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Multi-principal component materials (MPCMs) are currently being investigated for use in high and ultra-high
temperature environments. The design of oxidation resistant multi-component materials requires as input the
oxidation behavior of each of the components. FactSage free energy minimization software and databases were
used to calculate the equilibrium oxide phases and free energies of formation for the oxides of the Group IV, V
and VI refractory metals, and their carbides, nitrides and borides. The results are summarized in Ellingham

diagrams. Periodic trends were noted; Group IV elements form the most stable oxides with the highest melting
temperatures (Ty,), Group V elements form oxides with low T,,, and Group VI elements form gaseous oxide
species. Oxygen diffusion data from literature for some of these oxides were also reviewed and summarized. The
results are utilized to identify strategies for optimizing oxidation resistance of MPCMs for service at temperatures

above 1700°C.

1. Introduction

Multi-principal component materials (MPCM), including high en-
tropy alloys, oxides, carbides, borides and nitrides, are the subject of
active research for high temperature applications [1,2], and most re-
cently ultra-high temperature applications (> 1700°C) [3,4]. Design
considerations for high temperature oxidation resistant materials has
typically relied on Al and Si additions to promote formation of slow
growing Al,O3 or SiO, scales. However, the use of components such as
Si and Al has been shown to not be a viable strategy for oxidation re-
sistance at ultra-high temperatures, especially for hypersonic applica-
tions [5-8]. The large composition space afforded by MPCMs provides
new opportunities to design for oxidation resistance.

The determination of the equilibrium phases that form during an
oxidation reaction is a necessary step in the design of a multi-compo-
nent system with a focus on ultra-high temperature oxidation re-
sistance. When a multi-component material is exposed to a sufficiently
oxidizing environment, it is expected that all species in contact with the
environment will initially oxidize [9]. At longer times, the equilibrium
oxide products that form are governed by their relative thermodynamic
stability and oxidation kinetics.

The Ellingham diagram [10] is a useful and straightforward pre-
dictive tool, enabling the comparison of the relative thermodynamic
stabilities of the oxides that form in a multi-component system. An
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Ellingham diagram, in the context of oxidation, plots the change in
negative free energy of an oxidation reaction, normalized to one mole
of oxygen, as a function of temperature. Each reaction is a straight line
in this plot, wherein the slope is the negative of the entropy of the
oxidation reaction, and the intercept is the enthalpy of the reaction. The
lower the line is on the plot, the more thermodynamically stable the
oxide, relative to the other oxides. While several Ellingham diagrams
have been calculated and published [11-17] that include some mem-
bers of the Group IV, V and VI columns of the periodic table, the work
here is the first to (a) comprehensively review and select the relevant
oxidation reactions in the Group IV, V and VI metal and ceramic sys-
tems for plotting on an Ellingham diagram, (b) compare the oxidation
reactions for all Group IV, V and VI early transition metals and their
carbides, borides and nitrides, and (c) provide insight into how the
diagrams for the ceramic compounds (carbides, borides and nitrides)
vary in a predictable manner from the metals. All of these elements are
not only of significant interest to the design of oxidation resistant Ultra-
High Temperature Ceramics (UHTCs), but also to existing studies that
seek to promote improved oxidation behavior of refractory high en-
tropy alloys (HEAs) [1,2,18-20]. The objectives of this study are
therefore to (1) develop Ellingham diagrams for component M, MC,
MB, and MN, where M = Group IV, V and VI transition metals, and (2)
provide a framework for using this information in the design of high
temperature and ultra-high temperature MPCMs, particularly UHTCs.
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2. Methodology

The Fe-O system was used to test the chosen methodology as the
oxidation behavior of iron is well understood [17]. FactSage [21], a free
energy minimization software package, was used for all the thermo-
dynamic calculations. A two-step calculation method was employed.
First, the equilibrium module was used with the Fact Pure Substance
(FactPS) database to determine the equilibrium assemblage of reactants
and oxide products that represented the minimum free energy of the
system. Calculations were performed from 100°C-3000°C in 100°C in-
crements at a pressure of one atm. The activities of the oxide species
that formed were tabulated for each temperature increment. It was
found that an input of one mol each of Fe and O resulted in an activity
of less than unity for iron once the calculation was complete, indicating
that the high stability of the oxides tends towards complete oxidation of
the metal. The calculation was conducted again, fixing the activity of
iron at one to ensure the Fe reactant was not depleted. This strategy of
fixing the metal activity at one in performing the equilibrium calcula-
tions with a 1:1 M:O ratio of reactants was thus utilized to identify
potential product oxide phases for other metal-oxygen systems.

