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ABSTRACT

High entropy materials, which include high entropy alloys, carbides, and borides, are a topic of substan-
tial research interest due to the possibility of a large number of new material compositions that could
fill gaps in application needs. There is a current need for materials exhibiting high temperature stability,
particularly oxidation resistance. A systematic understanding of the oxidation behavior in high entropy
materials is therefore required. Prior work notes large differences in the thermodynamic favorability be-
tween oxides formed upon oxidation of high entropy materials. This work uses both analytical and com-
putational thermodynamic approaches to investigate and quantify the effects of this large variation and
the resulting potential for preferential component oxidation in refractory high entropy materials including
group IV-, V- and VI-element based alloys and ceramics. Thermodynamic calculations show that a large
tendency towards preferential oxidation is expected in these materials, even for elements whose oxides
exhibit a small difference in thermodynamic favorability. The effect is reduced in carbides, compared to
their alloy counterparts. Further, preferential oxidation in high entropy refractory materials could result in
possible destabilization of the solid solution or formation of other, competing phases, with corresponding

changes in bulk material properties.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Background and introduction

High entropy metals and ceramics, which are solid solutions
consisting of four or more principal components are a new
paradigm in materials design [1-6], and are of interest due to
the large number of compositions that can be formulated and ex-
plored. Such an expansion of possible compositions can poten-
tially fill challenging application needs, such as materials with im-
proved mechanical and chemical stability at high temperatures.
These multiple principal component materials have high configu-
rational entropy, which is hypothesized to stabilize the solid solu-
tion phase or provide new combinations of phases. Prior research
efforts in high entropy alloys (HEAs), summarized in references
[2,7,8], noted their improved mechanical properties. Other hypoth-
esized advantages to multi-principal component, high entropy ma-
terials are sluggish diffusion and cocktail effects, a term used to
describe the synergistic effects of combining multiple elements
in large concentrations [9]. Refractory metal alloys and/or related
carbides and borides are the focus of this and a companion ex-
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perimental paper. Some researchers have explored the high tem-
perature oxidation resistance of refractory HEAs [10,11] and car-
bides [12], and reported oxide phases formed and oxidation ki-
netics. However, a more rigorous understanding of the thermody-
namic driving forces behind the oxidation of high entropy materi-
als is needed. Further, the effects of oxidation on the stability of
the underlying material, the configurational entropy stabilizing the
phases and their attendant properties, still need to be further un-
derstood to aid in the design of oxidation-resistant high entropy
materials.

Assuming a generic oxidation reaction for species M, M + O,
(g) = MO,, the driving force for oxidation is given by the familiar
free energy equation,

AGY, = AHY, —TASY, (1)

where the free energy of reaction is given by the difference be-
tween the free energies of formation of the products and reactants,
as shown in Eq. (2).

AGY, = EAG% prod — ZAG%WC (2)
Entropy can be further described as in Eq. (3).
S= svib + Sconfig (3)
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High entropy materials are characterized by additional config-
urational entropy due to mixing, which can be calculated using
Eq. (4):

N
ASconfig =-R Z; Xi lngi (4)
1=

R refers to the ideal gas constant, N is the number of species,
and x; is the mole fraction of each species. The maximum con-
figurational entropy occurs when all species in the alloy occur at
equimolar fractions and is given by Eq. (5).

ASconfig. max = RIOgN (5)

The determination of the products that form during an ox-
idation reaction is a necessary step in the design of a multi-
component, oxidation resistant, ultra-high temperature system, as
discussed in depth in a previous publication [13]. When a multi-
component material is exposed to a sufficiently oxidizing envi-
ronment, it is expected that all species in contact with the en-
vironment will initially oxidize. With this assumption and con-
sidering Eqs. (1), (2) and (5), along with the reasonable assump-
tion that a high entropy alloy does not form a high entropy (solid
solution) oxide scale and the substrate has additional configura-
tional entropy from mixing, one could write Eq. (6) and simplify
to Eq. (7).

