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First-principles study on the grain boundary embrittlement of bce-Fe by Mn segregation
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Developing steels with high strength and ductility is needed in order to improve the mechanical reliability
and environmental performance of engineering products. The addition of Mn is a key technology for developing
next-generation high-strength steels. However, the addition of Mn leads to a serious side effect, grain boundary
(GB) embrittlement, which decreases the mechanical toughness of steels. Understanding the mechanism of GB
embrittlement due to Mn is an essential process for improving the toughness of steels containing Mn. In this
work, in order to reveal the fundamental mechanism of GB embrittlement by Mn, the effect of Mn on the cleavage
fracture of bce-Fe GBs, especially the influence of the difference in the magnetic coupling state between Mn and
Fe, is investigated using uniaxial tensile simulations of the bcc-Fe £3(111) GB with and without Mn segregation
using the first-principles density functional theory (DFT). The uniaxial tensile simulations demonstrate that Mn
decreases the cleavage-fracture energy of the GB. In particular, the ferromagnetically coupled Mn substantially
decreases the cleavage-fracture energy of the GB, promoting cleavage fracture. When ferromagnetically coupled
Mn is present in the bee-Fe GBs, the electrons contributing to the bonds between Mn and the surrounding Fe
atoms easily localize to the Mn atom with increasing stress, and the bonding between Mn and the surrounding
Fe atoms rapidly weakens, leading to a cleavage fracture of the GBs at a lower stress and strain. This unusual
behavior is derived from the stability of the nonbonding Mn as a result of its half-filled d shell. These results show
that the local magnetic state in GBs is one of the factors determining the macroscopic mechanical properties of

steels containing Mn.
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I. INTRODUCTION

Steel is widely used as a structural material and remains
one of the most important materials. Mn is a major alloying
element in steel and has been widely added to induce solid-
solution strengthening at room temperature and to increase
hardenability. In recent years, a so-called third-generation
advanced high-strength steel has been developed to reduce
the environmental burden and improve safety. As a promising
candidate third-generation advanced high-strength steel, high-
strength steel containing a large amount of Mn has been
extensively studied, and the utilization of Mn is currently
expanding [1-15]. Therefore, understanding the effects of Mn
addition to steel materials is important.

Mn is known to contribute to the strengthening of
steels while adversely affecting toughness because of grain-
boundary (GB) embrittlement. Yamanaka et al. showed that
the ductile brittle transition temperature (DBTT) of low-
carbon steel decreases with increasing Mn concentration,
reaching a minimum at 2 wt.% Mn and then increasing with
higher Mn concentrations [16]. Tanaka et al. examined the ef-
fect of Mn addition on the DBTT and the activation energy for
dislocation glide in experiments using ultralow-carbon steels,
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and they showed that although Mn increases the dislocation
mobility at low temperatures, both the DBTT and the fraction
of intergranular fracture surface (FS) increase with increasing
Mn concentration [17]. They explained these results on the
basis of the decreased cleavage-fracture energy of bee-Fe GBs
with increasing Mn concentration.

As described, Mn is a GB embrittlement element in steels.
Therefore, deterioration of toughness due to GB embrittle-
ment in steels containing a large amount of Mn is a concern.
In particular, as the strength of the material increases, its
susceptibility to GB embrittlement also increases [18]. Such
GB embrittlement by Mn may pose a serious problem in the
future, and the fundamental mechanism of GB embrittlement
by Mn has not been clarified.

In this study, in order to clarify the fundamental mech-
anism of the GB embrittlement by Mn from the viewpoint
of the electron theory of metals, we use the first-principles
density functional theory (DFT) to investigate the effect of
Mn on the cleavage fracture of bcc-Fe GBs by performing
uniaxial tensile simulations on the bce-Fe £3(111) GB with
and without Mn segregation. Mn in bcc-Fe is well known
to have two magnetic coupling states: an antiferromagnetic
(AFM) Mn-Fe magnetic coupling state and a ferromagnetic
(FM) Mn-Fe magnetic coupling state. The difference in en-
ergy between these two magnetic coupling states is small. In
addition, the magnetic coupling state can change depending
on the concentration of Mn [19-22] or the presence of C [23].
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FIG. 1. Model and notation for (a) bcc-Fe £3(111)/[110] GB
and (b) FS of bce-Fe (111). The blue and white circles indicate Fe
atoms on (110) and (220), respectively.

