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Abstract: In this study, first-principles computational tensile tests have been performed for the Σ5
symmetrically tilted grain boundaries of the face-centered cubic (fcc) Fe to investigate the effects of
Zn and Zn-Ni doping on the boundary energy and electronic structure. The obtained results indicate
that the mismatch between the sizes of Zn and Fe atoms at the Zn-doped grain boundary causes its
expansion, which increases the lengths of Fe-Fe bonds, leading to their weakening, and reduces the
overall boundary strength. After the Zn doping of the Fe grain boundary, Zn atoms form covalent
bonds with Fe atoms, that decreases the charge density of Fe-Fe bonds and their strength. Meanwhile,
the strength of the newly formed Fe-Zn covalent bonds oriented at a certain angle with respect to the
grain boundary direction is very low. The breakage of Fe-Fe bonds that occurs under tensile loading
rapidly decreases the boundary strength. Finally, after the Zn-Ni co-doping of the Fe grain boundary,
Ni atoms form metallic bonds with Fe atoms, thus increasing both the charge density of Fe-Fe bonds
(as compared with that of the Fe-Fe bonds at the Zn-doped grain boundary).

Keywords: first-principles computational tensile test; Σ5 [001] (210) 53.6◦ fcc Fe symmetrically tilted
grain boundary; liquid zinc-induced embrittlement; Zn-Ni co-doping

1. Introduction

High-strength steel can be effectively manufactured by hot forming technology, which
prevents its oxidation and decarburization during production and significantly increases
the corrosion resistance. However, the macro and micro cracks formed in the high-strength
steel structure due to the low melting point of zinc-based coatings and liquid zinc-induced
embrittlement considerably limit the applications of hot forming processes [1–4].

By optimizing the austenite processing or forming conditions, it is possible to avoid
the occurrence of matrix cracking [5–8]. Although many researchers examined the related
experimental parameters, they have not investigated the effect produced by the liquid
metal-induced brittleness on a microscopic scale, which can be achieved by performing
first-principles calculations. Bauer et al. [9] established Σ3 [110] 60◦ and Σ5 [100] 36.8◦

symmetrically tilted grain boundary (GB) models of the body-centered cubic (bcc) Fe
structure to evaluate the changes in the grain boundary and surface energies before and
after zinc doping. Furthermore, two thermodynamic models (the Rice-Wang and Griffith
models) were developed to estimate the energy of the grain boundary embrittlement caused
by doping the bcc Fe structure with Zn atoms.

In addition to the energy characterizations of the embrittlement and strengthening
effects produced by the presence of impurities at grain boundaries, first-principles tensile
test of the grain boundaries doped with impurities were performed to study the influ-
ences of the chemical bonds and electronic structures of these impurities on the boundary
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properties [10–13]. Thus, Yuasa et al. [14,15] used first-principles stretching methods to
identify the causes of the brittle fracture of a Σ3 (111) grain boundary in the bcc Fe lattice
doped with P and Cu elements. They found that the tensile strength and elongation of
this boundary decreased after doping, indicating significant deterioration of its mechanical
characteristics. Miyazawa et al. [10] conducted first-principles fully relaxed tensile tests
that were performed on a C-segregated Fe Σ3 (111)/[110] symmetrical tilt grain boundary
to investigate the breaking behaviour of C-Fe bonds during tensile straining. The results
revealed that the C-Fe bonds showed a high bond mobility.

To determine the effect of austenite grain boundaries on the diffusion of zinc atoms,
these boundaries were examined in detail. According to the results of previous studies,
the original austenitized grain boundaries can be reconstructed from electron backscat-
ter diffraction (EBSD) data by two methods, including a complex algorithm of Nyyssö-
nen et al. [16] and a simpler method developed by Hutchinson et al. [17] In the second
method, the grain boundaries of the martensite structure after the phase transformation
contain low-angle grain boundaries (LABs) or 50–63◦ grain boundary [18]. Before the
martensite phase transformation that occurs during the cooling cycle of a welding process,
the liquid metal-induced embrittlement (LMIE) cracks propagate along the high-angle
grain boundaries (HABs) of the original austenite structure and not along martensitic grain
boundaries. However, after the martensite formation, LMIE cracks tend to propagate along
the martensitic grain boundaries because of the stress concentration at the crack tip [19].

