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Abstract: In austenitic steels, the co-segregation of C and Cr at grain boundaries can result in the
formation of Crp3Cq. However, the addition of B to steels can effectively reduce the amount of
Crp3C¢ formed and inhibit its ripening in experiments, simultaneously transforming it into Cr3(BC)g.
Therefore, the effect of B on the co-segregation of C and Cr at the £5(210), £9(221) and X11(113)
grain boundaries in austenitic steels was investigated using density functional theory. The results
indicate that B, C, and Cr all tend to segregate at the three grain boundaries, with B and C showing a
stronger segregation tendency. Furthermore, co-segregation of C and Cr with short distances occurs
readily at the 25(210), £9(221) and X11(113) grain boundaries. The presence of B at grain boundaries
can impede the segregation of Cr, particularly at the X9(221) and ¥11(113) grain boundaries. When
B is pre-segregating at the £5(210) grain boundary, B, C, and Cr tend to co-segregate at the grain
boundary. The grain boundary B hinders the accumulation of Cr near it for most grain boundaries,
thereby inhibiting the co-segregation of Cr and C, making it difficult for B, C, and Cr to aggregate at
most grain boundaries. This is beneficial for controlling the nucleation of Cry3(BC)g.

Keywords: austenitic steel; boron; Cry3(BC)e; grain boundary segregation; first principles

1. Introduction

Cr is widely used as an alloying element in stainless steels due to its ability to greatly
enhance their corrosion resistance. This enhancement is primarily achieved through the
formation of Cr,O3 passivation film on the surface of the steel. When Cr reacts with
oxygen, it ends up forming this tightly bound protective layer. This passivation film acts
as a barrier between the reactive metal and corrosive environment, helping to prevent
further interactions [1]. However, the excessive concentration of Cr can negatively impact
the stability of the austenitic structure due to Cr being a typical ferrite-forming element,
thereby restricting the material’s thermal stability and causing it to undergo structural
transformations, leading to reduced strength and toughness. To stabilize the austenitic
structure and improve the strength of steels, it is necessary to add austenite-stable elements
to austenitic steels such as N, Mn, and Ni. Moreover, the presence of excessive amounts of
Cr can be detrimental to the performance and durability of austenitic stainless steels. One
of the adverse effects of high Cr levels is the precipitation of sigma-(o) and chi (x)-phase
precipitates at grain boundaries (GBs) [2,3]. These precipitates can initiate corrosion or
reduce the steel’s toughness and ductility, leading to catastrophic failures under stress.
Moreover, when Cr combines with C and N, it tends to form various types of precipitates
such as Crp3Cg, CrN, and CrpN [4,5]. The formation of these precipitates can lead to a
reduction in corrosion resistance due to the generation of depletion zones near GBs where
the Cr availability is decreased. This depletion zone leads to localized corrosion in these
areas, which can significantly reduce the life of austenitic stainless steels.

Crp3Cy carbides are common precipitates in austenitic stainless steels, typically form-
ing at original austenite GBs, lath bundle boundaries, lath boundaries, and sub-GBs. The
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precipitation of Cry3Cq carbides along GBs not only causes the formation of a Cr-depletion
zone near these precipitates but also reduces the mechanical properties of stainless steels,
and leads to GB brittleness. This is particularly problematic in austenitic heat-resistant
steels during long-term operation at high temperatures, where precipitates at GBs are a
leading cause of material failure [6,7]. To improve the service life of austenitic heat-resistant
steels, it is crucial to find ways to restrain the precipitation of Cry3Cq carbides or slow down
their coarsening speed. B, often referred to as a “vitamin” in steels [8-11], has extremely
low solubility with concentrations typically in the range of several tens of ppm. In steels,
B primarily distributes at or near GBs. B can effectively reduce the coarsening rate of
M,3Cg carbides at austenite GBs by hindering the Ostwald ripening of the carbides [12-16],
though its effect on Crp3Cy growth in grains has been shown to be minimal [12]. In 9Cr
steels, the segregation of B at GBs during the austenitization process of the steels effectively
suppressed the precipitation of Cry3Cg carbides during tempering at 600 °C and 790 °C [16].

