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Using first-principles alloy theory, we calculate the vacancy formation energies of paramagnetic face-centered-
cubic (fcc) Fe-Cr-Ni alloys as a function of chemical composition. These alloys are well-known model systems
for low carbon austenitic stainless steels. The theoretical predictions obtained for homogeneous chemistry and
relaxed nearest-neighbor lattice sites are in line with the experimental observations. In particular, Ni is found to
decrease and Cr to increase the vacancy formation energy of the ternary system. The results are interpreted in
terms of effective chemical potentials. The impact of vacancy on the local magnetic properties of austenitic steel

alloys is also investigated.
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I. INTRODUCTION

One of the most important steps in the history of humanity
which accelerated the development of the modern industry and
technical world was the discovery of steels. After successful
integration within most of the common technologies the
increasing scientific interest for studying the fundamental
properties of steel is quite natural. Major attention is placed
on different tests of various steels to select the best grades
to be used under extreme conditions, found for example in
nuclear power plants. Vacancies are well-known defects at
high temperature and also in irradiated materials.' Today
reliable experimental data for the formation energy of mono-
vacancies exist for most of the metals and a large number of
alloys.

The theoretical description of the formation energy of
monovacancies has always been a benchmark for the theoret-
ical approaches like the exchange-correlation approximations
in density functional theory.® This is because vacancies involve
both slowly and rapidly varying density regimes. The prior
corresponds to the oscillating metallic density around the
vacancy and the latter to the electronic surface near the core
of the vacancy. Despite of obvious similarities, vacancies
scan a rather different range of the inhomogeneous electronic
density compared to metal surfaces’ and thus require a special
approach. The local-density approximation (LDA)? describes
accurately the nearly homogeneous electron gas, e.g., regions
far from the vacancy core, but is expected to break down in
systems with rapid density variations. To incorporate effects
due to inhomogeneous electron density, researchers made use
of the density gradient expansion of the exchange-correlation
functional® and arrived at the so-called generalized gradient
approximation (GGA). Nowadays, the most commonly ac-
cepted and used GGA is the Perdew-Burke-Ehrzenhoff (PBE)
functional proposed by Perdew et al.’

A number of theoretical studies focused on the ab initio
determination of the formation energies and crystal structure
of vacancies in metals.'>”!7 Most of these investigations
employed density functional theory based on LDA or on
gradient-level approximations from the aforementioned func-
tional family.
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In the present work, our aim is to calculate the monovacancy
formation enthalpy for the paramagnetic face-centered-cubic
(fce) Fe-Cr-Ni alloy. The commercial AIST 302, 304, and 316
grades are well-known low carbon austenitic stainless steels,
in which the Fe-Cr-Ni alloy forms about 95 weight percent
(wt. %) of the total composition. In these alloys, the Ni content
varies from 8 to 14 wt. %, while the Cr content varies from
17 to 20 wt. %, whereas the carbon content is kept under
0.08 wt. %. Other important substitutional alloying elements
are Si, Mn, and, respectively, Mo for some AISI 316 alloys.
These elements are added to control carbon solubility and
improve the heat resistant properties.! It was reported that
in Fe-based alloys containing 0.08 wt. % C, 18 wt. % Cr,
and 14 wt. % Ni alloy the interaction between carbon and
vacancy is negligible.'® Hence our paramagnetic fcc Fe-Cr-Ni
alloy is expected to be a reasonable model system for the
realistic austenitic stainless steels, from the point of view
of the vacancy formation energy. Although the other minor
alloy components can also interact with the monovacancies,
in the present study we omit them and focus on the vacancy
formation energy in homogeneous paramagnetic fcc Fe-Cr-Ni
ternary system. Using a paramagnetic random solid solution
model means that we neglect the direct description of the
interaction between the major elements (Fe, Cr, and Ni) and the
vacancy, and also the influence of the vacancy on the magnetic
state. Nevertheless, as we will see, the good correspondence
between the present theoretical and the available experimental
data confirms the above approximations. Furthermore, the
disclosed composition dependence of the vacancy formation
energy can be used to derive useful information about the
solute-vacancy interaction in the present ternary alloy.

