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Abstract: First-principles theory calculations were used to investigate the segregation behavior of P and Mg as well as the
interactions between Mg and P at a-Fe £3(111) [ 110 ] symmetrical tilt grain boundary (GB). Results demonstrate that both P and Mg

are segregated at GB, and P has a stronger segregation potency. Mg prefers to substitute at grain boundary plane with the largest

absorbable vacancy, whereas P inclines to substitute at the sites near Fe atoms to form strong covalent Fe-P bonds. When Mg exists at

GB, the segregation behavior of P may be greatly inhibited by the decrease in possible solution sites and the increase in segregation

energy. P has stronger interactions with Mg at GB, forming a lower energy hybridization peak. These results can be used to explain

why the addition of a small amount of Mg can ameliorate the temper embrittlement phenomenon.
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1 Introduction

Impurities segregated at grain boundaries (GBs) always
cause a dramatic decrease in mechanical properties of alloys.
One of the most typical results is the temper embrittlement in
steels. This kind of embrittlement is usually found in low-
alloying steels, such as 2.25Cr-1Mo and Ni-Cr-Mo, during
heat treatment or servicing at a critical temperature range (350
—600 °C)"". When the temper embrittlement occurs, the
fracture characteristics are transformed from a transgranular
facture to an intergranular one by a great decrease in ductility.
Meanwhile, the ductile to brittle transition temperature
(DBTT) also rises to a higher level®"’. Many theories have
been proposed to explain this phenomenon and a widely
acceptable theory proposes that the solubility of impurity
atoms in GB is always much higher than that in the matrix,
which induces the dissociative atoms to segregate at GB and
causes the decrease in GB strength!"”. According to Ref.[13],
combining both  basic
experimental research, the mechanisms behind GB strength

theoretical ~ calculations and
decrease caused by impurity atoms include the following
effects: (1) atomic size effect, which results from the local
strains induced by the solution of oversize atoms'"; (2) GB
decohesion resulting from the formation of low energy
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bonds™ "%, (3) GB decohesion resulting from the formation of
covalent bonds, which in turn impairs the original metal
bonds"*™. It is well acknowledged that GB embrittlement
cannot be caused by a sole mechanism but a comprehensive
result of a few mechanisms.

Many trace elements (such as P, S, Sb, Sn, Se, and Te) were
testified to trigger GB embrittlement. Among these impurities,
P is one of the most frequently-used impurities in steels due to
its higher chemical composition™. According to the related
research, P has strong segregation tendency to GB and causes
embrittlement in various conditions. Zheng et al”'! pointed out
that in 12Cr1MoV steel, P was segregated at GB after aging at
540 °C for 15 h whether it was under the elastic stress or not.
Kameda et al™! emphasized that DBTT shifts of thermally
aged or neutron-irradiated A533B steel and 2.25Cr-1Mo were
caused by the segregation of P at GB. The effect of P on GB
embrittlement was also evaluated by theoretical calculations.
Wu et al™ showed that the embrittlement of P-containing GB
can be explained by the bond mobility mechanism. Yuasa et
al"™ calculated the P-segregated X3 GB in body-centered
cubic (bce) Fe. They found that even though P and surrounded
Fe atoms formed high charge density covalent Fe-P bonds, the
mobility of electrons was greatly reduced, thus affecting the
density states of the Fe-Fe bonds and leading to an
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embrittlement behavior.
To alleviate the detrimental effect of P in alloys, methods
have been applied to either strengthen GB or to eliminate P

1®¥ discovered that the temper

from GB. For example, Wu et a
embrittlement susceptibility of medium carbon CrNi3Mo steel
could be improved by alloying with Ce. The main reason was
the formation of Ce-P compound as well as the contributions
24

of Ce segregation to GB strength. Lu et al“" investigated the
positive effect of hafnium on controlling the intergranular
segregation of P in ferrite steels and ascribed the mechanism
to the solute drag model. They showed that hafnium could
suppress the segregation of P to about one-sixth of the
segregation degree of hafnium-free alloy. Mo is also found to
play a significant role in impeding P segregation at GB by
forming Mo-P compound in matrix due to the strong
interactions between these two atoms. However, this positive
effect is greatly hindered when Mo and C are precipitated as
carbides during the aging process'"'*”. Besides, Song™® and
[27)

