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By combining density functional theory, empirical potential, and atomic transport model approaches, we
investigate the energetics and the diffusion properties of P interstitials in dilute Fe-P alloys. Although P is a
substitutional impurity in a-iron, when a self-interstitial atom (SIA) approaches a substitutional P, the P atom
becomes interstitial with an energy gain of up to 1.0 eV. The octahedral and the (110) mixed dumbbell are the
lowest-energy configurations with similar stabilities. The P atoms are highly mobile in both configurations. The
transitions between these two configurations also require low activation energies. The most likely mechanisms
leading to long-distance diffusion of a P interstitial are proposed by ab initio calculations. The resulting
effective diffusion energy estimated by the transport model is 0.19 eV, which agrees with the result from
resistivity recovery experiments, suggesting that the Fe-P mixed dumbbells are more mobile than the SIAs.
The fast-migrating P interstitial can be deeply trapped by a substitutional P atom. The resulting complexes are
very stable with a binding energy of around 1.0 eV. Their mobilities are investigated by means of the dimer
method using an Fe-P empirical potential. A comparison between the present predictions and existing experi-

mental results is also discussed.

DOI: 10.1103/PhysRevB.75.094303

I. INTRODUCTION

The embrittlement of reactor pressure vessel (RPV) steels
may be partly due to the intergranular segregation of solute
atoms which weakens the grain boundary cohesion. After
thermal aging, P segregation is driven by thermodynamical
forces. A decrease in free energy associated with phosphorus
atoms moving toward grain boundaries has been noted
around 450 °C. However, the phosphorus mobility is too low
to produce a significant segregation at 300 °C or below. Un-
der irradiation, the ductile-brittle transition temperature has
been shown to increase by the Charpy test.! Enhancement of
phosphorus intergranular segregation in ferritic steels such as
E911 has been evidenced by field emission gun scanning
transmission electron microscopy.? A small increase in phos-
phorus concentration at grain boundaries in RPV steels has
also been observed experimentally.! Two mechanisms may
explain the segregation of phosphorus under irradiation. In-
deed, not only are supersaturation of vacancies and self-
interstitial atoms (SIAs) induced, but also fluxes of point
defects moving toward grain boundaries and dislocation
loops. The former can enhance P segregation driven by the
same thermodynamic force as under thermal aging. In addi-
tion, point defect flux may also induce segregation due to
flux coupling between the point defect and phosphorus;>* the
corresponding driving force is purely kinetic.

In order to understand the irradiation effect on the inter-
granular phosphorus segregation in steels, accurate knowl-
edge of the interaction between P and point defects, P diffu-
sion mechanisms, and the kinetics of P segregation are
required.

Atomistic simulations based on empirical interatomic
potentials’~ were carried out to address these issues. Infor-
mation has been obtained concerning the mobility of P atoms
and their interaction with radiation defects.®~!® Hurchand
et al. studied the energetics of P atoms at grain boundaries, !
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and Barashev showed that vacancies can drag P atoms to-
ward sinks of point defects.'?> These studies are much less
computationally demanding than ab initio calculations, but
the predictive power of their results is restricted to the valid-
ity of the interatomic potential used.

A recent ab initio-based work by Domain and Becquart'3
devoted to the study of the energetics of P atoms in a-iron
showed that P atoms interact strongly with both vacancies
and SIAs. Phosphorus migration energies associated with
diffusion by the vacancy mechanism have also been re-
ported.

Lidiard'* used an analytic atomic transport model by
Barbu and Lidiard" to estimate the diffusion coefficients (D)
related to the phosphorus diffusion in ferritic steels. The in-
put parameters were derived from data fitted to experimental
results by Druce et al.'® The binding energy of the Fe-P
mixed dumbbell was found to be 0.17 eV, which is much
lower than the value from ab initio calculations.”!3 Further-
more, as pointed out by Lidiard,'# this approach also failed in
predicting the trapping of SIAs proposed by Hardouin-
Duparc and Barbu!” to explain the strong effect of phos-
phorus on the nucleation of interstitial loops in electron-
irradiated steels.