AG?xn, HE = (AH;,prod - AH}W‘M)
- T[AS?.Pmd - (AS?’. reac T ASconfig, reac)] (6)

AG(r)xn,HE = AG(r)xn + TAsconfig. reac (7)

where ASconfg reac 1S the additional configurational entropy due
to the formation of the high entropy solid solution in the sub-
strate. Any changes in vibrational entropy due to the mixing are as-
sumed to be negligible, as in prior analysis [7]. In Eqs. (6) and (7),
AG‘r’m,HE is the driving force for oxidation from a high entropy ma-
terial, assuming a high entropy oxide does not form. Eq. (7) consid-
ers the effect of configurational entropy on the driving force for ox-
idation, and indicates that configurational entropy has the poten-
tial to reduce the driving force for oxidation, i.e., AG%, becomes
less negative, however the magnitude of this reduction is minimal,
as discussed below. The magnitude of this reduction is even less if
configurational entropy due to mixing in the oxide is considered.
Fig. 1 shows substantial differences in relative thermodynamic
favorabilities of the oxides of the group IV, V and VI transition met-
als. The enthalpy for formation of HfO, (most favorable) at 2073 K
is —1115.8 kJ/mol and (WO3)3(g) (least favorable) is —438.1 kJ/mol.
The reduction in driving force due to the contribution of the con-
figurational entropy is at least an order of magnitude less than
the relative differences in the enthalpy of oxidation. For a five-
component equimolar solution, Sc,5; = 1.61R. At 2073 K, a rel-
evant temperature for refractory materials, this results in a TAS
of +-27.7 k], and the AGY, . [Eq. (7)] becoming more positive by
this amount. It is therefore not expected that the additional config-
urational entropy will provide a significant advantage in reducing
the driving force for oxidation. It is further hypothesized that given
the number of components and the large differences in thermody-
namic favorability of the oxides of interest, that a large tendency
towards preferential oxidation will be exhibited in refractory high
entropy materials. Both a first-principle surface oxidation study
[14] and an experimental study on bulk material [11] have ob-
served preferential oxidation consistent with the thermodynamic
favorability indicated in Fig. 1. This demonstrates the need for a
deeper understanding of the extent to which this phenomenon can
be expected to occur in high entropy materials. Preferential oxida-
tion also has implications for the overall stability of the underly-
ing high entropy material, leading to destabilization of the solid

-100 — Mo oxides ]|
200 r W oxides
300 -
-400 b -
=500 - -
o L ]
= -600 | -
g 700 I ]
O -800 - .
< L i
-900 |- -
-1000 |- ® Melting temperature (metals) n
F O Melting temperature (oxides) E
21100 /\ Transition from solid oxide -
L to a different liquid oxide J
-1200 O Transition from condensed oxide _|
| to a different gaseous oxide ]

-1300 1 " 1 " 1 " 1 " 1 " 1 " 1 "

0 500 1000 1500 2000 2500 3000 3500

Temperature ("C)

Fig. 1. Ellingham diagram showing the reaction free energies per mol O, of the
group IV, V and VI refractory metal oxides. Filled circles indicate the melting tem-
peratures of the metals; open circles indicate melting temperatures of the oxides.
Adapted from reference [13], with Nb,Os and TiO, added in dashed lines.

solution phase or formation of undesirable phases, due to the re-
duction in configurational entropy in the initial material as some
components are preferentially depleted.

This work used a thermodynamic approach to provide a quan-
titative analysis of preferential oxidation in multi-principal compo-
nent refractory materials as a function of elemental composition.
These results were compared to experimental results in a compan-
ion publication. The calculations were idealized, first to simplify
the complex compositional and phase assemblages, and second,
because thermodynamic data were not available for these multi-
component systems and complex oxides. The overall objective of
this work was to predict the oxidation products of multi-principal
component materials and thereby provide insight into the mecha-
nisms that govern their oxidation behavior.

2. Methodology
2.1. Analytical approach using equilibrium constants

The equilibrium composition of the oxide scale formed from
multi-component base materials was sought. The equilibrium ox-
ide formed will not have the same composition (on a cation basis)
as the underlying material due to varying constituent thermody-
namic favorabilities. Consider a binary Hf-Zr alloy. One might ex-
pect this alloy to oxidize according to the reaction:

(Hfo5Zro5)+0; (8) < (Hfos5Zro5)0, (8)

Eq. (8) suggests that a 50-50 (at%) Hf-Zr alloy will
yield a 50-50 (at%) solution of HfO, and ZrO,. However,
HfO, is more thermodynamically favored compared to ZrO,
(AG? Hfo, = —779.4 KkJ/mol and AG%ZrO2 = —715.6 kJ/mol at
2073 K), and the remaining Hf could reduce any ZrO, that forms.
This difference in thermodynamic favorability will be reflected in
the resulting oxide composition. When an Hf-Zr alloy oxidizes, it
will be in equilibrium with a solid solution of HfO, and ZrO,, with
a corresponding equilibrium pO,. The relevant reactions for each
alloy constituent are:

Hf + 0,(g) < HfO, (9)
Zr + 0,(g) < Zr0, (10)

Following Gaskell's approach [15], the pertinent reaction de-
scribing the equilibrium between the base metal constituents and
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their oxides can be written by combining Eqs. (9) and (10) as
Hf + ZrO, < HfO,+Zr (11)

Assuming ideal solid solution thermodynamics, where each ac-
tivity coefficient, y, is equal to unity, the equilibrium constant for
this equation yields the following relationship for the relative con-
centrations in mole fraction (X;) of the components

X X
K [Xto, ] [Xzx] (12)
[Xzro, |[Xne]
For a fixed temperature, K is constant; therefore, for a given al-
loy composition, e.g. a 50-50 alloy, the composition of the oxide
will be fixed as well.

