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The properties of Cr in « Fe have been investigated by ab initio calculations based on density functional
theory. The intrinsic point defect formation energies were found to be larger in model bcc Cr as compared to
those in ferromagnetic bee Fe. The interactions of Cr with point defects (vacancy and self-interstitials) have
been characterized. Single Cr atoms interact weakly with vacancies but significantly with self-interstitial atoms
(STA). Mixed interstitials of any interstitial symmetry are bound. Configurations where two Cr atoms are in
nearest-neighbor position are generally unfavorable in bee Fe except when they are a part of a (111) interstitial
complex. Mixed (110) interstitials do not have as strong directional stability as pure Fe interstitials have. The
effects on the results using the atom description scheme of either the ultrasoft pseudopotential (USPP) or the
projector augmented wave (PAW) formalisms are connected to the differences in local magnetic moments that
the two methods predict. As expected for the Fe-Cr system, the results obtained using the PAW method are

more reliable than the ones obtained with USPP.
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I. INTRODUCTION

The development of new reactors as well as the mainte-
nance of in service reactors require a good understanding of
the behavior of the structural material under irradiation. Neu-
tron and proton irradiation of the materials lead to hardening
and embrittlement that strongly depend on the chemical
composition. Ferritic martensitic steels can be good struc-
tural materials for fast neutron reactors, and in particular
high-Cr reduced-activation steels.! In Fe-Cr alloys, Cr
plays a major role in the radiation-induced evolution of the
mechanical properties. A content of 2 to 6 % Cr reduces the
swelling compared to pure Fe,3 whereas the optimal Cr con-
tent regarding the brittle ductile transition is 9%.* In addi-
tion, under neutron irradiation the interstitial loops formed
have different characteristics depending on the Cr content.
For low Cr concentrations (2% to 6% Cr) the loops have the
a(100) Burgers vector, whereas a mixed population with
a(100) and a/2(111) Burgers vectors have been observed for
high-Cr content Fe-Cr alloys (12% and 18% Cr).>

In order to understand the mechanical properties of
Fe-Cr alloys under irradiation, knowledge about the interac-
tions of Cr with the various defects that are formed (defect
clusters, dislocation loops) and with point defects is of great
importance. Understanding of the impact on the kinetic evo-
lution of the microstructure of the material can be provided
from atomistic simulations where useful information on the
elementary interactions and mechanisms can be obtained.

Atomistic simulations using molecular dynamics with em-
pirical potentials have previously been performed by Konishi
et al.® They constructed a Finnis Sinclair Fe-Cr potential
which predicted 0.12 eV binding between the self-interstitial
(STA) and a nearby Cr, but the most stable configuration for
the self-interstitial was the (111)Fe crowdion, in disagree-
ment with recent ab initio calculations.”?

Cascades have been simulated” and the diffusion in
Fe-Cr alloys by vacancy and interstitial mechanisms has
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been studied.'® These simulations are based on embedded
atom method (EAM) potentials which were fitted mainly on
lattice parameters, elastic constants and mixing enthalpies.'!
In order to better reproduce the point defect interactions in
Fe-Cr with an empirical potential, it should be fitted explic-
itly to ab initio calculations of defect interactions. Recently,
an Fe potential,'> an Fe-P potential,’> and an Fe-Cr
potential* has been successfully fitted in this way. In the
Fe-Cr potential, the EAM scheme has been enriched by an
additional term in order to reproduce the nonmonotonic
variation of the mixing enthalpy,' and to allow simulations
of the formation of the a’ phase during thermal aging of the
Fe-Cr alloy.'* These recent works emphasize the importance
of the use of defect configuration energies to build more
accurate empirical potentials. Explicit knowledge about the
character of the point defect interactions with solute Cr in
bce Fe will be important for the multiscale modeling of the
time evolution of the microstructure under aging and in par-
ticular under irradiation.

The objective of this work is to determine and discuss in
detail some properties of the Fe-Cr system using density
functional theory calculations. The determination of the in-
teractions of Cr in solid solution in bec Fe with point defects
such as vacancies and interstitials depend strongly on the
chemical interactions since Cr and Fe have similar atomic
sizes.

After describing the ab initio method used, the properties
of the intrinsic point defects in bcc Fe and bee Cr are pre-
sented. Then the mixing enthalpy of the Fe-Cr system is
shown. The interactions of one and two Cr atoms with a
vacancy as well as with the different self-interstitial configu-
rations will be exposed and the consequences of these find-
ings will be discussed. Finally, the effect of magnetism on
the different configurations is discussed.
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II. METHODOLOGY

Ab initio calculations have been performed within density
functional theory (DFT), using pseudopotentials generated
within the projector augmented wave (PAW) approach!'®!’
and with ultrasoft pseudopotentials (USPP)'®!® implemented
in the Vienna ab initio simulation package (VASP).2-22 The
USPP formalism can be derived from the PAW formalism by
linearization. In general, the USPP method does not describe
transition metals and magnetic systems as well as the PAW
method does and is included as a point of reference in order
to show the importance of using as correct methods as
possible.?? The pseudopotentials were from the VASP library.
The calculations were spin polarized and the exchange-
correlation functional used is the generalized gradient ap-
proximation (GGA) of Perdew and Wang?* with the Vosko-
Wilk-Nusair (VWN) interpolation of the correlation energy.?
While it is not crucial to use the VWN interpolation when it
comes to the prediction of properties in most pure metals, it
is however important when studying ferromagnetic alloys as
the delicate interchemical interactions are strongly coupled
with the local magnetizations.

