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Abstract: There are two sources of quantitative data on grain boundary segregation: careful experi-
mental results and calculated data. These values can be compared in various ways. Here we show a
comparison of average concentrations of silicon, vanadium, and tin at the grain boundaries of bec iron
determined in three ways: (i) on the basis of calculations of the segregation energy for individual sites;
(ii) experimentally; and (iii) using a phenomenological prediction for selected systems characterized
by satisfactory solid solubility of the segregant in bulk. We found very good agreement between the
results of these approaches for all three of the segregants. The results clearly show the indispensable
role of so-called ‘anti-segregation sites” in the determination of average grain boundary concentration
as well as the importance of segregation entropy and consequently, of entropy-dominated grain
boundary segregation.

Keywords: DFT calculations; experimental data; energy; entropy; grain boundaries; machine learn-
ing; segregation

1. Introduction

The chemical composition of material interfaces, such as grain boundaries and free
surfaces, usually differs significantly from that of crystal volumes. Foreign atoms accu-
mulate at the interfaces, and consequently affect the materials’ properties [1-3]. A specific
case of the interface is a grain boundary and its enrichment by solutes, also called grain
boundary segregation [4].

The researchers have been seeking ways to determine the composition of the interfaces
for decades. The first attempts to detect the chemistry of grain boundaries were represented
by indirect methods, such as auto-radiography, changes in the surface energy of the grain
boundaries, and hardness measurements [5]. Later, direct methods were developed for the
quantitative analysis of the interfaces. Some of the direct methods are based on surface
analysis, such as Auger electron spectroscopy, AES, and X-Ray photoelectron spectroscopy,
XPS, with the latter sometimes called electron spectroscopy for chemical analysis, ESCA
(all applied on fracture surfaces after brittle intergranular cracking [6]). Other methods
are based on high-resolution electron microscopy and secondary ion mass spectroscopy
(for a brief summary, see [3]). Recently, a lot of effort has been devoted to study of grain
boundary segregation using 3D atom probe tomography, 3D APT [7,8]. The resolution
of these methods is out of the atomic scale; however, the average concentration at the
boundary can be determined. The application of the above-mentioned methods resulted
in a large amount data, which enabled them to be generalized in some cases and for the
enthalpy and entropy of grain boundary segregation to be determined [9].
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Simultaneously, a number of attempts have been made to determine the energy of
grain boundary segregation theoretically. Methods such as molecular statics, molecular
dynamics, Monte Carlo, and most importantly those based on the density functional theory
(DFT) were applied in these calculations [9]. A noticeable advantage of the DFT calculations
is the possibility to calculate the segregation energy at individual boundary and surface
sites. Unfortunately, the most frequently used DFT calculations can be only performed at
0 K and therefore, they do not allow the determination of the segregation entropy:.

The comparison of the calculated results with the experimental data is not completely
straightforward. The values of the segregation energy obtained in these different ways
are well comparable when they are relatively low, i.e., for the solutes exhibiting high solid
solubility [10]. On the other hand, values of the energy of grain boundary segregation
of solutes with low solid solubility exhibit large scatter and usually do not fit with the
experimentally determined ones [10]. Additionally, values of the segregation entropy are
required for the complete determination of the grain boundary concentration. They can
be estimated on the basis of the enthalpy—entropy compensation effect [11,12] (for more
details, see Section 2, Equation (4)). The interpretation of this effect is also debatable, as
recently Scheiber and Romaner [12] suggested a new interpretation of individual lines in
the enthalpy—entropy diagram based on the width of the segregation energy spectrum of
the grain boundaries. Their interpretation contrasts with the previous distinction of the
lines on the basis of the segregation site, i.e., interstitial or substitutional [11].

In this paper we attempt to directly compare the grain boundary concentrations of
selected solutes being well soluble in bcc iron. The values of these concentrations are
determined using either the values of the segregation energy published in the literature,
or the values of the enthalpy of grain boundary segregation estimated on the basis of the
phenomenological model [9]. In both cases, the estimated values of the segregation entropy
were also considered [11,12].

