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Modeling of chromium precipitation in Fe-Cr alloys
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We have implemented a set of Embedded Atom Method~EAM! potentials for simulation of Fe-Cr alloys.
The functions for the pure elements were fitted to the respective elastic constants, vacancy formation energy,
and thermal expansion coefficients. For Cr, properties of the paramagnetic state were applied, providing a
positive Cauchy pressure and hence applicability of the EAM. By relaxing the requirement of reproducing the
pressure–volume relation at short interaction distances, stability of the^110& self-interstitial could be obtained.
Our Fe-potential givesE^110&

f 2E^111&
f 520.23 eV. Mixed Fe-Cr pair potentials were fitted to the calculated

mixing enthalpy of ferromagnetic Fe-Cr, which is negative for Cr concentrations below 6%. Simulation of
thermal aging in Fe-Cr alloys using a potential fitted to the mixing enthalpy of Fe-20Cr exhibited pronounced
Cr-precipitation for temperatures below 900 K, in agreement with the phase diagram. No such ordering was
observed at any temperature using a potential fitted to the mixing enthalpy of Fe-5Cr. Applied to recoil cascade
simulations the new potentials predict a smaller number of surviving defects than potentials found in the
literature. We obtain a cascade efficiency of 0.135 NRT for damage energies inbetween 10 and 20 keV. An
enhanced probability for Cr atoms to end up in defect structures is observed.

DOI: 10.1103/PhysRevB.69.094103 PACS number~s!: 61.66.Dk, 61.80.Hg, 61.82.Bg
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I. INTRODUCTION

An improved understanding of the radiation effects in f
ritic steels is of importance for development of new react
and maintenance of already operating systems. Neutron
proton irradiation cause hardening, embrittlement, and
mensional instability of the construction components. T
material response is complicated with a strong depende
on the particular composition. Experiments on irradiation
Fe-Cr alloys at doses below 15 DPA, where impact of
generation is possible to neglect, show that adding 2%–
of Cr leads to a decrease in swelling as compared to p
Fe.1,2 There is a general trend towards a minimum in duc
to brittle transition temperatures at about nine percent
content. Formation of the Cr richa8 phase above Cr concen
trations of 10% is a major cause of hardening, indicating t
chromium plays a main role in the qualitative understand
of Fe-Cr properties in- and out of pile.3–7

The Molecular Dynamics~MD! method is widely used a
a basic theoretical tool, providing physical insight into k
netic processes and interactions leading to the formatio
defect clusters, dislocation loops, etc. The validity of t
conclusions is directly related to the validity of the intera
tion potential adopted. A binary alloy potential is usua
constructed on the basis of the potentials of the elem
constituting the alloy.8,9 Thus the quality of the potential i
determined by the extent to which the pure element, and
alloy properties, are reproduced.

Two different types of many-body potentials have be
used in MD studies of bcc-iron reported in the literatu
namely Finnis-Sinclair potentials, relying on a second m
ment approximation to the tight binding theory,10–12and Em-
bedded Atom Method~EAM! potentials,13–18 having their
roots in Density Functional Theory.

Fe-Cr alloy potentials have also been constructed us
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the Finnis-Sinclair approach19 as well as the EAM.20 These
are fitted to measurements of mixing enthalpy and to
lattice parameter of the alloy. The experimental values of
heat of mixing used in those works are however valid o
for the paramagnetic state of the material~above the Curie
temperature!. Further, properties of antiferromagnetic~AFM!
Cr were used in fitting of the Cr potential used by the
authors, in spite of the negative Cauchy pressure of the A
state.

The objective of the present work is to construct a set
Fe-Cr potentials that can reproduce essential properties o
alloy, such as the mixing enthalpy of the ferromagnetic~FM!
state. The potentials should be applicable to simulations
the primary defect formation induced by high energy reco
as well as to modeling of the subsequent defect evolution
has to be noted that experimental data describing basic F
alloy characteristics of use to the potential fitting, are n
always available. In our case, there are experimental data
the bulk modulus of Fe-Cr alloys with different Cr conten
However, no measurements are reported for the mixing
thalpy of ferromagnetic Fe-Cr. Therefore, our modeling a
proach integratesab initio calculations of Fe-Cr alloy prop
erties, design of an EAM potential fitted to these data, a
usage of the potential in MD cascade simulations.

