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First-principles computational tensile test of γ-Fe grain boundaries considering the effect of
magnetism: Electronic origin of grain boundary embrittlement due to Zn segregation
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The development of high-strength steels requires detailed understanding of the effect of solute elements on
γ -Fe grain boundaries (GBs). In this study, first-principles computational tensile tests (FPCTT) were conducted
on γ -Fe GBs to elucidate the mechanism of GB embrittlement due to Zn segregation. The paramagnetic γ -
Fe GB was simulated by the �5 (310) GB in the antiferromagnetic double-layer (AFMD) configuration. The
FPCTTs revealed that the fracture stress and fracture energy of the γ -Fe GB were reduced by Zn segregation,
which is consistent with experimental results. Crystal orbital Hamilton population analysis was also performed
to investigate the change in electronic states during the tensile process, and the enhancement of GB fracture by
Zn segregation is caused by the breaking of the covalent-like bonds between Fe and Zn at a relatively small strain
compared to the Fe–Fe bonds. This behavior is attributed to the localized nature of the 3d orbitals of Zn in γ -Fe.
The FPCTTs of γ -Fe GBs using the AFMD properly consider the effect of magnetism in paramagnetic γ -Fe
under tensile strain and is useful for investigating the effects of various solute elements on GB fracture and for
the development of high-strength steels.
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I. INTRODUCTION

Grain boundary (GB) segregation affects various proper-
ties of polycrystalline metallic materials. GB embrittlement is
well known in steel materials, in which mechanical properties
and manufacturability are significantly degraded when certain
solute elements segregate at GBs [1–5]. In recent years, the
demand for high-strength steels has been increasing, espe-
cially for automotive applications, owing to CO2 emission
regulations and crash safety, and research and development
of such steels has been conducted [6–11]. However, since the
susceptibility to GB embrittlement increases with increasing
material strength [12], GB embrittlement has emerged as an
important issue in the development of high-strength steels.

To address this concern, many studies have been conducted
on GB segregation and GB embrittlement in α-Fe (low-
temperature bcc phase), which also shows the effectiveness
of first-principles calculations and analyses using interatomic
potentials. For instance, first-principles computational ten-
sile tests (FPCTTs) on the tilt GBs can semiquantitatively
reproduce the effects of various solute elements on the GB
embrittlement or strengthening in α-Fe polycrystals [13–17].
First-principles calculations have also been useful for inves-
tigating the GB segregation tendency of solute elements and
the electronic origin of this phenomenon [15,18–24]. More
recently, GB segregation has also been analyzed using high-
precision interatomic potentials based on first-principles cal-
culations [25,26]. Furthermore, the amount of GB segregation
of solute elements can be accurately predicted by calculations
using a GB model that simulates polycrystals [27–30].
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On the other hand, recent experimental studies have shown
the importance of understanding the GB segregation tendency
and the GB strengthening/embrittlement effect of solute ele-
ments in γ -Fe (high-temperature fcc phase). In high-strength
martensitic steels, the segregation of solute elements at γ -
Fe GBs during heat treatment has a significant effect on
the GB embrittlement owing to hydrogen segregation at the
GBs [10,31,32]. In addition, cracking along GBs during the
welding of Zn-coated steels has been identified as a prob-
lem and has been the subject of recent research [33–36]. It
was suggested that the crack initiation was caused by the
embrittlement of the γ -Fe GB by Zn [35]. Furthermore, Zn
causes cracking at the γ /α interphase boundaries at high
temperature [37]. Thus, the solute element segregation, as
well its strengthening and embrittlement effects at the γ -Fe
and α-Fe GBs and at the γ /α interface boundaries, must be
investigated.

However, because γ -Fe is generally paramagnetic in the
temperature range where GB segregation occurs, and because
of the difficulty in handling the magnetism, there have been
only a few studies on GB segregation and GB embrittlement
in γ -Fe using first-principles calculations. In fact, GB embrit-
tlement by Zn has revealed that fractures occurred at γ -Fe
GBs [33–35]. Furthermore, FPCTTs have been performed
using α-Fe GBs instead [17,38] owing to the difficulty in
handling the magnetism of γ -Fe. The effect of Zn and other
alloying elements on the cohesive energy of the α/γ interface
boundaries was also recently investigated by first-principles
calculations [39], but γ -Fe without solute elements was
treated as a ferromagnetic substance. Since the difference in
the magnetic state of the matrix metal affects the GB embrit-
tlement effect of the solute elements [40], magnetism should
be considered in the FPCTTs conducted using γ -Fe GBs.
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FIG. 1. �5(310) GB model from (a) [001] and (b) [13̄0] axial directions. (c) Bulk model viewed along the [001] axis. The colors indicate
the size of the coordinates along the [001] axis, and the numbers 1–4 are the indices of the equivalent GB sites. The red and pink atoms with
the index u have positive magnetic moments, and the blue and light blue atoms with the index d have negative magnetic moments. B in the
bulk model represents a site substituted for Zn.

In line with this, we show that the GB segregation
of solute elements in paramagnetic γ -Fe can be well
reproduced by first-principles calculations [41] by approx-
imating paramagnetism with the antiferromagnetic double
layer (AFMD) [42–45]. In this study, we perform and vali-
date the FPCTT of γ -Fe GBs considering magnetism using
the AFMD. Specifically, FPCTTs are performed on γ -Fe
GBs (clean GB) and γ -Fe GBs with Zn segregation (GB
with Zn) to evaluate the modeling of the GB embrittlement
caused by Zn segregation. In addition, we investigate the
electronic origin of the GB embrittlement, and show that it
facilitates the electronic interpretation of the effect of solute
elements on GB fracture. Crystal orbital Hamiltonian pop-
ulation (COHP) analysis [46–49] is applied to perform the
electronic interpretation of the GB embrittlement, which al-
lows us to establish a correlation between the energy change
during the first-principles test process and the electronic state
in terms of the band-structure energy change originating from
the atomic-orbital pairs. Finally, from the perspective of mag-
netism treatment, we discuss the validity of the AFMD for
FPCTTs on paramagnetic γ -Fe GBs.

