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Effects of Cr, Mo, and Nb on the ferritic stainless steel } (210) grain boundary and intragranularity are investigated
using the first-principles principle. Different positions of solute atoms are considered. Structural stability is lowered by Cr
doping and enhanced by Mo and Nb doping. A ranking on the effect of solute atoms enhancing the cohesive strength of
the grain boundary, from the strongest to the weakest is Cr, Mo, and Nb. Cr clearly prefers to locate in the intragranular
region of Fe rather than in the grain boundary, while Mo and Nb tend to segregate to the grain boundary. Solute Mo and Nb
atoms possess a strong driving force for segregation to the grain boundary from the intragranular region, which increases
the grain boundary embrittlement. For Mo- and Nb-doped systems, a remarkable quantity of electrons accumulate in the
region close to Mo (Nb). Therefore, the bond strength may increase. With Cr, Mo, and Nb additions, an anti-parallel island

is formed around the center of the grain boundary.
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1. Introduction

Stainless steel has been used in various applications due
to many superior properties such as formability, strength, and
corrosion resistance.!=3] Ferritic stainless steels containing
relatively small amount of Cr (10.5%-11.75%), e.g., 430 and
409 stainless steels, have been used mainly in automotive ex-
haust systems because they exhibit satisfactory corrosion re-
sistance and cost less than other stainless steels containing
large additions of alloying elements. However, the use of such
low-Cr ferritic stainless steels is limited due to their high cor-
rosion rate in aggressive environments. In addition to Cr, Mo
and Nb can improve the corrosion resistance of heat-resistant
ferritic stainless steels, which are used in high-temperature ap-
plications. In general, the corrosion resistance and mechanical
properties of polycrystalline alloys depend on the cohesion at
bulk interfaces of the crystal grains. Impurities and alloying
elements affect the structure and properties of interfaces at the
atomic level when they segregate to the grain boundary (GB).
These impurities and alloying elements may either be detri-
mental or beneficial in GB cohesion. In this work, we explore
the effect of a small amount of Cr, Mo, or Nb addition on the
cohesive and electronic properties of GBs in Fe.

The composition and structure of a GB can be deter-
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mined experimentally by high-resolution transmission elec-
tron microscopy and X-ray diffraction. However, to measure
the interface thermodynamic quantities accurately is quite dif-
ficult.
on density functional theory (DFT) provide an appropriate

First-principles quantum-mechanical methods based

tool to obtain reliable quantitative information on GB struc-
The DFT method
has been successfully used to study the effect of solutes

ture and energies at an electronic level.
on interfacial strength in several systems. A good exam-
ple for addressing this relation is the Rice-Wang theory.[*]
Based on the Rice-Wang model, the properties of body-
centered cubic (bcc) Fe X5 (210) GB with B, C, S, N,
O, and P impurities were studied using different exchange—
correlation density functions.>-%! Moreover, impurity segrega-
tion and co-segregation at ¥.13(111),[7-191 y'5(310),['-12] and
Y. 15(013)!"3) GB in bec Fe were studied using different theo-
retical methods.

Direct experimental observations!!*!3 of Fe containing
H, He, B, Sn, Sb, and S have also provided support for the
Rice—Wang theory. Kin ef al. studied the effect of vanadium
on the strength of bec Fe Y3(111)[110] GB.!"®! Results for
Y'5(310) GB doped with Si and Sn have been reported.!!”]
The segregating effect of Nb and V on bec Fe Y'3[110] (111)
GB cohesion was studied via the DMol method. The results
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showed that chemical and mechanical effects are crucial in
determining whether a material is brittle or ductile.['8! The
segregation effects of Co and Cr on bcc Fe Y 3[110] (111)
GB cohesion were investigated via the DMol method. The
results indicated that the segregation of Cr could improve
GB cohesion.['”) As demonstrated by semi-empirical tight-
binding calculations,?%! the ferromagnetism of Fe stabilizes
intergranular cohesion. However, magnetism at Fe GB was
not extensively explored in terms of first-principles princi-
ple. Variations in magnetic moments at the Fe GB were dis-
cussed for ¥.5(210),[% ¥5(310),1'" and ¥3(111).121-231 More
recently, the magnetic properties of tilt Fe GB for Y.3(111)
and Y'5(210) with a small amount of Cr addition, were inves-
tigated through first-principles methods.>>?#! In all cases, the
magnetic moments of the GB atoms exhibit an oscillatory vari-
ation with atomic layer depth, and show a decrease toward the
bulk value.