Therefore, we investigated the effect of the magnetic coupling
state of Mn on the cleavage fracture of GBs by conducting
simulations for both magnetic coupling states.

II. COMPUTATIONAL METHODS

Calculations were performed on GB models that included
the bee-Fe £3(111)/[110] GBs shown in Fig. 1(a). Most
grain boundaries in polycrystalline bce-Fe are random GBs.
However, these GBs are difficult to model by DFT because
of the high computational cost. A study using the classical
molecular dynamics method showed that the GB energy of
the £3(111)/[110] GB is similar to that of random GBs
[24]. Furthermore, by calculating the effects of a segregated
element on the cleavage-fracture energy or cleavage-fracture
stress of the £3(111)/[110] GB by the uniaxial tensile simu-
lations using DFT, researchers have well reproduced the cor-
responding experimental results related to GB embrittlement
or strengthening [25-27].

The size of the GB model used in the present work was

4.01x6.95x15.2 A’. The GB model contained 36 atoms
and included two X3(111)/[110] GBs owing to the peri-
odic boundary conditions. The spin-polarized electronic struc-
ture calculations and structural optimization for the uniaxial
tensile simulations and calculation of segregation energies
explained later were performed using the Vienna ab initio
simulation package with the projector-augmented wave po-
tentials [28,29]. The exchange-correlation effects were treated
in the framework of the generalized gradient approximation
(GGA) using the Perdew-Burke-Ernzerhof parametrization
[30]. The cutoff energy for the plane-wave basis set was
520 eV. The Monkhorst-Pack k-point mesh [31] was 6 x4 x2.

The Methfessel-Paxton smearing method [32] with a 0.2 eV
width was used.

In the uniaxial tensile simulations, structural optimization,
including the cell shape, was performed first. An incremental
engineering strain of uniaxial tension in the [111] direction,
which is normal to the GB plane, was then applied to the cell
as 2% of the relaxed cell shape, and the atomic positions were
fully relaxed. The cell lengths in the [110] and [112] directions
were fixed in order to reduce the computational cost, which
means Poisson’s ratio was neglected. This step was iterated
until cleavage fracture occurred. At each step, all of the atoms
were relaxed according to the Hellman-Feynman forces until
all of the forces acting on each atom were less than 0.02 eV/A.
The uniaxial tensile stress in the direction perpendicular to
the GB plane was obtained by dividing the change in energy
by the change in volume at each step. In the uniaxial tensile
simulation, the stress increased as the tensile strain increased,
and then an abrupt stress reduction occurred at a certain strain.
This phenomenon is hereinafter referred to as GB cleavage
fracture. The cleavage-fracture energy was calculated as the
difference between the maximum energy until GB cleavage
fracture and the energy before the tensile strain was applied.
The cleavage-fracture stress was calculated as the maximum
stress until GB cleavage fracture.

The validity of the calculation conditions was confirmed
as follows. We confirmed that the cleavage-fracture energies
converged within the range of 10 meV by comparing the
calculation results between 270 eV and 520 eV for the cutoff
energy and comparing the calculation results between 6 x4 x2
and 12 x 8 x4 for the k-point mesh. We also confirmed that the
energy at the same tensile strain converged within the range
of 10 meV even when the step width of the engineering strain
was changed from 2% to 1%. The critical tensile strain at
which GB cleavage fracture occurred also converged within
+1%.