The oxides that formed or had a potential of forming, as determined
by the equilibrium calculation, in the Fe-O system were FeO, Fe,Os,
Fe304, as expected from previous studies [17,22]. The oxide formation
reactions on a per mol O, basis are as shown by Reactions (i)—(iii)
below

2Fe (s) + O,(g) = 2FeO (s, 1) ()
SFe(s) + 05(g) = 3Fe;04(s, 1) (i)
%Fe (5) + 0:(g) = %Fezoz(s) (iii)

In the second step, these oxidation reactions were used as inputs in
calculating the standard free energies of formation using the reaction
module in FactSage for the temperature range of 100°C-3000°C and a
pressure of 1 atm. The values of AG® thus obtained were plotted versus
temperature providing an Ellingham diagram.

This approach, confirmed with the well-known Fe-O system, was
then used to study the metal-oxygen systems of each of the Group IV, V
and VI early transition metals, as well as for the carbides, nitrides and
borides of the same elements. In addition, where available, previously
published observations of metal oxide products and their kinetics of
formation are reviewed and discussed in the context of these diagrams.
Finally, strategies are identified for optimizing design of high tem-
perature MPCMs, particularly high entropy UHTCs, for oxidation re-
sistance above 1700°C.

3. Results
3.1. Validation of methods using Fe-O system

The reactions for the formations of the stable oxides in the Fe-O
system, Fe,O3, Fe;04 and FeO, normalized to 1 mol O,(g) are sum-
marized in the Ellingham diagram in Fig. 1.

Points of interest have been labeled on the Ellingham diagram;
namely, “M” indicates the melting point of the metal, “O” indicates the
melting point of the oxides and “B” indicates the boiling point of the
metal. The order of thermodynamic stability demonstrated by the dia-
gram corresponds with the order of layering of the oxides shown in
Fig. 1 (Bottom) from the work of Pujilaksono et al [22], in accordance
with the equilibrium activities of oxygen at each interface, an ob-
servation that has previously been noted [17]. The free energy-tem-
perature space occupied by a given metal-oxide equilibrium system can
thus be thought of as a band on an Ellingham diagram, enveloping
multiple oxidation reactions.

The kinetics of the oxidation reaction must be considered in
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Fig. 1. (Top) Ellingham diagram showing the formation reactions of Fe oxides,
normalized to 1 mol O,. Closed circles indicate melting point of the metal, open
circles that of the oxide. Closed squares indicated boiling point of the metal;
(Bottom) Layered oxide formed on Fe oxidized in dry O, at 600°C for 24 hours,
from Pujilaksono et al. [22] [reprinted with permission].

conjunction with thermodyanamics, as it can influence the observation
of the predicted equilibrium phases. An expression has been derived
[17,23] establishing a relationship between the relative thicknesses of
the different oxides formed and their parabolic oxidation rate constants.
Specifically, the ratio of the thicknesses of two oxides that form in the
case of a bilayered oxide is proportional to the square root of the ratio
of their respective rate constants. The oxidation rate constant is related
to diffusivity by Wagner’s equation [24] shown by Equation 1. In this
equation, k}', is the parabolic rate constant, py, is the partial pressure of
oxygen, and Dy, and Do are the diffusivities of the metal species and
oxygen respectively. The prime (‘and ”) modifiers on p,, indicate the
maximum and minimum values governed by the fixed oxygen activities
at the relevant interface, and z. and z, are the valences of the cations
and anions respectively.