Periodic boundary conditions and the supercell approach
was used for all calculations. Brillouin zone sampling was
performed using the Monkhorst and Pack scheme.?® The
electronic configurations of Fe and Cr are Ar 3d’4s' and
Ar 3d%4s', respectively. The defect calculations are per-
formed at constant volume, relaxing the atomic position us-
ing the conjugate gradient algorithm. The equilibrium lattice
parameter for bcc Fe has been used if not otherwise
mentioned. The energies calculated are converged with 125 k
points sampling for 54 atom supercells and 27 k points with
128 atom supercells, following the convergence tests ex-
plained in a previous work.” The plane wave cutoff energy
used with PAW is 300 eV and 240 eV with USPP.

The local magnetic moments are defined as the difference
in spin channel occupation after projection on spheres with
the Wigner-Seitz radii suggested in the pseudopotential data
files. For Fe it is 1.30 A and for Cr 1.32 A.

The mixing energy is defined as the deviation in energy
for a given alloy composition from the linear combination of
the energy of the pure elements. For an alloy composition of
x parts Fe and (1—x) parts Cr it is

Epyi(Fe,Cry_,) = E(Fe,Cry_,) — {xE[Fe] + (1 - x) E[Cr]},
(2.1)

where E[Fe] is the energy per atom of the bee Fe supercell
with the same size, and E[Cr] is the energy per atom of
nonmagnetic (NM) bee Cr.

The formation energy of a configuration containing N
sites with n Fe atoms and p Cr atoms is defined as

E¢,(nFe + pCr) = E[nFe + pCr] — nE[Fe] - pE[Cr].
(2.2)

The total binding energy between n objects, i.e., vacan-
cies, self-interstitial atoms, or Cr atoms, is the energy differ-
ence between the configuration where all the objects interact,
and the system where all the objects are far from each other
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TABLE 1. Lattice parameter in A for ferromagnetic (FM) bee
Fe, nonmagnetic (NM), and antiferromagnetic (AF) bce Cr.

Structure PAW USpPp Expt.?
Fe bcc FM 2.831 2.879 2.86
Cr bcc NM 2.836 2.851 —
Cr bee AF 2.850 2918 2.88

4Reference 30.

in order not to interact. Due to the limited supercell size and
in order to subtract supercell energies obtained with the same
cutoff and k points mesh, the total binding energy is calcu-
lated as

’An): 2 E(Al)
i=l,n
—[E(A;+Ay+ -+ +A) + (n— DE],
(2.3)

Ey(ALA,, ...

where E,; is the energy of the supercell without any defects
A;, E(A;,) is the energy of the supercell with A; and
E(A;+A,+---+A,) is the energy of the cell containing all A;
interacting defects. All the supercells contain the same num-
ber of sites, i.e., have the same size.

III. RESULTS
A. Equilibrium structures

For bce Fe, the reference state is the ferromagnetic phase.
Whereas for bcc Cr, the magnetic state is much more
complicated,”’?° and different “extreme” cases which are
nonmagnetic and antiferromagnetic have been considered.

The lattice parameters obtained for pure Fe and Cr are
shown in Table I. Compared to the measured lattice param-
eters, the calculated values are smaller by up to 1%. The
difference between the lattice parameters of Fe and Cr
(0.02 A) is better reproduced using PAW. Cr is larger than Fe
only using PAW. For USPP, only the antiferromagnetic Cr is
larger than Fe. The absolute discrepancy remains small in all
cases, and should not affect results regarding point defect
interactions, for which chemical effects will have a larger
contribution. The calculated equilibrium parameters are used
hereafter for constant volume calculations with 54 and 128
atom supercells using the method stated above.

For Fe, the local magnetic moment with PAW (upaw
=2.21ugp) is closer to the experimental value of 2.22up (Ref.
30) than the one predicted by USPP (uyspp=2.52up) is. This
difference seems to be an intrinsic feature of the formalisms,
and does not originate directly from the difference in lattice
parameters. PAW calculations using the USPP lattice param-
eter changes the local magnetic moment by only 0.08 ug.

For Cr in the antiferromagnetic state, the local magnetic
moment per Cr atom is +0.92up using PAW and +1.97 up
using USPP. The differences in predicted magnetization are
the first indications of a substantial difference between the
two formalisms. The USPP for Cr allows for a much larger
relaxation of the magnetic moments than PAW does and
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TABLE II. Point defect formation energy (eV) in pure bcc Fe. PAW and USPP calculations with 54 atom
supercells and 125 k points and 128 atom supercells and 27 k points.

Defect 54 at. PAW 128 at. PAW Fu et al.® 54 at. USPP 128 at. USPP
Vacancy 2.12 2.15 2.07 1.93 2.02
(100) 5.36 5.13 4.64 5.07 5.04
(110) 4.13 4.02 3.64 3.96 3.94
(111) 4.89 4.72 4.34 4.75 4.66
Octahedral 5.51 5.29 4.94 5.35 5.25
Tetrahedral 4.56 4.44 4.26 4.53 4.46

4Reference 8.

overestimates the antiferromagnetic interaction. The PAW re-
sult is in better agreement with the measured 0.7 ug magnetic
moment amplitude of the spin density wave state in Cr.’!

B. Intrinsic point defects in bee Fe

The intrinsic point defect formation energies reported in
Table II are similar for PAW and USPP. The vacancy forma-
tion energy is about 2.1 eV using PAW and 0.1 eV lower
using USPP. As already discussed,’ for self-interstitials, the
most stable interstitial configuration is the (110) dumbbell.
The calculated energy difference between the (110) and
(111) configurations is 0.7 eV using both formalisms. Fur-
thermore, the tetrahedral configuration is more stable than
the (111) crowdion. These results are in agreement with the
ab initio calculations of Fu et al.® based on numerical orbit-
als with relaxation under constant pressure using 128-atom
supercells. One can notice that the different strategies to re-
lax the system, i.e., considering constant volume or relaxed
volume (with a zero pressure condition) does not signifi-
cantly affect the results.