II. COMPUTATIONAL METHOD

We simulated the magnetic state of the paramagnetic bulk
γ -Fe and GBs using the AFMD state. The AFMD state is
reportedly the most stable collinear state in γ -Fe with an

fcc crystal structure [44]. The lattice constants and elastic
properties of AFMD γ -Fe with cubic symmetry and varying
interlayer distances in the [001] direction, in particular, are
comparable to those of paramagnetic γ -Fe [42,50,51]. There-
fore, we modeled the bulk and GBs of paramagnetic γ -Fe
using the AFMD γ -Fe that exhibits a cubic symmetry. Here-
after, the AFMD γ -Fe with cubic symmetry will be simply
referred to as the AFMD γ -Fe. The spin-polarized elec-
tronic structure calculations and structural optimization were
performed using the Vienna Ab initio Simulation Package
(VASP) with projector-augmented wave potentials [52,53]. The
exchange-correlation effects were treated within the frame-
work of the generalized gradient approximation (GGA) using
the Perdew-Burke-Ernzerhof parametrization [54]. The cut-
off energy for the plane-wave basis set was 350 eV. The
Brillouin-zone integration was sampled using a k spacing
of 0.3 Å−1 based on the Monkhorst-Pack scheme [55], and
the Methfessel-Paxton smearing method [56] was used with
a width of 0.2 eV. Under these conditions, the lattice con-
stant and magnetic moment of the AFMD γ -Fe obtained are
3.54 Å and 1.93 μB, respectively [42,50,51]. Moreover, in this
AFMD γ -Fe, the interlayer distance between the layers with
the same magnetic moment and layers with different magnetic
moments is 1.84 and 1.70 Å, respectively. All of these findings
are consistent with previous studies [50,51].

The GB model shown in Fig. 1 includes a �5(310) GB and
two (310) surfaces. The GB model was constructed using the
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AFMD γ -Fe unit cell and includes 27 atomic layers and a 15-
Å vacuum layer in the [310] direction. This vacuum layer is
sufficiently thick to eliminate surface-to-surface interactions
that occur as a result of periodic boundary conditions [15,57].
The size of the slab region (region containing atoms) is also
sufficiently large to eliminate the influence of surfaces on the
GB [15,57]. Moreover, in the direction parallel to the GB
plane, it comprises a 2 × 2 supercell of the �5(310) GB’s unit
cell. This is necessary to generate an AFMD structure along
the [001] axis direction. Additionally, there was no relaxation
of the cells. Only the atomic positions were relaxed. This
resulted in a GB model that strongly reflects the properties
of the cubic AFMD γ -Fe with varying interlayer distances
in the [001] direction. For example, the fifth atomic layer
from the GB center had interlayer distances of 1.82 and 1.72 Å
in the [001] direction, which were close to the bulk interlayer
distance. As a result, the cell dimensions of the GB model
are 7.08 Å × 11.2 Å × 30.0 Å and it consists of 112 atoms.
In Fig. 1, the indices 1–4 represent the equivalent GB sites.
The red atoms with u (meaning up) indices are Fe atoms
with positive magnetic moments, and the blue atoms with d
(meaning down) indices are Fe atoms with negative magnetic
moments.

The GB energy of the obtained �5(310) GB (1.24 J/m2)
is relatively high, although the � value is small [41]. For
example, the GB energy of this GB is comparable to that
of �29(520) GB (1.29 J/m2) with the magnetic state of
AFMD [41], whose � value is close to the general GB of poly-
crystals. There are no experimental data on the GB energy of
pure γ -Fe polycrystalline. On the other hand, in the fcc metal
Cu, the polycrystalline GB energy is 0.65 J/m2 [58], while
the �5(310) GB energy is 0.88 J/m2 [59], which is slightly
higher than that of the polycrystalline Cu. The dependence of
the GB energy of the [001] symmetric tilt GB of γ -Fe on the
GB character is similar to that of Cu [41,60], implying that the
GB energy of the �5(310) GB of γ -Fe is slightly higher than
that of γ -Fe polycrystalline. Thus, in terms of GB energy, the
�5(310) is a reasonable GB model for describing fracture at
polycrystalline GB. Indeed, using FPCTTs, the �5(310) GB
was used in a systematic investigation of solute elements at Cu
GBs [59,61]. Although there are few experimental results on
the GB segregation energies of solute elements in γ -Fe [4], the
GB segregation energies of Mo and Mn at general GBs (prior
γ GBs) in γ -Fe polycrystalline have been determined based
on the results of atom probe tomography [62]. The Mo and Mn
segregation energies calculated using the �5(310) GBs with
the AFMD magnetic states created by the above procedure
reproduce their experimental values well [41]. Moreover, due
to its low � value, the �5(310) GB model developed above
is simple to calculate and is a reasonable GB model that
approximates GB fracture in γ -Fe polycrystalline in terms of
GB energy and GB segregation.

To determine the segregation sites of Zn, the segregation
energies of Zn substitution for Fe in sites 1u-4u were cal-
culated. The segregation energy calculation is based on the
energy of Zn substitution for Fe at site B in the bulk model
shown in Fig. 1(c). In the GB model with Zn segregation, the
atoms near the surfaces were fixed to the same coordinates as
in the GB model without solute elements, and only the atomic
coordinates of the remaining atoms were relaxed to make

the slab part consistent with the size of the slab part in the
GB model without solute elements for the FPCTT described
below. The segregation energies were –0.31, –0.04, 0.04, and
0.00 eV for 1u, 2u, 3u, and 4u, respectively, with site 1u
being the most stable. Notably, the case where Zn is placed
at sites 1d-4d is equivalent to the case where Zn is placed
at sites 1u-4u, respectively. To maintain the symmetry of the
magnetic states in the GB model, a GB model in which Fe
is substituted by Zn at all four sites equivalent to site 1u was
used. Even with four Zn sites, the interaction among Zn atoms
was small and the segregation energy per atom was −0.34 eV.
Moreover, the high solubility of Zn in γ -Fe [63] indicates
that these segregation energies calculated by first-principles
are reasonable [64], as discussed in detail in Sec. III B.

