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Abstract: Mo-Ti-Si, Mo-Zr-B, and Mo-Hf-B are promising alloy systems for high-temperature ap-
plications as they show higher toughness and higher creep resistance than other Mo-based alloys.
Regarding ductility and toughness, the chemical composition of the Mo solid-solution phase is
the main parameter with which to tweak these properties of multiphase Mo-based alloys. Besides
the common solid-solution hardening, one goal is to minimize embrittlement by decreasing the
detrimental effects of interstitials like oxygen atoms in Mo alloys, which might be present in the
bulk material due to trapping. For a better understanding of the trapping mechanisms and behavior
of Mo solid solutions, the bonding situation and interaction of Mo atoms with the atoms of the
alloying partners, as well as oxygen atoms, is worthwhile to investigate. For this, an in-depth analysis
of the chemical bonding situation with calculations based on density functional theory in selected
Mo-TM(-O) (TM = Ti, Zr, Hf) solid solutions is conducted in this work. It is shown that Ti atoms in a
Mo solid solution are strong traps for oxygen atoms, while Hf and, even more clearly, Zr atoms are
not. It is pointed out that the ionic and covalent interactions are the primary influence on the trapping
behavior, as the change in ionic and covalent interactions between trapping and nontrapping models
follows the trend Mo-1Ti > Mo-1Hf > Mo-1Zr, which resembles the trend of the trapping energy.

Keywords: Mo-based alloys; oxygen trapping; chemical bonding; density functional theory

1. Introduction

Structural materials based on refractory metals like molybdenum provide a high
potential for a variety of ultra-high-temperature applications due to their outstanding
strength and creep resistance; additionally, specific alloys form a self-protection surface
layer during exposure to air [1-3].

Nevertheless, the room-temperature strength and ductility of pure and alloyed Mo
is restricted by low grain-boundary cohesion [4-7]. This leads to higher ductile-to-brittle
transition temperatures and an intergranular fracture mode [8-10], which limits the manu-
facturability and application of Mo-based alloys as structural materials.

It was found in multiple studies [8,11-14] that oxygen has a most significant impact on
the embrittlement of pure Mo as well as in the presence of alloying elements. In [§], it was
shown that the work of fracture is the function of the O segregation level at the grain boundary.
Furthermore, it is worth mentioning that embrittlement at room temperature occurs at a
relatively low O content, lying at around several dozens of ppm [8,15]. Auger electron
spectroscopy [8] and atom probe tomography [16] reveal that oxygen segregates significantly
on the grain boundary. The leading cause for that is believed to be low solubility [17],
which lies at around 3.4 ppm at 1673 K [18]. The grain-boundary segregation also occurs in a
state-of-the-art, technically pure Mo, as shown using atom probe tomography in [16].

Technically relevant Mo alloys are mainly designed as multiphase materials, e.g., com-
posed of silicide or boride phases besides a Mo solid-solution phase. In such systems,
the Mo solid-solution phase has a decisive role in achieving acceptable ductility. So,
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to improve the ductility of Mo-based alloys, the following steps are recommended in the
literature:

¢  Usage of high-purity raw materials [16].

*  Preliminary heat treatment in a hydrogen atmosphere at higher temperatures and high
pressure, which could be combined with a sintering step [19] or with high duration in
near-vacuum conditions at high temperatures [8,20].

*  Alloying with substitutional or interstitial elements [7,8,21].

Though the use of high-purity raw materials and heat treatment can provide the means
to reduce the effect of the O-induced embrittlement, the O content can nevertheless increase
significantly during the processing, for example, during welding [11-14], high-temperature
forming [16], or additive manufacturing [9]. In Figure 1, the oxygen concentrations in vari-
ous types of Mo-based alloys are presented, which were processed by different production
routes, namely, ingot metallurgy, powder metallurgy, and additive manufacturing. It is
obvious that the powder metallurgy, as well as additive manufacturing, typically results in
high contamination and, therefore, high ductile-to-brittle transition temperatures. Typical
sources for oxygen or processing steps when oxygen pick-up takes place, are, for example,
the mechanical alloying process (used for prealloying powder mixtures by high-energy ball
milling before sintering), a nonoptimized gas atomization process for the production of
alloyed powders, the handling or storage of powders in oxygen-containing atmosphere,
or residual oxygen in the process chamber for powder additive manufacturing. Optimizing
these processes may help to reduce the overall oxygen concentration in bulk materials.
Additionally, an interesting option is to directionally solidify Mo-based multiphase alloys in
an inert atmosphere, which has the potential to produce bulk material with comparatively
low oxygen concentrations (e.g., 32, ..., 50 ppm) in a Mo-5i-B alloy [22]. However, it is
well accepted that oxygen contamination cannot be entirely avoided during the technical
processing of multiphase Mo alloys.
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Figure 1. The oxygen content in Mo-based alloys as a result of different production routes. Sources
for ingot metallurgy [23-29], powder metallurgy [9,21,25,28-32], and additive manufacturing [9,28].

