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MAX phases are ternary metal carbides and nitrides with multi-layered crystal structures and mixed metallic-
covalent bonding. They have very good thermal, chemical, and mechanical properties which make them
potentially suitable as corrosion protection coatings for high-temperature energy-conversion devices
such as solid oxide fuel cells. To assess the capability of MAX phases as diffusion barriers for hydrogen
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Accepted 19th July 2017 and oxygen, we investigate absorption and migration of interstitial H and O atoms in the MAX phase
Ti,AIN by means of first-principles calculations based on density functional theory. The resulting

DOI 10.1039/c7ra05045¢ calculated formation and migration energies indicate that a Ti,AIN coating can act as a protective
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1 Introduction

MAX phases are a class of ternary nano-multi-layered crystalline
compounds which exhibit an outstanding combination of high
mechanical stiffness, electrical and thermal conductivity,
corrosion resistance, and tolerance to thermomechanical
shocks.'? All these properties make MAX phases an interesting
class of materials for a wide spectrum of technological
applications.

Recently, the proposed applicability of MAX as protective
surface coatings of irradiated bulk metallic materials in nuclear
fission or fusion reactors has stimulated several simulation
studies of properties of atomic defects in MAX phases.>” The
investigation of atomic defects, namely their formation and
migration properties, is of great interest also for corrosion-
protection applications in other thermo-chemo-mechanically
aggressive environments. Solid Oxide Fuel Cells (SOFCs) oper-
ated at intermediate temperatures are an interesting case for
the potential use of MAX phases as protective coatings. The
SOFC technology offers an environment-friendly and cost-
effective way of efficient energy conversion. However, the
success of SOFC stack devices is impeded by the fast corrosive
degradation of the stainless-steel interconnect plates between
the individual oxydic cells and the concomitant cathode
poisoning of the cells.*” Indeed, to prevent the degradation in
oxidizing and reducing environments at the operating temper-
atures of 600-800 °C, interconnect plates made of chromium-
alloyed steel®® are used. This material, in turn, is prone to the
formation of chromium hydroxides at the surface of the
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diffusion barrier for both oxygen and hydrogen, but according to two different mechanisms.

interconnect plate, their subsequent evaporation, and their
deposition on the surface of the oxydic cell cathode.

This chromium-poisoning mechanism is often responsible
for a rapid decrease in the efficiency of energy conversion in
SOFCs.” ™ Since MAX phases are known to be electrically con-
ducting and stable in both hot and corrosive environments, they
offer a good potential to be deployed as a protective surface
coating for the steel interconnect plates in SOFCs stacks, and
they may also enable the use of steels containing a lower
concentration of chromium and thus leading to chromium
poisoning at a reduced rate. In order to achieve the goal of long-
term stable and efficient SOFC stack devices, it is essential to
evaluate the capability of MAX phases as a protective barrier
against the diffusion of both hydrogen and oxygen atoms.

Important pre-requisites for MAX phases to be usable in
SOFC applications are a good thermal stability at the operation
temperature and a coefficient of thermal expansion (CTE) close
to those of the ceramic oxide cathodes and electrolytes, which
typically range between 10.5 and 12.5 x 10 ¢ K *.7®

In this work, employing a computational first-principles
method based on density functional theory (DFT), we investi-
gate the solution of interstitial hydrogen and oxygen atoms and
the pathways and barriers for their migration in the crystal
structure of the prominent MAX phase Ti,AIN. The elucidation
of the migration mechanisms for interstitial atoms in Ti,AIN
allows to assess the potential of such a MAX phase as a protec-
tive coating material. In Section 2 we describe the computa-
tional DFT method and the atomistic structure models used for
the investigation. In Section 3.1 we report our results on the
solution of interstitial H and O atoms in Ti,AIN. In Section 3.2
we illustrate the migration paths, report the calculated energy
barriers, and describe the distinct migration mechanisms for H
and O. In Section 4 we discuss the results. Finally in Section 5
we make a summary and give some conclusions.
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2 Structural models and
computational method
2.1 Composition and structure of the MAX phase Ti,AIN

MAX phases are defined by the composition formula M,,;1A;X,,
(n = 1, 2 or 3), where M is a transition-metal element, A is
a main-group element, and X is either carbon or nitrogen.
Atoms are arranged in a hexagonal crystal structure, space
group Pgz/mmc (193), with M,.,1X, layers interleaved by an A
monolayer.