Furthermore, FPCTTs were performed on the GB without
solute elements (clean GB) and GB with Zn segregation (GB
with Zn) using the method proposed by Tian et al. [40].
The atoms at both ends of the GB model were fixed, and
strain was applied by displacing the atoms in a direction
perpendicular to the GB. The uniaxial tensile engineering
strain was applied in the direction of the [310] axis at 1.67%
(0.25 nm) for each strain step. The cell size was fixed and
only the atomic coordinates were relaxed. In other words, the
Poisson effect (i.e., the effect of lateral contraction) [40,65]
was disregarded. However, even when the Poisson effect is
ignored, FPCTTs can semiquantitatively reproduce the exper-
imental results on the GB strengthening/embrittlement effect
of solute elements [13–17]. Additionally, by fixing the cell
size, the FPCTTs strongly reflect the properties of the AFMD
γ -Fe with cubic symmetry. It is worth noting that the stress
state in the FPCTT is different from that in the experimental
tensile test. Based on the calculation results, the validity of
this treatment is discussed in detail in Sec. III B. The uniaxial
tensile stress was calculated by dividing the change in energy
at each strain by the change in volume of the slab region at
each strain. As the tensile strain increases, the stress increases,
and the stress drops rapidly to less than zero when it reaches
a certain strain level. This is referred to as GB fracture. The
GB fracture energy was defined as the difference between the
maximum energy of the system during the tensile process and
the energy of the system without strain. Meanwhile, the GB
fracture stress was determined as the maximum stress up to
the GB fracture. The strain just before the GB fracture was
defined as the fracture strain.

To analyze the change in electronic state in response to the
applied strain, we employed COHP analysis [46–49], which
describes the contribution of local interatomic bonding in a
solid, such as solute–Fe and Fe–Fe bonds, via the intersite rep-
resentation of the band-structure energy by an atomic-orbital
basis set. This analysis is performed by projecting conven-
tional plane-wave functions onto an atomic-orbital basis set,
as a projected COHP (pCOHP). Moreover, the -ICOHP, which
is calculated by integrating the pCOHP up to the Fermi energy
and flipping the sign, can be used to numerically evaluate the
contribution of atomic-orbital pairs to the reduction of the
band-structure energy, i.e., the magnitude of covalent-bonding
contribution. The COHP analysis was performed using LOB-
STER [48], while the pbeVaspFit2015 basis set [48] was used
for the basis functions of the following: Zn:4s, 4p, 3d; Fe: 4s,
4p, and 3d .
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FIG. 2. (a) Energy vs strain and (b) stress vs strain for the clean
GB and the GB with Zn.

III. RESULTS AND DISCUSSION

A. Effect of Zn on GB fracture in γ-Fe and its electronic origin

Figure 2 shows the stress-strain relationship and energy-
strain relationship revealed by FPCTTs on clean GB and GB
with Zn segregation, respectively. The fracture strain and GB
fracture stress of the clean GB were 30.0% and 23.8 GPa,
respectively, while those of the GB with Zn segregation were
lower (25.0% and 20.2 GPa, respectively). The GB with Zn
segregation also had a lower GB fracture energy than the
clean GB. By examining the difference in the stress-strain
relationship between the two GB models, it is clear that the
stress rises more slowly in the GB with Zn segregation at
strains less than 10%. This is because Zn segregation expands
the lattice slightly in the direction of tensile strain. The stress-
strain relationship is similar to that in the clean GB in the
strain range of 10–20%. However, from around as strain was
increased from ∼20%, the stress in the GB with Zn began to
decrease compared to that in the clean GB, and GB fracture
occurred at relatively small strain and stress. Thus, Zn seg-
regation promoted the GB fracture in γ -Fe. We then discuss
the electronic origin of how the Zn segregation promotes GB
fracture.

To analyze the effect of Zn on the GB fracture, we first
identify the bonds that initiate the fracture. Figures 3 and 4

show the changes in the GB structure and bond length between
atoms near the GB center, respectively, with tensile strain.
Focusing on the clean GB shown in Fig. 4, the bond length
without strain is larger for antiferromagnetic bonds between
Fe atoms with different magnetic moments than for ferro-
magnetic bonds between Fe atoms with the same magnetic
moment. The increase in bond length with increasing strain is
also larger for the antiferromagnetic bonds, and is the largest
for the Fe (1u)–Fe (4d) bond, where the bond length is roughly
proportional to the strain. This large increase in bond length
with increasing strain is related to the fact that the bond length
without strain is large owing to lattice distortion near the
GB center and that the direction of the bond is close to the
direction of tensile strain. The GB structure during structural
relaxation at 30% strain (Fig. 3) also indicates that GB fracture
was caused by the breaking of this bond. In the GB with Zn,
the bond length at each strain tends to be slightly larger for
the bond between Zn and Fe with a down magnetic moment.
As in the clean GB, the Zn (1u)–Fe (4d) bond shows a large
increase in bond length with increasing strain, and GB failure
occurs at a strain where this bond length exceeds 3.6 Å. The
GB structure during the structural relaxation at a strain of
26.7% (Fig. 3) also indicates that the GB fracture was caused
by the breaking of this bond. Thus, in both clean GB and GB
with Zn segregation, GB fracture is caused by the breaking of
bonds with large bond lengths near the GB center and bond
directions close to the direction of tensile strain.