Hong"" et al proved that B is preferentially located at GBs,

which can reduce the possible GB segregation sites of P. Heo

et al®®

analyzed the effect of decarburization on a low-
alloying steel with 0.019wt% P, and pointed out that a drastic
decrease in intergranular fracture strength could be found with
the increase in P concentration at GB as a result of
decarburization at 900 °C. This result indicated that P was the
GB segregation atom, and GB pre-located atom (carbon)
might have a great effect to impede the P segregation.

2.25Cr-1Mo with bee-Fe matrix is one of the main Cr-Mo
low-alloying steels widely used in power and petrochemical
industries for boiler, piping, and chemical reaction vessels!**.
Currently, a series of experiments were performed on the
hindrance effect of Mg on the temper embrittlement induced
by P in 2.25Cr-1Mo. This is because Mg is a quite commonly
employed element to purify molten steel and modify inclusion
in steels, and it also has a positive effect on GB strength of
superalloys™ *****, The impact toughness evolution of 2.25Cr-
1Mo alloy with 0.056wt% P addition after step-cooling was
studied. Through auger electron spectroscopy (AES), it was
found that Mg was prone to segregation at GB to decrease the
segregation amount of P at GB, and when the content of Mg
increases from 0.002wt% to 0.006wt% , the increment of
DBTT after step-cooling decreases from 26.57 °C (Mg-free
alloy) to 18.45 and 9.30 °C, respectively. Mg is believed to be
a brittle-trigger element”, but the mechanism of P
segregation is still obscure only based on the experimental
phenomenon.

In this research, the segregation behavior of Mg at GB of
bee Fe was investigated with the assistance of first-principles
calculation. Its effect on the solution behavior of P at GB was
also studied. This research provided new insights into Mg
segregation behavior at GB in bcc Fe, and also clarified the
element interactions of Mg and P at GB, guiding the element
addition and alloy design.

2 Computational Details and GB Models

35-37]

Vienna ab initio simulation package' was used with the

projector augmented wave potential for the ion-electron
interaction®*. An energy cutoff of 400 eV was chosen for
the plane-wave expansion of eigenfunctions. The generalized
gradient approximation of Perdew-Burke-Ernzerhof form was
employed for electron exchange and correlation™ . The
Brillouin zone was sampled using a Monkhorst-Pack 3x4x1
k-point mesh and the Methfessel-Paxton smearing with 0.1 eV
width™. For each structure, the atomic positions were
optimized by Hellman-Feynman forces until all the forces

B All the calculations were

were less than 0.1 eV/nm
conducted at the spin-polarized state.

The bee Fe £3(111) [110 ] symmetrical tilt GB was used in
calculations and the structural cell including two GBs is
shown in Fig.1. The directions of a, b, and ¢ axes are indicated
by arrows. Before constructing the a-Fe £3(111) symmetrical
tilt GB, the lattice parameter of bulk bec Fe is 0.2833 nm,
which is quite similar to other calculated results and
experimental results™® ™. The model is designed as a
sandwich model with two GBs in one cell. Fe atoms in brown
color are 0.5a distance from the Fe atoms in blue color
in <110> direction. In this model, the pure a-Fe £3(111) GB
contains 96 atoms. There are two GB planes in the unit model,
both of which are marked by dash lines in Fig. la. Fig. 1b
shows the top view of the (111) surface at GB plane. The
atoms in the clean GB model (without Mg addition) are
relaxed into the one with the most stable position before
inserting any foreign atoms, and the optimized dimensions of
GB were calculated as 0.801 nmx0.694 nmx1.963 nm. The
free surface (FS) system (Fig. 1¢) is half of GB model with a
vacuum layer larger than 1.5 nm, which ensures no significant
interactions between the periodic surface slab. The positions
of the atoms at GB plane are denoted as site 1, and the atoms
located in the layer next to GB are named as site 2 (or site -2),
site 3 (or site -3), etc. The substitute sites in the middle layer
(site 7) between two GB planes are deemed as the bulk sites.
All the possible substitute places (or interstitial sites) in GB
model were calculated for energy comparison.