The effect of the supercell size, comparing 54- and
128-atom supercells, is rather small. For a vacancy the dif-
ference is on the order of 10 meV, whereas for self-
interstitials, due to the larger distortion induced by the inter-
stitial defect, the energy difference is on the order of
100 meV.

Regarding the influence of the presence of point defects
on the local magnetic moments on the Fe atoms, the results
obtained using PAW are similar to the ones using USPP in a
previous work by Domain and Becquart.” For the vacancy
(Table IIT), the magnetic moments of the Fe atoms in first
nearest-neighbor position is increased, as would be expected
from the larger volume in which to relax the moments. For
self-interstitials, the local magnetic moment of the two Fe
atoms within the interstitial is small and the moment on the
nearest-neighbor atoms is reduced in the compression posi-
tions whereas it is enhanced in the tensile positions [Figs.
1(a), 1(b), 2(a), and 2(b)].

In most cases the changes in the local magnetic moments
with respect to those of the perfect crystal are similar using
PAW or USPP. For instance, for the (110) configuration, the
relative variations of the moments of the nearest-neighbor Fe
atoms are independent of formalism, as well as for the two
atoms within the dumbbell (Fig. 1). For the (111) configura-

tion (Fig. 2), the two atoms within the interstitial have an
antiferromagnetic (AF) spin (-0.5up) using PAW and a
small ferromagnetic spin (0.3ug) using USPP. In addition,
probably due to magnetic coupling, the magnetic moment on
the first nearest Fe atoms is larger using PAW (1.53up) than
for USPP (1.16ug). Even though the description of local
magnetism in defects only differ significantly in the case of
the (111) interstitial, this apparently does not affect the for-
mation energies, as the directional stability is identical for
both formalisms.

C. Intrinsic point defects in bee Cr

In Cr, point defect properties were determined for both
nonmagnetic and antiferromagnetic bce configurations. The
formation energies are reported in Table IV. The magnetic
state does not have a significant influence on the formation
energies which are generally larger than in bcec Fe. The va-
cancy formation energy is more than 0.5 eV larger than that
in Fe and in agreement with other DFT calculations.?” Iso-
morphous phase separation occurs for Fe-Cr alloys with Cr
concentrations larger than 10%. The Fe-rich « phase coexists
with the Cr-rich @’ phase at intermediate temperatures. As a
result of the large difference in formation energies in such a
phase separated alloy, vacancies will remain preferentially
inside the Fe-rich matrix and will not diffuse easily into the
Cr precipitates.

The most stable configuration for self-interstitials is the
(110) configuration, as in Fe. The energy difference between
the (111) and (110) interstitials is 15 meV for a 128 atom
nonmagnetic supercell using PAW and 100 meV using

TABLE III. Local magnetic moment (in up) on nearest-
neighbor atoms for vacancy and Cr in substitutional position (for
bce Fe, MPAsz'ZIMB and MUSPP=2'53IU’B)'

Configuration Position PAW USpPP

Vacancy Inn 245 2.70
2nn 2.12 241

Cr subs Cr -1.64 -2.46
Inn 2.20 243
2nn 222 2.41
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2.30

USPP. For the AF structure, the difference is 44 meV for
PAW. The small directional stability of the (110) interstitial
with respect to that in iron can be explained by magnetic
effects. The magnetic relaxation in pure iron allows for a
lower formation energy of the (110) dumbbell than that in
pure Cr. For nonmagnetic bcc transition metals, like vana-
dium and molybdenum, the order of directional stability is
reversed.’>34

The formation energies of interstitials are more than 1 eV
larger than those in Fe. The consequence for radiation dam-
age of Fe-Cr alloys is that interstitial defects will diffuse

PHYSICAL REVIEW B 75, 014110 (2007)

FIG. 1. Local magnetic mo-
ment (in ug) of (110) dumbbell
and of (110)-Cr mixed dumbbell
({(110)ge.cy) using PAW (a,c) and
USPP (b,d) 54 atom supercell.
The relaxed distances in A are in-
dicated in italic.

preferentially in the Fe matrix and will not diffuse into ex-
isting large Cr precipitates (a’ phase). Thus, in segregated
alloys, the effective path to the grain boundary will be longer
as the interstitials experience more scattering than in a single
phase matrix. Moreover, interstitial clusters of a/2(111) type
which do not turn easily from their glide plane may be
trapped between precipitates.

D. Cr substitution and atomic relaxation

The energy of substitution is defined as the formation en-
ergy [of Eq. (2.2)] with one Cr atom in substitutional posi-

1.16

FIG. 2. Local magnetic moment (in ug) of
(111) crowdion and of (111)-Cr complex
({111)ge.cy) using PAW (a,c) and USPP (b,d) 54
atom supercell.

