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Precipitation in super-austenitic stainless steels will significantly affect their corrosion resistance and hot workability.
The effects of Cr and Mo on precipitation behaviors were mainly achieved by affecting the driving force for precipitation,
especially Mo has a more substantial promotion effect on the formation of the ¢ phase than Cr. In the present study,
B addition to the S31254 super-austenitic stainless steels shows an excellent ability to inhibit precipitation. The effect
of B on the precipitation behaviors was investigated by microstructure characterization and theoretical calculations. The
experimental observation shows that the small addition of B inhibits the formation of the ¢ phase along grain boundaries and
changes from continuous to intermittent distribution. Moreover, the inhibitory effect increased obviously with the increase
of B content. The influence of B addition was theoretically analyzed from the atomic level, and the calculation results
demonstrate that B can inhibit the formation of ¢ phase precipitates by suppressing Mo migration to grain boundaries. It
is found that B and Mo are inclined to segregate at X5 and X9 grain boundaries, with B showing the most severe grain
boundary segregation tendency. While B distribution at the grain boundary before precipitation begins, the segregation of
Mo and Cr will be restrained. Additionally, B’s occupation will induce a high potential barrier, making it difficult for Mo

to diffuse towards grain boundaries.

Keywords: super-austenitic stainless steel, precipitate, segregation, boron

PACS: 64.75.0p, 68.35.bd, 73.20.-, 63.20.dk

1. Introduction

Super-austenitic stainless steels (SASS) have the poten-
tial for use in extremely harsh service environments, such as
flue gas desulphurization, seawater desalination, and petro-
chemical industry, due to high alloying elements content.[!=3!
However, high content alloying elements, especially Cr and
Mo, will segregation towards grain boundaries (GBs) and
significantly induce the precipitation along GBs during hot
working process. The precipitates of the second phase neg-
atively affect its pitting resistance and deteriorate its mechan-
ical properties.[*>! Therefore, segregation of elements at GBs
is one of the most critical problems in SASS because of its
pronounced influence on corrosion resistance and mechanical
properties. As an essential alloying element in SASS, Mo can
significantly improve pitting and crevice corrosion resistance
in reductive and chloride-based media. S31254 (6-wt% Mo)
is one of the most important SASS because its excellent cor-
rosion resistance compares favorably with nickel-base alloys.
Due to the low solubility of Mo in austenite, it is more likely
to induce Mo segregation at GBs and promote the formation of
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intermetallic phases like o, ), and Laves phase precipitation
during hot working process.®# Most of the second phases
are hard and brittle. Their formation often causes a depleted
zone of Mo and Cr in the surrounding matrix, which seriously
damages the local corrosion resistance of SASS.[%10]

As is known to all, there are many reports on improv-
ing segregation to avoid precipitation during the manufactur-
ing process, such as alloying.!!'~15] However, few studies have
reported the improvement such as by adding B, in particu-
lar, it is not clear how B affects precipitation at GBs. As
an efficient method, addition of a small amount of B (typi-
cally 3 wt%-30 wt% ppm) to stainless steels and low-alloy
steels can significantly inhibit the nucleation of the second
phases.'®!7] The reason for such an improvement has been
frequently attributed to segregation of B at (prior) austenite
grain boundaries (PAGBs), which may reduce the GB energy.
Depending on the thermal cycle (soaking temperature, cool-
ing rate, and final cooling temperature), B segregation can
be controlled either by equilibrium (equilibrium segregation,
ES) or non-equilibrium mechanisms (non equilibrium segre-
gation, NES).[!8191 Tt has been claimed that the segregation
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of B may fill vacancies at GBs, thus decreasing the GB diffu-
sivity. Moreover, it can combine with elements such as Fe or
Mo to form borides; however, their precise composition and
crystallography remain in doubt. The direct observation of B
segregation at prior austenite GBs has been performed using
the alpha-ray track etching (ATE) method and secondary ion
mass spectroscopy (SIMS).[?%-221 Both analysis methods are
susceptible to B segregation, but quantitative the amount was
complex and difficult. In addition, because B’s atomic radius
and mass are small, it is very difficult to observe the occu-
pation of B atoms in experiments, and it is more difficult to
explain the interaction law between B and other segregated el-
ements. Due to the limitation of experimental technology, the
atomistic behaviors of B at austenite GBs are still unclear.
For a recent review, first-principles based on density func-
tional theory (DFT) have been the most helpful tool for inves-
tigating GB segregation and cohesive strength. During the last
decade, the most theoretically studied element is S. By first-
principles calculation, S is predicted to segregate to Ni GBs
and cause the embrittlement, which is in perfect agreement
with the experiment data.!?>>*! However, the effects of B ad-
dition on the precipitation initiation and grow-up mechanisms
have not been verified. In the present work, the effect of B
on GB segregation of Mo and Cr during the high-temperature
aging process is investigated via a combined experimental and
modeling approach using first-principles method. A small B