2. Determination of Grain Boundary Composition

As mentioned above, there are two ways to obtain the values of grain boundary
concentration: (i) from experimental measurements of grain boundary segregation at indi-
vidual temperatures which provide average grain boundary concentrations; and (ii) from
theoretical calculations of the segregation energies at individual sites.

The grain boundary composition is usually measured by AES on grain boundary
fracture surfaces opening the grain boundary [13]. The concentrations X©8 can be extracted
from the Auger spectra by standardized methods as described, e.g., in Refs. [6,13]. If
the measurements are conducted at various temperatures, we can draw the values of the
enthalpy, AHj, and entropy, ASy, of grain boundary segregation of solute I in host M. In a
more precise experiments, the values of the standard (ideal) segregation enthalpy, AH?, and
entropy, AS?, together with the (Fowler) coefficient of I-I interaction in host M, « (M) [3],
can be obtained:

XGB _ Xjexp[—(AH; — TASy)/RT]
I

- 1—X;+ Xjexp[—(AH; — TAS;)/RT]’ M)

In Equation (1), X is the bulk concentration. The above-mentioned values fulfill the
following relationship [3]:

AH| — TAS| = AH] — TAS] — 2ay(py). ()

If a single grain boundary is measured, the values of AH? and ASY characterize this
boundary (on average).

Based on numerous measurements of segregation at individual grain boundaries,
some generalizations can be made. The first one follows the suggestion of Hondros and
Seah [14]. An analysis shows that AH? depends on bulk solid solubility, XY* by [15]:

AHY = AHgss +oR[TIn X[ ()], 3)
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with AHE¢¢ being the standard enthalpy of segregation of a completely solid-soluble

(CSS) solute in M, and v being the parameter characteristic for the host. The product

Tln XY’* (T) # f(T), AHY is independent of temperature. For more details, see [15,16].
The other relationship represents the enthalpy—entropy compensation effect [16],

0 AH? /
AS] = —— +AS, 4)
Tce

where T¢p is the compensation temperature and AS' is the constant of entropic character.
As the relationship (4) splits into two branches, it is supposed (based on the nature of
the solutes fitting individual branches) that they describe the segregation of interstitial
(upper branch) and substitutional (bottom branch) solutes [16]. Recently Scheiber and
Romaner [12] suggested this splitting to be a consequence of the width of the spectrum of
the segregation energies at individual sites of a particular grain boundary.

3. Calculations of Segregation Energies

The theoretical values of the segregation energy at individual grain boundary sites can
be obtained from first principles employing the density functional theory (DFT) and its par-
ticular implementation in the code VASP [17,18]. We used the projector augmented waves
method [19] and the exchange-correlation energy was evaluated within the generalized
gradient approximation parametrized by Perdew, Burke, and Ernzerhof (PBE) [20]. The
magnetic ordering of the Fe atom was considered using spin polarized calculations. The
plane-wave cut-off energy was set to 400 eV and the first Brillouin zone was sampled using
a 19 x 6 x 2 I'-centered Monkhorst-Pack mesh that corresponded to the DFT supercell with
60 atoms (in the case of impurity segregation in substitutional positions) and dimensions
of 2.83 x 8.96 x 27.47 A, as illustrated in Figure 1. Atomic planes are numbered 1-8 and
positions for interstitially segregated impurities (smaller circles) are labeled by 0. If the
impurity atoms occupy interstitial positions, the supercell contains 60 Fe atoms and 4 atoms
of the solute. The energy was converged in the self-consistent cycle to reduce its fluctuations
below 1 x 10~ eV, forces acting on atoms were relaxed to be smaller than 1 x 103 eV/A,
and the stresses were minimized to be less than 0.01 GPa.
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Figure 1. Illustration of the computational supercell with numbered inequivalent atomic planes
(starting from the grain boundary). The interstitial positions are labeled as zero. The supercell
contains two grain boundaries and we consider the segregation of impurity atoms at both of them to
keep the supercell symmetrical.