The structure of the paper is the following. The theoretical
tool is presented in Sec. II, where we also give the most
important details of the numerical calculations. The results
are presented in Sec. III. Here, we start by establishing the
accuracy of the present computational method by making use
of the former theoretical data. In Sec. IV, we compare our
results to the available experimental data and finally we discuss
the alloying effects on the formation energy and the impact of
the vacancy on the bulk properties.
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II. COMPUTATIONAL METHOD

A. Total-energy calculations

All calculations have been carried out using density
functional theory®® formulated within the exact muffin-tin
orbital (EMTO) method!*?? in combinations with supercell
technique'” and the mean-field coherent-potential approxima-
tion (CPA).2> The EMTO method is similar to the screened
Korringa-Kohn-Rostoker method, where the one-electron po-
tential is represented by large overlapping muffin-tin poten-
tial spheres. By using overlapping spheres, one describes
more accurately the crystal potential, when compared to
the conventional nonoverlapping muffin-tin approach.?>*
The EMTO method, in combination with the full charge
density technique,”® has been applied successfully in the
theoretical study of the thermophysical properties of metallic
alloys.2!:2226-36

In the self-consistent calculations, the exchange-correlation
term was described within the local-density approximation.
Here we adopted the Perdew and Wang parametrization®’
of the quantum Monte Carlo data by Ceperley and Alder.*
The total energy and thus the vacancy formation energy was
obtained within the PBE approximation. PBE approximation
gives a rather accurate equilibrium volume for the Fe-Cr-Ni
alloys,* which is essential for the proper account of the
magnetic state.*’ The PBE gradient term in the total energy
was included within the perturbative approach.*! Namely, we
used the total charge density obtained within LDA to compute
the gradient-level total energies. This approach suits very well
the full charge density formalism? and has been shown to
produce errors which are within the numerical accuracy of our
calculations.*>+

At ambient conditions, the Fe-Cr-Ni alloys have the fcc
crystallographic structure of y-Fe and are paramagnetic.
The substitutional disorder on the fcc underlying lattice was
treated within the CPA. This approach neglects the effect of
local lattice relaxation and short-range order. However, as
demonstrated by several former applications, the EMTO-CPA
scheme yields rather accurate total energies for Fe-Cr-Ni
alloys.!”?7-2° The paramagnetic state was modeled using the
disordered local magnetic moment (DLM) approach?#4+-4¢
in combination with the CPA. According to that, the
ternary Fe;_._,Cr.Ni, alloy is treated as a four-component
Fe(Tl_L,_n) /zFe(Ll_L,_n) ;2CreNi,, system, with equal amount of
spin-up and spin-down components. Note that within the DLM
picture, no local magnetic moments develop on Cr and Ni
atoms.

B. Vacancy formation energy

We started our investigation by establishing the equation
of state of Fe-Cr-Ni. For each chemical composition, the bulk
total energy was calculated for nine different volumes around
the expected equilibrium volume. The theoretical equilibrium
Wigner-Seitz radius (wp), bulk total energy (Ej), and bulk
modulus (By) were extracted from a Morse type of function*’
fitted to the calculated total energies.

For the vacancy formation energy, we used supercells built
up from the conventional fcc unit cell. Previously, the effect of
the size of the supercell on the vacancy formation energy was
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thoroughly examined for several fcc metals.'""!7-?! It was found
that, as long as the proper convergence of the Brillouin-zone
sampling is ensured, relatively small supercells are already
enough for an accurate description of the vacancy formation
energies. Because of that, here we adopted a 2 x 2 x 2
supercell with simple cubic (sc) symmetry and with 32 sites
per primitive cell. One of the 32 sites was substituted by a
vacancy corresponding to 1/32 vacancy concentration in the
homogeneous bulk alloy.

