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Solubility and segregation of B in paramagnetic fcc Fe
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Boron solubility and segregation in paramagnetic (PM) fcc iron have been investigated by means of DFT
calculations. The results focus on the Boron site preference in both bulk and coincidence site lattice model X5
(012) GB in fcc Fe and evaluate the validity of different model approaches for modeling the PM state. Boron and
PM fcc iron are predicted to form an interstitial solid solution. The PM state model and pressure correction have
been introduced into the 0 K DFT calculations to evaluate Boron solubility in fcc Fe as a function of its thermal
lattice expansion within the temperature range of 0-1670 K. The relatively high segregation energy of Boron of
about —1.57 eV to both interstitial and substitutional GB sites at 0 K is predicted to substantially decrease with
thermal lattice expansion, reaching the value of about —0.3 eV at the lattice parameter of fcc Fe corresponding
to 1670 K. The contribution of the PM state to the segregation energy was found to be of the order of 0.1 eV

compared to the nonmagnetic calculations.
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I. INTRODUCTION

Boron (B) plays an important role as a microalloying el-
ement in steel as it can strongly affect its hardenability [1],
promote formation of desired and undesired microstructures
and phases [martensite, borides, preaustenitic, and austenitic
grain boundary (GB) size, etc.] [1-3] as well as affect some
critical phenomena like hydrogen embrittlement [4,5]. Boron
segregation and solubility in iron has been a topic of numerous
studies and remains a disputed topic in literature[1,3,5—15].
Nevertheless, there is little quantitative information about its
solubility and segregation on the planar defects, like GB, espe-
cially in fcc Fe. From the experimental point of view, the main
problem is related to the fact that fcc Fe is unstable at room
temperature. At the same time, theoretical ab initio investiga-
tions of fcc Fe (also often referred to in literature as the y-Fe
or austenite phase) are hampered by its nontrivial magnetism,
which is weakly itinerant at low temperatures while it is close
to a localized type in fcc Fe at high temperatures where it is
stable.

The site occupancy of B in fcc Fe has been investigated
before in ab initio calculations by Li ef al. [7] and Ahlawat
et al. [15]. In both calculations, B was found to occupy
octahedral positions. However these calculations have been
done for the theoretical lattice constant obtained in the non-
magnetic calculations. Ponomareva et al. [16] have calculated
solution energies of substitutional (Nb, V) and interstitial (C,
N) impurities in y-Fe at 1200 K using the so-called magnetic
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sampling method for modeling the paramagnetic state. Their
results obtained for the experimental lattice constant are in
good agreement with the existing experimental data. This
computational approach is, however, rather heavy in applica-
tion to grain boundaries. Therefore we have chosen a different
approach, based on the calculations of the separate magnetic
contribution to the solution energies, which cannot be ignored
since magnetism of fcc Fe at elevated temperatures becomes
of a localized type due to thermal lattice expansion.

In this paper, we address two important questions related
to B behavior in y-Fe at temperatures of its stability: (i) site
occupancy in the bulk and (ii) segregation to GBs, in compar-
ison with C and N as a case study. To address the first point,
we first investigate the dependence of the equation of state of
the pure fcc Fe on the changes in the magnetic state and then
calculate the solution energy of interstitial and substitutional
atoms of B dissolved in the NM (non magnetic) and PM
(paramagnetic) fcc Fe as a function of pressure and volume.
As the last step, we calculate B segregation to a special GB
in fcc Fe, investigate the effects of the magnetic state and the
lattice expansion as well as compare the segregation behavior
of B with other solutes such as N and C.

II. METHOD

A. DFT computational details

Total-energy calculations within DFT have been performed
by the projector augmented-wave (PAW) method [17] as
is implemented in the Vienna ab initio simulation package
(VASP) [18,19]. The Perdew-Burke-Ernzerhof (PBE) form of
the generalized gradient approximation (GGA) [20] has been

©2022 American Physical Society
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used for the exchange-correlation energy. The energy cutoff
has been set to 500 eV. The Brillouin zone integration has
been done using the k-point mesh approximately equivalent to
the 24 x 24 x 24 grid [21] for the four-atom conventional fcc
cubic unit cell. The energy of the paramagnetic state has been
obtained using the spin-wave method [22] with integration
over eight g points (2 x 2 x 2 grid [21]) in the irreducible part
of the Brillouin zone.

The magnetic contribution has been obtained by the
Green’s function exact muffin-tin orbitals (EMTO) [23-25]
method which allows disordered local moment (DLM)
calculations within the coherent potential approximation
(CPA) [26,27]. All the self-consistent EMTO-CPA calcula-
tions have been performed by using an orbital momentum
cutoff of /,,x = 3 for the partial waves. The total energies
have been obtained using the GGA-PBE functional [20].