[Xur] _ 1= [Xz0,]
[Xz:] [Xzr0,]

Using Eq. (13), the relative mole fractions of oxides in equilib-
rium with a range of Hf-Zr alloy compositions can be plotted at
a given temperature in a composition balance diagram. Using tabu-
lated data, e.g. FactSage databases [16], to determine K, the anal-
ysis shown in Eqs. (11)-(13) was also conducted for Zr-Ti, Ti-Ta
and Ta-Mo, in equilibrium with the predominantly observed, con-
densed binary oxides in the respective systems. These elements
were chosen to represent the typical elements that make up refrac-
tory high entropy materials. In the case of the Ta-Mo alloy, MoO,
was chosen as the representative oxide since it is the thermody-
namically stable condensed oxide in the Mo-O system [13], and
has been observed to exist in the sublayers of thermally grown
oxides or other conditions with reduced oxygen partial pressures
[17,18]. At higher temperatures and oxygen partial pressures, the
highly volatile, less thermodynamically favored MoOj3 (1) is formed
[19].

These analyses were then extended to the more complex re-
fractory carbide systems. Eqgs. (14) and (15) demonstrate the gov-
erning reactions and the resulting equilibrium constant, using the
example of a TiC-TaC solid solution. Note the formation of the ad-
ditional product, CO (g).

K

(13)

TiC + ;Tazo5 < TiO, + gTaC + %co Q) (14)

[Xrio, | [Xrac] 7pco’
[Xricl[Xray0,17

Oxygen solubility in the metallic systems was not considered,
which can be as high as 30%, as in the Ti-O system [20]. Similarly,
oxygen solubility in the rocksalt carbide lattice [21] was also ne-
glected. Oxygen solubility in high entropy alloy and ceramic sys-
tems and the thermodynamic effects of this dissolution have not
been studied [22], and are therefore unknown. Experimental stud-
ies were undertaken to gauge the applicability of these tools to
real systems, and the results reported in a companion paper. It is
expected that this thermodynamic assessment method [Egs. (11)-
(15)] will assist with oxide phase identification and prediction of
preferential oxidation, which are essential for understanding the
oxidation mechanisms of refractory high entropy materials, and
thereby aid design efforts for oxidation-resistant materials.

K. = (15)

2.2. Free energy minimization calculations

The analytical method outlined by Gaskell is a useful way to
consider the binary ideal solution case, and provided a basis for
the development of hypotheses with respect to preferential oxida-
tion in real, multicomponent cases. These hypotheses were further
refined by leveraging the computational capabilities of FactSage, a
free energy minimization software package [16], and the accompa-
nying databases. The FactSage Equilibrium module allows for the

definition of solid solution reactant and product phases, both ideal
and real, provided the pertinent databases are available. In both
the real and ideal cases, the appropriate phase diagrams, mostly
pseudo-binary, were consulted to identify the most likely phases
and/or components of the solution at the temperature under con-
sideration. Current research is addressing the gaps for ternary ox-
ides [23,24], but further information on solid solubility is needed.

Similar to the analytical approach in the prior section, an
equimolar solid solution substrate (alloy or carbide) was defined
and considered to be in equilibrium with an equimolar oxide solid
solution (on a cation basis). The assumption of ideal solution ther-
modynamics, unless otherwise stated, was made to approximate
solid solutions formed from phases of differing crystal structures
(as input), due to the data available in the Fact Pure Substance
database. The Gibbs free energy of the assemblage of substrate and
oxide constituents was then minimized, with a resulting output of
equilibrium phases. In cases where sub-oxides were predicted to
form, the calculation was repeated using suboxides as additional
input in the oxide solid solution phase. The equilibrium pO, be-
tween the resultant oxide and substrate is also calculated. The case
of the Hf-Zr binary alloy oxidizing to HfO,-ZrO, in an ideal solid
solution phase was compared to results from free energy mini-
mization calculations for the same system in FactSage to test this
methodology. Once tested, the approach was extended to study
ternary (Hf-Zr-Ti) and quinary (Hf-Zr-Ti-Ta-Nb) alloy composi-
tions. The results from these calculations reflect the local equilib-
rium near the oxide-substrate interface and are therefore descrip-
tive of the oxidation affected zone.