Despite the previous efforts, the detailed behavior of
phosphorus in ferritic steels is not yet fully established. In
particular, information about the diffusion properties of P
atoms via interstitial mechanisms, which may play a central
role on the intergranular segregation kinetics under irradia-
tion, is still missing.

Here we investigate, by means of an ab initio method, the
stability and the migration properties of a phosphorus atom
in various interstitial positions. Complementary dimer-
method calculations'® using embedded atom model (EAM)
potentials’ are also performed for a systematic search of pos-
sible migration paths. The obtained energetic and migration
properties were then introduced as input data into a modified
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version of the atomic transport model for dilute bce alloys.
The results are discussed in the light of existing experimental
evidence.

II. METHODOLOGY
A. Ab initio method

The present ab initio calculations have been performed
within the density functional theory (DFT) as implemented
in the SIESTA code.!” The calculations are spin polarized
and use the generalized gradient approximation (GGA). Core
electrons are replaced by nonlocal norm-conserving pseudo-
potentials while valence electrons are described by linear
combinations of numerical pseudoatomic orbitals. The
pseudopotential and the basis set for Fe atoms are the same
as in Ref. 20. The cutoff radius for the pseudopotential of P
is set to 0.99 A, and its basis set consists in two localized
functions for the 3s states and six for the 3p states. The
cutoff radii are 2.67 and 3.34 /°\, respectively. Five functions
for the 3d states are included as polarized orbitals in order to
increase angular flexibility. The charge density is represented
on a regular real space grid of 0.078 A. The present approach
has been shown to successfully account for the properties of
defects in iron:>%-?2 the accuracies of the Fe pseudopotential
and basis set have been tested on relevant bulk and vacancy
properties, and shown to agree satisfactorily with experimen-
tal and plane wave DFT GGA values.?’ The validity of the P
description is shown in this work through a comparison with
plane wave results.

Supercell calculations were performed to study the defect
properties. Results have been obtained on 128 and 250 atom
cells using 3 X3 X3 and 2 X2 X2 shifted k-point grids, re-
spectively. The Methfessel-Paxton broadening scheme with a
0.3 eV width was used. Calculated defect energies have been
verified to be well converged with respect to these k-point
grids as shown below. We have performed constant-pressure
calculations to estimate P energetics in various configura-
tions, i.e., the structures were optimized by relaxing both the
atomic positions and the shape and volume of the supercell.
The migration paths have been calculated at constant volume
using the drag method in a similar fashion as in Refs. 20-22:
for a given reaction coordinate, the atomic positions relative
to the center of mass are constrained to relax within the
corresponding hyperplane perpendicular to the vector con-
necting the initial and final positions. Some relevant migra-
tion paths have also been checked using the more general
nudged elastic band method; the results from both methods
are found to be in excellent agreement.?

B. Dimer method for systematic finding of saddle points

Possible transitions starting from the most relevant P in-
terstitial positions were systematically searched for using the
dimer method. Due to the high computational cost of such
calculations at the ab initio level, a newly developed Fe-P
EAM potential” was used. This approach is useful to suggest
possible migration paths to be further validated by ab initio
studies. The dimer method is described in detail elsewhere.'8
It is different from other widely used saddle-point-searching
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algorithms, e.g., the drag and the nudged elastic band
method, in the sense that only knowledge of the initial state
is required. The transition states and jump mechanisms of P
interstitials were studied using a cubic supercell containing
2000 atoms with periodic boundary conditions. All the atoms
in the cell are free to move and relax during the dimer
search. The dimer separation was set to 1073 A, and the val-
ues of the finite difference steps for rotation and translation
are 107 and 107> A, respectively. The maximum move dis-
tance for the dimer has been set to 0.005 A, which is smaller
than the value used in Ref. 24, in order to obtain a higher
success rate of 90%. The search was stopped when the maxi-
mum force component of the atoms was less than
10* eV/A. 100 dimer searches have been carried out start-
ing from each initial state, and the initial dimer vectors were
generated randomly to have nonzero components on only
20-50 atoms around the P interstitial atom.