In what follows, we will describe our approach to obta
physically consistent EAM-potentials for ferromagnetic iro
paramagnetic~PM! chromium, and ferromagnetic alloys o
these elements. The applicability of our potentials is corro
rated by kinetic Monte Carlo simulation of thermal ageing
alloys with varying concentrations of chromium. We the
account for results from recoil cascade calculations, point
out significant differences in defect production in the allo
as compared to pure iron. Finally we discuss the impac
our results on the general understanding of Fe-Cr prope
in- and out of pile.
©2004 The American Physical Society03-1
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II. CONSTRUCTION OF THE EAM POTENTIAL

Within the EAM formalism, the total energy of the syste
of n atoms is written as a sum over atomic energies,13

Etot5(
i 51

n

Ei5(
i 51

n F1

2 (
j 51

n

F~r i j !1F~r i !G , ~1!

where F(r i j ) is the pairwise~electrostatic! interaction be-
tween atomsi and j; the functionr i5( j Þ ir(r i j ) represents
the electron density of the host system with atomi removed
andr i j is the scalar distance between atomsi and j. F(r i) is
the many body term, i.e., the quantum mechanical ene
required to embed atomi into a homogeneous electron gas
density r i . Because the electron density depends only
scalar distances to neighboring atoms, the many body t
here has no angular dependence. The curvature ofF may be
interpreted in terms of the traditional chemical bonding co
cept, where a new bond increases the total bonding en
but decreases the average energy per bond. In this conter i
becomes a measure of the total bond order andr(r ) is a
bond sensor. The weakening of successive bonds co
sponds to a positive curvature ofF,

]2F

]r2
.0. ~2!

The complete EAM energy expression in the case of
nary Fe-Cr alloys involves definitions for the pair potentia
FFe(r ),FCr(r ) of pure Fe and Cr, the mixed pair potenti
FFeCr(r ), the electronic density functionsrFe(r ),rCr(r ) and
the embedding functionsFFe(r) andFCr(r),

Etot5(
i Fe

FFe~r i !1(
i Cr

FCr~r i !1
1

2 (
i Fe, j Fe

FFe~r i j !

1
1

2 (
i Fe, j Cr

FFeCr~r i j !1
1

2 (
i Cr , j Cr

FCr~r i j !

1
1

2 (
i Cr , j Fe

FFeCr~r i j !. ~3!

It is seen from Eq.~3! that the potentials of the pure elemen
potentials are part of the alloy potential.

The following parametric form of the pair interactio
terms is assumed:12,15

F~r !5(
i 51

5

ai~r 2r i !
3H~r i2r !. ~4!

Here,r i are knot points of the cubic splines used to repres
the potential,H is the Heaviside step function, andai are
spline coefficients. The atom electron density is appro
mated by the Thomas-Fermi screening function suggeste
Ref. 15.

The Fe and Cr embedding functions are calculated
fitting the cohesive energy to the Rose expression, wh
gives the equation of state of a perfect crystal as a functio
the reduced lattice parameterā,21
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with

ā5A9VB

Ecoh
S R1

R1e
21D , ~6!

where R1e is the equilibrium value of the distance to th
nearest neighbor.V is the atomic volume andB denotes the
bulk modulus. Note that the alloy bulk modulus is not i
volved in expression~6!, but only the bulk modulus of the
pure elements. Since the range of the interactions needs
finite, a cut-off is introduced in the electron density, with
corresponding modification of the Rose expression for la
lattice parameters.9,22

A. Potentials for Fe and Cr

The fitting procedure has been performed in several st
Three of the spline coefficients for ferromagnetic iron, c
responding to knot points larger thanR1e , were obtained by
fitting to the lattice parameter, cohesive energy, vacancy
mation energy, and elastic constants as measured at 0
modified version of theMERLIN code package was written fo
this step of the procedure. The package is based on el
theory of deformation, including multiparametric optimiz
tion with options for different algorithms.23,24The conditions
of equilibrium are expressed as a requirement of no stre
in a perfect crystal. Stresses are evaluated by expanding
energy to the first order with respect to an infinitesimal h
mogeneous strain applied to the system. The second o
elastic constants are evaluated by expanding the energ
the system to the second order with respect to an infinit
mal homogeneous stress. For example,

C445
]2Etot

]g2
~7!

with g being the angle of distortion by shear deformati
imposed on the crystal when keeping the volume constan
the case of compression in one direction and expansio
the other, the amplitude of deformation for a constant v
ume is denoted bye, and the corresponding elastic consta
is

C85
1

2
~C112C12!5

1

4

]2Etot

]e2
. ~8!

