of ther-
solid solutions even at lower temperature$y’ modynamic driving forces due to configurational entropy,
mixing enthalpies and the atomic siz mixing/demixing tendencies, and irradiation-induced far-

tween the components decisively contr from-equilibrium conditions.

selection criterion at lower temperatures® The objective of the present study is to address this is-
mation of secondary phases can often not be sue in a model four-component CuNiCoFe alloy in ther-
avoided.” modynamic equilibrium and under particle irradiation,

The interest in high-entr ; mostly trig- as well as to study the transition from a single phase
gered by their outstanding operties, mak- ~ HEA to multiphase or so-called compositionally complex

ing them alternatives for certair superalloys or metallic alloy. Using a hybrid simulation scheme consisting of al-
glasses. 24816 However{&gh—e opy alloys are not only  ternating Monte-Carlo (MC) and MD steps, we start by
characterized by a large configurational entropy, but also generating a model alloy which is truly stabilized by con-

by high atomic-leveldtresses arising from local lattice dis- figurational entropy at elevated temperatures. We then
tortions due to atcmi resﬁe differences.!” Tt has been re-  Show that this structure decomposes at lower temper-

d chemical disorder affect both ~ atures by precipation of small copper clusters. Both the
ipation, which is of particu-  high-entropy and the partly decomposed sample are then
lar interest in thésgontext of radiation resistant materi-  subjected to a series of 1,500 recoil events and the dam-

als. 18 Recdht miolecu dynamics (MD) simulations re- age accumulation is analyzed and compared to elemental
vealed that\defect doncentrations can be significantly re- ~ Ni as reference system. Moreover, we show that segrega-
ducedMuring Seradiation in equiatomic multicomponent tion effects occur at irradiation-induced defects, promot-
alloysfas comﬁred to elemental metals.!%20 This advan-  ing the formation of precipitates.

e
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Il. METHODS

Inte atomlc potential

definitely converged.
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chose a CuNiCoFe alloy as a model system for

JAS W 1th a tendency for Cu segregation at low tem-

PUb“l& . The embedded atom method?® (EAM) was

used to debcrlbe interatomic interactions in the multi-

component system. Parametrizations for the elemental

interactions were taken from Zhou et al.?* The missing

cross terms were created using the potential generator

from the same authors, which is based on a single ele-

ment mixture procedure.?* Because of the ferromagnetic

elements, magnetism and magnetic transitions could in-

fluence the evolution of chemical ordering. EAM poten-

tials cannot explicitly capture these effects and include

the magnetic energy contributions only implicitly. For

this reason, our system can only serve as a model for

nonmagnetic HEAs or HEAs without magnetic transi-

tions. In order to nonetheless ensure the reliability of the

potential, we validated it against reference data in Ap-
pendix A.

B. Equilibrium simulations

Initially, atoms were distributed randomly on a reg-

We simulated irradiation of the structures using the
approach introduced in Ref. 19 with the pArRcAS MD
code.?? Simulations were started from either pure Ni, a
CuNiCoFe cell with random element distribution, or the
equilibrated sample from the MC/MD run at 400 K. Af-
ter equilibration at room temperature to zero pressure,
the simulation cell size was fixed and a series of subse-
quent 5keV recoils was initiated in the cell. The recoils
were performed by ajsfling a velocity vector with a mag-

0

nitude corresponding{to“the recoil energy and a random
direction to the at, losestto the center of the simula-

d by a displacement vector with com-
ly selected in the interval [0, Ly], where
in each of the 3 dimensions d. After the
side the boundaries were wrapped back
ifto“the ccording to the periodic boundary condi-
t%ﬁs. This procedure ensures homogeneous irradiation

e entire simulation cell. Experimentally, this is com-

irradiation of a segment inside the material.
The irradiation simulations used the same inter-

ular FCC lattice of about N = 100,000 sites, suwblﬁ'egw to prolonged neutron or high-energy ion

plied 3-dimensional periodic boundary condition
the initial lattice constant was approximated acc
to Vegard’s law.?® After the construction of the ini

that an equimolar configuration was obtained. We q%\
an

code LAMMPS.%% For the MC steps, we used
constrained semi-grand-canonical (VC-3GC)

