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MULTISCALE MODELING OF POINT DEFECT INTERACTIONS INBCC FE-CR ALLOYS -
K.L. Wong, H-J. Lee, B.D. Wirth (University of California, Berkeley), J-H. Shim (Korea Institute of
Science and Technology), and B. Sadigh (Lawrence Livermore National Laboratory)

OBJECTIVE

The objective of this work is to investigate the interaction of Cr with point defects in BCC Fe-Cr alloys
within a hierarchical multiscale framework and to evaluate the diffusivity of Cr and Fe by vacancy and
interstitial migration mechanisms within the context of Cr segregation behavior at grain boundaries.

SUMMARY

Predictive performance models of ferritic/martensitic alloys in fusion neutron irradiation environments
require knowledge of point defect interactions with Cr, which can be investigated by a multiscale
modeling approach. Molecular dynamics simulations, using Finnis-Sinclair-type potentials, have been
used to investigate interstitial diffusion, and the resulting atomic transport of Cr and Fe using
interatomic potentials that predict Cr as dther an under- or over-sized solute with otherwise constant
materials properties. Ab-nitio calculations on vacancy-Cr interactions reveal complex electronic and
magnetic interactions between Cr and Fe. These values have been used to calculate the ratio of Cr-
to-Fe diffusion by a vacancy mechanism using the LeClaire multi frequency model and a kinetic lattice
Monte Carlo model, both of which indicate that Cr diffuses faster than Fe by a vacancy mechanism.
The results are discussed in the context of the radation-induced segregation of Cr at grain
boundaries in BCC Fe-Cr alloys.

PROGRESS AND STATUS
Introduction

Ferritic/martensitic Fe-Cr alloys are candidate first wall and breeder blanket materials for future
Fusion reactors, in addition to candidate fuel dadding, pressure vessel and structural materials for
Generation IV reactors [1]. Fundamental understanding of microstructural evolution in these alloys
under conditions of fission and fusion neutron irradiation is important, since microstructural changes
control mechanical behavior and ultimately, performance.

The observed microstructural evolution of irradiated Fe -Cr alloys include a number of observations
that indicate the importance of Cr — point defect interactions, most notably the nonmonotonic
dependence of Cr on irradiation-nduced swelling [2,3], complex shifts in the stage | defect recovery
processes [4] and short-range ordering at low (<10%) Cr concentrations [5]. Furthermore, there is an
indication that Cr segregation behavior under irradiation is more complex than in irradiated austenitic
FCC alloys, where Cr depletes at grain boundaries [1,6]. As indicated in Figure 1, the observed
radiation-induced segregation behavior of Cr in ferritic/martensitic Fe-Cr based alloys and steels
involves both enrichment and depletion at grain boundaries, with no clear trend as a function of dose,
temperature or Cr content [6]. Enrichment of Cr at grain boundaries can lead to precipitation of
secondary phase particles, and negatively affect the mechanical behavior and fracture toughness [1].
Although Cr has been shown to have minimal effect on point defect creation in displacement
cascades [7,8], the subsequent diffusion of point defects and their interactions with solutes, impurities,
and transmutants ultimakly dictates the microstructural evolution and changes in mechanical
properties [9 -14].

The objective of the present report is to investigate the interaction of Cr with point defects in BCC Fe-
Cr alloys within a hierarchical multiscale framework and to evaluate the diffusivity of Cr and Fe by
vacancy and interstitial migration mechanisms. The modeling results will be discussed within the
context of the segregation behavior of Cr at grain boundaries.



147

-

e s o
T T
;;”ﬁlcz‘r P “ﬁ
&0 } ~—

Teagl Dose (dpal




148

Table 1. Migration energy barrier (eV) corresponding to the vacancy — atomexchanges for a vacancy
in proximity to a Cr solute atom in the BCC lattice, following Le Claire’s definition [27].

2o 2, 23 24 23 2 23

(2x2x2) 0.61 05 068 057 065 055 047 063
(3x3x3) 066 052 066 062 065 05 060 057 074 069

