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Abstract

We have developed a set of EAM potentials for simulation of Fe-Cr alloys. By relaxing the requirement of
reproducing the pressure-volume relation at short distances and by fitting to the thermal expansion coefficients of Fe
and Cr, stability of the (1 10) self-interstitial could be obtained. For Cr, properties of the paramagnetic state were
applied, providing a positive Cauchy pressure. Mixed Fe-Cr pair potentials were fitted to the calculated mixing en-
thalpy of ferromagnetic Fe—Cr. Simulation of thermal ageing in Fe—Cr alloys using the Fe-20Cr potential exhibited
pronounced Cr-precipitation for temperatures below 900 K, a feature not observed at any temperature using a potential

fitted to the mixing enthalpy of Fe-5Cr.
© 2004 Elsevier B.V. All rights reserved.

1. Introduction

An improved understanding of the radiation effects
in ferritic steels is of importance for development of new
reactors and maintenance of already operating systems.
In order to study defect production and evolution on a
short time scale molecular dynamics may be applied.
This requires development of adequate many-body
potentials. Until recently it was thought that Cr could
not be described by ordinary EAM or FS-potentials
without angular terms. The present authors have how-
ever demonstrated [1] that the elastic constants of
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paramagnetic chromium, having a positive Cauchy
pressure, may be reproduced by a central potential.
Further, the mixing enthalpy of the alloy, which was
measured to be strictly positive in the paramagnetic re-
gime, has been shown to be negative for the ferromag-
netic state when the Cr concentration is below 6% [2]. In
the present contribution, we will dwell on some of the
details in the procedure to obtain physically consistent
EAM potentials for Fe—Cr that have not previously been
published [1]. First, we discuss peculiarities of the ther-
mal expansion data for Cr used for the fit. Then we
illustrate the method for obtaining the EAM embedding
functions. Finally we describe results from simulation of
thermal ageing.

2. Construction of the potentials
The embedded atom method (EAM) formalism [3,4]

was used to obtain the potentials [1]. The fitting proce-
dure was performed in several steps. The pair potentials
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Fig. 1. Embedding functions for Fe and paramagnetic Cr ob-
tained by introducing a cut-off in the Rose expression [5].

of the pure elements for R > 2.4 A was obtained by
fitting to the lattice parameter, cohesive energy, vacancy
formation energy and elastic constants as measured at
zero Kelvin. In the case of Cr, the elastic constants of
paramagnetic Cr at 7 > 600 K were linearly extrapo-
lated to zero Kelvin. The embedding functions shown in
Fig. 1 were then calculated using this pair potential. We
emphasize that a cut-off in the Rose expression [5] had to
be introduced to obtain an acceptable second derivative
of the embedding functions. The cut-off was made
according to the procedure described by Voter [4].

After fixing the embedding function, the pair poten-
tial for 2.0 A<R<2.4 A was determined by fitting to
temperature dependent lattice parameters of Fe and
artificial Cr data, identical to that of paramagnetic Cr—
5V [6,7]. In Fig. 2 we display the temperature depen-
dence of the thermal expansion coefficients of Cr and
Cr-5V, adapted from [7]. Note that it is sufficient to add
a few percent of iron or vanadium to make a Cr based
alloy paramagnetic even at room temperature [7,8]. For
the short range of the pair potentials, a smooth transi-
tion to the universal Coulomb function of Biersack was
made [9]. Details of the pair potentials, including range
parameters and spline coefficients can be found in Ref.
[11.

The cross potentials for the alloy were obtained by
fitting to the mixing enthalpy of ferromagnetic Fe-Cr
calculated with the EMTO method [2]. Previous at-
tempts to construct mixed pair potentials for Fe-Cr
[10,11] relied on fitting to the mixing enthalpy of the
paramagnetic state of the alloy, which is strictly positive.
A single pair-potential for the Fe—Cr interaction would
not easily reproduce the change in sign of the formation
energy of the relevant magnetic state. Therefore, a set of
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Fig. 2. Thermal expansion coefficients of Cr and paramagnetic
Cr-5V, adapted from [7]. Note the cusp for pure Cr at the Néel
temperature.

potentials has been created, providing the correct total
energy of the random ferromagnetic alloy.