C. Atomic transport model

The atomic transport model used here is derived from the
model by Barbu and Lidiard."> Modifications have been done
according to information provided by the present ab initio
results on the P migration barriers. This model is based on
the Franklin and Lidiard theory of atomic transport.? In this
study, we have considered only the SIAs and the solute
fluxes Jy and Jp. The corresponding equations have the fol-
lowing Fick-like form:

1
—Ji==D; V¢ —Dhep Ve —Dipel Ve, (1)
n

1 ’ ! ! !
;Jp =— D) Vep—Dhep Vel (2)

where 7 is the number of lattice sites per unit volume, ¢ and
cp are the fractional concentrations of free self-interstitials
and phosphorus atoms, respectively, D; is the diffusion coef-
ficient of SIAs, and Dyp and Dyp; are the kinetic cross coeffi-
cients.

III. RESULTS AND DISCUSSION
A. Stability of P interstitial in a-iron

Phosphorus is a substitutional impurity in a-iron. Al-
though it is smaller than the Fe atom, its atomic volume in
the bcc iron matrix is very close to that of a Fe atom. Inward
relaxation amplitudes of the first neighbors of a substitu-
tional P atom (Pg,;,) are less than 0.3% of the nearest neigh-
bor distance. The interstitial sites are indeed energetically
less favorable; their formation energies are at least 2.8 eV
higher than that of a substitutional site. However, when a
SIA is formed, e.g., under irradiation conditions, and ap-
proaches a substitutional P atom, a “kick-out” reaction is
expected to occur, which creates a P interstitial (P;,), and
this Pg,,+SIA —P;,, reaction induces a large energy gain
(binding energy), up to 1.0 eV.

The relative stabilities of the high-symmetry P;,, configu-
rations are studied by calculating the respective formation
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TABLE I. Formation and binding energies (values in parentheses) with respect to dissociation into Pgy,
and (110)g,_g, of P interstitials in iron calculated using three conditions as described in Sec. III B: (i) N, (ii)
N+ 1y, and (iii) Ncp, where N=128 or 250, and CV and CP denote constant-volume and constant-pressure
calculations, respectively. The present SIESTA values are compared with the VASP (Ref. 13) and the present
EAM potential results. All the energies are in eV.
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SIESTA VASP  EAM
128cy  128+1cy  128¢p  250cy  250+1cy  250cp  128cy  2000cy
Octahedral 3.04 2.87 277 2.94 2.85 2.81 2.97 3.38
(0.93) (0.96) (1.00) (0.94) 097)  (097)  (0.16)
(110)ge p 3.05 2.90 2.85 2.96 2.89 2.89 2.92 2.50
(0.92) (0.92) (0.92) (0.90) 0.90)  (1.02)  (1.03)
Tetrahedral 3.17 3.01 291 3.07 2.99 2.97 272
(0.80) (0.82) (0.86) (0.79) (0.82) (0.82)
(11D pep 3.32 3.13 2.98 3.22 3.12 3.03 3.25 323
(0.65) (0.69) (0.79) (0.67) 0.76)  (0.69)  (0.30)

and binding energies. The results are shown in Table I for
various calculation conditions. The formation energies are
evaluated with respect to Pg,, taken as the reference
configuration,”!3 and they represent the energy cost for mov-
ing a substitutional P atom to an interstitial site. The binding
energy is the energy gain corresponding to the formation of a
P interstitial from a Fe-Fe(110) dumbbell and a substitutional
P atom.

These energies are found to depend very weakly on the
k-point grid, e.g., for 128-atom cells, they differ only by
about 0.015 eV when increasing from a shifted 3 X3 X3 to a
shifted 5X5X 5 grid and keeping the same smearing width
(0.3 eV). However, the dependence of P;,, relative stabilities
on the simulation cell size may be larger.!> We have there-
fore evaluated the precision of the present results by per-
forming calculations using 128- and 250-atom supercells.
Three simulation conditions have been considered for each
supercell size in order to compare with previous DFT
results' and to compare their rates of convergence: (i) vol-
ume fixed to the N-atom bulk equilibrium volume, (ii) vol-
ume fixed to N+1 times the Fe atomic volume,?*?” and (iii)
constant-pressure relaxations (Table I). We note that the for-
mation energies from 128- and 250-atom cell calculations
differ by only 0.05 eV for conditions (ii) and (iii), whereas