To obtain the unrelaxed vacancy formation energy (Hy,),
first we calculated the equilibrium Wigner-Seitz radius (wsc)
and the total energy [ Esc(0)] of the 32-site supercells with rigid
(ideal fcc) underlying lattice. Then the volume-relaxed va-
cancy formation energy was obtained as H }\; ) = EéVC(O) -
(N — 1)Ey, where N in our case is 32. Experiments show that
the crystal structure is distorted around the vacancy. For a more
realistic geometry around the vacancy, in the present study we
included the local lattice relaxation by computing the total
energy of the supercell [Esc(n)] as a function of the distance
d = (1 + n)dy between the vacancy and the 12 atomic sites
from the first coordination shell around the vacancy. Here, d;) is
the ideal unrelaxed nearest-neighbor distance in the fcc lattice.
The final vacancy formation energy (H s,) and the equilibrium
local relaxation (1) around the vacancy is obtained from the
minimum of the formation energy H Ji\;(n) = Eévc(n) — (N —
1)Ey, viz. H}\: = min, H}\;(n) = H;\;(r;o). This type of local
relaxation within the present mean-field approximation may
be questioned. On the other hand, our previous study on
simple and transition metals*’ showed that the size of the
local relaxation is quite similar in different metals. Therefore
we assume that relaxing the position of the coherent potential
around the vacancy represents a reasonable approximation for
the true local relaxation within the alloy.

C. Numerical details

The EMTO basis set included s, p, d, and f orbitals for
bulk and supercell calculations. The one-electron equations
were solved within the scalar-relativistic approximation using
the frozen-core approach. The latter approximation is needed
in order to push the theoretical volume of fcc Fe-Cr-Ni alloy
toward larger volumes® and by that give a more realistic
description of the local magnetic moments. For each element
and crystal lattice, the EMTO Green’s function was calculated
self-consistently for 16 complex energy points distributed
exponentially on a semicircular contour, which included states
within 1.0 Ry below the Fermi level. In the one-center
expansion of the full charge density, we adopted an / cutoff of
10. All potential spheres were set at the corresponding Wigner-
Seitz spheres. For the local lattice relaxation around the
vacancy, we used both compressed (n = —6, — 4, —2%) and
expanded (n = 2%) nearest-neighbor distances. The minimum
of E,(n) was obtained from a second-order polynomial fit. The
k-space sampling was performed with a uniform k£ mesh within
the Brillouin zone. The number of k points was established
(see Ref. 43) so that the numerical error of the vacancy
formation energy would be below 0.01 eV. All calculations
were performed at 0 K, i.e., we neglected all thermal, including
phonon and spin-fluctuation, effects. Previous theoretical
study*’ showed that the electronic entropy term at 500 K gives
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TABLE I. Theoretical results for bulk (b) and vacancy containing
(32 site) supercell (SC) Fe-Cr-Ni alloys as a function of Cr and Ni
concentrations (Fe balance). We present the equilibrium Wigner-Seitz
radii (w in Bohr), bulk moduli (B in GPa).

Cr Ni Wp By Wsc BSC
12.0 8.0 2.662 156.3 2.657 152.6
12.0 14.0 2.662 159.7 2.656 153.2
12.0 20.0 2.661 162.7 2.658 156.2
15.0 13.0 2.663 161.6 2.658 155.1
15.0 17.0 2.663 163.7 2.658 157.2
17.5 12.0 2.663 163.7 2.661 156.4
18.0 8.0 2.662 162.0 2.658 154.9
18.0 20.0 2.664 168.0 2.658 161.3
21.0 13.0 2.664 167.8 2.659 161.0
21.0 17.0 2.664 169.7 2.659 162.8
24.0 8.0 2.664 168.8 2.659 159.67
24.0 14.0 2.665 171.3 2.660 163.7
24.0 20.0 2.665 174.3 2.660 167.2

an effect of 0.01 eV in the vacancy formation energy. Our final
error bar, to reflect all approximations from above, was set to be
0.03 eV.* The present investigation covers ternary alloys con-
taining 12-24 atomic (at.) % Cr and 8-20 at. % Ni (balance Fe).