B. Solution energies

The solution energy of an interstitial has been computed
as [28,29]

Egin = E(FexX) — E(Fex) — E(X), ey

where E (FexX) is the total energy of the N-atom Fe supercell
containing one solute atom X at an interstitial site and E (Fey)
is the total energy of the same supercell without solute atom
X. The energy of a solute atom X in its reference state is given
by E(X) (0 K equilibrium «-B crystal structure). Constant
(zero) pressure supercell (SC) calculations included a com-
plete relaxation of atomic positions, cell volume, and shape.
Atomic relaxations have been included in all fixed volume SC
calculations.

For a substitutional impurity, the solution energy has been
obtained as [30]

Egqb = E(Fen—1X) — E(Fex) — E(X) + E(Fe).  (2)

Here, E(Fen—_;X) denotes the total energy of the N-atom Fe
supercell where one Fe atom is replaced by solute atom X
and the supercell contains only N — 1 Fe atoms. E (Fe) is the
energy per atom which corresponds to the matrix phase, i.e.,
E(Fe) = E(Fen)/N. For all investigated solutes, the octahe-
dral interstitial site is preferred over the tetrahedral site and is
used in all subsequent calculations.

C. Grain boundary energy

In this work, we have considered the coincident site lattice
(CSL) X5[100](012) GB as one of the most well-studied
GBs that is often referred to as representative as its energy
falls in the midrange of the CSL GB energies in the fcc
lattice [31-33]. It has been modelled by a GB slab consisting
of 40 (EMTO calculations) and 80 (VASP calculations) atoms
in the cell with two misoriented grains that join twice due to
periodic boundary conditions (see Fig. 1). The GB energy for
this setup is [34]

veB = (EgB — Eqab)/2A, 3

where Egp and Ej,, are the total energies of the supercell
containing the two GBs and the same supercell without GBs.
The GB energy is normalized by the GB area A and factor 2

FIG. 1. The structure of the 80-atom X5[100](012) GB used in
segregation calculations. The numbers label the nearest neighbor
layers away from the GB plane (marked as 0).

accounts for two GBs in the corresponding supercell. Atomic
relaxation has been included in all GB calculations. Volume
of the cell has been kept constant, as discussed in Sec. III. In
the EMTO calculations of GBs, the atomic sphere radii have
been optimized and four additional empty spheres were added
to improve the computational accuracy.

D. Segregation energies

The GB segregation energy to a specific GB site i, ESGB’i, is
determined as [35,36]:

Esleg = Es(lj‘z:l?:1 - Estil;{:k’ “)
where ESB1 and E™M¥ are the total energies of the GB slab
with B atoms in the GB sites i and in the most remote from
the GB slab layer representing a reference to the “bulk”-like
part of the slab.

EMTO calculations have been performed for a 40 atom
supercell with B in substitutional positions in the GB and the
bulk region in between the GBs as a reference. The atomic
positions have been taken from relaxed VASP calculations
with a lattice parameter 3.666 A. The segregation energy dif-
ference between 40- and 80-atom slabs with 0.5 monolayers
of B has been found to be less than 0.02 eV and therefore a
smaller cell was adopted in the EMTO calculations to reduce
the computational effort.

III. RESULTS

A. Relative energies of different magnetic structures

Both VASP and EMTO methods have been used to
calculate the total energies of fcc Fe in several mag-
netic states to ensure the equivalence of their results. In
particular, we considered ferromagnetic (FM), antiferromag-
netic (AFM), double-antiferromagnetic (DAFM), as well as
random-paramagnetic (PM) spin structures. The total energy
of the PM structure has been calculated by the spin-wave
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FIG. 2. Energy-volume curves for fcc Fe in different magnetic
states obtained in the EMTO and VASP calculations. In both cases,
the energies are plotted relative to the NM ground state energy.
Dashed lines refer to the range of experimentally measured lattice
constants of thermodynamically stable fcc Fe between 1183 and
1670 K [37].

method in VASP and using the DLM set up in the EMTO
method. The results are shown in Fig. 2.

The DAFM spin configuration has the lowest energy, which
is consistent with other numerous ab initio investigations (see,
for instance, Refs. [38,39]) where it comes out to be the
ground state magnetic structure of the fcc Fe. At the equi-
librium lattice constant and below, the energies of different
magnetic structures are very close to each other and to the
nonmagnetic one. The magnetic moment in this region be-
comes small and extremely sensitive to the spin configuration,
which is a specific feature of a weak itinerant magnet. This
leads, for instance, to the double minima total energy curve
for the FM spin structure. The second minimum actually lies
in the range of the lattice constants of y-Fe [37] shown by
dashed lines in Fig. 2. At these lattice constants, the local
magnetic moments of Fe are in the range of 2.0-2.6 ug, which
is considered to be the so-called “high-spin” state. The local
magnetic moment which corresponds to the minimum energy
for the corresponding magnetic structure is given in Table I
together with the results for the equilibrium lattice constant
calculations.