L

’ 1 P,l
K= 3 i Gi&Dw + Do)d I poy

@

This is highlighted by the differences in thicknesses of the different
oxide layers on Fe, wherein FeO with the highest defect concentration
and highest diffusivities forms the thickest layer [22,25,26]. This
combined consideration of thermodynamic stability and kinetics be-
comes important in the analysis of some of the metal-oxygen systems
presented later, particularly that of Ti-O.
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Fig. 2. Summary of equilibrium calculations showing the thermodynamically
stable products for each temperature range up to 3000°C. Blue bars with di-
agonal lines indicate solid oxides, orange bars with cross-hatched lines indicate
liquid oxides and black bars indicate gaseous oxides (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article).

3.2. Oxidation of group 1V, V and VI metals

The equilibrium oxide products and relative thermodynamic stabi-
lities of the oxides formed from the Group IV, V and VI metals under
consideration as components for high temperature MPCMs were de-
termined and are summarized in Fig. 2.

The most thermodynamically stable reaction in each M-O system
was then identified and plotted on a comparative Ellingham diagram
for the metal-oxide reactions shown in Fig. 3.

Identification of the lower bound for the formation of the oxides of
the Group IV and V metals was relatively straightforward, as the most
thermodynamically stable product did not change across the tempera-
ture range of interest. However, the stable oxide products of the Group
VI metals were more complex. Fig. 4 shows the Mo-O system as an
example.

The most thermodynamically stable oxide of Mo transitions from
MoO5 (s) to (M0O3)3 (g), at 2052°C and then transitions to MoO,, (g) at
2980°C. The lower bound of the Mo-O oxide formation band, shown in
the bottom diagram in Fig. 4, therefore, consists of different oxides. The
transition at 2052°C is from a solid oxide to a different, gaseous oxide.
Such transitions also necessitated the use of new symbols, which are
shown in Fig. 3, namely the open triangle and open square. The open
triangle indicates transition from a solid oxide to a different oxide in the
liquid phase, Ty, while the open square indicates a transition from a
solid oxide to a different oxide in the vapor phase, Ty.
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Fig. 3. Ellingham diagram showing the formation reactions of the Group IV, V
and VI early transition metals. Filled circles indicate the melting temperatures
of the metals; open circles indicate melting temperatures of the oxides. The
triangle indicates transition to a liquid oxide (Ty), and squares indicate tran-
sition to gaseous oxides (Ty).

3.3. Oxidation of transition metal carbides, borides and nitrides

The development of diagrams for the oxidation of the refractory
carbides, borides and nitrides was primarily conducted with the oxides
of Hf and Zr, given that these M-O systems are relatively less complex,
each consist of one oxide, and can therefore serve as model systems to
understand how the free energy of oxide formation from the M + O,
reaction differs from that formed from the MX + O, reaction (where X
stands for C, N, B or B,). The results are presented in Fig. 5. Generalized
oxidation reactions for carbides, borides and nitrides are shown below
by Reactions (iv)-(vi), respectively.

2 MC + 0,(g) & %Mob + ﬁCO(g)

b1 @iv)
S2MBy + 05(g) < 5 25MO, + 2B, 05(1, 8) )
2MN + 0,(g) < MOy + 1Ny (g) (vi)

The relative thermodynamic stability of HfO, and ZrO,, whether
formed from the metal, boride, carbide or nitride, is largely unchanged
in all temperature regimes. The only exception is the Hf and Zr carbide-
oxygen systems, wherein the lines for HfO, and ZrO, are barely dis-
tinguishable from each other at lower temperatures (< 2000°C). The
enthalpic contributions to the free energies of oxide formation for
oxides formed from the carbides, borides and nitrides are all within a
range of ~200kJ/mol O,, and are much less negative than that formed
from the pure metals. The entropic contributions for oxide formation
are lower for the oxides formed from carbides and nitrides, as can be
seen by the shallower slopes.

