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To get the atomic scale understanding of impurities induced intergranular embrittlement or enhance-
ment and the control of these effects on austenitic stainless steels, behavior of impurities B and S at c-
Fe grain boundary (GB) and effects of alloying elements (Cr, Ni, Mn, Co, Mo) additions on the cohesive
properties of the c-Fe GB doped by impurities are investigated by performing density functional theory
(DFT) calculations. The results showed that, as the GB enhancer and embrittler respectively, impurities B
and S tend to stay at the interstitial sites of c-Fe GB, while alloying elements also can segregate at the GB
studied. The presence of all the alloying elements considered can inhibit B GB segregation to some extent
due to the higher segregation energies and can impair the enhancement effect of B on GB cohesion.
However, these elements almost have no impact on GB segregation and embrittlement effect of S, except
for Ni, Mn and Mo:Ni and Mo inhibit and improve S GB segregation, respectively; Mn and Mo strongly
enhance and reduce S-induced GB embrittlement, respectively. Moreover, the remedial effect of (Cr
+ Ni), (Cr + Mn) on S-induced GB embrittlement is also discussed. Additional atomic structure and total
valence charge density analysis demonstrated and explained our conclusions.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

It is well known that metallic materials’ structure and physical
properties, especially the mechanical strength, undergo drastic
changes by even a small amount of impurity (solute) elements
introduction. Grain boundary (GB) segregation of these impurities
atoms, which have been studied and demonstrated by abundant
researches [1–5], is a very important phenomenon that is respon-
sible for these changes to a large extent. Segregation of sulfur (S) to
GBs of metals, for example, can make GB decohesion and thus
induces metals brittlement [6–8]. Embrittling and strengthening
effects of B, C and P on bcc Fe GB have been studied by Wu et al.
[9] using a first-principles calculation. Furthermore, effects of
impurities atoms on the other systems, such as Mn on binary Fe–
12Mn alloys GB, P, B on Fe alloys, Ni3Al and Ni GB [2,10–14] also
have been studied. GB segregation of these impurities elements
will considerably modify, generally undesired, the cohesive prop-
erties of the GB, resulting in further variations of materials’
strength and vulnerability to stress corrosion cracking [11]. Fortu-
nately, GB segregation behavior of impurities is often accompany-
ing with alloying elements existence at or near GB, which can
affect, or even remedy the undesired GB cohesion change induced
by these impurities. Lee et al. found, for example, that Cr and Mn
additions can facilitate the GB embrittlement induced by P segre-
gation, while W and Mo can improve the fracture strength of GB
segregated with P [15]. All these suggest that, by cautious alloying,
we can repair, and even remove, the undesired impacts or facilitate
the beneficial effects of impurity elements on GB.

Thus, with the purpose of predicting and controlling the influ-
ence of the GB segregation, understanding the original mechanism
of impurities-induced embrittlement and the effect of alloying on
GB cohesion is of great importance and has been investigated in
amount of researches. Through competition between dislocation
crack blunting and brittle separation governing the propagation
resistance of an intergranular crack, Rice and Wang established a
thermodynamic theory that gives the mechanism of GB embrittle-
ment induced by impurities [16]. Effect of Cr on magnetic and
cohesive properties of bcc Fe GB is studied by Wachowicz and
Kiejna [10]. Fe and its alloys i.e. austenitic stainless steels (AASs)
which are an alloy mainly composed of Fe, Cr, and Ni, are one of
the most popular materials and widely used for applications in
biomedical, marine, chemical, power, and oil sectors because of
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their excellent mechanical and corrosion properties. Although
effects of alloying elements on the impurity elements behavior at
Fe GBs, such as Cr on the segregation of multi-H, S, Cl at the bcc
Fe GB [17,18], Mn on the P embrittlement of bcc Fe GB [12], have
been studied to control the influence of GB segregation, few theo-
retical research about how alloying elements of the transition ser-
ies affect impurity elements’ behavior at c-Fe GB system was
carried out.