It is interesting to see that the EMTO-CPA DLM and VASP
spin-wave energies, which are models for the PM state, are
very close to the AFM ones. As one can see in Table I, the
local magnetic moments of Fe are also very similar. That

TABLE 1. The calculated lattice constant (a, A), magnetic mo-
ment per atom (M, ug), with literature comparison for fcc Fe.

Magnetic structure a M Method Ref.
NM 3.446 VASP-PAW  This work
3.450 VASP-PAW [40]
3.460 EMTO-CPA  This work
AFM 3487 133  VASP-PAW  This work
3490 133  VASP-PAW [40]
DAFM 3539 193  VASP-PAW  This work
3540 193  VASP-PAW [40]
FMLS 3480 1.00  VASP-PAW  This work
3480 099  VASP-PAW [40]
FMHS 3.640 259  VASP-PAW  This work
3.640 259  VASP-PAW [40]
DLM 3507 1.33 EMTO-CPA  This work
3530 096 EMTO-CPA [40]
Spin-wave 3.487 1.30 VASP-PAW  This work

means that the AFM structure could be used for modeling of
the PM state. The problem, however, is that AFM structure
is unstable in the DFT self-consistent supercell calculations
when sites, which correspond to the same sublattice in the
AFM configuration, become nonequivalent, as would be the
case for the GB slab.

This is the reason why AFM cannot be used in practical
supercell calculations, and in this work, we use a different ap-
proach, just obtaining the magnetic corrections to the accurate
VASP total energies in the NM state from EMTO-DLM cal-
culations for the structure obtained in the VASP calculations.
The EMTO method is not precise enough to get the accurate
total energy of the open GB structure considered in this work.
However, the magnetic energy is mainly related to the change
of the one-electron energies and therefore it is much less
sensitive to the details of the self-consistent calculations done
in this work.

B. Boron solubility in fcc Fe

Boron has a unique ability to form both interstitial and
substitutional solid solutions with Fe. There exist several DFT
investigations of B solubility in fcc Fe [6,15,41,42]. However,
they consider fcc Fe at low temperature lattice constants.
Here, we consider the solubility of B in the large lattice
constant interval, which also includes the one related to the
high-temperature y-Fe.

First, we calculate the solution energy of B in NM fcc
Fe using constant volume and constant pressure conditions at
the 0 K equilibrium fcc Fe (see Table I) as a function of the
supercell size. The results are shown in Fig. 3. In both cases,
the result can be considered as converged for the 4 x 4 x 4
supercell. The solution energy in this case is 0.25 eV for B in
the interstitial position and about 0.47 eV in the substitutional
case. Thus, B prefers to occupy interstitial positions in NM
fcc Fe at 0 K, while it prefers to form the substitutional solid
solution at 0 K with the bcc Fe [5].

To obtain the B solution energy in y-Fe at high tempera-
tures, we introduce two corrections: (i) an effective pressure
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FIG. 3. Solution energy of B as a function of the NM fcc Fe
supercell size as an interstitial (top) and as a substitutional (bottom)
element. Vj and P, represent the solution energies calculated at con-
stant volume and zero pressure conditions, respectively.

correction to the 0 K DFT calculations, related to the equi-
librium volume difference between the 0 K and at 7 > 0 K
conditions; (ii) the paramagnetic state energy correction. The
effective pressure is obtained in VASP calculations of the
solution energy of B at the experimental lattice constants of
fcc Fe [37]. Afterwards, the magnetic correction, which is the
difference between the PM and NM solution energies at the
given pressure, is obtained in the EMTO-CPA calculations.

The results for the solution energies are summarized in
Fig. 4 as a function of external pressure. As one can see, the
solution energy of B the NM fcc Fe depends very little on the
pressure down to —150 kbar (equivalent to the lattice constant
of 3.70 A) and upon contraction up to 25 kbar (equivalent to
lattice constant of 3.35 A). The temperature interval of the
thermodynamic stability of the austenite is located between
about 1183 and 1670 K, which correspond in our calculations
to about —75 and —100 kbar of pressure. Within this range,
the solution energy of B in both interstitial and substitutional
sites in fcc Fe virtually does not change. The rapidly growing
discrepancy between the NM and PM solution energies below
—100 kbar is related to the increasing impact of magnetism
upon bonding in this pressure range due to larger interatomic
distances.