of K = 10 in our simulatiéns.
allows simulations inside gniseibility gaps and has a per-
formance advantage ovf(n he cang@nital ensemble, which
cannot be parallelized eNT miscibility is con-
trolled via the che cawwntl differences. The chem-
: ith regard to copper were de-
i =Q.9eV, Apcu-co = 0.85eV, and
ad described in Ref. 28. The values at
ible ﬁuNiCoFe system at 800 K.
ions were performed at different
= 800K, 750K,...,400K, with
es followed by 20 MD steps. For the
sed a timestep of 1fs, as well as a Nosé—
at and a Parinello-Rahman barostat at
and ambient pressure. In total, the sim-
were run for 1,000,000 MD steps (including
50,000 MC cycles), after which the potential energy was

A/J'CufFe =0.

atomic potential as the MC/MD simulations, except
at for small interatomic separations (well below the
equilibrium nearest-neighbor distance) the potentials
are smoothly joint to the universal repulsive Ziegler—
Biersack-Littmark (ZBL) interatomic potential.>! The
ZBL-96 electronic stopping®? was applied on all atoms
with kinetic energies higher than 1eV. Monitoring of the
simulations showed that about 20 % of the initial recoil
energy was lost to electronic stopping, i.e., the nuclear
deposited damage energy per recoil is about 4 keV. The
total deposited nuclear energy was extracted by sum-
ming up the damage energies and then used to calcu-
late the displacements-per-atom (dpa) value, a standard
unit for radiation damage exposure.?>3* This irradiation
simulation approach has previously been demonstrated
to lead to a good agreement with experiments on other
HEAs.19:35

D. Analysis of short-range order and lattice defects

In order to quantify the chemical ordering, we used the
Warren—Cowley short-range order (SRO) parameters a;
and oy adapted to a multicomponent alloy>®

P
Gj

2] =1- ) (1)
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where the subscript n € {1,2,...} refers to the n™ co-
ordination sphere, P describes the conditional proba-
bility of an atom of type j being adjacent to an atom

800K

400K

e |, and ¢; ThishaamReceiptwhioncedpé@By Vagpl. Bhys.

0
!S kﬁn Cowley parameter of zero represents the case of
ideal solid solution with no tendency for clustering.

Pub||@hjengj structures (attractive SRO) can be assumed if

o is positive, while negative values reflect preferences for
segregation (repulsive SRO). We calculated the SRO pa-
rameters for the equilibrium structures as a time average
over 20 snapshots taken during 2000 simulation steps.
Those snapshots were minimized prior to analysis to re-
move thermal fluctuations and to obtain the 0 K ground-
state values. For the irradiated cells, the SRO analysis
was performed in the same manner, except that averag-
ing was only performed where noted.

We used the open source application oviTo?? for the
analysis and visualization of simulation results: Atomic
volumes were calculated by Voronoi tesselation of min-
imized samples,?® 4! defective atoms were marked by
common neighbor analysis (CNA) with an adaptive
cutoff,*>*3 and dislocation lines were identified using the
dislocation extraction algorithm (DXA).** Additionally,
we also performed a Wigner-Seitz cell defect analysis.*”
This analysis constructs the space-filling Wigner—Seitz
cells of the perfect underlying FCC lattice, labeling
empty cells as vacancies and doubly-filled ones as intersti-
tials. Since this analysis is space-filling, it gives a definit
determination of whether a defect region is of vacancy, o

interstitial type (complex defects may involve both, M\

‘.Cu @ co OFe

FIG. 1. Snapshots of t{ iCoFe alloy, equilibrated in the
VC-SGC ensemble 0K (left) and 400K (right). The ar-
row highlights a clustering of copper atoms, indicating that
phase separation occurs‘at lower temperatures.