III. RESULTS
A. Properties of bulk Fe-Cr-Ni

The first step in the ab initio modeling of the monovacancies
in austenitic steels is to find the theoretical equilibrium Wigner-
Seitz radius and bulk modulus of paramagnetic fcc Fe-Cr-Ni
alloys. Our results are shown in Table I (third and fourth
columns) as a function of Cr and Ni content. The equilibrium
Wigner-Seitz radius varies with composition within the range
of £0.002 Bohr around 2.663 Bohr, and the bulk modulus
within the range of +9 GPa around 165.3 GPa. Previous
theoretical calculation yielded 165 GPa for the bulk modulus of
the base alloy corresponding to the AISI 304.722° Furthermore,
for the equilibrium Wigner-Seitz radius and bulk modulus of
Fe(7Nig.15Crq 15, theory predicted 2.660 Bohr and 163 GPa,
respectively,*® compared to the experimental values of
2.65 Bohr and 159-162 GPa.** The present results from
Table I are in perfect line with these former theoretical and
experimental data.

The magnetic state of the fcc Fe-based paramagnetic
alloys sensitively depends on the volume.*” Therefore it is
important that the used supercell has the right equilibrium
lattice parameter (far away from the vacancy) in order to
ensure a realistic (bulklike) environment for the vacancy. The
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theoretical equilibrium Wigner-Seitz radius and bulk modulus
of the 32-site supercell containing one vacant site are listed in
Table I (fifth and sixth columns). We observe that one vacancy
per 32 sites has a minor effect on the average bulk parameters,
meaning that the magnetic state of the alloy matrix is properly
described by the present supercell.

B. Vacancy formation energies of homogeneous Fe-Cr-Ni alloys

The vacancy formation energies of pure elements vary with
crystal structure and magnetic state. For Fe and Cr, there
are no available experimental paramagnetic fcc monovacancy
formation energies. For fcc Ni the recommended monovacancy
formation enthalpy in fcc is 1.79 eV.!®

The theoretical vacancy formation energies are listed in
Table II. We find that the theoretical fully relaxed H ¢, (volume-
relaxed Hy,) increases from 1.83 t0 2.04 eV (2.18 t0 2.43 eV)
as going from Fe( ¢sNip20Cro 12 to Fey72Nig0gCrg 2. Before
discussing the obtained trends, we try to place these results
on the palette of the existing experimental data for Fe-Cr-Ni.
The volume relaxed formation energies are found to be
larger than the recommended value (1.8 eV) for Fe-Cr-Ni
alloys."® The difference between Hy, and Hy, gives the
structural relaxation effect, which accounts for about 0.4 eV
(~20%) for most concentrations. Our fully relaxed values fit
well into 1.8-2.0 eV representing the range of experimental
vacancy formation energies for austenitic Fe-Cr-Ni solid
solution.'® For commercial austenitic stainless-steel AISI316
the experimental vacancy formation enthalpy is 1.61 eV. This
material usually contains 16—18% Cr, 10—14% Ni, and a few
percent Si, Mn, and Mo, and max 0.08 wt. % C (balance Fe).
For similar compositions, the present calculations give 1.90 eV.
It was reported that the Si-vacancy interactions reduce
the vacancy formation energy,'>'® which may explain the
difference between theory and experiment for the AISI316
alloy. Taking into account that the present study is based on
the fully disordered model described within the mean-field
approximation, we conclude that the agreement between the
theoretical results from Table II and the available experimental
data is satisfactory.

Since the vacancy formation energies of pure elements vary
with crystal structure and magnetic state, it is rather difficult
to discuss to what extent the rule of mixing for the vacancy
formation energy works for Fe-Cr-Ni alloys. For fcc Ni, the
recommended monovacancy formation enthalpy is 1.79 eV.
However, for Fe and Cr, there are no available experimental
paramagnetic fcc monovacancy formation energies. Thus in
order to be able to see whether a linear interpolation between
end members holds for the formation energy one should
perform similar theoretical calculations for the hypothetical
paramagnetic fcc Fe and Cr.