2.2 Methodological details of the DFT calculations

To model formation energies and migration barriers of intersti-
tial atoms, a hexagonal 2 x 2 x 1 supercell of the Ti,AIN crystal
was used. The supercell was structurally relaxed by first-
principles DFT calculations of total energies, forces, and
stresses, using the GGA-PBE functional for exchange-correla-
tion." All DFT calculations were done with the PWscf code of the
Quantum Espresso software package and run with an ASE
interface.” The wave-functions of the valence electrons are rep-
resented by a plane-waves basis set with a cutoff energy of 544 eV,
and the electron density and effective Kohn-Sham potential by
discrete Fourier series with a cutoff energy of 2721 eV. The
interactions of valence electrons with the atomic nuclei and core
electrons are described by Vanderbilt's ultrasoft pseudopoten-
tials as provided in the open-source pseudopotential library
‘GRBV’." Brillouin-zone integrals are evaluated on a Monkhorst-
Pack mesh of 6 x 6 x 4 k-points with a Gaussian smearing of
0.02 V. The convergence criteria was set to 1.36 x 10 ° eV for the
total energy and to 2.57 x 10~ * eV A~* for the forces on atoms.

All thermodynamic quantities were calculated following the
ab initio thermodynamics formalism' at zero pressure and
temperature. The solution energy ETX, i] of an atom X (X = H or
0) at an interstitial site i in the supercell of the Ti,AIN crystal is
calculated as

ETX, i] = EodX. i] — Eodbulk] + px (1)

where E.[X, i] is the total energy of the supercell of the pure
crystal with the interstitial atom X, E[bulk] is the total energy
of the reference supercell of the perfect crystal, and uyx is the
chemical potential of either hydrogen or oxygen. The lattice
constants were kept fixed during total energy calculations of
point-defects. The chemical potentials with respect to the H,
and O, gas phases were calculated as half of the binding ener-
gies of the H, and O, molecules. Our computed values for the
binding energies of H, and O, are respectively —4.12 eV and
—5.93 eV, in line with data from previous calculations."” It is
known for oxygen that LDA or GGA functionals result in an
overbinding with respect the experimental value of —5.22 eV.
For a discussion of this issue and possible empirical corrections
we refer to, e.g., ref. 17.

To validate the computational methodology, the lattice
parameters of Ti,AIN and formation energies of the three
intrinsic point defects, namely the monovacancies vr;, v and vy
were calculated and compared to literature benchmarks. Both the

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

resulting lattice-parameter values (@ = 2.995 and ¢ = 13.65) and
the formation energies for vy, v, and vy (3.48 €V, 3.03 eV, and
4.58 eV respectively) are in agreement with data from previous
experimental measurements'® and DFT simulations.* In Fig. 1 we
compare our results for the vacancy formation energies (top) and
the chemical potentials (bottom) to literature data.

2.3 Interstitial sites for H and O atoms in the MAX phase
Ti,AIN
Following the work of Baben et al' on Ti,AlC, Duan et al.*
investigated the solution of oxygen and hydrogen atoms at
substitutional positions as well as at octahedral (TizAl;) and
triangular (Al;) interstitial sites of the Ti,AIN crystal. Cui et al.*®
reported that the dynamics of oxidation of Ti,AIN differs from
that of Ti,AlC. Therefore we extended the previous studies by
considering the whole set of interstitial locations in the Ti,Al
(Ti-Al-Ti) double layer which are relevant for the solution and
migration of H and O atoms (see Fig. 2): the TizAl; octahedron,
the Tiz;Al and TiAl; tetrahedrons, and the two non-equivalent
triangular barrier locations Al} and Al} in the Al-plane. More-
over, Ti, tetrahedral sites in the Ti,N (Ti-N-Ti) double layer are
also considered.