In this paper, by investigating the behaviors of S and B in the c-
FeR5 [001] (210) GB with and without alloying elements Cr, Ni,
Mn, Co and Mo additions, we explored the role of impurities in
GB cohesion and the effects of alloying elements on impurities’
behavior at GB to provide a guidance to improve the properties,
especially mechanical properties, of AASs GB. As S and B are known
to be a GB cohesion embrittler and enhancer respectively in bcc Fe,
the comparison offers different insights into the influence of segre-
gants S and B on relative fcc Fe GB cohesion. Based on first-
principles calculations, present work systematically describes a
fundamental investigation of impurity and alloying elements on
c-Fe GB cohesion.
2. Model and method

We used models of c-FeR5 [001] (210) symmetrical tilt GB and
c-Fe (210) free surface (FS) for the first-principles calculations, as
showed in Fig. 1. Clean FS and GB unit cell contain 22 and 40 Fe
atoms respectively. Fe sites and GB interstitial sites are indicated
by numbers and letters. We refer to the atomic sites as GB0,
GB ± 1, GB ± 2, etc. with different colors (red and blue) for Fe or
substitutional sites and interstitial sites as a–e, which are pre-
sented in both GB and FS cell. For GB systems (Fig. 1(a)), a 21-
layer slab was adopted to simulate the clean FeR5 (210) GB. The
five outermost Fe layer spacings in the GB are fixed in the bulk
to reduce free surface effects in the finite thickness slab. There
are two GB planes in the GB unit cell, one of which includes GB0
sites and the other includes the GB10 sites, and the alloying ele-
ments replaced the Fe (0) sites in the GB core. With 9 layers of
Fe atoms in between, the remaining FS–FS and FS–GB interactions
were supposed to be sufficiently reduced. For the FS systems, the
Fig. 1. Model and notation for the structure of Fe (number 0–±10) and impurities
(letter a–e) at (a) Fe R5 [001] (210) GB and (b) Fe (210) free surface. The blue and
red balls represent iron atoms, small pink balls indicate different interstitial sites.
Atoms in dashed box are fixed layers. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
corresponding clean Fe (210) free surface is simulated by a peri-
odic array of 11 layers of slabs separated by a vacuum layer of
10 Å, which ensure no significant interaction between the slabs,
and alloying elements was placed pseudomorphically on the corre-
sponding FS (0) sites. Impurities B and S (introduced artificially in
the slab model) were placed at five threefold hollow sites: surface
site (a), near surface site (b), interim site (c), near bulk site (d), in
bulk site (e), to investigate their segregation behavior in both GB
and FS. The (2 � 1) lateral cell of the two slabs was employed to
model the calculation system and thus there are two equivalent
atomic sites in each layer.

The CASTEP code (Cambridge Sequential Total Energy Package)
[19] based on the density functional theory (DFT) [20,21] was
employed to perform our first-principle calculations. We chose
the generalized gradient approximation (GGA) in Perdew–Burke–
Ernzerhof (PBE) formula [22] when dispose exchange–correlation
potential. Ultrasoft pseudopotentials [23] was used for the ion–
electron interaction evaluation. A cutoff energy of 300 eV was used
for plane-wave expansions. Energy calculations in the Brillouin
zone were performed using a [6 � 6 � 1] k-point mesh created by
the Monkhorst–Pack scheme [24]. To find a more accurate GB
model, the atomic positions and all the three vectors lengths (a-,
b- and c-axis) are optimized in the whole calculations. The relax-
ation of atomic positions was carried out, with the thresholds for
structures converging: maximum force, energy change, maximum
displacement and stress less than 0.05 eV/Å, 2 � 10�5 eV/atom,
2 � 10�3 Å, and 0.1 GPa, respectively. And the final optimized
dimensions of the pure GB supercell are 3.45 � 7.71 � 15.59 Å3.

In order to guarantee the reliability of our calculations, the lat-
tice parameter of bulk fcc Fe was calculated using different func-
tionals (the comparison with Ref. [25] values is listed in Table 1).
From the calculation results, we can get that the lattice constant
(a) and bulk moduli (B) value calculated from the GGA-PBE is more
consistent with the result given by Ref. [25]. Therefore, GGA-PBE is
adopted in the following surface relaxation and energy calcula-
tions. Although our calculated lattice parameter value (3.446 Å)
is very close to some previously reported values of 3.45 Å [25]
and 3.43 Å [26], there is a discrepancy with experimental value
of 3.648 Å [27]. These results differences (0.2 Å) are caused by a
different calculation method and parameters settings. Given the
known paramagnetism of fcc Fe, which cannot be easily modeled
within conventional DFT, we chose to model austenite with the
nonmagnetic phase of fcc Fe. Thus also leading to the lattice
parameter deviation between theory and experiment. Actually,
systematic error cancellations are expected because of the same
treatment given to the M/Fe GB and corresponding FS systems
and all our used energies (binding energy, segregation energy,
and strengthening/embrittling energy) are relative values which
are obtained by calculating the difference between two absolute
energies values. Furthermore, it is well-known that grain boundary
energy is about 2/3–1/2 of free surface energy. Grain boundary
energies (1.748 J/m2) for our considered GB are about 2/3–1/2 of
the free surface energies (2.873 J/m2), which is in agreement with
the well-known trend. And our calculated free surface energies of
clean fcc Fe (210) surface are also close to other theoretical values
of 2.83 J/m2 [28] and 3.62 J/m2 [29] for fcc Fe (111) surface, vali-
dating that our calculation is reliable.
Table 1
Lattice parameters (a) and bulk moduli (B) of c-Fe, using different functionals.