The bulk modulus is obtained by simulating isotropic co
pression,

B5
1

9

]2Etot

]e2
. ~9!

The embedding function of iron was then calculated us
these three spline coefficients for the pair potential. Af
thus fixing the embedding function, the fourth spline coe
cient was determined by fitting to the lattice parameter
iron at room temperature. The position of the correspond
knot point was adjusted to mimic the temperature dep
3-2
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MODELING OF CHROMIUM PRECIPITATION IN Fe-Cr . . . PHYSICAL REVIEW B 69, 094103 ~2004!
dence of the thermal expansion coefficient in the tempera
range 0–600 K. The molecular dynamics codeXMD was
used for this purpose, in which the condition of consta
pressure is imposed by thepressure clampcommand.25 The
final spline coefficient was set to ensure a smooth transi
of the pair potential into the universal screened Coulo
function of Biersacket al.11,12,26

A similar procedure was implemented to obtain the pot
tial for pure chromium. Previous attempts to fit a cent
many-body potential to the elastic constants of antiferrom
netic chromium have failed, as may be expected from
negative value of the Cauchy pressure at 0 K,

1

2
~C122C44!.213 GPa. ~10!

We note however, that at temperatures relevant for rea
operation (T.450 K), chromium is paramagnetic, featurin
a positive Cauchy pressure.27 Further, it is sufficient to add a
few percent of iron or vanadium to obtain an alloy that
paramagnetic at room temperature.28,29 We therefore fit our
Cr potential to the elastic constants of paramagnetic ch
mium, linearly extrapolated down to 0 K. Stiffening of th
pair potential is made by fitting to thermal expansion coe
cients measured for paramagnetic Cr–5V, being equal to
expansion coefficient of pure Cr whenT.600 K.29 Consid-
ering that the Cr precipitates observed in real Fe-Cr all
contain about 15% iron, we believe that our potential
paramagnetic Cr should be valid for describing Cr–Cr int
actions in the present context.

In Table I we list the resulting spline coefficients and kn
points for Fe and Cr. In Fig. 1 the pair-potentials are plot
as function ofr. Note the slightly larger depth of the poten
tial for paramagnetic Cr, reflecting the larger vacancy form
tion energy predicted for Cr.

We note that by stiffening the pair potentials inside t
equilibrium nearest neighbor distance,after having fixedthe
embedding function, we violate the pressure–volume re
tion given by the Rose expression~5!. The reason for doing
so, is that we otherwise were unable to simultaneously
experimental values forEbcc2Efcc , E^110&

f 2E^111&
f and the

thermal expansion coefficient. Our potentials are hence
applicable to simulation of isotropic compression under h
pressure. However, the presence of high electron densitie
recoil cascades as well as in defect configurations are of l

TABLE I. Knot points and spline coefficients for the pair pote
tials of Fe and Cr obtained in the present work. The knot points
given in units of nearest neighbor distance.

Fe (a050.2860 nm) Cr (a050.2875 nm)
i r i ai r i ai

1 0.945 2633 0.945 310
2 0.967 22500 0.972 2603
3 1.030 10.75857 1.150 50.28020
4 1.320 224.28842 1.280 261.24700
5 1.540 7.078864 1.470 14.66964
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character, which may be difficult to characterize through
equation of state like the Rose expression.

B. Mixed Fe-Cr pair potentials

The potentials obtained for the pure elements have b
further used in Eq.~3! to calculate the parametersai for the
mixed Fe-Cr pair potential, fitting them to the mixing e
thalpy of the ferromagnetic alloy. Table II displays the fo
mation energy of ferromagnetic Fe-Cr calculated with t
EMTO method.31

Previous attempts to construct mixed pair potentials
Fe-Cr ~Refs. 18,20! relied on fitting to the formation energ
of the paramagnetic state of the alloy, which is strictly po
tive. A single pair-potential for the Fe-Cr interaction wou
however not be able to reproduce the change in sign of
formation energy of the relevant magnetic state. Therefor
set of potentials have to be created, providing the corr
total energy of the random ferromagnetic alloy. In the pres
paper, we have performed the fitting for Cr-concentrations
5% and 20%. The lower concentration should yield a pot
tial with small but negative mixing enthalpy, thus ensuri
phase stability at all temperatures. The larger concentra
was selected to study a region where the predicted mix
enthalpy is positive, and Cr precipitation~formation of the
a8 phase! is observed in real materials.3,5

re

FIG. 1. ~Color online! Pair potentials for ferromagnetic Fe~blue
line! and paramagnetic Cr~red line! obtained in the present work.