The ideal solution assumptions described above allowed for a
first approximation in the understanding of the tendency towards
preferential oxidation in high entropy materials, which will be
shown in the companion paper to have good agreement with ex-
perimental results. This simplified approach relied on thermody-
namic data available in the FactSage database for pure substances,
and assumed that all oxide compounds will go into solution with-
out applying an enthalpy correction for a change in crystal struc-
tures. The activity of the oxide solution phase was constrained to
be unity. This approximation imposed the coexistence of, for in-
stance, a rutile Ti oxide constituent in solution with the tetragonal
Hf and Zr oxides; without this constraint, the free energy mini-
mization calculations would have resulted in the most stable prod-
uct phase being HfO,, i.e., HfO, as having an activity of one, and
the other oxide phases as having been reduced by Hf. This ap-
proach was reasonable as the enthalpy correction would have been
negligible compared to the free energy of formation of the ox-
ides, or the relative thermodynamic favorabilities (relative values
of AGY,) of the oxides of interest [25-27].

Additionally, in non-ideal thermodynamics, the activity of a
component in a solution varies from the mole fraction according
to the activity coefficient, y. While this non-ideality would affect
the reactant solid solution as well as the overall reaction free en-
ergy, it is hypothesized these differences would not be so large
compared to the relative differences in the AG° for oxidation be-
tween oxides from different groups (Fig. 1). These large differences
were expected to persist when comparing the oxidation free ener-
gies using thermodynamic data for real solutions. Based on these
considerations, the use of ideal solution thermodynamics is suffi-
cient to understand the preferential oxidation phenomenon in HE
materials. To probe this, the case of an ideal Zr-Ti alloy to form
real oxidation products, rather than ideal products, was considered.
The Zr-Ti system was chosen due to the availability of thermody-
namic data for their oxides. While Zr and Ti metals are soluble in
each other, the binary phase diagram for their oxides exhibits more
complex phase behavior [28]. Their oxides also exhibit a large dif-
ference in their relative thermodynamic favorabilities. The calcu-
lation was performed at the Zr-Ti equimolar alloy composition
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Fig. 2. Composition balance diagram showing the equilibrium concentrations of the
oxides (tetragonal phase) in a binary solution when formed from a binary metal
alloy, Hf-Zr (group IV). Results are shown in increments of 10 mol% with respect
to alloy composition at 2073 K. The red dotted line is a reference line, which goes
from the 50 mol% Zr composition in the alloy to the 50 mol% ZrO, in the oxide. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

at 1773 K, assuming the alloy to be an ideal solution, where the
temperature was chosen below the melting temperature of Ti. The
FTOxid database, which contains thermodynamic data for real ox-
ide solutions such as (Zr,Ti)O, tetragonal oxide solution phase and
a rutile oxide phase, was used to calculate the oxide composition
in the non-ideal case.

The focus of this work was on equimolar multi-principal com-
ponent materials. Temperatures used in the following calculations
were chosen to be as high as possible while maintaining all con-
stituents in the solid state. Solid states were chosen over liquid
so that temperatures remained within the realm of experimental
verification described in Part II. Partial pressures (oxygen activity)
reported in this study were those that were predicted to exist be-
tween the external oxide scale and substrate at equilibrium.

3. Results

3.1. Composition balance diagrams: ideal binary metal alloys and
ideal oxide solutions

The analytical approach described in Section 2.1 enables the
generation of composition balance diagrams, which are shown in
Figs. 2-6. Figs. 2-4 show the composition balance diagrams for Hf-
Zr, Ti-Ta and Ta-Mo assuming ideal solution behavior in both bi-
nary metal alloys and their oxides. Results for the formation of real
oxide solutions (y # 1) are presented in Section 3.4. The compo-
sition balance diagram can be read as follows. Take for example
Fig. 2, the top x-axis, shown in mole fraction, ranges from pure
HfO, on the left side to pure ZrO, on the right. The bottom x-axis,
also in mole fraction, ranges from pure Hf on the left to pure Zr on
the right. The y-axis height is set arbitrarily to display the slopes
of the tie lines joining the metal alloy composition with the corre-
sponding equilibrium oxide composition, assuming that both alloy
and the oxides are in an ideal solid solution respectively. The tie
lines are also oxygen isobars, representing the equilibrium partial
pressure of oxygen (based on a reference state of 1 atm) that corre-
sponds to each specific alloy-oxide activity ratio. The lines joining
the pure Hf to pure HfO,, and that joining pure Zr to pure ZrO,,
correspond to the equilibrium pO, for the respective oxidation re-
actions, given by Eqs. (9) and (10).