The migration barriers were assumed to be located either at
the interface of face-sharing polyhedrons (see Fig. 2), or at the

Vacancy formation energy (eV)
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Fig. 1 Validation of the computational DFT setup. Top: Calculated
formation energies (connected by lines) for the Ti, Al, and N vacancies
in Ti,AIN and for the H and O interstitials in the octahedral position
TizAls compared to literature benchmarks? (crosses). Bottom: Calcu-
lated chemical potentials (connected by lines) for H, N, and O
compared to literature benchmarks?® (crosses).
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Fig. 2 Schematic representation of the Ti,AIN supercell. Ti atoms are
represented by red spheres, Al by blue ones, and N by grey ones.
Polyhedra TizAls, TizAl, and TiAls in the TiAl (Ti—Al-Ti) layer are shown
explicitly; grey arrows point to the triangular interfaces TioAl, Al;Ti,
Als, and AL,

centre of N-N bonds of the Ti,Al (Ti-Al-Ti) double layer for
symmetry considerations. Migration barriers were obtained via
a structural relaxation in which hydrogen atoms were con-
strained either on the planes spanned by triangles on the
polyhedron's faces, or at the N-N bond centres.

3 Results

3.1 Solution of interstitial H and O atoms

Baben et al. reported that interstitial sites are the most stable
sites for atomic species dissolved in Ti,AlC and other MAX-
phase carbides.*

1.4
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Fig. 3 Solution energies of interstitial hydrogen (top) and oxygen
(bottom) in TiLAIN.
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Our results for H atoms in Ti,AlN, which are displayed in
Fig. 3 (top), are that hydrogen has a positive (endothermal)
solution energy for all the interstitial sites introduced in Section
2.3. This means that H does not dissolve spontaneously in
crystalline Ti,AIN. Its most (meta-)stable interstitial site is the
tetrahedral site TizAl with an endothermal but close to zero
solution energy of 0.06 eV. The octahedral site TizAl; is the next
(meta-)stable site with an endothermal solution energy of
0.1 eV. Zero point energy (ZPE) correction slightly lowers the
computed solution energy for H. However, we do not expect ZPE
correction to change any of the conclusions.

In contrast, oxygen exhibits a negative (exothermal) solution
energy of several eV for all the interstitial sites. The results are
displayed in Fig. 3 (bottom). The most stable positions for an O
atom are the tetrahedral site Al;Ti and the triangular barrier
location Al;. Their very small energy difference is within the
computational accuracy limit. Since the Al; triangle is the
interface separating two mirror-imaged Al;Ti tetrahedra, these
two geometrical locations are effectively within one single site
surrounded by a triangular bipyramidal Al;Ti, cage. The solu-
tion energy for this site is —5.51 eV. The solution energies of the
tetrahedral TizAl and octahedral TizAl; sites are higher by 0.24
and 0.91 eV, respectively. For the interstitial oxygen atom at the
TizAl; site our calculated solution-energy value —2.38 eV is
0.18 eV higher than the value reported by Duan et al.*
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Fig. 4 (Top) Hydrogen lateral migration barriers (i.e. in a Ti—Al plane)
between tetrahedral stable sites; (bottom) transversal migration
barriers (i.e. between adjacent Ti—Al planes and through the Ti;N
double layer) between tetrahedral stable sites.
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3.2 Migration of interstitial H and O atoms