@ Ni
A

dication fér medium-range ordering at 800 K.
tl-l?*analysis in the same sample equili-
Jaye see that the ordering tendencies be-
ore dis}inct and extend into the second neighbor
shell. Although the Warren—Cowley parameters for non-
&u pairs also change in magnitude, they still indicate an
ap xiﬁngtely random solid solution of Co, Ni, and Fe
ithout.any remarkable clustering. This can also be in-
ferred from the snapshots in Figure 1. Figure 2c¢ further
hows that the Cu segregation tendencies increase non-

then the difference in the number of vacancies vs int%r_\i;l rly with decreasing temperature. Note that we do
).

stitials of the same cluster determines its characte
The supplemental information provided by thi alysi
helps to identify point defects, which cannot b a};@te‘L

N\

A. CuNiCoFe in thermodynamic£quilibsium

IIl. RESULTS AND DISCUSSION

Figure 1 shows the final
in the VC-SGC ensem;;lz

after equilibration
) and at 400K
lightly in their atomic

0
=~
®

(right). The configuratiohs di
arrangement. Whereas“Cu(ged atem type) appears to
at 8 , it tends to form small

re at 400 K, indicated by the white
ey parameters at both temper-
All o, values more or less
al solid solution in either the positive
or negativ direction“dhis behavior is most pronounced
for Cu. On Verage;we find a Warren—Cowley parameter
.15 for the first neighbor shell at 800 K,

ight tendency to form small Cu clusters
). Accordingly, all other o™ 7 values are
t for Fe—Fe interactions, all remaining pa-
ra lightly negative, indicating miscibility of
and Fe. The ay parameter exhibits no strong in-

be randomly distribdt
clusters in the str
arrow. The Warren—

t observe any structural phase transitions, such as a
transition from an FCC to a BCC lattice or even ampor-
phization.

These results may be interpreted as follows: The contri-
bution of the configurational entropy at 400K is insuffi-
cient to compete against the enthalpy of mixing. Since the
composition of the system is fixed, it will demix by locally
forming copper-rich clusters. The formation of two sepa-
rate solid solution phases (Cu-rich and Cu-depleted) has
already been confirmed experimentally by Otto et al.’
The observed decomposition is more pronounced than in
the present simulation, which may either be due to the
different composition in the experiment (CoCrFeMnCu),
or the higher solubility of Cu in the EAM potential (see
appendix). The authors found that the Cu segregation is
driven by positive binary mixing enthalpies between cop-
per and the remaining components.® Thus, when decreas-
ing the temperature in experiment, there is a competition
between the increasing thermodynamic driving force for
decomposition and the decreasing diffusivity within the
system. For this reason, HEAs often represent kinetically
trapped metastable configurations at lower temperatures
and local segregation occurs as an ageing phenomenon.

When comparing the atomic volumes as a function of
the atom type (see Fig. 3), it can be seen that Cu has
slightly larger values than Co, Ni, or Fe. Both Ni and
Co possess higher atomic volumes in the multicompo-
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FIG. 2. Warren—Cowley parameters‘a; and a2 (b) for the
CuNiCoFe alloy system at 800 K and 400 K. (¢) The change of

a$™%" with temperature. Incr —Cujordering tenden-
ature. All values
ith the error bars

are averaged over 20 sna
representing the standar d\

Dr elemental state. In contrast,
atomic volumes compared to

At K, the system starts demix-
, and Fe solid solution and into

their pure stru

ing into a Ty

a copper-rich phase. The copper atoms expand slightly,
while the ternary solid solution becomes slightly denser.
This , and Ni closer to their preferred

hibits a'positive Warren—Cowley parameter, indicating a
p unlike neighbors. This changed chemical
env ént may influence the equilibrium volume.

population (a.u.)

11 113 116 11.9
atomic volume (A)

FIG. 3. Histogramswef the'agomic volumes at 0 K for the HEA
0K ) and 800 K (blue). The dashed lines
d%ie atomic volume of the single-element
Ato volumes are obtained from Voronoi
0 snapshots at 0 K.

position is driven largely by the mixing en-
low temperatures, but additionally enhanced

Irradiation

Thus far, we studied the thermodynamic stability of
a CulNiCoFe solid solution. In section IIT A, we demon-
strated by means of hybrid MC/MD simulations that
CuNiCoFe exhibits a tendency for decomposition at lower
temperatures (400 K). These results suggest that in this
case a random distribution is only stabilized by kinetic
inhibition. In the following, we will therefore discuss the
effect of cascade events on the evolution of the chemical
order, focusing on the question, if the energy that is re-
leased during recoil events enables the decomposition of
Cu. We irradiate both the equilibrated, partially segre-
gated sample obtained by MC/MD simulation at 400 K
(“initially segregated”), and a sample with completely
random element distribution (“initially random”). Ad-
ditionally, we investigate the structural damage due to
irradiation by comparison with a Ni sample.