230 7 231 2.41 ! 238
E 074" 080 i3 ,o"[-103
O
Ot O
7230 231 Py 238
c) 1.96 2.30 d) 2.14 2.41
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TABLE IV. Point defect formation energy (eV) in pure bce Cr nonmagnetic (NM) and antiferromagnetic
(AF), USPP and PAW calculations with 54 atom supercells and 125 k points and 128 atom supercells and 27

k points.
PAW (NM) PAW (AF) USPP (NM) USPP (AF)

Defect 54 at. 128 at. 54 at. 128 at. 54 at. 128 at. 54 at.
Vacancy 2.59 2.61 2.81 2.71 2.60 2.52 2.81
(100) 6.78 6.75 6.79 6.71 6.53 6.59 6.77
(110) 5.66 5.62 5.73 5.66 5.36 5.29 5.65
(111) 5.68 5.63 5.77 5.70 5.45 5.39 5.84
Octahedral 6.91 6.78 6.92 6.73 6.68 6.54 6.79
Tetrahedral 6.50 6.35 6.54 6.31 6.28 6.09 -

tion in bce Fe. The substitution energy of Cr is —0.12 eV
using PAW and —0.46 eV for USPP. The large difference of
0.3 eV between the two methods is due to the difference in
the relaxation of the magnetic moment of the substitutional
Cr atom. The PAW method gives an antiferromagnetic mo-
ment of —1.59uz while USPP gives —2.40u. Different mea-
surements of the local Cr moment range between —0.7 and
—1.4u5,>7% in support of the prediction made by the PAW
method. The relaxation of Fe atoms close to a substituted Cr
atom is small, and only the first shell of Fe atoms have a very
weak relaxation of 0.2-0.3 % of the first nearest-neighbor
distance towards the Cr atom, using either formalism. This
small relaxation is coherent with the small size factor of Cr
in Fe (4.4% oversized®®). The apparent discrepancy regard-
ing the sign of the relaxation is not significant with so small
a size difference, and the relaxation may change with tem-
perature due to the relative difference in vibrational proper-
ties of Fe and Cr.

E. Mixing energies

Table V gives the mixing energy as a function of the Cr
concentration. The mixing energy is obtained using Fe super-
cells of different size including one or a few Cr atoms. For
1.85%, it is one Cr atom with 53 Fe atoms. For 6.25%, it is
one Cr atom with 15 Fe atoms. For 12.5%, it is two Cr atoms
with 14 Fe atoms [Cr at (0,0,0) and (0.5 0.5 0.5) in reduced
units]. For 25%, it is four Cr atoms with 12 Fe atoms [Cr at
(i,i,%), (i,%,i), (%,i,i), and (%,%,%) in reduced units].
The results are also compared to ab initio calculations based
on the coherent potential approximation (CPA).>® The mixing

TABLE V. Fe-Cr mixing energy (meV) (16 atom supercell with
7 X7 X7 k points, 54 atom supercell with 5 X5 X5 k points). Com-
parison is made with CPA calculations (Ref. 39).

Cr (%) PAW USPP CPA®
1.85 -0.86 -6.56 —4.46
6.25 -1.95 -145 -7.59
125 6.10 1.1 -7.21
25.0 59.6 712 453

4Reference 39.

energy is negative for very low Cr concentrations and be-
come positive for larger Cr concentrations. The values ob-
tained using USPP are similar to those from the CPA calcu-
lations while the values obtained using PAW are in average
smaller. The comparison with the CPA results are mostly
qualitative as the methods of calculation differ significantly.
The CPA is a single-site mean field approximation which
treats the solute concentration as a continuous variable while
the PAW and USPP results are obtained using supercells of
different sizes, thus enforcing slightly ordered structures at
fixed concentrations. For a thorough study of mixing enthal-
pies of ordered structures in Fe-Cr, see the work by Klaver e#
al.®

F. Cr defect interaction in bcc Fe
1. Cr substitutional interactions

Interactions between Cr atoms and vacancies as well as
between Cr atoms in substitutional positions have been cal-
culated. Binding and formation energies are presented in
Table VI using 54 and 128 atom supercells.

The vacancy-Cr (VCr) binding energy is small, about
60 meV in the first-nearest-neighbor position and vanishing
for larger separation distances. These results are in agree-
ment with the experimental results of Moslang et al.*' Using
muon spectroscopy, they have estimated the VCr binding
energy to be less than 105 meV. Furthermore, isochronal an-
nealing measurements showed that the vacancy migration
occurs almost at the same temperature (200 K) in pure Fe as
in the Fe-Cr alloy.*’ The difference with respect to predic-
tions using USPP is small when it comes to Cr-vacancy
interactions.*3

Cr atoms in bce Fe have a lower barrier for vacancy as-
sisted migration than Fe atoms do (Table VII). The migration
energy is 0.17 eV lower for solute Cr than for the matrix
atoms.

Figure 3 displays the Cr cluster configurations that were
investigated. Cr-Cr interactions are repulsive for all small Cr
clusters considered (up to size four). Thus the binding ener-
gies are negative and are increasing with the number of Cr
-Cr pairs formed. Both USPP and PAW lead to negative
binding energies, the repulsion is nevertheless smaller with
PAW than with USPP. This difference is consistent with the
difference in the substitutional energy. In PAW, a substitu-
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TABLE VI. Binding and formation energies (eV) of VCr pairs,
Cr clusters, (100)-Cr, (110)-Cr, and (111)-Cr complexes using the
PAW method (54 atom supercell, 125 k points, 128 atom supercell,
27 k points). The reference energies are pure bec Fe and pure non-
magnetic bee Cr, respectively.