To the best of our knowledge, no such studies dealing
with the interface properties of dilute Fe-Nb (or Mo) ferritic
stainless steels with high Fe content have been reported. The
embrittling and strengthening effects of these alloying ele-
ments are still not well understood. In this work, we perform
first-principles DFT calculations to obtain reliable quantitative
information on the structure and energy of Fe interfaces at an
electronic level. We address the effect of a low concentra-
tion of Cr, Mo, or Nb additions to the Fe host grains on the
GB and intragranular cohesion. Our calculations allow us to
gain insight into the microstructure, bonding, and strength at
the Fe GB and their dependence on electronic and magnetic
properties, which can be modified by a small amount of Cr,
Mo, or Nb additions. Charge density distribution and calcu-
lated local density of states provide insight into the electronic
environment of Fe atoms close to the GB, which deepens our
understanding of the mechanics and magnetic properties at a
microscopic level in ferritic stainless steel GBs with an alloy-
ing element.

2. Model and computation details

Our model of the }'5 (210) tilt boundary uses a 70-atom
unit cell with a large ¢ cell parameter that runs perpendicularly
to the GB, but has smaller dimensions in the other directions
(see Fig. 1). The initial cell size is 5.73 x 6.41 x 21.77 A>. Be-
cause of their large atomic size, Cr, Mo, and Nb will probably
occupy the substitution site rather than the interstitial site on
the GB or free surface (FS). In this work, we only consider the
substitution case. To determine the preferred substitution po-
sition in the a-Fe GB, three cases (Case 1, Case 2, and Case
3) are considered, which correspond to Fel, Fel0, and Fell
atoms in Fig. 1 substituted by Cr, Mo, and Nb, respectively.
Here, Case 1, Case 2, and Case 3 are considered as represen-
tatives to segregate from the interior of the grain to the GB for

alloying elements Cr, Mo, and Nb. Case 1 represents alloying
elements located at a site on the GB; Case 2 means alloying
elements are close to the GB; and Case 3 means that alloying
elements locate at the interior of the grain.

[120]

[210] <—T
[001]
Fig. 1. (color online) Model of Fe with (210) tilt grain boundary.
Three cases (Case 1, Case 2, and Case 3) are considered, which corre-

spond to Fel, Fel0, and Fell atoms substituted by an alloying element
(Cr/Mo/Nb).

All our GB simulations have been conducted using den-
sity functional theory.!?>2! The calculations are conducted us-
ing the CASTEP code.!?’! We used standard periodic bound-
ary conditions with ultrasoft pseudopotentials!?®! representing
the core electrons and a plane-wave basis set representing the
valance electrons. A plane-wave cutoff of 500 eV is found to
be sufficient to make the total energy and the geometry struc-
ture of ¢¢-Fe converge. The K-point sampling during geom-
etry optimization is carried out on a 2 x 2 x 1 Monkhorst—
Pack grid.?”! The Gaussian smearing parameter is 0.1 eV in
width. The exchange—correlation interactions are treated us-
ing the spin-polarized version of the generalized gradient ap-
proximation within the scheme of Perdew—Burke—Ernzerhof
(PBE).3%" All atomic positions are optimized in accordance
with Hellman—Feynman forces until all the forces are less than
0.05 eV/A.

3. Results and discussion
3.1. Binding energy and segregation energy

Binding energy E}, is used to compare the relative stability
of the structure. It is defined as

Ey = Ea — Y nilli, ()

where Eiqq 1S the calculated total energy of the unit cell, n; de-
notes the number of atomic species i (i = Fe, Cr, Mo, or Nb)
in the unit cell, and p; is the atomic chemical potential.