GBs are planar interfaces that separate neighboring grains within the polycrystalline
structure of stainless steels and other metals. These regions can exhibit thermodynamic
instability, leading to local changes in composition, mechanical properties, and suscep-
tibility to various types of corrosion. Fortunately, adding specific alloying elements to
the material can provide a mechanism to mitigate GB instabilities and improve the local
structure and chemical properties of the boundary regions [17,18]. However, the atomic-
level mechanisms of B influencing the formation of Cry3Cq [19], that is, the co-segregation
mechanisms of C and Cr at GBs, and the effect of B on the segregation remain unclear. In
recent years, there has been increasing interest in understanding the mechanisms of GB
segregation within metallic materials. Among the various theoretical approaches available
for investigating these complex phenomena, first-principles methods based on density
functional theory (DFT) have emerged as a powerful tool. This is due to their ability
to accurately predict the electronic and structural properties of materials, including the
interfacial energetics and chemical bonding at the atomic scale. As a result, DFT-based
simulations have become a standard approach in the study of GB segregation and related
phenomena. In fact, a recent comprehensive review noted that these methods have been the
most helpful tool for investigating GB segregation in metallic systems. To address this issue,
based on the GB structures in austenitic heat-resistant steels, three symmetrical inclined GB
models (X5, 29 and X11) in fcc-Fe were constructed using the first-principles method in this
paper. The segregation and co-segregation tendencies of C, B, and Cr atoms at these GBs
were examined, and the effect of B on C-Cr segregation in austenitic heat-resistant steels
was analyzed. The results provide a theoretical explanation for the formation of Crp3Cq
and Cr,3(CB)g carbides and the inhibition of B on their maturation at austenite GBs.

2. Computational Methods and Structural Models
2.1. Computational Methods

All calculations in this study were carried out using the Materials Studio (MS) software
package [20]. The exchange-correlation energy is treated using the generalized gradient
approximation combined with the affix projection plane wave method [21]. The plane
wave cut-off energy for all calculations is set to 400 eV. The Brillouin zone is divided
using the Monkhorst-Pack k-point grid method. The structure is optimized using the
conjugate gradient method, with fixed cell size and shape but free atom positions. The
energy convergence criterion is set to 1.0 x 107> eV, while the force convergence criterion
is less than 0.01 eV /A for each atom. To verify the rationality of the parameters, the total
energies of the fcc-Fe unit cell versus lattice constants are calculated. Figure 1 displays
the correlation between the total energies of the cell and the lattice constants. The lattice
constant of fcc-Fe with the lowest energy is 3.43 A, which closely aligns with the previously
reported results [22-24].
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Figure 1. Total energies of fcc-Fe unit cell versus lattice constants.

Since the atomic radius of Cr is relatively large, the Cr atom is placed in the corre-
sponding substitutional positions for the following calculation. In contrast, due to the
smaller atomic radii, B and C atoms are located in the GB gap and octahedral interstitial
space in other regions.

Taking the interstitial B atom as an example, the solution energy is [25]:

By’ = EGy " — ECp — E”, (1)

where EéeBJrB represents the total energy of the GB supercell containing B, ELS, is the total
energy of the GB supercell without B, and EP represents the total energy of the B atom in
vacuum (a cubic of 10 A x 10 A x 10 A). A negative or smaller value indicates that the B
atom is more likely to occupy the corresponding site.

To investigate the segregation tendency of Cr, the segregation energy E% can be
calculated using the following formulas [26,27]:

Esie = EEs — Eppoers 2

where Eg% and El% o represent the impurity energies of Cr atom at the GB and in the block,
respectively, which can be obtained from the following equations:

N—1)Fe+C
ESy = Edy VP —EES — e, 3)
C N—1)Fe+Cr F
Epiock = El(alock ) — Eplock — HCrr 4)

here, E g\é;z} l)oi?Q is the total energy of the GB/block structure containing Cr atom, while

EF¢ . is the total energy of the block structure without Cr, and ¢, represents the chemical
potential. Therefore, in combination with Equation (2), the segregation energy Esceg can be
expressed as:

C N—1)Fe+C E N—1)Fe+C E
ES"; = (EéB JFexcr_ EGEB) o (El(Jlock Jrexer _ Ebfock) : ®)
The lower the Escefg, value, the stronger the segregation tendency of Cr.
As interstitial microalloying elements, the formula for calculating the segregation
energy of B and C differs slightly. Taking B as an example, the segregation energy can be
calculated using the following formula:

B Fe+B F Fe+B F
Eseg = (EGeBJr - EGBB) - (Ebleotk - Ebleock>f (6)
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where EéeBJr/B;l ock Te€presents the total energy of the GB/block structure containing B atoms.