In order to calculate results for lower concentrations of a solute, one must create a
larger simulation supercell which comes with much higher computational demands. For
this reason, we employed the machine-learned force fields (MLFF) as implemented in the
VASP code (starting from the version 6.3). Therefore, we trained the MLFF for the example
of the Fe-Sn system via the on-the-fly ab initio molecular dynamics simulations. The
training was performed on a supercell containing 180 atoms (the DFT supercell repeated
3 times along the shortest edge) and the ) 5 {310} GB with tin atoms located at substitutional
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positions. In the first stage, the system was heated up to 500 K within 5000 steps with
the isothermal-isobaric (NpT) ensemble using the Langevin thermostat. After that, the
training process continued with another 20,000 steps under constant temperature 500 K.
The settings of ab initio molecular dynamics (AIMD) were the same as those for the DFT
static simulations mentioned above. The AIMD time step was set to 2 fs. After the training
process was finished, we used the generated MLFF for the molecular static simulations on
a large supercell containing 2880 atoms (35.54 x 28.38 x 34.67 A).

4. Fundamentals of the Comparison of Theoretical and Experimental Results

If we want to compare these two approaches, we must decide what data to use.
Principally, we can compare the segregation energies and enthalpies as they differ negligibly
at normal pressure [15]. However, it is necessary to average the theoretical data to be
comparable with the average segregation energy determined from experiment. Similarly,
we can compare the averaged concentrations.

To compare grain boundary concentrations, the calculated data could be averaged
according to tge White and Coghlan model [21,22]. Supposing simultaneous segregation of
the solute to individual sites at a temperature, we can determine the average concentration
of I, XEEVE, using a combination of the coverages of the solute at individual sites, 9%,?,
which is defined as [3]:

i

GB _ ,

Lk — XGB,O ®)
k

considering X,f B0 to be the concentration at site k in saturation and XIGE to be the grain
boundary concentration. Accordingly:

1 m
07 Ave = P Y &o7E, (6)
k=1

where P is the normalization factor, P = } ;" ; ¢k, with {; being the weight of the site, and
m is the number of the boundary sites. The coverage of site k can be determined by [21,22]:

B _  X¢ " Xrexp[—(AH ) — TAS)/RT]
Ik = 1= X; + Xy exp[—(AHx — TAS ) /RT]’

@)
and the average X¢8 is as follows:

XpP = 0P X, ®)

The average theoretical concentrations were determined from the coverages at indi-
vidual sites (Equation (5)). For the determination of GEE (Equation (6)), the value of AE;
(published in the literature for individual sites at the grain boundaries) was supplemented
by the value of ASY. This value was estimated according to Equation (4) on the basis of
models [11,12] with the values of AS’ = +5 ] mol~ ! K=1, AS’ = +54 ] mol~! K1, for bottom
and upper branches, respectively, and Tcr = 900 K as established for bcc Fe host [23]. Let
us note that ¢y = const. Equation (6) was applied in all examples here. This is the simplest
possible choice. A more precise approximation can definitely be used. However, {j = const.
should hold at the compensation temperature Tcr (Tcp = 900 K for bec iron base systems).
The temperature dependence of 8 was constructed from the values of 9%,?.

It can be shown that the average energy of the grain boundary segregation, AE;, can
be determined from the segregation energies to individual sites, AEj, analogously to
Equation (6):

1 m
AE; = = ) GAEp. )
P

To determine AE], we used all sites that provide non-zero values.
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Furthermore, we also determined the average values of AE; and AS; from their site
counterparts analogously to Equation (6) and then we could compare the averaged experi-
mental and theoretical grain boundary concentrations in the three selected systems, Fe-Si,
Fe-V, and Fe-Sn. The system Fe-Si represents the system enabling the direct comparison
of the experimental measurements and theoretical calculations at the same {013} grain
boundary with an additional comparison to the experimentally based prediction. The
system Fe-V compares the experimentally based prediction with the theoretical calcula-
tions. In contrast to Si, V exhibits so-called ‘anti-segregation’ sites. Both Si and V solutes
correspond to the bottom branch of the enthalpy—entropy compensation effect. The third
system, Fe-Sn, which is also considered for comparison, corresponds to the upper branch
of the enthalpy—entropy compensation effect. For all selected systems, some experimental
data also exist which can be more or less used for documentation of the agreement or
disagreement with the prediction or calculation.