In the models of Mn-segregated GBs, the Mn atom was
placed at Site 1 indicated in Fig. 1(a). In order to determine
the most favorable segregation site of Mn, we calculated the
segregation energies of Mn for two magnetic coupling states.
The segregation energies were calculated from the difference
between the energy change when Fe at Site 5 (in the bulk) was
replaced with Mn and the energy change when Fe at Sites 14
(in the GB) was replaced with Mn. In the bulk site, the energy
difference between the two magnetic coupling states was
0.04 eV, and the energy in the AFM Mn-Fe magnetic coupling
state was slightly lower. In both magnetic coupling states, Site
1 was the most favorable segregation site, and the segregation
energies in the AFM and FM Mn-Fe magnetic coupling state
were 0.49 eV and 0.06 eV, respectively [33]. In order to
investigate the influence of the magnetic coupling states of Mn
on the GB cleavage fracture, we performed uniaxial tensile
simulations for three cases: (1) GB without Mn segregation
(clean GB), (2) GB with FM-coupled Mn at Site 1 (FM
Mn-segregated GB), and (3) GB with AFM-coupled Mn at
Site 1 (AFM Mn-segregated GB).

In order to investigate the role of tensile stress in the GB
embrittlement by Mn, we evaluated the influence of Mn at Site
1 on the GB cleavage fracture for the two magnetic coupling
states within the Rice-Wang model. In the Rice-Wang model,
we evaluated the influence of segregation elements on GB
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FIG. 2. Variations in the bond lengths of (a) Fe2-Fe2, (b)
Fel(Mn)-Fe2, (c) Fel(Mn)-Fe3, and (d) Fel(Mn)-Fe4 as a function
of strain.

cleavage fracture by calculating the embrittlement potency
(AEgg — AEgs), which is the energy difference between the
segregation energy for GBs before tensile stress was applied
(AEgg) and the segregation energy for FSs after cleavage
fracture (AEps). For calculations of segregation energy for
the FSs, we used the FS model shown in Fig. 1(b). The

size of the FS model was 4.01x6.95%25.2 A”. This model
contained 36 atoms and included two (111) surfaces and the
¥3(111)/[110] GB. A vacuum region with a thickness of
1 nm was provided to prevent interaction between the FSs.
The segregation energies for the FSs were calculated from the
difference between the energy change when Fe at Site 5 (in
the bulk) was replaced with Mn and the energy change when
Fe at Site 1 (in the FS) was replaced with Mn.
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III. RESULTS AND DISCUSSION

Figure 2 shows the variations in bond lengths of (a) Fe2-
Fe2, (b) Fel(Mn)-Fe2, (c) Fel(Mn)-Fe3, and (d) Fel(Mn)-
Fe4 as a function of tensile strain. Atomic structures before
applying tensile stress and after cleave fracture are shown
in Fig. 3. In all of the GB models, the bond lengths mono-
tonically increase with increasing tensile strain. When the
tensile strain reaches a certain value, the bond lengths rapidly
increase. The differences in the bond lengths of Fe2-Fe2 and
Fel(Mn)-Fe2 with increasing tensile strain among the GB
models appear in a lower-strain region compared with the
differences in the bond lengths of Fe1(Mn)-Fe3 and Fel(Mn)-
Fe4. These results suggest that the Fe2-Fe2 and Fel(Mn)-Fe2
bonds are more strongly affected by Mn segregation. In the
Mn-segregated GBs for both magnetic coupling states, rapid
increases in bond lengths occur with smaller tensile strain
compared with the clean GB. In particular, the change in the
FM Mn-segregated GB is remarkable.

Figures 4(a) and 4(b) show the stress-strain curves and
energy-strain plots obtained from the uniaxial tensile simula-
tions, respectively. In all of the GB models, the stress increases
with increasing tensile strain. After the stress reaches its
maximum value, GB cleavage fracture occurs. The tensile
strain immediately before the cleavage fracture is hereinafter
referred to as fracture strain. The results for the clean GB
agree well with the results reported in a previous study [26].
In the AFM Mn-segregated GB, the fracture strain, cleavage-
fracture energy, and cleavage-fracture stress decrease com-
pared with those in the clean GB. In particular, FM-coupled
Mn significantly reduces the fracture strain, cleavage-fracture
energy, and cleavage-fracture stress. This behavior corre-
sponds to a sharp increase in the bond length with increasing
tensile strain in the FM Mn-segregated GB, indicating that
FM-coupled Mn at GBs remarkably promotes GB cleavage
fracture. Tanaka et al. reported that Mn increases the DBTT
of bce-Fe despite increasing the dislocation mobility [17].
Their results suggest that Mn markedly promotes GB cleavage
fracture. Our calculation results correspond well with this
experimental result.