3. Verification and discussion
3.1. Thermodynamic properties and point defects

The first test any new potential should be subjected
to is if it reproduces experimental thermodynamical
properties. The second test is the properties of point
defects. We have used the molecular dynamics (MD)
code DYMOKA [12] to calculate formation, binding,
migration, activation and substitutional energies of dif-
ferent objects. The results are presented in Table 1
together with values calculated using potentials from
literature as well as experimental data.

The iron potential of Ackland et al. has been con-
sidered as state-of-the-art. Comparing with properties
calculated using our potential we note that they yield
similar structural properties, but that the thermal
expansion predicted by Ackland appears to be unphys-
ical. The largest experimental uncertainty is seen to be in
the formation energies of vacancies and interstitials and
this is also where our potential diverges the most from
the other potentials. For the formation energy of a va-
cancy we have quoted the latest experiments [20] for
high purity iron. We further note that very recent ab
initio calculations yield a vacancy formation energy
differing by less than 0.05 eV from our value [21]. The
predicted value of 7.72 eV for the formation energy of
interstitials in Fe is quite different from the 4.9 eV fitted
by Ackland. Experimentally the situation is unclear
since there is such a large discrepancy between electron
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Table 1
Properties of the new potential
Fe This work Exp. Ackland
B 172 1732 178
' 56.7 52.5% 49.0
Cyy 135 1222 116
Econ 4.28 4.28 4316
Epee — Efec —-0.047 -0.050° —-0.054
ESD 291 2.91¢ 2.48
E' . 2.04 2.0£0.2¢ 1.62
E{l 10) 7.72 3-12¢ 4.87
Egl oy~ Egl 1 -0.23 -0.30" —-0.12
o (T =300 K) 12.8 11.7¢ 7.4
o (T = 600 K) 14.2 15.8¢8 7.2
Cr This work Exp. (AFM) Exp. (PM) Farkas
B 207 195" 207" 148
' 153 153" 155" 42.5
Cy 105 104" 105" -
Econ 4.10 4.10 4.10 4.10
Epee — Efec -0.025 - - —-0.053
ESD 2.93 - 2.95 2.30
E' . 2.14 - 2.0£0.2 1.12
E{l 10) 5.16 - - 3.03
E{] oy~ Efl 1 —-0.62 - - 0.19
o (T =300 K) 7.5 4.4x 7.9% 5.2
o (T = 600 K) 9.8 - 9.6~ 9.5
Fe-Cr Fe-5Cr Fe-20Cr VASP Farkas
E{, 10) 7.63 8.19 3.99! 4.31
Eg, +0.18 +0.46 -0.03! +0.70
E?l 10) +0.27 -0.01 -0.43' +0.05
E£1 oy~ E{l 1 -0.03 —-0.20 -0.11' +0.07

Comparison is made with experimental data, VASP ab initio data [13,14] and other potentials. For Fe we have compared with the
potential of Ackland [15]. For Cr there are experiments on both the anti-ferromagnetic (AFM) phase at room temperature as well as
the paramagnetic (PM) phase at higher temperatures. The Farkas potential [10] is used as a comparison for pure Cr and the Fe-Cr
alloy. For the alloy we have the two new potentials, Fe-5Cr and Fe-20Cr, fitted to different mixing enthalpies.

aRef. [16].
b Ref. [17].