TABLE II. Theoretical results for vacancy formation energies in paramagnetic fcc Fe-Cr-Ni alloys as a function of Cr and Ni concentrations
(Fe balance). We present the volume-relaxed (H,) and structure-relaxed (H,) vacancy formation energies (in eV).

Crat.% 12 15 17.5 18 21 24

Ni at. % 8 14 20 13 17 12 8 20 13 17 8 14 20

Hy, 2.26 2.23 2.18 2.25 2.23 2.28 2.31 2.21 2.30 227 2.43 2.32 2.27
Hy, 1.90 1.87 1.83 1.89 1.87 1.92 1.94 1.85 1.92 1.90 2.04 1.94 1.90
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16 18 20 22 12 14 16 18 20 22
Cr (at.-%) Cr (at.-%)

FIG. 1. (Color online) Vacancy formation energy (in units of eV)
of homogeneous paramagnetic fcc Fe-Cr-Ni alloy as a function of
chemical composition. Left panel: volume relaxed results; right panel:
volume and structure relaxed results.

The volume-relaxed and volume plus structure-relaxed
formation energies are plotted in Fig. 1 as a function of
chemical composition. We notice that after structural relax-
ation the trend of the vacancy formation energies remains
practically the same as that seen for the formation energies
without local relaxation. This has been expected since by local
relaxation we only change the size of vacancy but keep the
mean-field environment almost constant. Figure 1 shows that
the formation energy decreases (increases) monotonously with
Ni (Cr). The effect of chemistry on the vacancy formation
energies will be discussed in more detail in Sec. IV.

C. Vacancy effect on the local magnetic moments

Recent work investigated the effect of vacancy on the
electronic Wigner-Seitz radius (charge density).” It was shown
that the compensation effect in the charge density is not observ-
able beyond the second nearest neighbor around the vacancy.
Those observations turned our attention to verify the local
magnetic moments in Fe-Cr-Ni alloys, where the magnetic
state was found to have a large influence on the mechani-
cal properties.*® The paramagnetic state of Fe-Cr-Ni alloys

25 — T

A—A 24Cr8Ni
225 B 24Cr14Ni | _|]
@@ 24Cr20Ni
A—A 12Cr8Ni
B 12Cr14Ni

@9 12Cr20Ni | ]

Order of nearest neighbor
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was described within the disordered local magnetic-moment
method. According to that, there are nonzero local magnetic
moments on Fe atoms, but those on Cr and Ni atoms vanish
(in lack of longitudinal spin fluctuations). The present results
on the magnetic configuration of Fe-Cr-Ni supercells with
vacancy are shown in Figs. 2—-4.

We selected two series of Fe-Cr-Ni alloys in Fig. 2 to
illustrate the compositional effect on the local magnetic
moments. The open and filled symbols correspond to alloys
with Cr content fixed to 24% and 12%, respectively, and with
variable Ni content (8, 14, and 20%). In this way, one can
follow how the moments vary with Cr and Ni content including
the alloy with the lowest amount of Fe (encompassing 24%
Cr and 20% Ni). In Fig. 2(a), the local magnetic moments are
shown for all distinct nearest neighbors (coordination shells)
within the 32-sites supercell. In order to compare the magnetic
moments to the corresponding bulk values, in Fig. 2(b) we
plot the shell-resolved moments for two alloys relative to their
mean bulk values.

The variation of the local magnetic moments upon structural
(local) relaxation around the vacancy are presented in Fig. 3 for
the alloy containing 17.5% Cr and 12% Ni. Here, the vertical
line marks the equilibrium local relaxation around the vacancy
corresponding approximately to the vacancy formation energy
minimum. Figure 4 displays the compositional map of the
difference (§m in percent) between the average local magnetic
moment in the supercell with vacancy and the corresponding
bulk value. The difference is defined as 6m = (my, — my)/my,
where my, is the bulk local magnetic moment and m; is the
average supercell local magnetic moment. The trends from
Figs. 2—4 will be discussed in Sec. IV.