Twinning-induced plasticity steel contains a large number of twins with the Σ3
(60◦ [111]) orientational relationship [20,21]. Zinc diffusion through cracks occurs only at
HABs, and cracks are not formed at LABs. In addition, the statistical results of the grain
orientation difference of zinc penetrating the original grain boundary also show that 60◦ is
the main crack location. Therefore, it can be hypothesized that Σ3 HABs play an important
role in the diffusion of zinc atoms along the grain boundary [22].

The mechanism of the liquid zinc-induced embrittlement in steels has not been eluci-
dated yet. The obtained experimental data suggested that the developed fracture model
was applicable only to the cracking of the ferrite phase formed by the presence of Zn
atoms near the austenite grain boundaries [23–25]. However, multiple theoretical stud-
ies on the cracking of ferrite grain boundaries have been conducted by first-principles
calculations. Peng et al. [26] used the first-principles computational tensile test (FPCTT)
to study the liquid-zinc-induced embrittlement in the Σ5 [100] 36.8◦ symmetric tilt grain
boundary (STGB) of bcc Fe. The result reveals that the strength and ductility of the grain
boundary (GB) decrease after zinc doping. In addition, the effect of zinc on the chemical
bond and electronic structure of the GB is investigated. However, Peng et al. [26] only
considers the infiltration process of liquid zinc at the ferrite grain boundary, and in fact,
austenite grain boundary also plays an important role in grain boundary embrittlement.
Bhattacharya et al. [27] reported that twinning-induced plasticity (TWIP) steels, having an
austenitic microstructure, exhibit greater LMIE susceptibility compared to TRIP-assisted
bainitic ferrite (TBF) or ferrite-martensite dual phase (DP) steels. Cho et al. [28] analyzed
the microstructure of the intergranular liquid-metal-induced cracks and proposed a new
model for crack formation. Intergranular cracking is due to the grain boundary penetration
of a liquid Zn alloy phase along a crack tip propagating on prior austenite grain boundaries
weakened by the Zn diffusion-mitigated phase transformation to ferrite. Kang et al. [29]
believed that during high temperature processing of austenitic TWIP steel, As a result of Zn
accumulation in the grain boundary, Zn content exceeds the maximum solubility limit in
austenite. Over the maximum solubility limit, liquid-Zn starts to form along the austenite
grain boundaries. Afterwards, as a consequence of liquid-Zn film presence along grain
boundaries, the metallic bond weakening takes place, and subsequently, the initial LMIE
crack opens up. Thus, the importance of austenite grain boundary in the embrittlement
induced by liquid zinc is obvious. However, there are few studies on the embrittlement of
austenite grain boundaries induced by liquid zinc.
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Therefore, in this study, first-principles computational tensile tests were performed
on Zn-embrittled austenite grain boundaries. Using the Σ5 [001] (210) 53.6◦ face-centered
cubic (fcc) Fe symmetrically tilted grain boundary model and the corresponding doped
grain boundary models, the effects produced by introducing Zn and Zn-Ni elements were
analyzed. In particular, the changes in the atomic and electronic structures caused by grain
boundary doping were determined to elucidate the Zn-assisted embrittlement mechanism
and influence of Ni atoms on the grain boundary properties after Zn replacement.

2. Experimental Methods
2.1. Grain Boundary Models

The match between the calculated and experimental results determines the accuracy
of a utilized simulation method. Hence, combining theory with experiment can help better
explain experimental phenomena. The most important aspect of first-principles calculations
is the establishment of a suitable model and selection of calculation parameters. In this
section, using the grain boundary characteristics obtained from the literature and by the
EBSD scanning of the crack tip region [18,19], an appropriate grain boundary model is
established to further explain the brittle fracture induced by liquid zinc.

The zinc-based coating hot-formed steel QP1180 was selected and heated to the target
temperature of 900 ◦C at a heating rate of 20 ◦C·s−1 in the Gleeble 3500 thermomechanical
simulator, and kept for 10 min. Then the strain was performed at a strain rate of 0.5 s−1.
After the strain is over, compressed air is used to quench the steel plate at a cooling rate
exceeding 50 ◦C·s−1. To determine the Fe grain boundary type near the crack tip, EBSD
(Zeiss Gemini SEM 450, Germany) scannings were performed in the vicinity of the side
crack on the substrate (see Figure 1). The acceleration voltage of the scanning electron
microscope was 25 kV, and the spot size was 5. A hexagonal grid with a step size of 250 nm
was used during scanning. The obtained image of the boundary lattice near the crack is
shown in Figure 2.