Binding energy Formation energy

Configuration 54 at. 128 at. 54 at. 128 at.
V-Cr 1nn 0.057 0.057 1.95 1.98
V-Cr 2nn 0.007 0.014 2.00 2.02
Cr+Cr Inn -0.233 -0.242 0.01 0.02
Cr+Cr 2nn -0.148 -0.123 -0.08 -0.10
Cr+Cr+Cr (triangle) -0.496 -0.477 0.15 0.15
Cr+Cr+Cr+Cr (tetrahedral) -0.728 -0.710 0.26 0.27
(100)pe.cs 0.153 0097 510 493
(110)pecr 0059 0080 396  3.83
(1 Dpecr 0385 0373 439 424
Octa-Cr 0.297 0.298 5.10 4.88
Tetra-Cr 0.020 0.074 443 4.26
(110)pe_pe L Crys ~0.080 -0.065 4.10  3.98
(110) g o= Clyys 0051 0050 397  3.86
(100) ¢y ~0294 -0.356 543 527
(10)erce ~0442 0425 435 423
(11 Derer 0247 0223 442 428
(1100 L Crys ~0.057 -0.023 396  3.82
(1100 o= Cups 20230 -0209 414 401
(110Y ¢y pe—Clyups 0.131 0154 378  3.65
Crops—(110pepe L Clype  —0.072 —0.041 398  3.84
(110)pe.pe— Cr2 iy 0.061 0094 38 371
(110)pe pe—Cr™ Cr s 0.146 0154 376  3.65
(110)pe.pe—Cr Ci s 0.112 0118 379  3.68
(110)pepe L Cr2 Cry s ~0258 —0.195 416  4.00
(110)pepe L Cr2™ Cry s ~0.157 -0.121 406  3.92
(110)pe.pe L Cr Cr s -0.172 -0.123 408  3.92
ey pecr 0549 0544 412 395

tional Cr atom does not cause as large a perturbation as in
USPP. The decrease of the total binding energy is smaller
than the value given by adding all the first-nearest-neighbor
(Inn) and second-nearest-neighbor (2nn) interactions
[2E,(Cr-Cr 1nn)+E(Cr-Cr 2nn) for the Cr; cluster and
4E,(Cr-Cr 1nn) for the Cry cluster]. This screening behavior,
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TABLE VII. Fe and Cr migration energies in eV (54 atom su-
percell with 125 k points, 128 atom supercell with 27 k points).

54 atoms 128 atoms
E,m-g(Fe) 0.69 0.71
Em,-g(Cr) 0.54 0.54

which was not observed for Cu in Fe,** is probably due to
magnetic effects, as Cr carries a local magnetic moment
whereas Cu does not.

2. Cr-self-interstitial interactions

The interactions of one and two Cr atoms with (100),
(110), and (111) self-interstitials have been studied consid-
ering different possible configurations described in Fig. 4.
The binding and formation energies are presented in Table
VL

For the mixed interstitials, the (100)g..c, and (110)g. cr
configurations have small binding energies while the
(111)pe.c; crowdion is more strongly bound. The binding en-
ergy for the (110)g..c, configuration is close to zero using
USPP, whereas is it around 0.1 eV using PAW. For the
(111)pe.c; configuration the calculated binding energy is
about 0.4 eV with both methods.*?

The 0.4 eV binding energy between the (111) crowdion
and the Cr atom, reduces the (111)g. . formation energy,
thus reducing the (111)—(110) energy difference by 0.36 eV.
In pure Fe the large energy difference of 0.7 eV between
(111) and (110) configurations, induce a preferential migra-
tion of the (110) interstitial through the migration and rota-
tion mechanism® previously suggested by Johnson.** The
consequence of the presence of Cr may be both trapping and
an increase of directional change probability during the glid-
ing of the (111) crowdion.

For the (100) interstitials, it is only the (100)g._c, configu-
ration which is binding. Placing further Cr atoms in proxim-
ity to the (100) interstitial is either unfavorable or simply
renders the same effect as the mixed (100)g. ¢, configuration.
A configuration with a Cr atom in first-nearest-neighbor po-
sition to an (100)g.pe Or {100)g.c, interstitial is unstable
enough that the interstitial turns to the more stable (110)
direction during a self-consistent ionic relaxation. The octa-
hedral and tetrahedral mixed interstitials are also bound but
there is no evidence in the literature of them playing a sig-
nificant role in the evolution of the microstructure. In the

FIG. 3. Cr clusters with (a)
Crjs: three Cr atoms and (b) Cry:
four Cr atoms. The Cr position is
indicated by the black circle.
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FIG. 4. SIA-Cr configurations: (a) Fe-Cr (100) dumbbell ((100)g..c,). (b) Fe-Cr (110) dumbbell ({110)g,.c;). (c) Fe-Cr (111) dumbbell
((111)crcr). (d) Fe-Cr tetrahedral interstitial. (¢) Fe-Cr octahedral interstitial. (f) Cr near (110) dumbbell at the site under tension
({110)ge_pe L Crgup)- (2) Cr near (110) dumbbell at the site under compression ((110)ge_ge—Cry,ps)- The Cr position is indicated by the black

circle.

case of the octahedral symmetry, the formation energy is too
large for it to exist long enough to matter. For the tetrahedral
defect, the small binding energy and unfavorable symmetry,
in terms of forming defect clusters, diminishes the impor-
tance of this type of defect. On the macroscopic scale, the
effects of (100), octahedral, and tetrahedral interstitials inter-
acting with Cr atoms will be small.

The interaction of Cr with (110) in the tensile site
((110)pe_pe L Cry,ps) is slightly repulsive. A Cr atom with
(110) in the nearest-neighbor compression site ({110} pc
—Cr,,;,) has a slightly positive binding energy.

For the mixed (110) dumbbell ({(110)g..c,) the relaxed
Fe-Cr distance is smaller than the Fe-Fe distance in the pure
Fe (110) dumbbell (Fig. 1). This effect, which cannot be
explained by the fact that a Cr atom within the Fe matrix is
slightly oversized,®® may be consistent with the magnetic
interactions discussed below.