TABLE II. Formation energiesDH f of random ferromagnetic
Fe-Cr alloys, calculated with the Exact Muffin Tin OrbitalAb Initio
method~Ref. 31!.

Cr-fraction DH f ~meV!

0.02 21.8
0.04 21.3
0.06 10.6
0.08 15.1
0.10 110.4
0.15 127.9
0.20 145.3
3-3
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The parameters obtained for the Fe-Cr mixed pair pot
tials are given in Table III. The sharp dip in the measur
bulk modulus at Cr concentrations about 5%~Ref. 30! lead
us to assume a longer range for the corresponding pair
tential. Due to the lack of thermal expansion data for
alloy, stiffening of the potentials at short distances was m
in a rather arbitrary fashion, simply requiring a smooth tra
sition to the universal Coulomb screening function atr
.1.7 Å.

III. VERIFICATION OF THE POTENTIALS

The quality of the potential has been inspected by ca
lations of elastic constants, structural stability, and format
energies of various defect configurations. The results
shown in Tables IV, V and VII. Comparing with experime
tal data and values obtained by other authors, one may
the following: The potential here presented reproduces m
closely the experimental elastic characteristics and struct
stability of pure iron than the EAM-potentials published
Simonelliet al.. Our relaxed vacancy formation energy~2.04
eV! was fitted to the resistivity measurements by De Sch
per et al.,34 indicating a significantly higher value forEvac

f

than earlier measurements in less pure materials.40 The po-
tential predictsan activation energy for self-diffusion equ
to 2.91 eV, in very good agreement with data obtained
temperatures sufficiently low for the influence of parama
netism to be safely neglected.35,36

Our fit to thermal expansion data was made using a sin
spline coefficient, and can thus not be expected to reprod
measured data over the whole temperature range. One
note however that potentials not fitted to thermal expans
underestimates the expansion by a factor of 2 or more.

In comparison with the Finnis-Sinclair potential deve
oped by Ackland and co-workers, our potential yields a s
bility of the ^110& interstitial with respect to thê111& con-
figuration that is in better agreement with measured data.
predicted absolute formation energy of the Fe self-interst
is higher than what results from using any other poten
found in literature. We note that the experimental values
derived from measurements of stored energy release pe
sistivity recovery (dQ/dr) in samples irradiated at low
temperature.38–41 The enthalpy for formation of a Frenke
pair is obtained by multiplyingdQ/dr with an assumed re
sistivity rF for a single Frenkel pair. Estimates ofrF vary
from 0.20 to 0.30 mV3cm.42,43 Selecting the higher value

TABLE III. Knot points and spline coefficients for the mixe
Fe-Cr pair potentials obtained in the present work. The knot po
are given in units of nearest neighbor distance.

Fe-5Cr (a050.2861 nm) Fe-20Cr (a050.2863 nm)
i r i ai r i ai

1 0.945 2239 0.945 2624
2 0.967 22199 0.967 22476
3 1.030 0.000 1.030 10.000
4 1.400 212.737 1.320 224.500
5 1.650 4.210 1.53 7.620
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TABLE IV. Properties of pure iron obtained with the potenti

for ferromagnetic Fe here presented. Elastic constants are give
units of GPa, energies in eV, and thermal expansion coefficient
units of 1026. Comparison is made with experimental data a
values calculated using the potentials of Simonelli~Ref. 15! and
Ackland ~Ref. 12!.

Fe property This work Expt. Sim A Sim B Acklan

B 172 173a 146 146 178
C8 56.7 52.5a 48.0 48.0 49.0
C44 135 122a 115 115 116

Ecoh 4.28 4.28 4.28 4.28 4.316
Ebcc2Efcc 20.047 20.050b 20.03 20.007 20.054
Evac

f 2.04 2.060.2c 1.63 1.56 1.70
Evac

SD 2.91 2.9160.04d 2.32 2.29 2.48
E^110&

f 7.72 3-12e 3.66 4.11 4.87
E^110&

f –E^111&
f 20.23 20.30f 10.12 20.19 20.13

a (T5300 K) 12.8 11.7g 5.8 3.4 7.4
a (T5600 K) 14.2 15.8g 7.9 4.9 7.2

aReference 32.
bReference 33.
cReference 34.
dReferences 35, 36.
eReferences 37, 38.
fReference 38.
gReference 39.