Next, to elucidate the effect of Zn on each bond, we focus
on the difference in strain dependence of the bond length
between the clean GB and GB with Zn segregation. The Fe–Fe
bond length at each strain tends to be larger for antiferromag-
netic bonds than for ferromagnetic bonds. At strains below
20%, most of the bond length between Zn (1u) and Fe is lo-
cated between them. In this strain range, the strain dependence
is similar for the bond lengths of Fe (1u)–Fe (4d) and Zn
(1u)–Fe (4d), which were the starting points of fracture in the
respective GB models. However, when strain exceeded 20%,
the increase in the Zn (1u)–Fe (4d) bond length became larger
than that of the Fe (1u)–Fe (4d) bond length; the bond length
exceeded 3.6 Å at smaller strain, resulting in GB fracture. The
20% strain is consistent with the strain at which the stress
in the GB with Zn segregation begins to decrease, relative
to that in the clean GB, suggesting that enhancement of GB
fracture by Zn segregation is brought about through these
bonds. Comparing Fe (1u)–Fe (3d) with Zn (1u)–Fe (3d) and
Fe (1u)–Fe (2d) with Zn (1u)–Fe (3d), the increase in bond
length with increasing strain is smaller for Zn–Fe bonds than
for Fe–Fe bonds up to a strain of less than 20%. This indicates
that Zn segregation has little effect on promoting fracture
through these bonds. On the other hand, for Fe (3u)–Fe (−3u)
bonds adjacent to Fe (1u) or Zn (1u), the increase in bond
length versus strain in GB with Zn segregation is significantly
larger than that in clean GB when the strain exceeds 20%. This
suggests that Zn segregation also weakens the neighboring
Fe–Fe bonds.

The effect of Zn on each bond in connection with the elec-
tronic structure is discussed based on the strain dependence
of the -ICOHP between the bonds shown in Fig. 4 (Fig. 5).
The strain dependence of the bond length corresponds to that
of the -ICOHP: the larger the bond length, the smaller the
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FIG. 3. Changes in atomic structure of (a) the clean GB and (b) the GB with Zn during FPCTTs. The atomic structure of the clean GB
during the structural relaxation at 31.7% strain is also shown in (a). The atomic structure of the GB with Zn during the structural relaxation at
26.7% strain is also shown in (b).

-ICOHP tends to be. First, we focus on the difference between
the Fe (1u)–Fe (4d) and Zn (1u)–Fe (4d) bonds, which is the
origin of the fracture. Notably, the scale of the vertical axis of
these bonds are different from that of the other bonds shown
in Fig. 5. In the low-strain region, the -ICOHP is smaller in
Zn (1u)–Fe (4d) than in Fe (1u)–Fe (4d), but after 10% strain,
the -ICOHPs are similar. However, when the strain exceeds
20.0%, the -ICOHP of Zn (1u)–Fe (4d) becomes significantly
smaller than that of Fe (1u)–Fe (4d).

Comparing Fe (1u)–Fe (2d) with Zn (1u)–Fe (2d) and Fe
(1u)–Fe (3d) with Zn (1u)–Fe (3d), no significant change is
observed at 21.6% strain, and the -ICOHP of Zn–Fe is larger
than that of Fe–Fe. At strains below 20%, the -ICOHP of the
Fe (3u)–Fe (−3u) bond adjacent to Zn is almost the same in
both the clean GB and the GB with Zn segregation. As the
strain increased above 20.0%, the decrease in the -ICOHP of
Fe (3u)–Fe (−3u) is larger for the GB with Zn segregation
than for the clean GB. The -ICOHP of Fe (3u)–Fe (−3u) just
before the GB failure is more than 1.0 eV, much larger than
that of Zn (1u)–Fe (4d) (0.4 eV). This result confirms that the
fracture in the GB with Zn segregation originated from the Zn

(1u)–Fe (4d) bond. On the other hand, the increase in bond
length and decrease in -ICOHP of Fe (3u)–Fe (−3u) adjacent
to Zn at strain above 20% might lead to a conclusion that
Zn weakened the bond of Fe (3u)–Fe (−3u), which promoted
the GB fracture. For example, Cu in α-Fe has been shown to
weaken Fe–Fe bonds by depriving neighboring Fe of electrons
and reducing the number of electrons contributing to the Fe–
Fe bond [66]. However, such an effect reduces the electron
density in the Fe–Fe interstitial region from the unstrained
state and significantly enhances the change in bond length
with strain from the low-strain region. On the other hand, in
the low-strain region, the bond length and -ICOHP between
Fe (3u)–Fe (−3u) are almost the same in the clean GB and the
GB with Zn segregation. At strains above 20%, the increase in
the bond length of Zn (1u)–Fe (4d) becomes larger than that
of Fe (1u)–Fe (4d). These results indicate that Zn has little
effect on weakening the bond between adjacent Fe (3u)–Fe
(−3u). Therefore, it can be interpreted that the Zn (1u)–Fe
(4d) bond length increases rapidly when the strain exceeds
20% in the GB with Zn, which elongates the Fe (3u)–Fe (−3u)
bond, which is parallel to the strain direction.
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FIG. 4. Variation of bond length with strain between atoms near the GB center. The black plots represent the bonds in the clean GB, and
the red plots represent the bonds in the GB with Zn. The black and red vertical dashed lines represent the strains at which GB fracture occurs
in the clean GB and the GB with Zn, respectively.