In this research, the segregation ability of these two atoms
was firstly analyzed to investigate the effect of Mg on the
segregation behavior of P at GB. The segregation energy of

the atom M on site 7 is £},

and it is expressed by Eq.(1), as
follows:

EAnMseg = Eyes ~ Eumu (1
where E}; is the total energy of GB model with one solute

atom M at n site and E,,,, is the total energy of GB model

n
Mseg

indicates the GB segregation potential, whereas the positive
value implies that the bulk site is more popular compared with
the segregation position. The embrittlement potency energy of
GB with different impurities was also obtained based on the

intergranular fracture induced by Rice-Wang thermodynamic
[46-47]

with the solute atom at the bulk site. The negative E},., value

theory of segregation®*”. This energy is defined as the
difference between the segregation energies of the atom at GB
and FS, which can be calculated by Eq.(2), as follows:

AE:(EZ}MB 7EGB)7(EII~‘V§ 7EFS) 2
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where El, Ebt, E g and Erg represent the total energies of the
atom M segregated GB, atom M segregated FS slabs, clean
GB, and clean FS, respectively. The negative or positive value
of AE implies a strengthening or weakening effect of the atom
to GB. The larger the AE value, the stronger the effect.

3 Results and Discussion

3.1 Segregation behavior of P and Mg at a-Fe X3(111) GB

Firstly, put P and Mg at different segregation sites to find
their most popular locations at a-Fe £3(111) GB. Herein, five
substitution sites are considered, which are site 1, 2, 3, 4, and
5 for both P and Mg, as shown in Fig. la. Based on the
research results in Ref.[18—19], P is more likely to substitute
Fe atom rather than to insert as an interstitial atom, and the
atom radius of Mg (approximately 0.16 nm) is also too large
to be located at the interstitial site of GB model. The
segregation energy of an interstitial Mg atom at GB plane is
quite positive as 6.0233 eV/atom, indicating an unstable
position. The segregation energies of all these possible
location sites are shown in Fig.2. The insets in Fig.2 show part
of GB system, where the light blue balls are the foreign atoms
(P or Mg) when they are located at their most stable
segregation sites. Dash lines indicate GB planes. It can be
seen that both P and Mg prefer to segregate at GB or near GB
zone rather than in the bulk position. The segregation energies

b=<112 >

c=<I111>

of P at substitution sites 15 are all negative. The segregation
energy of P at substitution site 4 is negative but only of —0.1
eV, which is very close to zero. These calculation results are in
accordance with the results in Ref.[4—5], which emphasized
that both P and Mg were found at GB of 2.25Cr-1Mo ferrite
steel by AES analysis. Compared with that of P, the
segregation tendency of Mg is less strong with a segregation
energy of about 1.36 eV, which is higher than that of P.
Moreover, it also needs to point out that the most stable
segregation sites for P and Mg are also quite different. For P,
the most stable position is site 2, which locates at the atom
layer next to GB plane; for Mg, the favorable site is site 1,
which locates at GB plane.

To clarify different segregation behavior between P and
Mg, the atom distance change of GB with different atom
solutions was analyzed. Herein, the atom distance deviation
d,., 1s introduced, as follows:

digl=dy’ —dey ©)
where d;;/ is the atom distance between site i and site j in GB
model with the solute atom M; d/;] is the distance of site i and

site j in clean GB. A negative result of d,, implies an atom

dev
distance shrinkage, whereas a positive d,,, value indicates a
localized expansion, compared with the original distance. The
atom distance deviations are shown in Fig. 3 and the atom