To further investigate the effect of B on the segregation of Cr at GBs, the most stable
segregation site of B atoms at each GB is pre-filled with B atoms, and then the segregation
energy of Cr is calculated using the following equation:

N-—1)Fe+Cr+B N—1)Fe+C
By " = (EéB Jrerered Eé%w) - (El(Jlock rerer Efﬁack)r @)

where E (Gl\é_l)FeJrCHB represents the total energy of the GB structure containing both Cr
and pre-segregated B atoms.

If considering the interaction of interstitial atoms, such as B and C atoms, when they
co-segregate at GBs, the co-segregation energy of the B-C pair can be expressed as follows:

B+C __ Fe+B+C Fe+B Fe+C Fe Fe
Ecoseg = (EGB = Eptock = Eplock T 2Epiock — EGB) /2, (8)

here, Eé?/lzfoﬁc is the total energy of the GB/block structure containing both B and C atoms,

and Efﬁ;f represents the total energy of the block structure only containing C atom.

To determine the interaction between Cr and an interstitial atom, their interaction
energy is introduced. The interaction energy between Cr and interstitial B atoms, denoted
as Ef +C7, can be expressed as follows:

B+C N—1)Fe+Cr+B F N—1)Fe+C Fe+B
Ei+r:(Eé‘B Jrerer +EGEB)_<E((3B re "+ ECE ) )

The negative value of E iB X indicates that B and Cr are attracting each other, while a

positive value means a mutual exclusion.

2.2. Structural Models

Due to limited computational power, the GB structures for first-principles calculations
typically select the interfaces with low GB energy, rather than the random GBs with a
large number of atoms. Based on the experimental results of austenitic stainless steels [28]
and relaxed fcc-Fe unit cells, the £5(210), £9(221) and £11(113) GBs were constructed
in this study, and Figure 2 illustrates their schematic illustration. The crystal cells used
for free surface calculations are of identical size to those used for GB models. Taking
25(210)[001] GB as an example, the process of constructing GB models is explained: use
[001] crystallographic direction as the rotation axis for the (210) crystal face of fcc-Fe, and
splice the two crystals after rotating 53.13°. The splicing of two crystals results in the
coincidence of the sublattice positions of the two lattices, thereby merging sites that are too
close to each other [29].
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Figure 2. Schematic illustration of (a) £5(210), (b) £9(221) and (c) £11(113) GBs, respectively. The
atomic sites for substitution are marked in red.
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Alloy atoms may occupy any one of multiple sites at or near the GB during its seg-
regation. Based on the symmetry of GBs, 6, 4, and 6 potential substitutional sites were
selected for the 25(210), 29(221) and £11(113) GBs, respectively, and their specific locations
are shown in Figure 2. Specifically, three groups of equivalence sites were selected for the
25(210) and £11(113) GBs, namely sites 1 and 4 on the GB interfaces, sites 2 and 5 closest
to the GB interfaces, and sites 3 and 6. It should be noted that although every two sites
are equivalent in position for the clean fcc-Fe, they are no longer equivalent when consid-
ering the influence of interstitial atoms due to the different distances from these atoms.
Unlike these two GBs, four completely different sites in symmetry were selected for the
¥9(221) GB.

3. Results and Discussion
3.1. Segregation Tendencies of B, C, and Cr at GBs

The insets of Figure 3 provide the potential segregation sites of interstitial atoms at
the three GBs, labeled as 1-5. According to the different polyhedral structures around
these interstitial sites, they are classified into three types: tetrahedron (blue), pentahedron
(yellow), and octahedron (red). Figure 3 compares the solution energies of B and C at
these interstitial sites of the X5(210), £9(221) and X11(113) GBs, respectively, analyzing
their occupancy tendencies at all sites. The solution energies of B and C atoms vary greatly
depending on the interstitial sites. Since the atomic radius and number of extranuclear
electrons of C is smaller than those of B, C has much lower solution energies, making it
more prone to segregate to the interstitial sites at GBs. For the £5(210) GB, B and C have
negative solution energy at interstitial sites 2-5, with the lowest energy at site 3 being the
most stable segregation position. Similarly, the only most stable segregation position for B
and C at the X9(221) GB is site 3; however, there are two most stable segregation positions,
sites 3 and 4, for B and C at £11(113) GB.