The strain dependence of the bond length and -ICOHP
of each bond indicates that the GB embrittlement caused by
Zn segregation is mainly caused by the difference in nature
between the Zn (1u)–Fe (4d) and Fe (1u)–Fe (4d) bonds.
Therefore, to interpret the decrease in -ICOHP observed near
20.0% strain in Zn (1u)–Fe (4d), the electronic structure of
this bond is discussed in detail. Figure 6(a) shows the COHPs
of Fe (1u)–Fe (4d) and Zn (1u)–Fe (4d) at strains of 0.0,
18.3, 20.0, 21.7, and 25.0%. Meanwhile, Fig. 6(b) shows
the -ICOHPs obtained by integrating the COHPs up to the
corresponding energy on the horizontal axis at 0.0, 18.3, 20.0,
21.7, and 25.0% strain. There are negative COHPs near −7 eV
in the Zn (1u)–Fe (4d) COHP, i.e., bonding orbitals, where
the occupation of electrons contributes significantly to the
-ICOHP. Therefore, at all strain levels except the 25% fracture
strain, the -ICOHP, which integrates the COHP up to around
−3 eV, is larger for Zn (1u)–Fe (4d) than for Fe (1u)–Fe (4d).
On the other hand, because the COHP of Fe (1u)–Fe (4d) is
negative in comparison to that of Zn (1u)–Fe (4d) at energy
levels above −3 eV, the -ICOHPs of Fe (1u)–Fe (4d) and Zn
(1u)–Fe (4d) integrated up to 0 eV are similar for strains of
18.3 and 20.0%. To compare Fe (1u)–Fe (4d) and Zn (1u)–Fe
(4d) in more detail, Fig. 7 shows the difference in -ICOHP
obtained by integrating the difference between the COHPs of
Fe (1u)–Fe (4d) and Zn (1u)–Fe (4d) up to the corresponding
energy on the horizontal axis. Positive values mean that the
-ICOHP of Zn (1u)–Fe (4d) is larger than that of Fe (1u)–Fe
(4d). The -ICOHP difference near −7 eV and at 0 eV is

almost the same between 18.3 and 20.0%, but decreases at
21.7%. At this strain, the -ICOHP difference generated by
integration up to around −7 eV is maintained as the -ICOHP
difference when integrated up to 0 eV. This indicates that the
decrease in -ICOHP difference when the strain increases from
20.0 to 21.7% is due to the change in the COHP of Zn (1u)–Fe
(4d) near −7 eV, which corresponds to the change in electron
occupation to the bonding orbital.

To further discuss the electronic origin of the change in
COHP between Zn (1u)–Fe (4d) near −7 eV, Fig. 8 shows the
COHPs between Fe (1u)–Fe (4d) and the LDOSs of Fe (1u)
and Fe (4d) in the clean GB at 0, 20.0, 21.7, and 25.0% strain.
The metallic bonding between Fe (1u) and Fe (4d) is formed
over a wide energy range, mainly due to the hybridization
between the 3d orbitals. Figure 9 shows COHPs between Zn
(1u)–Fe (4d) and LDOSs of Zn (1u) and Fe (4d) in the GB
with Zn at 0, 20.0, 21.7, and 25.0% strain. The comparison of
COHP and LDOS at 0.0% strain shows that the Zn (1u)–Fe
(4d) bonding around −7 eV is a covalent-like coupling be-
tween the 3d orbitals of Zn (1u) and Fe (4d). When the COHP
is integrated up to the Fermi energy, the ICOHP of Fe (1u)–
Fe (4d) is comparable to that of Zn (1u)–Fe (4d), because
an antibonding orbital is formed near the Fermi energy and
is occupied in the minority spin between Zn (1u)–Fe (4d).
The COHP and LDOS show that the 3d orbitals of Zn are
localized in the deep-energy region, which means that the 3d
orbitals of Zn are more localized in the nucleus than those
of Fe. Therefore, it becomes difficult for the Fe–Zn bond
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FIG. 5. Variation of -ICOHP between atoms near the GB center with strain. The black and red plot shows the -ICOHP of bonds in the
clean GB and in the GB with Zn, respectively. The black and red vertical dashed lines represent the strains at which GB fracture occurs in the
clean GB and the GB with Zn, respectively.

to hybridize orbitals at smaller strains than the Fe–Fe bond,
resulting in lower -ICOHP and GB fracture at a lower stress
and a smaller strain. Thus, by employing COHP analysis on
FPCTTs, we can quantify the change in bond length and band-
structure energy numerically and discuss its electronic origin
in detail.

As described above, FPCTT results using γ -Fe GBs in the
AFMD are consistent with Zn-induced GB embrittlement and
allowed us to interpret its electronic origin. The enhancement
of GB fracture by Zn is caused by the fact that the covalent-
like bonds between the 3d orbitals of Fe and Zn near the GB
center are broken at smaller strains and lower stresses than that

FIG. 6. (a) COHPs of Fe (1u)–Fe (4d) and Zn (1u)–Fe (4d) at strains of 0.0, 18.3, 20.0, 21.7, and 25.0%. (b) -ICOHPs obtained by
integrating the COHPs up to the corresponding energy on the horizontal axis at 0.0, 18.3, 20.0, 21.7, and 25.0% strain. The black and red lines
show the bond in the clean GB and in the GB with Zn, respectively.

053604-7



KAZUMA ITO et al. PHYSICAL REVIEW MATERIALS 6, 053604 (2022)

FIG. 7. Difference in -ICOHP obtained by integrating the differ-
ence between the COHP of Fe (1u)–Fe (4d) and Zn (1u)–Fe (4d) up
to the corresponding energy on the horizontal axis. Positive values
mean that the -ICOHP of Zn (1u)–Fe (4d) is larger than that of Fe
(1u)–Fe (4d).

of the Fe–Fe bonds due to the localization of the 3d orbital of
Zn in γ -Fe. This embrittlement mechanism is highly general
and may be applicable to GBs other than the �5(310) GB.