distances in clean GB are listed in Table 1. It is found that the

=<111>
~ Vacuum ¢

Fig.1 Structural models of bec Fe £3(111) [110] symmetrical tilt GB (a—b) and (111) FS system (c): (a) overall model; (b) top view of (111)

surface at GB plane

1of 1o} o—-8—© b
05F 0.5} I
0.0 0.0 ® 0 O
0.5} -0.5F e e

% -1.0} -1.0}

g-1.5F -1.5F

< 20} 20}
2.5¢f 25t
3.0f 3.0f
3.5¢ 35F , , , ,

1 2 3 4 5

Segregation Site

Segregation Site

Fig.2 Calculated segregation energy E_, for P (a) and Mg (b) at different segregation sites in GB system
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Fig.3 Atom distance deviations in GB model after P and Mg

substitution

atom at site 2 usually has shorter distance to surrounding Fe
atoms (0.2143-0.2711 nm), whereas the atoms at site 1 have
larger space with longer atom distance to their neighbors
(0.2549-0.4070 nm). When foreign atoms are segregated, the
distances between atoms in GB model change, as shown in
Fig.3. It can be seen that when P substitutes the atom at site 2,
the atom distances between P and its surrounding Fe atoms are
all decreased, which is reflected by the negative distance
deviations. The nearest atom to P is a Fe atom at site -2. The
distance between these two atoms is 0.2125 nm. The second,

third, and fourth nearest atoms are at site 5, 3, and 1 with the
distance of 0.2170, 0.2313, and 0.2504 nm, respectively.
When the atom at site 1 is substituted by Mg atom, the atom
distance deviations are all positive, indicating a GB zone
expansion, which is mainly induced by the lattice distortion
when Mg atoms with large radius are inserted.

To specify the reasons of different atom segregation
behavior, partial density of states (PDOS) of both P and Mg
with its first and second nearest Fe atoms was analyzed, and
the results are shown in Fig. 4 and Fig. 5, respectively.
According to Fig.4, P has strong interaction with Fe atoms.
Compared with Fe atoms in clean GB, obvious hybridization
peaks can be observed from —12.0 eV to —11.9 eV. These
peaks are mainly formed by the hybridization of s-orbit
electrons of P and s-, p-, and d-orbit electrons of Fe. The
localized electrons form strong bonds between P and its
nearby Fe atoms, thus leading to the preferential location of P
as the place with the nearest Fe atoms. The similar results are
also reported in Ref.[19].

PDOS of Mg is shown in Fig. 5. Different from P, no
significant hybridization peaks can be found between Mg and
its surrounding Fe atoms. There are interactions between the
s- and p-orbit electrons of Mg and Fe, but the bonding is not
very strong. The valence electrons of Mg are much less
compared with those of Fe and P atoms, and with Mg atom

Table 1 Atom distances in clean GB model (nm)

i-j 1-1 1-2 1-3 1-4 1-5 2-(-2) 2-3 2-4 2-5
d(’,B/ 0.4006 0.2549 0.2818 0.2484 0.4070 0.2143 0.2374 0.2711 0.2278
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Fig.4 PDOSs of P and Fe atoms: (a) PDOS of P atom; (b) PDOS of Fe atoms at site -2 in clean GB; (c) PDOS of Fe atoms at site -2 in

P-containing GB; (d) PDOS of Fe atoms at site 5 in clean GB; (e) PDOS of Fe atoms at site 5 in P-containing GB
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Fig.5 PDOSs of Mg and Fe atoms: (a) PDOS of Mg atom; (b) PDOS of Fe atoms at site 2 in clean GB; (c) PDOS of Fe atoms at site 2 in Mg-
containing GB; (d) PDOS of Fe atoms at site 4 in clean GB; (e) PDOS of Fe atoms at site 4 in Mg-containing GB

substitution, the d-orbit electrons of Fe atom are found to
decrease, compared with those in clean GB. This infers that
Mg addition affects the electron density of states of the
surrounding Fe atoms and forms weak bonds with them,
which may be a major reason for the reduction in GB strength.