12

Solution energy (eV)

»5(210) 9211) $11(113)

Figure 3. Solution energies of B and C at interstitial sites of the three GBs, respectively.

The segregation energies of B and C atoms at the stable interstitial sites of the three GBs
depicted in Figure 3 were calculated. The results are presented in Figure 4, which shows
that the segregation energies of B and C atoms at the 25(210), £9(221), and £11(113) GBs are
—4.44, —3.87, —2.81 eV and —2.45, —2.28, —1.83 eV, respectively. Notably, the segregation
energies of the B atom are significantly lower than those of the C atom, indicating that the
three GBs have a stronger ability to capture B atoms. The X11(113) GB has a smaller GB
energy and excess volume and a more compact structure [30]; therefore, in comparison
with the 2£5(210) GB, theX11(113) GB has a weaker ability to capture B and C atoms, and the
ability of the 29(221) GB is also relatively weaker. The strongest segregation tendency of B
and C atoms is observed at 25(210) GB, and their second strongest segregation tendency is
to the X9(221) GB.
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Figure 4. Segregation energies of B and C at their most stable interstitial sites of the three GBs.

Cr in steels has a tendency to form precipitated phases such as Cry3Cq at GBs with
C, so the segregation energies of Cr at the potential substitutional sites in Figure 2 were
calculated for the £5(210), 29(221), and 211(113) GBs. Figure 5 depicts the segregation
tendencies of Cr at these substitutional sites. The segregation tendencies of Cr vary at
different substitutional sites, and its segregation energies at all sites are negative with small
absolute values, indicating its slight segregation tendency at all the three GBs. For >5(210)
GB, due to the small atomic radius, Cr is more likely to segregate at sites 3 and 6, which
have relatively smaller coordination numbers, average nearest neighbor distances, and
corresponding polyhedron volumes. For the 29(221) and X11(113) GBs, which feature
denser structures, Cr typically segregates to specific sites at the interfaces of the GBs.
Specifically, it tends to segregate at sites 1 and 2 of the >X9(221) GB and at sites 1 and 4 of
the £11(113) GB.
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Figure 5. Segregation energies of Cr at substitutional sites of the three GBs, respectively.

3.2. Co-Segregation Tendencies of C-Cr, B-C, and B-Cr at GBs

The analysis presented above investigates the tendency of single alloy atoms, such as B,
C, and Cr, to segregate at the X5(210), 29(221), and X11(113) GBs. The results indicate that
B exhibits the strongest segregation tendency, followed by C. In comparison with single-
element segregation, the co-segregation of multiple elements at GBs is more common, so
it is necessary to study the co-segregation trends of multiple elements. In view of the
easy formation for Cry3Cq in austenitic stainless steels, the co-segregation trend of Cr and
C was analyzed firstly. After pre-placing C at its most stable interstitial segregation site
because of its stronger segregation tendency, the segregation energies of Cr at the potential
substitutional sites of the three GBs were calculated, which were named the co-segregation
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energies of the C-Cr pair. Figure 6 reveals the co-segregation energies of the C-Cr pair at
the 25(210), £9(221), and £11(113) GBs. The results indicate that the C-Cr pair is prone to
co-segregate at the three GBs. The lowest co-segregation energy values of the C-Cr pair
are —0.112, —0.214 and —0.116 eV for the £5(210), 29(221), and X11(113) GBs, respectively.
These values are all lower than the minimum segregation energy of a single Cr atom
at the three GBs in Figure 4, which are —0.05, —0.171, and —0.095 eV, respectively. In
addition, the bond lengths of the C-Cr pair with the lowest co-segregation energies at the
>5(210), £9(221), and X11(113) GBs are 2.276, 3.773, and 3.506 A, respectively, similar to the
interatomic distance of C to Cr in Cry3C¢. These results suggest that the C-Cr pair is more

likely to co-segregate at GBs, thereby creating favorable conditions for the formation of Cr
and C complexes.
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Figure 6. Co-segregation energies of C-Cr pair when Cr at substitutional sites of the three GBs,
respectively. C atom was pre-placed at its most stable interstitial segregation site.