addition could improve the precipitation behaviors of precip-
itates, which would minimize the Mo and Cr segregation at
austenite GBs. A thoroughly systematic study on the forma-
tion of o phase in S31254 and the role of B from the atomic
level was carried out. This is very important for the researchers
to further understand the element segregation mechanism in
SASS and the interaction between B-Mo—Cr. Similarly, it also
provides a theoretical method for inhibiting precipitation and
improving thermo-plasticity by adding alloy elements in pro-
duction.

2. Methodology
2.1. Experimental methods

A vacuum induction furnace smelts the steels, and the
main chemical composition is given in Table 1. These samples
are marked as S31254, S31254-20B, and S31254-40B accord-
ing to the content of B, respectively. The ingot materials were
heated to 1250 °C and then hot rolled into a 20-mm thick plate.
After that, the plate was cut into 10 mmx 10 mmx20 mm
squares using a wire cutting machine. The squares were so-
lution treated at 1220 °C for 120 min, and then aged at 950 °C
for 60 min and 120 min. In order to study the effect of B ad-
dition on precipitation, after aging treatments, the specimens

were immediately water-quenched to room temperature.

Table 1. Chemical composition of experimental samples (in unit wt%).

Sample C Si Mn P S Cr Ni Mo Cu N B
S31254 0.010 0.61 0.43 0.024 0.001 20.18 18.00 6.00 0.69 0.193 0
S31254-20B 0.015 0.60 0.88 0.016 0.005 20.18 18.10 6.10 0.80 0.190 0.002
$31254-40B 0.012 0.61 0.93 0.010 0.002 20.17 18.15 6.03 0.72 0.212 0.004

For microstructures observation, the surfaces of samples
were polished ground by SiC papers from #180 to #3000,
firstly. Then, the polished samples are etched using a so-
lution of 10 vol.% of HCIO4 and 90 vol.% of CH3;COOH
with a voltage of 20 V for 15 s at room temperature to ob-
tain smooth surfaces without residual stress. In order to ob-
tain the micro-morphology, element concentration and grain
boundary character distribution (GBCD), the microstructures
of samples were characterized by a JSM-7100F thermal field
emission scanning electronic microscope (SEM), coupled with
an electron dispersive x-ray spectroscopy (EDS) and electron
backscatter diffraction (EBSD).

2.2. Computational methods

All DFT calculations!>>2%! were performed using the Vi-
enna ab-initio simulation package (VASP)[?>! within the pro-
jector augmented wave (PAW)!?7-281 approach. The Perdew—
Burke-Ernzerhof (PBE)!?°! was employed to describe the ex-
change and correlation functional. The plane wave cutoff en-

ergy was set to 400 eV. The Brillouin zone integration was per-
formed using the Monkhorst—Pack scheme®! for GBs. The
convergence criterion of the Hellmann—Feynman force and
total energy for all calculations were set as 0.01 eV/A and
1073 eV per atom, respectively. To verify the rationality of the
parameter settings, the lattice constant of fcc-Fe is calculated
firstly, which is 3.43674 A after structural optimization, sim-
ilar to other calculation results.*!=33) Since the atomic radius
of elements such as Mo is relatively large, the alloy elements
other than B are placed in the corresponding substitutional po-
sition for the following calculation. And B atoms are located
in the GBs gap and octahedral interstitial space in other re-
gions.

It is crucial to assess the segregation ability of an alloying
atom (B, Mo, Cr, Ni, Mn, and Si) by its segregation energy
Eseq, which is defined as®*

Egeg = E&s — B (D

where EéB is the energy of GB containing an alloying atom X
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in different specific site, nglk is the energy of the doped GB
by an alloying atom X in the bulk site, which is located at ap-
proximately half-way between the GB plane and upper/lower
interface.