The effects of P and Mg on bec Fe £3(111) GB strength are
also analyzed. The embrittlement potency energies of GB with
P and Mg are calculated as 0.410 (40 kJ/mol) and 0.730 eV
(70 kJ/mol), respectively. The positive values indicate that
both P and Mg have a negative effect on GB cohesion, but Mg
has a more significant embrittlement potency, compared with
P. This result is coincident with the conclusion in Ref. [13].
Lejcéek et al™®
elements on GB embrittlement. They emphasized that the

compiled the theoretical values of impurity

embrittlement potency calculation is very sensitive to the
calculation details, such as the lattice dimension and the
relaxation parameters. For instance, the embrittlement potency
energy of P had a quite large data range from -89 kJ to 99 kJ
under different density functional theory (DFT) calculations.
In this theoretical result, the embrittlement potency energy of
P (40 kJ/mol) is in the mentioned range and also has a good
match with the experimental value in polycrystalline (35—48
kJ)™. The theoretical result for Mg with DFT calculation is
lacking, but the result in this research shows a convincing
value by considering the embrittlement potency tendency of
both Mg and P in experiments.

The segregation behavior and embrittlement potential have
great relations to the chemical bond between the solute atom
and surrounding Fe atoms. The electron localization function

(ELF) was employed to investigate the types of bonds
between the solute atoms and Fe atoms. Generally, ELF value
higher than 0.5 indicates ionic or covalent bonds, showing
highly localized electrons, whereas ELF value lower than 0.5
is more likely to correspond to metallic bond, showing
nonlocal electron gas™?". The results of ELF of GB with P
and Mg segregation under different conditions are shown in
Fig. 6 and Fig. 7, where An(r) describes the electron
localization function value. As shown in Fig. 6¢c, there is a
charge accumulation in the middle of P and its nearest Fe
atoms. It can be seen that a higher electron density (around
0.3) is found between atoms at the sites 1, 2, and -2. When P
substitutes for Fe atom, ELF value is as high as 0.6—0.7 in the
middle region between P (site 2) and Fe (site -2) atoms,
indicating the formation of a covalent bond. Meanwhile, the
electron density among site 2 (or -2), site 1, and other
surrounded Fe atoms is all decreased. According to the results
in Ref.[52] with quantum mechanical cluster calculations, the
elements attract charge from the neighboring metal atoms onto
themselves, always showing a strong embrittling behavior,
because they remove charge from the original metal-metal
bonds, which keep GB together. Thus, the embrittlement
potential of P to GB can be explained by the fact that P is
prone to bonding with Fe and forming covalent bonds with the
nearest Fe atoms as the result of the hybridization of s- and p-
orbit electrons. When Mg occupies the site 1 of GB plane, the
bonds between Mg and surrounding Fe atoms are still
metallic, as shown in Fig. 6d and Fig. 7d. Mg has only two
electrons at the outer p-orbit, and its valence electrons are
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Fig.6 Atomic configuration of (110) plane, where red atoms are the
ones in the same plane and the purple dash line indicates GB
plane (a); isosurface of ELF maps and its contour plots:
(b) (110) plane of clean GB; (c) (110) plane of P-containing
GB; (d) (110) plane of Mg-containing GB
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Fig.7 Isosurface of ELF and its contour plots from top view of P
substitution plane in clean GB model system (a) and P-
containing GB model (b); ELF maps of GB plane in clean GB
system (c) and Mg-containing GB (d)

decreased compared with the original Fe atom. Meanwhile,
when Mg is inserted in GB plane, the distances between Mg
and the surrounding atoms are all increased, which also makes
the electron density between Mg and Fe atoms decrease. Less
electron density metallic bonds are believed to have lower
strength, compared with the previous Fe-Fe bonds, therefore
showing an embrittlement behavior when Mg is inserted.
Thus, it can be found that the mechanisms for GB
embrittlement by P and Mg are quite different. For metalloid
atom P, it is more likely to form covalent bonds with the
surrounding Fe atoms and to weaken the original Fe-Fe bonds.
For metallic atom Mg, GB weakness is more likely induced
by two reasons: one is the local strain induced by the oversize

atom insert, which in turn leads to the Fe-Fe atom decohesion;
another reason is that Mg has less electrons to form stronger
metallic bonds"*. To reduce the solution energy, Mg is always
prone to substitution for the Fe atom with larger location
space and thus more favorable to occupy site 1 with the
largest substitution place.