1. Lattice defects

Earlier work comparing irradiation damage in elemen-
tal metals and disordered alloys suggests that the FCC
structure is retained throughout irradiation with 1,500
recoils.'® Figure 4(a) shows that this is also the case
for the initially segregated HEA sample (equilibrated
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FIG. 4. Analysis of ild-upyof lattice defects during irradiation. (a) DXA analysis of the initially segregated HEA

fl.;s. (b) The same for a Ni sample. Empty space represents the perfect FCC lattice; the struc-
tures do not colldpse ing irradiation. Green lines indicate (112) partial dislocations, turquoise lines indicate a Frank
tacking fault tetrahedra, and red surfaces enclose defects that cannot be recognized by DXA.
Videos of these s ationg can be found in the supplementary material (CuNiCoFe-ordered-DXA-during-irradiation.avi

aZation.avi). (c¢) A closer look at those red regions reveals that they represent vacancies and va-
cancy clusters. In ( plot of the concentration of defective atoms as identified by CNA is shown as a function of the

saturafes aroun These defects consist mostly of vacancies and small dislocation networks. Pure Ni builds up the defect
concentration more slowly. At first—similar to the HEA—vacancies and small dislocation networks appear, then these start
disappeaging in favor of stacking-fault tetrahedra and a Frank loop.
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FIG. 5. Evolution of the SRO during irradiation. Only the —
Cu—Cu parameters are shown, the graphs for all parameters -
can be found in Fig. S1 in the supplementary material. The S
sample which was equilibrated using VC-SGC (blue) and the ~ 00

one which was initially random (red) converge to the same &
values for the order parameters.

N initially segregated _|
[CTinitially random

damage in these samples manifests itself by th
tion of dislocation loops, stacking-fault te edr
single vacancies or vacancy clusters. Vacaig
and extended defect agglomerates ca o&g: ified

by the DXA and are indicated by red defect hes. A FIG. 6. Final order parameters for the first (a) and second
visualization of atom positions igeEig. 4c Wgals that neighbor shell (b) after irradiation with a dose of 0.57 dpa.

. X . The val d the last 10 f f the irradia-
these regions are dominantly gharacterized by vacant ¢ values are averaged over the last 10 frames of the irradia
egion
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tion simulation, with the error bars representing the standard
lattice sites. The nature of the has also been P &

deviation.
cell ctdanalysis, which
shows that the positions 5f the/ distorted regions gen-
erally coincide with ngnCy— e defect clusters (see  increased point defect mobility,'®2?? which means that
videos cascade-CuNiCoFe“avi and cascade-Ni.avi in  fewer defects are created per recoil event. During the first
the supplementary ial). Bhese vacancy-type defects cascades, mainly point defects occur in both structures,
are homogeneousl Att?}uted within the structure. while the concentration of dislocation-network-like struc-
proegss and therefore the formation  tures is still small.
defetts cam be divided into three stages. In the second stage, with an increase of irradiation
visualize one representative configu-  damage, the defect concentration in pure Ni increases
three stages. Figure 4d depicts  and reaches the same magnitude as in the high-entropy
ncentfation as a function of the irradiation  structure. It can be seen that apart from vacancies and

ration for
the defect

dose. Imitiallysithe FIEA shows a higher defect accumu-  stacking-fault tetrahedra, a rather large and stable dis-
lation| than the pure Ni system, which could be caused  location loop is formed by the agglomeration of small
by higher at§$ic level stresses within the multicompo-  defects during successive cascades. In general, the rate of

syst his results in a reduced defect formation  defect annihilation depends on both the size and the spa-
eneLgy thus increased number of defects.'” In turn, tial distribution of the defects. Small defects can be anni-

pure Wi exhibits a higher recombination rate due to an  hilated if they are hit by a single recoil event, while larger
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defect structures are not engulfed completely and are
therefore more stable. Furthermore, the agglomeration of

defects in Ni leads to their localization, while the small

TABLE I. Composition inside defects of the irradiated sam-
ple before and after an additional, subsequent MC/MD run.