The solution energy Eo of atoms such as Mo in undoped
GB is defined as33-3!

Ea=Egy "B +ER BV, @
(N—1)Fe+Mo

where Egsp and EES are the total energies of the GB
supercell with and without the single substitutional Mo atom,
respectively. EF® and EM® are the energies of an Fe atom and
an Mo atom in their ground state, respectively. Here a smaller
E, indicates that the Mo atom prefers to segregate in the re-
lated site.

In order to shed light on the stability of Mo at the GB, the
solution energy can be decomposed into two contributions. 3!
One is the deformation energy induced by Mo dissolution and
called the structure-optimization contribution (Essgl), which is
defined as the released energy after Mo was removed,

Essgi _ E([}(g—l)Fe—t-Mo]—Mo _E((}Ig—l)Fe’ 3)

where Egg_l)FeJrMo]_Mo and E((}IE_I)Fe represent the energies

of the Mo-induced distorted supercell after a substitutional Mo
atom was removed and the relaxed pure GB supercell after the
corresponding Fe atom was removed, respectively. The other
one is the variation of electronic bonds between Mo and neigh-
boring Fe atoms (without atomic structure optimization), and
called the electronic bond contribution (E:(lfl’), which can be
calculated by subtracting E5%

o1 from the solution energy of Mo,

Eele _ ESO] _ Estr (4)

sol — sol*

The strengthening energy Eg, based on Rice—~Wang model can
be used to examine the strengthening/embrittlement potency
of impurity atoms at GBs.[?7-38! Taking the undoped GB as an
example, for the substitutional case, the strengthening energy
E. can be obtained by

Ey = (E((}I\];—l)Fe+X . g%) _ (E]E—Ig_l)Fe+X _ 11::5) )

50 pm

50/ um

while for the interstitial case, it is defined as

Ew = (Ey ™ — EGy) — (Bys'™ — EiS) ©)
where EFS and Eggil)FeJrX JEES are the total energies of the
free surface of undoped fcc-Fe and free surface with an alloy-

ing atom. The positive Eg, indicates that the GB is weakened
by the solute element, and vice versa.

3. Results and discussion
3.1. Effect of B on precipitates of S31254

To analyze the effect of B on the precipitation during the
aging process in SASS, three kinds of samples after being
solution treated at 122 °C for 120 min and aging at 950 °C
were characterized by SEM. Figure 1 demonstrates the mi-
crostructure of S31254, S31254-20B, and S31254-40B aged
for 60 min and 120 min, respectively. It can be seen that
the precipitates are mainly precipitated at the austenite bound-
aries except the twin boundaries. Furthermore, the content of
B has a significant effect on precipitates inhibition, and the
number of precipitates decreases obviously with the increase
of B content. On the other hand, the number of precipitates
increases with the extension of aging time. Specifically, after
aging for 60 min, continuous precipitates have formed along
GBs in S31254 (as shown in Fig. 1(a)). For S31254-20B, the
number of precipitates decreases obviously, and the fine pre-
cipitates are distributed discontinuously along GBs, as shown
in Fig. 1(b). With the increase of B content, the discontinuity
of precipitates increases and there are very few precipitates at
the GBs of S31254-40B (as shown in Fig. 1(c)). The results
indicate that the B addition inhibits the formation of precip-
itation along GBs. When the aging time reaches 120 min,
the number of precipitates increases obviously (as shown in
Fig. 1(d)). The precipitates in S31254-20B and S31254-40B
are obviously less than in S31254 with the increase of B con-
tent (as shown in Figs. 1(e) and 1(f)). From the partial enlarged
detail of SEM, the discontinuity of precipitates increases ob-
viously with the B content in Fig. 1.

50 um

50 um

Fig. 1. The SEM of S31254, S31254-20B, and S31254-40B after aging at 950 °C for 60 min and 120 min: (a) 0B-60 min, (b) 20B-60 min, (c)
40B-60 min, (d) 0B-120 min, (e) 20B-120 min, and (f) 40B-120 min, respectively.
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Table 2. The element contents (Wt%) of matrix and precipitates in S31254, S31254-20B, and S31254-40B after aging at 950 °C for 120 min.

