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The microstructure of advanced high-strength steels often shows a sensitive dependence on alloying. For
example, adding Cr to improve the corrosion resistance of medium-Mn steels also enhances the precipitation
of carbides. The current study focuses on the behavior of H in such complex multicomponent carbides by
employing different methodological strategies. We systematically analyze the impact of Cr, Mn, and Fe using
density functional theory (DFT) for two prototype precipitate phases, M3C and M»3;Cs, where M represents
the metal sublattice. Our results show that the addition of these alloying elements yields strong nonmonotonic
chemical trends for the H solubility. We identify magnetovolume effects as the origin for this behavior, which
depend on the considered system, the sites occupied by H, and short- vs long-range interactions between H
and the alloying elements. We further show that the H solubility is directly correlated with the occupation of
its nearest-neighbor shells by Cr and Mn. Based on these insights, DFT data from H containing binary-metal
carbides are used to design a ridge regression based model that predicts the solubility of H in the ternary-metal

carbides (Fe-Cr-Mn-C).

DOI: 10.1103/PhysRevMaterials.6.014403

I. INTRODUCTION

In the past years, the excellent mechanical properties
of high-manganese steels (HMnS) that show transforma-
tion induced plasticity (TRIP) or twinning-induced plasticity
(TWIP) have gained increased scientific and commercial in-
terest, for instance, in automotive industries [1-4]. While a
lot of effort has been made to optimize the strength and
ductility of HMnS, their hydrogen induced delayed fracture
is still an issue of critical importance [5,6]. The mechanisms
giving rise to the accumulation of hydrogen atoms, which
are usually introduced during production and application, in
critical regions like grain boundaries and dislocations are not
yet fully understood. Also, crack formation and propagation
that ultimately lead to the failure of the material are subjects
of investigations [7-9]. Nevertheless, it is well known that
the susceptibility to hydrogen embrittlement (HE) is corre-
lated with the microstructural characteristics of the material
[10,11].

The main challenge in designing advanced HMnS is to im-
prove multiple properties by alloying, for example, reducing
the susceptibility to HE, without being detrimental to strength
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or ductility. One possible alloying strategy is to introduce
microstructural features like precipitates. Such precipitates
play a major role in the strengthening mechanism of steels
along with their capacity to trap infused hydrogen [12-14].
The incorporation of alloying elements like Cr and Mn that
have a strong carbide forming tendency [15—17] controls the
stability of Fe carbides like Fe;C or Fe,;Cg without com-
promising other mechanical properties [18-20]. In addition,
Cr introduced into steels improves the corrosion resistance
and hardenability of the material, which is relevant for ap-
plications [21,22]. However, a systematic analysis on the H
interactions in such Cr containing carbides in industrial high-
Mn steels is lacking.

Various iron carbides with different crystal structures and
physical properties exist. Among them, the cementite phase
(Fe;C) is found more commonly in steels than other carbides
[23]. It crystallizes in an orthorhombic unit cell with 12 Fe
atoms and 4 carbon atoms. Another relatively stable iron
carbide which has a formation enthalpy comparable to that of
Fe;C is Fey3Cg [24]. It is a complex iron carbide phase with a
face-centered cubic structure. The conventional unit cell con-
sists of 92 Fe atoms and 24 carbon atoms [25,26]. Among (Fe,
Cr, Mn),3Cg, only Crp3C is a stable carbide, which has been
studied by experimental and theoretical approaches regarding
its crystal and thermodynamic properties [27-29].

One of the important open questions is the role of Cr and
Mn on HE in the context of carbide formation. As an essential
part of the microstructure, the carbides will strongly affect the
mobility, trapping, and release as well as decohesion effects
of hydrogen. These effects can occur both in the carbide bulk
as well as at the interface to the matrix [14,30]. The focus
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of the present investigation is to understand on an atomistic
scale the impact of the actual composition of the carbide
on the solubility of H. This is a question of central interest,
because the solubility range of alloying elements, i.e., the
range of possible compositions, is much larger in the carbides
than in the matrix material of a multicomponent steel. At
the same time, this is a challenge for advanced modeling
approaches. Multicomponent carbides containing Fe, Cr, and
Mn impose next to the chemical also magnetic and structural
complexities. Together, they give rise to surprisingly complex
nonmonotonic H solubility trends when changing alloy com-
position, as revealed in this work.

Ab initio simulation techniques based on quantum me-
chanical approaches are perfectly suited to understanding the
significance of these degrees of freedom on H solubilities
[31-33]. However, DFT based calculations are computation-
ally expensive and have been performed only for binary alloys
so far. The present work addresses these challenges by com-
bining the in-depth analysis from ab initio methods with the
statistical sampling by basic machine learning approaches.

As prototype precipitates in steels, we study carbides like
M;C and M»3Cg, where M is a mixture of Fe, Cr, and Mn,
together with their susceptibility towards HE. Within these
carbides, H atoms can either be located at interstitial sites or
at C vacancies [see Fig. 2(a)]. Here, a C vacancy-H refers
to the occupation of H in a C vacant site [34,35], while the
interstitial sites are those sites that are not occupied by C
atoms in defect-free regions of the carbides. Though these
phases have been observed in different Fe-based alloys, steels,
and minerals [36], detailed theoretical knowledge about their
chemical composition and their affinity towards H, as well as
the electronic and magnetic properties, is still rare.