Irradiated sample averaged over 50 snapshots (500 Cascades)v

during MC/MD because of the variance constraint and that

defects in the HEPhiymaneseristweseeeptdl Bsiipple®hys. Gliek (1t {nsesthe-yersion@baesonie dample stays equimolar
!S t i eans that the probability of a cascade randomly
ting

v defect is higher in the HEA and a steady

PUblISh‘]‘n‘g annihilation and creation is reached (see video

cascade-CuNiCoFe. avi in the supplementary material).
A small number of stacking-fault tetrahedra appear, but
seem to be unstable. Additionally, we can observe the for-
mation of complex networks of partial dislocations. Be-
cause of the large amount of dislocation junctions, these
networks must be sessile. Thus, large movements of these
networks must again be a series of annihilation and cre-
ation events, and they are therefore also unstable against
irradiation. In Ni, the defects are assimilated into larger
structures, such as sessile Frank dislocation loops, before
they can be destroyed by the next cascade (see the video
cascade-Ni.avi in the supplementary material, starting
at 0:40; defect close to the center of the box). As such, Ni
possesses a higher volume fraction of undisturbed lattice
in which the net defect creation rate is always positive.
Additionally, in contrast to the HEA, the stacking-fault
tetrahedra are numerous.

In the final stage, we also observe a saturation of the
defect concentration in pure Ni, while maintaining the
steady state in the alloy system. The development of a
steady state in the elemental structure is contrary to ear;

lier publications,?’ where a continuous growth of defec res

networks has been detected. The reason for a red
growth rate of defect concentrations in Ni is a
tion size effect,*” since the earlier simulation used
simulation cells compared to the current work

In order to examine the stability of the latice de-
fects in the absence of irradiation, an{MD simula-
tion at 800K for 1ns was performed 1e \ini-
tially segregated HEA. The results reteal neitherarge
movement nor creation or dissolution miﬁcant
number of defects, which indicates that the defects
are stable and sessile even atfelevated temperatures
(see video reanneal-irradiat —,(;Z;%Fe.avi in the

supplementary material).

)
y
4

2. Chemical order

Qalyze whether high energy re-

In the following
i local segregation processes, or if

' exten%of atomic clustering. Figure 5 shows

ellsi'the HEA with initially random atom
distribution, e HEA after MC/MD at 400 K which
shows rega?Son tendencies for Cu. The analysis is lim-
i to a in perfect FCC environments and there-
fof@lu@s atoms in defective sites introduced by the
irradiation. Order parameters for pairs other than Cu-—

the composition on the intact lattice sites also stays roughly
equimolar because of the comparatively low amount of defect
sites.

composition after composition after

element

irradiation subsequent MC/MD
Cu 26.9% 49.4%
Ni 24.9% 17.1%
Co 23.3% 14.0%
Fe 24.9% 19.5%
EN

')1 in the supplementary material.
parameter alc”’cu, although ex-
hibiting initial partial segregation in the structure pre-
ordered b, MaéMD, entually converges to small neg-

“[he nitially random structure converges to
fid-range order is always disturbed by
parameter agu’cu converges to zero in
beth ca: s shows that the cascade has two coun-
t%i:tin effects: Firstly, it locally activates the thermo-
dymamically preferrable segregation of Cu. Secondly, it
ncuptently randomizes the element distribution. The
ing steady state is reached after approximately 700
es.

Cu are plotted in
We find that the or

SC

a
uc
. :ZQR tgure 6 shows the comparison of the Warren-Cowley
a
er

arameters ;o for all pairs in the CuNiCoFe alloy for
both structures (pre-ordered and fully random) after the
full irradiation dose. Comparing these results to those
in Fig. 2 (note the scale difference in the y axes), we
observe that the absolute values of both parameters oy
and as are reduced by roughly one order of magnitude
due to the irradiation. Importantly, after irradiation all
pairs have practically the same a parameters regardless
of the initial state. We also note that the ao values are
consistently smaller than the a7, indicating that the or-
dering effects under irradiation are limited to the nearest-
neighbor shell.