In addition, Mo has a high affinity for oxygen at elevated temperatures [33], so during
the high-temperature operation, an increase in the O in the Mo phase is inevitable. Thus,
alloying strategies are the most plausible way to reduce the O-driven embrittlement in
Mo-based alloys.

The group of such beneficial elements includes Ti, Zr, and Hf, which are attractive
candidates for the design of single-phase and multiphase Mo-based alloys, for example,
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in Mo-Ti-Si, Mo-Hf-B, Mo-Zr-B, and Mo-Si-B-Zr systems. The latter alloy systems have
been shown to possess higher toughness as compared to other Mo-based alloys and, at the
same time, a high creep resistance at temperatures higher than 1000 °C [34-37]. All of
these alloys are multiphase. Nevertheless, the Mo-based solid solution is present as a
microstructural constituent in considerable fraction, see Figure 2 (here, Mo solid-solution
phases appear light gray in the micrographs due to the SEM/BSE contrast). It leads again to
the question of grain/phase boundary cohesion. Therefore, the chemical composition of the
solid-solution phase is the key factor in defining the ductility and toughness of multiphase
technical Mo alloys. For this reason, the bonding situation and interaction of Mo atoms
with the atoms of the alloying partners, as well as atoms of oxygen, will be investigated in
detail in this work to draw important conclusions for the alloying design of high-potential
prospective Mo alloys. Recently, several ab initio studies were conducted regarding the
problem of low grain-boundary cohesion and oxygen segregation in Mo-based alloys.
Scheiber et al. [38] investigated possible candidates for ductilization of Mo using a high-
throughput density functional theory investigation. It was found that Zr, Ti, and Hf should
increase grain-boundary cohesion, thus promoting ductile failure at lower temperatures.
In contrast, in a later study [39], it was concluded that Hf should have a negative impact
on grain-boundary cohesion, and interstitial elements like boron or carbon have the most
positive impact on that. Oxygen, in contrast, was found to have a drastic negative impact on
grain-boundary cohesion, which was expected based on the experimental data. In the study
above, the first attempts at modeling simultaneous segregation were made as well. In [40],
the segregation energies of light interstitial elements were estimated. It was concluded
that interstitials tend to segregate at grain boundaries due to the low electron density.
Furthermore, Reynolds et al. [41] studied a similar Nb-(X)-O system using the ab initio
method. It was found that the Bader charge and lattice distortion are two main factors
governing trapping energies in Nb—solid-solution bulk. The attractive interactions are
favored by the elements with a positive Bader charge, resulting in the higher solubility
of O in Nb-(TM) solid solutions as well as a lower O diffusion rate. This way, the O
content on grain boundaries should be significantly reduced. Finally, Kumar et al. reported
about the Si-O interaction in a Mo-5i solid solution with dissolved oxygen atoms using
density functional theory (DFT) calculations [42]. They found out that the serrated flow is
only present at elevated temperatures and showed that this is due to the oxygen-trapping
silicon atoms in the Mo-5i solid solution, which affect the dynamic strain aging. A similar
approach and an in-depth analysis of the chemical bonding situation in selected Mo-TM(-O)
(TM =Tij, Zr, Hf) solid solutions will be conducted in this work.

(a) (b) ()
Figure 2. Multiphase microstructures of (a) Mo-5Si-B-Ti alloy produced by powder metallurgical route,
(b) directional solidified Mo-Hf-B, and (c) arc-casted eutectic Mo-Zr-B obtained by scanning electron
microscopy.
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2. Materials and Methods