octa tetra

BB

these differences are at least 0.1 eV for (i). Furthermore, the
formation energies resulting from (ii) are closer to those
from (iii) for both 128- and 250-atom cells. The values from
(i) are systematically higher. We have used therefore 128-
atom cells and the condition (ii) for the calculation of migra-
tion barriers. All the results reported below also refer to this
case; the error bars in both binding and migration energies
are estimated to be about 0.05 eV. The SIESTA results [128-
atom cells, condition (i)] are also in good agreement with
those from plane wave VASP calculations (Table I); the rela-
tive discrepancies in energies are less than 10%, attesting to
the validity of the present localized basis set description of P
impurities in iron.

We note that all these configurations have similar stabili-
ties, in contrast with the SIA case,'3?%? and all the binding
energies are rather large (Table I). The most stable configu-
rations are the octahedral P and the (110) mixed dumbbell
({110)ge.p); their binding energies are, respectively, 0.96 and
0.92 eV. The energy difference between these two configu-
rations is close to the precision limit of DFT calculations
(Table I). In addition to the size difference between Fe and P
atoms, the origin of the high stability of mixed dumbbell
configurations may be partly due to the hybridization be-
tween the P and the Fe atom forming a dumbbell. In the case

octa <110%,,

2 1
T o] tetra

octa <1105,

Reaction coordinate

FIG. 1. Ab initio barriers calculated using the drag method for the jump of a P atom between two nearest octahedral sites and the
transition between an octahedral and a (110) mixed dumbbell position. Initial, intermediate (metastable), and final configurations are
schematically represented; their corresponding energy levels are indicated by dashed arrows. The P, interstitial Fe, and lattice Fe atoms
(black, white, and gray spheres, respectively) are represented at their relaxed positions. The color codes for the atoms are the same in all the

figures.
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FIG. 2. Ab initio energy barriers obtained us-
® ing the drag method for three jump mechanisms
of a Fe-P (110) mixed dumbbell. The paths 1, 2,
and 3 are the translation-rotation, the rigid trans-
lation, and the second nearest neighbor jump, re-
spectively. Schematic representations of the ini-

<===

— 02 | ¥ tial, intermediate, and final states are shown with
> ' . i
o 1 7 the atoms at their relaxed positions.
2 0.1
E 0 I l i
<110> tetra <110>, crowdion <110>

Reaction coordinate

of (110)..p, strong hybridization exists between the 3p band
of P and the 3d band of Fe, inducing local antiferromag-
netism on both atoms with respect to other atoms in the bcc
lattice. The magnetic moment values are —0.2up for P and
-0.8up for Fe atoms according to Mulliken population
analysis in agreement with the results in Ref. 13. The local
magnetic moment of the Fe atom in a mixed dumbbell is
about twice that of the Fe atom in (110)g,_pe.

Values from ab initio studies are compared with those
from the EAM potential by Ackland et al.” as shown in Table
I. This potential also predicts the (110)g.p to be the lowest-
energy configuration. The resulting high stabilities, i.e., large
binding energies, of the (110) mixed dumbbell and the tetra-
hedral P are in good agreement with ab initio values. How-
ever, the octahedral P and the (111) mixed dumbbell are
found to be less stable. These discrepancies induce some
differences in the description of P migration properties as
discussed below.

B. Migration of P interstitial

Concerning the migration of P interstitials, we have ex-
amined their mobilities in the two lowest configurations, the
octahedral and the (110)g.p, according to ab inifio calcula-
tions. The P atoms are found to be highly mobile in both
configurations. All the translations and rotations are two-step
jumps. The initial, intermediate (metastable), and final con-
figurations and the respective energy barriers calculated us-
ing the drag method are shown in Figs. 1-3. We note that all
the jumps have similar activation energies, smaller than the
migration energy of SIAs in a-iron.?’ These characteristics

<110F>&P octa

<110> <111>
Fe-P Fo-P

H-Bp-H-H-

90° rotation 60° rotation y

are consistent with the fact that the various P interstitial sites
have similar stabilities.