IV. DISCUSSION

A. Trends of the vacancy formation energy

In the Landolt-Bornstein database for experimental
results'® there are two graphs for the vacancy formation
energies. One is for 16 wt. % Cr and Ni content varying from

0.4 . i . i . T

A 24Cr8Ni | ]
03 @® 12Cr20Ni _]

0.1

Order of nearest neighbor

FIG. 2. (Color online) The chemical effect on the local magnetic moments (in ug) (panel a), and the deviation from the mean bulk magnetic
moment for the two most extreme compositions (panel b). The local magnetic moments are shown as a function of the order of the nearest

neighbor atomic sites (coordination shells).
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205 T I T I T I T
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Local Relaxation (%)

FIG. 3. Local magnetic moments (in ug) of the nearest-neighbor
atoms around the vacant site as a function of local relaxation (7). The
vertical line shows the equilibrium relaxation (1) corresponding to
the minimum of H,(n).

20to 75 wt. %. For this system, the vacancy formation enthalpy
scans values from 2.00 to 1.50 eV with increasing Ni content.
In the second graph, the Ni content is fixed to 25 wt. % and
the Cr content changes from 8 to 16 wt. %. In this case, the
vacancy formation enthalpy scans values between 1.60 and
1.80 eV. For a compound with 25% Ni and 16% Cr we get
1.95 eV from the first and 1.80 eV on the second graph.
However, both graphs contain large error bars which may
explain this apparent inconsistency between them. It was also

20
-10.00
s -9.363
-8.725
-8.088
16 7.450
< -6.813
S 14 -6.175
«
= -5.538
~ 12 -4.900
-4.263

10 -3.625
/ -2.988

2.
o 350

12 14 16 18 20 22 24
Cr (at.-%)

FIG. 4. (Color online) The difference (in percent) between the
average local magnetic moment in the Fe-Cr-Ni supercell with
vacancy and the corresponding bulk value plotted against the chemical
composition.
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mentioned that in pure Fe-Cr-Ni solid solution the vacancy for-
mation energy depends on the short-range order in bulk alloy.

In experiments, the vacancy formation enthalpy is given
by the difference of the self-diffusion coefficient and the
vacancy migration enthalpy.!® Checking the corresponding
figures and tables from Ref. 18 we notice that neither the
vacancy migration enthalpies nor the self-diffusion coefficient
change with composition. Substracting these energies from
each other will give an average 1.8 eV vacancy formation
enthalpy (recommended value in Ref. 18). The reported weak
compositional dependence could be the results of the annealing
after the electron irradiation, which helps the relaxation of the
crystal to reduce the effect of defects by recrystallization and
diffusion. The above experimental values from Ref. 18 agree
well with the results reported by Dimitrov and Dimitrov.>
According to these authors, the vacancy formation energy is
2.02 and 1.84 eV, for Fe-Cr-Ni containing 20 and 45 wt. % Ni,
respectively, and 16 wt. % Cr.

Our theoretical formation energies range from 1.83 to
2.04 eV as we go from Fel2Cr20Ni to Fe24Cr8Ni. These
values are in line with the above experimental data.'s-°
The compositional dependence of the theoretical formation
enthalpy shows the same trend as in experiments. Namely,
increasing Ni content lowers the vacancy formation energy
and increasing Cr content increases it. The small differences in
the theoretical and experimental slopes can be attributed to the
the differences in sample preparations and the approximations
used in the theoretical description.