Parameter LDA GGA-PW91 GGA-PBE Ref. [26]

a (Å) 3.43 3.435 3.446 3.45
V (Å3) 38.02 40.54 40.59 41.2
B (GPa) 341.3 307.6 304.8 282



Table 3
Calculated segregation energies (in eV) of B and S in the clean c-Fe FS and GB and the
difference in segregation energies.

Sites B S

EGBseg EFSseg DEseg EGBseg EFSseg DEseg

a �3.78 �2.87 �0.91 �1.65 �3.46 1.81
b �3.13 �2.85 �0.27 �1.68 �3.46 1.78
c �2.06 �1.42 �0.64 �0.45 �0.13 �0.31
d �1.29 �0.91 �0.39 �0.72 �0.17 �0.55
e 0 0 – 0 0 –
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3. Results and discussion

3.1. Behavior of impurities B and S at clean Fe GB

It is necessary to know the behavior of impurities B and S at
clean Fe GB, which act as a reference system. In this section, segre-
gation behavior of B and S at optimized GB and their effects on
clean GB cohesion are calculated. It is very important for later dis-
cussion to determine the stable sites of impurities atoms stayed in
clean Fe GB. At first, we discuss which sites in the GB region are
occupied by B and S segregation by considering the calculated
binding energies of B and S atoms as in Table 2. The binding energy
of an impurity atom at GB, Eb, can be calculated as follows [30]:

Eb ¼ EGB
tot ðnImAÞ þ nEFe

tot � EGB
tot ðcleanÞ �

Xn

i

Eith ImA
tot ð1Þ

where EGB
tot ðImAÞ and EGB

tot ðcleanÞ refer to the total energy of the GB

unit cell with and without impurities atoms, respectively. Eith ImA
tot is

the total energy of every isolated studied impurity atom and nEFe
tot is

the energy of Fe atoms which are replaced by n substitutional impu-
rities atoms. Thus, a negative Eb value means a stable site for impu-
rity atom and a positive values correspond to an unstable site.
When one B or S atom is inserted into the GB vacancy sites (GB a
to GB e), the binding energies show negative values of �5.53 to
�9.89 eV. However, when one S atom is substituted for a Fe atom
at the other GB sites (GB0 to GB7), the binding energies show pos-
itive values of 5.91–6.74 eV. These results mean that B and S prefer
the interstitial site to the substitutional one energetically. Thus in
subsequent sections, only the interstitial site will be taken into con-
sideration for both B and S.

The binding energy itself cannot decide whether the studied
impurity position is the most stable site for their segregation, as
it can be evaluated relative to various systems (e.g. with respect
to every isolated atom (as done e.g. in Ref. [8]) or with respect to
the whole clean GB, as performed here). The tendency of impurities
atoms to segregate to or away from a GB/FS should be dictated by
its segregation energy (SE), which is defined as the binding energy
difference between the GB/FS sites and deep in the bulk material.
That is:

Eseg ¼ Eb ðGBÞ � Eb ðbulkÞ ð2Þ
here Eb (GB) is the binding energy as stated in Section 3.1, and Eb
(bulk) is the binding energy when one impurity atom is in the inner
bulk environment. According to the definition, the largest nega-
tive/positive value corresponds to the most stable/unstable segre-
gation position of the impurity atom. Here, it must be noted that
by calculating SE, our objective is to determine the final state or
the tendency of elements distribution in GB, not to discuss the dif-
fusion process in great detail. Calculated segregation energies are
displayed in Table 3 for impurities in both GB and FS.

As we can see, for both B and S, the segregation energies in GB
and FS showed the same tendency for the SE to be negative in all
position and SE reaches the largest negative value at GB/FS a sites.
This obviously suggests that B and S impurities tend to segregate to
Table 2
Calculated binding energies (in eV) of impurities B and S (both interstitial and
substitutional) in clean Fe GB.