In the case of a single Cr atom interacting with a defect,
the binding energies obtained with PAW are on average
0.1 eV larger than those from USPP. Since the substitutional
energy of Cr enters the expression for the binding energy in
an additive manner, the difference in binding with respect to
only the defect structure is actually 0.2 eV smaller with PAW
than with USPP. Since the PAW substitution energy is small,
the binding energies obtained with PAW are mainly due to
the effects of structural perturbations and magnetic
relaxation.*3

The origin of the affinity of Cr with self-interstitial atoms
is not obvious. Since the formation energy of self-interstitials
in becc Cr has been found to be 1 eV larger than for self
interstitials in bce Fe, a repulsion would be expected rather
than the attraction obtained. However, as only one Cr atom is
involved in the bece matrix, the chemical interaction between
Fe and Cr atoms is more predominant than the highly
strained behavior seen in pure Cr.

The obtained binding interaction between self-interstitial
atoms and Cr is consistent with electrical resistivity measure-

ment of low-temperature electron irradiated Fe-Cr alloys.*®
Maury et al.*® interpreted the faster recovery behavior at
stage I as the formation of mixed dumbbells with a higher
mobility than self-interstitial atoms in Fe have. This may also
be due to the low directional stability of the mixed dumbbell
in comparison to that of a pure Fe SIA.

Figure 5 shows the configurational stability of interstitial
defects with or without Cr atoms as central parts of the de-
fect. For pure Fe, the curve is basically identical to recently
published results®* where the anomalous behavior of Fe was
discussed in comparison with the other bcc metals. Only in
ferromagnetic Fe is the (111) not the most stable defect. The
magnetic interactions in Fe raises the energy of the (111)
interstitial with respect to the other configurations. As can be
seen in Fig. 5, the inclusion of Cr in the defect diminishes

@@ Pure Fe
A--A One Cr —
4@ Two Cr

Defect formation energy (eV)

35 —

| | | | |
<111> <110> tetra <100> octa

FIG. 5. (Color online) The formation energies of the different
interstitials in Fe. The circles represent pure Fe, the triangles when
one Cr atom is in the defect, and the diamonds when two Cr atoms
are in the defect.
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the difference between the (111) and the other configura-
tions. The reason being that Cr is much more magnetically
malleable than Fe. Note especially how the difference be-
tween the two main directions is almost vanishing when two
Cr atoms occupy the defect sites. This may affect the inter-
stitial diffusion pathways substantially as the directional sta-
bility, which is a main feature in pure Fe, can be cancelled
out in a concentrated alloy. The order of stability for the
two-Cr defect configurations in Fe is almost identical to that
of self-interstitials in pure Cr. Furthermore, it can be seen
that the only other point which diverges slightly is the octa-
hedral mixed interstitial. This configuration is slightly more
favorable than the pure (100) interstitial for symmetry rea-
sons that are not present in the case of a pure defect.

Figure 6 represents the Cr positions of the two Cr atoms
investigated relative to the (100), (110), and (111) dumb-
bells.

The binding energies are generally found to be lower
when two Cr atoms are associated with an Fe self-interstitial
as compared to when one single Cr atom is interacting with
the Fe self-interstitial. This is coherent with the repulsion
between two Cr atoms in substitutional positions. Only for
configurations with a large distance between the Cr atoms is
it possible to use simple summation of the binding energies
of the respective one-Cr defect configurations. For configu-
rations where the distance between the Cr atoms is small
enough, the repulsion plays a more and more important role.
For a configuration XY with two Cr atoms the binding energy
can be written as

Ey(XY) = Ey(X) + E(Y) = Epp(d), (3.1

where E,(X) is the binding energy of configuration X con-
taining the defect and one Cr atom and E,(d) is the pair
repulsion energy for two Cr atoms displaced by the distance
d. Configurations with more than two Cr atoms in close
proximity to the defect have not been considered in this
study but the same reasoning could probably be expanded to
cases with any number of Cr atoms, as long as one stays
within the « phase of the alloy. Figure 7 shows the Cr pair
repulsion, defined by Eq. (3.1). The black circles are calcu-
lated data points, the solid line is a fit to a smooth exponen-
tial function with two terms. The vertical dashed lines dis-
plays the unperturbed nearest-neighbor positions. This
simple model captures both the positive and negative parts of
the Cr pair repulsion. Although it has no physical meaning,
one can still argue that since it does not capture the Cr pair
repulsion present in defect free systems, something else is
happening there. The apparent discrepancy between the Cr
pair repulsion in defect-free configurations and in configura-
tions with an interstitial can be explained by magnetic ef-
fects. In the interstitial systems the magnetic interactions are
somewhat reduced by the defect induced strain whereas in
defect-free configurations the magnetic interactions are
prominently responsible for the strong Cr repulsion.*’

For two Cr atoms and a (110) dumbbell, the most stable
configuration is {110)¢,p.—Cry,;, Where the two most stable
single-Cr configuration, namely (110)p..c, and (110} pe
—Cry,,,, have been combined while keeping the distance be-

PHYSICAL REVIEW B 75, 014110 (2007)

tween the Cr atoms as large as possible. This configuration
has a 0.2 eV binding energy using PAW and vanishing using
USPP. The most repulsive configuration is the Cr dumbbell
(110) ¢, both using PAW and USPP (-0.3 and —0.4 V) for
which the Cr atoms are the closest. The configuration
(110)ge.cy—Cry,ps 1 also unfavorable since the Cr atoms are
at a sufficiently small distance to allow the Cr-pair repulsion
to dominate over the attraction present for the single-Cr con-
figurations to which it can be reduced. Furthermore, the con-
figuration (110)g,.c L Cry,, is slightly repulsive using USPP
and with zero binding energy using PAW.*3

The complex formed by two Cr atoms in a (111) crow-
dion with an Fe atom between the two Cr atoms
((111)¢ypec) has a stronger binding energy (0.6 and 0.4 eV
with PAW and USPP, respectively) than when the Cr atoms
are nearest neighbors ((111)¢..c,) (0.3 and 0.1 eV with PAW
and USPP, respectively), also in line with the Cr pair repul-
sion model.