The first-principles DFT calculations were carried out with Quantum ESPRESSO [43,44]
for the structural relaxation of solid Mo and the Mo-xTM-yO (TM = Ti, Zr, Hf, x, y = 0,
1) solid solutions as 128- or 129-atom 4 x 4 x 4 supercells of Mo using PAW pseudopo-
tentials [45] from the PSLibrary, version 1.0.0 [46]. The kinetic energy cut-off of the plane
waves was set to 100 Ry, while the charge density and potential cut-off was set to 400 Ry.
The structural relaxation stopped until a total energy convergence of 10~° Ry and a force
convergence of 10~ Ry/a0 were reached. Marzari-Vanderbilt cold smearing [47] and a
Gaussian spreading of 0.01 Ry were chosen to account for the Brillouin-zone integration in
metals. The k-mesh was divided by 4 x 4 x 4 for the Mo-TM-O solid solutions using the
Monkhorst-Pack algorithm [48]. Exchange and correlation in this DFT-based method were
treated with the generalized gradient approximation (GGA) functional as parameterized
by Perdew, Burke, and Ernzerhof (PBE-GGA) [49]. Quantum ESPRESSO was also used to
generate the all-electron and valence-electron densities, which were then used to calculate
the Bader charges and atomic volumina [50] according to the method described by Yu and
Trinkle [51] with the CRITIC2 program [52,53].

The analysis of the chemical bonding was conducted on the most stable energy ground-
state structures using the tight-binding, linear muffin-tin orbitals with the atomic spheres
approximation (TB-LMTO-ASA) [54,55], as implemented in the TB-LMTO 4.7 program [56].
The Fermi level (EF) was set to 0 eV. The Monkhorst-Pack algorithm-generated k-mesh
was 4 x 4 x 4 for the Mo-TM-O solid solutions. Exchange and correlation were treated with
the PW91-GGA functional by Perdew et al. [57]. The bonding analysis was then carried
out by calculation of the crystal orbital Hamilton population (COHP) [58] and its integrals
(ICOHP). The ICOHP can be seen as a semiquantitative bonding energy that measures
covalent contributions in solids.

In a 128-atom supercell with 1 substitutional TM atom (Mo-1TM), there are 6 trap sites
(interstitial octahedral positions next to the substitutional TM atom) and 378 nontrapping
interstitial sites. To calculate the temperature-dependent fraction of oxygen atoms trapped
at the substitutional atom (Ti, Zr, or Hf), the trapping energy AEiap was calculated first.
The trapping energy can be defined as the energetic difference between the supercell with
the O atom located at an interstitial octahedral position at the Ti, Zr, or Hf site, Mo-1TM-
1Otrapped, and the supercell with the O atom at the position as far away as possible from the
substitutional site, M0o-1TM-1Onontrapped (s€e also Figure 3). The resulting trapping energy
AEtrap was then used in a Boltzmann-style formula [59] to gain the fraction of the oxygen
atoms fo at the trap site for a given temperature T:

_AE
N1NNTS exp ( KBTmp)

fo(T) = —AEuap
Nnrts + NrNNs exp ( KT

)
)

with Nr as the number of trapping atoms, Ntg as the number of trap sites, Kp as the
Boltzmann constant, and Nnts as the number of nontrap interstitial sites.

Figure 3. Used starting models of Mo-1TM-10¢appeq (left) and Mo-1TM-Opontrapped (tight) (TM = Tj,
Zr, Hf), each before structural relaxation.



Crystals 2024, 14, 213

50f13

To calculate the formation enthalpies AHy, substitutional AEg;,s, and interstitial for-
mation AEner energies at the ground state of Mo-1TM-10 (TM = Ti, Zr, Hf), the following
three reactions were used:

1
AHg : 127Mos) + 1TM ) + 502<g) — Mo-1TM-10 (2)
AEgps : 128M0(s) + 1TMatom — MO-lTM(S) + 1Moatom 3)
AEiner : Mo-1TM 4 + 100 — Mo-1TM-10y @)

3. Results and Discussion
3.1. Temperature-Dependent Trapping of Oxygen Atoms

In this section, the trapping energy and the temperature-dependent trapping of oxy-
gen atoms in Mo-1Ti, Mo-1Zr, and Mo-1Hf solid solutions will be discussed. In Table 1,
the trapping energy is shown.

Table 1. Oxygen-trapping energy AEtap of Mo-1Ti, Mo-1Zr and Mo-1Hf.

Mo-1Ti Mo-1Zr Mo-1Hf
AErap (eV per cell) —0.80 —0.15 —0.34

The oxygen-trapping energy is highest for Mo-1Ti and lowest for Mo-1Zr, putting
the trapping energy of Mo-1Hf between the trapping energies of the two solid solutions
mentioned above. Inserting the resulting oxygen-trapping energy in Equation (1) leads to
the plots shown in Figure 4.