TiO, Mole fraction Ta_O_ Ta 0,
00 01 02 03 04 05 06 07 08 09 10
” 1 1 i 1 1 1 1

T=1773K

pO,=3 x 10™
o4
60T X9="0d

00 01 02 03 04 05 06 07 08 09 10
Ti Ta
Mole fraction Ta

Fig. 3. Composition balance diagram showing the equilibrium concentrations of the
oxides in a binary solution when formed from a binary metal alloy, Ti-Ta (groups
IV and V), of varying compositions at 1773 K. Note that even at 99% tantalum in the
alloy, the oxide is expected to be composed of only 0.08% Ta,0s at equilibrium. TiO,
is assumed to be in the rutile phase. Gray shaded areas on the oxide axis indicate
regions of solid solubility in the real system according to reference [29].

Fig. 2 shows the case of an alloy consisting of two elements
from the same group in the periodic table, Hf and Zr, whose ox-
ides have similar thermodynamic favorability (Fig. 1). The diagram
shows that more than 97% zirconium in the alloy is needed to form
~50% ZrO,. Taking the equimolar case, a 50-50 mol% Hf-Zr alloy
will yield at equilibrium an oxide scale with 2.4% ZrO, (Fig. 2). If
one follows the red dotted line in Fig. 2 upward, each intersection
with a black tie-line represents a higher partial pressure of oxygen.
When the alloy is in its initial state, the composition is 50 mol%
Zr. At this composition, the equilibrium partial pressure (oxygen
activity) between the alloy and the oxide scale is 4 x 1020 (with
respect to 1 atm), and the oxide composition is 2.4 mol% ZrO,. Cor-
respondingly, as one moves upwards along the red dotted line, an
oxide increasingly enriched in the less stable oxide, in this case
Zr0,, is encountered. As Hf preferentially oxidizes, and is depleted
from the base alloy, the alloy composition will traverse to the right
on the lower x-axis in the depletion zone. This results in traversing
to the right on the top x-axis (oxide composition), i.e., assuming an
inward growing oxide, the Hf-depleted regions become richer in Zr,
forming more ZrO,, with a concomitant increase in the equilibrium
partial pressure of oxygen.

Figs. 3 and 4 represent the oxidation of alloys in which the
constituents are members of adjacent groups in the periodic table
with a much larger difference in the free energies required to form
their respective oxides. In both these cases, the oxide composition
is comprised entirely or almost entirely by the element with the
most thermodynamically favored oxide.

3.2. Composition balance diagrams: ideal transition metal carbide
and ideal oxide solution

A similar approach was followed to calculate the composition
balance diagram for the refractory carbides, where the additional
product, CO (g), must be considered. In the case of HfC-ZrC, which
would oxidize to HfO, and ZrO, respectively, the condensed phases
have the same oxygen stoichiometry and the pCO term cancels
out. Results are shown in Fig. 5. Note that for the HfC-ZrC ox-
idizing to Hf0,-ZrO, (Fig. 5), the oxide solution is more reflec-
tive of substrate composition (on a cation basis), compared to the
metallic alloy case (Fig. 2). Note as well that the equilibrium pO,s
are the same order of magnitude and are both significantly higher
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oxides in a binary solution when formed from a binary metal alloy, Ta-Mo (groups
V and VI), of varying compositions at 1773 K. Note that the larger difference in
thermodynamic favorability in the oxides when comparing different groups (group
V vs VI) results in a large tendency towards preferential oxidation to form Ta,Os,
the more thermodynamically favored oxide.
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Fig. 5. Composition balance diagram showing the equilibrium concentrations of the
oxides in a binary solution when formed from a binary carbide, HfC-ZrC, of varying
compositions at 2073 K.

than those of the end members in the alloy case (Fig. 2). For TiC-
TaC:TiO,-Tay05 system, the pCO term remains (Eq. (15)). To sim-
plify the analysis, the value of pCO was fixed at 1. The resulting
diagram is shown in Fig. 6. For TiC-TaC oxidizing to TiO,-Ta,05
(Fig. 6), the tendency towards preferential formation of TiO, is also
decreased relative to the metallic alloy case (Fig. 3). However, TiO,
is still strongly favored over Ta,Os.