3.2 Effect of Mg on segregation behavior of P at GB

P is seriously detrimental to GB strength and is believed to
be the main reason of the temper embrittlement. It is reported
that with the addition of a small amount of Mg, the temper
embrittlement induced by P can be alleviated to some
extent® . Mg is known as GB-embitter, which has also been
confirmed in this calculation. Herein, with the assistance of
theoretical calculation, the effect of Mg on the segregation
behavior of P at GB was analyzed. Firstly, the segregation
energies of P at the sites 1 —5 of Mg-containing GB were
calculated. Then, the results of the segregation energies of P at
the clean GB were also complied. All results are shown in
Fig. 8. It can be seen that with Mg atom addition, the
segregation energies of P are greatly increased. In the clean
GB system, the segregation energies are all negative at sites
1-5, which indicates substitution possibility. Particularly, sites
2, 1, and 5 are the most popular sites with the segregation
energies as low as —3.462, —2.863, and -2.785 eV, respec-
tively. In Mg-containing GB system, site 2 is still the most
stable segregation site with the segregation energy of —1.363
eV, but this value is higher than that in clean GB system by
about 2.099 eV. When Mg is located in GB plane, site 1 is no
longer a possible segregation site for P atoms, because the
segregation energy for P atom occupying site 1 rises to 3.380
eV, as shown in Fig.8. This phenomenon indicates that with
the addition of Mg, the number of segregated P atoms around
o-Fe Z3(111) GB is greatly reduced by decreasing from five
possible sites (sites 1—5) to only two sites (sites 2 and 5).
Besides, according to Mclean > s equation®™, GB element
concentration has a great relation to the segregation atom
energy, which can be expressed by Eq.(4), as follows:

Chun exp( AE:ffm/RT)

1+ Cyyexp(-AESE /RT)

“4)

GB
atom

where AEG: is the segregation energy; 7 is the aging

atom

4
—M— Mg-containing GB
3t M- Clean GB
2
1
3
20
S
2F
3t L
o | o ) \ ;
1 2 3 4 5

Segregation Site

Fig.8 Calculated segregation energy £, of P at different segregation

sites in Mg-containing GB system and clean GB system



1162 Wang Pengjia et al. / Rare Metal Materials and Engineering, 2025, 54(5):1156-1164

temperature; R is the molar gas constant; C, and C, , are the
impurity occupations of the GB and bulk, respectively. It can
be easily identified that with the increase in segregation
energy, under the same impurity bulk concentration, the
amount of impurity atoms segregating at GB will also be
reduced. Thus, it can be reasonably speculated that with the
addition of Mg, the segregation of P will be greatly decreased.

To understand the interactions between Mg and P, the
electron-distribution around these two atoms was analyzed.
Fig. 9 shows ELF maps of P segregated at GB with Mg
addition. It can be seen that with the addition of Mg, the
covalent bonds between P and the nearest Fe atoms are
decreased. Less electrons are accumulated between these two
atoms. Moreover, the located electrons are found to drift a
little bit from the middle place of site -2 (Fe and P) towards
Mg atom, which indicates the possible interaction between
Mg and P. According to Fig.9, it can also be distinguished that

w An(r)
=-+0.0000
+0.0778
0+0.1556
- MB10.2333
: ~ B+03111
"\ ll=+0.3889
Fiaa “ B +0.4667
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Fig.9 Isosurface of ELF and its contour plots of atoms around GB
plane (a) and top view of atoms at (111) interface (b)

-O0—0—O0-
- QO O

—
(=]