The eventual goal of our investigations is to understand the
behavior of H in a microstructure like pearlite that contains the
Fe-Cr-Mn-C carbides, the ferritic or austentic matrix phase,
and the corresponding interfaces with the presence and ab-
sence of alloying elements. However, this modeling poses a
big challenge to first-principles calculations, because of the
large lattice mismatch at the interfaces, especially between
ferrite and M»3Cg. Therefore, we restrict our study to iden-
tifying the chemical trends for H solubilities in bulk M3C and

M,3Cg where M is a mixture of Cr-Fe, Mn-Fe, and Cr-Mn
separately and to establish correlations between these binary-
metal carbides (Fe-M-C). By generating a machine learning
algorithm based on the H solubility data from binary-metal
carbide systems, we predict H solubilities that correspond
to ternary-metal carbides (Fe-Cr-Mn-C). As a step towards
defects, we further extend our study to vacancies in the bulk
phases. Based on the achieved insights about the underlying
mechanisms, we believe that these methods and insights can
also be transferred to the behavior at the interface in upcoming
studies.

II. METHODOLOGY

The chemical, structural, and magnetic complexity of
Fe-Cr-Mn-C carbides outlined above requires a dedicated
strategy for the H interaction studies, which is schemati-
cally outlined in Fig. 1. One of the main features is that the
detailed DFT investigations focus on binary-metal carbides,
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FIG. 1. General scheme for implementing the H interactions in
multicomponent carbides. DFT calculations of H solubilities are
performed for various compositions in interstitial and C vacancy
sites. The studies are first carried out over a range of Cr and Mn
concentrations separately in two different types of carbides. The
obtained data are further used for implementing a machine learning
approach to derive the solubility profile of H in Fe-Cr-Mn carbides.

e.g., (Fe,Mn),C,, as a preliminary step. This will allow us to
understand the physical phenomena controlling the H solu-
bility trends in carbides containing Cr and Mn. To this end,
we decompose the chemical complexity into a short- and
long-range chemical contribution around H along with the
magnetic and volumetric effects of the system. Computing
the H solution energy of all possible interstitials, we select
the sites corresponding to minimum energies for our study.
Finally, a machine learning approach is employed to predict
the solubility of H in Fe-Cr-Mn-C systems based on an in-
formed training set for the H behavior in binary-metal carbide
systems. To capture the structural complexity, two extensions
are further considered: the transfer from perfect carbides to
those containing C vacancies and the transfer from carbides
of the structure M;C to the structure M,3Cs.

The influence of the substitutional elements Cr or Mn on
the H solubility is evaluated by performing systematic trend
studies. There exist a variety of configurations for substituting
these alloying elements in the metal sublattice of the carbides.
We distinguish first and higher order nearest-neighbor (NN)
shells, because their impact is found to be different. A two-
step approach is used to reduce the chemical complexity: we
first analyze the dependence on the substitution in the first NN
shell, keeping the rest of the supercell in the pure Fe state [see
Fig. 2(b)]. In a second step, the effects of alloying in the shells
away from the H atom are considered, keeping the first NN
shell completely substituted by Cr or Mn and filling the shells
with the shortest distance first [see Fig. 2(c)]. In this way,
the Fe-rich and the substitution rich conditions are handled
in one sequence of calculation. This methodological approach
is chosen under the consideration that the arrangement of
metal and carbon atoms occurs during the thermochemical
processing of the steels and is not subject to site changes at the
time hydrogen enters. Further, this chosen approach provides
chemical trends close to the behavior of H in reality: in case

014403-2



UNVEILING NONMONOTONIC CHEMICAL TRENDS IN THE ...

PHYSICAL REVIEW MATERIALS 6, 014403 (2022)

Octahedral site

(b)

FIG. 2. (a) Crystal structure of Fe;C including the preferred in-
terstitial site and the alternative C vacancy site for H. The shell
structure of interstitial-H contains 6, 2, and 6 metal atoms in first
nearest, second, and third neighbor shell, respectively. (b) Study of
the interaction of H (yellow spheres) with neighboring Fe (brown
spheres) and substitutional elements (green spheres). Starting from
Fe;C with H at the interstitial site, configurations with increasingly
many Fe atoms in the nearest neighbor shell (short range) of H,
ordered according to their distance from H, are replaced by Mn for
the discussion in Sec. III A and Sec. IIIC. (c) Configurations with
increasingly many Mn atoms in the second and higher shells (long
range) up to a full occupancy of the metal sublattice are considered.
The same methodology is used to study the solubility of H in C
vacancy sites of Fe;C and Fe,3Cs.

of low concentrations of the alloying elements (Cr and Mn),
H energetically prefers NN sites of the solute. Long-range
interactions are only relevant if the concentration of Cr and
Mn is high. For a statistically relevant data set required for
the training of the machine learning model, however, also
configurations with a few solutes in long-range distance from
H are taken into account, i.e., the impact of Fe, Mn, and Cr is
treated consistently (see Fig. 1), independent of the energetics.

The solution enthalpy of a H atom in any of these configu-
rations is calculated using

AHy = Ein [MnyH] — Eio [chy] — MH (D

where M can be Fe, Cr, Mn, or combinations of them and
the chemical potential puy of H is determined by assuming
a chemical equilibrium of H in the carbides and the matrix.
For the solution enthalpy of a H atom at the C site, one
can consider two scenarios: a substitution of C by H has the
formation energy

AHG" = Eq[MCy_1H] — Et[MCy]
+ nc — un @)
= (E[MxCy_1H] — Eqt[MxCy_1] — pn)
+ (Eot[MxCy_1] = Et[MCy] + pc). 3)