1.04

Mo-1Ti, AEy,, = ~0.80 eV
0.8

0.6+

0.4 Mo-1Hf, AE,,, = -0.34 eV

Mo-1Zr, AEq,, = -0.15 eV
0.2

Fraction of O atoms at trap site

O-O T T T
0 200

T T T T T T T T T
600 800 1000 1200 1400
Temperature (K)

T
400

Figure 4. Temperature-dependent fraction of O atoms trapped at the substitutional atom Ti (purple),
Zr (pink), or Hf (blue) in a Mo-1TM (TM = Ti, Zr, Hf) solid solution.

It is important to note that the following discussion holds only for concentrations of
oxygen atoms lower than or equal to the concentration of substitutional atoms in these
Mo-1TM solid solutions.

At 0K, the probability of trapped oxygen atoms is 100% for all Mo-1TM solid solutions.
At 300 K, this probability drops to 84% for Mo-1Zr and >99% for Mo-1Hf, while in Mo-1Tij,
the probability remains at 100%. At 1500 K, the probability is 5% for Mo-1Zr, 18% for
Mo-1Hf, and still 89% for Mo-1Ti.

Therefore, the probability of the occupation of trap sites by oxygen atoms decreases
for the solid solutions Mo-1Zr, Mo-1Hf, and Mo-1Ti to 99% at different temperatures.
For TM = Zr, this temperature is 200 K, while for TM = Hf it is 450 K and for TM = Ti it
is 1060 K. For a probability of 90% of trapped oxygen atoms, the temperatures must be
270 K, 620 K, and 1460 K for Mo-1Zr, Mo-1Hf, and Mo-1Ti, respectively. In most cases,
a probability of 10% nontrapped oxygen atoms (90% of O atoms at the trap site) should be
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sufficient to feature a steady migration of oxygen atoms. Therefore, dynamic strain aging
should start at low temperatures in Mo-1Zr, at slightly elevated temperatures in Mo-1Hf,
and at clearly increased temperatures in Mo-1Ti. In the following sections, the reason for
the different trapping behaviors will be discussed in terms of the respective formation
enthalpies as well as the substitutional and interstitial energies. Furthermore, an analysis of
the chemical bonding situation in the Mo-1TM-10 (TM = Ti, Zr, Hf) solid-solution models
will be considered.

3.2. Formation Enthalpies and Substitutional and Interstitial Energies

In Table 2, the formation enthalpies (AHy, Equation (2)), substitutional energies (AEgps,
Equation (3)), and interstitial formation energy (AEinter, Equation (4)) of the solid solutions
Mo-1TM-10 (TM = Ti, Zr, Hf) with the oxygen atom at the trap site are shown.

Table 2. Formation enthalpies and substitutional and interstitial formation energies at 0 K of Mo-1Ti-
10, Mo-1Zr-10, and Mo-1Hf-10.

Mo-1Ti-10 Mo-1Zr-10 Mo-1Hf-10
AHg (kJ/mol per atom) —1.19 —-0.20 —-0.57
AEg s (€V per cell) +0.14 —0.20 -0.79
AEinter (eV per cell) —3.92 —-3.29 —3.48

The negative formation enthalpies AH; of Mo-1Ti-10, Mo-1Zr-10, and Mo-1Hf-10
indicate that these compounds are stable. As the interstitial formation energy AEinter is
highly negative in all Mo-1TM-10 compounds, this gives a hint that the TM-O bond is
very strong and might be the driving force of the formation of these solid solutions. Both
AHg and AEjper of the Mo-1TM-10 solid solutions follow the trend already found with the
trapping energy AEap. Interestingly, the substitutional energy AEg,s of Mo-1Ti is positive,
suggesting that the bonding in Mo-1TM solid solutions between Mo and Ti is weaker than
the Mo-Zr and Mo-Hf bonds.

3.3. Relaxed Crystal Structures and Bond Lengths

To investigate the different trapping behaviors in detail, one must first be sure that
the chosen models are well suited to explain the chemical bonding situation. Therefore,
the lattice parameters, the Mo-O and TM-O bond lengths, and the coordination numbers of
Mo-1TM-10 with trapped and nontrapped oxygen atoms will be analyzed and compared
with the situation in Mo-10, a model with no TM atom in the lattice. Furthermore, it is
necessary to take a closer look at the relaxed structures of the models Mo-1TM-10trapped
and Mo-1TM-10nontrapped (see Figure 5). In Table 3, the average lattice parameters,
coordination numbers of oxygen, and Mo/Ti/Zr/Hf-O bond lengths are presented.