Sites B Inter S Sites Sub S

GB a �9.89 �7.18 GB0 5.91
GB b �9.24 �7.21 GB1 4.57
GB c �8.16 �5.98 GB3 4.67
GB d �7.40 �6.25 GB5 6.47
GB e �6.11 �5.53 GB7 6.74
the GB, which is in agreement with previous experimental and the-
oretical studies [2,31]. Here it must be noted that initial configura-
tions of GB/FS b sites eventually convert into GB a sites
configuration for both B and S, also indicating that the tendency
of GB segregation for B and S. Moreover, the largest negative SE
values for B and S are �3.78 and �1.68 eV, respectively, indicating
B segregated at GB suppress S segregation at GB distinctly. The
presence of these GB segregated impurities elements will consider-
ably modify, generally undesired, the cohesive properties of the
GB. The potency of a segregant solute in strengthening or embrit-
tling the GB can be evaluated by the strengthening/embrittling
energy, DEseg, which should be calculated using follow formula
[16]:

DEseg ¼ EGB
seg � EFS

seg ð3Þ

where EGB
seg and EFS

seg are the segregation energy for an impurity atom
at the grain boundary (GB) and free surface (FS), respectively. By
this calculation method, a solute with a positive DEseg value is a
more potent embrittler, or vice versa. The estimated value of the
GB DEseg when either a B or S atom is present at the GB is given
in Table 3. The value of DEseg for B and S at their segregated posi-
tions are negative (�0.91 eV) and positive (1.81 eV) respectively,
which clearly indicates that B atom serves as an enhancer but S
as an embrittler in the clean Fe grain boundary. Our calculation
results are consistent with the experiment.

3.2. Behavior of impurities B and S at alloyed GB

3.2.1. Alloying elements’ behavior at GB
We first study the segregation behavior of alloying atoms (Cr,

Ni, Mn, Co, Mo) at clean Fe GB and their effects on the GB cohesion.
To identify the most energetically favorable segregation site, we
swap alloying atoms with Fe atoms at GB I (i = 0, 1, 3, 5, 7) positions
to study their segregation behavior. Here, we calculate their segre-
gation energies (SEs) using Eq. (3) to identify at which sites they
prefer to stay and site GB7 is chosen as the bulk-like site when cal-
culating Eb (bulk). Our obtained results are displayed in Fig. 2.

As revealed by the calculated SE, all five alloying elements here
can steadily stay at the core site in the mirror plane (site GB0) of
the GB for the negative SE at GB0. Besides, Ni, Co and Mo prefer
to occupy the GB0 site, while Cr and Mn tend to locate at the site
in the first layer near GB (site GB1). To recognize and compare their
effects on B/S-doped GB cohesive properties, we first look at their
role in GB. The strengthening/embrittling energies (DEseg) were
calculated using Eq. (3) to determine their effects on the clean Fe
GB cohesion. As demonstrated in Table 4, there are two categories
of alloying atoms. The first one, including Cr, Mn, and Mo, act as the
GB enhancer for the calculatedDEseg are negative at their preferred
sites. The second including the rest atoms (Ni and Co) play the GB
embrittler role due to the calculatedDEseg are all positive. Lee et al.
also got the same conclusion [15]. Considering the radius of these
alloying atoms follow the order: Mo > Cr > Mn > Fe > Co > Ni, we
may find that for the substitutional alloying atoms in clean Fe



Fig. 2. Calculated segregation energies for alloying atoms at different GB sites.

Table 4
Calculated strengthening/embrittling energies (DEseg) for alloying atoms at different
GB sites.

DEseg (eV) Cr Ni Mn Co Mo

GB0 0.133 0.703 0.118 0.308 �0.221
GB1 �0.285 0.769 �0.144 0.392 0.236
GB3 �0.182 0.166 �0.133 0.058 �0.427
GB5 �0.228 0.197 �0.172 0.074 �0.364
GB7 0 0 0 0 0

Fig. 3. Calculated segregation energies for B and S at different alloyed GB.

Fig. 4. Calculated strengthening/embrittling energies for B and S at different
alloyed GB.