Here, the second term of (3) is the C vacancy formation energy
and the chemical potential reference of C, uc, is the energy
of a C atom in the octahedral site of bcc Fe. However, the
absolute formation energies of C vacancies in Cr and Mn
containing carbides are typically much larger (all the values
are above 0.9 eV [37] for M3C and My3Cq carbides) than
the H solution enthalpies, which makes this process unlikely
to happen. If in a second scenario, vacancies are assumed to
be present due to independent processes (such a presence has
been reported previously [38]), then the relevant term for the
H solution enthalpy considered in this work is the first term
of Eq. (3), which is identical with the H solution enthalpy in
Eq. (1). Therefore, in contrast to the situation in other carbides
[14], the substitution of C by H is less likely than the occu-
pation of previously formed C vacancies by H atoms, i.e., we
consider a model where the formation of the C vacancies is not
part of the hydrogen solution enthalpy. A negative/positive
solution enthalpy indicates higher/lower solubility. For the
systematic study of solution enthalpies, interstitial H in pure
bee Fe at zero pressure and temperature is used as a reference,
i.e., ignoring the impact of alloying elements in the matrix.
The concentration of H corresponding to its solution en-
thalpy is evaluated using a Boltzmann relation as follows:

—AHy
ksT )’

¢ = cp exp ( “)
where ¢y is the concentration of available interstitial sites. kg
denotes the Boltzmann constant and 7 is the temperature. To
evaluate H concentrations at realistic conditions, the absolute
value of the chemical potential can later be adjusted. A spe-
cific example is discussed in Sec. III E 2. While the absolute
values of H solution enthalpies presented in Sec. III depend
on uy, the trends discussed in this paper are independent of
this choice.

To systematically investigate the relevant carbides precipi-
tated in a high Mn steel sample (Fe-Mn-Al-Cr-C) with a Mn
content of approximately 16 wt. % and a few percent of Cr,
experimental studies are performed. Using energy dispersive
x-ray spectroscopy (EDS) analysis of samples that were an-
nealed at 650°C for 100 h [Fig. 3(a)], it is revealed that the
carbides are enriched in Cr and Mn along with relatively negli-
gible amounts of Al and Fe. The EDS analysis of samples that
were annealed at 500 °C [Fig. 3(b)] for 50 h provided infor-
mation about a pearlitic area with proper distinction between
the ferrite and carbide of higher C content. An extremely fine
structure in the pearlite area later decomposes into the M»3Cg
carbide at 650°C, where M stands for a mixture of Fe, Cr,
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(a
EDS mapping -
carbide

650°C_100h

(b)
EDS mapping —
pearlite area
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FIG. 3. EDS mapping of high-Mn steel sample at two differ-
ent annealing temperatures are given. (a) EDS analysis of sample
annealed at 650 °C shows the region of carbide and associated quan-
titative study of C, Cr, Mn, Al, and Fe. (b) EDS analysis of sample
annealed at 500 °C shows the pearlite area in the sample providing
the clear distinction between ferrite and carbide.

and Mn. The electron backscatter diffraction (EBSD) single
pattern analysis on the sample concluded that the observed
carbides are M53Cg.

Computational details

We perform spin polarized DFT [39,40] calculations
with the generalized gradient approximation (GGA) [41]
functional form for electron exchange and correlation as in-
troduced by Perdew, Burke, and Ernzerhof (PBE) [42]. To
this end, the Vienna Ab Initio Simulation Package (VASP,
version 5.4.1) [43-46] has been employed. The DFT calcu-
lations are performed in the framework of Blochls projector
augmented wave (PAW) method as implemented by Kresse
and Joubert [47] with a kinetic energy cutoff of 520 eV for
Fe;C and Fe,3Cq containing Cr and Mn, which we find is
sufficient to converge the total energies within an accuracy
of 1 meV/atom. The Brillouin zone integration is performed
with the Monkhorst and Pack scheme [48] using k-point grids
of 6 x 12 x 12 and 6 x 6 x 6 for a supercell of 2 x 1 x 1

TABLE I. Lattice constants of Fe;C and Fey;C¢ compared with
existing literature.

Fe;C: Lattice constants (A)

Present Other DFT Experiment
a 5.035 5.037¢,5.035° 5.040¢
6.715 6.720%, 6.716° 6.730¢
c 4.481 4.482°%, 4.480° 4.480°
Fe»;Cy: Lattice constants (A)
Present Other DFT Experiment
a=b=c 10.466 10.467%, 10.450° 10.639¢

4Reference [24].
bReference [50].
‘Reference [51].
dReference [52].
¢Reference [53].

(Fe,Cr/Mn);C and 1 x 1 x 1 (Fe,Cr/Mn),3Cg, respectively.
The deviation of the H solution enthalpy values in comparison
to the same in a 2 x 2 x 2 supercell are below 10%. Partial
band occupancies are considered using the smearing scheme
of Methfessel and Paxton [49] with a o value set to 0.2 eV. All
the calculations were done at constant pressure by fully relax-
ing the supercells unless otherwise indicated. The lattice con-
stants of the studied carbides and their comparison with exist-
ing experimental and other DFT works are given in Table 1.

A ridge regression based machine learning algorithm is
used to predict the solubility of H in ternary-metal carbides
(Fe-Cr-Mn-C) with the DFT data of binary-metal carbides
(Fe-Cr-C and Fe-Mn-C and Cr-Mn-C) used as the training set.
Ridge regression is treated with L, regularization [54].

III. RESULTS

The behavior of H in Mn and Cr containing Fe;C and
Fe,3Cg are studied at the interstitial sites, which are preferred
by H [55], and additionally compared with C vacancy sites.
This section is dedicated to understanding the influence of
Mn addition to the H solubility in carbides for both short- and
long-range interactions. Later, the role of Cr in determining H
solubilities in carbides is investigated. Lastly, the transforma-
tion of the results from the ab initio approach into a machine
learning model is discussed to predict the solubility of H in
ternary-metal carbides.

