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Atomistic Simulation of Phosphorus Segregation to

¥3 (111) Symmetrical Tilt Grain Boundary. in a-iron

Ken-ichi Ebiharai and Tomoaki Suzudo

Center for Computational Science & e-Systems, Japan Atomic Energy Agency

(JAEA), Tokai-mura, Naka-gun, Ibaraki 319-1195, JAPAN

E-mail: ebihara.kenichiQjaea.go.jp

Abstract. Irradiation-induced grain boundary phosphorus segregation is an
important factor for estimating the embrittlement of nuclear reactor pressure vessel
steels, but the physical process of phosphorus migration to grain boundaries is still
unclear. We numerically studied phosphorus migration toward a £3(111) symmetrical
tilt grain boundary in'e-iron using molecular dynamics. We found that, in the vicinity
of the grain boundary within ~ 1nm distance, an iron-phosphorus mixed dumbbell and
an octahedral interstitial phosphorus atom push a self-interstitial atom into the grain
boundary, and the phosphorus atom becomes a substitutional atom. A phosphorus-
vacancy,complex in the region also becomes dissociated, and the vacancy is absorbed
in/the grain boundary without dragging phosphorus. The results claim that a novel

view of the segregation process is required.

Keywords: \grain boundary phosphorus segregation in iron, mixed dumbbell, octahedral
interstitial phosphorus atom, phosphorus-vacancy complex, molecular dynamics

simulation, first-principles calculation
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1. Introduction

It is widely known that toughness reduction of steels can assist its crack propagation,
and such degradation is observed when steels are cooled down from high temperatures
and when they are exposed to irradiation. These effects are reférred to as temper
embrittlement and irradiation embrittlement, respectively [1472, 3, 4]. A possible
mechanism of this embrittlement is the grain boundary (GB)/&egregation of certain kinds
of elements such as tin, antimony, and phosphorus (P) that reduce the GB strength [5],
being referred to as GB embrittlement[6]. Although GB segregation of solute atoms has
been studied for decades [7, 8], its detailed progess is'still unclear; in particular, we do
not know the atomistic process of how phespherus approaches GBs and is trapped by
them.

GB solute segregation is frequently“measured by Auger electron spectroscopy
(AES), where solute atoms are often detected within a few atomic layers from fractured
GB surfaces [7], although a spread. of solute atoms around a GB is also reported [9].
Meanwhile, in recent years; 3-dimensional atom probe (3DAP) has been applied to
observing solutes segregated.at GBs before their fracture[10, 11, 12, 13]. In such cases,
solute atoms are often observed as a distribution around GBs whose full width is as large
as several dozen/angstroms;jthis is found for various kinds of solute atoms. Maruyama, et
al.[13] claims, based on the observation of niobium and molybdenum in a-iron (Fe) GB,
that,the spatial resolution in 3DAP measurement cannot explain this broad distribution.
In addition, atomic-scale simulation studies [14, 15] investigate the behavior of point
defects such as vacancies and self-interstitial atoms (SIAs) around GBs and indicates

the existence of a strain field around GBs. We then suspect that such a strain field
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may hinder the migration of solute atoms. According to Bachhov, et al.[10], a P atoms’
distribution observed at GBs in neutron-irradiated Fe-6at.%Cr alloy at 563K has. the
width of approximately between 30A and 40A for ¥5 and large angle graift’ boundaties.
This report implies that the GB strain field influences the migrationsof P atoms. In a
bulk region, P atoms migrate as a mixed dumbbell, an octahedral intesstitial P (octP)
atom or a P-vacancy complex[16, 17, 18], but due to the strain field, the migration
behaviors in the vicinity of GBs may be different.

Regarding irradiation-induced GB P segregation, someimodeling studies using the
rate theory is reported[19, 20], but none of them cemsiders such strain field near GBs: In
those models, P diffusion based on the first-principles.calculations for the bulk region,
are applied to the entire region. Besides, the modelsdo not consider the trapping process
at GBs, so that they cannot examine the influence of properties of different GBs, such
as segregation energy and the amount of segregation sites, on the P segregation. Thus,
if the migration behavior of P atoms in the vicinity of GBs is obtained, it is beneficial
to improve such rate theory models.