4. Discussion

The constructed Ellingham diagram in Fig. 3 shows clear periodic
trends. Lines for the Group IV, V and VI metals, respectively are clus-
tered within their group, demonstrating the similarity in the enthalpies
of formation (y-intercept at 0K) for their most thermodynamically
stable oxides. Group IV oxides are the most thermodynamically stable,
while those of Group VI are the least thermodynamically stable. If the
same logic described for the Fe-O system were to be applied, it would be
expected that, for oxidation of systems containing multiple transition
metals and ignoring kinetic effects, the Group VI oxides would be found
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Fig. 4. [Top] Ellingham diagram showing oxides formed from the oxidation of
Mo. [Bottom] Ellingham diagram showing the delineation of the “lower bound”
of the Mo-O system (bold, green line) (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article).

at the oxide/gas interface, while the Group IV oxides would be found at
the metal/oxide interface.

The Group IV metals also tend to form oxides with melting tem-
peratures higher than the melting temperature of the metal. On the
other hand, Group V metals form oxides with low melting temperatures,
lower than the metal itself. The Group VI metal oxides are primarily
gaseous at high temperatures. This trend is important to note as di-
mensional stability is required for many high temperature applications.
For example, in hypersonic vehicle wing leading edges and rocket
nozzles, the form of the structure is critical to their function. A system
that forms a solid oxide at these high temperatures is more desirable
than one that forms liquid oxides that can easily shear away or vola-
tilize during operation.

Changes in the slope of the line on an Ellingham diagram represent
the negative of the change in entropy, and are largely dominated by
changes due to the consumption or production of the number of gas
molecules in the oxidation reaction. The slopes for the carbide and
nitride reactions are much shallower than that for the metal reactions
due to formation of gaseous products (Reactions (iv) and (vi)). A
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Fig. 5. Comparison of HfO, and ZrO, stability when formed from the pure
metal, or from carbide, nitride and boride. Open circles indicate oxide melting
temperatures, closed circles indicate metal melting temperatures, and half-filled
squares indicates the boiling temperature for boria.

similarly shallow slope is observed in the boride reaction lines at high
temperatures, as boria is now forming as a gas (Reaction (v)). These
shallower slopes indicate a reduced temperature dependence for the
oxidation reactions, allowing for the extrapolation of oxidation beha-
vior at 2000°C, to temperatures as high as 3000°C.

The Ellingham diagrams also indicate thermodynamically stable
oxides that are not always observed at oxidizing temperatures and at-
mospheric pressure, such as TiO. The Fact Pure Substance database
used to calculate these diagrams is a collection of data from standard
compilations as well as additional data evaluated from the literature.
The values for the enthalpy and entropy of formation used in these
calculations at high temperatures (typically T > 1200°C for most
oxides) were extrapolated by FactSage from lower temperature data
where thermodynamic data at those temperatures for these materials
were not available. In addition, these thermodynamic calculations do
not account for oxidation kinetics. It is therefore useful to compare
these predictions to oxide phases observed in prior studies from the
literature.

4.1. Group IV elements

Hafnium is reported to only have one oxide, HfO, [25,27,28].
Likewise, although the JANAF database has thermochemical data for
ZrO(g), ZrO, is considered the only oxide of import [25,27,29,30] in the
oxidation of zirconium. In the Ti-O system, the most thermo-
dynamically stable oxide according to the calculations in this study is
TiO, but TiO, is primarily observed in oxidation studies of titanium
[25]. TiO formation on titanium has been observed at temperatures less
than 1000°C at near atmospheric pressures. Kofstad et al [31] have
reported that at low partial pressures of oxygen, the oxides of titanium
form in a layered manner, similar to the Fe-O system. The generally
limited observations of TiO may be attributed to the relative kinetics of
oxygen transport in TiO and TiO,, as suggested by Yurek et al.’s work
[23], and similar analysis by Smeltzer and Young [17]. TiO is likely not
always observed due to the transport of oxygen in TiO, being much
faster [25,32,33]. It is well known that TiO, is highly nonstoichiometric
relative to its suboxides and that the large oxide defect concentration
should result in rapid oxidation kinetics. Kinetics can therefore play a
large role in what is observed versus what is predicted by thermo-
dynamics.
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4.2. Group V elements