A. Study on the short-range influence of Mn
on the H solubility in Fe;C

The short-range impact of Mn on the solution enthalpy
of interstitial-H in (Fe,Mn);C is visualized in Fig. 4(a) as
a prototypical case. As a function of filling of the first NN
shell of the H atom, a “V” shape dependence is observed up
to four NN Mn atoms. More specifically, the solubility of H
increases with the increase of the number of Mn atoms for
the first two NN Mn atoms, decreases for the next two Mn
atoms, and then remains nearly unchanged for the remaining
two Mn atoms in the first NN shell. This strongly nonlinear
and nonmonotonic behavior is in remarkable contrast to the
linear Mn trend observed for the H solution enthalpy in fcc
Fe-Mn solid solutions [32,56].
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FIG. 4. (a) Solution enthalpies of a H atom in (Fe,Mn);C with up to 6 Mn subsitutions that are limited to nearest neighbor sites of H.
Variation of (b) Voronoi volume, (¢) volume, and (d) total magnetic moment of the cell with and without H with respect to the number of

nearest neighbor Mn atoms in the first shell around H in (Fe,Mn);C.

However, it turns out that the fundamental origin of these
two different trends is largely the same. To this end, the
Voronoi volume, an important descriptor for H in fcc Fe-Mn
alloys, has been analyzed for the carbides. We observe that
the solution enthalpy of H correlates with the variation in
the Voronoi volume available for a H atom occupying an
interstitial site [Fig. 4(b)].

More specifically, there is an overall decrease of the inter-
stitial Voronoi volume with Mn additions due to the presence
of C, which is opposite to the situation in the fcc bulk. Only
the H atom situated in between the first two substituted Mn
atoms is found to be increasing the interstitial site Voronoi
volume [Fig. 4(b)], indicating the role of H in the relaxation
of the carbides.

At the same time, substituted Mn atoms follow a
concentration-dependent magnetic arrangement, as already
observed for bcc Fe-Mn alloys [57]. The first two Mn atoms
are aligned ferromagnetically with smaller moments with re-
spect to the other Fe atoms, decreasing the total magnetic
moment [Fig. 4(d)]. The next two Mn atoms align antiferro-
magnetically to the other Fe atoms, yielding a much steeper
decrease of the total magnetic moment. These magnetic ar-
rangements cause relaxation effects that yield a decrease in
the Voronoi volume of the interstitial site.

Decoupling the solution enthalpies into a chemical and an
elastic contribution [32] provides insights into the changes in
solubility with these parameters. Here, the chemical contribu-

tion determines the chemical binding energy of H in a relaxed
supercell of (Fe,Mn);C and the elastic contribution results
from the relaxation effect of H in this cell. Upon decoupling,
it is found that the chemical contribution of the interstitial-H
solution enthalpy is directly proportional to the Voronoi vol-
ume of H [Fig. 5(b)]. Hence the Mn atoms substituted locally
around H control the Voronoi volume by a magnetovolume
effect and therewith modify the chemical binding energy of
the interstitial-H by the nearest-neighbor metal atoms. The
reduced Voronoi volume of H goes along with a decrease
in total volume of the cell [Figs. 4(b) and 4(c)], as it is evi-
dent from the expected proportionality between both volumes
[Fig. 5(a)].

B. Study on the long-range influence of Mn on the H solubility
in Fe3C and Fezg,Cg

In order to understand the long-range influence of Mn
atoms, we looked into the H solubility in Fe;C and Fe;Cq
with respect to Mn concentration following the strategy in
Fig. 2(c). The variation in the H solubility for interstitial sites
in (Fe,Mn);C as well as C vacancy sites in (Fe,Mn);C and
(Fe,Mn),3Cg is shown in Fig. 6.

The H solution enthalpy has been found to be positive in
all relevant interstitial sites of (Fe,Mn),3C¢ and is, hence, not
considered for the present study. The choice of interstitial lat-
tice sites in (Fe,Mn),3Cg is taken from Ref. [58]. The solution
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enthalpies are subject to the choice of the H chemical potential
reference. For the present study, the energy of an interstitial
H atom in bec Fe is considered as reference. Therefore, pos-
itive solution enthalpies indicate that H is preferred to stay
in bee Fe.

The differences in the observed trends are remarkable.

(i) The blue bars in Fig. 6 correspond to the solution
enthalpy change with respect to Mn addition from ferromag-
netic Fe;C to ferrimagnetic Mn3C for the interstitial-H. The
solubility of H decreases till the concentration of Mn reaches
approximately 2/3 in the metal sublattice and later increases
with respect to Mn concentration following a concave curve
(opposite to the trend in Fig. 4).

(ii) There exists an almost linear trend for the solubility
of H in C vacancy sites of (Fe,Mn);C (red bars), which is
completely different from the interstitial case.

(iii) The solubility of H is significantly higher in the C
vacancy of (Fe,Mn),3C¢ (green bars) compared to the other
carbide, especially for Mn concentrations of approximately
22%. The distinctive behavior of C vacancy-H follows a con-
vex curve for the solubility in (Fe,Mn),3Cs.

These differences in H solubility trends between short-
vs long-range, interstitial vs vacancy, and Fe;C vs Fey3Cq

H solution enthalpy (eV)

2 =3 (Fe, Mn);3C¢ : C vacancy - H
@3 (Fe, Mn);C : C vacancy - H
<14 I (Fe, Mn);C : Interstitial - H

0 20 40 60 80 100
Mn concentration (%)

FIG. 6. Calculated solution enthalpies of H at interstitial and C
vacancy positions in (Fe,Mn);C and (Fe,Mn),;Cs with increasing
concentration of Mn. The curves demonstrating the trends in solution
enthalpies are plotted in black dash lines.

carbide type make it challenging to identify universal parame-
ters describing the impact of Mn atoms on H incorporation in
carbides. For the purpose of decoding the observed trends, we
benefit from the short-range study in the previous section and
look into the role of the Voronoi volume of H, the volume of
the supercell, and the total magnetic moment of the supercell.
Such an analysis for (Fe,Mn);C is given in Fig. 7.