3.2.1 Hydrogen. By calculating the migration barriers
between interstitial sites, the energetically most favourable
migration paths were identified (Fig. 4). The migration barrier
between polyhedral sites is assumed to be located on or at least
very close to their shared face. The TizAl; octahedra are con-
nected to TizAl and TiA;l tetrahedra through Ti,Al and TiAl,
faces, respectively, as shown in Fig. 2. The Ti;Al; octahedra and
TizAl tetrahedra are connected to mirror-images with respect to
the plane of Al atoms by the triangles labelled Al} and
AlY. Finally, the transition state for the migration of an inter-
stitial atom through a Ti,N double layer is assumed to be cen-
tred at a N-N bond. The reason for this choice is the following:
the octahedral sites Al;Ti; in the Ti,N double layer are occupied
by nitrogen atoms, while the tetrahedral sites TizAl therein are
free to host interstitial atoms. To migrate through the Ti,N
double layer, a hydrogen or oxygen atom needs therefore first to
enter a TizAl tetrahedron and next to migrate to a mirror-
imaged one by crossing an edge of Al;Ti; at the mid point of
the edge, i.e. at the centre of a N-N bond.

The calculated lowest migration-barrier value for interstitial
hydrogen resulted to be 0.32 eV for the path TiAl; — TisAl;. The
inverse path has a slightly lower barrier of 0.28 eV. The barrier
for the path TizAl; — Ti;Al is about twice as high. These results
indicate the presence of two parallel, mirror-imaged, diffusion
networks in between neighbouring Ti and Al layers, as illus-
trated in Fig. 5 (right). Indeed, a hydrogen atom can get to the
mirror-imaged Ti-Al layer via the path Tiz;Al — TizAl; — TiAl;
— TizAl; — Ti;AIF™ — TiAI™™", This migration path has
a barrier of 1.2 eV, which is associated with the TizAl; — TiAl;
step and located in the Al} triangle. A schematic representation
of these diffusion channels is shown in Fig. 5 (left). An inter-
stitial H atom migrating in the c-axis direction of the MAX
crystal, with a transition state assumed in a N-N bond as
motivated above, has to overcome a high barrier of more than
3 eV, which is one order of magnitude higher than the barriers
in the ab-plane directions.
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Fig.5 (Left) Schematic representation of migration paths of interstitial
hydrogen in Ti>AIN highlighting the in-plane migration network in the
Ti>Al double layer. Green arrows indicate the path with the lowest
migration barrier between TizAl interstitials. Yellow circles indicate the
metastable states from where a migration between mirror-imaged Ti—
Al planes is possible. (Right) Hydrogen migration path in the transversal
direction. Green arrows indicates the in-plane migration network in
the TiAl double layer, while yellow arrows indicates the transition
between mirror-imaged Ti—Al planes.
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Hence, the network of migration pathways for long-range
diffusion of interstitial H atoms in Ti,AIN can be described as
follows: there are two mirror-imaged honey-comb networks
between two neighbouring planes of Ti and Al atom with
a migration barrier of 0.32 eV. These networks enable the long-
range diffusion in the “lateral” directions, i.e. in the ab-plane
spanned by the lattice vectors d and b of the hexagonal cell. The
networks are further connected by a shifted hexagonal network
with a barrier of 1.2 eV, which allows for a migration in the c-
axis (transversal) direction at least between the adjacent Ti,Al
double layer. The migration to a more remote Ti,Al double layer
is hindered by the presence of the Ti,N double layer in between,
with a barrier that is one order of magnitude higher. This
network of pathways is illustrated by the schematic sketches in
Fig. 5.

3.2.2 Oxygen. The diffusion of interstitial oxygen was
investigated on the same network of sites and paths as for
interstitial hydrogen. However, as discussed above, in this case
the two mirror-imaged tetrahedra Al;Ti connected by the same
A; interface do effectively form one single interstitial transition
state in the center of the trigonal bipyramid Al;Ti,. Therefore in
the case of oxygen the channels for long-range diffusion in the
two mirror-imaged planes of the Ti,Al double layer are sepa-
rated by virtually no barrier. As a result, there is one single
effective honey-comb network for the ab-plane diffusion that
connects directly two stable interstitial sites along the migration
path Al;Ti, —Al; Ti; — Al; Ti,.
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Fig. 6 (Top) Oxygen lateral migration barriers (i.e. in a Ti—Al plane)
between tetrahedral stable sites; (bottom) oxygen transversal migra-
tion barriers (i.e. between adjacent Ti—Al planes and through the Ti,N
double layer) between tetrahedral stable sites.