Lastly, the relationship between our calculations and the
analysis of Peng et al. [17] about the effect of Zn on GB
fracture in α-Fe will be discussed. In their analysis of α-
Fe GBs, FPCTT were performed on a �5(100) GB with a
monatomic layer of Zn segregated at the most stable site. In
α-Fe, Zn reduces the GB fracture stress and the GB fracture
energy, which qualitatively corresponds to our calculations for
γ -Fe. On the other hand, in the �5(001) GB of α-Fe, the GB
fracture stress is reduced from 21 to 14 GPa by Zn, and this
reduction is significantly larger than that in the �5(310) GB
of γ -Fe. In α-Fe, the bond length of Fe–Zn is larger than
the Fe–Fe bond length, and the difference in bond lengths
increases with increasing strain. Furthermore, the bond length
of Fe–Fe adjacent to Zn is larger than that in clean GB without
strain, and the increase in bond length compared to that in
clean GB becomes more pronounced with increasing strain.
From these results, the Zn-induced fracture enhancement of
α-Fe GBs is arguably caused by the increase in the Zn–Fe
bond length and the weakening of the Fe–Fe bond due to
the reduced electron density between the Fe atoms adjacent
to Zn [17]. In the γ -Fe GB, the bond length of Fe–Zn is
almost the same as that of the antiferromagnetic Fe–Fe bond,
or even smaller. On the other hand, the Fe–Zn bond length is
larger than ferromagnetic Fe–Fe bonds, which is similar to the
behavior in α-Fe GBs. These results indicate that the effect of
Zn is different, depending on the magnetic state between α-Fe
and γ -Fe. In �5(310) of γ -Fe, the Fe–Fe bond adjacent to
Zn is hardly weakened compared to the clean GB based on
the bond length and the variation of -ICOHP with strain. In
addition, Chen et al. [39] recently showed that Zn lowers the
cohesive energy of the γ /α interface based not on FPCTTs
but on changes in the γ /α interface and surface energies
due to the presence of Zn. They argued that the change in
cohesive energy is due to the weakening of the Fe–Fe bonds
as Zn reduces the electron density between Fe atom pairs
across the γ /α interface. However, at least without solute

elements, all Fe atoms on the γ -Fe side near the γ /α interface
are ferromagnetic in these calculations, i.e., the direction of
their magnetic moment is the same as that of the Fe atoms
on the α-Fe side. Therefore, as in the case of the α-Fe GB,
Zn may have reduced the electron density between adjacent
Fe–Fe atoms. These results suggest that the decrease in elec-
tron density between Zn and adjacent Fe–Fe also reflects the
difference in the magnetic state of the two phases. However,
since the decrease in electron density does not necessarily
imply weakening of the bonds, a detailed analysis of the α-Fe
GB by FPCTT and COHP is also necessary. Although it is
difficult to make an exact comparison between α-Fe and γ -Fe
because the bulk and grain boundary crystal structures depend
on the magnetic state, this study shows that the difference in
magnetic state affects the quantitative influence of the solute
elements on the GB fracture and its electronic origin.

B. Validity and future developments of FPCTTs on γ-Fe GBs
using the AFMD

In this section, we discuss the validity of FPCTTs on γ -
Fe GBs using the AFMD in terms of the treatment of the
magnetic state of γ -Fe. In FPCTTs, magnetism played an
important role in studies on Ni GBs [40]. Specifically, when
the ferromagnetism of Ni is not considered and it is treated as
nonmagnetic, the GB fracture energy and fracture stress are
overestimated. In addition, the nonmagnetic calculation also
overestimates the effect of the decrease in the GB fracture
stress of Ni GBs by S segregation. Based on these results,
it is argued that the effects are even more pronounced when
the magnetic moment is larger than that of Ni, as in Fe [40].
Therefore, in the FPCTT of γ -Fe, properly considering the
magnetism of Fe is necessary in the calculations.

To begin, we discuss the validity of the approximation
using the AFMD for paramagnetic γ -Fe GBs without tensile
strain. The magnetic structure of γ -Fe with an fcc crystal
structure exhibits a spin-spiral magnetic ground state [67–69].
Additionally, the effectiveness of magnetic structures that
assign positive and negative magnetic moments to each Fe
atom based on special quasirandom structures (SQSs) [70]
has been demonstrated in the calculation of solute elements
in paramagnetic γ -Fe bulk [71]. These magnetic states, how-
ever, cannot be applied directly to GBs. The AFMD state is
the most stable collinear state in γ -Fe with an fcc crystal
structure [44]. In particular, the lattice constants and elas-
tic properties of the AFMD γ -Fe with cubic symmetry and
varying interlayer distances in the [001] direction are similar
to those of paramagnetic γ -Fe [42,50,51]. Additionally, the
bonding state with surrounding Fe atoms when solute ele-
ments are placed in the bulk is also very similar to that of
SQS [41,51]. In γ -Fe with the AFMD magnetic structure, the
tetragonal crystal structure is known to have lower energy than
the cubic one [43,69], but the consideration of atomic posi-
tional relaxation reduces the energy difference to only about
20 meV/atom [42,72]. In the current study, we constructed
the GB model with fixed cell size using the lattice constants
of the cubic AFMD γ -Fe. The GB model with the fixed cell
size strongly reflects the properties of the cubic AFMD γ -Fe.
For example, the fifth atomic layer from the GB center had
interlayer distances of 1.82 and 1.72 Å in the [001] direction,
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FIG. 8. (a) COHPs between Fe (1u)–Fe (4d) and (b) LDOSs of Fe (1u) and (c) Fe (4d) in the clean GB at 0, 20.0, 21.7, and 25.0% strain.

which were close to the bulk interlayer distance. Addition-
ally, the fact that the obtained �5(310) GB model well
reproduces the GB segregation in paramagnetic γ -Fe [41]
indicates that the atomic structure near the GB center is a good
approximation of paramagnetic γ -Fe. Thus, our GB model
approximates the paramagnetic γ -Fe GB well, at least in the
strain-free state.