Results
Fe and Cr diffusivity by an interstitial migration mechanism

Wong and co-workers have previously shown, using either the Fe-Cr | or Fe-Cr Il potential, the effect
of Cr solute atoms is to decrease the diffusivity of single interstitials and small clusters of interstitials
[21]. Terentyev and co-workers have obtained similar results [22]. The addition of oversized Cr
causes the interstitial dumbbells to rotate more frequently to avoid mixed dumbbell formation; in
contrast, the positive binding of mixed dumbbells traps interstitials at the undersized Cr and hinders
long translational jumps. Here, we have extended the previous work by calculating the ratio of Cr-to-
Fe diffusion by an interstitial mechanism. Figure 2 plots the ratio of the Cr and Fe diffusivities in an
Fe-10%Cr alloy obtained with a single, di- and tri-interstitial for the Fe -Cr | and Fe-Cr Il potentials. The
results are consistent with the binding energies, namely that the Fe-Cr | potential predicts that Cr is a
slower diffuser than Fe when Cr is oversized (repulsive interaction with the interstitial). In contrast,
when Cr is undersized/attractive in FeCr II, Cr diffuses 10-30% faster than Fe as a consequence of
mixed dumbbell formation and the Crinterstitial dumbbell binding energy. The Fe-Cr Il potential is
consistent with the size effects and interstitial binding energies for Cr atoms in BCC Fe-Cr alloys
predicted by ab -initio calculations [23], and thus the preliminary conclusion of these MD simulations is
that Cr diffuses faster than Fe by an interstitial mechanism. Faster diffusivity of Cr by an interstitial
mechanism is consistent with an inverse Kirkendall-based model [13] whereby Cr is dragged in the
same direction as the interstitial flux, which would produce Cr enrichment at the dominant interstitial
sinks in the microstructure. However, quantifying the predicted levels of Cr enrichment will require
more precise values of the Cr and Fe diffusivities by interstitial and interstitial cluster mechanisms,
including the use d more recent potentials developed for Fe [24] in addition to determining the
partitioning of interstitial-type defect fluxes to dislocation and grain boundary sinks.
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Figure 2. The ratio of Cr to Fe diffusion by an interstitial mechanism obtained from MD

simulations in an Fe -10%Cr alloy using different interatomic potentials. The diffusivity ratio has been
evaluated for single, di- and tri-interstitials.
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Vacancy — Cr interactions in BCC Fe— Cr alloys

The VASP ab-initio calculations predict a reference state of pure Fe that is ferromagnetic BCC with a
lattice parameter of 0.283 nm and a magnetic moment of 2.19?g, while the Cr ground state is an anti -
ferromagnetic BCC structure with a lattice parameter of 0.285 nm and a magnetic moment of £1.097g,
which are consistent with both experimental observations [25] and previous ab -initio calculations by
Olsson [23,26]. In the Fe-Cr alloys, the magnetic moment and atomic size of the Cr atoms depend
strongly on the alloy Cr content. At Cr concentrations below 16.7%, Cr is strongly anti-ferromagnetic,
and the excess atomic volume of the system is positive for Cr concentrations up to 25%, suggesting
that Cr is oversized in Fe matrix. However, careful examination of the  nearest neighbor (NN) Fe
atoms indicates relaxation toward the Cr atom, indicating that Cr is undersized. This apparent
difference in the observed Cr atomic volume can be rationalized by comparing with the relaxation
near a vacancy, in which oscillating expansion and contraction of NN shells occurs. In this case, the
total relaxation over all NN shells produces an increase in the system volume even for an undersized
species. Thus, our calculations indicate that Cr is an undersized solute with a surrounding tensile field
and therefore should not be expected to bind with a vacancy. However, the further ab -initio results
show that the binding energy of a vacancy and a first NN Cr atom is about 0.05 eV, which is likely
caused by electronic and magnetic interactions. For example, when Cr is paired with a vacancy in a
Fe-1.8%Cr alloy, the magnetic moment on the Cr decreases from -1.88 to -2.12 ?g, while the
magnetic moment on the 1% NN Fe atoms increases from 2.2 to 2.47g.

The activation energy from our VASP calculations for vacancy exchange with Fe in pure BCC Fe is
0.66 eV, whereas it is 0.52 eV for the direct exchange with a Cr atom in an Fe-1.9%Cr alloy. This
suggests a faster diffusivity for Cr relative to Fe due to both vacancy binding and preferential vacancy
exchange. However, since solute diffusion in BCC alloys is controlled by more than just the direct
vacancy exchange, we have followed the multifrequency models developed by LeClaire [27,28] to
calculate the activation energies of vacancy-atom exchanges for a vacancy in close proximity to Cr.
The resulting vacancy migration energies are presented in Table 1 for simulation cells containing
2x2x2 (Fe -6%Cr) and 3x3x3 (Fe-1.9%Cr) unit cells.

Self-diffusivity of Fe and Cr from vacancy migration

The selfdiffusivity of Fe in BCC Fe was calculated using the LeClaire model [27,28], based on the
values presented in Table 1 and values for the vacancy formation and migration energy (E"™=0.65
eV, EV' = 2.18 eV) obtained from ab-initio calculations. This results in a predicted Fe self-diffusivity
givenbyEq (1),

Ditore 2 2.0512107° 2 exp(? iSi ) [m7sec] ).

B

This value for the Fe selfdiffusivity is consistent with the range of values previously obtained by
Becquart and Domain [29,30].