Table I lists the calculated values of segregation energy for
GBs (AEgp) and FSs (AEgs) and the embrittlement potency
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FIG. 3. Atomic structures of (a) clean GB before applying tensile stress, (b) clean GB after cleave fracture, (c) AFM Mn segregated GB
before applying tensile stress, (d) AFM Mn segregated GB after cleave fracture, (¢) FM Mn segregated GB before applying tensile stress, and
(f) FM Mn segregated GB after cleave fracture. The blue and white circles indicate Fe atoms on (110) and (220), respectively. The red circles

indicate Mn atoms.
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FIG. 4. (a) Stress-strain curves and (b) energy-strain plot ob-
tained using data from the uniaxial tensile simulations for the clean
GB, the AFM Mn-segregated GB, and the FM Mn-segregated GB.

(AEgp — AEgs) for the two magnetic coupling states of Mn.
In the Rice-Wang model, the embrittlement potency is almost
zero in the AFM magnetic coupling state and 0.05 eV in the
FM magnetic coupling state, indicating that the influence on
the GB cleavage energy is extremely small. Quantitatively,
these results do not agree with the results of the uniaxial ten-
sile simulations. This difference between the two methods is
derived from the fact that, in the Rice-Wang model, the effect
of the segregated Mn on the bonding state of the atoms near
the GB when stress is applied to the GB is disregarded. That is,
the essence of the promotion of GB cleavage fracture by Mn
lies in the influence of Mn on the change in the bonding state
of atoms near the GB in response to stress applied to the GB.

TABLE I. Segregation energies of Mn at Site 1 in the GB model,
AEgg, and at Site 1 in the FS model shown in Fig. 1, AEgg, and the
embrittlement potencies, AEgg — AEgs, for two magnetic coupling
states (in eV).

System AEGB AEFS AEGB — AEFS
AFM Mn segregated GB —-0.49 —0.49 0.00
FM Mn segregated GB —0.06 —0.11 0.05

4.5
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FIG. 5. Variations in the absolute values of magnetic moments
of the Fel atom in the clean GB and Mn atoms in the Mn-segregated
GBs as a function of strain.

Zhong et al. used the local-density approximation (LDA)
to calculate the embrittlement potency of AFM-coupled Mn
for the same bec-Fe £3(111)/[110] GB and segregation site
as in our study and showed that the embrittlement poten-
tial is 0.2 eV [34], which is inconsistent with our result.
This discrepancy can be derived from the difference in the
exchange-correlation function. Wachowicz et al. calculated
the cohesive energy of the bcc-Fe ¥5(210) GB with both
GGA and LDA and showed that there is a large discrepancy
in the absolute value of the cohesive energies depending
on the exchange-correlation function [35]. Furthermore, they
calculated embrittlement potencies of B at an interstitial site
and a substitutional site of the same GB with GGA and
showed that the obtained embrittlement potencies of both sites
gave large differences with the result of previous study [36]
using LDA. For example, in the case of the substitutional
site, the embrittlement potencies of B were —0.58eV and
0.34 eV using GGA and LDA, respectively. Based on the
results of the cohesive energies, they concluded that the
cause of this discrepancy is mainly due to the difference of
the exchange-correlation function. Thus, the difference of the
exchange-correlation function can cause the discrepancy in
embrittlement potency of segregated elements.

