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MoSi2 is an important intermetallic with excellent oxidation resistance at high temperatures above
1000 �C. However, its application at lower temperatures is limited by oxygen embrittlement, a phe-
nomenon known as “pesting”. In this work, we comprehensively investigate the role of Zr in mitigating
pesting in MoSi2 using density functional theory calculations. We show that Zr dopants reduce the
embrittling effects of oxygen interstitials at MoSi2 grain boundaries by being a charge donor to oxygen.
However, a more substantial effect is observed when Zr is present as a secondary getter nanoparticle
phase. Oxygen interstitials have a strong thermodynamic driving force to migrate into the Zr subsurface
at the Zr/MoSi2 interface, and the work of separation of the clean and oxygen-contaminated Zr/MoSi2
interfaces are much higher than that of MoSi2 grain boundaries. Finally, we present an efficient screening
approach to identify other potential getter elements using simple thermodynamic descriptors, which can
be extended to other alloy systems of interest. These findings provide crucial fundamental insights and
further avenues to optimize Mo and other alloys.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Molybdenum disilicide (MoSi2) is a refractory intermetallic with
important high-temperature applications such as heating compo-
nents, thermal barrier coatings, and turbine engines. This is due to
its high melting point (2030 �C) [1,2], moderate density (6.24 g/
cm3) [2] and excellent resistance to oxidation at high temperatures
up to 1600 �C due to the formation of a protective coating of SiO2
[2]. However, a major impediment to the widespread application of
MoSi2 is its inherent brittleness at intermediate temperatures
(~400-600 �C) [3,4]. It has been suggested that the primary cause is
grain boundary (GB) embrittlement caused by short-circuit diffu-
sion of O2, a phenomenon known as pesting [2,4].

A common approach to suppress pesting inMoSi2 and otherMo-
based intermetallics (such as Mo3Si and Mo5SiB2) is by alloying
with “getter” materials, i.e., materials that preferentially react with
parasitic oxygen, to improve ductility. These getters commonly
exist as nanoparticles embedded in the Mo and Mo-based alloy
matrix [5,6]. Examples of ductilizing components include light el-
ements (B, C, Al, Mg) [7e14,31], transition metals (Zr, Ti, V, Nb, Re,
lsevier Ltd. All rights reserved.
Hf) [6e9,12e17,32], the rare earth metal Er [18] and oxides (La2O3,
Y2O3, Sc2O3 and MgAl2O4) [19e22]. In particular, Zr is one of the
most commonly used getters that has been shown to efficiently
reduce the embrittling effect of O in Mo and Mo-based systems
[6e9]. Zr addition increases both ductility and strength in Mo-Si
solid solutions and single-phase Mo-1.5Si alloy. Previous experi-
ments on Moe1.5 at.% Si alloys have attributed these beneficial
effects to three reasons [9]. First, Zr addition reduces the grain size
of the alloy. Second, Zr reacts with oxygen to form ZrO2 particles,
which can pin the GBs. Finally, Zr reduces the concentration of Si
segregation at the GB through the formation of ZrSiO4 [1,22,23].

First-principles calculations using density functional theory
(DFT) [12,24e27] are an important complementary probe to ex-
periments in studying the effects of dopants/impurities and het-
erogeneous interface in alloys. For example, Lenchuk et al. have
explored the influence of Zr and Si on the strength of pure Mo GBs
[27e29]. Their results show that although the presence of Zr and Si
results in a lower work of separation in Mo tilt S5(310) [001] and
twist S5 [001] GBs [28], the formation of an ultrathin film of ZrO2
results in a higher work of separation [29]. The embrittling effects
of Zr and other impurities in pure Mo GBs have also been studied in
a recent comprehensive investigation by Tran et al. [30]. For MoSi2,
Waghmare et al. [12] have shown that the substitution of Mo by V
or Nb, and substitution of Si byMg or Al in MoSi2 single crystals can
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Table 1
Grain boundary energies (gGB) and interface energies (ginterface)
with different terminations.