Table 3. Average lattice parameters a*, coordination numbers (CNs), and Mo-O and TM-O atomic
distances in Mo-10 and Mo-1TM-10 models with trapped and nontrapped oxygen atoms.

Mo-1Ti-10 Mo-1Zr-10 Mo-1Hf-10 Mo-10
a*(0r) 1 [A] 3.1645 3.1679 3.1656
a*(Onr) 2 [A] 3.1652 3.1678 3.1674 3.1653
CN(Or) 6 541 6
d(TM — O) [A] 1.87 1.98 1.94
d(Mo — Or) [A] 1.96 —2.26 1.92 — 229, 2.63 1.93 —2.29
CN(Onr) 5+1 541 5+1 541

d(Mo — Onr) [A} 1.94 —225,262 195-225,261 195-225,261 195-226,2.63

1 Here and further, T denotes a trapped state. 2 Here and further, NT denotes a nontrapped state.
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M0-1Ti-10¢apped M0-1Zr-10¢pped

Mo-1Hf-10¢appeg

Mo-1TM- 1Onon-trapped

Figure 5. Structural relaxed models of Mo-1Ti-10,ppeq (top left), Mo-1Zr-10yppeq (top right),
Mo-1Hf-10qpped (bottom left), and Mo-1TM-10nontrapped (TM = Ti, Zr, Hf, bottom right) solid
solutions. The black dot in the model of Mo-1Zr-10yqppeq is used to mark the one Mo atom in
equatorial position to the oxygen atom (also called Mo*) with an unusually short Mo-O distance.
The dashed lines for the models Mo-1Zr-10apped and Mo-1TM-10pontrapped sShow the long Mo-O
bond in equatorial position to the oxygen atom.

For the lattice parameters in the nontrapping case, a* (Onontrapped), the trend is Mo-
1Ti-10 ~ Mo-10 < Mo-1Hf-10 =~ Mo-1Zr-10, which resembles the trend of the atomic
radii in crystals (Ti: 1.40 A, Mo: 145 A, Zr, Hf: 1.55 A) reported in [60]. In the trapping case,
the lattice parameter a*(Oyrapped) is unexpectedly smaller for Mo-1Ti-10 and Mo-1Hf-10,
while in the case of Mo-1Zr-10, the difference is not significant as compared with the
nontrapping case. This might give a hint that the overall bonding situation in the solid state
systems Mo-1Ti-104apped and Mo-1Hf-Oypappeq could be stronger than in Mo-1Zr-10gapped-
Taking a look at the coordination numbers and Mo-O bond lengths in the nontrapping case,
there is hardly any difference between the Mo-1TM-10yontrapped models and Mo-10. This
can be seen as a sign that the used Mo-1TM-10pontrapped models are sufficient to describe
the oxygen trapping in Mo-1TM solid solutions. In the trapping case, the coordination
number of oxygen in Mo-1Zr-10gapped (CN: 5 + 1) resulted from one particularly short
(2.07 A) and one especially long (2.63 A) equatorial Mo-O bond length. In this case, the
5 + 1 coordination number indicates that there are five surrounding atoms with similar bond
distances along with a much longer bond. Therefore, the Mo-O bond lengths differ from
the Mo-O bonds in the other two trapping models Mo-1Ti-10appeq and Mo-1Hf-10gapped
(CN: 6). Furthermore, regarding the TM-O bond for TM = Ti, Hf is remarkably shorter
(1.87 A and 1.94 A, respectively) than expected, indicating strong interactions between
Ti/Hf and O. This hypothesis of strong interactions, especially those of Ti/Hf and O,
in Mo-1Ti-Ograpped and Mo-1Hf-Oyapped, respectively, will be discussed in the next section.

3.4. Chemical Bonding Analysis
3.4.1. Ionic Bonding

In solid-state materials, a variety of chemical bonding types are present. In Mo-1TM-
10 metallic bonding, ionic bonding and covalent bonding are expected, while the metallic
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bonding should be similar in Mo-1Ti-10, Mo-1Zr-10, and Mo-1Hf-10O; as the majority of the
atoms in the solid solution are Mo, the more localized ionic and covalent bonding should
be different, especially with the bonds in the vicinity of the TM and O atoms. To check this
hypothesis, the ionic bonding will be discussed first.