The influence of grain boundary B on the segregation tendencies of C at the £5(210),
29(221), and X11(113) GBs was also analyzed. To simplify the representation, interstitial
sites at GBs were denoted as N-a/b after symmetry. Taking the X5(210) GB as an example,
the interstitial site 3 was subdivided into site 3-a and site 3-b, and the site 3-a was pre-
occupied by B because of the lowest segregation energy for B at site 3 according to the
results of Figures 3 and 4. Subsequently, based on the pre-segregation of B, the B-C co-
segregation energies were calculated for C occupying another interstitial site (1, 2, 3-b, 4-a,
4-b, or 5) at the 25(210) GB. Figure 7 describes the co-segregation energies of B-C pair at
the three GBs. The co-segregation energy of B-C pair at site 3-b of £5(210) GB is the lowest,
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indicating that the B-C pair has a tendency to co-segregate at the sites 3-a and 3-b, as shown
in the local structure schematic of Figure 7. Additionally, the optimal co-segregation sites
of the B-C pair at the 29(221) and >11(113) GBs are identified as the sites 3-a and 3-b and
the sites 4-a and 3. As B is pre-occupying the most stable interstitial site, the co-segregation
energy of the B-C pair is lower than a single B atom regardless of the position of C, which
indicates that the B segregation at GBs promotes the grain boundary segregation of C.
C tends to fill at the most or second most stable interstitial segregation site of the three
GBs, even if B has been pre-segregated at the most stable interstitial segregation site. The
reason may be that the B segregation can cause local structural distortion at the three
GBs, which promotes the segregation of C. Specifically, when B was pre-placed at its most
stable interstitial segregation site of the 25(210) and X9(221) GBs, C would co-segregate to
another interstitial site that has the same symmetry as the segregation site where B occupied.
When B pre-segregated at its most stable interstitial segregation site of the £11(113) GB, C
would co-segregate to the most stable interstitial segregation site with a similar segregation
tendency. Consequently, the pre-segregation of B mostly affects the segregation tendency
of the B-C pair and has little influence on their segregation position.

30

251
201

15-

Co-segregation energy (eV)
s

0~5.-‘¢/°“°

'.loilllliiliillllllllil.i
- 1 2 3b4d-adb § 1 2-a 2-b 3-b 4-a 4-b 1-a 1-b 2-a 2-b 3 4-b

£5(210) 29(221) 211(113)
Figure 7. Co-segregation energies of B-C pair at the three GBs, respectively.

Figure 8 demonstrates the relationship between co-segregation energies of the B-C pair
and the interatomic distance of the B and C atoms when they co-segregate at the ¥5(210),
29(221), and X11(113) GBs. Except for the X11(113) GB, the co-segregation energies of
the B-C pair decreases as the interatomic distance of the B and C atoms increases. This
phenomenon occurs because the larger the distance of B and C atoms, the smaller the
repulsion between them and the stronger the co-segregation tendency for them. When co-
segregation occurs at the 211(113) GB, the repulsion can be ignored due to the large distance
of B and C atoms of above 4 A; however, the corresponding co-segregation energy remains
too high, which should be related to the special structure of the GB and the characteristics
of interstitial sites.
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Figure 8. Relationship between co-segregation energies of B-C pair and their interatomic distances at
the three GBs.