Sample Point Fe Cr Mo Ni Si Mn
31254 1 39.39 24.51 25.71 8.35 1.05 0.98

2 50.44 22.52 5.82 20.24 0.58 0.41

$31254-208 3 45.11 22.03 18.91 11.85 1.19 0.92
4 51.29 22.63 6.83 17.93 0.57 0.75

S31254-40B 5 47.04 20.77 14.42 14.46 0.95 2.36
6 50.73 23.45 6.55 17.88 0.56 0.83
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Fig. 2. (a) SEM, (b) GBCD, and (c) coincidence site lattice GBs frequency of S31254-40B, respectively.

To further characterize the composition of matrix and pre-
cipitates, based on the EDS analysis results, Table 2 provides
the element contents of several points selected in the matrix
and precipitates of S31254, S31254-20B, and S31254-40B af-
ter aging at 950 °C for 120 min. The results show that the main
components of precipitates are Fe, Mo, and Cr in all kinds of
samples, and the contents of Mo and Cr in precipitates de-
crease remarkably with the increase of B content. However,
they still account for a large proportion. Specifically, the Mo
content decreased from 25.71 wt% in S31254 to 14.42 wt% in
S$31254-40B, and the Cr content decreased from 24.51 wt% in
S31254 t0 20.77 wt% in S31254-40B. The results indicate that
B can reduce the contents of Mo and Cr in precipitates.

Figure 2 presents the microstructures of S31254-40B af-
ter aging at 950 °C for 120 min. The austenitic matrix is
mainly composed of random GBs. Moreover, several an-
nealed twins are observed, and most annealed twins penetrate
the entire individual grain or terminate within a single grain
(Fig. 2(b)). As shown in Figs. 2(b) and 2(c), the GB types
in S31254-40B are mainly X3, X5, X9, and X11, in which X3
GBs have the highest proportion of about 35%;, and the ratio of
other low-energy GBs is relatively low (only about 5%), while
the rest are random high angle grain boundaries (HAGBs), and
its ratio is about 6%. In addition, the X3 GBs are mainly co-
herent X3 twin boundaries characterized by parallel straight
pairs or single lines, which localize in single grains and can-
not make any positive contribution to tailoring the network of
arbitrary HAGBs. In combination with Fig. 2(a), there are no
precipitates at the X3 twin boundaries, while different amounts
of precipitations appear at other ¥3 GBs, and X9 and £11 GBs.

The experimental results demonstrate that B inhibits the

precipitation nucleation and growth at the austenite boundaries
except the twin boundaries in SASS. Therefore, it is necessary
to study the effect of B on Mo segregation at GBs. Consid-
ering the difficulty of B observing through experiment, seven
types of GB structures, combined with the experimental re-
sults, were constructed. The present study focuses on B’s seg-
regation behaviors and the effect of B on GB segregation of
Mo, Cr and other alloy elements, based on DFT.

3.2. Segregation behaviors at GBs

The symmetric tilt GBs are modeled based on coinci-
dence site lattice (CSL).[3* In Fig. 3, seven GBs including
X3 (111), X3 (112), £5 (210), X5 (310), X9 (114), X9 (221),
and X11 (113) GBs are investigated. 1 x 1 x 2 (96 Fe atoms),
2 x2x2 (96 Fe atoms), 1 x 1 x2 (80 Fe atoms), 1 x 1 x2 (80
Fe atoms), 1 x 1 x 2 (68 Fe atoms), 1 x 1 x 2 (68 Fe atoms),
and 1 x 1 x 2 (68 Fe atoms) supercells were used for these GBs
to simulate the alloying effect, respectively. The convergence
test shows that the supercell size of each GB is sufficiently
large to produce a realistic result. The larger alloying atoms
(Mo, Cr, Ni, Mn, and Si) occupy the substitutional sites in lat-
tice and at the interface. In contrast, the B atoms are located
in the GBs gap and octahedral interstitial space for subsequent
calculations. Due to the invisibility of many interstitial sites of
B from the visual angle of Fig. 3, they are not marked in the
figure.