2

1_\\
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The behavior of the solution energies however changes
when the magnetic energy contribution is taken into consid-
eration. It has a pronounced nonlinear behavior for both types
of sites. In the case of the substitutional alloy, the solution
energy increases drastically with decreasing pressure. Almost
an inverse behavior is observed in the case of the interstitial
B atoms. Thus the interstitial solid solution of B in the fcc Fe
becomes more stable relative to the substitutional one as the
temperature increases (pressure decreases). However, within
the interval of the thermodynamic stability of y-Fe between
1183 and 1670 K, this change is moderate, about 0.2 eV, and
does not change the qualitative picture. This result brings us
to a conclusion that NM calculations of the fcc Fe can yield
reasonable results for the case of the solution energies, at
least for the case of B interstitial atoms, if the temperatures
of interest are not too high (see Fig. 4).

C. GB formation energy

The effect of magnetism upon GB formation energy has
been investigated using the symmetric CSL X5[100](012)
GB. As in the case of the solution energies, the fully relaxed
NM GB configuration has been calculated in VASP and the
magnetic contribution to it has been calculated in EMTO-
DLM using the relaxed structure obtained in the NM VASP
calculations.

The GB energy calculated with VASP at the 0 K lattice con-
stant is 1.60 J/m? for NM fcc Fe (Table II), which agrees well
with 1.75 J/m? obtained by Li et al. [43]. Calculations at a
larger lattice constant of 3.666 10\, which is the lattice constant
of y-Fe at about 1400 K [37], yield a significantly reduced GB

1670 K 1183 K
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FIG. 4. Solution energy of B (a) as a function of the lattice parameter under equal volume conditions and (b) as a function of pressure for
equal pressure conditions for NM fcc Fe. In the case of equal pressure conditions, magnetic energy corrections for the PM state are shown.

023604-4



SOLUBILITY AND SEGREGATION OF B IN ...

PHYSICAL REVIEW MATERIALS 6, 023604 (2022)

1.0 T T T T T T
’ N + +
. 00 I :“:;-»L\ i ‘,J'«—-’::". ]
S 00 [3\ N \T" o - -
8 \ e /Bint =
> -0.5 |- \ I /Bsub O 7
o I : / Cint ®
N -1.0 ; / Csub o
N i / Nint 4
-1.5 ig----- clsssss B Nsub A
-2.0 1 1 1 1 1 1
-2 -1 0 1 2 3

Layer at ©5 GB

FIG. 5. The segregation energies of B, C, and N to the
¥5[100](012) GB in NM fcc Fe. The numbers label the nearest
neighbor layers away from the GB plane (marked as 0).

energy value of 0.49 J/m?. The NM EMTO calculations of
the fcc GB at 3.666 A yield 1.63 J/m?2. This overestimation of
the GB energy is related to the methodological aspects of the
EMTO calculations for relatively open structures as has been
discussed above. However, the magnetic energy should be
much less affected due to cancellations of errors and its gen-
eral insensitivity to the methodological differences between
the VASP and EMTO calculations.

The PM EMTO-DLM calculations at 3.666 A yield the GB
formation energy of 2.34 J/m?, which is 0.71 J/m? higher
than that of the NM state. Thus, the PM-state corrected GB
energy at 3.666 A is 1.19 J/m? in the PM state (the results are
shown in Table II). The calculated GB energy is in reasonable
agreement with the existing experimental high-temperature
estimate of the GB energy in y-Fe [44].

D. GB impurity segregation

In this section, we study the GB segregation of B as well
as C and N to different interstitial and substitutional sites in
the fcc GB, see Fig. 1. In Fig. 5, we show the segregation
energies of B, N, and C obtained for the NM GB in fcc Fe
at the 0 K equilibrium lattice constant. As one can see, all
elements have segregation energy profiles, with a minimum
within the GB plane. The strongest segregation tendency is
for B, followed by C, and N, although the segregation energy
of N is positive, which means that it does not segregate to this
particular selected GB. The segregation energy of C is only
—0.24 eV, i.e., C weakly segregates to the GB. Both N and C
atoms are found to have the interstitial site preference at the
GB, whereas B can occupy both interstitial and substitutional
GB sites of virtually the same segregation energy of —1.56 eV.