5. Comparison of Experimental and Theoretical Data on Grain Boundary Segregation
5.1. System Fe—b at.% Si

The most interesting systems for our comparison are those providing numerous
experimental as well as theoretical data. One of such examples is the segregation of Si at
the {013} grain boundary in bcc iron. One can use the data calculated by Jin et al. [24] and
results of the experimental study [23] which are listed in Table 1.

Table 1. The average values of AHg ; and AS(S) ; obtained experimentally [23] as well as on basis of
prediction [11], and the values of AEg; calculated for individual sites [24], all corresponding to the
{013} grain boundary of bcc Fe. Values of ASg; ;. corresponding to individual AEg; , were estimated
on basis of model [11] (Equation (4)). AES, experimental data; GB site, site according to [24]; PRED,
prediction [11]; AVE, average; AEg; AVE, average of calculated segregation energies determined
according to Equation (9) with §y =1and P =7.

DFT PRED (DFT) AES AES PRED [11] PRED [11]
GB Site AEg; [24] ASg; [11] AHg; [23] ASg; [23] AHY, ASY,
(&Jmol~)  (Jmol71K-1)  (Jmol!) (mol-?K1  (kymol-1) (Jmol 1K1

0 —6.8 -25 - - - -
+1, -1 —174 —14.3 - - - -
+2, -2 -39 +0.7 - - - -
+3, -3 -1 +3.9 - - - -

AVE —-7.3 -3.1 -8 -3 —84 —44

It is evident that there is an excellent agreement between the experiment and theory
in silicon segregation at {013} grain boundary in bcc iron (Figure 2). This system is very
simple as the solubility of silicon in bcc iron is extensive and the width of the spectrum
of the segregation energies at individual sites is narrow so that this system fits with the
bottom branch of the enthalpy-entropy compensation effect [11,12].

5.2. System Fe—2.3 at.% V

The segregation of vanadium was studied at the 46.8°(111) twist grain boundary
of bec Fe by AES [25] and calculated by DFT at the {111} tilt grain boundary by Kholto-
bina et al. [26]. Although the character of the grain boundaries may be different, we use
these data for direct comparison. The data are listed in Table 2 and shown in Figure 3.

It is apparent that both the calculated data [26] and the predictions [11] provide
identical temperature dependence of the grain boundary segregation of vanadium at {111}
tilt grain boundary of bec Fe. These dependences also roughly fit with the experimental data
(within the error bars) obtained for V segregation at 46.8°(111) twist grain boundary [25].
It is also worth noting that this agreement was obtained by accounting for all sites at the
grain boundary, i.e., including the “anti-segregation’ sites £1 (Table 2). This result supports
the idea of entropy-dominated grain boundary segregation [27,28].
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Figure 2. Si concentration at the {013} grain boundary of bec iron in the temperature range 400-1100 K.
The green line represents the averaged concentration obtained from DFT calculations [24], the red
points are the values resulting from AES measurements [23], and the blue triangles were estimated
on the basis of model [11]. The dotted line corresponds to the bulk concentration, Xgs; =5 at.%.
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Figure 3. V concentration at the {111} grain boundary of bcc iron in the temperature range 400-1100 K.
The green line represents the averaged concentration obtained from DFT calculations [26], the red
points are the values resulting from prediction [11] and the blue triangles are experimental data
for 46.8°(111) twist grain boundary [25]. The dotted line corresponds to the bulk concentration,
Xy =23 at.%.
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Table 2. The average values of AHY), and ASY, obtained on basis of prediction [11], and the values
of AEy k calculated for individual sites [26], all corresponding to the {111} grain boundary of bcc Fe.
Values of ASy related to individual AEy j were estimated on basis of model [11] (Equation (4)). GB
site, site according to [26]; PRED, prediction [11]; AVE, average; AEy AVE, average of calculated
segregation energies determined according to Equation (9) with { =1 and P =5.