GB gGB(J/m
2)

Si-Si 2.50
Mo-Moa 2.95
Mo-Si 2.60

Interface (Zr/MoSi2) ginterface (J/m2)

Zr-Si 0.33
Zr-Moa 1.15

a non-stoichiometric structure, gGB=interface value corresponds to
its lower bound.
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improve ductility using DFT calculations [12]. We note that these
previous studies either focus on just pure Mo metal, or on substi-
tutional dopants in bulk MoSi2; the mechanisms behind the
strengthening effects of Zr on the GB and interfaces of Mo-Si alloys
remain an important open question.

In this work, we attempt to address this question by compre-
hensively exploring multiple mechanisms for Zr incorporation into
MoSi2 and its interplay with embrittling oxygen contaminants us-
ing DFT calculations. We will show that Zr as a dopant has a miti-
gating effect on oxygen embrittlement at sufficiently high
concentrations by acting as a charge donor. We will also show that
Zr as a getter nanoparticle significantly enhances the inherent
strength of MoSi2 while mitigating the detrimental effects of oxy-
gen impurities. Finally, we will discuss the implications of these
findings for the future development of Mo and other alloys, and
outline a simple computational approach to screen for other po-
tential getter materials for both Mo and other structural materials
using the Materials Project database [33e35].
2. Methods

2.1. DFT calculations

All DFT calculations were performed using the Vienna ab initio
Simulation Package (VASP) [36,37] within the projector augmented
wave (PAW) approach [38]. The exchange-correlation interactions
were modeled using the Perdew-Berke-Ernzerhof (PBE) general-
ized gradient approximation (GGA) functional [39]. All calculations
were spin-polarized, and a plane-wave cutoff energy of 400 eV was
used. The energies and atomic forces were converged within
5� 10�4 eV and 0.02 eV/Å, respectively. Consistent k-point grids of
4� 4� 1, 2� 2� 1 and 1� 1� 1 were used for the 1� 1, √2�√2
and 2� 2 (scale factors refer to just the GB/interface plane)
supercell GB models, respectively. For the a-Zr/MoSi2 and b-Zr/
MoSi2 interfaces, gamma-centered k-point grids of 1� 1� 1 and
4� 4� 1 were used, respectively. All the k-point grids have a
density of at least 14/Å�1 in the GB/interface plane, and conver-
gence tests with respect to both energy cutoff and k-point grid
(Fig. S1) show that the work of separation, the main quantity of
interest in this work, is converged to within 0.02 J/m2. The lattice
parameters and atomic positions were fully relaxed for the un-
doped GB and interface structures, while only the atomic posi-
tions were relaxed for the cleaved and doped structures. The con-
struction of all structural models and all analyses were performed
using the Python Materials Genomics (pymatgen) library [33].
2.2. Derived quantities

Several quantities are derived from the DFT energy calculations
to assess the influence of Zr on the mechanical properties of MoSi2.

Grain boundary/Interface energy. The GB/interface energy
gGB=interface is used to determine the most stable grain boundary or
interface, and is given by the following expression:

gGB=interface ¼
EGB=interface �

P
L
Ebulk ðLÞ �P

i
Dnimi

NAGB=interface

where EGB=interface is the energy of the supercell containing the GB/
interface; Ebulk ðLÞ is the energy of the corresponding bulk material L
(MoSi2 or Zr); mi is the chemical potential of species i; Dni is the
difference in the number of atoms of species i between the GB/
interface supercell and the bulk; N is a normalization constant to
account for the number of GB/interface. For a stoichiometric GB/
interface, Dni ¼ 0 for each species. For non-stoichiometric GB/in-
terfaces,

P
i
Dnimi is calculated by considering the chemical potential

range of interest as outlined by Wei et al. [40], and the corre-
sponding lower bound is listed in Table 1.

Dopant formation energy. The dopant formation energy Ed is
used to determine the most favorable site for a particular dopant (O
or Zr). The expression for Ed is given as follows:

Ed ¼ Edopedbulk=GB=interface � Epristinebulk=GB=interface �
X

i

nimi

where Epristinebulk=GB=interface and Edopedbulk=GB=interface are the energies of the

clean and doped bulk/GB/interface, respectively. ni is the number of
species i being added (ni >0) or removed (ni <0) to form the doped
structure, and mi is corresponding chemical potential of species i. In
this work, mi is approximately calculated by the energy per atom of
the elemental species i, e.g., solid Zr/Si/Mo and gaseous O2 to
determine dopant site preferences. The energy of gaseous O2 is
obtained via fitting to reproduce the formation energies of main
group oxides, in line with the approaches detailed by Wang et al.
[41].