A small amount of the fcc Fe (austenite) phase was detected at the crack tip, and
the substrate matrix mainly consisted of the bcc Fe (ferrite) phase. The region near the
crack tip mainly included Σ3, Σ5, Σ7, Σ9, and Σ11 boundaries. Some of these boundaries
were analyzed to determine their misorientation angles (see positions 1 and 2 in Figure 2
containing Σ3–60◦ and Σ5–55◦ grain boundaries, respectively). Because the 55–60◦ grain
boundaries were part of the original austenite structure [18], the studied substrate was
austenitic at high temperatures. Therefore, from the obtained EBSD images and literature
data [23], the accuracy of the model proposed in this section was verified, and the Σ5 [001]
(210) 53.6◦ fcc Fe symmetrical grain boundary model was established for the subsequent
first-principles calculations.

Figure 1. Analysis region of electron backscattering diffraction (EBSD).
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Figure 2. EBSD grain boundary analysis results: (a) morphology of grain, (b) phase proportion,
(c) coincidence lattice GB, and (d) misorientation of grain boundary at positions 1 and 2 in (c).

2.2. Calculation Method and Parameter Setting

We performed spin-polarized first-principles calculations using the Vienna Ab-initio
Simulation Package (VASP) [24–26,30,31]. The generalized gradient approximation (GGA)
and PAW-PBE pseudopotential [32–35] were employed in density-functional theory simu-
lations. The cutoff energy restricting the number of plane waves in the basis set was 500 eV.
The total energy tolerance was set to 5 × 10–6 eV/atom, and the convergence criterion for
geometrical optimizations was less than 0.01 eV/Å per atom. Brillouin-zone integration
was performed with the Monkhorst-Pack scheme [36,37] using a uniform 3 × 3 × 1 mesh.
Spin polarization was considered for the bcc Fe structure because it represented a typical
magnetic transitional metal.

The grain boundary model used in the calculations was established based on the results
presented in Figure 3 [24]. In the Zn-Ni co-doped grain boundary model, the Fe atoms in
the intermediate layer were replaced with Zn or Ni atoms. The simulated grain boundaries
are shown in Figure 4, and their corresponding codes are provided as references below.
The utilized grain boundary models were subjected to complete geometric optimizations
before simulations. During the grain boundary stretching, ion relaxation was performed
after each simulation step. In the constructed models, each grain boundary was composed
of two atoms (the middle atom was unique for a particular model, and the four atoms on
the edge occupied a quarter). The Ni and Zn atoms in the Zn-Ni co-doped grain boundary
model equally accounted for 50% of the grain boundary atoms.
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Figure 3. Fcc Fe Σ5 [001] (210) 53.6◦ symmetric tilt grain boundary model, GB (Grain Boundary) is
grain boundary surface of the GB model, a total contains two layers of GB surface, the size of initial
super cell of GB model is 3.44900 × 7.71210 × 15.42420 Å3.

Figure 4. Grain boundary model based on the fcc Fe Σ5 [001] (210) 53.6◦ symmetric tilt boundary
model of Figure 3: (a) Undoped GB, (b) Zn-doped GB, and (c) Zn-Ni co-doped GB.

As shown in the Figure 5, by calculating the total free energy of the Ni atom at the
center of the grain boundary (Site 1) and on the edge (Site 2) of the grain boundary model,
the total free energy of the Ni atom in the center position model and the model on the edge
are determined to be −305.129 eV and −305.128 eV, respectively (Table 1). This indicates
that the energy of the grain boundary model is lower when the Ni atom is in the central
position, which means that the model is more stable.
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Figure 5. GB model of Ni atom at different sites: (a) The central position of the Ni atom, (b) Position
of Ni atom on edge.

Table 1. The total free energy of grain boundaries at different sites of Ni atom.