3.3. Free energy minimization: ideal ternary and quinary alloy and
ideal oxide solutions

The approach using the FactSage free energy minimization soft-
ware were first confirmed by comparison to the analytical results
for the Hf-Zr system (Fig. 2). Thus validated, this approach was
then used to generate predictions for systems with more than two
components. The equimolar cases for a ternary system, Hf-Zr-Ti,
and a quinary system, Hf-Zr-Ti-Ta-Nb, at 1773 K were studied as
examples. Both the ternary and quinary alloys under consideration
are known to be in the BCC phase at this temperature [30-32]. In
the ternary case, the HfZrTi alloy was assumed to be in equilib-
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Fig. 6. Composition balance diagram showing the equilibrium concentrations of the
oxides in a binary solution when formed from a binary carbide, TiC-TaC, of varying
compositions. Note that the tendency towards preferential formation of TiO, is de-
creased relative to the metallic alloy case (Fig. 3). pCO was assumed to be 1. TiO,
is assumed to be in the rutile phase. Gray shaded areas on the oxide axis indicate
regions of solid solubility in the real system according to reference [29].

Table 1

Equilibrium calculation showing the final composition of the oxide scale that
results from an equimolar HfZrTi ternary alloy at 1773 K in equilibrium with
an equimolar oxide ideal solid solution containing HfO,, ZrO, and TiO,, as
well as depletion of Hf from the underlying alloy.

Constituents Input (mol)  Input (mol%)  Output (mol%)
Alloy, Ideal Solution

Hf 1 333 1.03

Zr 1 333 323

Ti 1 333 66.7
Oxide, Ideal Solution

HfO, 1 333 65.6

Zr0, 1 333 344

TiO, 1 333 4.70 x 103

Table 2

Equilibrium calculation showing the final composition of the oxide scale that re-
sults from an input of equimolar quinary HfyZrq,Tip2TagaNbg, alloy at 1773 K in
equilibrium with an equimolar (cation atom basis) oxide ideal solid solution con-
taining HfO,, ZrO,, TiO,, Ta;0s, Nb,Os as well as depletion of Hf, Zr and Ti from
the underlying alloy.

Constituents Input (mol)  Input (mol%)  Output (mol%)
Alloy Ideal Solution
Hf 1 20 7.87 x 108
Zr 1 20 472 x 1076
Ti 1 20 8.05 x 1073
Ta 1 20 48.4
Nb 1 20 51.5
Oxide Ideal Solution
HfO, 1 20 35.9
Zr0, 1 20 35.9
TiO, 1 20 4.05
Ti sub-oxides (TiO, Ti,03) - - 23.2
TaO,5 1 10 1.05
NbO;.5 1 10 6.32 x 107>

rium with an ideal solid solution containing HfO,, ZrO, and TiO,.
Similarly, the HfZrTiTaNb alloy was assumed to be in equilibrium
with an ideal solid solution containing HfO,, ZrO,, TiO,, Ta;05 and
Nb,0s. There are few data on the quinary phase equilibria for the
corresponding oxide phases; therefore, the most stable, condensed
phase for each oxide according to available data was assumed, re-
gardless of crystal structure.
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Table 3

Predicted final compositions after starting with an equimolar Zr-Ti ideal alloy solu-
tion in equilibrium with an equimolar ZrO,-TiO, ideal solid solution (Case 1) versus
an equimolar Zr-Ti ideal alloy solution in equilibrium with an equimolar ZrO,-TiO,
“real” solution using data from the FTOxid database (Case 2) at 1773 K. Note that in
both cases, the alloy is assumed to be an ideal solid solution. Note also that partial
depletion of Zr from the underlying alloy is predicted in both cases.

Case 1 Case 2

Predicted ideal alloy
solution composition

Predicted ideal alloy
solution composition

(mol%) (mol%)
Zr 24.6 22.2
Ti 75.4 77.8

Predicted oxide
composition (mol%)
assuming a “real”
solution in

Predicted oxide
composition (mol%)
assuming an ideal
solution in
equilibrium with the equilibrium with the
ideal alloy above ideal alloy above

Zro, 99.9 99.9

TiO, 0.020 0.0197

Tables 1 and 2 summarize the results of these calculations. In
these tables, the input refers to the initial compositions of the ox-
ide and alloy solid solutions to be placed in equilibrium with each
other. The output refers to the final compositions of each, after free
energy is minimized. In the ternary case (Table 1), the final com-
position of the oxide is primarily of Hf with some Zr and very little
Ti; the alloy is depleted in Hf. In the quinary case (Table 2), note
the preferential formation of group IV oxides (Hf, Zr, Ti) and corre-
sponding depletion of those constituents in the alloy. Ti suboxides
(TiO, Ti,03) are also predicted to form.