The performance of GGA and LDA in solids is controver-
sial. Wang et al. pointed out that there are substantial errors in
the lattice constant and magnetic moments of Fe, as well as a
prediction of the wrong ground state of nonmagnetic hcp-Fe
[37]. After that, Asada er al. showed that GGA correctly
reproduces the cohesive energy, lattice constant, magnetic
moment, and ground state of Fe [38]. However, these results
do not necessarily mean that GGA is more suitable than
LDA to describe the bonding properties of GBs of Fe [39].
Therefore, although it is desirable to perform the calculations
with both GGA and LDA, we found that the ferromagnetic
bee-Fe £3(111)/[110] GB is structurally and magnetically
unstable when the structural optimization including the cell
shape is performed using LDA. For this reason, we could
not perform the uniaxial tensile simulations with LDA. On
the other hand, although the embrittlement potencies of Mn
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FIG. 6. Charge-density distributions in the plane crossing atoms of Fel (or Mn), Fe2, and Fe2 (in 10~! electrons/a3).

are quantitatively different between the previous study using
LDA and the present study using GGA, both calculations are
qualitatively the same in that they cannot predict the large
change of the cleavage-fracture energy by Mn segregation.
For these reasons, we discuss the effect of Mn on the cleavage
fracture of the GB based on the calculation results using GGA,
which can reproduce the ground state of the GB of Fe even in
the calculation including the structural optimization.

Figure 5 shows the variations in the absolute values of mag-
netic moments of the Fel atom in the clean GB and the Mn
atoms in the Mn-segregated GBs as a function of tensile strain.
In all of the GB models, the magnetic moment increases
as the tensile strain increases. This increase in the magnetic
moment of Mn is larger than that of Fe. This behavior of
magnetic moments means that as the tensile strain increases,
the orbital hybridization with the surrounding atoms weakens
and the electrons localize to each atom. In particular, the
magnetic moment of Mn in the FM Mn-segregated GB drasti-
cally increases with increasing tensile strain, which indicates
that bonding with the surrounding Fe atoms is remarkably
weakened by the tensile strain.

Figure 6 shows charge-density distributions in the vicinity
of the GB at 20% tensile strain, which is the strain immedi-
ately before the cleavage fracture in the FM Mn-segregated
GB. The charge-density distributions in the plane crossing
atoms of Fel (or Mn), Fe2, and Fe2, whose bonding length
drastically changes, are shown. The charge density between
Mn and neighboring Fe atoms is smaller in the Mn-segregated
GBs than in the clean GB. In particular, the charge density
between surrounding Fe atoms is much lower in the FM
Mn-segregated GB than in the other GB models, indicating
that Mn is hardly bonded to the surrounding Fe atoms.

Figure 7 shows the change in the minimum value of
the charge density on the straight line connecting Fel (or
Mn) and Fe2 with increasing tensile strain. Before a tensile
strain was applied, almost no difference in charge density
was observed among the GB models. However, compared
with the clean GB, the Mn-segregated GBs exhibit a greater

reduction in charge density with increasing tensile strain. In
particular, in the FM Mn-segregated GB, the reduction of the
charge density is remarkable. This trend corresponds to the
weakening of the bonding suggested by the change in the
magnetic moment with increasing tensile strain. These results
suggest the relationship between the embrittlement by the
FM-coupled Mn and the stability of Mn as the nonbonding
state. The nonbonding state of Mn is more stable than that of
other transition metals, such as Fe, because Mn atoms have
a half-filled d shell. Therefore, upon application of a tensile
strain, the near-Mn electrons that contribute to bonding with
the surrounding Fe atoms tend to localize to the Mn atom, and
the Mn easily transitions to an almost-nonbonding atom. In
fact, in the FM-coupled Mn-segregated GB, the bond lengths
of Mn-Fe3 and Mn-Fe4 increase drastically from the strain of
16%, indicating that all of the bonds between the Mn and the
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FIG. 7. Variations in the change in the minimum value of the
charge density on the straight line connecting Fel (or Mn) and Fe2
as a function of strain.
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LDOS for Fe2 atom in the clean GB and the Mn-segregated GBs at a strain of (d) 0%, (e) 12%, and (f) 20%.

surrounding Fe atoms are weakened by the transition of the
Mn to an almost-nonbonding Mn atom.