Site Site 1 Site 2

Total Free Energy/eV −305.129 −305.128

2.3. Model Optimization

First, the equilibrium lattice constant of the fcc Fe structure was optimized. The
obtained magnitude was a = 3.446 Å, and the corresponding experimental value was
a = 3.648 Å [38]. The optimized lattice constant was subsequently used to establish suitable
grain boundary models followed by the optimizations of their bulk structures, which
were required due to the misalignment of boundary atoms. Figure 6 displays the changes
in the interlayer spacings caused by the optimizations of the grain boundary models
described in Figure 4a–c. It shows that the arrangements of atoms in the three models
after the oscillations of the four interlayer spacings are very close to the bulk arrangement,
indicating that the numbers of atomic layers utilized in these models were sufficient. In
addition, variations of the Fe-Fe, Fe-Zn, and Fe-Ni bond lengths in the grain boundary
models were observed as well (see the related discussions in the following sections). After
optimizing the three grain boundary models, it was found that (a) the supercell size of the
undoped Fe grain boundary model was 3.449 × 7.712 × 15.424 Å3; (b) the supercell size of
the Zn-doped grain boundary model was 3.489 × 7.670 × 15.722 Å3; and (c) the supercell size
of the grain boundary model co-doped with zinc and nickel was 3.475 × 7.675 × 15.852 Å3.

Figure 6. Interlayer spacing of grain boundary before and after doping Zn and Ni: (a) Undoped GB,
(b) Zn-doped GB, and (c) Zn-Ni co-doped GB.
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The POSCAR file containing information on the strained structure was constructed
based on the following assumptions:

1. The Poisson’s ratio was ignored as suggested in previous studies [39]. In other words,
the material was not deformed along the vertical strain direction (z-axis), and the unit
cell parameters along the x and y-directions remained unchanged.

2. The atom at the fixed twin boundary did not move. In fact, the unit cell contained
two twin boundaries (z = 0 (1) and z = 0.5), and only the z = 0 (1) boundary was fixed
during calculations. There were no restrictions for the movements of the two atoms
with z = 0.5; however, they did not produce any displacements during the calculation
process.

3. The structure with a strain of 0% was fully relaxed as the initial stable configuration.
The applied strain changed the c value of the unit cell parameter according to the
following formula:

ε = (c ε − c0)/c0, (1)

where ε is the magnitude of strain equal to 2%, 4%, 6% . . . ; cε is the c-axis unit cell
parameter of the POSCAR file corresponding to strain; and c0 is the c-axis unit cell
parameter at a strain of 0%.

Therefore, Formula (1) can be rewritten as

cε= c0(1 + ε). (2)

The atomic positions, total energy, and stress of the relaxed system were directly
obtained from the OUTCAR output file generated by the VASP software package, and its
charge density distribution was provided in the CHGCAR file to ensure continuity of the
strain path.

3. Results and Discussion
3.1. Total Energy and Theoretical Tensile Strength

The stability of a grain boundary is quantified by the total energy of its ground state.
The theoretical tensile strength is a physical parameter that characterizes the mechanical
properties of materials, and the total energy and theoretical tensile strength of each grain
boundary in a studied system can be obtained at different tensile strains by conducting
first-principles calculations.

The total energies of the undoped, Zn-doped, and Zn-Ni co-doped Fe grain boundaries
are plotted as functions of strain in Figure 7. It shows that the increase in the tensile
strain increases the total energy of each grain boundary, indicating that the utilized grain
boundary models gradually become unstable under loading. When the strain of the
undoped grain boundary equals 24%, the energy of the system reaches a maximum, after
which its magnitude decreases, and the pure Fe grain boundary remains in a relatively
stable state. Because the total energy of the grain boundary of a non-fractured material
gradually increases with an increase in strain, its energy entropy decreases after the fracture.
Therefore, it can be concluded that the fracture of the undoped Fe grain boundary model
occurs at a strain of 24%. The fracture of the Zn-doped grain boundary model is also
observed after reaching a strain of 24%. However, according to the corresponding plot of
the total energy versus strain, the cracking of the Zn-doped grain boundary occurs earlier
than the cracking of the pure Fe grain boundary. For the Zn-Ni co-doped grain boundary
model, the energy continuously increases with increasing strain, as the cracking of grain
boundary occurs between undoped and Zn-doped.
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Figure 7. Relationship of total energy with strain of different GB.