For investigating atemic processes, the molecular dynamics (MD) simulation based
on empirical potentials are becoming powerful methods, because the recent first-
principles studiesidrastically improve the quality of the empirical potentials. The benefit
of the method against the direct application of first-principles methods is, apparently,
that the'kinetics can be investigated in much larger simulation box. For example, it
is reported that MD is successfully applied to studying the behavior of point defects
around GBs[14, 15, 21]. Therefore, the current study also adopted this methods.

In the following, we first examine the thermal fluctuation of a ¥3(111) GB not
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taking P atoms into consideration. Secondly, we study the migration of an Fe-P amixed
dumbbell, an octP atom, and a P-vacancy complex toward a GB using MD. The results
suggested that not only the thermal fluctuation of the GB but also the straimpfield
around it would become obstacles for P atoms to reach exactly on the«GB, i.e.;P atoms
truly stop migrating before they reach the GB, and the broad P.distribution may not

be artificial but physical. This view is also reinforced by first-principles calculations.

2. Simulation method

We used an atomic block composed of body-cemtered cubic (bcc) Fe crystal holding
a (110)X3(111) symmetrical tilt GB as thessimulation box. The selected GB has the
smallest Y value, so that it can be represented by a small simulation box, which is
also beneficial for first-principles calculations. However, it has comparatively large GB
energy, that is about 1.3 J/m? ‘among (110) ‘symmetrical tile GBs [22]. This means that
it may have a large strain field ‘around itself. The states of a P atom at this type of GB
is comprehensively studied using the first-principles calculation [23]. As shown in Figure
1, the region of the simulation box is 42Ax 97A x 49A and the GB is set at the center
in the y-direction, The number of particles in the simulation box is 14688 in most cases,
so that computational resources can be saved, but it is large enough to avoid defects we
consider going out'of the box before reaching the region close to the GB. In the figure,
the blue particles mean Fe atoms on the regular bce lattice site, and the white ones
mean the particles deviated from the regular binding state; the deviation is detected by
the.common neighbor analysis (CNA)[24]. Both edges of the y-direction have a vacuum

region with about 6A in thickness, and the particles on the boundary surface in the x-
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and the z-directions were fixed so that the GB cannot move to the surface of the,y-
direction due to thermal fluctuation. One out of an Fe-P mixed dumbbell, a P-vaecancy
complex, and an octP atom was inserted at one of the sites indicated by the red marks
in Figure 1, and we prepared an initial state by structural relaxation,Then the'P atom
was tracked during the annealing simulation by an MD code LAMMEPS|25] with the
EAM potential proposed by Ackland et al.[26]. The adopted potential is produced by
fitting to the first-principles calculation, and it is widely sised and is considered as the
best for a dilute P-Fe system[27]. The annealing temperature was set at 563K, being the
operation temperature of pressurized water reactors,.and chosen also in an experimental
study[10]. The time step for the numerical integration was chosen between 1 fs and 5 fs.
The atomic image was visualized by using atool called OVITO[28]. As seen in Figure
1, the GB is not a thin plane but a region with thickness, thus we refer to the region as

the GB region.

3. Results

According to Figure [2j5it is seen that the GB region without P atoms fluctuates
thermally. Figure 3 shows the time evolution of thermal fluctuation of the GB region.
According to the figure, the frequency of jumps increases as the annealing temperature
increases, and thedfluctuation range of the GB region is about + 6A through + 9A in
the y-directiondrom the initial center of the GB region.