Thermochemical analyses [34] and oxidation studies of tantalum
[35] have shown that Ta,Os is the only stable condensed phase in the
Ta-O system, which is reflected in the calculated Ellingham diagram in
Fig. 3. Gulbransen’s analysis [34] shows TaO, to be the major volatile
species in that system, with an additional volatile species being TaO,
and this is likewise reflected in our calculations (Fig. 2). Similarly,
Gulbransen reports Nb,Os as being the stable condensed oxide formed
on niobium at high temperatures and near atmospheric pressures, and
the suboxides being present as volatile species [34]. Oxidation studies
of niobium have shown the formation of the sub-oxides, particularly
NbO, [35-37] forming at lower temperatures (< 500°C) and then
subsequently oxidizing to Nb,Os [35]. The sub-oxides have also been
observed at lower pressures. Kofstad and Espevik [37], in their study of
the oxidation of niobium spanning the temperature range of
1200-1700°C, reported the formation of NbO and NbO, at low pres-
sures, with NbO, subsequently oxidizing to Nb,Os. This observation
suggests that NbO is the most thermodynamically stable oxide, con-
sistent with our representation of the Nb-O system in Fig. 3. Studies of
the oxidation of vanadium [38-43] up to 1050°C at varying pressures
show that the pentoxide, V5Os, readily forms. Mukherjee reports that
VO, forms at low pressures and above 500°C [43]. Both Westman [44],
and Stringer and Price [39] have reported on the formation of VO on
vanadium at varying pressures and temperatures above 500°C. Speci-
fically, Stringer and Price reported the formation of VO in an experi-
ment where a fixed volume of O, was admitted into the system, and the
pressure drop from the gas consumption was measured with time. The
computations performed in this study predict that VO is the most
thermodynamically stable oxide, followed by VO, and V,Os. It can thus
be expected that similarly to Ta and Nb, VO will oxidize to VO, and
V,0s. In the case of Nb and V, the sub-oxides are chosen to represent
their respective M-O systems in Fig. 3 because these condensed oxides
have been previously observed, and are thermodynamically favored
relative to M5Os.

1800

4.3. Group VI elements

Studies of the oxidation of molybdenum [34,45-50] and tungsten
[47,51-56] show that gaseous oxide species dominate the high tem-
perature oxidation behavior of these metals, which is consistent with
the results of this study (Fig. 2). Note that most of the high temperature
data available were collected at low total pressures. Pressure is a sig-
nificant variable as it affects both the equilibrium partial pressure and
transport of the volatile species through the gas boundary layer [34].
Gulbransen et al. [34,46] found that the temperature at which the oxide
will volatilize as fast as it forms on the metal changes with total pres-
sure. Below this transition, both condensed and volatile species coexist.
MoOs(c) is reported to be the primary condensed phase oxide formed
on molybdenum, especially at higher pressures, but MoO,(s) has also
been observed [49], usually as an inner layer in the thermally grown
oxide scale at lower temperatures. This is consistent with the calcula-
tions in this study (that indicate the most thermodynamically stable
oxide will be located at the metal/oxide interface), as shown in Fig. 3.
Similarly, the condensed oxides of tungsten form in a layered manner,
consisting primarily of the trioxide [34,35]. The dioxide has been re-
ported [57], but Kellett and Rogers [56] have suggested that what was
previously reported as WOo(c) is defective or non-stoichiometric
WOs3(c). The difference between the free energies of formation for
WOs3(c) and WO,(c) lines was found to be insignificant, and the pre-
sence of a condensed oxide layer at high temperatures is negligible to
non-existent.

4.4. Kinetic considerations

The role of kinetics in the high temperature oxidation of MPCMs, as
mentioned earlier, cannot be ignored. Existing reviews of kinetics
parameters [58,59] do not consider all the available data for oxygen
diffusion in the oxides of Group IV, V and VI. As such, an updated re-
view of the diffusivity data in literature [42,43,54,60-66,68] for the
oxides of interest was conducted and summarized in Fig. 6. Most of the



L. Backman, E.J. Opila

data shown are for oxygen diffusion in the oxide; oxidation in these
strongly bonded materials tends to be controlled by oxygen diffusion
inward. The available data were obtained at low or intermediate tem-
peratures (relative to a maximum of 3000°C). Data for some of the
oxides of the group IV, V and VI oxides are not available, such as the
sub-oxides of titanium, or the condensed oxides of molybdenum. Con-
sideration of the highest temperature data available shows that diffu-
sion in zirconia, which is among the more thermodynamically stable
oxides, is rapid. Therefore, it can be expected that ZrO,, which has a
high melting temperature will readily form if included in the material.
Similar conclusions may be drawn for the formation of Ta,0s, Oxygen
diffusion in Nb,Os and TiO, is slower than the former two oxides. Thus,
if a material containing Zr, Ta, Ti and Nb were to form a layered oxide
scale, the ZrO, and Ta,Os layers would be expected to be thicker than
the oxides of the other two elements.