In the previous sections, we have shown that the mag-
netic contribution related to the high-temperature PM of Fe
is relatively small at lattice constants corresponding to the
temperature range of the y phase stability, between 1100
and 1670 K. Since the GB segregation energy of impurity
atoms [Eq. (4)] represents the difference between the solution
energies of an impurity atom in bulk and at the GB, we can
expect that the energy change from NM to PM states obtained
in the previous section will mostly cancel out and only local
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FIG. 6. The minimum segregation energies of B, C, and N at the
¥5[100](012) GB versus experimentally measured segregation ener-
gies by Grabke et al. [46,48], Morral et al. [45], Karlsson et al. [47],
and Da Rosa et al. [11].

effects of B on the magnetic structure of Fe atoms may be of
importance.

To estimate the effect of the PM state on B segregation to
the preferred substitutional GB site 0 (see Fig. 1), we have
performed an additional set of EMTO calculations using the
NM relaxed GB structure from VASP. The obtained magnetic
correction is 0.11 eV at the lattice parameter of 3.666 A. This
means that magnetic contribution cannot play a decisive role
in the case of B and, besides, the observed differences in the
segregation energies between B and the other interstitials in
the NM X5[100](012) GB can be described fairly well in the
NM state. At the same time, C and N segregation energies
can be more sensitive to the magnetic effects of the order of
0.11 eV as their segregation energies are relatively small.

If one compares these results to the available experimen-
tal data on segregation of B and C in the austenite [11,45—
47] (see Fig. 6), one can see that the result for B agrees
best with the most recent results from Da Rosa er al. [11],
who obtained the segregation energy of B in austenite to be
—0.39 eV. The results of another experimental investigation
by Grabke et al. [46] suggest that the segregation energy
of B can be as high as —1.04 eV [48]. Given the potential
differences in the GB structure (special CSL GB in the calcu-
lation and unknown, most likely general GB structure in the
experiment) and the fact that only the effective segregation
energies are evaluated in the experiment [49], the agreement
between theoretical calculations and the experiments looks
very reasonable. The PM state correction partly neglects the
contribution from the phonons (the lattice expansion effect
has been taken into account) and the configuration entropy
effects [49] still may change the theoretical value, but we do
not expect them to be dominant for the case of B segregation.

The situation is different for C and N segregation. Grabke
et al. [46] experimentally estimated the segregation energy
of C in PM fcc Fe to be —0.31 eV. Our results can confirm
the relative difference in the segregation energies between
B and C. B has a 30% (0.4 eV) lower segregation energy
than C in our calculations vs 40% (0.7 eV) difference in the
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measurements, but the calculations predict the antisegrega-
tion behavior for C atoms, whereas the experimental study
suggests the opposite. Apparently, a substantially lower segre-
gation tendency of C in fcc Fe compared to that of B requires
a more detailed and accurate theoretical description. Direct
calculations of magnetic and phonon contributions to the seg-
regation energy of the interstitial C can improve the accuracy
of the qualitative and quantitative predictions at elevated tem-
peratures. We believe that the same conclusion holds true for
N segregation, though we could find no experimental data for
comparison to confirm it.

IV. CONCLUSION

Boron solubility and GB segregation in PM fcc Fe has been
studied by DFT calculations. The starting point has been the
supercell total energy calculations by VASP done in the NM
state while the magnetic contribution to the thermodynamics
of nonmagnetic fcc Fe has been obtained in the EMTO calcu-
lations, which provide quite easy access to the energy of the
PM state relative to the that of the NM one.

In order to obtained the solution energies in high temper-
ature y-Fe, the calculations have been done at the constant
theoretical pressure, which corresponds to the high tem-
perature lattice constant. The obtained substitutional and
interstitial solution energies of B in the fcc Fe, change
very little in the temperature interval between between 0 K
and 1183 K where magnetic contribution is quite small in
both cases. However, it increases quite dramatically for the
substitutional case at the lattice constants corresponding to
high temperatures, although it is still below 0.2 eV for the
largest lattice constant values within the range of the y-phase
stability.

Calculations of B segregation to the special symmetric
CSL X5[100](012) GB revealed that B can segregate to both
interstitial and substitutional GB sites with the segregation en-
ergy of about —1.5 eV. With lattice expansion corresponding

to 1670 K, the segregation energy increases up to —0.3 eV, in-
dicating a weaker segregation tendency, which has been found
in line with experimental measurements. The contribution of
the PM state to the B segregation energy at this lattice constant
has been calculated to be of the order of 0.1 eV.

We have also calculated the segregation energy of C and
N to the same GB. We find slightly positive (order of 0.1 eV)
segregation energies for both elements. The calculated energy
difference between B and C GB segregation energy matched
quite well the corresponding energy difference in the experi-
ment, meaning that the applied approach allowed us to capture
the qualitative segregation trends between C and B atoms
reasonably well.
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