Based on this analysis, we conclude that while colli-
sional cascades provide activation energy for demixing,
the system is dynamically driven to a mostly random
steady state, independent of the initial chemical order.

IV. POST-IRRADIATION EFFECTS

Thermodynamic equilibration of a four-component
CuNiCoFe alloy with a perfect FCC lattice showed a
segregation tendency for Cu atoms. From the results of
Sec. IIT A we can assume that there is not only a chem-
ical but also a sterical driving force for Cu to segregate
from the solid solution into small clusters. We already
concluded that the growth of Cu clusters is accompanied
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by an increasing Cu atomic volume. Nevertheless, thus
far, we mainly concentrated on the thermodynamics of

the defect-free system. Therefore, we again ran hybrid

D) simultiphi mﬁm&@t&ﬁﬁ@@@ﬁm@w HawptePhys. .:. "

, the 1rradlated sample with pre-existing deiects

Aﬁﬁak n as a starting configuration. Table I lists the

Pub||(ghq]ncg ion inside the lattice defects. Obviously, defect

UL

sites that offer excess volume serve as sinks for Cu atoms
and even enhance the amount of segregated Cu after equi-
libration. In this regard, the presence of defects enhances
the driving force for local decomposition. Within the de-
fects, we can find a Cu proportion which is approximately
50 %. In contrast, during the irradiation the distribution
of Cu atoms does not alter significantly. In Fig. 7 we vi-
sualized the atoms located within the defect structure
before (left) and after (right) the equilibration. Copper
atoms are displayed with a red color, while all others are
shown in gray. Figures 7c and d highlight two defects
separately. From these illustrations we draw the conclu-
sion that Cu preferentially segregates on, e.g., the edges
of stacking-fault tetrahedra rather than in the stacking
faults themselves. The reason lies in the higher local ex-
cess volume of these sites (cf. Fig. 3).

In conclusion, all results suggest that the mixing en-
thalpy of Cu is the decisive factor for phase stability in
this case, exceeding the total entropy with decreasing
temperature. The limited segregation tendencies of the
perfect crystal are surpassed in the presence of defects,
which act as sinks for copper.

V. CONCLUSION

Using a model CuNiCoFe HEA with a tendbyeydfor,
copper segregation, we observe that the s m réaches
a steady state of defect concentration andN ical
order under irradiation, irrespective o W ruc-
ture. In contrast to pure metals, irradiation leads.to less
mobile point defects and therefore alarger number of iso-
lated defects instead of recombigationer agglomeration.
While, e.g., Ni increases its defect concentration contin-
uously with increasing irradiation deseddue to the ag-
glomeration of defects in er/more able structures,
the HEA quickly reaczga steady Aate of defect cre-
ation and annihilation! iation“provides the thermal
activation for demixi { copper, but at the same time
re-randomizes the erf:eital dlstrlbutlon The resultmg

steady state of
solution, but s

109& reveal that various lattlce de-
per, most likely since the copper

" X

other
o species

\\J\IG. 7. VC-SGC simulations of the HEA sample after irradi-

ation. (a) Atoms identified as defective by CNA after irradi-
ation [same structure as the righmost snaphost in Fig. 4(a)].
Copper atoms are shown in red, all others in gray. (b) The
same after subsequent simulation in the VC-SGC ensemble.
The concentration of copper atoms around the defects is
highly increased. Detailed views of a dislocation structure (c)
and a stacking-fault tetrahedron (d) are provided.

SUPPLEMENTARY MATERIAL

See supplementary material for videos of the irradia-
tion simulations, a figure of the detailed evolution of SRO
during irradiation, and additional data for the verifica-
tion of the EAM potential.
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TABLE II. Comparison between the potential and literature values for properties of Cu, Ni, Co, and Fe. The table shows
lattice constants a and ¢, the cohesive energy ECO},, the components of the stlffness tensor c;j, the stacking fault energy ~sr,
the unstible stacking vinning fault energy yrr, the

e F le twinnirg ﬂu&mﬁ@l@?ﬂﬁm%mﬁﬁﬁbkimfmnalﬁ Jere to see the version of record.