TABLE V. Properties of paramagnetic Cr calculated with t
potential here presented. Comparison is made with experime
data for Cr in AFM and PM states, as well as values calcula
using the potential of Farkas~Ref. 20!. PM elastic constants were
obtained by extrapolation to 0 K of high temperature data~Ref. 27!.
The paramagnetic thermal expansion coefficient atT5300 K refers
to measurements on Cr–5V~Ref. 29!.

Cr property This work Expt.~AFM! Expt. ~PM! Farkas

B 207 195a 207a 148
C8 153 153a 155a 42.5
C44 105 104a 105a

•••

Ecoh 4.10 4.10 4.10 4.10
Ebcc2Efcc 20.025 ••• ••• 20.053
Evac

f 2.14 ••• 2.060.2b 1.12
Evac

SD 2.93 ••• 2.95c 2.30
E^110&

f 5.16 ••• ••• 3.03
E^110&

f -E^111&
f 20.62 ••• ••• 0.19

a (T5300 K) 7.5 4.4d 7.9d 5.2
a (T5600 K) 9.8 ••• 9.6d 9.5

aReference 27.
bReference 44.
cReference 45.
dReference 29.
3-4
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Wollenberger arrives at a formation energyEF
f 56.6 eV for a

Frenkel pair in electron irradiateda-Fe, andEF
f 513.6 eV

for a neutron irradiated sample.41 Subtracting a vacancy for
mation energy of 2.0 eV would then giveE^110&

f 54.6 eV in
the former case, and 11.6 eV in the latter. The uncertaint
these values is obviously large, since just by assumingrF

50.20 mV3cm, one could obtainE^110&
f 57.7 eV for the

neutron irradiated sample. Note that results from the elec
irradiation not necessarily are more accurate, since exp
mental boundary conditions are more difficult to control
stagesI A to I C ~absent in neutron irradiation! than in stage
I D .

The SIA formation energy in iron have recently been c
culated with theab initio packageVASP asE^110&

f .3.4 eV.46

This result is compatible with data from electron irradiation
However, since the calculation did not take into account p
sible effects of noncollinear magnetism, the discrepancy w
data from neutron irradiated samples remains an open q
tion. As will be seen later, the magnitude of the interstit
formation energy has a significant impact on defect reco
bination in recoil cascades, and we will argue that a h
value is consistent with defect distributions actually o
served.

Concerning the properties of chromium predicted by
potential here presented, we emphasize that the fit was m
to elastic constants ofparamagneticchromium, extrapolated
to 0 K. Hence we are able to retain a positive Cauchy pr
sure at all temperatures. The relaxed vacancy formation
ergy is compatible with experimental data, in contrast to
prediction of the potential by Farkaset al.,20 for which an
apparently incorrectly quoted value ofEvac

f has been used in
the fit. We further note that the activation energy for vacan
diffusion predicted by the potential is in excellent agreem
with measured data.45

As seen in Table VI, the alloy potentials well reprodu
the mixing enthalpies of Fe-5Cr and Fe-20Cr calculated w
the EMTO method. The heat of mixing obtained with Fark
potential should be considered to represent the paramag
state of the alloy, and is hence not applicable for MD
KMC simulations below the Curie temperature.

Table VII displays formation and binding energies of
single mixed^110& Fe-Cr dumbbell in an iron matrix. We
find that the mixed̂110& Fe-Cr dumbbell is more stable tha
the ^110& Fe-Fe dumbbell in the case of local Cr concent
tions less than 20%. The Cr–Cr dumbbell is even m
stable, with a binding energy exceeding 0.3 eV. Hence
may expect that Cr will tend to accumulate in defect str

TABLE VI. Comparison of Fe-Cr mixing enthalpy obtaine
with the potentials here presented, the Exact Muffin Tin Orb
calculation of Olssonet al. ~Ref. 31!, and values calculated usin
the potential of Farkaset al. ~Ref. 20!.