A phosphorus atom can migrate from one octahedral site
to the nearest equivalent site passing through the metastable
tetrahedral position as shown in Fig. 1. The corresponding
energy barrier is 0.16 eV and the migration is clearly three
dimensional, i.e., the whole configurational space can be ex-
plored by successive octahedral P jumps. Note that, accord-
ing to the EAM potential, the migration of octahedral P at-
oms will not contribute to the diffusion of P interstitials,
since the octahedral site is 0.88 eV higher in energy than the
(110)fep-

Possible translations and/or rotations of a (110)g._p mixed
dumbbell have also been investigated in detail. The trans-
lation-rotation, the rigid translation, and the second nearest
neighbor jump mechanisms are shown in Fig. 2, and the two
possible on-site rotations in Fig. 3. The respective energy
barriers are summarized in Table II. It is interesting to dis-
cuss the mobility of the (110),.p mixed dumbbell in the light
of the (110)g,.p. mobility in pure iron. The various (110)p. p
jumps have similar activation energies, which are all smaller
than those of the (110)p.p. (Table II). In both cases, the
translation-rotation is the most probable mechanism. How-
ever, the energy barrier for (110)g.p is 0.16 eV lower (Table
II), and it passes through an intermediate tetrahedral site
(Fig. 2). In addition to the translation-rotation jump, the rigid
translation and the on-site rotations also contribute to the
long-distance diffusion of (110)g.p,2° while their activation
energies are too large for the (110)g. .. The second nearest
neighbor jump, the second most favorable jump for
(110)pe.ge, has the same energy barrier as the translation-

<110>
Fe-P

FIG. 3. Two on-site rotation mechanisms of a
Fe-P (110) mixed dumbbell and their respective
ab initio energy barriers calculated using the drag
method.

= ;
L o02F | :
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TABLE II. Activation energies for the translation and/or rotation
jumps of the Fe-Fe (110) and the Fe-P (110) mixed dumbbell in
iron. Comparison between the present SIESTA and EAM potential
results is shown. All energies are in eV.

SIESTA EAM
(110)ge g (110)pe.p  {110)pc.p

Translation-rotation 0.34 0.18 0.27
Rigid translation 0.78 0.24
60° on-site rotation 0.56 0.24 0.72
90° on-site rotation 0.17
Second nearest neighbor jump 0.50 0.18
Jump to octahedral site 1.18 0.17 0.87

4Reference 20.

rotation jump for (110)g.p (Fig. 1). However, it only induces
a cage movement of the P interstitial atom. A combination of
this long jump with on-site rotations is required to lead to
Fe-P mixed dumbbell diffusion.

The ability of empirical potentials to predict properties
not included in their parameter fitting needs to be checked. In
particular, the P interstitial migration barriers are compared
with the more accurate ab initio results. Dimer method
searches using the Fe-P EAM potential have been performed
to study the mobility of (110)g. p, the lowest-energy intersti-
tial configuration according to this potential. We have also
found the translation-rotation mechanism to be the most
probable transition in agreement with Ref. 9; the energy bar-
rier is 0.27 eV. The intermediate state is also the tetrahedral
site as in the ab initio case. However, the other jumps have
much higher activation energies, e.g., the energy barrier for
the 60 ° on-site rotation is 0.72 eV, and the rigid translation
has never been observed during 100 dimer searches. There-
fore, the diffusion of (110)p.p occurs only via the
translation-rotation mechanism according to this potential.

It is interesting to note that according to the ab initio
calculations the transitions between octahedral P and
(110)p.p require low activation energies: 0.17 eV for the
transition from (110)g.p to octahedral P and 0.21 eV for the
reciprocal one. These values are comparable to their respec-
tive translation and/or rotation energy barriers. Furthermore,
the tetrahedral site is a common intermediate state for the
migration of these two P, configurations. An octahedral P
may transform to (110)p..p when passing through a tetrahe-
dral position, and vice versa. Therefore the two most stable
and highly mobile P interstitial states are expected to inter-
change their configurations easily while migrating. The dis-
sociation barriers of these two species are much higher than
their respective migration barriers. Assuming the dissociation
energy to be the sum of the binding energy of the P intersti-
tial and the migration energy of (110)p. . (0.34 €V), the
resulting values for octahedral P and (110)g,.p are 1.30 and
1.26 eV, respectively.

