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In this study, we have investigated the effect of the grain boundary (GB) on the diffusion of
a Phosphorus (P) atom in alpha-Fe using molecular dynamics simulations. A Fe-P mixed
<110> dumbbell is created in the six symmetric tilt grain boundary (STGB) models.
The dumbbells are allowed to migrate at different temperatures from 400 to 1,000K,
with starting positions between 5 to 10A away from the GB core. The trajectories and
mean square displacements (MSD) have been recorded to analyze the diffusion details.
The Nudged Elastic Band (NEB) method has been used to study the energy barrier
at different positions around the GBs. Our simulation results demonstrate that the GB
structure affects the diffusion mechanisms of Fe-P dumbbell. The two low X favored
GBs display significantly weak trapping effect, which is consistent with the formation
energy distribution. The reduction in the migration barrier has been observed due to the
decrease of distance from the GB center. Furthermore, the barriers of migration toward
the GB are lower than the barriers of migration away from the GB. As evident by NEB
calculation, absorption sink effect of GB has been observed. This effect saturates as
the distance reaches 8A or more. Our simulation results provide an insight into the GB
trapping effect in alpha-Fe.

Keywords: grain boundary, phosphorus diffusion, alpha-iron, NEB, trapping effect

INTRODUCTION

Typically, structural materials in the nuclear industry are polycrystalline materials having pre-
existent structural impurities. The grain boundaries (GBs) substantially influence mechanical
properties of polycrystalline materials [1]. A small concentration of any impurity can modify the
GBs diffusion rate during crystal growth [2, 3]. Hence, understanding the behavior of impurities
and their interaction with the lattice defects and the grain boundaries has become crucial for
designing a better engineering material [4-8].

The diffusion phenomenon of the defects and solute elements around the GBs has long
been an area of intrigue for the researchers due to its impact on various mechanical properties,
such as; corrosion resistance, and embrittlement [9]. The tempered embrittlement and radiation
embrittlement has been observed in steel during rapid cooling from higher temperature and
irradiation [10]. Phosphorus is one of the major impurity amongst the embrittlement species
in steel [10-12]. The Phosphorus grain boundary segregation plays an important role in the
intergranular embrittlement of the reactor pressure vessel (RPV), especially under irradiation
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enhancing diffusion [11, 13]. The embrittlement is instigated
due to the shift of Ductile-to-Brittle Transition Temperature
(DBTT) to higher temperatures, resulting in the decrease of the
GB cohesion. It is proportional to the Phosphorus coverage at
the GBs [14]. The Phosphorus diffusion has also been observed
at the obstacle-matrix interfaces in poly crystals [15]. A GB is the
interface between two oriented crystallites. Hence, their lattice
mismatch can result in the expansion of interface between the
grains, creating free volume [16]. Thus, the GBs can act as the
preferential sites for a secondary phase particle and can possibly
help in the diffusion of impurities like; P segregation in steel [17].

The atomistic simulations have revealed that self-interstitial
atoms in o-Fe have favorable <110> dumbbell configuration.
They have a slightly low energy migration pathway toward the
nearest <111> directions, having a lower migration barrier than
the vacancy-P pairs [18]. For Fe-P mixed dumbbell, a similar
stable <110> dumbbell configuration and migration pathway
has been observed [15]. Hurchand et al. reported that the three
<100> symmetric tilt grain boundaries relaxed with two EAM
potentials, showed that the P atoms preferentially segregate into
the free volume of the GBs planes [19]. If the vacancy mechanism
is not available, a substitutional P atom will capture a self-
interstitial dumbbell, transiting from the low mobile state into
a mixed Fe-P dumbbell. This reaction promotes the mobility
of P even under the low temperature irradiation [20]. The
authors have also reported the transition from Fe-P dumbbell to
tetrahedral interstitial [20, 21].

Although, numerous experimental and atomistic simulations
have already been performed on the Phosphorus diffusion in
the GBs of alpha-Fe, their trapping effect mechanism has not
been considered frequently [9, 10, 12, 14, 15, 19, 22, 23].
Henceforth, it is of great significance to research and
explore the fundamental mechanism of the P segregation
in the GBs [19, 24]. Since, the analysis and interpretation
of atomic disorder in the GBs is difficult to obtain
experimentally, it can only be wunderstood by MD
simulations [25].

In this study, six symmetric tilt grain boundaries models
(STGBs) are created to investigate the effect of the GB on the
diffusion of P atom. A Fe-P mixed dumbbell is placed near/far
away from the GB center, allowing the free diffusion at different
temperatures. The reason behind the trapping effect of the GB
has also been discussed.