The binding energy for various cases is illustrated in
Fig. 2. In the calculations described here, it is assumed that
the alloying elements are present inside the grain and locate on
the GB. To determine the stability of the structure for alloying
elements to segregate from the interior of the grain to the GB,
additional calculations are performed. Regardless of Cr, Mo,
or Nb doping, it can be seen that Case 1 (GB) has the lowest
binding energy among the three cases, which corresponds to a
more stable structure. Compared with a clean GB, the binding
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energy is enhanced in Cr doping, while the structural stability
is reduced. In contrast, the binding energies are reduced in Mo
and Nb doping, while the stability is enhanced. The structural
stability can be ordered in terms of decreasing Ey, as follows:
Nb-doped > Mo-doped > clean GB > Cr-doped.

—4.42 Hll Case 1
Hll Case 2
BB Case 3

—4.43 } N clean GB

—4.44 +

—4.45

Binding energy/eV

—4.46 |

—4.47

Clean GB Cr-doped

Mo-doped Nb-doped

Fig. 2. (color online) Binding energies for clean, Cr-, Mo-, and Nb-
doped Fe GB systems. Three cases (Casel, Case 2, and Case 3) are
considered.

To determine the preferred site of alloying elements in
Fe, the segregation energy is calculated, which is defined as
the difference between the binding energies of the doped and
the clean system. Here it is the energy in a typical GB environ-
ment; it can indicate the tendency of the alloying element to
segregate into the GB. As a substitution atom, AEGp is defined
as
AEgp = Ep(GB +i) — E»(GB), ()

where E,(GB+i) and Ey(GB) indicate the binding energies of
the GB system with the alloying element (Cr, Mo, or Nb) and
clean GB, respectively. The calculated values of AEgp are
shown in Fig. 3. Cr clearly prefers to locate in the bulk Fe
rather than in the GB. In Mo- and Nb-doped systems, the re-
versal of the sign of the AEGg, particularly in Case 1, indicates
a smaller negative value of AEgg, which implies that Mo and
Nb tend to segregate to the GB rather than to the interior of the
grain. Furthermore, Nb is most likely to compete with other
alloying elements for a site on the GB.

The segregation energies to the GB allow determination
of the effect of impurity atoms on the cohesive strength of
the GB. If it is negative, then the cohesive strength of the GB

Cr-doped Mo-doped Nb-doped

1.0
mm Case 1
HW Case 2
0.5 B Case 3

I
e
o =

Segrlegation energy/eV
Iy
o

Fig. 3. (color online) Segregation energy for Cr-, Mo-, and Nb-doped
Fe GB. Three cases (Casel, Case 2, and Case 3) are considered.

increases. If it is positive, then the GB is weakened. Figure 3,
therefore, suggests that Mo and Nb should enhance the GB’s
resistance to decohesion, while Cr should weaken the GB.

3.2. Effects of alloying elements on Fe GB embrittlement

A thermodynamic theory developed by Rice and
Wang,3!! based on the Griffith fracture theory,!*! describes the
mechanism of interfacial embrittlement due to solute segre-
gation, which is indicated by the competition between brittle
interfacial separation and crack blunting. The degree of em-
brittlement can be predicted by

2% = (ant)o - (Agb —AgS)F, 3)

where (2%n¢)0 is the separation work of a clean interface, I is
the concentration of segregants per unit area of the interface,
Agy, and Agg can be obtained from the segregation energies of
the solute atoms towards the GB and FS which are AEgg and
AFEFs, respectively. If the solute atoms tend to segregate to
the GB rather than the surface, then AEgg — AEgs < 0, and
the solute atoms are considered as a cohesive enhancer. For
AEGp — AEFRs > 0, they are considered as an embrittler.

In general, the effect of solute atoms on the GB can be
classified into chemical and mechanical components. It is pro-
posed that the process of GB fracture can be considered as
two steps. First, the GB splits into two separate surfaces (SS)
without any relaxation; the binding energy difference in this
stage, AEgp — AEss, is the chemical component. Then, the
two separated surfaces are fully relaxed into a free surface and
AEss — AEFs is the mechanical component.