Figure 4 shows the segregation energies (Esg) of B, Mo,
Cr, Ni, Mn, and Si atoms in different interstitial or substitu-
tional sites of the seven symmetric tilt GBs. As mentioned
above, the negative Ego indicates that the alloying atom
prefers to stay at the GB. The results show that appreciable
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distinction could be revealed among the segregation tenden-
cies of B, Mo, Cr, Ni, Mn, and Si at the seven GBs. It is
worth noting that B and Mo do not segregate at the £3 (111)
twin boundaries, and the calculated result is consistent well
with the distribution of the precipitates observed in Fig. 2(a),
with no precipitates at X3 (111) twin boundaries. For the other
GBs, B, and Mo exhibit much stronger segregation tenden-
cies, especially B, and their segregation tendencies to GBs are
Y9 (211)>X9(114)>X5(310)>X5 (210)>X3 (112)>X11 (113).
Mo is apt to segregate to X5 (310), X9 (221), X9 (114), and
X5 (210) GBs and their adjacent areas. Cr mainly segregate to

¥5 (310) GB, Ni and Si mainly segregate to X9 GBs, while Si
does not segregate to X5 (310) GB. From the SEM of S31254,
S31254-20B, and S31254-40B in Fig. 1 and the EDS results
in Table 2, o phase contains high content of Mo and Cr, espe-
cially Mo. As shown in the calculation results of Fig. 4, Mo
exhibits the strongest segregation tendency among the substi-
tutional alloying elements, and it is apt to segregate to X5 and
Y9 GBs, which is consistent with the results of Fig. 1. It can be
clearly seen from Fig. 1 that there are numerous precipitates

at the GBs except twin boundaries.
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and £11 (113) GBs, respectively.

3.3. B effect on GB segregation tendencies of Mo

B and Mo are easy to segregate to GBs from the above
calculation results. According to the current experimental in
Fig. 2, X3, £5, and X9 are the three most common GB types in
austenitic stainless steels.[*1:*?] The segregation of Mo leads

to ¢ phase formation, and the content of Cr in ¢ phase is also
higher than that in the matrix. So, figures 5(a)-5(c) depict the
segregation energies of Mo and Mo—Cr at X3 (112), X5 (210),
and X9 (114) GBs with different distances from the GB plane

when B locates at these GBs. The results show B can inhibit
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the segregation of Mo. The most substantial inhibitory effect
appears at X3 (112) GB. At the same time, the segregation
energies of Mo near the GB become positive values when B
locates at X3 (112) GB, indicating a very high potential bar-
rier appears around the GB, which can improve the difficulty
of Mo diffusing to £3 (112) GB. Similarly, B can also inhibit
the segregation of Mo to X5 (210) GB, resulting in a signifi-
cant increase in the segregation energy of Mo at the GB and
a high potential barrier around it. Although B only shows a
slight inhibitory effect on Mo segregating to X9 (114) GB, it
also induces a very high potential barrier. According to the
calculation results, figures 5(a)-5(c) also describes the impact
of B on the segregation energies of Mo—Cr co-segregation at
¥3(112), X5 (210), and X9 (114) GBs when B locates at these
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GBs. It shows that the segregation caused by the Fe—Cr—Mo
composite configuration when Cr and Mo coexist at these GBs
is not as severe as when Mo exists alone. B can inhibit the co-
segregation tendency of Mo—Cr at the three GBs, especially
Y9 (114) GB. Although there is still tiny segregation of Cr and
Mo to X3 (112) GB when B locates at the GB, a very high
potential barrier also appears around the GB to improve the
difficulty of Cr and Mo segregation. In general, when B lo-
cates at GBs, it can retard and delay the precipitation of the
o phase at GBs, especially X3 (112) and X5 (210) GBs. In
combination with Fig. 2, it can be seen that there are no pre-
cipitates at X3 and X5 GBs, while precipitates still appear at
Y9 GB.
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Fig. 5. (a)—(c) Segregation energies versus the distance from GB plane for Mo, Mo—Cr at £3 (112), X5 (210), and X9 (114) GBs when B locates
at these GBs, respectively; (d) segregation energies of multiple Mo atoms at £5 (210) GB and its adjacent area versus the number of Mo atoms,

with different B contents.