C. Trapping of P interstitial

A fast-migrating octahedral P or a Fe-P (110) mixed
dumbbell can get close to a substitutional P atom. The inter-
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FIG. 4. Lowest-energy configurations with a P interstitial
trapped by a substitutional P atom resulting in (a) Pg,-(110)..p and
(b) crowdion configuration. The atoms are at their relaxed positions.
The relevant orientations and interatomic distances (in A) are
shown.

action between them has been shown to be strongly attrac-
tive, and various configurations containing two P atoms can
be formed.!® In this work, we only report on the lowest-
energy configurations found by our ab initio calculations as
shown in Fig. 4. Configuration (a) consists of a distorted
(110)g.p bound to a P atom which has been pushed away
from its original substitutional site along the (112) direction.
Configuration (b) is a crowdionlike configuration where the
P interstitial and Fe atoms are aligned in the (111) direction.
Their binding energies defined with respect to an isolated
Fe-P (110) mixed dumbbell and a substitutional P atom are,
respectively, 1.05 and 1.02 eV. Note that configuration (b) is
nearly unstable and easily decays to configuration (a).

The EAM potential, which gives the correct lowest-
energy migration path for (110)g.p, also predicts configura-
tion (a) to be the most favorable one, although the binding
energy (0.29 eV) is much lower. An extensive search of pos-
sible migration paths for this two-P complex has been per-
formed using the dimer method and this interatomic poten-
tial. The results suggest that this two-P complex cannot
migrate without dissociation. The most probable dissociation
path is for (110)g..p jumping to either the third or the fifth
neighboring site of the substitutional P atom.

Based on the present ab initio and EAM potential studies,
the fast diffusion of a P interstitial atom is therefore expected
to be significantly reduced due to the formation of these
highly stable and most likely immobile complexes.

D. Diffusion coefficients of SIAs and P interstitial

In order to estimate the diffusion coefficients of interstitial
atoms in dilute Fe-P alloys, the transport model by Barbu
and Lidiard!> has been modified according to the present
ab initio results. Since this model considers only the Fe-P
mixed dumbbells, the contribution of P diffusion via octahe-
dral configurations is not taken into account. However, we
may expect a similar kinetic behavior from both species due
to their similar stabilities and mobilities.
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TABLE III. Possible interstitial atom jumps and corresponding
activation energies used in the atomic transport model.

Activation
Jump energy

Mechanism frequency (eV)
(110)ge.ge translation-rotation wo 0.34
(110)ge.p translation-rotation wy 0.18
(110)pe.p rigid translation wi 0.24
(110)ge.p 60° on-site rotation WR 0.24
(110)pep 90° on-site rotation Wi 0.17
(110)p,.p dissociation wy 1.26
(110)p,.p association w3 0.34

We have modified some analytical expressions to allow
the inclusion of different jump frequencies associated with
the translation-rotation and the rigid translation for both the
(110)gepe and the (110)p.p dumbbells. Only nearest neigh-
bor jumps are considered and we also assume that the “pair
configuration” [a substitutional P atom and a {(110)p, p. in its
nearest neighbor site] is a noninteracting configuration.

The kinetic cross coefficients D;; are thus calculated in
terms of the A;;:

Di’l = K(Apepe + Npep + Npre + Npp)s (3)
Dip =Dy + K(Ngep + Npp). (4)

DEI = K(Npep + Npp), (5)
Dip=K\pp, (6)

where D;=4a’w,, K=2exp(E,/kgT), and

2
2 w1(3+2a)+—w2+wR+wl'z}
Npepe = 2a°w 3 _Mo
fefe : wi(3+2a) + 2w, + wr + wy wy )’

()

(2 + a)W1W2

8
Apep = 5‘12< ) =Npre»  (8)

wi(3+2a) + 2w, + wg + wg

1
—wi(l42a) + 2w, + wg + wi

. 9)

App= (2 + @)a’w
pr=( Ja'w wi(3+2a) + 2w, + wg + wi

where a:w{ /wy, 2a is the lattice parameter of bec iron, E is
the mixed dumbbell binding energy, kg is Boltzmann’s con-
stant, and T is the temperature in kelvins.