DFT AEy [26]  PRED (DFT) ASy [11]  PRED [11] AH),  PRED [11] ASY,

GB Site (k] mol 1) ( mol-1 K-1) (k] mol-1) ( mol—1 K-1)
0 164 _132 - -
+1, —1 +6.8 +12.5 - -
12,2 125 89 ; -
AVE (111} 56 12 55 1

5.3. System Fe—0.065 at.% Sn

The grain boundary segregation of tin at the grain boundaries of bce iron was studied
by AES in a polycrystalline Fe—0.065 at.%S5n alloy [29]. Even though a spectrum of grain
boundaries is measured in polycrystalline material, we can roughly compare these results
with our own calculations of the segregation energies to various sites of the {013} grain
boundary. As mentioned above, we applied both DFT and ML calculations. Figure 4a
shows a benchmark of the computed ML data using the DFT values. The results for
180-atom supercell with 12 impurity atoms can be used for a direct comparison with the
energies computed by DFT for a supercell with 60 atoms and four impurity atoms, since
both systems have the same impurity concentration. In order to obtain results for smaller
concentration of Sn, we created larger supercell (see Figure 4b) with a single impurity
atom and 2880 atoms in total. The calculated data on AEg, are listed in Table 3 together
with estimated values of ASg, according to the approaches [11,12]. The values of the grain
boundary coverage, s,°, determined by means of these values, are shown in Figure 5.

Table 3. Segregation energy calculated for the segregation of Sn at the {013} grain boundary. GB
site, data calculated by ML and DFT in this work (0i, interstitial site, other sites are substitutional);
PRED, prediction of ASg; according to models [11,12]; AVE, averaged segregation energy according to
calculated data for sites determined according to Equation (9) with {; =1 and P = 14 or 12 (according
to the number of considered grain boundary sites).

ML PRED (ML) PRED (ML) DFT PRED (DFT) PRED (DFT)
GB Site AEs, ASs, [11] ASg, [12] AEs, ASs, [11] ASg, [12]
(k] mol—1) (J mol-1 K1) (J mol-1 K1) (kJ mol-1) (J mol-1K-1) (J mol-1 K-1)
0i +166.6 +239.1 +239.1 +31.3 +88.8 +88.8
1 —104.4 —111.0 —62.0 —78.0 —81.7 —-32.7
+2, -2 —57.1 —58.5 -9.5 —66.5 —68.9 —19.9
+3, -3 —32.6 —31.2 +17.8 —37.2 —36.3 +12.7
+4, —4 +5.1 +10.7 +59.7 -9.0 —5.0 +44.0
+5, =5 -2.3 +2.4 +51.4 —11.2 —74 +41.6
+6, —6 —-23 +2.4 +51.4 - - -
+7, =7 -35 +1.1 +50.1 —4.5 0 49.0
AVE ASg; [11] —8.8 -1.3 - —25.3 —19.0 -
AVE ASg; [12] —8.8 - +44.2 —25.3 - +25.9
PRED [11] -7 - +46 -7 - +46

The Fe-5n system exhibits a wide spectrum of the segregation energies in contrast to the pre-
vious systems, Fe-Si and Fe-V. Consequently, many more sites (including the interstitial one) pro-
vide non-zero values of the segregation energy. Therefore, all of them must be considered in av-
eraging AEaccording to Equation (9). It is worth noting that the value of AEg,, = —8.8 kJ mol !
calculated on basis of ML approach is very close to AHs,,* = —8.0 k] mol ! predicted in [11]. On
the other hand, the value of AEg, = —25.3 k] mol~! calculated by the DFT approach differs
considerably from the above values. However, the value of ASg, = —1.3] mol~! K1
estimated according to model [11] for the formerly calculated AEg,, = —8.8 k] mol ! differs
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from the prediction. The reason is that the entropies for the substitutional sites were esti-
mated using the bottom branch of Equation (4) and that for the single interstitial site was
taken from the upper branch. In contrast to that, only the upper branch was considered
in the prediction. Nevertheless, the value of ASg, estimated according to model [12], i.e.,

using only the upper branch, fits well with the prediction [11].

T T T T T T T T
—a— DFT 4/60
—w— ML 12/180 i
—a— ML 1/2880
€ i
ie]
Ry
O
T A
w” 1
05 -
1.0 | i
1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
plane index
(a)
33.62A
27.87A
{
e =X 35.56 A
z
(b)

Figure 4. (a) Segregation energy computed using DFT and ML. The legend also contains the number
of solute atoms and the total number of atoms in the supercell. (b) Illustration of the computational
supercell with 2880 atoms and a single substitutional impurity atom in the GB plane.
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0.0 ks e . -
400 600 800 1000
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Figure 5. Sn concentration at the {013} grain boundary of bec iron in the temperature range 400-1100 K.
The red points are the values resulting from prediction [11]. The full lines represent the averaged
concentration obtained from ML (green) and DFT (black) calculations with ASg,, determined according
to [12], and the dashed lines represent the respective calculations with ASg,, determined according
to [11]. The blue triangles are experimental data measured in a polycrystalline Fe-0.065 at% Sn
alloy [25].