Property Data Fe-5Cr Fe-20Cr

This work 20.04 145
HFeCr

f ~meV! EMTO 20.05 145
Farkas 124 186
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The sparse experimental data for the elastic constant

the alloy are unfortunately not fully consistent.30,48 Below
the solubility limit of Cr though, there is a clear tendency f
a decrease in bulk modulus, which is supported byab initio
calculations. The range of the Fe-5Cr potential was there
enlarged, in order to obtain a smaller bulk modulus. T
procedure must however be considered as arbitrary, and
ter experimental data for the alloy, including thermal expa
sion, is of necessity to enable construction of fully consist
mixed pair potentials.

Due to the nonmonotonous behavior of the bulk modu
and the formation energy, a potential for a given Cr conc
tration can in general not be used for predicting alloy pro
erties at a different concentration. Proper simulation of n
equilibrium behavior of the alloy would require use
different potentials for different local concentrations of chr
mium.

IV. APPLICATION OF THE Fe-Cr POTENTIAL IN
SIMULATION OF THERMAL AGEING

It is well known that precipitation of Cr occurs unde
thermal aging atT,900 K in FeCr alloys with Cr conten
ranging from 10% to 90%.3,5 The formation of the so-called
a8 phase is responsible for hardening of the binary alloy.49,50

The magnitude of the miscibility gap for low Cr concentr
tions could be theoretically explained only recently, whenab
initio calculations showed that the mixing enthalpy of Fe-
is negative for theferromagneticstate of the random alloy, if
the Cr concentration is below 6%.31 Above this limit, the
formation energy is positive, providing a driving force fo
phase separation. In order to obtain the temperature de
dence of the solubility, one needs to perform molecular
namics, or rather kinetic Monte Carlo~KMC! simulations.
We have performed such simulations of thermal aging a
range of temperatures, using several different techniq
implemented in theDYMOKA code, developed by Electricite
de France~EDF! and University of Lille.51

The out-of-pile process of segregation is assumed to
driven purely by vacancy assisted migration. According
classical diffusion theory, the frequency for a lattice atom
exchange lattice position with a neighboring vacancy is

l
TABLE VII. Formation and binding energies of a single mixe

^110& Fe-Cr dumbbell in an iron matrix with lattice parametera0

52.860 Å. Predictions of the alloy potentials are compared toVASP

ab initio data~Ref. 47! and values calculated with Farkas’ potenti
~Ref. 20!. 2E^110&

b 5E^110&
Cr 2E^110&

Fe 2ECr
s is calculated relative to the

energy of an Fe-Fe dumbbell, subtracting the substitution ene
ECr

s of a single Cr atom.

Property E^110&
f ECr

s E^110&
b E^110&

f –E^111&
f

Fe-5Cr 7.63 10.18 10.27 20.03
Fe-20Cr 8.19 10.46 20.01 20.20
VASP 3.06 20.35 20.00 10.36
Farkas 4.31 10.70 10.05 10.07
3-5
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G~T!5nCvac~T!e2(Em /kBT), ~11!

wheren is the attempt frequency of the jump andCvac is the
equilibrium concentration of vacancies. The vacancy conc
tration as function of temperature is given by

Cvac~T!5e2(Gf /kBT). ~12!

Here,Gf5Evac
f 2TSvac

f is the Gibbs energy of vacancyfor-
mation. The entropy of formation may be calculated from t
following formula:52

Svac
f 5kBS (

n

3(N21)

ln vn
vac2

~N21!

N (
n

3N

ln vn
bulkD , ~13!

wherevn are eigen frequencies of the force-constant ma
ces with an without a vacancy in the system, respectiv
MD simulations using our potential for ferromagnetic iro
givesSvac

f 51.78kB for a relaxed system ofN5432 atoms.
Similarly, the attempt frequencyn may be calculated

from53

n5
kB

2p

)
n51

3N

vn
vac

)
n51

3N21

vn
TST

, ~14!

wherevTST are the eigenfrequencies evaluated at the tra
tion state of the vacancy jump. For the present potential
obtainn59.1531013 s21 which gives us a prefactor for self
diffusion in ferromagnetic iron:D052.1331025 m2/s. This
value, valid in the harmonic approximation, is very close
the one observed in experiments.36

In general, the probability of all possible vacancy jum
in an alloy ~8 first nearest neighbors in a bcc structu!
should be computed for every Monte Carlo step, selec
one of them to be performed, weighted with that probabil
Time is then introduced as the inverse of the system a
aged jump frequencies. In our case, the vacancy assisted
gration energy for Fe and Cr atoms are close to each ot
0.87 eV and 0.84 eV, respectively. We hence make a con
tration weighted average for our system and calculate an
erage time step as

Dt5
1

8G~T!
. ~15!