In order to determine the main reasons for the grain boundary embrittlement caused
by zinc doping, first-principles computational tensile tests were performed on the studied
models. The first principle tensile test is to calculate the average stress acting on the
system by using the first principle method and Nielsen Martin stress calculation theory [40].
Figure 8 shows the stress-strain curves obtained for the pure Fe, Zn-doped, and Zn-Ni
co-doped grain boundaries (here, a sudden drop in stress indicates that the entire grain
boundary or one of its bonds is broken). When the Fe grain boundary is doped with zinc,
its tensile strength and strain rate are significantly reduced. The pure Fe grain boundary
breaks after stretching to 22%, and its tensile strength is equal to approximately 25.04 GPa.
The Zn-doped grain boundary fractures after stretching to 14%, and its tensile strength is
approximately 16.37 Gpa. Meanwhile, replacing Zn atoms with Ni in the Zn-doped grain
boundary model increases both its tensile strength and strain rate. As a result, the Zn-Ni
co-doped grain boundary fractures after stretching to 16%, and its tensile strength is equal
to approximately 19.12 Gpa. However, these values are still lower than the tensile strength
and strain rate of the undoped Fe grain boundary. Therefore, introducing Ni atoms into
the Zn-doped Fe structure provides a basis for the suppression of its liquid zinc-induced
embrittlement.

Figure 8. Stress-strain curve calculated by first-principles.
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3.2. Chemical Bond Structure

To determine the fracture points of the studied grain boundaries, their specific frac-
tures that occurred during the stretching process are shown in Figure 9. For the pure Fe
grain boundary, the interlayer spacing between the several atomic layers located near the
boundary changes significantly during stretching, and the symmetrical tilt characteristics of
this model after stretching are no longer observed. This indicates that the strength of Fe-Fe
bonds in the undoped Fe grain boundary model is relatively high, and that this boundary
is not prone to fracture. At strains between 0% and 12%, the atomic configuration of the
Zn-doped grain boundary is close to that of the undoped boundary. When the Zn-doped
grain boundary is stretched to 12%, its structure breaks due to the cleavage of Fe-Zn bonds.
The atomic configuration of the Zn-Ni co-doped grain boundary at strains between 0% and
14% is also very close to those of the undoped and Zn-doped grain boundaries. However,
the former boundary breaks after stretching to 16%, owing to the cleavages of Fe-Zn or
Ni-Fe bonds.

Figure 9. Grain boundaries under different strains: (a) Undoped GB, (b) Zn-doped GB, and (c) Zn-Ni
co-doped GB.

To explore the specific fractures of the three grain boundary models, their Fe-Fe, Fe-Zn,
and Ni-Fe bonds were examined in detail. Figure 10 shows the chemical structures of these
bonds at a zero strain (it also contains the locations of the corresponding atoms and specific
Fe-Fe, Fe-Zn, and Ni-Fe bond lengths). The brown balls in the model represent Fe atoms;
the gray balls denote Zn atoms; and the green balls represent Ni atoms.
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Figure 10. Chemical bond structures of Fe-Fe, Fe-Zn and Ni-Fe bonds in different GB models:
(a) Undoped GB, (b) Zn-doped GB, and (c) Zn-Ni co-doped GB, unit: Å.

According to Figure 10, the main bonds affecting the strength of the pure Fe grain
boundary are the Fe(2)-Fe(—2), Fe(1)-Fe(3), and Fe(1)-Fe(2) bonds; the main bonds affecting
the strength of the Zn-doped grain boundary are the Fe(2)-Fe(–2), Zn(1)-Fe(3), and Zn(1)-
Fe(2) bonds; and the main bonds affecting the strength of the Zn-Ni co-doped grain
boundary are the Fe(2)-Fe(–2), Zn(1)-Fe(3), and Ni(1)-Fe(2) bonds. Among these three types
of bonds, the Fe(2)-Fe(–2) bond parallel to the stretching direction has the greatest influence
on the grain boundary strength followed by the Fe(1)-Fe(3) and Zn(1)-Fe(3) (oriented at
an angle of approximately 30◦ with respect to the stretching direction) and the Fe(1)-Fe(2),
Zn(1)-Fe(2), and Ni(1)-Fe(2) bonds (oriented at an angle of approximately 60◦ with respect
to the stretching direction). Figure 10 also shows that the lengths of the three types of bonds
in the Zn-doped grain boundary exceed those in the undoped grain boundary model by
0.06 Å, 0.17 Å, and 0.02 Å, respectively. Among them, the greatest increase was observed
for the Zn(1)-Fe(3) bond. The lengths of the Fe(2)-Fe(3) bonds located in the second and
third layers also increased by 0.08 Å. The atomic radius of Fe is 1.24 Å, the atomic radius
of Zn is 1.33 Å, and the atomic radius of Zn is slightly larger than that of Fe; therefore, Zn
doping at the grain boundary causes its expansion accompanied by the increase in the bond
length. Because the bond length is closely related to the bond strength, the increase in the
bond length caused by the grain boundary expansion reduces the grain boundary strength.
In particular, the largest increase is observed for the Fe(1)-Fe(3) bond length, indicating that
the strength of the grain boundary is significantly reduced. This type of grain boundary
expansion caused by the atomic size mismatch and weakening of grain boundary bonding
is one of the reasons for the observed grain boundary embrittlement. Compared with the
Zn-doped grain boundary model, the corresponding bond lengths in the Zn-Ni co-doped
grain boundary model increased by 0.01 Å, decreased by 0.04 Å, and decreased by 0.02 Å,
respectively. This shows that after Ni atoms partially replace Zn atoms, the Fe(2)-Fe(–2)
bond expands, while the Ni(1)-Fe(2) and Zn(1)-Fe(3) bonds contract.

