PHYSICAL REVIEW B 82, 094108 (2010)

Bond mobility mechanism in grain boundary embrittlement: First-principles tensile tests of Fe
with a P-segregated 23 grain boundary
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First-principles simulated tensile tests have been performed on Fe with a P-segregated grain boundary to
investigate the nature of the bond mobility mechanism in grain boundary embrittlement. The first site for bond
breaking was the Fe-P bond, despite its high charge density. This is because the Fe-P bond exhibited the
covalentlike characteristics of a localized bonding and the mobility of electrons was reduced. The breaking of
the Fe-P bond accelerated the breaking of the Fe-Fe bond around the Fe-P bond because the Fe-P bond
breaking affected the electron density of states of the Fe-Fe bond. Thus, P segregation enhanced the grain

boundary embrittlement in Fe.
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Grain boundary (GB) embrittlement in metals is often en-
hanced by impurity segregation at the GB. To date, two
mechanisms for the enhancement of GB embrittlement by
impurity segregation have been proposed: one is the decohe-
sion mechanism,!? where the metal-metal bond is weakened
owing to the charge transfer by impurity atoms, and the other
is the bond mobility mechanism,>> where the mobility of
electrons is reduced by impurity atoms. Recently, first-
principles tensile tests have been performed to investigate
the GB embrittlement mechanisms because GB fracture is
related not only to the initial electronic state but also to the
variation in electronic state with increasing strain.®~' For
example, Lu et al.>!' showed that the first bond breaking
occurs at the metal-metal bond weakened by the charge
transfer. Thus, the decohesion mechanism has been eluci-
dated by first-principles tensile tests.

It is well known that the segregation of P atoms at the GB
enhances the intergranular embrittlement in Fe.'>”!> Freeman
and colleagues'>!® showed by first-principles calculations
that the intergranular embrittlement enhanced by P segrega-
tion is due to the bond mobility mechanism. However, the
nature of the bond mobility mechanism is still unknown. It is
of interest to investigate whether the bond between the im-
purity and neighboring host atoms gives rise to its breaking
due to the localization or the bond breaking between neigh-
boring host atoms due to the stress concentration caused by
the impurity atoms. Recently, first-principles rigid tensile
tests of Fe with a P-segregated GB have been performed by
Yamaguchi et al.'* However, because the calculations were
carried out under the condition that the fracture surface was
arbitrarily set between the two atomic layers in the GB, the
bond breaking and its related phenomena are still unclear. In
the present study, first-principles fully relaxed tensile tests
are performed on Fe with a P-segregated GB and with a
nonsegregated GB to understand the bond breaking in the
bond mobility mechanism.

Two bee Fe cells with a 33 (111)/[110] tilt GB were
used: one was the cell without P segregation at the GB (clean
GB model) and the other was the cell with P segregation at
the GB (P-segregated GB model), in which an Fe atom (Fe2)
at the GB was substituted by a P atom, as shown in Fig. 1.
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PACS number(s): 62.20.—x, 68.35.Dv, 81.05.Bx

The initial cell size was 4.05X7.02X 14.89 A3. Geometry
optimization calculations were performed using the Cam-
bridge serial total energy package (CASTEP),'® in which the
density-functional theory!”!® was used with a plane-wave
basis set to calculate the electronic properties of solids from
first principles. The exchange-correlation interactions were
treated using the spin-polarized version of the generalized
gradient approximation within the scheme due to
Perdew-Burke-Ernzerhof.!” The ultrasoft pseudopotentials®®
represented in reciprocal space were used for all elements in
the calculations. The Kohn-Sham wave functions of valence
electrons were expanded to the plane-wave basis set within a
specified cut-off energy (=300 eV). The Brillouin zone was
sampled using a Monkhorst-Pack 6 X 4 X2 k-point mesh and
the Gaussian smearing with 0.1 eV width.

[111]

FIG. 1. (Color online) Unit-cell model of Fe with a 3

(111)/[110] tilt grain boundary. In the present study, two cells are
used: one is the cell without P segregation at the grain boundary
(clean GB model) and the other is the cell with P segregation at the
grain boundary (P-segregated GB model), in which an Fe atom
(Fe2) at the grain boundary is substituted by a P atom. The initial
cell size is 4.05X7.02X 14.89 A3. The white dashed line indicates
(110) at which the charge density is shown in Fig. 5.
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FIG. 2. (Color online) Stress-strain curves of the clean GB and
P-segregated GB models calculated by the first-principles tensile
tests.