The binding energies of configurations containing two Cr
atoms and a defect are on average 0.26 eV larger with PAW
than with USPP. The main reason for the repulsive interac-
tions predicted by USPP is the large negative substitution
energy. The large difference in the binding energy of the
(111)¢y.c; using PAW (0.3 eV) and USPP (0.06 eV) again
suggests that PAW is more consistent with experiments that
indicate the formation of Cr-Cr interstitials in concentrated
Fe-Cr alloys.*

The high binding energies of the (111) complexes will
lead to a trapping of interstitial a/2(111) loops by Cr
atoms.*® This extrapolation of the ab initio results may be
coherent with the observation of the existence of a/2(111)
loops by transmission electron microscope experiments for
high Cr concentrations.’ The probability to have Cr atoms
around third nearest-neighbor distance is significant for Cr
concentrations larger than 10%. Thus the trapping, or at least
the reduction of the mobility, of interstitial clusters may be
efficient enough to nucleate the observed a/2(111) loops.

The ensuing reduction of mobility of the (111) loops, as
discussed by Terentyev et al., is probably the main contribu-
tor to the decrease in the neutron induced swelling of
Fe-Cr alloys as compared to that in pure iron.*3

3. Magnetism

Since the magnetic moment is strongly perturbed for point
defects in pure bcc Fe,”* as shown for both the PAW and
USPP methods described above, the local magnetic moment
has been analyzed for Cr atoms.

The local magnetic moment on Cr atoms for different
configurations is given in Table VIII and indicated in Figs. 1,
2, 6, and 8. For most of the configurations with Cr in substi-
tutional position, the Cr atom has an antiferromagnetic mo-
ment, as compared to that in the Fe matrix, of around —2.4up
using USPP and —1.6u5 using PAW. When Cr is in intersti-
tial position the magnetic moment is strongly reduced, and
even more so for two Cr atoms in the interstitial dumbbell.

The presence of substitutional Cr only slightly perturbs
the local moment on the nearest-neighbor Fe atoms. For ex-
ample, in Table III, it can be seen that the moment on the
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m) 0.70

FIG. 6. SIA—two Cr configurations. (a) Cr substituted (100) dumbbell ((100)c,.c;). (b) Cr substituted (110) dumbbell ({(110)¢,.cy). (c)
Mixed (110) dumbbell and Cr in the far compression site ((110)cy.pe—Cryps). (d) Mixed (110) dumbbell and Cr in the near compression site
({110)ge.cr—Crgups)- (€) Mixed (110) dumbbell and Cr in tension site ({(110)g..c; L Crgups). (f) One Cr in compression site and one in tension
site around (110) dumbbell (Cry,p,—{110)pepe L Creups)- (2) Two Cr in 2nn compression sites in front of a (110) dumbbell ((110)g,. .
—Crfb’l‘,',‘SCrmbs). (h) Two Cr in 3nn compression sites around with (110) dumbbell ({110)g, ge—Cr2 Cryps)- (i) Two Cr in 5nn compression

subs

sites around {110) dumbbell ((110)g,_pe—Cr>" Cr,,p,)- (j) Two Cr in 2nn tension sites around (110) dumbbell ((110)ge.ge L Cr¥" Cryp,)- (K)

subs subs

Two Cr in 3nn tension sites around (110) dumbbell ({(110)g_pe L Cr2 Cry,p,). (1) Two Cr in Snn tension sites around (110) dumbbell

((110>F6,F5J_Crf[l’,f‘,Cr‘,.u,,x). (m) Cr substituted (111) dumbbell ({111)c,.c;). (n) Cr substituted (111) crowdion ((111)¢ppe.cr)- The local
magnetic moment (in ug) for the PAW calculation is indicated. The Cr position is indicated by the black circle.
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FIG. 7. (Color online) The Cr pair repulsion, as defined by Eq.
(3.1) is shown by stars for the configurations which include an
interstitial. A fit to this data is shown as a solid line. The Cr pair
repulsion for configurations without defects are shown as filled
boxes. The unperturbed nearest-neighbor distances in Fe are dis-
played by the dashed vertical lines.

first- and second-nearest-neighbor Fe atoms is not affected
significantly in either PAW or USPP calculations.

For most interstitial-Cr complexes, the local magnetic
moments are significantly quenched on the Fe atoms that are
closest to the Cr atoms. The exceptions are for the most
stable configurations {110)ge.cr {111)pe.cpr and (111)¢r pe-cro
which are displayed in Figs. 1, 2, and 8. For these configu-
rations, the local magnetic moment of the Fe atom in inter-
stitial position is no longer antiferromagnetic or close to
zero. Rather, a positive local magnetic moment is carried
(around 0.5up using PAW and 1up using USPP).

For the less stable configurations, with negative or very
small binding energies, the local magnetic moment on the Cr
atoms is very small. Moreover, in these cases, the local mag-
netic moment on Fe atoms is slightly quenched by the pres-
ence of the nearby Cr atoms and the defect.

Despite the reduction of the antiferromagnetic character
of Cr in interstitial configurations, it can lead to a favorable
situation as compared to Fe self-interstitials and substitu-
tional Cr. The penalty is compensated by the increase of the
nearby Fe magnetic moments by anti-ferromagnetic cou-
pling, which induce a smaller perturbation than the small
negative Fe moment in self-interstitials. With two Cr in sec-
ond nearest position (with an Fe atom in between), the anti-
ferromagnetic character of Cr atoms is reinforced and the
configurations are  stabilized  ({(110)¢,.pe—Crgps  OF

<1 1 1>Cr»Fe—Cr)'
Furthermore, the antiferromagnetic character of the inter-
action between Cr atom within the (110) dumbbell and the

nearest Fe atoms can explain the shorter interatomic distance
as compared to in the (110) self-interstitial.