Work of separation. The mechanical strength of GBs/interfaces
is characterized by the work of separationWsep, which is defined as
the energy difference between the cleaved GB/interface
(EcleavedGB=interface) and the uncleaved GB/interface (EuncleavedGB=interface) normal-

ized by the surface area AGB/interface [29], as follows:

Wsep  ¼ EcleavedGB=interface � EuncleavedGB=interface

NAGB=interface

Here, N is a normalization constant to account for the number of
interfaces cleaved. For the GB structures, a single GB is cleaved by
introducing a vacuum layer. For the Zr/MoSi2 interface, two in-
terfaces were cleaved to form four surfaces (see later section).
3. Results

The focus of this work is on the effect of Zr on the strength of
oxygen-contaminated MoSi2, both as a dopant in the GBs, as well as
a getter nanophase. Two different structural models as shown in
Fig. 1, were used to explore these effects. The conventional unit cell
of tetragonal C11b MoSi2 [space group: I4/mmm (No.139)] shown in
Fig.1(a) with fully relaxed DFT lattice parameters of a¼ 3.220 Å and
c¼ 7.877 Å was used as a fundamental unit in both models. MoSi2
comprises repeating layers of -Si-Mo-Si- atoms. As shown in
Table 1, the Si-terminated MoSi2 slab provides the lowest energy
gGB=interface for both the GB as well as the Zr/MoSi2 interfaces. All
subsequent analysis will henceforth utilize the Si-terminatedMoSi2
GB/interfaces.



Fig. 1. Models of the clean structures used in this work. (a) Conventional unit cell of
tetragonal C11b MoSi2 (space group: I4/mmm). (b) Top view and (c) side view of the
MoSi2 S5 (001) twist grain boundary model, with the green lines illustrating the
periodicity of the GB. The sites in the green dashed line box show substitutional and
interstitial sites considered. (d) “Cleaved” MoSi2 GB, with a vacuum layer of thickness
15 Å into the GB model. (e) a-Zr/MoSi2 interface model. (f) Zr and (g) MoSi2 slabs
obtained after cleaving a-Zr/MoSi2 interfaces. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Dopant formation energy (Ed) of six types of dopant in
bulk MoSi2.

Types of dopant Ed  (eV)
ZrSi 1.98
ZrMo 1.29
Zrint 7.74
OSi 1.07
OMo 5.47
Oint 0.54

Fig. 2. Work of separation Wsep of S5 (001) twist GB of MoSi2 with 4Oint , 2ZrMo , and
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3.1. Structural model for MoSi2 GB

To explore the effect of Zr as a dopant, the S5 (001) twist GB of
MoSi2 (henceforth, the term GB in this work is used to refer to this
specific GB) was constructed using the coincident site lattice (CSL)
model [42], as shown in Fig. 1(b and c). Each model contains two
grains forming two equivalent GBs due to periodic boundary con-
ditions. To minimize the interactions between GBs, each grain
comprises two unit cells along the direction perpendicular to the
GB plane, with approximately 16 Å separating the two GBs. After
full relaxation, the lattice parameters of MoSi2 GB are a¼ 7.182 Å
and c¼ 32.714 Å.