According to Figure 11a–c, the increase in the bond length caused by grain boundary
expansion always occurs during the stretching process. In Figure 11a, the Fe(2)-Fe(–2)
bond length of the Zn-doped grain boundary is larger than those of the pure Fe and Zn-Ni
co-doped grain boundaries. In Figure 11b,c, the same trends are observed for the changes
in the bond lengths of the Zn-doped and Zn-Ni co-doped grain boundary models. After
stretching to 10%, the lengths of the Fe(2)-Fe(–2), Zn(1)-Fe(3), and Zn(1)-Fe(2) bonds at the
Zn-doped grain boundary suddenly increase due to their cleavages.
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Figure 11. Variation of bond length of Fe-Fe, Fe-Zn and Ni-Fe bonds in the GB model at different
strain: (a) Fe(2)-Fe(–2) bond of undoped GB, Zn-doped GB, and Zn-Ni co-doped GB, (b) Fe(1)-Fe(3)
bond of undoped GB, Zn(1)-Fe(3) bond of Zn-doped GB and Zn-Ni co-doped GB, (c) Fe(1)-Fe(2) bond
of undoped GB, Zn(1)-Fe(2) bond of Zn-doped GB, Ni(1)-Fe(2) bond Zn-Ni co-doped GB.

3.3. Electronic Structure

Figure 12 compares the charge density distributions of the Fe(2)-Fe(–2) bonds located
on the (002) plane that were obtained for the undoped, Zn-doped, and Zn-Ni co-doped
grain boundaries. It shows that at a strain of 0%, the charge density of the Fe(2)-Fe(–2) bonds
in the Zn-doped grain boundary model is lower than those of the Fe(2)-Fe(-2) bonds in the
other two models, indicating that the strength of these bonds decreases after zinc doping.
After replacing Zn atoms with Ni atoms, the charge density of the Fe(2)-Fe(–2) bonds at
the Zn-Ni co-doped grain boundary increases, owing to the increase in the Fe(2)-Fe(–2)
bond strength.
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Figure 12. Charge distribution of Fe(2)-Fe(–2) bond on (002) plane under different strains:
(a) Undoped GB, (b) Zn-doped GB, and (c) Zn-Ni co-doped GB.

When the models are stretched to 12%, the charge density of the Fe(2)-Fe(–2) bonds
in the Zn-doped grain boundary model becomes much lower than those in the pure Fe
and Zn-Ni co-doped models; however, it does not reach zero. Therefore, according to
the obtained tensile curves, both boundaries exhibit the same tensile strengths. When the
tensile strain reaches 14%, a slight difference is observed between the tensile strengths of
the two models, which corresponds to the tiny blue area in Figure 12b 14% (the charge
density in this area ranges from 0 to 0.02 electrons/Bohr3, which is very close to zero).
When the tensile strain increases to 20%, the tensile strength of the Fe(2)-Fe(–2) bond in
the Zn-doped grain boundary model becomes significantly lower than the values obtained
for the undoped and Zn-Ni co-doped grain boundary models (see Figure 12b 20%). Here,
the charge density of the Fe(2)-Fe(–2) bond basically approaches zero (indicating that this
bond is almost broken), while the same bonds in Figure 12a,c 20% still retain high charge
densities. When the Zn-doped grain boundary is stretched to 14%, it fractures; as a result,
the blue area expands to a maximum value, and the charge density becomes zero.