After the geometry optimization calculation including cell
optimization, an uniaxial tensile strain with an increment of
2% in the [111] direction, which was normal to the GB
plane, was applied to the cells for the first-principles fully
relaxed tensile tests. The lattice dimensions in the GB plane
were fixed, neglecting Poisson’s ratio to simplify the
calculation.®-1° This step was repeated until GB fracture oc-
curred. In each step, all atomic positions were optimized in
accordance with Hellman-Feynman forces until all the forces
were less than 0.03 eV/A. In the present study, the bond
breaking was determined from a rapid increase in bond
length.

The stress-strain curves are shown in Fig. 2 for the clean
GB and P-segregated GB models. In the clean GB model, the
stress increased up to about 25 GPa with increasing strain
until the strain reached 24%. The stress was nearly constant
in the strain range of 24-28 %, then the stress rapidly de-
creased at 28—30 %, and finally, GB fracture occurred at
30%. In the P-segregated GB model, the stress increased up
to about 16 GPa until the strain reached 10% and the stress
was nearly constant at 10—12 %. After the stress slightly
increased at 12-14 %, the stress rapidly decreased at
14—16 %, and finally, GB fracture occurred at 16%. Clearly,
P segregation enhanced the GB embrittlement in Fe. Accord-
ing to the Rice-Wang thermodynamics model,?! an enhance-
ment of GB embrittlement by impurity segregation can be
estimated from the difference between the segregation ener-
gies at the GB (=AEgg) and at the free surface (=AEgg). The
calculated AEgg—AEg for the P segregation in Fe was 1.6
eV/atom, which indicates that P is the GB embrittler.!%!3-15
This is in agreement with the results shown in Fig. 2.

The atomic configurations of (110) at 28% and 30% in
the clean GB model and at 10%, 12%, and 16% in the
P-segregated GB model are shown in Fig. 3. In the clean GB
model, no bond breaking occurred at 28%, and the Fel-Fe2
and Fel-Fe3 bonds were broken at 28-30 %. In the
P-segregated GB model, the Fel-P bond was broken at
10-12 %, and the Fel-Fe3 bond was broken at 12—16 %.
These bond-breaking events correspond very well to the
stress-strain behavior shown in Fig. 2. Note that the first
bond breaking occurred at the Fel-P bond.
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FIG. 3. (Color online) Fully relaxed atomic configuration of
(110), (a) the atomic configuration at 28% in the clean GB model,
(b) the atomic configuration at 30% in the clean GB model, (c) the
atomic configuration at 10% in the P-segregated GB model, (d) the
atomic configuration at 12% in the P-segregated GB model, and (e)
the atomic configuration at 16% in the P-segregated GB model. The
blue and pink circles indicate the Fe and P atoms, respectively.

Figure 4 shows the charge density isosurfaces of (110) at
the strain of 0%, where the gray and blue regions indicate the
charge densities that are higher and lower than the border
charge density (=0.32 electrons/A?), respectively, the black
regions between the gray and blue regions indicate charge
accumulation due to atomic bonding, and the black regions
between the gray regions and between the blue regions indi-
cate charge depletion. A detailed inspection of Fig. 4 reveals
that a black region is observed between the Fel (Fe3) and P
atoms in the P-segregated GB model but no black region is
found between the Fel (Fe3) and Fe2 atoms in the clean GB
model. Also, the isosurface around the P atom in the
P-segregated GB model is pentagon shaped while that
around the Fe2 atom in the clean GB model is spherical.
Thus, the charge density around the P atom in the
P-segregated GB model was stronger but more directional
than that around the Fe2 atom in the clean GB model.