Quite interestingly, the compositional changes (segrega-
tion) in the nearest neighbor (nn) sites around the vacancy
shows the same behavior as the one found in the experiments
mentioned above and also in the present theoretical results.
Here we quote a comprehensive test performed on Fe-Cr
alloys done by del Rio et al.’ and Olsson et al.* Despite the
body-centered-cubic (bcc) structure used in these theoretical
works, with decreasing the Cr content in the first nn the vacancy
formation energy drops to the values found for the host bcc
Fe. In our theoretical results, by reducing the Cr coordination
around the vacancy, the vacancy formation energy decreases
to the theoretical vacancy formation enthalpies found for fcc
Ni and paramagnetic fcc Fe.!7*3

B. Effective chemical potentials

To shed more light on the trends of the vacancy formation
energy, we study the effective chemical potential (ECP) repre-
senting a measure of the interaction between alloy components
and vacancy. Here we focus on the first coordination shell
around the vacancy (first nearest neighbor) and on the fifth
coordination shell, the latter corresponding approximately the
bulk ECP. In these additional calculations, we consider a
ternary alloy Fe;_,_.Ni,Cr, containing 17.5% Cr (c = 0.175)
and 12% Ni (n = 0.12). Numerically, the Cr-Fe effective
chemical potential was computed according to

0E~(n,c)
A/’Lijl"-Fe = /'LSCr - lu“f:e = Sg—c

__ Esc(n,c +0.01) — Esc(n,c)
N 0.01
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where Egsc(n,c) is the total energy of the 32-site supercell
with base composition on all atomic sites, Eg-(n,c + 0.01)
is the total energy of the supercell with 1% concentration
variation in the first (s = 1) or fifth (s = 5) coordination shell.
A similar expression was used for the Ni-Fe ECP, Apuy;_g.-
We find that in case of Ni-Fe exchange process, the effective
chemical potentials are Apl; g, = —35.042967 Ry and
AR g = —35.041200 Ry. For Cr, these figures change to
Apl, po= +23.445442 Ry and A, g, = +23.443500 Ry.
Therefore, according to the theoretical effective chemical
potentials, Ni atoms prefer positions near the vacancy (within
the first coordination around the vacancy), whereas Cr atoms
do not. This finding is in perfect agreement with the trends
calculated for the vacancy formation energy.

The “segregation energy” around the vacancy in the case
of Nibecomes Aull\nfl:e — AMIS\IFFe = —1.767 mRy/atom and
that for Crbecomes Apd, g, — Ap,_g. = 1.942 mRy/atom.
That is, it is slightly more likely to meet a Cr depleted
zone near the vacancy than a Ni enriched zone. Assuming
infinitely large bulk reservoir, at thermodynamic equilibrium
the Ni (Cr) segregation (desegregation) should eventually
lead to Ni-rich coordination around the vacancy. Since the
ECPs are composition dependent (even at static conditions),
the equilibrium concentration “profile” will realize when the
difference between surface and bulk ECPs vanish (or when we
reach a pure Ni coordination).

With increasing temperature, the configurational entropy
opposes the Ni-Fe or Cr-Fe exchange process favoring a more
homogenous distribution of the alloy components around the
vacancy. We illustrate this effect by considering the Ni-Fe ex-
change in an alloy with homogeneous Cr content and neglect-
ing the concentration dependence of the ECP. From the con-
dition of vanishing Aull\“_Fe(T) — Auf\ﬁ_Fe(T) ~ A,uII\H_Fe —
Apdi_pe +kpTIn[n'(1 —n —c)/n/(1 —n' —¢)], at tem-
perature 7 the equilibrium Ni concentration in the first
coordination around the vacancy becomes

al n(l —c) @)

n+ (1 —c — n)e®rire=dmr)/ kT’

where kp is the Boltzmann constant. At 7 = 0 K, we obtain
n' = (1 = ¢),1i.e., all Fe atoms from the first coordination shell
are changed to Ni. At 7 = 300 K, n! =0.25, i.e., at room
temperature the Ni concentration around the vacancy is about
double that of the bulk value. On the other hand, at 1000 K,
we get n! = 0.15. This means that already at relatively low
temperatures, the equilibrium concentration of Ni in the first
nearest-neighbor sites is close to its bulk value. This result
confirms the validity of our theoretical study performed on
homogenous alloys. Furthermore, the above finding is in line
with the earlier experimental conclusion,” namely that Cr
moves away from the vacancies while Ni segregates to them.