SIMULATION AND METHODS DETAILS

The six <110> STGBs models are created by using GBstudio [26]
with the periodic boundaries in three dimensions. The |A|B| type
bi-crystal cells having at least 34 A between the two GBs, in order
to eliminate any interaction between them. Here | denotes the
grain boundary. The GB model type, size of the simulation box
and the number of atoms in each model, have been displayed

Abbreviations: EAM, Embedded Atom Method; MD, Molecular Dynamics;
LAMMPS, Large-scale Atomic/Molecular Massively Parallel Simulator; GB, Grain
boundaries; NEB, Nudged Elastic Band.

in Table 1.

(Egp—nEcon)
r=— 1)
where Egp is the total energy of the GB model, nE o is the
total energy of the model without GB, A is the GB area, n
is the number of atoms, which is identical for the GB model
and the single crystal model [16]. A Fe-P mixed dumbbell is
created at different sites and it is allowed to diffuse freely at
different temperatures. NVT simulations were performed, where
a standard Noose-Hoover thermostat is used to control the
temperature [27]. The configuration of Fe-P mixed dumbbell can
be found in references such as Domain and Becquart [15]. The
diffusion simulations are conducted at different temperatures
from 400 to 1,000 K, having 100K as an interval for up to 2 ns.
Three initial sites 5, 7, and 10 A have been chosen to evaluate
the trapping strength of the GBs. The trajectories of P have been
recorded during the diffusion and are further used to analyze the
migration process. The Mean-Squared Displacement (MSD) is
also derived from the trajectories every 2 ps during the diffusion.
The slope of the MSD vs. time is proportional to the diffusion
coefficient of the diffusing atom. Since, there is only one P atom
in a model, taking its average would not be useful. However, the
squared displacement from its reference position is beneficial for
analyzing the diffusion behavior.

In order to investigate the trapping effect of the GBs,
formation energy Ef of Fe-P dumbbell and substitutional P are
calculated, based on the formula derived by Tschopp et al. [28].

Ef = Etot — EgB — Ep (2)

where Eio is the total energy of the GB structure with a Fe-P
dumbbell inside, Egp is the total energy of the GB defect free
configuration, and E;, is the cohesive energy of P, which is —3.4
eV [15].

To calculate the formation energy of Fe-P dumbbell as a
function of distance from the GB, amongst the several layers of
atoms in its neighborhood (up to 18 A away from the GB center),
one Fe atom is selected and paired with one P atom to form a
dumbbell at each desired position.

TABLE 1 | Characteristics of <110> STGB models.

GB model type Angles (°) Size of the Number of atoms
simulation box
(A x A x A)
>"19{331} 26.5 35.3 x 32.4 x 74.9 7,296
>-9{221} 38.9 36.4 x 32.4 x 68.7 6,912
> 3{111} 70.5 35.1 x 36.4 x 69.4 7,560
>°3{112} 109.5 32.4 x 39.7 x 70.1 7,680
> 11{113} 129.5 36.4 x 40.3 x 76.0 9,504
>-9{114} 1411 34.4 x 36.4 x 72.9 7,776

The grain boundary energy (GBE) is calculated by using the molecular static method,
represented in relation 1.
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The saddle point searching algorithm, like Nudged Elastic
Band (NEB) is widely used to search the possible migration paths
and energy barriers, where calculations at initial and final states
are required as inputs [29]. In our cases, the NEB method is
used to calculate the Fe-P dumbbell diffusion energy barriers
at different positions around the GB in the ) 3{112} model. In
the presence of the GB trapping effects, energy barriers of the
diffusion away and toward the GB are always non-symmetrical.
Therefore, we have calculated the barriers toward both diffusion
directions. Furthermore, the trapping effect as a function of
distance from the GB center has also been revealed by evaluating
the variation of the diffusion barrier with distance. Three parallel
tests have been conducted in order to obtain the average values
and standard deviations.

All of the simulations and calculations are performed using
the classical molecular dynamics code LAMMPS developed
by Plimpton [30]. The Finnis-Sinclair type EAM interatomic
potential, developed by Ackland et al. [31] has been employed.
It is extensively used for the dilute Fe-P models since, it is in
good agreement with DFT calculations [32]. A time step of 2
fs is used in the diffusion simulations in accordance with the
Verlet integration method. For the atomic visualization OVITO
has been used [33].

RESULTS AND DISCUSSION

Structure and Energies of the GBs

After creating the GB models, the GBE is calculated and
compared with the reference [28]. The GB structure model is
widely used to predict the GB property [6, 24, 34]. The basic
concept is that a GB can be designated as a combination of
building blocks or structural units (SUs), and the combination
and sequence of the SUs are representative for the GB properties.
The six STGB models with their structural units are shown
in Figure 1.