Figure 4 visualize the migration behavior of each defect. As seen in Figure 4(a),
when a mixed dumbbell migrated and entered the region in the vicinity of the GB, that

is about 12A from the center of the GB region, the dissociation occurred and the P atom
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473K 563K 673K 773K

Figure 2. The snapshot ofratomiciconfiguration from 473K to 773K in the case

without P atoms

became a substitutional atom and the,SIA pushed an Fe atom toward the GB region.
The pushed Fe atom also pushed, another neighbor Fe atom and eventually an STA was
pushed into the spacesof the'GB region. In the case of octP atoms, the situation was
almost the same with the case of mixed dumbbells, in the vicinity of the GB region, the
octP atom became a substitutional atom and a SIA was pushed into the GB region as
shown in Figure 4(b). In‘the case of P-V complexes of Figure 4(c), the P-V complex
migrated by the vacancy drag effect [17, 29] and it got dissociated at the point of about
15A from ‘the center of the GB region, the P atom became a substitutional, and the
vacancy was absorbed by the GB region. The stopping behavior was observed in the
vicinity not only of the GB region but of the surface for almost all of the P atoms

starting from the sites shown in Figure 1. Since this phenomenon is accompanied by
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Figure 3. The thermal fluctuation of the GB region: The maximum and minimum

values of the surface/position of the GB region are plotted for each time step.

the absorption of SIAs or vacancies, it is considered to be dependent on the GB volume
besides the strain field areund the GB region. The GB volume of the adopted model
is mostly as largesas that of other kinds of GBs[30] and that of random GBs with high
GB energy, which are often.observed in practical steels, is considered to be larger than
the adopted GB model. Therefore it can be considered that the current finding is not
limited, to'the®3 (111) symmetrical tilt GB.

Next,/we discuss the further approach of a P atom to the GB. From the above-
meiitiorfed result, the P atom can approach the GB less than about 12A ~ 15A from

the center of the GB region neither as a mixed dumbbell, as an octP atom nor as
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39 Figure 4. Migration of (a) the mixed dumbbell starting from site 7, (b) the octP
a1 atom starting, from site 8, and (c) the P-V complex starting form site 7: The site
43 number corresponds to Figures 1. The large particle is a P atom and small particles
45 are Featomss The color legend shows the displacement magnitude of particles: the red
47 particles represent atoms which moved more than one lattice unit from their original

position; the dark blue particles represent atoms staying at the original position.
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a P-vacancy complex. This distance is too long for the GB to trap P atomsseven
though the thermal GB fluctuation is considered. However, P atoms are experimentally
detected on the GB. This contradiction to experimental observation may' be avoided if
the substitutional P atom interacts with other SIAs or vacancies whielmcome up to the
1st nearest neighbor (NN) site of the P atom. Thus, we simulated the.behavior of the
P atom by adding another SIA or vacancy at the 1st NN site of the P atom after the P
atom becomes a substitutional atom and the dissociated STA or vacancy is absorbed by
the GB. This simulation was repeated until the P atom eould, no longer approach the
GB. According to Figure 5, we can see that the Pratom after dissociation approaches
the GB gradually by successive interaction with an SIA or a vacancy. In the both cases,
P atoms enter the fluctuation range of the GB, and will be absorbed by it. It is also
found that the interaction with SIAs ‘makes the P atom closer to the GB than that
with vacancies. This may be beeause the binding energy of P atom to SIA being about

1.0eV[18] is larger than that of P atom to vacancy, which is about 0.1eV to 0.4eV[16].

4. Discussion

We conducted first=principles calculations to confirm the atomic behavior in the vicinity
of the GB region” which.was observed in the MD calculations. For this purpose, the
density funetiomalitheory (DFT) is applied in the framework of generalized gradient
approximationwith projector-augmented wave pseudo-potentials [31] using the Vienna
ab imitio simulation package (VASP) [32]. Within this framework, we adopt Perdew-
Buike-Ernzerhof pseudo-potentials [33] from the VASP library. For all DFT calculations,

we use a cut-off energy of 350 eV for the plane-wave basis. The supercell is composed
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39 Figure 5. The/behayior of the P atom by interaction with (a) SIA or (b) vacancy
41 which is added successively at the 1st NN site of the substitutional P atom: After the
43 P-vacancy eomplex starting from Site 7 in Figure 1 dissociated and the vacancy was
45 absorbed by/the GB region, an SIA or a vacancy was added. The arrow means the

47 time when the SIA or the vacancy is added.