Then, we discuss the case where tensile strain is consid-
ered. In the elastic range corresponding to relatively small
strains, the elastic properties of the AFMD γ -Fe are shown
to be closest to those of paramagnetic γ -Fe [50]. This
demonstrates the validity of our calculation method, which
accurately reflects the properties of AFMD γ -Fe. The validity
of the AFMD in terms of behavior beyond the elastic range to
fracture will be discussed based on the calculations presented
in the previous section. Figure 10 shows the dependence of
the magnetic moment of Fe atoms near the GB center on
strain in the clean GB. The magnetic moments of all Fe
atoms increased with increasing strain, i.e., with increasing
bond length with neighboring Fe atoms. This is due to the
magnetovolume effect, which corresponds well to the behav-
ior in α-Fe [16]. The magnetic moments of all Fe atoms do
not flip in response to strain, and the paramagnetic state is
maintained. Owing to the symmetry of the magnetic state of
the AFMD, the magnitudes of the magnetic moments of Fe
(1u) and Fe (1d), for example, are the same. Additionally,
as illustrated in Fig. 2, the energies and stresses in both GB

models continuously vary up to the point of fracture. Thus,
as a result of our method, stable FPCTTs for γ -Fe GBs were
obtained. By considering the magnetic state, the response to
strain depends on the orientation of the magnetic moment in
Fe–Fe bond, as shown in Figs. 4 and 5. In γ -Fe, the volume
modulus is higher in ferromagnetic than in the AFMD [44],
which agrees well with our result. These results indicate that
the γ -Fe in the AFMD can properly consider the dependence
of magnetic moment of Fe and the Fe–Fe bonds on tensile
strain.

We discuss the effect of the magnetic state on the GB frac-
ture. As discussed in the previous section, antiferromagnetic
bonds between Fe atoms with different magnetic moments
have larger bond lengths than ferromagnetic bonds, and the
increase in bond length with increasing strain is also larger,
which leads to GB failure. Thus, the consideration of the mag-
netic state of Fe plays an important role in the GB fracture of
γ -Fe. The ferromagnetic and antiferromagnetic bonds across
the GB center should then have approximately the same ratio
to describe the GB fracture in paramagnetism in FPCTTs. The
γ -Fe GB models with [001] tilt GBs with the AFMD magnetic
states achieve this with a relatively small number of atoms,
as shown in Fig. 10. Therefore, the GB model and the mag-
netic state used in this study are reasonable approximations
for investigating the GB fracture of γ -Fe using first-
principles calculations, which hardly handle a large number
of atoms.
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FIG. 9. (a) COHPs between Zn (1u)–Fe (4d) and (b) LDOSs of Zn (1u) and (c) Fe (4d) in the GB with Zn at 0, 20.0, 21.7, and 25.0%
strain.

The initial structure of the GB model was determined using
the cubic AFMD γ -Fe lattice constant, and while the atomic
positions were relaxed, the cell size was not. As a result,
the stress parallel to the GB plane caused by Zn segrega-
tion was not mitigated sufficiently. This effect has not been
considered even in numerous studies using the FPCTT for
α-Fe [13–17], but it may have an effect on the conclusions

FIG. 10. Strain dependence of the magnetic moment of Fe atoms
near the GB center.

drawn. As detailed in the Supplemental Material [73], we
evaluated this effect. By varying the cell sizes in a directions
parallel to the GB plane and relaxing the atomic positions,
we relaxed the initial structure of the GB model. To reflect
the cubic symmetry, the cell sizes were varied in the same
ratio in both directions. The FPCTTs were then conducted
on the two GB models obtained. The results indicate that
relaxation of the cell structure has a slight effect on the GB
fracture stress and strain, and has no effect on the conclu-
sion that Zn promotes GB fracture and its mechanism. These
FPCTTs did not account for the Poisson effect. Even when
the Poisson effect is ignored, it has been demonstrated that
FPCTTs can semiquantitatively reproduce experimental re-
sults on the GB strengthening/embrittlement effect of solute
elements [13–17,65], but evaluating the effect of the Poisson
effect will require additional work. As previously stated, al-
though the FPCTT for γ -Fe GBs using the AFMD does not
completely describe the GB fracture of paramagnetic γ -Fe, it
is a reasonable approximation for investigating the fracture of
γ -Fe GBs using first-principles calculations, which are diffi-
cult to handle large atomic numbers. Our method can be used
to evaluate the effect of various solute elements other than Zn
on GB strengthening/embrittlement of γ -Fe GBs, as well as to
investigate their electronic origin by appropriately considering
the effect of paramagnetic magnetic states. There are few
experimental studies on the GB strengthening/embrittlement
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effects of solute elements on γ -Fe because γ -Fe is a stable
phase at high temperatures [74]. In the future, the validity
of this calculation method would be verified by comparing
it with experimental results for solute elements other than Zn,
but this calculation method can be used to solve the problem
of GB cracking at γ -Fe GBs and provide insights into the
development of high-strength steels. In addition, this study
shows the usefulness of COHP analysis for the analysis of
electronic states in FPCTTs. This knowledge is useful for the
first-principles tensile analyses of γ -Fe GBs as well as various
metal GBs, which will accelerate studies on the electronic
origin of GB fracture.

Finally, we discuss the validity of the Zn segregation en-
ergy at the γ -Fe GB obtained in this study. As mentioned
previously, for solute elements with high solubility, the seg-
regation energies calculated using first-principles calculations
have been shown to reproduce experimental results well [64].
Zn has a high solubility limit in γ -Fe, for example, about
6.0 at. % at 1150 °C [63], which supports the calculated
segregation energy. There are no published data on the segre-
gation energy of Zn in γ -Fe. On the other hand, Lejček et al.
calculated the segregation enthalpies of Zn for special, vicinal,
and general GBs in α-Fe to be −0.02, −0.06, and −0.12
eV, respectively, using a thermodynamic model of GB seg-
regation [75]. These segregation enthalpies are less than the
segregation energy of the most stable site in the AFMD γ -Fe
�5(310) GB (−0.34 eV). Moreover, Scheiber et al. calculated
the segregation energies of Zn at the �3(111), �5(310), and
�9(114) GBs in α-Fe and determined that the most stable
site has segregation energy of approximately −0.60 eV at
each of these GBs [38]. These segregation energies differ
from those calculated by Lejček et al. To predict the GB

segregation energy quantitatively using first-principles calcu-
lations or interatomic potentials, it is necessary to take into
account the effects of bulk model size [64], segregation en-
tropy effects [76], correction of the evaluation region for GB
segregation [27,30], and the GB character and segregation site
dependence of GB segregation energy [27,30,77]. Additional
research into these effects is required.