For doped GBs, equal number of dopants were introduced on
both sides of the GB, i.e., both sides of green line within the green
dashed line box in Fig.1(c). It is assumed that any defects introduced
is charge-compensated by changes in the Mo or Si oxidation states,
i.e., no background charge is applied in the calculations. In all cases,
all symmetrically distinct dopant configurations within the 1�1 GB
wereevaluated, and the lowest energyconfigurationwasused as the
basis for analysis. All the configurations and their corresponding
energies are provided in the SI. Different impurity coverages were
achieved by introducing the same number of dopants into the
√2�√2 (240 atoms) and 2� 2 (480 atoms) supercells of the GB
model from Fig. 1(c) (120 atoms), while ensuring that the distances
between dopants are maximized and the local environment around
each dopant is similar to that of the relaxed 1� 1 cell.
ð4Oint þ 2ZrMo) with respect to coverage (supercell size in the GB plane). The cross-
sectional area of the three coverages are 51.6 Å (1� 1), 103.0 Å (√2�√2) and
206.3Å (2� 2). Colored lines between points are drawn merely to guide the eyes. The
Wsep of the clean GB is indicated by the black dashed line. The atomic models for the
doped GB for the 1/(1� 1) coverage are shown. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
3.2. Site preference of single O and Zr dopant in bulk MoSi2

To understand the site preference of Zr and O dopants/
impurities in MoSi2, we first calculated the dopant formation en-
ergies for Zr/O substitution on theMo and Si site (ZrMo, ZrSi, OMo and
OSi in Kr€ogereVink notation) and Zr/O interstitials (Zrint, Oint).
Table 2 shows the calculated dopant formation energies (Ed) of six
types of single dopant in √5�√5� 4 supercell of bulk MoSi2,
which has approximately the same dimensions as the MoSi2 GB
model. We find that Zr prefers to substitute on the Mo site rather
than the Si site in MoSi2, which is unsurprising given that the
atomic radius of Zr (1.55 Å) is much closer to that of Mo (1.45 Å)
than Si (1.1 Å). For oxygen impurities, we find that the formation of
the oxygen interstitial is much more favorable than substitution on
the Si site. This is consistent with previous XPS results showing O
signals in the high binding energy region from interstitial oxygen in
MoSi2 [43]. Oint is also recognized as one of the causes of brittleness
of MoSi2-Mo5Si3 composite microstructures [18]. In the remainder
of this work, wewill therefore focus on ZrMo and Oint as the primary
defects of interest.
3.3. Zr effect on O embrittlement of MoSi2 GB

The effects of Zr and O dopants on the strength of the MoSi2 GB
were studied by introducing ZrMo and Oint in the S5 (001) twist GB
of MoSi2 (Fig. 1(c)). Potential oxygen interstitial sites in the MoSi2
GB were identified using a Voronoi tessellation method [44]. Three
dopant compositions were considered:

i Four Oint.
ii Two ZrMo.
iii Four Oint and two ZrMo (one ZrO2 on each side of the GB).

Fig. 2 summarizes the calculated work of separationWsep for the
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clean GB and doped GBwith different dopant compositions at three
coverages. To calculateWsep, a 15 Å thick vacuum layer was inserted
into one of the periodic regions shown by the green line in Fig. 1(c)
to generate the “cleaved”model in Fig. 1(d). We have considered all
distinct cleavages for each model (see Fig. S2, and Table S1), and
plotted the lowest Wsep in Fig. 2. We may observe that ZrMo has a
mild strengthening effect on the S5 (001) twist GB ofMoSi2, though
this effect becomes progressively weaker at higher coverages. Wsep

increases from 2.15 J/m2 for the clean GB to around 2.16 J/m2, 2.21 J/
m2 and 2.23 J/m2 at a coverage of 2 ZrMo per 51.6Å2, 103.0Å2, and
206.3Å2. Interstitial oxygens, however, have a significant embrit-
tling effect on MoSi2 GBs. Wsep drops precipitously by 34% to 1.42 J/
m2 at a high coverage of 4 Oint per 51.6Å2. As the oxygen coverage
decreases, the detrimental effect of oxygen also decreases.

The most interesting result comes from comparing the Wsep of
the 4 Oint þ 2 ZrMo configuration with that of the 4 Oint and 2 ZrMo
configurations. We find that even though Oint has an embrittling
effect on the MoSi2 GB, theWsep of the 4 Ointþ 2 ZrMo is higher than
that of the 4 Oint at high coverages. This result indicates that the
presence of Zr in the MoSi2 GB mitigates the severe embrittling
effect of the Oint at MoSi2 GBs.
3.4. Structural model for Zr/MoSi2 interface