AEg, and Sn coverages determined by DFT differ substantially from the prediction
regardless of the model used to estimate ASg,. These conclusions are well visible in
Figure 5. Here, the coverages are compared to the grain boundary coverages measured in
polycrystalline Fe-0.065 at.% Sn alloy [12]. We can see that the data based on prediction [11]
as well as the data calculated by ML with ASg, estimated by model [12] agree better with
the experiment than the data determined by DFT, although the latter seem to fit with the
experimental data too. However, we must keep in mind that highly segregated general
grain boundaries are measured by AES at temperatures below compensation temperature
(900 K) which possess higher solute concentrations than the special boundaries, such as
the {013} grain boundary. On the contrary, the special boundaries are more segregated
above the compensation temperature [29,30] and we see much better agreement of the
prediction and ML calculations with experimental data in this temperature region (Figure 5).
It is also worth noting that Seah and Lea [31] describe the Sn segregation by the values
AHg, = —13.1 kf mol~! and ASg, = +41.5 ] mol~! K1 corresponding to general grain
boundaries. The corresponding temperature dependence of the tin coverage is depicted by
the dotted dark-red line in Figure 5. These coverages fit very well with the experimental
data and are higher than those determined for the {013} grain boundary by ML, which
justifies the larger segregation at general grain boundaries as compared to that at the special
ones. On the other hand, they are lower than those calculated by DFT, which supports the
conclusion that ML calculations reflect tin segregation more accurately.

6. Discussion

As was mentioned in Introduction, there is lack of a direct comparison of grain
boundary segregation obtained from experimental data and calculated results. For this
comparison, it is necessary to fulfill several conditions. One of them is a satisfactory solid
solubility of the segregant in the bulk of the host [10]. High solid solubility, however,
results in low segregation of the solute at the grain boundaries and thus also usually
in good grain boundary cohesion [9], which is disadvantageous for AES measurements
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performed on fractured grain boundaries [6]. Nevertheless, such data can also be found in
the literature and here we can make such comparison for three selected systems exhibiting
high solid solubility.

The grain boundary segregation of Si in bcc Fe was measured in a P-containing system
but the data for Si segregation at grain boundaries in the binary Fe-Si system can be drawn
from the complex segregation data enabling the determination of AHg; = —8 k] mol !
and ASg; = —3 ] mol~! K~! for the {013} tilt grain boundary [23]. Calculations for
this grain boundary were performed by Jin et al. [24]. The calculated average value
of AEs; = —7.3 k] mol~! is in excellent agreement with the above value of the experimen-
tal AHg; and, therefore, the values of ASg; are nearly identical. All these data are also in very
good agreement with the prediction [11], AHg; = —8.4 k] mol~!and ASg; = —4.4 ] mol ! K1
(Table 1). The corresponding grain boundary concentrations at different temperatures show
outstanding agreement (Figure 2).

Very good agreement was also found between our experimental prediction and the-
oretical data on grain boundary segregation of V in bec Fe. Even in this case, the data
were obtained in a ternary system containing phosphorus [25]. Although the scatter of
the data is quite large at the 46.8°(111) twist grain boundary (Figure 2), the data agree
well with both the prediction AHy = —5.5 k] mol~! and ASy = —1J mol~! K1 [11] and
with the data for the {111} tilt grain boundary AEy = —5.6 kJ mol ! calculated by Kholto-
bina et al. [26] (for which the value ASg; = —1.2 ] mol~! K~! was estimated [11], see
Table 2). However, this agreement was obtained only if the data on segregation energy
were used for all sites, i.e., including the ‘anti-segregation” ones with positive values of
the segregation energy. If only the sites with negative segregation energy are considered,
the value of AEy = —13.8 k] mol~! is nearly three times higher. This supports the idea of
entropy-driven grain boundary segregation [32], suggesting that the grain boundary can
be enriched in the case of AE; > 0if TAS; > AE; > 0.