“Refs. [18,19].

dRef. [20].
°Ref. [22,23].
TRef. [23].
ERef. [5].

b Ref. [27].
IRef. [28].
IRef. [29].
kRef. [6].
IRef. [14].

and neutron irradiation experiments. The experimental
values are derived from measurements of stored energy
release per resistivity recovery (dQ/dp) in samples irra-
diated at low temperature [23,24]. The enthalpy for
formation of a Frenkel pair is obtained by multiplying
dQ/dp with an assumed resistivity Qp for a single

Frenkel pair. Estimates of Qf vary from 0.20 to 0.30
mQ cm [25,26]. Selecting the higher value, Wollenberger
arrives at a formation energy E{110> =6.6 eV for a
Frenkel pair in electron irradiated o-Fe, and
E{l 1y = 13.6 eV for a neutron irradiated sample [24].
Subtracting a vacancy formation energy of 2.0 eV would
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Cr positions at t=0s

After one month at 800K

Fig. 3. The distribution of Cr atoms in a box with 16 000 atoms, before and after thermal ageing at 800 K. In total there are 20% Cr
atoms in the box. A crystal clear segregation is observed, with the formation of a single cluster.

then give Efl 10y = 4.6 eV in the former case, and 11.6 eV
in the latter. The uncertainty of these values is obviously
large, since just by assuming QF = 0.20 mQcm, one
could obtain E{l 1oy = 1.7 eV for the neutron irradiated
sample. Note that results from the electron irradiation
are not necessarily more accurate, since experimental
boundary conditions are more difficult to control in
stages Ip to Ic (absent in neutron irradiation) than in
stage Ip.

The SIA formation energy in iron has recently been
calculated using ab initio codes as Ef, 1 =34 eV
[14,21]. This result is compatible with data from electron
irradiations. However, since the calculation did not take
into account possible effects of non-colinear magnetism,
the discrepancy with data from neutron irradiated
samples remains an open question.

3.2. Chromium precipitation

The well-known 475 °C embrittlement of high-Cr Fe-
Cr alloys is due to nano-segregation of chromium. A
potential that aims at a correct description of a material
should be able to predict such a phase separation. The
ranges in which we have this effect are Cr content be-
tween 10% and 90% and temperatures between 750 and
900 K [30,31]. We have simulated thermal ageing by
introducing a vacancy in the system and letting it ex-
change places with its neighbours in a kinetic Monte
Carlo (KMC) scheme. The frequency for a lattice atom
to exchange position with a neighbouring vacancy is

[(T) = vCyue(T) exp(—Eum ks T), (1)

where v is the attempt frequency of the jump, Cy,. is the
concentration of vacancies and E, is the vacancy
migration energy. The average time step is then equal to
the inverse of 8I', where eight is the number of nearest
neighbours.

This vacancy-assisted migration is assumed to be the
driving force for thermal ageing out-of-pile. One mea-
sure of the degree of segregation is the loss of energy as
time evolves. For the Fe-20Cr potential we see an en-
ergy loss in the system corresponding to 85% of the
mixing enthalpy. This is perfectly consistent with the
surface to bulk relation of 30% in this system consider-
ing that half the neighbours of the surface atoms are Fe
atoms. For the Fe-5Cr we should not see any energy
loss at all since the potential predicts a negative mixing
enthalpy. As can be seen in Fig. 3 we have a clear seg-
regation of Cr atoms in a system of 20% Cr after a
simulated month at 800 K. The time scale is in very good
agreement with experiments on 45% Cr at 770 K [32].

4. Summary and Conclusions

The set of EAM potentials for Fe-Cr alloys under
development yield activation energies for vacancy
migration in the pure elements that are in very good
agreement with experimental data. The predicted SIA
formation energies arising from fitting to thermal
expansion coefficients are higher than values obtained
by other authors using both EAM and ab initio meth-
ods. While electron irradiation data seems to support
lower numbers, the stored energy release measured in
neutron-irradiated samples is compatible with our re-
sults.

Applied to simulation of thermal ageing, there is no
sign of precipitation taking place when using the po-
tential fitted to the negative formation energy previously
calculated for ferromagnetic Fe-5Cr. KMC simula-
tions using the potential fitted to the mixing enthalpy of
Fe-20Cr yield formation of Cr clusters on a time and
temperature scale that is in good agreement with mea-
surements of hardening in high Cr binary alloys.
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We predict that the (1 10) Fe-Cr and Cr—Cr dumb-
bells are more stable than the corresponding defect in
pure iron. Consequently, Cr would tend to end up in
defect structures forming during the cooling down of
recoil cascades.
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