Cu (FCC) Ni (FCC) Co (FCC) Co (HCP) Fe (FCC) Fe (BCC)

P u b | lSh_Ulg Pot. Ref. Pot. Ref. Pot. Ref. Pot. Ref. Pot. Ref. Pot. Ref.

a (A) 3.615 3.615 *® 3.520 3.524 *®  3.549 3.545%% 2.501 2.507*% 3.628 3.647*% 2.866 2.867*%

c(A) 4.076 4.069 48

c/a 1.630 1.623®

Feon (eV/at.)) —3.54 —3.491° —4.45 —4.44 %9 —4.40 —4.290°%°0 441 —4.39"7 —4.20 —4.17°% —4.29 —4.28*°

c11 (GPa) 170 168 *8 246 248 *® 213 225 *? 263 307 *® 107 154 ** 229 226 8

ci2 (GPa) 122 122 8 147 155 8 157 160 ** 158 165 *® 98 122 %' 136 140 8

c13 (GPa) 124 1034*®

css (GPa) 363 Sg .S

cas (GPa) 76 76 48 125 124 8 99 92 3 65 6 80 77t 117 116 8

ysk (mJ/m?) 22 36-49 557 97 133-183°%°7 40 3

yusr (mJ/m?) 110 95-210"°%°7 251 258 56 174

osr (GPa) 23 22 °° 5.1 3.7

yrr (mJ/m?) 23 99 —44

yure (mJ/m?) 121 143 56 298 186 °° 159 ‘}

Tomets (K) 1175 1357 5859 1513 1728 P85 TH6wd 768 2044 1811 ¢!

while literature reports differences from 0.02eV/atom to 0.15eV /atom.
P Value for Ref. 55 computed by numeric integration of the stress data.C

2 There are considerably different absolute values reported in literature. We @&ence of 0.1eV/atom to the HCP structure,

Appendix A: Validation of the EAM potential é lues% the stacking and twinning faults in Co are of

e result of the lower energy of the stable HCP

co
We used an EAM potential by Zhou et al.** for N&L Lre.

Cu-Ni-Co-Fe system. This potential was tested for Eﬁ& rthermore, we calculated the elastic constants of

those binary alloys, for which reference data is available,
i.e., in the Fe—~Co—Ni system. The results are presented in
Table S.1 in the supplementary material. Since the cross
terms of the potential are obtained through a mixing pro-
cedure, the results match the expectations from the prop-
erties of the elements: The elastic constants match well,
except for alloys containing FCC iron or HCP cobalt,
which are too soft. To additionally determine the melting
points of the elements and some miscible alloys, liquid—
solid interface simulations were carried out.’* A simula-

Furthermore, damage accumulation duri
agrees with data obtained by Rutherford b
spectrometry.®®

We performed additional validation o
comparing the properties of the elements a
mixtures to reference values. In affi
FCC lattices of Cu, Ni, Co, an Fe, as

ntial by
of binary
step, we produced

ell as HCP Co

and BCC Fe. These were

ground state values of the

the cohesive energy FEcouf comlyfrlson to literature

values in Table II revea ¢h. We then obtained

the stiffness tensor using Hooke’s law by calculating the
g%eform

stress tensors for ions of the box at 1%
strain. Apart fro cobalt, which does not occur in
our samples, agd FCC 1ren, which is too soft, the refer-
ence values are f{)du d"quite well. Using the proce-
dure descriped«in 53, we calculated the stacking fault
energy Yspy the unstable stacking fault energy ~vysr, and
the critical shear stress ogp for a stacking fault. While lit-
data contains large uncertainties and variations,
the genheral tre?d of available data agrees with the predic-

ential. As far as reference data is available,
is true for the twinning faults, which we calcu-
1 inE'che method described in Ref. 63. The negative

tion cell of 2000 atoms was relaxed with the correct crys-
tal structure and lattice constant, without pressure con-
trol. An equally sized box was molten and cooled down
to the desired temperature, with pressure control in the
z direction. The two boxes where then combined in the
z direction, and were let to relax with pressure control
in all directions. Below the melting point, the cell will
solidify and the volume of the cell will decrease, while
the opposite will happen above the melting point. Due
to the chosen temperature stepping, an error of around
25 K is expected. The results are presented in Table S.2
in the supplementary material and show that the melt-
ing points slightly deviate from the reference values, but
capture the features of the phase diagrams: For the pure
elements the deviation of the melting point is below 15%
of the absolute value. The melting point of HCP cobalt
agrees with the literature value within the expected er-
ror of the simulation. The melting points of the different
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Al

Publishing;

TABLE III. Lattice constants of binary random solid solutions
at 300 K. The lattice structure is FCC unless stated otherwise.