1. H solubility in interstitials in (Fe,Mn);C

In the case of interstitial-H, the important role of the
Voronoi volume is confirmed in Fig. 7(b). After the first NN
shell is fully filled, it decreases further, qualitatively consistent
with the concave shape of the solution enthalpy, where the
solubility minimum is observed at 67% (after the third NN
shell is fully filled with Mn).

The long-range impact of Mn on the local Voronoi volume
is again resulting from an interplay between volume and mag-
netism. Therefore, they need to be evaluated separately.

(i) Constrained volume calculations are employed by fixing
the cell shape and volume for all compositions to that of Fe;C
(which is a larger volume than that of Mn3C), but allowing
internal relaxations of the atomic positions. Providing such a
larger volume increases the local Voronoi volume [Fig. 7(b)]
as well as the solubility [orange bars in Fig. 7(a)], once the
second NN shell is filled with Mn.

(ii) The very low solubility of H observed in the nonmag-
netic Mn-free Fe;C compared to the magnetic Fe;C [blue and
gray bars in Fig. 7(a)] could again be linked to magnetovol-
ume effects. The magnetic state of Fe implies a larger Voronoi
volume for interstitial sites in magnetic Fe;C [Fig. 7(b)],
and hence the larger solubility of H. The solubility curve of
nonmagnetic (Fe,Mn);C is clearly correlated with the Voronoi
volume, but also with the volume of the cell. In particular,
after the filling of the first NN shell by H, there is a consistent
increase of both volumes with the Mn content and hence an
increase in solubility. This needs to be compared with the
magnetic state, where an overall decrease of the cell volume
with the Mn concentration is observed.

Remarkable are the Mn concentrations above 50%. Here,
the magnetic and nonmagnetic volumetric slope is similar; the
magnetic calculation yields the systematically larger volume,
but the H solubility is higher for the nonmagnetic case. This
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FIG. 7. (a) H solution enthalpies at the interstitials and C vacancy sites of (Fe,Mn);C with respect to the Mn concentration. Blue bars
correspond to the volume relaxed (Fe,Mn);C, whereas orange bars represent calculations where the volume is constrained to that of Fe;C.
Gray bars correspond to a set of nonmagnetic fully relaxed calculations. The H solubilities at C-vacancy sites with and without magnetism
are denoted by the coral pink and olive-green bars, respectively. The variation of (b) the Voronoi volume, (c) the volume of the supercell, and
(d) the total magnetic moment of the calculated supercell with respect to the increasing concentration of Mn are additionally provided.

indicates the detrimental effect of the ferrimagnetic order on
the H chemical binding to the metal atoms, even if the total
magnetic moment is close to zero [Fig. 7(d)]. Hence, in con-
trast to the occupation of the first NN shell with Mn atoms,
which is related to a magneto-Voronoi volume coupling effect
(Fig. 4), both magnetism and volumetric relaxations deter-
mine the long-range impact of Mn on H. The details discussed
above will be reused for the correlative analysis described in
the upcoming Sec. IIL E 1.

2. H solubility in C vacancies in (Fe,Mn);C

We next try to transfer the results obtained for the H
solubility in an interstitial site to the H solubility inside a C
vacancy. The latter shows a nearly linear trend with respect to
Mn content for long-range interactions, while the Mn impact
due to the filling of the first NN shell is different. The C vacant
sites are better traps than interstitials in (Fe,Mn);C due to the
substantially larger Voronoi volume available for H in C va-
cancies compared to interstitial sites [Fig. 7(b)]. However, this
larger Voronoi volume remains nearly the same throughout
the concentration of Mn. Thus the Voronoi analysis explains
why C vacancies are stronger H traps, but does not explain the
change in solubility with respect to Mn concentration.

Again the change of the volume of the cell and the impact
of magnetism seem to be important for the long-range impact
of Mn. Remarkable in this case is that a decreasing cell vol-

ume yields an increase in the H solubility. Since the volume
trend is opposite for the nonmagnetic case, the explicit de-
pendence on magnetism seems to compensate the increasing
volume trend such that the H solubility for the Mn occupation
of the intermediate shells is almost the same for the magnetic
and nonmagnetic case. The situation seems to be different for
the Mn filling of the last shell, where the magnetic state has
no impact on the trend for the cell volume, but determines the
trend for the H solubility.

3. H solubility in C vacancies in (Fe,Mn)y;Cg

In the case of C vacancy-H in (Fe,Mn),3Cg, the solubility is
found to be increasing initially till ~22% and then it decreases
with further addition of Mn into the metal sublattice unlike
the straightforward, nearly linear trend observed in the case
of (Fe,Mn);C (Fig. 6). Such a trend is not reflected directly
in any of the features studied for most of the compositions
(Fig. 8). In particular, the case of C vacancy in (Fe,Mn),3C¢
does not show the same correlation to the Voronoi volume
as in the case of (Fe,Mn);C without vacancies. Instead, the
magnetic state of (Fe,Mn);3;C¢ is found to be even more
significant for the H solubility after performing an analy-
sis in nonmagnetic (Fe,Mn),3Cg [Fig. 8(a)]. The addition of
Mn to nonmagnetic (Fe,Mn);3C¢ does not have any effect
on the solubility of H at C vacancy sites. It is also found
that the solubility of H in C vacancy sites of Fey3Cg is
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(d) the magnetic moment of the cell are examined.

unaffected by switching off magnetism, irrespective of the
change in Voronoi volume of H. However, the magnetic state
of the Mn atoms is crucial for the C vacancy-H solubility in
Mn23C6.