RSC Aadv., 2017, 7, 37852-37857 | 37855


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra05045c

Open Access Article. Published on 01 August 2017. Downloaded on 4/22/2026 8:44:37 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances
20 20 0600
0te” & ° 0000
co0 9 34 ozo
%0 vjo o020 O”:“
(+] (]
R L0000

Fig. 7 Schematic representation of interstitial diffusion paths of
oxygen in Ti,AlN. (Left) In-plane migration network in the Ti,Al double
layer. Circles indicate the stable AlsTi; interstitial connecting the two
mirror-imaged TiAl planes. (Right) Oxygen migration path in the
transversal direction.

The migration barrier for the path A13Ti; — Al;Ti;z is 1.37 eV
and located at the triangular AL, Ti face as shown in Fig. 6. The
barrier for the inverse path Al;Ti; —>A13Ti; is 0.42 eV. The
interstitial diffusion through the Ti,N double layers is hindered
by a large barrier of over 8 eV (Fig. 6). The resulting diffusion
network is depicted schematically in Fig. 7. As in the case of
hydrogen the ab-plane migration for oxygen has a much lower
barrier than the c-axis migration. In contrast to hydrogen, the
ab-plane migration of oxygen has a simpler mechanism, namely
Al Ti* — Al;Ti; — AlTi* on a honey-comb network. But for
oxygen there is a more than four times higher barrier as
compared to that of hydrogen.

4 Discussion

There is only few discussion in literature about the absorption
and diffusion of hydrogen in MAX phases. A MAX phases
coating can protect a substrate from diffusing hydrogen in two
ways: (1) by a high migration barrier, and (2) by a high solution
energy, which hinders the absorption of the diffusing species in
a first place. In the literature hydrogen absorption on interstitial
sites is reported to be favoured by a slightly negative
(exothermal) energy of solution, however depending on its
chemical potential as function of the thermodynamic condi-
tions.* In the hydrogen-rich limit, instead, we get a close-to-zero
but positive (endothermal) solution energy of 0.06 eV for a H
atom at a Al;Ti site. This value is lower than the solution energy
of hydrogen in a-iron (DFT-GGA values: 0.19 eV,** 0.16;*
experimental values: 0.296 eV,* 0.28 eV **), which indicates that
Ti,AIN cannot act as a diffusion barrier for iron-based inter-
connects by hindering absorption.

The calculated migration barriers for both interstitial H and
O atoms indicate strongly anisotropic diffusion in the MAX
phase. Even in the absence of other atomic or microstructural
defects, hydrogen is expected to be relatively mobile along the
Ti-Al ab-planes because of its modest activation barrier of
0.32 eV for migration. This value can be compared to the ab-
plane diffusion in the MAX phase Ti;AlC,, which was recently
calculated by Yang et al.>® Here two non-equivalent barriers of
0.21 eV and 0.67 eV along the [—1, 0, 0] and [0, 1, 0] directions
were found, indicating as well a fast ab-plane diffusion of
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interstitial hydrogen. Hence, the potential of Ti,AlIN as a diffu-
sion barrier for hydrogen is apparently linked to the capability
of depositing dense Ti,AIN films with the ab-plane atomic layers
of Ti, Al, and N growing parallel to the surface of the substrate.
In this case the high migration barrier of the Ti,N double layer
in the c-axis direction can effectively impede the diffusion of
hydrogen.