Figure 5 shows the variations in the charge-density distri-

butions of (110) and (110) with strain. Although the number
of valence electrons of a P atom is less than that of a Fe
atom, the charge density of the Fel-P bond at 0% in the
P-segregated GB model is higher than that of the Fel-Fe2
bond at 0% in the clean GB model. The strong Fel-P bond

charge
accumulation

FIG. 4. (Color online) Charge-density isosurfaces of (110) at the
strain of 0%. (a) shows the charge-density isosurface in the clean
GB model, and (b), the charge-density isosurface in the
P-segregated GB model. The border charge density for the isosur-
faces is 0.32 electrons/A3. The gray and blue regions indicate the
charge densities that are higher and the lower than the border charge
density, respectively, the black regions between the gray and blue
regions indicate the charge accumulation due to atomic bonding,
and the black regions between the gray regions and between the
blue regions indicate the charge depletion.
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FIG. 5. (Color online) Variations in charge-density distributions
of (110) and (110) with strain. (a) and (b) show the charge-density
distributions of (110) at 0% and 10% in the clean GB model, (c) and
(d) show the charge-density distributions of (110) at 10% and 14%
in the clean GB model, (e) and (f), the charge-density distributions
of (110) at 0% and 10% in the P-segregated GB model, and (g) and
(h), the charge-density distributions of (110) at 10% and 14% in the
P-segregated GB model, respectively.

was maintained even at the strain of 10% which was just
before it broke. The strong Fel-P bond is due to the co-
valentlike characteristics,'%!315 as shown later. The Fel-Fe3
bond at 10% in the P-segregated GB model exhibited a
higher charge density than the Fel-Fe3 bond at 10% in the
clean GB model. At the strain of 14%, however, the charge
density of the Fel-Fe3 bond in the P-segregated GB model
was reduced significantly by the Fel-P bond breaking at
10—12 %. Clearly, this Fel-P bond breaking markedly re-
duced the charge density of the Fel-Fe3 bond. On the other
hand, the charge density of the Fel-Fe3 bond at 14% was
less reduced in the clean GB model than in the P-segregated
GB model. This is because no bond breaking occurred in
both the Fel-Fe2 and Fe2-Fe3 bonds at 14% in the clean GB
model.

The variations in bond lengths of the (a) Fel-Fe2/Fel-P
and (b) Fel-Fe3 bonds as a function of strain are shown in
Fig. 6. The length of the Fel-P bond was almost constant up
to the strain of 10%, and it was shorter than that of the
Fel-Fe2 bond. However, the length of the Fel-P bond sud-
denly increased at 12%, showing that the Fel-P bond break-
ing occurred at 10—12 %. Thus, the strong Fel-P bond with
a short bond length provided the preferential bond-breaking
site. The same trend of preferential breaking of strong bonds
has been reported in first-principles calculations on AL%? In
the previous studies,®’ the preferential bond breaking was
related to a reduction in coordination number at the GB. In
the present study, however, the coordination number of the P
atom in the P-segregated GB model is the same as that of the
Fe2 atom in the clean GB model. As shown in Figs. 4 and 5,
the charge density around the P atom is localized and direc-
tional, and therefore, the easy breaking of the Fel-P bond is
attributed to the directional bonding.

As shown in Fig. 6(b), in the strain range of 0—10 %, the
length of the Fel-Fe3 bond in the P-segregated GB model
was shorter than that in the clean GB model, which results
from the strong Fe-P bonds. However, after the Fel-P bond
was broken at 10—12 %, the former was longer than the
latter and the breaking of the Fel-Fe3 bond occurred at the
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FIG. 6. (Color online) Variations in bond lengths of the (a)
Fel-Fe2/Fel-P and (b) Fel-Fe3 bonds as a function of strain in the
clean GB and P-segregated GB models.

16%. Note that the breaking of Fel-P bond facilitated the
breaking of the Fel-Fe3 bond in the P-segregated GB model.

Figure 7 shows the partial density of states (PDOS) for
the Fel atom in the clean GB model and of the Fel and P
atoms in the P-segregated GB model. The d electrons in the
Fel atom in the P-segregated GB model were more localized
than those in the clean GB model. Also, in the s and p elec-
trons, hybridization peaks were observed at —13——11 and
—8——5 eV in the Fel and P atoms in the P-segregated GB
model. Such hybridization peaks have been reported in Fe
with B- and O-segregated GBs.?? Thus, the Fel atom in the
P-segregated GB model exhibited covalentlike characteris-
tics, compared with that in the clean GB model.!* The co-
valentlike bonding of Fel-P corresponds to the localized and
directional charge-density states in the P-segregated GB
model, as shown in Figs. 4 and 5. Ozkaya et al.?® investi-
gated the GB structure of Fe-0.4 wt % P alloy by the elec-
tron energy loss spectroscopy and they suggested that a
charge transfer from P to Fe and a redistribution of electron
density of Fe, which results from the flow of electrons from
the s band to the d band, occur due to the electrochemical
characteristics of Fe-P bond. The occupation numbers in the
3d, 4s, and 4p electrons of the Fel atom are shown in Table
I. The results in Table I are consistent with the suggestions
by Ozkaya et al.?® It is obvious that the electrochemical char-
acteristics are prepotent in the Fe-P bond, not the electro-
negativity. This is independent of the strain.