Therefore, H in the presence of Mn behaves differently in
different carbides, in different sites, and at different ranges.
It is a demanding procedure to unravel a small set of de-
scriptors to describe all these different trends. A common
feature seems to be, however, that the trends on Mn concen-
tration depend on the NN shell being filled. In Sec. III E, we
will therefore use this observation for dealing with the com-
plex behavior in solubilities due to the presence of Mn-like
elements.

C. Study on the short-range influence of Cr
on H solubility in Fe;C

Similar to Mn, we also investigate the change in solution
enthalpy of H in an octahedral interstitial site of cementite
as a function of Cr atoms in the neighboring shells of H.
There exists a nearly linear trend in the solubility with respect
to the increase in number of Cr atoms in the first NN shell
around H. For the first few Cr atoms, the local Voronoi volume
changes similarly to the Mn case, but it levels off when the
first NN shell is filled [Fig. 9(b)]. Moreover, the trend of the
global volume of the cell is different [Fig. 9(c)]. Therefore, the
volumetric impact on the H solubility seems to be less relevant
in the case of Cr substitution.

Instead, there is a reduction in the total magnetic moment
of the system, which is nearly consistent with the reduction
in solution enthalpy [Figs. 9(a) and 9(d)]. Cr does not show
a pronounced concentration-dependent magnetic arrangement
as in the case of Mn (cf. Sec. III A), but Cr atoms are aligned
antiferromagnetically to the other Fe atoms. This magnetic
moment reduction appears to be controlling the solubility
profile of a H atom in the interstitial site.

D. Study on the long-range influence of Cr on H solubility
in Fe;C and Fey;Cgq

In Fig. 10, the solubilities of H in the interstitial sites and
C vacant sites are plotted as a function of the long-range Cr
content in the metal sublattice of Fe;C and Fe,3;Cg, again
using the strategy illustrated in Fig. 2. As H has a positive
solution enthalpy at the interstitial sites in (Fe,Cr),3Cq for the
chosen chemical potential reference of H, these sites are not
included in Fig. 10.

The most obvious conclusion from Fig. 10 is the high
solubility of H in C vacancy sites as compared to that in
interstitial sites, irrespective of the type of carbide and Cr
content in them. This behavior of C vacancy sites is as-
sociated with their larger Voronoi volume available for H
as compared to the interstitials (Fig. 11). As discussed in
Sec. III B, this is true for Mn substituted Fe;C and Fe,3Cg
as well.

The H atoms in C vacancies behave similarly in both Cr
containing FesC and Fe,3Cq. The solubility increases with
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increase in Cr content up to a concentration of approximately
25%, beyond which the values remain almost constant. An
analogous trend is visible for interstitial-H with increasing Cr
concentration, though the fitted line is linear. The increase in
solubility in the latter case is visible even beyond the filling of
the first and second NN shell and persists until the third NN
shell (the first 14 metal atoms around H) is filled with Cr.

H solution enthalpy (eV)
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FIG. 10. Calculated solution enthalpies of H at interstitial and
C vacancy positions in Cr-containing Fe,;3C¢ and cementite with
increasing concentration of Cr. The interstitial-H solubility of
(Fe,Cr),3C¢ are highly unfavorable and therefore not plotted here.
The trend in solubilities are marked in black dashed line.

1. H solubility in interstitials in (Fe,Cr);C

To determine the reason behind the observed trends of H
solubility in interstitials in (Fe,Cr);C, we investigate in Fig. 11
the same dependencies for Cr as in Fig. 7 for Mn. Though
the Voronoi volume is not considered as a main parameter for
explaining the solubility trend in the short-range (first NN) in-
teractions [Figs. 9(a) and 9(b)], it appears to strongly correlate
with the observed global trend in solubility of interstitial-H
[Figs. 11(a) and 11(b)].

The total volume of the cell remains constant up to 50% of
Cr content in the metal sublattice of (Fe,Cr);C and then it in-
creases with further Cr content. By constraining the volume of
the cell for all configurations to the volume of Fe;C (smaller
volume than that of Cr;C), we found that the solubility trend
remains unchanged, making the volume of the cell a less sig-
nificant parameter. The values of solubility are slightly lower
than the unconstrained solubility values for higher Cr content,
which is explainable from the lower Voronoi volume of H due
to the reduced cell volume.

A common phenomenon, occurring very similarly in con-
strained and unconstrained volume cases, is the transition of
the magnetic state of Fe;C with Cr addition. It produces a
similar variation in the Voronoi volume and the solubility of
H. At the same time, nonmagnetic calculations confirm the
importance of magnetism for the short-range impact of Cr on
the solubility of H in the interstitial site [Fig. 11(a)]. The H
solubility in nonmagnetic (Fe,Cr);C is very similar to that
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of magnetic (Fe,Cr);C for the filling of the other shells with
Cr, which is also evident from the corresponding Voronoi
volumes. The short-range and long-range influence of Cr in
Fe-C environment discussed above will be used for describing
correlations in Sec. III E 1.

2. H solubility in C vacancies in (Fe,Cr);C

Similar to the Mn case, C vacancies in (Fe,Cr);C are
found to be better traps for H over interstitial sites and this
is consistent with the increased Voronoi volume of H in the
case of C vacancies. Further, there is an increase in solubility
with increase in Cr content till the second NN shell (eight
metal atoms) is fully filled with Cr, and it remains constant
when the Cr content is further increased [Fig. 11(a)]. The
same pattern is observed for the Voronoi volume of H over
Cr content [Fig. 11(b)], making it again one major parameter
controlling the solubility of H in C vacancies. Finally, the
similarity of this solubility in (Fe,Cr),3Cs and in (Fe,Cr);C
(Fig. 10) supports the assumption that the impact of the Cr
content on the solubility of H in C vacancies follows for all
carbides the same trend.