Figures 13–15 compare the charge densities of the Fe(1)-Fe(2) and Fe(1)-Fe(3) bonds,
Zn(1)-Fe(2) and Zn(1)-Fe(3) bonds, and Ni(1)-Fe(2) and Ni(1)-Fe(3) bonds, which were
obtained for the three different models stretched to 0%. The numbers of atomic layers and
Fe, Zn, and Ni atoms at the grain boundaries are marked in these figures accordingly. The
charge density of the Fe-Ni bonds is lower than that of the Fe-Fe bonds and is slightly
higher than the charge density of the Fe-Zn bonds, indicating that the strength of Fe-Ni
bonds is lower than that of the Fe-Fe bonds and higher than the strength of the Fe-Zn bonds.
The valence electron structures of Fe, Zn, and Ni atoms are 3d64s2, 3d104s2, and 3d84s2,
respectively. Although Zn has a larger number of valence electrons than Fe and Ni atoms,
its 3d orbital is full and, therefore, does not participate in the bonding process (in fact, only
the two electrons of the Zn 4s orbital form bonds with other atoms). Hence, the Fe-Zn bond
is weaker than the Fe-Ni and Fe-Fe bonds, and the latter determine the boundary strength.
The charge density of the Fe(2)-Fe(–2) bonds at the Zn-doped grain boundary is lower than
those of the same bonds at the pure Fe and Zn-Ni co-doped boundaries, which will be
explained in more detail below.
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Figure 13. Charge distribution of (a) Fe(1)-Fe(2) bond and (b) Fe(1)-Fe(3) bond on (002) plane of
undoped GB at 0% stain.

Figure 14. Charge distribution of (a) Zn(1)-Fe(2) bond and (b) Zn(1)-Fe(3) bond on (002) plane of
Zn-doped GB at 0% stain.

Figure 15. Charge distribution of (a) Ni(1)-Fe(2) bond and (b) Ni(1)-Fe(3) bond on (002) plane of
Zn-Ni co-doped GB at 0% stain.
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3.4. Density of States

Figure 16 shows the partial wave densities of states of the Fe(2) atoms in the undoped,
Zn-doped, and Zn-Ni co-doped Fe grain boundary models stretched to 0%. In the energy
region between −4.0 eV and 1.5 eV, the density of states obtained for the d electrons of the
Fe(2) atoms in the Zn-doped grain boundary model is higher than that of the d electrons
of the Fe(2) atoms in the pure Fe grain boundary model. Hence, the d electrons located
between the Fe(2) and Zn(1) atoms at the Zn-doped grain boundary exhibit a hybrid
resonance, which increases the density of states, indicating that the chemical bonds formed
between these atoms are covalent bonds. One the one hand, the d electrons of the Fe(2)
atoms at the Zn-doped grain boundary are more localized than the d electrons of the Fe(2)
atoms in the undoped Fe grain boundary model. On the other hand, the d electrons of the
Fe(2) and Zn(1) atoms in the Zn-doped grain boundary model produce hybrid peaks at an
energy of approximately −7 eV. Because the electron localization and electron hybridization
processes are characteristic of covalent bonds, the produced Fe-Zn bonds represent not
typical metal bonds, but covalent bonds with covalent properties. However, Ni doping
considerably decreases the degree of electronic localization of Fe atoms. In order to describe
the nature of Fe-Zn covalent bonding in more detail, a differential charge density map
constructed for the Fe(1), Zn(1), and Ni(1) atoms on the (002) planes of the studied grain
boundaries is investigated in the next section.

Figure 16. Partial Density of States: (a) Fe(2) atom in undoped GB, (b) and (c) Fe(2) and Zn(1) atom
in Zn-doped GB, and (d) Fe(2) atom in Zn-Ni co-doped GB.

3.5. Differential Charge Density

The differential charge density map is obtained by subtracting bond charge densities
from atomic charge densities at the corresponding points. By calculating and analyzing
the resulting differential charge densities, it is possible to determine the charge transfer
parameters and polarization direction of a particular bond during the bonding and electron
coupling processes. In this work, the differential charge density was calculated by the
following formula [41]:

∆ρ = ρAB − ρA − ρB, (3)

where ρAB represents the total charge density after optimizing the AB structure, while ρA
and ρB are the charge densities of structures A and B, respectively. The last two parameters
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were subtracted to obtain the charge density changes of A and B after bonding and analyze
the charge movements that occurred during this process.