All the mentioned quantities are calculated and the results
are listed in Table 1. For Cr-, Mo-, and Nb-doped systems, the
contributions of chemical components are —0.408, —0.066,
and —0.254 eV, respectively. They are comparable to the cor-
responding mechanical components, which are 0.253, 0.171,
and 0.456 eV, respectively. The negative values indicate that
both chemical and mechanical effects are beneficial to the GB
cohesion. Therefore, from the point of the chemical compo-
nent, Cr, Mo, and Nb are GB cohesion enhancers to a rather
different extent. In contrast, the mechanical component in Cr-,
Mo-, and Nb-doped systems has a positive value and becomes
the dominant factor, which reveals that the cracking of the GB
into 2 FS’s is energetically more favorable.

For Cr doping, the detrimental effect of the mechanical
component is not strong enough to counteract its beneficial
chemical effect. Because AEgg — AEgs = —0.155 €V, the net
effect of Cr on the GB would enhance the cohesion of the
GB. The calculation in Ref. [19] shows that Cr on a-Fe GB
may enhance cohesion. Furthermore, the studies of Yang et
al.132331 pointed out that Cr is a powerful element for enhanc-
ing the cohesion of the y-iron GB. It appears that Cr can en-
hance the cohesion of the GB irrespective of whether it is a
Y-Fe GB or an o-Fe GB.
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Table 1. Calculated binding energy difference (in eV) for the grain boundary (AEgg ), unrelaxed free surface (AEss), and relaxed free
surface (AEFs) for clean GB and Cr-, Mo-, and Nb-doped GB systems.

AEgp AEss AEFs AEGp —AEss AEss - AEFs AEGp — AEFs
unrelaxed relaxed chemical comp. mechanical comp. total
Cr-doped 0.012 0.420 0.167 —0.408 0.253 —0.155
Mo-doped —0.022 0.044 —-0.127 —0.066 0.171 0.105
Nb-doped —0.030 0.224 —0.232 —0.254 0.456 0.202

However, for Mo and Nb doping, the situations are rather
different from that of Cr doping. The detrimental effect of the
mechanical component seriously offsets the beneficial effect
of the chemical component. The net effect in Mo-doped and
Nb-doped GBs, i.e., AEgp — AEFs, are 0.105 eV and 0.202 eV,
respectively, implying that Mo and Nb may facilitate the brit-
tle fracture of the GB. Shang et al.!'®! have also confirmed that
Nb may facilitate the brittle fracture of the GB after consider-
ing the mechanical component. Furthermore, the detrimental
effect of structural relaxation generally depends on the atomic
volume difference between the doping atom and the host metal

34351 proposed that a larger atom is a

atom. Messmer et al.!
more potent embrittler than a smaller atom due to the strains
produced by the doping atom in a matrix. It stands to reason
that Mo and Nb cause detrimental effects due to their larger
atomic radii (1.40 A for Mo, 1.48 A for Nb, 1.27 A for Cr, and

1.26 A for Fe).

3.3. Charge distribution, magnetism, and local density of
states

In this section, we discuss the results of the charge dis-
tribution, magnetism, and local density of states (LDOS) for
clean, Cr-, Mo-, and Nb-doped GB systems.

The charge density on the (210) plane ([120] direction)
for clean, Cr-, Mo- and Nb-doped GB are shown in Fig. 4.
Compared with the clean GB, Cr—Fe6 bonding is very similar
to the Fel-Fe6 bonding. Figure 4 also clearly shows the en-
hanced atom bonding of Fe2, Fe3, and Fe6 with Mo (Nb), be-
cause a remarkable quantity of electrons accumulates in the re-
gion between these atoms. These effects are mainly attributed
to the charge transfer from a doped atom to its neighboring Fe
atoms in different systems. To show this, we list the electron
occupation number obtained by Mulliken population analysis
in Table 2. It can be seen that the electron occupation numbers
of the host atoms Fe2, Fe3, Fe6, Fe7, Fe8, and Fe9 increase
when Fel is replaced by an Nb atom, indicating that the host
atoms close to Nb acquire more electrons because more elec-
trons surround them. Thus, the bond strength across the GB
may increase. Compared with the Nb- and Mo-doped systems,
when an Fel atom is replaced by a Cr atom, the host atoms Fe3
and Fe9 near the Cr atom acquire fewer electrons, Fe2, Fe6,
and Fe7 lose electrons, and thus the bond strength across the
GB may decrease. Therefore, the charge transfer between the
alloying elements and the neighboring Fe atoms is responsi-

ble for the changes in cohesion at the GB. Meanwhile, an Fel
atom loses electrons at the clean GB, and a Mo or Nb atom
loses more electrons at a Mo- or Nb-doped GB (0.03 e at a
clean GB, 0.69 e at a Mo-doped GB, and 1.55 e at a Nb-doped
GB). However, for a Cr-doped system, a Cr atom loses 0.04 e
near the clean GB.