E. Ab initio informed predictions of H solubility in M3C carbides

Based on the above presented in-depth studies on decoding
chemical trends, several conclusions on the role of Cr and
Mn on solubility profiles of interstitial-H and C vacancy-H
are derived. (i) In the case of Mn, the Voronoi volume and

strong magnetovolume effects explain the short-range impact
of alloying, but this seems to be less relevant for Cr. (ii) The
long-range impact of alloying on the solubility of interstitial-
H is dominated by the Voronoi volume in the case of Cr, but is
more sophisticated in the case of Mn. (iii) The H solubility in
the C vacancy of (Fe,Mn),3Cg is associated with the magnetic
state of atoms, whereas the same of (Fe,Mn);C is difficult
to understand. (iv) The influence of Cr on the solubility of
H in a C vacancy site of (Fe,Cr);C and (Fe,Cr),3C¢ and the
interstitial site of (Fe,Cr);C can only be correlated to the cell
volume and the magnetism for the first few NN shells.
Despite this apparent diversity in the physical under-
standing, the different trends in common have a significant
correlation between the concentration of alloying elements
and the H solubility. The observed correlations show a quali-
tatively different character for the first and the other NN shells
with respect to the H position. In general, the occupation
of NN shells appears to be a good descriptor to predict the
nonmonotonic slope changes in the solubility trends.

1. Correlation analysis: Binary-metal M3C carbides

In the following sections, the representation of a carbide
as (A,B);C indicates that B is alloyed in the metal sublattice
of A with respect to nearest-neighbor distances [using the
approach in Figs. 2(b) and 2(c)]. Using the data from the H
solubility studies in (Fe,Cr);C and (Fe,Mn);C, one can derive
the behavior of Cr and Mn around H in Fe-C environments.
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We try to expand these conclusions to other binary-metal
carbides of Fe, Cr, and Mn.

The studies on the impact of Mn on the H solubility yield
a decreasing trend until the third NN shell around H is fully
filled with Mn and then an increase with further addition of
Mn till Mn3C. This trend is explained by a direct connection
between solubility and Voronoi volume in the first and second
NN shell, and the importance of coupled volumetric and mag-
netic relaxations in cementite after the second NN shell. Now
if one studies the impact of Mn on H solubility in (Cr,Mn);C,
according to the behavior of Mn in H containing (Fe,Mn);C,
we would expect a nearly similar concave shaped curve of H
solution enthalpy.

Similarly, one aspect about Cr around interstitial-H in Fe;C
is that the solubility of H increases with increase in Cr concen-
tration. This variation in solubility, as mentioned earlier, can
be explained in terms of the changes in the Voronoi volume
and volume of the cell along with the magnetic to nonmag-
netic transition of the system with the addition of more Cr into
cementite. Using these insights, one expects a similar trend for
the impact of Cr on H solubility in (Mn,Cr);C as in (Fe,Cr);C,
i.e., an increase in solubility with increasing Cr concentration.
We note that the paths (Mn,Cr);C and (Cr,Mn);C are not
mirrored, because the first Cr atoms in the former case occupy
[using the approach in Figs. 2(b) and 2(c)] the first NN shell
of H, while the last Cr atoms in the latter case occupy shells
further away from the H atom.

In order to assess the quality of these predictions, we
studied the variation in H solubility from Cr;C to Mn3C,
considering all the intermediate concentrations of Mn, and
compared it with (Fe,Mn);C as shown in Fig. 12(a). Along
with this, we compared (Fe,Cr);C with (Mn,Cr);C, where
H has Cr nearest neighbors in the beginning [Fig. 12(b)].
As expected, the Mn occupation of sites closer to H yields
a decrease in the solubility of H. Also Cr atoms as near-
est neighbors of H decrease the solution enthalpy of H
[Fig. 12(b)]. These figures confirm a strong correlation of
the Mn trends in (Fe,Mn);C and (Cr,Mn);C and show an
even better correlation of the Cr trends in (Fe,Cr);C and
(Mn,Cr);C. This opens the possibility to predict H solution
enthalpies of mixed alloys of carbides containing Cr, Mn,
and Fe. Due to the complex magnetic and chemical interac-
tions that exist in mixed metal carbides, the calculation of
the solution enthalpy profile of H in them is computationally
expensive when using first principles DFT. Machine learning
approaches could prove to be helpful in dealing with such
complex alloys. Hence, in the next section, we provide the
results of a simple machine learning approach.

2. Machine learning

Using the limited DFT data (due to the complicated inter-
play of magnetism and chemistry) that we generated for the
binary-metal carbides as a training set, we design a machine
learning model based on ridge regression where the nearest-
neighbor atom types around H serve as the input feature list.
For designing the model, we divide the supercell with H
into four nearest-neighbor shells and provided the model with
the information of the number of Cr, Mn, and Fe atoms in
each shell. In this way, the training set contains the values of
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FIG. 12. Calculated solution enthalpies of H at an interstitial
position in (a) Mn-containing Fe;C and Cr;C with increasing con-
centration of Mn and (b) Cr-containing Fe;C and Mn;C with
increasing concentration of Cr.

the H solution enthalpy in binary-metal carbides, associates
it with the number of Fe, Cr, and Mn atoms in the shells,
and the model predicts the H solution enthalpy values for
ternary-metal carbides. The information of physical attributes
is therefore implicitly considered. This is because the effect
of the physical attributes on the solubility of H in each com-
position of a carbide is itself dependent on the number of
corresponding metal atoms for a given composition and its
distribution according to the NN principles.