The formation of complex oxides are extremely likely, based on the
similar diffusivities of the Group IV and V oxides, the respective phase
diagrams showing the solubility of Group IV and V oxides in each other,
and the existence of mixed stoichiometric oxides such as HfgTa,0,;
[67]. As far as the authors are aware, there are no data available for the
diffusivities of oxygen in the complex oxides.

4.5. Implications for high temperature MPCMs

This study has only considered the thermodynamic stabilities and
kinetics of binary oxides of individual reactants and has not considered
the complex oxides. Given the requirement for the formation of a solid
oxide, Hf, Zr, or Ti, or a combination of them, should be primary
components of a high temperature MPCM. Both the thermodynamics
and kinetics suggest that oxidation of these components is more fa-
vorable among the Group IV, V and VI elements; therefore, using them
as the basis for an MPCM, especially for ultra-high temperature appli-
cations, is a viable strategy. Group V containing compounds should be
minimized, as they both exhibit rapid kinetics of formation, are next in
the order of thermodynamic stability, and have low melting tempera-
tures. In addition, their phase diagrams indicate the potential for the
formation of low melting oxide eutectics [25], e.g. a eutectic in the
Zr0,-V,0s [69] is noted at 665°C, which is dramatically lower than the
melting temperature of ZrO, (~2700°C). Group VI element additions
can be expected to promote the formation of oxides with high vapor
pressures, which may result in porosity in the oxide. This may not be an
issue with carbides and nitrides, which already form porous oxides.
Small amounts of Group VI additions such as WC have previously been
explored as a method to promote oxidation resistance [70]; however,
recent research [71] has shown that at temperatures above 1650°C, the
volatility of W oxides precludes any protection.

5. Conclusions

A primary step in the design of high temperature Multi-Principal
Component Materials (MPCMs) that exhibit good oxidation resistance
requires an understanding of the oxidation behavior of each of its
constituents. In this study, the relative thermodynamic stabilities of the
oxides of the elements of interest were evaluated. FactSage was used to
calculate the change in standard Gibbs free energy of the relevant
oxidation reactions. These calculations were summarized in Ellingham
diagrams to enable a comparison of relative thermodynamic stabilities
of the oxides that may form in a multi-component material. Periodic
trends in the thermodynamic stability and melting temperatures of the
oxides were noted. In the context of ultra-high temperatures, the group
IV oxides are the most thermodynamically stable, have the highest
melting temperatures, forming solid oxides up to nearly 3000°C, and for
this reason are the desired constituents of a ultra-high temperature
MPCMs. The group V oxides, which are next in stability, have low
melting temperatures, forming liquid oxides below 2000°C, and lead to
formation of low melting eutectics at even lower temperatures. These
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oxides are detrimental to the formation of a solid, adherent, protective
oxide. The group VI metals form the least thermodynamically stable
oxides, and are gaseous, which may result in porosity in the oxide scale.

This work suggests that in the compositional design of an ultra-high
temperature MPCM for oxidation resistance, Group IV elements are the
best option as primary components. The rapid formation of the group IV
oxides will be beneficial in establishing a solid scale at high tempera-
tures. On the other hand, their rapid formation will likely lead to ex-
cessive consumption of the substrate. Further studies are needed to
optimize the additions of Group V (which form oxides with low melting
temperatures) and Group VI elements (which form gaseous oxides).
Kinetic considerations do not provide substantial guidance for compo-
sitional choices, as oxygen transport in all the group IV, V and VI oxides
considered here are rapid. The kinetics involving the formation of
complex oxides are poorly understood in the literature.
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