Fig. 4. (color online) Total valence charge density (in units of e/A) on
the (210) plane for the clean, Cr-, Mo-, and Nb-doped GB systems.

It is well known that bce Fe exhibits ferromagnetism be-
cause of the exchange interaction. The values of atomic mag-
netic moments in clean GB are different from those for per-
fect bce Fe (about 2.20up per atom), which is a result of dif-
ferent magnitudes of the 3d exchange splitting of Fe atoms
in a clean GB. For a Mo- or Nb-doped system, it can be
seen from Table 2 that the magnetic moments S of the neigh-
boring Fe atoms decrease, which reveals that Mo (Nb) is a
destroyer of magnetism for the host Fe atoms. In contrast,
the magnetic moments of some host Fe atoms decrease and
some increase in a Cr-doped system. Meanwhile, Cr, Mo,
and Nb atoms exhibit different magnetic moments from that
of bulk materials, but also unparallel to that of Fel atom in
bce Fe GB. In addition, an anti-parallel spin island is formed
around the center of the GB in bec Fe. The LDOS is obtained
by broadening the discrete eigenvalue spectrum with a set of
Lorentzian functions. The LDOS for some atoms of interest in
clean GB, Cr-, Mo-, and Nb-doped GB are shown in Fig. 5.
It can be educed that in the clean GB, Fel, Fe3, Fed, and
Fe6 have close zero-system magnetic moments, correspond-
ing to —0.027ug, —0.0536up, —0.0168ugp, and —0.0287ug,
forming anti-ferromagnetic states. Compared with the clean
GB, the host Fe3, Fe4, and Fe6 atoms in the Cr-, Mo-, and
Nb-doped GB have the same magnetism (anti-ferromagnetic),
Unlike Fel atom, Cr, Mo,
and Nb display ferromagnetism, and the magnetic moment is
—0.943up, —0.530up, and —0.561 g, respectively.

but with different magnitudes.
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Table 2. Electron occupation number in the valence orbital and the net number of electrons Q = N — Zya1. Zy, is the standard occupation number; Ny
and N are the orbital occupation numbers of clean GB and doped GB, respectively. The change AN = N — Ny and AQ = Qgp+m — Qgp (€) induced by
the substitution of Cr, Mo, or Nb for an Fel atom is shown along with the magnetic moments Sy (S) for each atom (up) in clean GB (doped GB).