All the jump frequencies w; are defined in Table III and
they have been calculated using the associated activation en-
ergies assuming an Arrhenius behavior.

The effective diffusion coefficient of an interstitial atom,

either a SIA or a (110)g.p, can be written as

PHYSICAL REVIEW B 75, 094303 (2007)

TABLE IV. Comparison between kinetic cross coefficients D;;
calculated with ab initio results and those fitted to segregation mea-
surements from Lidiard (Ref. 14). All the D;; are in 1077 m*s™!.

Present work Lidiard
P P 1 1
D DIP DPI DIP DPI
573 K 2.1x107 5.09 6.14 8.77 11.3
523 K 9.8 107 4.90 5.72 7.69 9.65
473 K 6.3 108 472 5.31 6.70 8.12
423 K 6.3%x10° 4.55 4.95 5.84 6.79
373 K 1.2x10'° 4.42 4.65 5.17 5.72

D= D+ DLI,CEI’ (10)

1+ Kcp
and an effective diffusion energy of 0.19 eV has been ob-
tained for temperatures between 373 and 723 K. At such
temperatures the majority of SIAs are expected to form
mixed dumbbells due to the large dissociation energy of
(110)pe_p. Therefore, the low effective diffusion energy found
corresponds almost to that of a (110)g..p. This value is in
good agreement with the result from Abe and Kuramoto.?° In
their resistivity recovery experiment, dilute Fe-P samples
were irradiated with 2.5 MeV electrons at 77 K. A recovery
stage has been observed below the uncorrelated stage I, i.e.,
before the recombination of freely migrating SIAs with va-
cancies from other Frenkel pairs.>! This new stage has been
proposed to be associated with the diffusion of Fe-P mixed
dumbbells. According to the present ab initio results, the
diffusion of the octahedral P may also contribute to this same
stage.

We report in Table IV a comparison between the kinetic
cross coefficients D;; from Lidiard using the jump frequen-
cies of Druce et al. 16]1“1tted on segregation measurements and
the present values adopting the same preexponential factor
(5.16 X102 Hz). From 373 to 573 K, the transport coeffi-
cient App dominates over all the others according to the
ab initio jump frequencies. All four D;; coefficients are there-
fore the same, and only one value D is reported. As shown in
Table IV, our D coefficient is many orders of magnitude
larger and has a stronger dependence on temperature than
those from Lidiard. These significant differences mainly
come from the large difference in the mixed dumbbell bind-
ing energies used in the two studies.

E. Kinetics of phosphorus segregation under irradiation

In view of the high stability and mobility of the Fe-P
mixed dumbbells, we may expect a high dragging of P by
SIAs toward grain boundaries (GBs). We have attempted to
understand the intergranular segregation through this mecha-
nism by introducing our D coefficients into the analytical
expression derived by Barashev.* In his work, the diffusion
model of Murphy and Perks has been adopted,*? and the D
coefficients are the ones fitted on the segregation measure-
ments performed by Druce et al.'® His approach is based on
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FIG. 5. Radiation dose dependence of the increase in P
coverage at grain boundaries for a steel with P content Cp,
=6.5X107* at. % at 166 °C. The available experimental value from
Buswell et al. (Ref. 36) is also shown.

two main assumptions: the GB is an infinite sink for the
solute atoms, and the solute elimination at point defect clus-
ters in the volume is negligible. In the present study, only
atomic transport of solute atoms by the interstitial mecha-
nism is considered. The increase in the concentration of P
atoms at the GB can be written as

2C
ACEL(1) = =2 1In(1 + T 5Gr) (11)
knd
with
DP
I (12)
Dy + Dp Cpy

where Cp is the nominal atomic fraction of P atoms, G is the
point defect generation rate, d is the grain boundary size, and
the definition of ki is given in Ref. 4. We have introduced
the parameter 7 only to account for the fraction of free mi-
grating point defects surviving after cascade relaxation. The
values of Cpg, G, d, and kg used here are the same as in Ref.
4.