Y. Li et al. / Computational Materials Science 115 (2016) 170–176 173
GB, those elements with larger size than Fe serve as cohesive
enhancers while elements with smaller radius than Fe play an
embrittler role. However, their strengthening/embrittling poten-
cies do not strictly follow this order. Of course, the GB segregation
enrichment ratio of alloying atoms should be taken into consider-
ation when discussing their overall effects on GB cohesion.

3.2.2. Alloying effects on the behavior of B and S at GB
In this section, we focus our attention on how alloying atoms

affect the behavior of interstitial impurities, thus controlling the
impurities-induced embrittlement of the Fe GB. Here, we must
note that, although the obtained segregation energies of B and S
are lower than those of the alloying elements from our calcula-
tions, both of them are negative, meaning that alloying atoms have
a tendency (although the tendency of B and S are more obvious) to
segregate at GB. Besides, from the point of structure, as the inter-
stitial impurities, B and S are more likely to be affected by the sub-
stitutional alloying atoms, not the other way around. In this paper,
our focus is mainly alloying effects on the behavior of B and S at the
GB. So here our objective is only to demonstrate the effect of alloy-
ing atoms additions on the segregation behavior of B and S. Consid-
ering GB0 site is stable for all alloying atoms and toward
comparison between their effects on B and S behavior, all alloying
atoms are substituted Fe (0) atoms. As discussed in Section 3.1, we
investigate this issue from their effects on segregation behavior
and the strengthening/embrittling behavior of impurities B and S
in GB. Calculated segregation energies of B and S in different
alloyed GB are shown in Fig. 3. As we can see, the presence of all
the alloying elements considered can inhibit B GB segregation to
some extent due to the higher segregation energies and has slight
effect on S GB segregation except for Ni and Mo, which can inhibit
and improve S GB segregation respectively. The strengthening
energy of B and the embrittling energy of S in these alloyed GB
are estimated and showed in Fig. 4. All of these alloying atoms
can impair the enhancement effect of B on GB cohesion due to
the lower value of �DEseg. However, they almost have no impact
on the GB embrittlement effect of S, except for Mn and Mo, which
strongly enhance and reduce S-induced GB embrittlement respec-
tively. Mn’s facilitates embrittlement in the grain boundary is also
found by Zhong [12] in P doped Fe GB.



Fig. 5. Calculated interlayer distance in (a) FS, (b) GB systems doped by B and S, (c) S/Fe FS and (d) S/Fe GB systems with alloying atoms addition.
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In addition, we investigated the synergistic effect of (Cr + Ni)
and (Cr + Mn) on the behavior of B and S in GB. From the calculated
embrittling energies of S in alloyed GB (shown in Fig. 4(b)), the
remedial effects of their synergy, especially (Cr + Mn), on the GB
embrittlement induced by S can be observed. For the direct effect
of Mn or Ni, especially for Mn, GB embrittlement S-induced can
be strongly enhanced. Associated with Cr together, however, they
can reduce S-induced GB embrittlement in Fe–Cr–Ni (Mn) alloys.
This result also agrees with the fact that ASSs (a Fe–Cr–Ni alloy)
possess excellent mechanic property and the feasibility and advan-
tage of Mn (and N) partially or completely substituting for Ni in
ASSs. Based on the above discuss, we can safely conclude that
the alloying elements studied can weaken the strengthening effect
of B on GB cohesion, and Cr, Mo, (Cr + Ni) and (Cr + Mn) have a
remedial effects on S-induced GB embrittlement.

3.3. Atomic structure and total valence charge density

Toward understanding of the original physical and electronic
features which governor the segregation behavior and strengthen
ing–embrittling behavior of the alloying and impurities atoms at
Fe GB, we carefully compared the interlayer distance and analyzed
the total valence charge density of the studied GB and the corre-
sponding FS systems. We first examine the atomic structure. In
view of Mn and Mo obvious effects on the cohesive properties of
S-induced embrittlement GB, we focus our attention on these cor-
relatable GB systems. The change of interlayer distances is showed
in Fig. 5 as a function of the GB sites. In comparison to the pure Fe
GB (Fig. 5(b)), although the introduction of both B and S in GB has
only a trivial effect (5%) on the structure of GB, the S-induced
changes for d01 and d12 are larger than that of B. In the FS case
(Fig. 5(a)), as the adatom on Fe (210) surface, S tend to more far
away from the surface than B (dI-FS) and makes d01 change drastic
(even larger than the interlayer distance in bulk). All these suggest
that S embrittlement effects on GB. Along with the Mn andMo sub-
stitution at GB0 sites in S-doped GB/FS, notable differences in
structures occur between the S/Fe and (S + Mn (Mo))/Fe systems.
As showed in Fig. 5(d), Mo-induced changes in GB structure can
be found from the interlayer distance d12, which rises and by
0.18 Å, and d23, which contracts by 0.13 Å and below the interlayer
distance in bulk, indicating the integrated effect of Mo is to liberate
the distortion induced by S and to adjust relaxation. In the FS case
(Fig. 5(c)), a strong effect of Mn is also seen for dI-FS (increase by
0.1 Å) and d12 (increase by 0.1 Å), demonstrating Mn makes S far
away from surface and weakens the interaction between interlay-
ers. As a result, compared with the Fe (0)–Fe (5) bond length in the
S/Fe system (3.84 Å for FS and 3.97 Å for GB), the Mn–Fe (5) bond
length in (S + Mn)/Fe system is expanded by 0.24 Å and 0.11 Å for
the FS and GB, respectively.