To explore the effect of Zr as a secondary getter nanophase, a Zr/
MoSi2 interface model was constructed by interfacing the (0001)
surface of a-Zr (hcp) with (001) Si-terminated MoSi2. The pesting
effect of MoSi2 that results in formation of MoO3 and SiO2 is the
strongest at 500 �C [3,4] where Zr is in its a phase. It should be
noted that a-Zr undergoes a phase transition to the b bcc phase at
863�C. [45], which is within the temperature range where prob-
lematic formation and evaporation of MoO3 occurs [46]. We have
done a similar study using the (110) surface of b-Zr as well, and the
results are qualitatively similar. As such, we will focus our discus-
sion on the a-Zr, and the corresponding results for the b phase are
available in the Supplementary Information. The a-Zr/MoSi2 model
was constructed using a search algorithm to minimize the lattice
mismatch while keeping the total number of atoms in the model to
around 500 atoms. The resulting model comprises a MoSi2 super-
cell of 300 atoms interfaced with an a-Zr supercell of 240 atoms
(Fig. 1(e)). The lattice mismatch is less than 5% (0.64% along a, 4.58%
along b). Several relative shifts of the MoSi2 and Zr supercells were
investigated, and the lowest energy configuration was used in
subsequent studies. After a full relaxation, the lattice parameters
are 16.32 Å, 16.14 Å and 36.91 Å in the a, b and c directions,
respectively.
Fig. 3. Relative energies (DE) of one Oint defect at different regions of a-Zr/MoSi2. The zero of
3.5. Relative oxygen affinities of Zr and MoSi2

The relative O affinities of Zr and MoSi2 were probed by
inserting a single Oint at various symmetrically distinct locations in
the Zr/MoSi2 interface model, and performing a DFT relaxation of
the atomic positions only. Fig. 3 plots the relative energies (DE) of
the Oint-doped a-Zr/MoSi2 interface against the distance from the
interface. The corresponding results for the b-Zr/MoSi2 interface
are given in Fig. S3. It is clear that Oint has a strong thermodynamic
driving force (~6 eV) to move from MoSi2 to Zr. Interestingly, the
lowest energy position for the Oint is in the subsurface region be-
tween the two Zr layers closest to the a-Zr/MoSi2 interface (position
10 in Fig. 3). These results confirm the effectiveness of Zr as a getter
for O contaminants in MoSi2. Furthermore, nanoparticles with high
surface area to volume ratio would be the most effective getter,
consistent with experimental findings [47].

3.6. Mechanical properties of the clean and O-contaminated a-Zr/
MoSi2 interface

The Wsep of the Zr/MoSi2 interface (Fig. 1(e)) was calculated by
cleaving both interfaces to form Zr and MoSi2 slabs (Fig. 1(f)(g)).
Similar to the GB study, different cleavages of the Zr/MoSi2 interface
were considered (Table S6), and the lowest Wsep for the doped and
undoped Zr/MoSi2 interfaces are plotted in Fig. 4. We observe that
not only do the undoped a-Zr/MoSi2 and b-Zr/MoSi2 interfaces have
higher Wsep than the clean MoSi2 GB, but the a-Zr/MoSi2 and b-Zr/
MoSi2 interfaces contaminated with 4 Oint also have substantially
higher Wsep than the clean MoSi2 GB. In other words, the presence
of Zr as a secondary phase not only preferentially absorbs O inter-
stitial contaminants, the Zr/MoSi2 interface, whether oxygen
contaminated or not, is also substantially stronger (higher Wsep)
than MoSi2 GBs. It should also be noted that the observed changes
in Wsep are much larger in magnitude compared to variations in
surface energies as a result of strain (see Table S7).

4. Discussion

From the results above, we have provided clear evidence from
first principles calculations of the multiple mechanisms inwhich Zr
mitigates oxygen-caused embrittlement in MoSi2.

4.1. Zr as a dopant

At high coverages, the presence of Zr dopants has a mitigation
effect onO-contaminatedMoSi2GBs; thework of separationWsep of
the 2 ZrMo þ 4 Oint doped GB is higher than that of the 4 Oint-doped
the energy is set at the energy of the structure with Oint in bulk-like MoSi2 (position 1).