We performed simulations of vacancy migration assum
a single vacancy in a box with 16 000 atoms. It was chec
that the rate of energy loss in the Fe-20Cr alloy did n
change significantly when increasing the box size.

In order to arrive at a fully segregated final state, we u
a Metropolis Monte Carlo algorithm, together with the v
cancy KMC. The metropolis algorithm exchanges all ato
of differing type if it is energetically favorable. If an ex
change increases the energy it is accepted with a we
exp(2E/kT), whereE is the potential energy of the system
The Metropolis MC method is much faster, but provides
explicit time scale. However, it was found that a time st
09410
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could be assigned to each Metropolis MC step by fitti
energy losses to the explicit vacancy KMC simulation.

In Fig. 2, the total energy of an initially random Fe-20C
alloy is plotted as function of time and temperature. Sin
the mixing enthalpy of the random alloy is positive, a loss
energy is a sign of segregation. For infinite segregation,
energy loss would equal the formation energyDHFe-20Cr

f

545 meV. In a finite box, however, there will always re
main a surface to bulk factor. The surface atoms of a
cluster will all have Fe neighbors and thus a higher ene
In our most segregated case (T5500 K) we arrive at 84% of
the mixing enthalpy. This may be understood from the f
that a single Cr cluster of spherical shape in our simulat
box has a surface to bulk ratio of Cr atoms equal to ab
30%. On the cluster surface, half of the neighbors to
atoms are Fe atoms, and hence the surface energy of fin
cluster provides the missing 16%.

We note that for 700 K, the time needed to obtain a s
nificant energy loss is of the order of months, which is co
sistent with the experimental time threshold for observat
of hardening in Fe-45Cr alloys aged at 673 K.50 For 800 K
segregation occurs in a matter of days, while for 900 K,
energy loss saturates within a few hours, before comp
phase separation has taken place. At 1000 K, less than
the energy loss is achieved, which corresponds to a lim
ordering of the system, without actual phase separation.

The process of segregation is illustrated in Fig. 3, wh
the distribution of Cr atoms is shown before and after age
during 30 years at 700 K. This simulation was done with
initial Cr content equal to 12%, using the Fe-20Cr potent

The final Cr-precipitate appearing during the simulation
free of Fe atoms, due to the fact that our potential incorrec
predicts a positive mixing enthalpy even for Cr concent
tions in the vicinity of 90%.

In order to quantify the temperature dependence of
phase separation, we define the degree of segregationj as

j5
1

jmax

NCr
Emb

NCr
Tot

. ~16!

FIG. 2. Total energy of an initially random Fe-20Cr alloy, as
function of time and temperature.
3-6
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Here,NCr
Tot is the number of Cr atoms in the system,NCr

Emb is
the number of Cr atoms that only have Cr first nearest ne
bors, andjmax is the theoretical maximum number of C
atoms that may have Cr first nearest neighbors, accoun
for the surface layer of a spherical cluster.

The degree of segregation produced by the Fe-20Cr
tential after the energy loss has reached its asymptotic v
is shown in Fig. 4. If an arbitrary limit ofj.0.5 is set to
distinguish thea8 phase froma, we find that this corre-
sponds toT,900 K. Considering that the range of temper
ture where the phase transition takes place is uncer
quoted as 7506125 K in Ref. 7, our results may be consi
ered to be in reasonable agreement with the phase diag

Performing the same type of simulations using the pot
tial fitted to the mixing enthalpy of Fe-5Cr, no significa
energy loss is found at any temperature, which means
the alloy remains random. We may thus conclude that
potentials reproduce the out-of pile state of ferromagn
Fe-Cr as function of temperature and time at Cr concen
tions of 0%, 5%, and 20%.

It is important to note that in reality, the driving force fo
the decomposition would be lost when the local concen
tion of Cr becomes too high or too low. Hence, in order
obtain the physically observed final states with an iron c
tent in thea8 precipitates ranging from 10% to 20%, w
would have to switch potentials during the simulation a

FIG. 3. Distribution of Cr atoms in a box with 16 000 atom
before and after thermal aging at 700 K. A crystal clear segrega
is observed, with formation of a single cluster.