The structural changes are in tight connection with the varia-
tion in electronic properties. Thus it is necessary to investigate
the electronic structure for understanding the atomic interaction.



Fig. 6. The calculated total valence charge density for GB with (a) typical alloying atoms substitution and (b) interstitial impurities and Mo addition.
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Illuminating figures derived from comparing of the impurity-
induced charge redistributions in the different doped GB and the
total valence charge density of the corresponding GB is illustrated
in Fig. 6. For substitutional alloying atoms (Fig. 6(a)), from the
extent of charge accumulations between atoms, their effects on
GB cohesion can be attributed to the direct effect arising from
the attractive Fe (±3)–M (M = Ni, Mo, substitutional S) and Fe
(1)–Fe (�1) interaction, which get strong with enhancer case
(Mo), and become weak with embrittler cases (Ni and S) when
compared with the clean GB. For interstitial impurities atoms
(Fig. 6(b)), the atomic interaction is different. In S/Fe GB, charge
depositions can be seen between both S–Fe (0) and S–Fe (±2), sug-
gesting S-induced chemical interaction at GB are divided by lateral
and vertical bonding. Embrittlement behaviors of S can be under-
stood from the irretrievable GB expansion by the ‘‘embedding”
character of the S–Fe bonding, which the vertical bonding (S–Fe
(±2)) are not strong enough. By contrast, charge depositions are
only found between B and Fe (±2), suggesting that B-induced
chemical interaction at GB is all devoted to the vertical attraction
and the B–Fe (±2) interactions are more covalent-like. Therefore,
B–Fe bonding displays much stronger spatial anisotropy, that is,
sturdier perpendicular B–Fe (±2) bonding and feebler horizontal
B–Fe (0) bonding. In addition, GB expansion arouse by B is smaller
than S. All these demonstrate that the strengthening effect of B
derives from the vertical attraction which is strong enough to sur-
pass the GB expansion. The remedial effect of Mo addition on S-
induced GB embrittlement can be attributed to the charge transfer
from the in-plane state (S–Mo bonding) to the vertical state (S–Fe
(±2) bonding), which boosts the vertical attraction.

4. Conclusions

In conclusion, we explored the strengthening- embrittling effect
of B and S on the cohesion of c-FeR5 [001] (210) GB with and
without alloying elements Cr, Ni, Mn, Co and Mo additions apply-
ing first-principles theory calculations. Impurities B and S, which
both tend to segregate to the GB, are found to be a cohesive enhan-
cer and a strong embrittler, respectively. All alloying elements
additions considered inhibit GB segregation and reduce strength-
ening effect of B. By the direct effect of Mn or Ni, especially for
Mn, S-induced GB embrittlement can be strongly enhanced, while
Mo act as an GB enhancer and can strongly reduce the GB embrit-
tlement induced by S. Associated with Cr together, however, Mn or
Ni can reduce S-induced GB embrittlement in Fe–Cr–Ni alloys. The
examination of the atomic structure the total valence charge den-
sity indicates that the embrittlement effect of S on GB derive from
the GB expansion which is induced by S and is irretrievable only by
the weak vertical (S–Fe (±2)) bonding. By comparison, the domi-
nant vertical attraction which is strong enough to surpass the GB
expansion leads B to be a GB cohesion enhancer. The remedial
effect of Mo addition can be attributed to its releasing the multi-
layer relaxation induced by S and its adjusting charge distribution
which are transferred from the lateral (S–Mo) bonding to the ver-
tical (S–Fe (±2)) bonding.
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