3.4. Free energy minimization: ideal alloy and real oxide solution

Thus far, both the alloy and oxide were assumed to be in ideal
solid solutions respectively. Comparison of the predictions from the
ideal case for a given system to the real case (using solid solu-
tion data from the FTOxid database) offer insight into the suitabil-
ity of the ideal solution approximation. Table 3 compares the re-
sulting oxide compositions calculated using the ideal solid solution
approximation, and real solid solution data, for the oxide solid so-
lution. In both cases, the alloy was assumed to be an ideal solid
solution. Using the real oxide solution data, the predicted oxide is
tetragonal ZrO, with small amounts of TiO,, similar to that pre-
dicted by the ideal solution approximation.

4. Discussion
4.1. Composition balance diagrams: binary metal alloys

The composition balance diagrams shown in Section 3 provided
a visual method to illustrate the extent of preferential oxidation
expected. They also demonstrate the strong sensitivity of preferen-
tial oxidation to the difference in relative thermodynamic favora-
bility between the oxides of interest. This sensitivity is best seen
when comparing Figs. 2 and 3 where the periodic trend in the
thermodynamic favorabilities of the oxides of the elements under
consideration is shown. HfO, and ZrO,, formed from elements in
the same periodic table group, have similar free energies of forma-
tion, normalized to one mole of O, (AGI‘ZlfOZ: —779.4 kJ/mol and
AGgrOZ: —715.6 kJ/mol at 2073 K), as shown in Fig. 1. Even so, this
small difference had a large effect on the thermodynamic predic-
tion for preferential oxidation (Fig. 2). Given the result for Hf-Zr
alloy oxidation which forms two similarly thermodynamically fa-
vored oxides, it was not surprising to see that for the oxidation of
a Ti-Ta alloy (group IV-V alloy), the tendency towards preferential
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Fig. 7. Comparison of oxidation reaction free energies to form HfO, and ZrO,
for pure metal, carbide or boride reactants, respectively. Open circles indicate ox-
ide melting temperatures, and closed circles indicate metal melting temperatures.
Adapted from reference [13].

oxidation of Ti was greater. The difference in the free energy for
oxidation per mole of O, was smaller when comparing between
two elements in the same group, Hf-Zr, versus two elements in
different groups, Ti-Ta. This is again seen in Fig. 4, wherein Ta in
Ta-Mo alloy was expected to dominate the composition of result-
ing oxide scale, even for alloy compositions rich in Mo.

It is to be noted that in the cases shown in Figs. 3 and 4, the
choice of oxides to represent the end members of the oxide side
of the diagram were based on the predominantly observed oxide
in each M-O system, where M = Ti, Ta. The existence of subox-
ides and complex oxides in the Ti-Ta-O system may result in a
more complex scale. However, it is unlikely that consideration of
these oxides will result in a significantly reduced tendency towards
preferential oxidation, given the large difference in thermodynamic
favorabilities between their oxides. Park and Butt [33] experimen-
tally studied the oxidation of a Ti-Ta alloy at varying compositions
from 0 to 60 wt% Ta, and found that generally speaking, the ox-
ide scale consisted of a TiO, scale with increasing Ta content as
one moved towards the metal-oxide interface, suggesting Ta,Os
formed when Ti was depleted from the alloy. This is consistent
with the diagram shown in Fig. 3 wherein, as more Ti is depleted
due to oxidation, the alloy composition becomes Ta-rich, allowing
for the formation of Ta-rich oxides.

It is also interesting to compare the composition balance dia-
gram for the metal alloys oxidizing to that of their corresponding
carbides oxidizing. Take the case of HfC-ZrC (Fig. 5), wherein the
oxide composition now more closely reflects that of the base ma-
terial composition compared to the oxide composition for the cor-
responding alloy (Fig. 2). The spread of the tie lines indicates that
preferential oxidation of the HfC component in the carbide solid
solution will be much less significant than Hf in the Hf-Zr alloy
(50 mol% ZrC yields a 39 mol% ZrO, oxide compared to 50 mol%
Zr yielding 3 mol% ZrO,). This was also the case for TiC-TaC where
again a larger spread in the tie lines compared to the metal alloy
case was observed. A prior publication [13] discussed the relative
differences in free energy for oxidation when considering the al-
loy, carbide, and boride cases for any two given elements, and the
relevant diagram reproduced here (Fig. 7). The relative difference
in the free energies of the reactions to form oxides from Hf and
Zr carbides is almost negligible compared to the metal case, due
to the formation of the gaseous oxide, CO (g) and the increase in
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equilibrium pO,. The difference in the oxide formation energy from
HfB, and ZrB, fall between these values (Fig. 7). Thus, the oxide
formation from the metal and the carbide can serve as bounding
cases for the purposes of predicting preferential oxidation.