51 of 288.Fe atoms and a single phosphorus atom and includes ¥3(111). Monkhorst-Pack
53 3 x Byx 1 K-point meshes are used to sample the Brillouin zone [34]. Methfessel-Paxton
smearing with 0.2 eV width is also used; the periodic boundary condition is applied to

58 all the three directions. At first, we built a volume-relaxed supercell without P atom,



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - MSMSE-103122.R1

12

and set the initial condition by manually inserting specified defects. When the«(111)
mixed dumbbell was put at a site in the vicinity of the GB region as shown in Figure
6(a), the atomic rearrangement which represents an SIA pushed into a space of the’'GB
region was seen also by the first principles calculation as shown in Figure 6(b). From
this result, the behavior shown in Figure 4(a) is considered to realistically occur. In
the octP and P-V complex cases, however, the absorption of an"SITA or a vacancy was
not confirmed by the first-principal calculations. In the oétP case, it is considered that
an SIA was not pushed into the GB region because the @etP, atom is not initially in
line in the (111) direction with an Fe atom. Hewever, Since a migrating octP atom
can easily become a mixed dumbbell, the octP’s behavior in Figure 4(b) can occur in
practical situations. In the P-V complex case, it is considered that the absorption of a
vacancy by the GB was not observed insthe first-principles calculations because there is
the finite migration barrier energy even in the vicinity of the GB region. According to
Bai et al.[14], its existence is shown and it is reported that its height becomes smaller in
the vicinity of the GB than in the bulk region. Tschopp et al.[15] also show vacancies
become easily absorbediby the GB. Thus, it is considered that the dissociation of the
vacancy from the P-vacancy complex and its absorption by the GB region is likely to
occur at finitestémperatures.

According testhe results obtained by the empirical potential, it was found that
a mixed ‘dumbbell, an octP atom, and a P-V complex cannot directly reach the GB
region. In the conventional understanding of GB P segregation which is adopted in all
of models using the rate theory for estimating GB P segregation[19, 20], these defects

migrate in the same way with that in the bulk region and reach GBs. However, our
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present results suggest thé necessity of revising the conventional understanding. In

the modified understanding of GB P segregation, the following processes should be
considered: (1) Miged dumbbells, octP atoms, and P-V complexes migrate in the bulk
region toward GBs. (2)When these defects enter the region influenced by the strain
field of the GBs, P_atoms‘of them become substitutional ones and an SIA or a vacancy
becomes isolated and absorbed by the GBs. (3) The substitutional P atoms approach
gradually to the GBs by successively dragged by vacancies or SIAs coming to a NN site
of them. (4) The P atoms are captured by the thermally fluctuating GBs. The modified
understanding can give more accurate physics of the process of segregating P atoms at

G Bs into the kinetic model.
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In addition, it is interesting to find that the influencing range of this strain field, of
the GB is 30A in our results and is similar to the full width of P atoms’ distribution
around GBs in the experimental observation[10]. P atoms become substituitional‘atoms
in the region in the vicinity of a GB and have to wait other SIAs or vaeancies tomigrate
close to the GB center. Thus, the P behavior we found might be a possible explanation
why solute atoms segregating to a GB form the broad distribution. However, such a
speculation needs to be verified in the future, e.g., by longer kineti¢ simulations and by
the experimental measurement [9].

Since the strain field of GBs can influencesether kinds of solutes, the similar
phenomenon might be observed besides P althoughithere is a possibility of quantitative

differences depending on the combination of \GB type and solute element.

5. Conclusion

We conducted a series of MD simulations to scrutinize the P migration to a ¥3(111)
symmetrical tilt grain boundary in a-iron. The results indicate that the strain field of
GBs disturbs the migration of P atoms by stabilizing the P substitutional. This notion
is also verified by first-principle calculations. It means that the migration behavior of
P atoms in the vicinity,of GBs is different from that in the bulk region, suggesting
that a revised undérstanding of GB P segregation kinetics is necessary as P atoms are

supposed to directly reach the GB region in the conventional understanding.
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