IV. CONCLUSIONS

A study of the energetic and magnetic character of intrin-
sic point defects in bce Fe and bee Cr has been performed.

PHYSICAL REVIEW B 75, 014110 (2007)

Furthermore, the interaction of Cr atoms with point defects
in bee iron has been characterized. Two ab initio formalisms,
the projector augmented wave (PAW) method and the ultra-
soft pseudopotential (USPP) approach, have been used
throughout this study.

The following conclusions can be made:

(1) The negative energy of substitution for Cr in bce Fe,
which differs by 0.3 eV between PAW and USPP, is a very
important factor in the determination of binding energies for
point defect complexes with Cr atoms. Fewer defect configu-
rations have binding character using USPP than PAW, since
USPP predicts a larger negative value of the substitution en-
ergy. The difference between the values obtained with PAW
and with USPP can be related to the difference in the mag-
netic moment on the solute Cr atom.

(2) The magnetic interactions are strongly coupled with
the binding or repulsive character of the defect configuration.
If the magnetic moments are significantly quenched then the
configuration is more repulsive than if they stay closer to the
bulk values. Configurations containing Cr atoms are binding
if the Cr atoms have large antiferromagnetic moments, in
accordance with the moment of a single Cr atom in bcc Fe.
Furthermore, the binding energies of configurations with two
Cr atoms and an interstitial can be described as additive with
respect to the binding energies of single-Cr defect configu-
rations with a smooth correction term depending on the Cr
pair distance. That this does not work for defect-free con-
figurations indicates that the magnetic interactions are stron-
ger there.

(3) During the relaxation phase of displacement cascades
in Fe-Cr, the created interstitial defects will gradually be
attracted to solute Cr atoms and form mixed Fe-Cr and sub-
stitutional Cr-Cr interstitials, in agreement with experimental
evidence.

(4) Of the two formalisms, the full-potential PAW method
should be chosen over the USPP since the PAW is more
physically correct and results obtained with it correlate better
with experiments. This is especially true for transition metals
and alloys where delicate magnetic interactions play an im-
portant role. The main difference between the results ob-
tained with the two formalisms is connected to the local
magnetic moments. In the case of pure iron, the methods

TABLE VIII. Local magnetic moment (in ug) on Cr atoms in
different configurations.

Configuration 128 at. PAW 128 at. USPP
Cr subs -1.71 -2.28
Cr migration -1.99 -2.58
V-Cr 1nn -1.99 -2.52
V-Cr 2nn -1.85 -2.36
Cr+Cr Inn -1.39 -2.12
Cr+Cr 2nn -1.58 -2.16
(110)gecy -0.81 -1.06
(111D ge-cr -0.80 —-1.16
(110)¢y-cr -0.72 -0.27
(D epcr -0.77 -0.38
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-1.33 —1.51
2.26 2.44
2.12 : 226 .z 2.29 ; 244 7
1 |
: 133,-" 083 i 126" FIG. 8. Local magnetic moment (in ug) for
% - i - (111)-2Cr dumbbell configuration ((111)cype.cr)
i i using (a) PAW and (b) USPP, 54 atom supercell.
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312 226 7229 2.44
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give similar results although the USPP method overestimates
the bulk moment. The largest difference in pure Fe is that
PAW predicts an antiferromagnetic moment on the (111)
self-interstitial atoms while USPP does not. For pure chro-
mium the difference is not large, as magnetism does not
come into play to the same degree. However, for Cr atoms in
bee Fe, the difference is significant. For configurations with a
single Cr atom, PAW predicts 0.1 eV larger binding energies
than USPP does. Hence, some configurations which are
bound with PAW are repulsive or essentially noninteracting
with USPP. For configurations with two Cr atoms, PAW pre-
dicts binding energies which are about 0.3 eV larger than
USPP. As a result, most two-Cr configurations are repulsive
with USPP even if they are significantly bound with PAW.
Both methods predict very weak VCr interactions in
agreement with experiment. The experimental data on inter-
stitial migration suggests that mixed interstitials should mi-
grate faster than pure Fe interstitials for alloys with low Cr
content. The different character that PAW and USPP predicts
in the interaction of Cr atoms with interstitial defects can not
be conclusively linked to a pattern of interstitial migration
without further study. Even though both methods predict the
mixed (110)g..c, dumbbell as the most stable defect with one
Cr atom, the binding energy predicted by USPP is very small
while PAW gives a reasonably significant binding. The ex-
perimental evidence of the existence of mixed dumbbells
thus provides a further indication that the PAW method is the
better description. Furthermore, the significant binding en-
ergy of the substitutional (111)¢,.c, that PAW predicts is in
agreement with experiments suggesting the formation of

Cr-Cr interstitials in alloys with high Cr content.

(5) Crrich precipitates (a’ phase) in Fe-Cr alloys will
repel interstitial loops and will act as temporary sources of
interstitials and vacancies. The larger interstitial formation
energy in pure Cr, as compared to that in Fe, implies that
interstitial diffusion will occur preferentially within the «
phase of a phase separated alloy.

(6) The large binding interaction found for interstitial
complexes, in either (110) or (111) direction, where two Cr
atoms are separated by an Fe atom, may be correlated to the
different type of interstitial loops observed experimentally as
a function of the Cr content. The binding interaction between
(111) interstitials and Cr atoms will also slow down the dif-
fusion of glissile interstitial loops. This should lead to an
increased recombination with vacancies.
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