Figure 5 shows the results assuming 7=1. Our predicted
grain boundary coverage of P atoms at grain boundaries in-
creases significantly faster than that of Barashev. This is
mainly due to the high binding energy of the mixed dumbbell
given by ab initio calculation (0.92 eV) compared with
0.17 eV, the value used in Ref. 4. The increase in grain
boundary coverage obtained with 7=0.1, the typical value
obtained by cascade molecular dynamic simulation,?? is also
reported, and the resulting curve compares better with the
available experimental point. We note that 7 can only be
equal to 1 in Barashev’s work, since his D coefficients have
been fitted using this value. The remaining theoretical-
experimental discrepancy may be due to the following rea-
sons: (1) The fitted parameters are obtained on real steels and
not on pure FeP alloys. (2) The 7 parameter is smaller than
0.1. (3) A significant fraction of P atoms is trapped in stable
two-P complexes or segregated on point defect clusters.
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It is worth noticing that the dragging of P by interstitials is
maximal (I'"Cpy=1) with our parameters. Furthermore, when
P, migrates through octahedral configurations, the P atom is
considered to be at the same time a solute and an interstitial
atom. Therefore, we also expect the corresponding P drag-
ging to be maximal.

F. Effect of phosphorus on the nucleation of interstitial
dislocation loops

In a previous study by Hardouin-Duparc and Barbu,!”
transmission electron microscopy measurements of saturated
dislocation loop density were performed in Fe—0.027
at. %—P alloys irradiated with 1 MeV electrons. The result
has been used to estimate the effective diffusion energy of
the interstitial atoms using the Brown-Kelly-Mayer model,*
which mainly relies on two assumptions: (i) the di-interstitial
atoms are the stable nuclei of dislocation loops, and (ii) the
mobility of vacancies is neglected. The dislocation loop den-
sity is then controlled by the effective diffusion coefficient of
interstitial atoms (fof) as defined in Eq. (10).

The corresponding experimental effective diffusion en-
ergy (0.79 eV) is significantly larger than the value of
0.19 eV given by this work (Sec. III D). This difference can
be explained by considering the formation of stable and im-
mobile complexes containing two P atoms as discussed
above (Fig. 4). Assuming the dissociation energy to be the
sum of the binding energy (1.05 eV) and the effective diffu-
sion energy (0.19 eV) of Fe-P mixed dumbbells, the result-
ing value is 1.24 eV. Due to the high stability of these con-
figurations, it could therefore be taken as a first
approximation to the effective migration energy of a P inter-
stitial. This value is indeed too high compared with the ex-
perimentally derived energy barrier (0.79 eV). In order to
reconcile this discrepancy, these two-P complexes need to be
taken into account in both experimental data interpretation
and simulation. Recently, a kinetic model has been devel-
oped for the atomic transport via interstitials in concentrated
bee alloys,® which may account for configurations formed
by more than one solute atom.

IV. CONCLUSIONS

In summary, we have investigated the diffusion of P via
interstitials in dilute FeP alloys by means of the ab initio
SIESTA method, empirical potentials, and the atomic trans-
port model. P atoms are found to be highly mobile in the two
lowest-energy interstitial configurations, i.e., the octahedral
and the (110) mixed dumbbell. The migration energy of the
octahedral P is 0.16 eV. Both translation-rotation and rigid
translation contribute to the Fe-P mixed dumbbell diffusion
with migration energies of 0.18 and 0.24 eV. An effective
migration energy for the Fe-P (110) mixed dumbbell of
0.19 eV is obtained using a modified atomic transport model.
The diffusion of a P interstitial requires therefore a lower
activation energy than that of a single SIA, in agreement
with the results from the resistivity recovery experiments.
The fast-migrating P;,, atoms can be trapped by substitu-
tional phosphorus, resulting in highly stable two-P com-
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plexes. Dimer-method calculations using EAM potentials
suggest that these complexes cannot migrate without disso-
ciation; the mobility of interstitial atoms in the presence of P
atoms is thus expected to be significantly reduced. The for-
mation of these two-P complexes may be crucial to explain
the high activation energy for long-distance diffusion of
SIAs and P interstitial atoms according to existing experi-
mental evidence.
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