10

the semi-grand-canonical ensemble without variance con-
straint. By systematically varying Ay, final compositions
ranging over the whole phase diagram were obtained. The

3.536 3.526 69,70

3.591 3.564 69,70
CugsNis 3.643 3.609 69,70
CUSCOQQ 3.568 3.551 m
Cugz1Corg 3.607 3.577 e
CugsCo14 3.636 3.668 (e
CugygCoy 3.646 3.674 71
CugzFer7 (BCC) 2.890 2.890 2
CuggFey 3.648 3.616 2
NiggCora 3.555 3.539 73
NiggCort 3.554 3.538 73
NiggCos1 3.548 3.533 3
Nis1Coag 3.548 3.533 73
NizoCoas 3.541 3.528 73
NigFesa (BCC) 2.869 2.867 61
NisgFeg1 3.594 3.595 61
NigsFess 3.584 3.590 61
NiggFes: 3.582 3.587 61
NirgFess 3.552 3.552 61
Co11Fesg (BCC) 2.869 2.861 4
CossFerg 2.857 2.860 4

| This manuscript was actepted by I Appl. Phys. Eilieklations W&E@éfﬁmﬁdf&éé’&ﬂlq and 800 K. The con-
Pot. Ref.

centration as a function of the chemical potential differ-
ence can be used to identify miscibility gaps in a binary
subsystem: Given a dense mesh of Aua_p values, misci-
bility gaps appear as discontinuities in the xp(Apa—p)
curves. Performing this analysis and comparing it to ref-
erence data showed that the potential is mostly able to
reproduced phase diagram features, even though the mis-
cibility is generally a bit too high. In the Co-containing
systems, this method will not find the HCP phase, since
the simulation setup s always initiated from an FCC

structure. Due to t erence in unit cell shape, the
simulation suppre Pg)he ansition to HCP. We omit
i the

sinc EA remalns in the FCC
itions. The xp(Apa—p) curves and a
more detailed diseussion,of all binary subsystems can be
©8.8-543 in the supplementary material.
lﬁa@ onstants of the binary systems

from"these simulations by time averag-

tems at 300 K\ The data is shown in Table IIT and is in
ent with experimental data. This confirms
at th cross terms of the potential correctly predict
0121) volumes in alloys.
11 4n-all, the potential performs reasonably well, re-
cing the correct stable phases, densities, stlffnesses
elting points. The limited data for stackmg fault

binary subsystems studied are all within 10% of the £x pro
pected value. We point out that a good description of th \ ) . ;
and twinning-fault energies suggests that lattice defects

melting points is particularly important for the i
tion simulations, since several previous studies show that
the outcome of molecular dynamics of collisio
depends directly on the melting point.5%:66
In a next step, random solid solutions of a
systems on FCC lattices were prepareds
the binary alloy contained Fe or Co,
tices, respectivley, were created. Different
of each alloy and lattice type were minimize
the mixing enthalpy

Hy = Hpp —

where xa, g, Ha, a
and enthalpies of the
Hap is the total

thalpy of the alloy. We included
mixing enthalpy cugves jof all binary subsystems with

respect to the ation into Figs. S.2-S.7 in the
supplementar
values. We additi

from the

& software and database.57:%8 In

1 potential correctly describes the
in literature. However, it should be noted
ven different literature values do not completely

d thQSthere is a large spread for some systems.
get a clearer picture, we investigated
theypiseibility gaps of the binary subsystems. For this,
equimglar alloys on FCC lattices were equilibrated in

ould be correctly reproduced. The main weakness of
the potential is that the solubility of the alloys is too
high in some cases, meaning that the tendencies for cop-
per precipitation may be underestimated in the present
work.
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