Figure 8 shows the PDOS at the strains of 10% and 14%
for the Fe3 atom. The PDOS at 14% was almost the same as
that at 10% in the clean GB model; however, in the
P-segregated GB model, the bandwidth of d electrons was
narrowed by increasing the strain from 10% to 14%. Also,
the peak at about —2 eV in the d electrons was found in the
PDOS at 10% and 14% in the clean GB model. However, at
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FIG. 7. (Color online) PDOS of the Fel and P atoms at the
strain of 0%, (a) PDOS of the Fel atom in the clean GB model, (b)
PDOS of the Fel atom in the P-segregated GB model, and (c)
PDOS of the P atom in the P-segregated GB model. The Fermi level
defines the zero of energy. The magnified figures of the PDOS in
the range of —13—-5 eV are shown on the upper left.

14% in the P-segregated GB model, the peak vanished in the
PDOS and the d electrons were more localized at the peak at
—1 eV. These characteristics of the PDOS in the
P-segregated GB model are related to the breaking of the
Fel-P bond at 10—12 %. Therefore, it is suggested that the
breaking of the Fel-P bond affects the electron density of
states of the Fel-Fe3 bond, accelerating the breaking of the
Fel-Fe3 bond in the P-segregated GB model.
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FIG. 8. (Color online) PDOS of the Fe3 atom, (a) PDOS at 10%
in the clean GB model, (b) PDOS at 14% in the clean GB model,
(c) PDOS at 10% in the P-segregated GB model, and (d) PDOS at
14% in the P-segregated GB model. The Fermi level defines the
zero of energy.

The present study demonstrated that a strong Fel-P bond
is broken more readily than a weak Fel-Fe2 bond owing to
the reduced mobility of electrons. In the case of SiC with a
GB, the weak Si-C bond is broken more readily than the
strong C-C bond.?* Also, in Al with a S-segregated GB, the
weak Al-S bonds are broken readily, although the S atom is
weakly bonded with some neighboring Al atoms and is
strongly bonded with other Al atoms.'” However, the present
study revealed that the strong Fe-P bond is broken more
readily than the weak Fe-Fe bond, and the breaking of the
Fe-P bond accelerates the breaking of the Fe-Fe bond. There-
fore, it is likely that the bond mobility mechanism in GB
embrittlement is characterized by the easy breaking of a
strong covalentlike atomic bond, and the acceleration of the
breaking of a metallic bond by the breaking of a strong bond.

In conclusion, we have performed first-principles tensile
tests on Fe with a P-segregated grain boundary to investigate
the nature of the bond mobility mechanism in grain boundary
embrittlement. Because the Fe-P bond exhibited the co-
valentlike characteristics, the mobility of electrons in the
Fe-P bond was reduced, resulting in its easy bond breaking.

TABLE I. Occupation numbers in 3d, 4s, and 4p electrons of the Fel atom in the clean GB model and the
P-segregated GB model, where the electron occupation numbers are obtained by integrated the PDOS of the

Fel atom up to Fermi energy.

Fel atom 3d 4s 4p All

Clean GB model 0% 6.638 0.733 0.886 8.258
4% 6.629 0.692 0.916 8.237
10% 6.617 0.649 0.972 8.237

P-segregated GB model 0% 6.724 0.698 0.841 8.263
4% 6.714 0.658 0.869 8.241
10% 6.695 0.616 0.895 8.206
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The breaking of the Fe-P bond affected the electron density
of states of the Fe-Fe bonds around the Fe-P bond, and it
accelerated the Fe-Fe bond breaking. Thus, P segregation
enhanced the GB embrittlement in Fe.
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