The segregation behaviors of multiple Mo atoms at GBs
and in the adjacent areas of GBs were investigated by consid-
ering different B contents. To clear the most stable configura-
tion of Mo atoms at GBs, figure 5(d) delineates the segrega-
tion energies of multiple Mo atoms at £5 (210) GB and in its
adjacent area as a function of the number of Mo atoms, with
different B contents. It is found that the segregation energy of
Mo is basically unchanged when only fewer Mo atoms (< 4)
segregate, which indicates multiple Mo atoms can segregate
together easily. While the segregation energy shows, a notice-
able step-like jump increases with the number of Mo atoms at

GB increasing (> 4), which means their segregation tendency

gradually weakens. The segregation energy changes from neg-
ative to positive when the number of Mo atoms reaches 9, in-
dicating that it is difficult for many Mo atoms to segregate
together. The 9th and subsequent Mo atoms prefer to occupy
the substitutional site in bulk rather than the GB region. In
other words, the number of segregated Mo atoms in the GB
region has reached the upper limit. More importantly, the re-
sults indicate that the number of B atoms obviously affects Mo
segregation. When 25 (210) GB contains one B atom, the seg-
regation energy of Mo also increases with the number of seg-
regated Mo atoms increasing. Still, the values are greater than
those of the GB without B, and the upper limit of the number
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of segregated Mo atoms in the GB region is only 6. When
the GB contains two B atoms, the segregation energy of Mo
increases obviously, and the upper limit of the number of seg-
regated Mo atoms in the GB region is only 4. The result means
that the segregation tendency of Mo is significantly weakened
and the difficulty of Mo segregating increases prominently. In
summary, B can inhibit Mo from segregating to GBs and their
adjacent areas, and the inhibitory effect becomes more evident
with higher B content.
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Fig. 6. (a) Segregation energies of Mo at £5 (210) GB and in its adjacent
area as well as the effect of B; (b) effect of Mo and Mo-B on the Cr segre-
gation when they occupy their optimum segregation sites.

To further analyze the effect of B on Mo and Cr segre-
gation at GBs and in their adjacent areas, the most represen-
tative X5 (210) GB in the above experiments was selected for
element occupation analysis. When B occupies its optimum
segregation position, the symmetry of the substitutional sites
at X5 (210) GB and its adjacent area will change, so those sub-
stitutional sites are anew represented by x,, later. For example,
according to symmetry, site 1 is still unique, while site 2 is
divided into two distinct positions, 21 and 2,. Figure 6(a) re-
veals the segregation energies of Mo at £5 (210) GB and in
its adjacent area and the effect of B. It can be found that there
are two effects of B on Mo segregation: the environment of
the substitutional site and the distance from B. After B addi-
tion, the segregation energies of Mo in site 1 and site 4, are the
lowest due to the appropriate distance and suitable segregation
environment. Still, Mo is difficult to diffuse to site 2| and 5 be-
cause of the limited environment. And Mo does not segregate

to site 6 and site 4 near B. Figure 6(b) gives the effect of Mo
and Mo-B on the Cr segregation when they occupy their op-
timum segregation sites. It can be found that after B addition,
the segregation energies of Cr increase. In particular, the seg-
regation energies of Cr in sites 4| and 6; near B significantly
increase, and the segregation of Cr towards GB is inhibited.
No matter whether B is added or not, the segregation energy
of Cr has the lowest value when the Cr—Mo distance is about
3.5 A. Therefore, besides the distance from B and the environ-
ment around the substitutional site, Cr segregation is mainly
related to the relative distance with Mo. In summary, B pri-
marily first affects the occupation of Mo at GBs, and then Mo
affects the distribution of Cr.

Four different alternative sites at X5(210) GB and in its
adjacent area were selected to further analyze the effect of Mo
segregation on the GB. Site 4; is on the plane of the GB, site
5 and 6, are closest to the interface, and site-matrix is the sub-
strate position. Table 3 lists the coordination numbers, solu-
tion energies (Eyq)), structural optimization contributions, and
electronic contributions of solution energies when Mo is lo-
cated at the four alternative sites. The coordination numbers
of site 4; and site-matrix are both 12, and those of site 5 and
6, are 10 and 11, respectively. The average most adjacent dis-
tances from site to neighboring Fe atom of site 4;, 5, and 6,
are 2.482 A, 2.362 A, and 2.428 A, respectively. The average
most adjacent distances of site 4 is the largest and its cor-
responding polyhedron volume is also the largest among the
three sites. When B locates in the GB region, the solution en-
ergy of Mo in site 4, is still the lowest, so site 4; is the most
stable segregation site for Mo segregating to X5 (210) GB. Ex-
cept for site 5, B can improve the solution energy of Mo in
each site, especially site 6;. The structural optimization con-
tributions of all solution energies are all negative, indicating
that the structural distortion caused by Mo segregation pos-
itively affects Mo segregation. While the electronic contri-
butions are positive values, the electron interaction between
segregated Mo and its neighboring Fe atom is detrimental to
Mo segregation. After B addition, the structural optimization
contributions of all solution energies decrease. The reason is
that B segregation causes the lattices at the GB to expand, in-
creasing the usable volume of GB. Therefore, B segregation
is advantageous to Mo segregation from the structural point of
view. After B addition, the electronic contributions of all solu-
tion energies increase significantly, indicating that the electron
interaction between the segregated Mo and its neighboring Fe
atom is an unfavorable factor for the strength of the GB con-
taining B.