Similarly, the Cr diffusivity has been calculated from the LeClaire model [27,28] using the values
presented in Table 1. For this calculation, it is assumed that the various jump frequencies are
determined by the activation free enthalpies with an invariant pre-exponential factor (?,), given the
similar atomic size and mass of Cr and Fe, although there may be effects of Cr on the vacancy
migration entropy and the vibrational density of states at the saddle point that are not included in this
assumption. Thus, in the dilute limit, the Cr diffusion coefficient is:

DCr

W
2 4 ~eq
BCC?Fe ?7a Wz fz ch ) (2),

3
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where f2 7171, t, 29 W, (3),
2t o e WaW 2W.W, WoW,
4 5 4 0 4 0

and F = 0.512. For concentrated alloys, the Fe selfdiffusivity will be modified by the presence of Cr
atoms, which has been determined [27,28] to follow:

DggC?Fe(CCr) ’) DggC?Fe(CCr ’) O)(lf) bCCr) ’ (4)1

where b is a solute enhancement factor. Assuming the effect of the solute is not sufficiently strong to
alter the solvent correlation factor f appreciably from the value fo in pure solvent,

b? 220 2= [(3w, ? W ?3w3)%? (3w, ?3w5)% 23w, 2w, 23w,]  (5)
0 3 5

From the above equations, the ratio between the Cr and Fe diffusivity is obtained as:

o .
DBCC?Fe ) W2 f2 W4 1

: . (6).
DgeCC?Fe(CCr) w, fo w; (17 beg )

The ratio between Cr and Fe diffusivities in BCC Fe-Cr alloys obtained from Eq (6) are plotted in
Figure 3 as a function of temperature. The results predict that Cr is a much faster diffuser than Fe,
both in the dilute limit (solid line) and when including the solute enhancement of solvent diffusion in a
concentrated Fe-10%Cr alloy (dashed line). KLMC simulations have also been performed to evaluate
the ratio of Cr to Fe diffusivity. In these simulations, the values of vacancy jump migration energies
modified when near a Cr solute atom presented in Table 1 have been used to determine the specific
vacancy — atom exchanges, assuming an invariant jump frequency pre-factor. The KLMC simulation
results, plotted as filled symbols in Figure 3, also predict that Cr diffuses much faster than Fe and in
fact, with much larger ratios than predicted by the LeClaire model, but with a similar temperature
dependence. The clear conclusion from this analysis is that Cr will diffuse faster (~2 to 150 times
larger) than Fe by a vacancy mechanism, and that it appears that the relative ratio of Cr to Fe
diffusion is much larger for a vacancy than an interstitial mediated diffusion mechanism. Within an
inverse Kirkendall model of radiation-induced segregation [13], the faster diffusivity of Cr by a vacancy
mechanism would deplete Cr at the grain boundaries.
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Figure 3. The ratio of Cr to Fe diffusivity by a vacancy mechanism, as calculated based on
ab Hnitio simulations of the vacancy — atom exchange energies implemented into the multiple
frequency LeClaire model [27,28] in the dilute limit (solid line), as compared to KLMC simulations
(data points). As well, the effect of solute enhancement of Fe selfdiffusion in the LeClaire model in an
Fe-10%Cr alloy is shown with the dotted line.

Conclusions

A hierarchical multiscale modeling approach has been used to evaluate Cr interactions with point
defect clusters in BCC Fe-Cr alloys. Ab-initio calculations of vacancy-Cr binding energy and the
activation energy for vacancy - atom exchanges in the proximity of Cr have been used to calculate the
diffusivities of Fe and Cr by a vacancy mechanism in the LeClaire multiple frequency model and
kinetic lattice Monte Carlo simulations. This analysis leads to the conclusion that Cr diffuses much
faster (~2 to 150 times larger) than Fe by a vacancy mechanism. The relative diffusivity of Cr to Fe by
an interstitial mechanism has been investigated using molecular dynamics simulations, with two
different Fe-Cr potentials that predict either an attractive or repulsive interaction between Cr and the
interstitial defects. The potential predicting an attractive interaction of Cr with interstitials (Fe-Cr 1l) is
more consistent with ab-initio predictions, and for this case, the Cr diffusivity by an interstitial
mechanism is between 10 and 30% larger than Fe diffusivity. Thus, it seems apparent that either Cr
enrichment or depletion at grain boundaries could be expected under irradiation, depending on the
relative fluxes of interstitial versus vacancy defects. Future efforts will focus on developing atomic-
scale models of Cr transport based on vacancy and interstitial-type diffusion mechanisms and on
evaluating the relative point defect fluxes to various microstructural sinks to better understand the
apparently contradictory experimental observations of Cr segregation in irradiated ferritic/martensitic
alloys.
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