4.2. Free energy minimization

Calculations for the ternary case using the ideal solid solution
approximation showed that the oxidation of the equimolar group
IV HfZrTi alloy would result in a HfO,-ZrO, rich scale. Very small
amounts of TiO, were predicted in the final state, well within the
solubility limits in both HfO, and ZrO, [28,34]]. If the trend exhib-
ited in the ternary case were extrapolated to the high entropy case
Hfg2Zrg 2 Tig2Tag,Nbg 5, insignificant amounts of Ta and Nb oxides
would be expected. Indeed, preferential oxidation of the group IV
elements is predicted, and the oxide scale contains 1 mol% or less
of both Ta,Os and Nb,Os (Table 3). The equilibrium pO, at the
oxide/alloy interface due to the assemblage of the different oxides
that were expected to form in the initial stages of oxidation (HfO,,
TiO,, ZrO,, Tay0s5, NbyO5) was higher than that due to only the
most stable oxides (e.g. HfO,, ZrO,), and influenced the final ox-
ide composition determined via the free energy minimization ap-
proach.

4.3. Ideal solution vs real solution thermodynamics

The tendency towards preferential oxidation was highly sensi-
tive to the relative difference in the standard Gibbs free energy of
formation for the oxides. Fig. 1 shows a sizable difference in the
relative thermodynamic favorabilities of ZrO, and TiO,, similar to
the difference between Ta;05 and TiO, (Figs. 1 and 3). This sug-
gests that for a ZrTi alloy, preferential oxidation of Zr is expected.
Calculations using both the ideal solid solution approximation and
real solid solution data indeed showed that the oxide composition
is dominated by ZrO, (Table 3). Gaps in current knowledge and
available data drove the need to assume ideal thermodynamic be-
havior for most of the calculations presented here. The result in
Table 3 confirmed that the considerations regarding the ideal so-
lution approximation outlined in Section 2.2 were reasonable, and
that this approach can sufficiently predict the extent of preferential
oxidation in refractory materials.

4.4. Effect on substrate at the oxidation interface

An estimated reduction in configurational entropy due to the
reduced number of components in the solid solution alloy or com-
pound were calculated using Eqs. (4) and (5). For the case shown
in Table 2 calculated at 1773 K, where the alloy effectively goes
from N = 5 to N = 2 due to preferential oxidation, this resulted
in a change in Sip5, from 13.4 J/mol K to 5.8 J/mol K (using
Eq. (4)), which is an approximately 60% reduction in configura-
tional entropy. If configurational entropy is required to stabilize
the alloy solid solution phase [35], then such a reduction may re-
sult in the destabilization of this phase at the substrate-oxide in-
terface or the oxidation affected zone, and the formation of other,
competing phases. This would be accompanied by a corresponding
change in material properties. For example, the preferential oxi-
dation of group IV elements in the high entropy carbide may re-
sult in the formation of secondary phases such as Ta,C and Nb,C,
which have different crystal structures compared to the original
rocksalt. On the other hand, if the remaining components form a
thermodynamically stable solid solution, then the effects may in-
clude a reduction in melting temperature or in the originally en-
hanced mechanical properties. The work presented here and pre-
viously [13] indicates that such preferential oxidation of refractory

alloys and compounds is closely correlated with groups in the pe-
riodic table; if the remaining elements all belong to the same pe-
riodic group, they may remain in solid solution.

5. Conclusions

Periodic trends in the free energies of oxidation of the group
IV, V and VI refractory elements were expected to drive prefer-
ential oxidation in refractory high entropy materials. An analyti-
cal approach for binary systems was extended through the devel-
opment of a computational approach using free energy minimiza-
tion. This methodology was used to quantify the extent of prefer-
ential oxidation in binary, ternary and quinary alloy and carbide
systems. The results indicated that the tendency for preferential
oxidation is highly sensitive to the difference in relative thermody-
namic stabilities of the constituent oxides. The differences in rel-
ative thermodynamic stabilities of oxides from the same periodic
group, though small, were enough to result in a significant ten-
dency towards preferential oxidation; this effect was dramatically
more pronounced in systems with elements from different periodic
groups.

These findings can help elucidate oxidation mechanisms in re-
fractory high entropy materials (alloys, carbides, borides), and pro-
vide guiding principles for their design. Preferential depletion of
the starting materials’ constituents according to the relative ther-
modynamic favorability of their respective oxides will reduce the
effect of configurational entropy in stabilizing the material in the
oxidation affected zone. Therefore, while configurational entropy
stabilizes the solid solution phase in the base material, this effect
is not expected to hold in the oxidation affected zone during high
temperature oxidation.
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