For the description of the ionic bonding, the atomic charges are needed. To define
atomic charges, Bader’s formalism “Atoms in Molecules” [50] comes in handy. In Table 4,
the Bader charges of Mo, TM (TM = Ti, Zr, Hf), and O in different supercell models
are shown.

Table 4. Bader charges of Mo, TM (TM = Ti, Zr, Hf), and O in Mo-10, Mo-1TM, and Mo-1TM-10.

Bader Charge Mo (e) !  Bader Charge TM (e)  Bader Charge O (e)

Mo-1Ti-104apped —0.13t0 40.21 +1.14 ~1.26
Mo-1Ti-10nontrapped —0.10t0 +0.24 +1.06 ~1.23
Mo-1Ti —0.10to <+0.05 +1.06

Mo-1Z1-10apped —0.14t0 40.26 +1.20 ~-125
Mo-1Z1-100ntrapped —0.10t0 +0.24 +1.05 ~123
Mo-1Zr ~0.10to <+0.05 +1.06

Mo-1Hf-104apped —0.16t0 +0.24 +1.32 127
Mo-1Hf-10nontrapped —0.16 to 40.24 +1.32 —-1.27
Mo-1Hf ~0.12to0 <+0.05 +1.19

Mo-10 <—0.10t0 +0.25 ~1.23

! Defines the range of Bader charge for Mo atoms.

The Bader charge of oxygen is clearly negative, while the Bader charge of the TM
atoms is clearly positive in the Mo-1TM and Mo-1TM-10 compounds. This is expected,
as the trend for the atomic Pearson electronegativity is TM (Ti : 3.45eV, Zr : 3.64eV, Hf :
3.8eV) < Mo(39eV) < O(7.54eV) [61]. Most of the Mo atoms either carry a little
positive charge if interacting with the oxygen atom (4-0.05 e to 4+-0.26 e) or are barely charged
at all (<40.05 e) if there is no oxygen atom in the first coordination shell. Surprisingly, in all
Mo-1TM-10apped solid solutions, there are four of eight Mo atoms in the first coordination
shell of TM and in trans-position to the oxygen atom with negative atomic charges (—0.13 e
to —0.16 e) balancing locally the highly positive Bader charge of the TM atom. In Mo-1TM
and Mo-1TM-10yontrapped. €ight of eight Mo atoms in the first coordination shell of TM
carry a negative Bader charge (—0.10e to —0.12e) to balance locally the positive charge
of TM. Taking a closer look, the trapped oxygen atom carries a slightly more negative
charge and the TM atoms a clearly more positive charge in Mo-1TM-1Oyapped than in the
nontrapped case Mo-1TM-10ygntrapped- In fact, the Bader charges of oxygen and the TM
atom are the same for Mo-1Ti-10nontrapped, MO-1Zr-10nontrapped, and Mo-1Hf-10nontrapped
and can be compared with the Bader charge of oxygen in Mo-10 and the Bader charge
of the TM atom in Mo-1TM. This is another sign that the chosen models are sufficient to
describe trapped and nontrapped oxygen atoms in Mo-1TM compounds.

Unfortunately, the information about Bader charges cannot be used to calculate the
strength of the ionic bonding within the cell directly as the atoms vibrate around their
equilibrium position, and the amount of screening cannot be determined easily. One can,
however, use the electron densities to estimate qualitatively the ionic bonding strength,
as the electric potential energy is proportional to the difference in the charge density.
To calculate the Bader electron density, one divides the number of electrons within the
Bader atomic volumina with the Bader atomic volumina. The difference between the TM
and O atomic electron density of the trapping and nontrapping models of Mo-1TM-10 can
be seen in Table 5. The TM atoms of the trapping models of Mo-1Ti-10, Mo-1Zr-10, and Mo-
1Hf-10 possess a higher Bader electron density than their nontrapping counterparts. In the
nontrapping models of Mo-1TM-10, the atomic electron density of oxygen is higher than
in the trapping models. Indeed, the differences in the Bader electron density of both TM
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and O atoms follow the trend Mo-1Ti-10 > Mo-1H{-10 > Mo-1Zr-10, resembling the
observed trend for the trapping energy. Therefore, the ionic interactions might be higher in
Mo-1Ti-10 than in Mo-1Hf-10 and Mo-1Zr-10.