Based on the Rice-Wang thermodynamic model, the
strengthening energies of X5 (210) GBs are calculated to ana-
lyze the effects of Mo, B, and Mo-B segregation on the inter-
face bonding. The strengthening energies of GB containing B,
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GB containing Mo, and GB containing Mo-B are —0.691 eV,
0.401 eV, and 1.096 eV, respectively. Therefore, B improves
the interfacial binding ability, while Mo segregation and Mo—
B co-segregation both reduce it.

Charge density distributions analysis was performed to
analyze the interaction among atoms visually. Figure 7 dis-
plays the charge density distributions of pure and segregated
25 (210) GBs with 0% and 12% tensile deformation in Fe, Fe—
B, Fe-Mo, and Fe-Mo-B systems. From Fig. 7(a), compared
with the pure fcc-Fe GB, although B segregation enlarges the
distance between the upper and lower Fe atoms at X5 (210)
GB, the atomic charge at the GB is supplemented, and the
original common charge density area disappears. Combined
with the strengthening energies, the chemical effect caused by
the increase of the local charge density attributed to the elec-
tronic structure after B segregating to X5 (210) GB exceeds
the adverse impact caused by the structural change, which im-
proves the interfacial bonding ability. Mo segregation enlarges
the atomic distance at the GB and expands the structure, and
the original low charge density area still exists, which reduces

the interfacial bonding ability. Although Mo—B co-segregation
partially compensated the atomic charge at the GB, the atomic
distance increases significantly. The increase of local charge
density is not enough to offset the adverse effect of structural
change. Figure 7(b) illustrates the charge density distributions
of ¥5 (210) GB system after uniform stretching by 12%. It
can be found that after 12% stretching, the original low charge
density area at the GB without B is significantly enlarged, in-
dicating that GBs are the weakest parts of the materials, and
the materials will fracture from the GB interfaces when the de-
formation increases. After B locating at the GB, B segregates
to the interstitial sites of the GB and expands the charge distri-
bution area at the GB. In particular, the GB structure after ten-
sile deformation remains intact, and B improves its surround-
ing charge density and significantly enhances GB’s interfacial
binding ability. After stretching, the structure of the GB con-
taining Mo expands more obviously, and the low charge den-
sity area still exists. Mo—B co-segregation supplements the
charge at GB, but it produces more significant expansion de-
formation of GB.

Table 3. Coordination numbers, solution energies (in unit eV), and the structural optimization contributions (in unit eV), and electronic
contributions (in unit eV) of the solution energies of Mo in the alternative sites at £5 (210) GB and in its adjacent area.

Coordination 0B 1B
number Esol Ess(‘,rl E:é? Eol Essgl E se(lf
Site-4; 12 -0.197 -11.0 10.8 0.184 -13.2 13.4
Site-5 10 0.867 -8.01 8.88 0.802 -8.74 9.54
Site-6; 11 0.313 -11.8 12.1 1.826 -13.4 15.2
Site-matrix 12 0.359 -12.3 12.7 0.467 -14.6 15.1

(a) 0% stretched ¥5 (210) GBs

Pure-Fe

(b) 12% stretched X5 (210) GBs

1.260
1.134
1.008
0.882
0.756
0.630
0.504
0.378
0.252
0.126

Fe—B Fe—Mo Fe—Mo—B

Fig. 7. Charge density distributions of pure and segregated X5 (210) GB with 0% and 12% tensile deformations.