As interstitial atoms, B and C are highly susceptible to segregation at GBs, with a
significant interaction between them and Cr atoms at or near GBs. To better investigate
the co-segregation tendency and distribution at GBs of the main elements in Cry3Cs and
Crp3(BC)g, B, C, and Cr, Figure 9 shows the interaction energies between the grain boundary
B (or C) atom and Cr atom at or near the 35(210), £9(221), and £11(113) GBs. The interaction
energy values between the C and Cr atoms at the three GBs are all less than —1.0 eV, which
are significantly lower than those of the B-Cr pair. This suggests that the grain boundary C
atom has a strong attraction to the Cr atom, creating conditions for the nucleation of Cry3Cq
carbides. Unlike the C atom, the grain boundary B has only a slight attraction to most Cr
atoms at or near the 25(210) GB, except for the Cr atom at site 3. While B has a negligible
effect on most Cr atoms at or near the 29(221) GB, except for the Cr atom at site 6 with
a visible repulsive effect. At the X11(113) GB, B exhibits a significant repulsive effect on
the Cr atom at sites 3 and 4, while the interaction with other Cr atoms is approximately
zero. In summary, in the absence of B at GBs, the interstitial segregation of C atom at GBs
will attract Cr atom from the matrix towards GBs, promoting nucleation of Cry3Cy. When
B exists near GBs, it will occupy the most stable interstitial segregation site firstly due to
its stronger segregation tendency. Considering that interstitial C atoms still segregate to
GBs, it is possible to create conditions for nucleation of Cry3(BC)g, especially for the 25(210)
GB. The B atom at the >29(221) and >11(113) GBs has a certain inhibitory effect on the Cr
segregation, while C atoms can continue to segregate towards GBs, accumulating some Cr
atoms nearby. Overall, in comparison with the GBs without B, the pre-co-segregation of B
and C atoms at GBs decreases the co-segregation tendency of Cr to the GBs.

In austenitic stainless steels, B can suppress the precipitation of precipitates, reducing
their amount at GBs. Existing experimental results show that B atoms easily segregate to
GBs, transforming Cry3C¢ into Cry3(CB)g. To further analyze the formation mechanism of
Cry3(CB)g, Figure 10 delineates the segregation energies of Cr at any substitutional site of
the three GBs, the co-segregation energies of C-Cr pair when C is fixed to its most stable
interstitial site, and the co-segregation energies of B-C-Cr when C and B are anchored to
their most stable interstitial sites, which were taken to analyze the segregation behavior of
Cr and C-Cr at the three GBs, as well as the role of B. The alloy element Cr has different
degrees of segregation tendency at all the three GBs, and it is more likely to segregate at
the X9(221) GB, while its segregation tendencies are weaker at the >5(210) and £11(113)
GBs. The co-segregation energies of the C-Cr pair at the three GBs are significantly lower
than those of single Cr atom, indicating that interstitial C atom can promote Cr segregation
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to GBs. C-Cr is prone to co-segregate at GBs, and the resulting C-Cr aggregates provide a
conducive environment for the nucleation of Cr-C compounds. B shows different effects on
the co-segregation of the C-Cr pair at the £5, 29 and >11 GBs. B promotes the segregation
of C-Cr at the 25(210) GB and has little effect at the 29(221) GB while exhibiting a significant
inhibitory effect at the 211(113) GB.
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Figure 9. Interaction energies of B-Cr and C-Cr when Cr at substitutional sites of the three GBs,
respectively. B and C atoms were pre-placed at their most stable interstitial sites. (a) X5(210);
(b) 29(221); (c) £11(113).
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Figure 10. Segregation energies versus the distance from GB plane for Cr, C-Cr, and B-C-Cr at
(a) £5(210), (b) £9(221), and (c) £11(113) GBs, respectively.

4. Conclusions

Density functional theory was employed to investigate the segregation and co-segregation
tendencies of B, C, and Cr at the low-energy GBs of X5(210), £9(221), and >11(113) in
austenitic steels and analyze the micro-mechanism of their co-segregation, leading to the
following conclusions:

(1) B, C, and Cr all tend to segregate at the 25(210), 29(221), and >11(113) GBs. B and C
are more prone to segregate at GBs than Cr, especially at the £5(210) GB.
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(2) Cand Cr tend to co-segregate at the 2.5(210), 29(221), and >11(113) GBs with short
interatomic distances, and their segregation region is much wider for the ¥9(221) GB.
B and C easily co-segregate at the three GBs, but their interatomic distances are far
apart. Grain boundary B has a certain inhibitory effect on Cr segregation in its vicinity,
especially at the 29(221) and >11(113) GBs.

(3) When B exists at the 25(210) GB, B, C, and Cr tend to co-segregate at the GB, while
if B was pre-placed at the 29(221) and £11(113) GBs, it exhibits a certain inhibitory
effect on the Cr segregation at the two GBs.
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