Fig. 4. Work of separation (Wsep) of clean and Oint-contaminated Zr/MoSi2 interfaces.
The black dashed line indicates the Wsep of the clean S5 (001) twist GB of MoSi2 as a
reference.

Fig. 5. Electron localization function (ELF) distribution of (a) clean MoSi2 grain
boundary (GB), (b) 4Oint doped GB, (c) 2ZrMo doped GB and (d) 4Oint þ 2ZrMo doped
GB.
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GB. We performed electron localization function (ELF) and Bader
analysis to reveal how charges transfer between different ele-
ments upon the introduction of Oint and ZrMo dopants in MoSi2
(see Fig. 5). Bonding in MoSi2 is known to have hybrid metallic and
covalent character [12]. The ELF plots show that electrons in the
MoSi2 GB are highly localized (covalent-like) between out-of-
plane Si-Si bonds at the clean GB (ELF: yellow). Oint introduced
into the GB attracts electrons (due to the higher electronegativity
of O), resulting in electrons being localized around the O atoms
(ELF: orange to red) and a weakening of the covalent bonding
between out-of-plane Si. We speculate that this effect causes a
reduction in the strength (embrittlement) of the MoSi2 GB.
Conversely, the introduction of ZrMo replaces Mo with a more
electropositive element Zr, which donates electrons to Oint and
mitigates the embrittling effect of Oint. These qualitative obser-
vations are supported by Bader analysis (Tables S2eS5,
Figs. S4eS7), which show similar trends in charge transfer be-
tween dopants and MoSi2.
4.2. Zr as a getter

Our calculations show that Zr has a far more substantial effect
on the strength of MoSi2 as a getter compared to as a dopant. We
find a strong thermodynamic driving force for Oint to migrate from
MoSi2 to the Zr subsurface region of the Zr/MoSi2 interface (Fig. 3).
Though the Wsep of the Zr/MoSi2 interface is slightly reduced with
Zr-subsurface Oint, it is still higher than that of the MoSi2 GB. The
subsurface nature of this getting effect of Zr implies that nano-
particles with high surface area to volume ratio would be most
effective as getters. Indeed, these findings are consistent with
previous experimental studies [47], which find that the addition of
Zr promotes the formation of spherical nano-scale particles (ZrO2,
Mo2Zr) that are mainly located at GBs as well as partially within the
grains. These nanoparticles tend to pin the GBs, further enhancing
the mechanical properties of the alloy [9].
4.3. Screening for getter materials

The effect of Zr as a getter for MoSi2 is due to (i) its higher af-
finity for oxygen interstitials, and (ii) the interface formed by Zr and
MoSi2 having a higher Wsep and greater resistance to oxygen
embrittlement thanMoSi2 alone. These insights provide uswith the
basis to formulate a strategy to computationally screen for other
effective getters for MoSi2.

It is clear that performing similarly detailed first principles
studies on all possible getter elements would not be feasible, given
the computationally- and human-intensive nature of such calcu-
lations. However, we can devise readily available proxy computa-
tional and experimental descriptors that would allow for an
efficient screening:

� Oxygen exchange reaction energy. To estimate the relative
oxygen affinity of an element A relative to Mo, we use the
computed reaction energy for the following oxygen exchange
reaction:

MoO3 þ 3x=y A/3=y AxOy þMo

where AxOy is the most stable oxide (most negative formation en-
ergy) formed by the element A. These reaction energies are
computed using pymatgen by querying for the pre-computed data
from the Materials Project retrieved via the Materials API [33e35].
The oxygen exchange reaction energy is normalized per MoO3 for
comparison across all elements.

� Silicate formation energy. A secondary effect of the Zr getter is
its ability to decrease glassy SiO2 from the interface via forma-
tion of more stable and crystalline silicate ZrSiO4 [1,22] [48]. As a
proxy for an element's bonding strength to Si and affinity for
silicate formation, we use the lowest formation energy of the
AxSiyOz silicate as follows:

x Aþ y Siþ z=2 O2/AxSiyOz

Again, AxSiyOz is chosen to be the most stable A-containing sil-
icate in the Materials Project database. The silicate formation en-
ergy is normalized to a per atom basis for comparison across all
elements.