FIG. 4. ~Color online! Degree of segregationj as a function of
temperature. The line is a cubic fit to asymptotic averages obta
with the Metropolis Monte Carlo procedure.
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cording to the local density of Cr, a feature not yet imp
mented in the codes we have used. Therefore the size o
clusters we observe at infinite times cannot be expecte
agree with the measured size distribution, being of the or
of 2–4 nm.50

V. APPLICATION OF THE Fe-Cr POTENTIAL IN
CASCADE SIMULATIONS

The potentials here presented were applied in molec
dynamics simulations of collision cascades initiated by
coils having energies up to 20 keV. Periodic boundary c
ditions were used, and the sizes of the MD boxes were
justed to make sure that the cascade did not interact with
periodic image. For 10 keV cascades, it was found t
128 000 atoms (40340340 lattice units! was sufficient for
recoils in thê 135& direction, while 250 000 atoms had to b
used when launching in thê111& direction. The initial atom
velocities were sampled from a Maxwellian distribution for
particular temperature, set toT5100 K in the present study
The block is equilibrated for about a picosecond befo
launching an energetic recoil in the central region. The ti
step was varied from 0.02 fs~when the recoil is generated!
up to 0.5 fs at the end of the simulation period~10 ps!. The
first thing to be noted is that the new potentials predic
much smaller number of surviving defects than potenti
found in the literature.11,54This is a direct result of the highe
interstitial formation energy, leading to larger probability f
recombination of Frenkel pairs during cooling down of t
cascade. Table VIII shows the average number of surviv
defects in Fe and Fe-20Cr, for a set of representative re
energies in thê135& direction.

As seen the difference between the alloy and pure iro
statistically insignificant. For recoil energies between 10 a
20 keV, we arrive at a cascade efficiency of 0.13560.005
NRT, which may be compared to a value of 0.3 NRT in pu
Fe obtained atT5100 K with a Finnis-Sinclair potentia
yielding an SIA formation energy of 4.9 eV.54

The main impact of introducing chromium is found in th
relative population of the elements in the defects produ
by the cascade. In Fe-5Cr, where the Fe-Cr dumbbell is m
stable than the pure Fe-Fe dumbbell, the fraction of ch
mium atoms in the surviving interstitial defects is as large
19%, fairly independent of recoil energy. The mixed dum
bells are less mobile than pure Fe interstitials, and will th
act as obstacles for migration of Fe interstitial clusters.
Fe-20Cr, where the mixed Fe-Cr and pure Fe-Fe dumbb
have about the same energy, chromium atoms const
roughly 30% of the interstitial atoms.

n

ed

TABLE VIII. Average number of surviving Frenkel pairs a
function of recoil damage energy. The quoted uncertainty co
sponds to one standard deviation.

Edam 5 keV 10 keV 20 keV

Fe 7.460.7 13.460.9 27.061.0
Fe-5Cr 8.960.7 14.060.8 28.761.6
Fe-20Cr 8.560.6 13.660.7 27.061.3
3-7
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VI. CONCLUSIONS

The set of EAM potentials for Fe-Cr alloys implement
in the present work yield activation energies for vacan
migration in the pure elements that are in very good agr
ment with experimental data. The predicted SIA formati
energies arising from fitting to thermal expansion coe
cients are higher than values obtained by other authors u
both EAM andab initio methods. While electron irradiatio
data seems to support lower numbers, the stored energ
lease measured in neutron irradiated samples is compa
with our results. Our potentials further correctly predict t
^110& interstitial to be the stable form in both the pure e
ments as well as in the alloy.

Applied to simulation of thermal aging, there is no sign
precipitation taking place when using the potential fitted
the negative formation energy previously calculated for f
romagnetic Fe-5Cr. KMC simulations using the potential
ted to the mixing enthalpy of Fe-20Cr yield formation of C
clusters on a time and temperature scale that is in g
agreement with measurements of hardening in high Cr
nary alloys.

We predict that thê110& Fe-Cr and Cr–Cr dumbbells ar
i.

.

A

m

B

ut.
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more stable than the corresponding defect in pure iron. C
sequently, Cr will tend to end up in defect structures formi
during cooling down of recoil cascades, and we register t
19% of the interstitial atoms in Fe-5Cr are chromium atom

The total number of defects surviving after recoil ca
cades is smaller than predicted by Fe potentials from
literature. This fact is directly related to the higher SIA fo
mation energy. For damage energies between 10 and 20
we obtain a cascade efficiency of 0.13560.005 NRT atT
5100 K, which in part may explain the long standing my
tery of the small number of freely migrating defects observ
in experiments.55
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