The model successfully predicts the solution enthalpy of
H in ternary-metal carbides with a mean absolute percentage
error around 10%. Figure 13 shows the correlation between
calculated and predicted solution enthalpies of H in (Fe-Cr-
Mn) ternary- and different (Fe-Cr), (Fe-Mn), and (Cr-Mn)
binary-metal mixture carbides. Random spatial arrangements
of Cr and Mn are chosen for constructing the configurations
for the ternary-metal carbides. This indicates the quality of the
fit and is therefore a measure of how well solubilities in such
carbides are predicted by the model.

Since the validation of the model for the quinary
(Fe,Cr,Mn);C-H systems yields acceptable errors, we apply
it to predict the solubility behavior of H for compositions
for which extensive DFT calculations are not feasible. To
relate with the real world scenarios, the chemical potential
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reference of H is chosen from rain water for the ternary-metal
carbides (1, = = —0.33 eV with respect to H, molecule,
taken from Ref. [59], p. 8). The solubility of H is expressed
in terms of H concentration in these multicomponent carbides
using the Boltzmann relation [Eq. (4)], and the corresponding
concentration values are represented in the form of heat maps
as shown in Fig. 14.

The heat maps of H concentration indicate that only a
small composition range gives rise to a strong increase in
H solublity in (Fe,Cr,Mn);C, represented by the red zone in
the figure. More specifically, these are carbides that are rich
in Cr and contain an intermediate amount (12-30%) of Mn.
Interestingly, a small amount of Fe in Cr-rich cementite has
a similar impact as Mn, while Mn and Fe together have a
smaller impact. While qualitatively the distributions remain
at higher temperatures (Fig. 14, 650 K), a much broader range
of Cr rich (Fe,Cr,Mn);C carbides then contains a substantial
amount of H, indicated by the shading in the upper corner
of the triangular heat map. Even peak concentrations above
10 at. % H can be reached. Figure 14 can, therefore, provide
a picture about the H-carbide interactions in multicomponent
carbides, which are often observed in steels. In this regard,
the heat maps from machine learning predictions can serve as
a guide to the R & D engineers, especially to tailor microstruc-
tural components via alloying for improving other mechanical
properties.

The accuracy of the model can be improved with an avail-
ability of finer mesh of data on binary-metal carbides. In
future, the quality of the model could be improved to identify
attributes (like Voronoi volume) that are responsible for the H
solubility in ternary- and quaternary-metal carbides.

IV. CONCLUSION

The role of alloying in carbides, especially by Cr and
Mn, on H solubility is prototypically investigated for Fe;C
and Fe,3Cg. To this end, the analysis addresses two major
challenges: (i) an in-depth study that focuses on identifying
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FIG. 14. Heat maps of H concentration in (Fe,Cr,Mn);C carbides
at two different temperatures is plotted in the form of a Gibbs
triangle. The black-filled squares along the border of the triangle
correspond to the H concentration values obtained using ab initio
calculations in binary-metal carbides and the white nonfilled squares
inside the triangle represent the H concentration values in ternary-
metal carbides from the machine learning model. The white nonfilled
circles in the triangle correspond to the test set of the model. The pro-
jected heat maps of the H concentration are obtained by employing a
cubic interpolation scheme on the data points.

the physical descriptors responsible for the nonmonotonic H
solubility trends in ternary Fe-Mn-C and Fe-Cr-C systems
and (ii) the implementation of an ab initio informed ridge
regression model for predicting the H solubility in complex
ternary-metal carbides (Fe-Mn-Cr-C) using the DFT data of
different binary-metal carbides.

In the case of Cr alloying, the H solubility trends in the
carbides with respect to system, site, and range are similar.
The interstitial-H solubility shows in general a linear trend

014403-12



UNVEILING NONMONOTONIC CHEMICAL TRENDS IN THE ...

PHYSICAL REVIEW MATERIALS 6, 014403 (2022)

with Cr concentration in both the long range and the short
range. This is mainly because of the magnetic transition that
occurs in the (Fe,Cr);C system (that is, a transition from fer-
romagnetic Fe;C to nonmagnetic Cr3C). Also, the solubility
of H at C vacancy sites of (Fe,Cr);C and (Fe,Cr),3Cg shows
analogous trends.

In contrast to Cr, Mn alloying yields different, complex
solubility trends for H at different trapping sites in the studied
carbides. Due to such nonanalogous H-solubility trends, we
can understand that the H-Mn interactions are system de-
pendent, site dependent, and range dependent. Though there
exists little similarity in H-solubility trends, the physical de-
scriptors responsible for observed trends are largely the same.
The solubility is dominated by the local atomic structure, as
described by the Voronoi volume. However, the latter heavily
depends on the coupling to the short- and long-range magnetic
interactions and the resulting global volume of the supercell.
The magnetovolume coupling of Fe-Mn carbides, therefore,
explains the observed nonmonotonic solubility trends.

The transferability of the observations from (Fe,Mn);C and
(Fe,Cr);C to other binary-metal carbides such as (Cr,Mn);C
and (Mn,Cr);C are tested. It has been found that the role

of Mn and Cr on H solubility is qualitatively the same in
(Fe,Mn)3;C and (Cr,Mn);C, and (Fe,Cr);C and (Mn,Cr);C
at short and long range. This can be interpreted in terms
of the arrangement of chemical species in nearest-neighbor
shells around H. Based on these insights, the H solution en-
thalpies in (Fe,Cr,Mn);C systems is described by machine
learning using a ridge regression model. The model allowed
us to successfully predict the H solubility in complex ternary-
metal carbides that are difficult to model. The developed
methodology can be extended to explore H solubility in other
microstructural features such as complex carbide-matrix in-
terfaces.
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