PDOS/states eV !
(=)
W

15
=

10k
> —p
& [ —d
=
8
Q Ly
S
L ‘
0.0 710 -5 0

E-E./eV

the electron density in the interstitial place around P increases.
PDOS of P, Mg, and their nearest Fe atoms is shown in
Fig. 10 to identify the atom interactions when both P and Mg
atoms are segregated around GB. Compared Fig.10a—10b with
Fig.4a and Fig.5a, it is found that Mg and P have obvious
interactions: sharp hybridization peaks can be observed from
- 122 eV to — 12.1 eV. This peak is the result of strong
hybridization between s-orbit electrons of P and s- and p-orbit
electrons of Mg. It should be noticed that the hybridization
peak is shifted a little bit to the lower energy place, compared
with the original peak in Fig.4a. This phenomenon indicates a
more stable solution behavior when P co-solutes with Mg.
Besides, strong interactions are also found between the p-orbit
electrons of P and s- and p-orbit electrons of Mg from -8 eV
to —3 eV, as shown in Fig.10a and 10b. These PDOS results
indicate that Mg has a stronger interaction with P than with
Fe. Meanwhile, the anti-band states in PDOS of P and Fe in
Fig.4 disappear, as shown in Fig. 10, indicating that the bonds
between P and Fe decrease. PDOS results have good
agreement with the electron density in ELF maps (Fig.9),
suggesting that with the addition of Mg, the interactions are
stronger between Mg and P, compared with those between Mg
and Fe. All these results indicate that the interaction between
Mg and P may reduce the interaction between P and Fe, which
is believed to be the major reason causing GB embrittlement.
Moreover, the embrittlement potency energies of GB with
both P and Mg were calculated by Eq. (2). It is found that
when Mg and P co-segregated at GB, the embrittlement
potency energy of GB is around 0.567 eV. This means that the
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Fig.10 PDOS of Mg (a), P (b), and Fe (c) at -2 site; PDOS of Fe at site 4 (d) and site 5 (¢) in GB model with substituted P and Mg atoms
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co-segregation of Mg and P with atom ratio of 1:1 at GB
experiences a higher embrittlement potency energy, compared
with the state with sole P atom addition. But the energy is
much smaller than that of GB with sole Mg atom addition.
The great reduction is believed to be caused by the strong
interactions between Mg and P. Although the embrittlement
potency energy of co-segregation of Mg and P is higher than
that with sole P atom in this research, this may be because the
ratio of the impurity atoms P and Mg used for calculation is
quite higher than that in the experimental case™. Besides, the
experimental results indicate that with the addition of
0.056wt% P and 0.005wt%—0.006wt% Mg (atom ratio of Mg
and P is about 1:10), the temper embrittlement will be greatly
reduced; but when the content of P decreases to 0.002wt% and
the amount of Mg addition is fixed (atom ratio of Mg and P is
about 3:1), GB strength will be weakened. Thus, it can be
concluded that when the content of P is low, the amount of Mg
addition may also have an adverse effect on GB strength.

4 Conclusions

1) Both P and Mg are prone to segregation at GB sites.
Compared with Mg, P has even stronger segregation potency.

2) The popular sites for P and Mg at GB are different. Mg
prefers to occupy the location at GB plane with the largest
solution space, whereas P prefers to occupy the sites with the
nearest Fe atoms to form strong covalent Fe-P bonds.

3) P and Mg are both embitters to GB of Fe. For metalloid
atom P, it is more likely to form covalent bonds with the
surrounding Fe atoms and to weaken the original Fe-Fe bonds.
For metallic atom Mg, it is more likely induced by two
reasons: one is the local strain induced by the oversize atom
insert, which in turn leads to the Fe-Fe atom decohesion; the
other reason is that Mg has less electrons to form stronger
metallic bonds.

4) When GB contains Mg, the segregation behavior of P
may be greatly inhibited, due to the decreased possible sites
and the increased segregation energy. In this GB system, P has
stronger interactions with Mg, showing a lower energy
hybridization peak. Therefore, when a small amount of Mg is
doped, the temper embrittlement can be moderately inhibited.
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