IV. CONCLUSION

The FPCTTs on γ -Fe GBs considering magnetism are
performed using the AFMD. The AFMD can properly account
for the paramagnetism of γ -Fe, and the calculation results are
consistent with experiments on grain boundary embrittlement
by Zn. COHP analysis was also performed to investigate the
change in electronic states during the tensile process, and the
enhancement of GB fracture by Zn is found to be caused by
the breaking of the covalent-like bonds between Fe and Zn
at a smaller strain than the Fe–Fe bonds. This behavior is
attributed to the localized nature of the 3d orbitals of Zn in
γ -Fe. The FPCTTs of γ -Fe GBs using the AFMD is also
useful for investigating the effect of various solute elements on
GB fracture, providing useful insights into the development
of high-strength steels. In addition, the combination of the
COHP analysis and FPCTT helps elucidate the mechanisms of
grain boundary strengthening/embrittlement effects of solute
elements at various GBs.
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[65] M. Černý, P. Šesták, P. Řehák, M. Všianská, and M. Šob,

Model. Simul. Mater. Sci. Eng. 27, 035007 (2019).
[66] M. Yuasa and M. Mabuchi, J. Phys. Condens. Matter 22,

505705 (2010).
[67] S. V. Okatov, Y. N. Gornostyrev, A. I. Lichtenstein, and M. I.

Katsnelson, Phys. Rev. B 84, 214422 (2011).
[68] L. Tsetseris, Phys. Rev. B 72, 012411 (2005).
[69] M. Friák, M. Šob, and V. Vitek, Phys. Rev. B 63, 052405 (2001).
[70] A. Zunger, S. H. Wei, L. G. Ferreira, and J. E. Bernard, Phys.

Rev. Lett. 65, 353 (1990).
[71] A. V. Ponomareva, Y. N. Gornostyrev, and I. A. Abrikosov,

Phys. Rev. B 90, 014439 (2014).
[72] K. Wang, S.-L. Shang, Y. Wang, Z.-K. Liu, and F. Liu, Acta

Mater. 147, 261 (2018).
[73] See Supplemental Material at http://link.aps.org/supplemental/

10.1103/PhysRevMaterials.6.053604 for the effect of cell-size
relaxation.
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[76] P. Lejček, S. Hofmann, M. Všianská, and M. Šob, Acta Mater.

206, 116597 (2021).
[77] D. Scheiber and L. Romaner, Acta Mater. 221, 117393 (2021).

053604-12

https://doi.org/10.1007/s11837-013-0807-9
https://doi.org/10.2320/matertrans.MT-M2020352
https://doi.org/10.2320/jinstmet.J2020005
https://doi.org/10.2320/jinstmet.J2021034
https://doi.org/10.2320/matertrans.MT-M2021205
https://doi.org/10.3390/met10070853
https://doi.org/10.1016/j.msea.2020.139656
https://doi.org/10.1016/j.matchar.2018.09.018
https://doi.org/10.1016/j.matdes.2018.05.065
https://doi.org/10.1016/j.actamat.2020.116519
https://doi.org/10.1016/j.pmatsci.2021.100798
https://doi.org/10.1016/j.scriptamat.2019.09.006
https://doi.org/10.1016/j.actamat.2020.06.001
https://doi.org/10.1007/s11661-022-06630-4
https://doi.org/10.1103/PhysRevB.79.144114
https://doi.org/10.1016/j.commatsci.2021.111050
https://doi.org/10.1088/0953-8984/22/31/316002
https://doi.org/10.1103/PhysRevLett.99.247205
https://doi.org/10.1103/PhysRevB.67.214103
https://doi.org/10.1103/PhysRevB.60.3839
https://doi.org/10.1021/jp202489s
https://doi.org/10.1021/j100135a014
https://doi.org/10.1002/jcc.24300
https://doi.org/10.1002/jcc.23424
https://doi.org/10.1088/1361-648X/ab6869
https://doi.org/10.1103/PhysRevB.59.1758
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.40.3616
https://doi.org/10.1088/0953-8984/23/1/015501
https://doi.org/10.1016/S1359-6454(97)00037-2
https://doi.org/10.1016/j.actamat.2018.01.058
https://doi.org/10.1186/s40192-015-0040-1
https://doi.org/10.1016/j.actamat.2018.12.031
https://doi.org/10.1016/j.actamat.2017.05.021
https://doi.org/10.1016/S0925-8388(01)01273-7
https://doi.org/10.1016/j.scriptamat.2012.11.019
https://doi.org/10.1088/1361-651X/ab0293
https://doi.org/10.1088/0953-8984/22/50/505705
https://doi.org/10.1103/PhysRevB.84.214422
https://doi.org/10.1103/PhysRevB.72.012411
https://doi.org/10.1103/PhysRevB.63.052405
https://doi.org/10.1103/PhysRevLett.65.353
https://doi.org/10.1103/PhysRevB.90.014439
https://doi.org/10.1016/j.actamat.2018.01.013
http://link.aps.org/supplemental/10.1103/PhysRevMaterials.6.053604
https://doi.org/10.1016/j.pmatsci.2016.11.001
https://doi.org/10.1016/j.actamat.2019.03.037
https://doi.org/10.1016/j.actamat.2020.116597
https://doi.org/10.1016/j.actamat.2021.117393