The situation is more complicated for the case of oxygen.
Recently Cui et al.*® investigated spark plasma sintered Ti,AIN
and its oxydic surface scales formed after high-temperature
oxidation for 1 hour. Below 900 °C (i.e. at operation tempera-
tures of SOFCs) a double-layer scale is formed: the first layer is
composed of porous TiO, scale in contact with the bulk Ti,AIN
phase, the second layer is a dense mixture of TiO, and a-Al,0;
with a nominal composition Al,TiOs. At higher temperatures
(1000-1400 °C), a complex interplay of mixing and demixing of
a-Al,0; and Al,TiOs phases is observed. Above 1100 °C the
growth rate of the scale increases steeply and void-containing
layers are formed, probably due to the formation of gaseous
NO,. These temperatures are above the stability limit of the
MAX phase, as reported by Scabarozi et al** The emerged
scenario is consistent with our finding that oxygen tends to be
absorbed interstitially in Ti,Al double layers and to diffuse
along these. Only at very high temperatures there may be some
incorporation of oxygen atoms into the Ti,N double layers,
which may be also facilitated by dislocations or cracks induced
by the mismatch in the thermal expansions of the oxydic
constituents of the scale and the bulk MAX phase. It is not clear
whether complicated mixing and demixing of TiO,, a-Al,03,
and Al,TiOs should be expected for longer operation times of
SOFCs also at temperatures below 900 °C. Zhang et al.>” showed
that thin films of Ti,AIN oxidized at 900 °C for 20 hours have an
a-Al,O; scale with a low content of TiO, second phase growing
parabolically in time. This indicates a diffusion-limited growth
mechanism, which can be associated to slow diffusion of
oxygen through the surface scale and into the Ti,AIN. Moreover,
they find a low oxygen content in the interior of the Ti,AlN layer,
which also indicates a diffusion rate which is significantly lower
than that of H atoms, in line with our results. The analysis of
results of simulations and experiments, therefore, indicates
that for the case of oxygen a two-fold protection mechanism is
apparently present. First, due to the formation of an oxydic
scale, solution of oxygen inside the MAX phase is hindered,
except for an adsorption on the surface. Second, due to a high
migration barrier for interstitial oxygen in all crystal directions
of the MAX phase, the oxydic scale remains confined to the
surface. In contrast to the case of hydrogen, the migration
barrier for oxygen is therefore expected to be significantly high
even for the diffusion in the ab-plane of the MAX-phase crystal.

5 Summary and conclusions

Solution and migration of interstitial hydrogen and oxygen
atoms in the MAX-phase crystal Ti,AIN were investigated in
order to assess the potential capability of a MAX phase to act as
a protective diffusion-barrier coating of steel components in
SOFC stacks. There are further mechanisms for the solution

This journal is © The Royal Society of Chemistry 2017
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and migration of hydrogen and oxygen relevant in practice,
namely substitutional solution and vacancy-mediated diffusion
of foreign atomic species inside the crystal structure or at
extended microstructural defects, namely dislocations and
grain boundaries. The present study, however, focused on the
evaluation of the protection potential of Ti,AIN by assessing the
case of the ideal crystalline limit, where no other defects than
the interstitial H or O atoms are present. We obtained solution
energies and migration barriers by means of first-principles
DFT calculations. The results indicate that a Ti,AIN coating
layer can act as a barrier against diffusion of interstitial H atoms
in the c-axis direction of the MAX phase but offers no significant
protection against diffusion along ab-plane directions. For
interstitial O atoms, in contrast, the migration barriers in all
directions are of the order of several eV. Moreover, absorption
calculations and experimental results reported in the literature
suggest that, when the surface of a MAX phase is in contact with
oxygen, alumina and titania scales are formed. Hence, we
speculate that a Ti,AIN coating on a steel interconnect plate has
the potential to act as a protective diffusion barrier for hydrogen
and oxygen in a SOFC stack, provided that the formation of
a compact, coarse-grained, well c-axis oriented, and well ab-
plane textured Ti,AIN coating can be achieved on steel by
a robust and efficient deposition process.
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