C. Local magnetic moment variations

It was reported'®>! that the nonlocal effect, that includes the
variations of the charge and magnetic moments, accounts for
about 0.6 eV in the vacancy formation energy of Ni and Fe. In
order to reveal these effects in the vacancy formation energy of
the Fe-Cr-Ni alloys, Fig. 2 displays the local magnetic-moment
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variations as a function of distance from the vacancy. We can
see that the local moments in the fifth coordination shell still
do not reach the bulk magnetization. This indicates that the
effect of vacancy has a longer range on the local moments
than on the charge density.” The role of chemistry on the local
magnetic-moment wave is also visible in Fig. 2. Increasing Ni
concentration raises the magnetic moments while increasing
Cr concentrations lowers them. The slope of the magnetic
wave changes when moving from high-Cr content to high-Ni
content. This should be attributed to the different magnetic
properties of the alloying elements. On the right-hand side of
Fig. 2, we can see that Ni addition and Cr removal reduce the
range of the falloff in the magnetic moment.

In Fig. 3, we plotted the local moments for the nearest-
neighbor (nn) atoms as a function of local lattice relaxation
around the vacancy (n). The n = —6 point depicts a fairly
distorted system with minimum volume for the vacancy and
maximized volume for the first nn atom. The opposite is the
n = +2 point where the vacancy has the maximum volume.
The first nn local moments increase with the volume of the
vacancy, whereas the moments on the second nn remain almost
constant. The third, fourth, and fifth nn moments, on the other
hand, show a decreasing trend with increasing volume of the
vacancy. The above variations are in line with the oscillatory
behavior of the magnetic moments with increasing distance
from the vacancy [Fig. 2(b)].

The difference between the bulk magnetic moment and
the mean supercell magnetic moment (m, Fig. 4) is always
negative and shows a clear chemical composition dependence.
We see higher deviations for the Cr rich alloys (up to —10%)
and smaller deviations for the Ni rich alloys (S—3%). Using
ab inito alloy theory, Vitos and Johansson*® demonstrated
that the elastic properties of paramagnetic Fe-Cr-Ni alloys
depend sensitively on the local magnetic moment. According
to Fig. 4, the mean local magnetic moment increases around
the vacancy, meaning that there is a magnetism-driven elastic
softening around the vacancy. Using Fig. 1 from Ref. 48, we
find that 10% increase in the average local magnetic moment
results in about 10-20 K (2-4%) decrease of the elastic Debye
temperature.

V. CONCLUSIONS

Using the exact muffin-tin orbitals method, we have
calculated the equation of state and vacancy formation energies
for paramagnetic fcc Fe-Cr-Ni alloys. All self-consistent
calculations have been carried out within the local den-
sity approximation and using non-self-consistent generalized
gradient approximation for the total energy. Using former
theoretical data, we have concluded that the present theoretical
approach with 0.03-eV error bar is suitable to calculate the
formation energies of monovacancies in Fe-Cr-Ni ternary
alloys.

We have demonstrated that structural relaxation has a
major impact on vacancy formation energies. Our results show
similar behavior as those found earlier by experiments and
by the limited number of theoretical calculations. According
to the predicted scenario, Cr increases and Ni decreases the
vacancy formation energies. Segregation around the vacancy
should eventually lead to Ni-rich coordination around the
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vacancy at low temperatures, but this effect is strongly
diminished at temperatures around 1000 K. In addition to
the above chemical trends, volume effects are also found to
have a marked effect on the formation energy. Our work calls
for further theoretical investigations where the interactions
between vacancy and alloy components are accounted for
and the structural relaxations are treated beyond the present
mean-field approach.
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