In this study, > 3{111} and ) 3{112} are the delimiting
boundaries having SUs as “B” and “C,” respectively. Y 19{331}
and ) 9{221} are composed of “A” and “B” SUs, while, > 11{113}
and >_9{114} are composed of “C” and “A” SUs [34]. The two >_3
STGBs are more “favored” and possess high symmetry at the GB
planes. For example, the structure of > 9{221} GB is composed
of both “A” and “B” SUs in 2:1 ratio, which can be described
as |[AAB.AAB|. In this notation, “A” and “B” are the repeating
cells of the grain boundary. A favored boundary consists of an
adjoining sequence of the units for only one type and those units
are then defined to be in their ideal (undistorted) state, as defined
by Sutton and Vitek [24]. This difference in the GB structure can
be one of the reasons for the different trapping strength among
the six models. The following formation energy discussion would
provide different point of views.

Table 2 shows the calculation results of the six models.
3°3{112} model has the lowest y at around 0.3 J/m?, the
others are between 1.3 and 1.4 J/m?. The values and trend are
comparable with other authors [24, 35]. The Fe-P dumbbells
in all the models have been trapped by the GBs regardless of
the temperature and the starting positions, which are 5, 7, and
10 A or further away from the GB center. After analyzing the

AAAA, B AAAA B < |:; AABAAR.

2194{331126.5 291221)38.9 Z3{111}70.5
AAAAB. AAAB AAB. AAB| B.B
e CrCo G ACGALG Acci oA
Z3{1121109.5 Z11{113}129.5 29{114}141.1
C CCA'.CCA"| |CA".CA’| |

FIGURE 1 | <110> STGB structures with structural units notations. Green
and blue colors denote atoms on different (110) planes.

atomic configuration, it has been observed that the trapped Fe-
P dumbbell dissociates into substitutional P near the GB. It is
difficult for substitutional P to diffuse even in the bulk. As for
>°3{111} and > _3{112}, the GBs show very weak trapping effect,
regardless of the temperature and starting position.

The GB width shown in Table 2 has been defined as the
region, where the average potential energy of the atoms has
diverged more than 0.2% from the cohesive energy of one Fe
atom in a defect free lattice [19]. It is noted that Y 3{112} has the
narrowest GB width. However, all of the substitutional P atoms
stop diffusing outside the GB area. Therefore, the GB width has
nothing to do with the diffusion of P atoms, as the narrowest
GBs of > 3{112} and ) 9{114}, the diffusion has shown entirely
different results.

Figure 2 shows the diffusion trajectories of P in the model
3°19{331} at 600K. The starting point is almost 20 A away
from the GB center and free migration has been observed at the
beginning. After about 1 ns, as evident from Figure 2, P atom is
diffused at the GB boundary and finally stops outside the GB area,
even before ~4 A along Z axis. All the models have displayed a
similar kind of trapping behavior.

Figure 3 shows the mean square displacement of P atom
corresponding to Figure 2. It is noted that before 1 ns, the Fe-
P dumbbell migration was random and in the 3-dimensional
directions. The P atom dissociates from one dumbbell leaving the
paired Fe going back to the lattice site. Another nearest <110>
Fe-P dumbbell appears accompanying a rotation to a different
plane, which is similar to SIA migration in the pure Fe [6]. At
~1 ns, components of dx and dz increase, corresponding to the
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TABLE 2 | Parameters for six models and their corresponding behavior.

Parameters >°19{331} > 9{221} Y3111} > 3(112) Y 11{113} > o114}
(26.5°) (38.9°) (70.5°) (109.5°) (129.5°) (141.1°)
y (J/m?) 1.378 1.304 1.311 0.322 1.387 1.393
GB width (&) 12.5 12.8 11.8 4.7 10.4 7.9
Diffuse/trapped Trapped Trapped Weakly trapped Weakly trapped Trapped Trapped
Influence of the GBs on Formation
60+ — — » — Position of P atom Energies
5 o Since, local atomic configuration at the GBs contributes in
554 = formation of point defects like; dumbbell type interstitials and
:\ - vacancies, it is significant for understanding defect-trapping
0 Starting point K% behavior at the GBs. In this section, the substitutional P and
= 504 | dumbbell Fe-P formation energies have been examined as a
o ‘ ' ‘X/“/;b function of distance from the GBs. For the plots in Figure 4,
S:i 45 Stopping point all the grain boundaries are initially centered at 0 A, so that the
N F-| GBboundary |----------------------o o formation energies become symmetrical.
] In Figure4A, the majority of substitutional P formation
40+ energy near the boundary has higher values than the bulk values,
1. _ __________________________ and it appears like shoulders. It can be seen that the formation
35 ' . ' ' . . energies at the center of the GB with the substitutional P atoms
10 15 20 25 30 are much lower than the bulk values, which means it is more
X stable in the GB area for substitutional P. In Figure 4B, it can be
(Angstrom)

FIGURE 2 | P atom trajectory in X-Z plane of model > 19{331} at 600 K.