Table 5. Differences in the Bader atomic electron density (p) and the integrated crystal orbital
Hamilton population (ICOHP) of the O-X bonds (X: Mo or TM) between oxygen-trapping and
not-oxygen-trapping models of Mo-1Ti-10, Mo-1Zr-10, and Mo-1Hf-10.

Mo-1Ti-10 Mo-1Zr-10 Mo-1Hf-10
Ap(TM) (A7) +0.061 +0.029 +0.035
Ap(0) (A7°) —0.031 —0.028 ~0.029
AICOHP(O — X) (eV per cell) —0.29 +0.36 —0.04

3.4.2. Covalent Bonding

As mentioned above, ionic bonding is only one type of the chemical bonds existing
in the Mo-TM-O systems. If the integrated crystal orbital Hamilton populations (ICOHPs,
semiquantitative covalent bonding energy) of the O-X bonds (X: Mo or TM) are also
considered (see Table 5), the different trapping behaviors in terms of covalent bonding
might be explained qualitatively in a similar manner as the ionic bonding described above.
For the analysis of the ICOHPs, the O-TM (TM: Ti, Zr, Hf) and the O-Mo bonds in the
trapping and nontrapping case are considered. The differences in the ICOHPs now show
that the covalent bonding from the trapped to the nontrapped case becomes stronger for
Mo-1Ti-10, massively weaker for Mo-1Zr-10, and a bit stronger for Mo-1Hf-10. So again,
the trend Mo-1Ti-10 > Mo-1Hf-10 > Mo-1Zr-10 is found for the covalent bonding strength
situation, similar to the trend for the ionic interactions and the trapping energy. As a very
good example of the covalent bonding situation in the trapping models, the TM-O bond in
Mo-1TM-1O¢apped is discussed. The ICOHP of the Ti-O bond is —2.63 eV. The Hf-O bond
is stronger than the Ti-O bond (ICOHP: —2.92 eV), while the ICOHP of the Zr-O bond is
considerably weaker than the Ti-O and Hf-O bonds with an ICOHP of —0.94eV. Figure 6,
left, shows the reason for this weak covalent bond.

In the Zr-O bond, antibonding states are occupied in the area from —7 eV to the Fermi
level, destabilizing this bond heavily. In contrast, only a few occupied antibonding states
for the Ti-O and Hf-O bonds are found mainly in the area from —1eV to the Fermi level.
This explains the relatively weak Zr-O but stronger Ti-O and Hf-O bonds, as antibonding
states destabilize chemical bonding in general.

As the different oxygen-trapping behavior of the series Mo-1TM (TM = Ti, Zr, Hf)
could be explained in terms of chemical bonding, the COHP technique might also explain
the different coordination number of the oxygen atom in Mo-1Zr-104apped- The assumption
is that the 5 + 1 coordination of the oxygen atom in Mo-1Zr-10,ppeq might be due to
electronic reasons. The COHP plots shown in Figure 6, right, depict two cases of oxygen
coordination in Mo-1Zr-10. Assuming a coordination number of six for the oxygen atom,
the model Mo-1Zr-10-CN6 is created. For this model, the relaxed crystal structure of
Mo-1Hf-10apped is used, in which Hf is replaced with Zr but no new structural relaxation
is conducted. In the model Mo-1Zr-10-CN6, the Mo atom, which was the former Mo*
atom shown in Figure 5, top right, is now Mo™*. The newly formed Mo**-O bond length
is similar to the other equatorial Mo atoms in direct coordination with the oxygen atom
at the trap site. Now taking a look at the chemical bonding situation of this Mo**-O bond
(gray plot in Figure 6, right), there are antibonding states occupied from —2eV to the Fermi
level. This bond is not very stable because of the occupied antibonding states at the Fermi
level. To remove this unstable bonding situation, the distance between the oxygen atom
and the Mo*™* atom must change. In the case of the Mo** atom, the Mo-O bond length
decreases from 2.29 A to 2.07 A, leading to increased interaction between these two atoms
and a new type of bond (Mo*-O), and hence, the already known model Mo-1Zr-10apped i8
created (see Figure 5, top right). As a result, the COHP (black plot in Figure 6) now shows
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areas of more bonding interactions, especially from —5eV to —3 eV. However, there is also
an area of more antibonding states from —2eV to close to the Fermi level. The decisive
change is now at the Fermi level, which reveals slight bonding states and, therefore, a more
stable bonding situation of the Mo-O bond, in contrast to the aforementioned situation
in Mo-1Zr-10-CN6 with antibonding states at the Fermi level in this type of Mo-O bond.
The shorter Mo*-O bond is not only more stable than the longer Mo**-O bond but also
clearly stronger (—2.69eV vs. —1.57eV). Therefore, the 5 + 1 coordination of oxygen in
Mo-1Zr-10yapped Originates most likely from a stabilizing Mo-O bond in this compound.