Atom Clean GB Cr-doped Mo-doped Nb-doped
No So N N AN AQ N N AN AQ N S AN AQ
S 0.67 - 2.74 - - - 2.76 - - - 2.66 - - -
Fel (Cr/Mo/Nb) p 0.64 - 6.35 - - - 5.57 - - - 4.77 - - -
d 6.64 - 4.87 - - - 4.98 - - - 4.03 - - -
Q —0.03 1.08 —-0.04 —-1.71 - —0.01 —-0.69 —0.59 - —0.66 —1.55 —-0.50 - —1.52
4s  0.68 - 0.73 - 0.05 - 0.75 - 0.07 - 0.78 - 0.10 -
4p 072 - 0.61 - —0.11 - 0.60 - —0.12 - 0.62 - —0.10 -
Fe2 3d  6.65 - 6.66 - 0.01 - 6.69 - 0.04 - 6.71 - 0.06 -
Q 005 1.08 0.00 1.06 - —0.05 0.04 0.0 - —0.01 0.10 091 - 0.06
4s  0.69 - 0.72 - 0.03 - 0.72 - 0.03 - 0.73 - 0.04 -
4p 0.64 - 0.61 - —0.03 - 0.62 - —0.02 - 0.65 - 0.01 -
Fe3 3d  6.64 - 6.65 - 0.01 - 6.65 - 0.01 - 6.65 - 0.01 -
Q0 -003 1.14 —-0.02 1.11 - 0.01 —-0.01 1.10 - 0.02 0.03 1.08 - 0.06
4s  0.63 - 0.61 - —0.02 - 0.62 - —0.01 - 0.65 - 0.02 -
4p 074 - 0.67 - —0.07 - 0.70 - —0.04 - 0.73 - —0.01 -
Fe6 3d  6.61 - 6.63 - 0.02 - 6.62 - 0.01 - 6.64 - 0.03 -
Q0 -0.01 121 —-0.09 1.22 - —0.08 —-0.05 1.19 - —0.04 0.01 1.16 - 0.02
4s  0.68 - 0.70 - 0.02 - 0.74 - 0.06 - 0.79 - 0.11 -
Fe7 4p 0.73 - 0.68 - —0.05 - 0.68 - —0.05 - 0.69 - —0.04 -
3d  6.64 - 6.66 - 0.02 - 6.70 - 0.06 - 6.72 - 0.08 -
Q0 005 107 0.04 1.07 - —0.01 0.12  0.88 - 0.07 0.2 0.91 - 0.15
4s  0.66 - 0.61 - —0.05 - 0.62 - —0.04 - 0.64 - —0.02 -
4p 0.69 - 0.73 - 0.04 - 0.74 - 0.05 - 0.76 - 0.07 -
Fe8 3d  6.62 - 6.63 - 0.01 - 6.63 - 0.01 - 6.64 - 0.02 -
Q0 -—-0.03 1.18 —-0.03 1.19 - 0.00 —-0.01 1.14 - 0.02 0.04 1.14 - 0.07
4s  0.65 - 0.70 - 0.05 - 0.74 - 0.09 - 0.78 - 0.13 -
4p 074 - 0.70 - —0.04 - 0.69 - —0.05 - 0.70 - —0.04 -
Fed 3d  6.61 - 6.66 - 0.05 - 6.70 - 0.09 - 6.72 - 0.11 -
Q0 000 120 0.06 1.08 - 0.06 0.13  0.87 - 0.13 020 090 020 020
1.2 1.2 | Fe6 Eq . (b1)
. 0.6 o 0.6 |
53 1.2 R 1.2 +
.5 06 B2 06+
> & [ > &
515 5 19
2 E £73 12
E 8 0.6 I E § 0.6 +
=t @
k g 1.9 k £ 0
06 5T
0 0

Local density of states
/(states/eV /spin/atom)

Local density of states
/(states/eV /spin/atom)

Energy/eV Energy/eV

Fig. 5. (color online) Local densities of states are for Fel/ (Cr, Mo, or Nb) and neighboring Fe3, Fe4, and Fe6 atoms in clean and doped GB systems. (a)
Clean Fe GB; (b) Cr-doped Fe GB; (c) Mo-doped Fe GB; (d) Nb-doped Fe GB. The solid and dashed lines represent the LDOS of spin-up and spin-down
states, respectively.
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4. Conclusions

The effects of Cr, Mo, and Nb on the ferritic stainless steel
Y'(210) GB and intragranular region are investigated from first
principles. Results of binding energies, segregation energies,
and interfacial embrittlement are presented. To determine the
stability of structure for alloying elements to segregate from
the interior of the grain to the GB, it is assumed that alloying
elements are present inside the grain and locate on the GBs.
Our calculations show that structural stability is reduced by Cr
doping and enhanced by Mo and Nb doping. A ranking on the
effect of solute atoms enhancing the cohesive strength of the
grain boundary, from the strongest to the most weakest, is Cr,
Mo, and Nb. Analysis of the segregation energy indicates that
Cr clearly prefers to locate in the intragranular region of Fe
rather than in the GB, while the solute atoms Mo and Nb have
a strong driving force for segregation to the GB from the intra-
granular region, which increases the GB embrittlement. For
Mo- and Nb-doped systems, a remarkable quantity of elec-
trons accumulate in the region neighboring Mo (Nb), and the
bond strength may increase. In addition, with Cr, Mo, and Nb
additions, an anti-parallel spin island around the center of the
GB in bec Fe is formed.
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