Mean square displacement (0.01 nm’)

0.5

1.0
Diffusion time (ns)

1.5 2.0

FIGURE 3 | MSD as a function of diffusion time of P atom in model >~19{331}
at 600K.

diffusion at the GB boundary in Figure 3. The plateau after 1 ns
represents the transition of interstitial P to substitutional P at the
stopping point which is evident by the visual inspection.

seen that the formation energy is far from the GB corresponding
to that in the bulk, which is in the range of 4.1~4.4eV being
higher than that of 3.5eV of Fe-Fe SIA, as reported by Tschopp
etal. [34].

The Formation energy of Fe-P dumbbell at the GBs is
lower than in the bulk, which means higher binding energy
exists at the GBs. Therefore, there is an energetic driving
force present for the interstitials and substitutional P atoms
to segregate at the GBs [36]. Furthermore, the formation
energy of Fe-P dumbbell is higher than that of substitutional P,
which means that the latter is more stable in the area of the
GB. This is consistent with the observation of the transition
from the former to the latter configuration, just before the
diffusion stops.

As for ) 3{111}70.5° and > 3{112}109.5°, the difference
between the minimum formation energy at the GB center and
in the bulk is lower than the other models. This could be an
explanation for the weak trapping effect of these two GBs. While,
the formation energies approach the bulk values between 5 to 8
A away from the GB center, no obvious difference can be seen
among the six models. Consequently, demonstrating that the
length scale of absorption effect has no difference. It is evident
in all the cases discussed here.

In the present study, the initial state is a <110> Fe-
P dumbbell, and the final state is a nearest <110> Fe-P
dumbbell being a step away, along the <111> direction. For
the diffusion at the GB in the initial state, the P atom sits
at a place far from the GB. In the final state, the P sits near
the GB and vice versa for diffusion away from the GB. The
atomic configurations for the diffusion away from the GB of
Fe-P mixed dumbbell in the model > 3 {112}109.5° is shown
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FIGURE 4 | Formation energy as a function of distance from the center of the
GB for all STGBs. (A) Substitutional P formation energy and (B) Fe-P mixed
dumbbell formation energy.

in Figure 5. The corresponding diffusion energy barriers are
obtained by performing the NEB calculations that have been
shown in Figure 6.

Figure 6, displays diffusion energy barrier of the model
>3{112}109.5° as a function of distance from the GB, with error
bars denoting the standard deviations. It can be observed in
Figure 6, that the GB shows trapping effect, demonstrating that
the energy barrier for the diffusion toward the GB is lower than
that in the bulk and the energy barrier for diffusion away from
the GB has an opposite tendency. Due to the lattice mismatch
toward the GB center, the NEB cannot be carried out there. The
lowest and highest energy barrier obtained at around 5 A from
the GB center is 0.3 and 0.47 eV, respectively. It concludes that
the diffusion toward the GB is easier as compared to the diffusion
away from the GB. At ~8 A, both barriers tend to be the same as
that of the bulk, proving the saturation of trapping effects. Only
a few deviations have been observed. Figure 6 shows the plot for
the diffusion energy barrier as a function of distance from the GB
for > 3{112}109.5° model.

@ @ 0 O @ ® 0 0 O
® 0 0 0 o o 00 0 0 o
CCOIK) ® 0 O
@ @ O ) )
0 0.0 0 O ® O CIKC)
o 0 & o CIKC) )
® 0 Qo0 0 ) ® O (
o’ ®e o000 QO
) @ ) CICO )
) ( o ® 0 O
o o 00 0 o @ 0 0 O
o 0 0 O ) @ ® O

Initial position Final position
FIGURE 5 | Atomic configuration of Fe-P mixed dumbbell in the model
>-3{112}109.5°, showing initial and final states before and after diffusion away
from the GB (The blue spheres denote P atoms and the red ones denote Fe
atoms).
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—e— Diffusion towards GB
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FIGURE 6 | Diffusion energy barrier of >~3{112}109.5° model as a function of
distance from the GB, including diffusion away and toward the GB (Error bars
denote the standard deviations).

CONCLUSION

This study concludes STGBs structure impact on the diffusion
behavior of the Fe-P mixed dumbbell. The high ¥ STGBs,
trap Fe-P dumbbell even outside the GB area. While, the two
“favored” low X' STGBs have shown significantly weak trapping
effect. It has been proven by the formation energy of the
Fe-P dumbbell near the GB that the two favored GBs have
lower sink strength. Thus, the NEB results have confirmed the
trapping effect of the GBs. In short, this study offers an atomistic
framework for comprehending the P diffusion in alpha-Fe at
the GBs.
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