COHP in M0-1Zr-10¢apped
COHP in M0-1TM-10¢apped COHP in Mo-1Zr-10-CN6

2.0 2.0

wr

| 10' Ll:lL 10—
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Figure 6. Left: COHP plots of the Ti-O bond (purple), the Zr-O bond (pink), and the Hf-O bond
(blue) in Mo-1TM-10yapped (TM = Ti, Zr, Hf) models. Right: COHP plots of the Mo*-O bond (in
black, short equatorial Mo-O bond in the model Mo-1Zr-10y;apped) and of the Mo**-O bond (in gray,
usual equatorial Mo-O bond in the model Mo-1Zr-10-CN6). Bonding states are filled green, while
antibonding states are filled red.

4. Conclusions

The behavior of the Mo solid-solution phase plays a major role in controlling the
ductility of multiphase Mo alloys. Specifically, oxygen contamination has a significant
impact on the embrittlement of technically relevant alloys. Therefore, the oxygen-trapping
behavior of Mo solid solutions, i.e., Mo-1Ti, Mo-1Zr, and Mo-1Hf, was investigated using
DFT. With 129-atom supercells, it was shown that the oxygen-trapping energy follows
the trend Mo-1Ti-10 > Mo-1Hf-10 > Mo-1Zr-10, which means that even at high tem-
peratures, oxygen atoms are trapped by Ti atoms and the dynamic strain aging effect is
low. In contrast, low temperatures are sufficient to remove oxygen from Zr trap sites,
promoting dynamic strain aging. The reason for this trapping behavior could be found
within different mechanisms of the chemical bonding in the trapping and nontrapping
models of Mo-1TM-10. To summarize the chemical bonding situation in Mo-1TM-10 solid
solutions, the difference in the ionic and covalent bonding strengths between the trapping
and nontrapping models for the case of Mo-1Ti-10 might be the main driving force for
the superior oxygen-trapping behavior. In contrast, the disastrous change in the covalent
bonding strength between the trapping and nontrapping models of Mo-1Zr-10 explains
this compound’s rather inferior oxygen-trapping behavior. However, considerable ionic
bonding is expected as well. For TM = Hf, the enhancement in ionic bonding and the
somewhat slight improvement of the covalent bonding situation for the bonds containing
oxygen in the trapping model compared with the nontrapping model puts the oxygen-
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trapping behavior of Mo-1Hf right between those of Mo-1Ti and Mo-1Zr. The quantitative
differences might appear after taking into account the exact ionic interactions between Mo,
TM, and O. Although the exact strength of the ionic bonding could not be calculated, it
was shown that the interplay of both the ionic and covalent bonding is responsible for
the observed oxygen-trapping behavior of Mo-1TM solid solutions. Furthermore, it was
explained that an unstable Mo-O bond is the driving force behind the formation of a 5 + 1
coordination of oxygen at the trap site in Mo-1Zr. The presented simulation results indicate
the experimental trend observed in different previous experimental investigations. It was
found that of the three investigated elements, Ti additions can ductilize molybdenum-based
alloys [21], especially in combination with carbon. Furthermore, Zr and Hf were found to
also contribute to ductilization, but these elements do not have such a significant impact on
the investigated molybdenum-based materials at room temperature [7,24]. Though other
factors should play a role in this case, especially solid-solution strengthening, titanium
seems to be the most promising alloy candidate to increase the grain-boundary cohesion
and reduce O content at the grain boundary [41] from all three investigated elements.

Nevertheless, the influence of TM elements on the solubility of oxygen in a Mo-based
solid solution is unclear and needs to be investigated more thoroughly, as it is the main
factor controlling the segregation level [17]. Furthermore, it was shown using TEM that
the formation of TM oxide [7,21] and carbide [8] nanoparticles can induce dislocation
generation at the grain boundary in Mo-based materials. Furthermore, it was shown that
the aforementioned particles could increase the cohesion of grain boundaries [21]. It was
assumed that the high matrix—particle coherence could play a role in forming more resilient
bonds. Therefore, this issue should also be considered in further investigations.
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