Figure 17 shows the differential charge densities on the (002) plane determined for the
Fe(1) atoms at the pure Fe grain boundary, Zn(1) atoms at the Zn-doped grain boundary, and
Ni(1) and Zn(1) atoms at the Zn-Ni co-doped grain boundary. The charge accumulations
around Fe and Ni atoms are denoted by almost the same colors, indicating the absence of
directionality and the metallic nature of their bonds. In contrast, the charges accumulated
around Zn atoms are directional (the right yellow charges differ in energy from the upper
and lower yellow charges, suggesting the formation of covalent bonds). After Ni addition,
the directionality of the accumulated charges around Zn atoms is improved, and the upper,
lower, and right yellow charges have almost the same energies. The Fe(1) atoms at the pure
Fe grain boundary form metallic bonds with other Fe atoms, leading to charge accumulation.
Because metallic bonds are not directional, the accumulated charge is relatively large. The
Zn(1) atoms at the Zn-doped grain boundary also form bonds with Fe atoms; however,
because these bonds are covalent (and, therefore, directional), the accumulated charge
around Zn atoms is relatively small. Finally, the Ni(1) atoms at the Zn-Ni co-doped
grain boundary form metallic bonds with Fe atoms, resulting in the charge accumulation
around the latter. Because metallic bonds have no directionality, the accumulated charge
is relatively large. However, in the same grain boundary model, charge accumulation
also occurs between the Fe(2) and Fe(–2) atoms in the Zn-doped areas, and the charge
density around Ni(1) atoms is higher than that before the doping. From these results, it
can be concluded that the charge accumulated between Fe(2) and Fe(–2) atoms has been
transferred to the vicinities of Ni(1) atoms.

Figure 17. (a) Differential charge of Fe(1) atom on (100) plane of undoped GB, (b) Differential charge
of Zn(1) atom on (100) plane of Zn-doped GB, (c) Differential charge of Ni(1) atom on (100) plane of
Zn-Ni co-doped GB, and (d) Differential charge of Zn(1) atom on (100) plane of Zn-Ni co-doped GB.

In general, after the zinc doping of the Fe grain boundary, its mechanical properties
deteriorate, leading to premature cracking. This phenomenon is caused by the grain
boundary expansion accompanied by the weakening of Fe(2)-Fe(–2) bonds, which in turn
embrittles the boundary. When Ni atoms replace Zn atoms in the Zn-doped Fe grain
boundary, its mechanical properties improve, and the cracking process is suppressed
because Ni-Fe metallic bonds are stronger than Fe-Zn covalent bonds.

4. Conclusions

After the Zn-Ni co-doping of the Fe grain boundary, Ni atoms form metallic bonds
with Fe atoms, thus increasing both the charge density of Fe-Fe bonds (as compared with
that of the Fe-Fe bonds at the Zn-doped grain boundary). The produced Fe-Ni bonds are
stronger than Fe-Zn bonds, suggesting that Ni addition can inhibit the fracture of the fcc Fe
grain boundary.
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In this study, the main reasons for the liquid zinc-induced embrittlement and its sub-
sequent suppression process are identified, and first-principles calculations are performed
to determine the influences of Zn doping and Zn-Ni co-doping on the properties of the
Σ5 [001] (210) 53.6◦ fcc Fe grain boundary. From the obtained results, the following conclu-
sions have been drawn:

1. EBSD was used to establish an appropriate grain boundary model to further explain
the brittle fracture induced by liquid zinc.

2. Because the sizes of Zn and Fe atoms are not the same, doping the pure Fe grain
boundary leads to its expansion, which increases the lengths of Fe-Fe bonds, leading
to their weakening, and reduces the overall boundary strength.

3. The Zn doping of the grain boundary results in the formation of Zn-Fe covalent bonds,
which decrease the charge density of Fe-Fe bonds and weakens them. Meanwhile,
the Fe-Zn bonds are oriented at a certain angle with respect to the grain boundary
direction and possess very low strengths. After the weakened Fe-Fe bonds are broken,
the strength of the grain boundary drops significantly.

4. After the Zn-Ni co-doping of the grain boundary, Ni atoms form metallic bonds with
Fe atoms, which increase the charge density and strength of Fe-Fe bonds with respect
to that of the Fe-Fe bonds in the Zn-doped grain boundary.

5. The Fe-Ni bonds at the Zn-Ni co-doped grain boundary are stronger than the Fe-Zn
bonds and, therefore, can potentially suppress the fcc Fe grain boundary fracture.
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