Due to the extremely low solubility (usually several wt.
ppm) of B in austenite,*}] so it is more easily to segregate to
GBs. When B is distributed at GBs, it will regulate the seg-
regation of alloying elements to GBs. In combination with
Fig. 1, with the increase of B addition to S31254 SASS, less
and less o phase precipitates to GBs, meanwhile, the discon-

tinuity of precipitated o phase increases. The results indicate
that the B addition inhibits the formation of ¢ phase. Besides,

441 when no B was added to

according to the reported results,
austenitic stainless steel, Cr-poor zone would form in the ma-
trix of stainless steel. However, no depleted zone of Cr appears

in our austenitic stainless steel samples containing B, which
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indicates that the Cr-depletion no longer exists in matrix and
the adjacent area of GBs.

Figure 8 exhibits the schematic element segregation pro-
cess before nucleation for ¢ phase in SASS without and with
B at GB. Cr, Mo, and Ni atoms in SASS are randomly dis-
tributed in the matrix, and B atoms are distributed at GB un-
der solution conditions (Figs. 8(a) and 8(c)). When there is
no B at GB, Mo and Cr atoms migrate and concentrate to the
GB region during aging treatment. And the co-segregation of
Mo-Cr atoms forms large-scale element concentration areas,
as shown in the GB region of Fig. 8(b). Cr-depletion and Mo-

(a) Solution

Agin

depletion induced by Mo—Cr co-segregation, as shown in the
black dashed rectangular region of Fig. 8(b). The B segregated
to GB inhibits the segregation of Mo and Cr to GB region near
B, so Mo will segregate to those regions far from B, and Cr
will segregate around Mo, which is shown in the GB region
of Fig. 8(d). It is not easy to form a continuous ¢ phase at
GB because of the distribution of Cr and Mo, and only the dis-
continuous ¢ phase can be formed far from B. In addition, the
Cr-depletion no longer exists in the adjacent area of the GB,

as shown in the black dashed rectangular region of Fig. 8(d).

05, 09,0 O,
0% 0%0% e fe
000
0% 0% 0% ¢
0® O. o® ) @

0% 0 %0 %% o

Fig. 8. Schematic illustration of element segregation process before nucleation for ¢ phase in SASS [(a)—(b)] without B and [(c)—(d)] with B at GB,
respectively. (a) and (c) Random segregation of Fe, Mo, Cr, and Ni atoms at GB; (b) and (d) co-segregation of Mo and Cr atoms at GB, respectively.

4. Conclusions

Narrative analysis for the precipitation law of the o phase
in SASS without and with B was combined with the experi-
ments and simulation calculations. As the main elements of
the o phase, the segregation tendency of Mo and Cr at seven
symmetric tilt GBs and the role of B were discussed from the
atomic level. The results are as follows:

(1) In the S31254 SASS aged at 950 °C, the o phase pref-
erentially precipitates along GBs, and the number of precipi-
tates increases with the extension of aging time. B can inhibit
the precipitation of ¢ phase at GBs and reduce the number of

precipitates.

(i) Combining with experiments, seven symmetric tilt
GBs of X3 (111), X3 (112), £5 (210), X5 (310), X9 (114),
9 (221), and X11 (113) in fcc-Fe were constructed, and the
occupation tendencies of B, Cr, Mo, and other atoms in these
GBs were analyzed. The results show that no segregation of B
and Mo is distributed at X3 (111) twin boundaries at all, which
is in complete agreement with the experimental results of the
distribution of precipitates. B and Mo are most likely to seg-
regate to X5 and X9 GBs, especially for B, while the tendency
of Cr segregating to GBs is very weak.
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(iii) B preferentially occupy the GBs, inhibiting the segre-
gation of Mo at GBs, and forming a high barrier around these
GBs, which makes it difficult for Mo to migrate and diffuse to
these GBs. The segregation of B at GBs is beneficial to im-
proving the interfacial bonding ability, while Mo segregating
to GBs would reduce it.

(iv) It is clarified that Cr and Mo are most likely to co-
segregate at £3, X5, and X9 GBs from the atomic level, which
is the main reason for the formation of ¢ phase. When B seg-
regates to GBs, Cr and Mo’s segregation tendencies to X3, X5,
and X9 GBs would be suppressed. Therefore, the ¢ phase
would be difficult to form in the adjacent area of B.
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