On the other hand, AFM-coupled Mn has a minor effect
on the cleavage fracture of GBs. The local density of states
(LDOS) for the Fel atom in the clean GB and for the Mn
atoms in the Mn-segregated GBs is shown in Fig. 8. In
the AFM Mn-segregated GB, the majority bands of Mn are
shifted to the lower-energy side compared with those of Mn
in the FM Mn-segregated GB. This shift is attributed to
the strong orbital hybridization between the majority bands
and the minority bands between Mn and Fe in the AFM
magnetic coupling state. Therefore, the band energy of the
AFM magnetic coupling state is lower than that of the FM
magnetic coupling state. This reduction in the band energy
indicates that the orbital hybridization between the majority
band and the minority band caused by the AFM magnetic
coupling can provide additional resistance to the weakening
of the bonding compared with that in the FM coupling state.

Finally, we noted that GB embrittlement by FM-coupled
Mn can occur in real systems. As previously described, the
ground state of the GB with Mn segregation is the AFM
coupling state in this study. However, the energy in the case
where FM-coupled Mn exists at Site 1 is lower than that
in the case where AFM-coupled Mn exists at Site 5, which
corresponds to the bulk site. Furthermore, the ground state
is known to change from the AFM coupling state to the FM
coupling state, with an increase in Mn concentration in the
bulk of bce-Fe [19-22]. Therefore, if the concentration of Mn
at the GB is increased with the increase in the amount of Mn
added or the GB segregation caused by the heat treatment,
FM-coupled Mn will likely exist at the GB. In addition, in
the bulk of bcc-Fe, the presence of C in a site close to Mn
is known to stabilize the FM coupling state, which becomes
the ground state [23]. It is known that in bce-Fe, C has an

extremely high GB segregation energy [40—42] and increases
the cleavage-fracture energy [25], preventing the GB fracture
[41,42]. Because of the high segregation energy, even if the
amount of C is 10 wt.ppm, which is the level contained as
impurities of iron raw materials, C is concentrated to more
than 1 at.% in the GBs [41]. In fact, all alloys used in the
experiments described above contain more than 10 wt.ppm
of C [16,17] and typical steel materials contain 0.02 wt.% or
more C. Therefore, FM-coupled Mn is reasonably assumed to
also be stabilized at GBs. In both cases, as long as the bonds
between Mn and Fe at the GB dominate the cleavage fracture
of the GB, the GB embrittlement by FM-coupled Mn can be
caused by the aforementioned mechanism.

IV. CONCLUSION

In order to clarify the fundamental mechanism of GB em-
brittlement by Mn from the viewpoint of the electron theory of
metals, we investigated the effect of Mn on the cleavage frac-
ture of bee-Fe GBs by performing uniaxial tensile simulations
using the first-principles DFT for three cases: (1) a GB with-
out Mn segregation (clean GB), (2) a GB with FM-coupled
Mn, and (3) a GB with AFM-coupled Mn. The uniaxial
tensile simulations show that both antiferromagnetically and
ferromagnetically coupled Mn decrease the cleavage-fracture
energy of the GB. In particular, ferromagnetically coupled
Mn substantially decreases the cleavage-fracture energy of the
GB, promoting the cleavage fracture. An analysis of the elec-
tronic structures shows that when ferromagnetically coupled
Mn exists in the bce-Fe GBs, the electrons contributing to the
bonds between Mn and surrounding Fe atoms easily localize
to the Mn atom with increasing stress, and the bonding
between Mn and the surrounding Fe atoms rapidly weakens,
causing the cleavage fracture of GBs with lower stress and
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strain. This unusual behavior is derived from the stability of
the nonbonding Mn with a half-filled d shell. These results
show that the local magnetic state in GBs is one of the factors
determining the macroscopic mechanical properties of steels
containing Mn.
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