In the previous cases, the grain boundary saturation was equal to 1 and there was
no difference between X;°F and 6;°E. However, in the system Fe-Sn, the saturation of the
boundary is lower, XkGB 0= 1/3, and we must distinguish between these two quantities.
Therefore, 05,°2 is plotted in Figure 5. In contrast to the previous two systems, in which
substitutional segregation is expected and the value of AS; was unambiguously estimated
using the bottom branch of the enthalpy-entropy compensation effect (Equation (4)), here
the experimental data fit with the upper branch supposed to correspond to interstitial
segregation. We see in Figure 5 that the prediction [11] fits well with the experimental
points if we keep in mind that, in polycrystalline material, the general boundaries are
open during the brittle fracture after annealing at temperatures below the compensation
temperature. However, at higher temperatures, the special boundaries are more segregated,
and it is probable that they will appear more frequently at the fracture surface [29,30]. The
agreement of the experimental data and our prediction at higher temperatures is then very
good and higher concentrations of Sn at lower temperatures compared to the prediction for
the {013} grain boundary reflect the different characters of the grain boundaries studied
(Figure 5).

The prediction of tin grain boundary segregation can also be compared with our
own calculated data. These data were obtained from both the DFT calculations and
the ML treatment. It is remarkable that the value AEg, = —8.8 k] mol~! obtained from
ML is very close to the predicted value AHg, = =7 k] mol~!. However, the application
of the substitutional and interstitial branches to estimate ASg, for respective sites pro-
vides the value ASs, = —1.3] mol~! K~! which differs substantially from the predicted
ASs,, = +46 ] mol~! K~1. The corresponding temperature dependence of the grain bound-
ary coverage (green dashed line in Figure 5) then differs substantially from that resulting
from application of the prediction [9]. However, the application of the approach of Scheiber
and Romaner [12], which suggested that the upper branch describes the segregation en-
tropy of the systems possessing a wide spectrum of the segregation energies, provides a
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reasonable value ASg, = +44.2 ] mol~! K~!, which results in a temperature dependence
nearly identical with the predicted one (green full line in Figure 5).

The data calculated using the DFT approach provide us with the average value of
AEg, = —25.3 k] mol~! which is more than three times higher (in absolute value) than the
predicted as well as the ML calculated values. Accordingly, the predicted values of ASg,
differ from the predicted ones as well as from the ML calculations, even though the upper
branch [12] or particularly the upper and the bottom branches [11] were used. However,
the temperature dependence of the Sn concentration with ASg, estimated according to
model [12] (black full line in Figure 5) seems to be reasonable in respect to the experimental
data. However, we must keep in mind that experimental data were determined by mea-
surements on a polycrystalline Fe-Sn alloy with an undefined spectrum of grain boundaries.
It is justifiable that they are mainly of general character, thus generally possessing higher
absolute values of the segregation energy/enthalpy which are hardly comparable with
those of the ) 5 special boundary. Their realistic correlation by the former approach is
more probable due to the difference in the character of the boundaries studied and in
degree of agreement with the prediction philosophy [11]. Nevertheless, the approach of
Scheiber and Romaner [12] seems to refine the understanding of the enthalpy—entropy
compensation effect.

7. Conclusions

In this paper, the experimental grain boundary concentrations at different tempera-
tures are compared to both the theoretical calculations and our prediction [9] for three bce-Fe
based systems characterized by satisfactory solid solubility in the bulk. This comparison
provides the following important conclusions:

e An excellent agreement between experiment and calculation can be obtained when
the solid solubility of the solute is high enough, i.e., well above 1 at.%;

e  Experimental and calculated data can be compared on basis of averaged values of the
segregation energy;

e  Averaged values of the segregation energy must be determined using all sites, includ-
ing the ‘anti-segregation” ones;

e To predict the value of the segregation entropy, the approach of Scheiber and Ro-
maner [12] distinguishing the upper and bottom branches of the enthalpy—entropy
compensation effect seems to be valuable.
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