� Melting point. The getter element should have a relatively high
melting point given that the major application of MoSi2 are in
high-temperature applications.

Fig. 6 plots the three proxy descriptors for 55 potential element



Fig. 6. Plot of silicate formation energy versus oxygen exchange reaction energy for 55 elements in the periodic table. Marker colors represent the melting temperature of each
element. A horizontal line is drawn passing through Zr. The regions are labelled as follows: I: oxygen exchange reaction favored and silicate formation energy is lower (more
exothermic) than Zr; II: oxygen exchange reaction favored and silicate formation energy is higher (less exothermic) than Zr; III: oxygen exchange reaction not favored but silicate
formation energy is negative. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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getters in the periodic table. An ideal getter should be in the bottom
left of the plot (region I, i.e., with a negative oxygen exchange re-
action energy and a silicate formation energy lower than ZrSiO4)
with a high melting point. Elements in region II can still serve as
oxygen getters, but silicate formation is less favorable than ZrSiO4.
An important validation of our proposed screening strategy is that
experimentally well-established strengthening elements such as B,
Al, Mg, Zr, Ti, V, Nb, Hf [6e17] mostly lie within regions I and II.
Furthermore, the oxides La2O3, Y2O3, Sc2O3 and MgAl2O4 [19e22]
are also well-established getters, and all contain elements within
regions I and II.

In addition to the known getters, other potential elements in
region I are Sc, Y, La, Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, and Lu.
Unfortunately, most of these candidates are rare-earth metals with
significant supply risks and competing commercial applications.
Nonetheless, the more abundant elements such as La and Ce are
potentially interesting candidates for further experimental study.

For elements in region II, wewill focus on elements with oxygen
exchange reaction energies that are more negative, i.e., greater af-
finity for oxygen, thanwell-known getters such as Nb and V, which
set the upper bound among the known getter materials. Elements
in region II satisfying this criterion include Li, Be, Na, Ca, Sr, Ba, Eu,
Yb. Among these, Li and Na have too low melting points to be of
practical interest. The alkaline-earth metals Ca, Ba and Sr are
potentially interesting, though all are relatively soft metals. Ba, in
particular, is one of the most well-known getter materials used in
vacuum tube applications [49]. Be is another interesting candidate
that is expected to outperform Zr in terms of oxygen affinity,
though with a slightly less negative silicate formation energy.

It should be noted that there are no silicates in the Materials
Project database for the elements Ru, Ta, Re, Au, Ac, Ir, Os, Pt, and
Rh, and hence, these are not plotted in Fig. 6. Among these, Ta, Re,
and Ac have negative oxygen exchange reaction energies, and
therefore are potential oxygen getters. Indeed, Re is well-known
ductilizer for Mo [5]. Ta is especially interesting due to its relative
abundance and refractory nature.

While we have focused primarily on MoSi2 in this work, the
screening approach and descriptors outlined above can be readily
adapted to other alloy systems. We note that proper conclusions
about the effectiveness of a potential getter need to consider the
relative Wsep of the oxygen-contaminated interface between the
getter and the host, compared to the oxygen-contaminated host GB.
Therefore, the above screening process should be considered only
as an initial pre-screening for subsequent detailed investigations.
Using the large quantity of pre-computed data in the Materials
Project, this rapid screening can significantly narrow down the list
of candidates that need to be considered for further first principles
(e.g., the GB and interface studies in this work) and experimental
studies.

5. Conclusion

To conclude, we have investigated two mechanisms for Zr
incorporation into MoSi2 e as a dopant and as a getter secondary
phase using density functional theory calculations. We find that
though Zr dopants mitigate the embrittling effect of oxygen in-
terstitials in MoSi2 GBs, a far more significant effect is observed
when Zr is present as a secondary phase. There is a strong ther-
modynamic driving force for oxygen interstitials to migrate to the
Zr subsurface of the Zr/MoSi2 interface, and the resulting interface
has a higher work of separation than MoSi2 GBs. Using simple
thermodynamic descriptors, we have also identified other elements
that may serve as possible gettermaterials for MoSi2. These insights
pave the way for rational design of MoSi2 and other alloys for
improved oxidation resistance.
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