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Refractory high entropy materials have garnered significant research interest due to their potential abil-
ity to fill a need in high temperature structural applications. However, challenges remain with respect
to designing for oxidation resistance. A knowledge gap exists with respect to a rigorous understand-
ing of the mechanisms driving oxidation processes unique to high entropy materials. This work provides
an experimental complement to a companion publication, which outlines analytical and computational
thermodynamic approaches that are envisioned to aid the design of refractory high entropy materials
containing group IV (Hf, Zr, Ti) and group V (Ta, Nb) constituents. In this work, (Hfg2Zrg,Tig2Tag2Nbg2)
carbide and diboride specimens were exposed at 1700°C in 1% O, for 5 min. Experimental results show
good agreement with the computational predictions for the same temperature, despite differences in the
overall morphology of the oxidized regions. The carbide formed porous oxides, while the diboride formed
a denser external scale. Oxidation products are dominated by group IV oxides, depleting the underlying
materials, which were found to consist of primarily group V carbides and borides respectively. The results
provide a first look at the oxidation of high entropy UHTCs at ultra-high temperatures and validate the
preferential nature of high entropy material oxidation predicted by the computational approach devel-

oped for the study of this new class of materials.

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

1. Introduction

Ultra-high temperature ceramics (UHTCs), most notably refrac-
tory metal carbides, nitrides and borides, may hold the key to ad-
vancement in hypersonic flight technology. UHTCs exhibit melting
temperatures exceeding 3000°C, making them appropriate candi-
dates to withstand the extreme temperatures experienced by the
leading edges of the vehicle during hypersonic flight. However,
their propensity to react rapidly with oxygen limits their sustained
application [1,2]. Researchers have attempted to address this lim-
itation through the modification of well-understood systems. For
instance, the addition of SiC to boride UHTCs, such as ZrB,, im-
proves oxidation resistance [2-4]| due to the formation of a liquid
borosilicate glass layer. However, this layer will shear off at the
speeds and temperatures encountered in hypersonic flight (maxi-
mum melting temperature for this layer occurs when the scale is
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pure SiO, at 1723°C). Further, the active oxidation of silicon car-
bide at temperatures higher than 1600°C also precludes the use
of silica formers for passivity [5]. High entropy ultra-high temper-
ature ceramics (HE-UHTCs), an emerging class of materials [6-8],
are of interest due to the potential to significantly expand the com-
positional breadth of UHTCs and the range of achievable proper-
ties. The design of an HE-UHTC will require not only the ability
to form a single-phase solid solution but also to optimize the de-
sired properties including oxidation resistance at ultra-high tem-
peratures (>1700°C), the focus of this paper.

While several studies have been published on the observed ox-
idation behavior [9,10] of high entropy multi-principal component
materials (of which high entropy alloys and ceramics are subsets),
a rigorous treatment of the underlying mechanisms that control
the oxidation behavior unique to high entropy materials have yet
to be established. Prior work has shown that thermodynamic fa-
vorability plays a role in the assemblage of phases formed after
exposure to the oxidizing environment [9,11], suggesting highly
composition dependent oxidation behavior. A companion publica-
tion [12] proposes a method to predict the oxidation products in
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Fig. 1. Dogbone specimen configuration. The approximate hot zone, or pyrometer
sighting zone (diameter 1.5 mm), is shown in orange. Dimensions shown are in
millimeters (mm).

these complex, solid solution materials, with the goal of using
these findings to inform new, oxidation-resistant designs for all
non-oxide high entropy materials. The computational work simpli-
fies real materials to the ideal solution model due to a lack of ther-
modynamic data to consider real systems. An experimental study
is therefore needed to validate the predicted assemblage of oxide
product and substrate phases. The objective of this work is to apply
the previously developed computational approach to experimental
oxidation of UHTC systems of interest in order to verify its predic-
tions.

2. Methodology

Materials chosen for the study are carbides and borides con-
taining group IV and group V elements: Hf, Zr, Ti, Ta and Nb.
Hf and Zr carbides and diborides are UHTC candidates that form
oxides with the highest melting temperatures [2]. Tantalum has
been an extensively studied elemental addition for high temper-
ature UHTCs [13-15], and in the context of this work, has the
ability to form solid solutions with Hf and Zr based compounds.
Next to group IV oxides, tantalum oxides also have the highest
melting temperature among the species under consideration. The
(Hfg2Zrg,TigTag,Nbg ) carbide and diboride were also among the
first compositions for which single phase, UHTC solid solutions
were made [6,16]. The approach outlined in the companion publi-
cation [12] was used to calculate the oxide and resulting substrate
composition at 1700°C for the carbide and boride. Note that the
partial pressure of oxygen is not defined as an input but is a re-
sult from the free energy minimization calculations given the ini-
tial condition of a carbide (or boride) solid solution at equilibrium
with an oxide solid solution.

The (HfyZrg,TigsTagaNbg,)C specimen tested in this work
was prepared by high energy ball milling and spark plasma sin-
tering (SPS) commercially available powders (Alfa Aesar Haverhill,
MA) [16,17]. The (Hfp;Zrg,TigoTagaNbgo)B, specimen was pre-
pared by borocarbothermal reduction [18], followed by SPS consol-
idation. The sintered samples were machined at Bomas Machine
Specialties (Somerville, MA) into 0.5 mm thick dogbone speci-
mens shown in Fig. 1. Samples cut from the same sintered pucks
were mounted, polished and characterized before oxidation via
scanning electron microscopy (SEM, FEI Quanta 650, FEI-Thermo
Fisher Scientific, Hillsboro, Oregon), energy dispersive spectroscopy
(EDS, Oxford Instruments Aztec X-MaxN 150, Concord, MA) and
X-ray diffraction (XRD, PANalytical X'Pert Pro-MPD or PANalytical
Empyrean, Almelo, The Netherlands).

These dogbone specimens were then loaded into a resistive
heating system, modified from Karlsdottir and Halloran [19], and
Shugart and Opila [20], schematic shown in Fig. 2. The samples
were heated to the desired temperature (nominally 1700°C in this
study) through Joule heating. The temperature was chosen as it is

the minimum temperature in the ultra-high temperature regime,
wherein strategies to promote formation of SiO, are not expected
to be effective. The temperature was controlled by a proportional-
integral-derivative (PID) controller and an emissivity correcting
one-color pyrometer (Pyrofiber Lab PFL-0865-0790-2500C311, Py-
rometer Instrument Company, Ewing Township, NJ). The pyrometer
sights on an approximately 1.5 mm diameter zone in the middle of
the dogbone specimen (Fig. 1). The mean temperatures measured
by the pyrometer in this zone during the oxidation test for the car-
bide was 1715 + 34.4°C, and the diboride 1700 + 27°C. The sam-
ples were ramped to temperature in flowing (~1 L/min) ultra-high
purity argon (2 vol-ppm O, impurity max, Praxair, Danbury, CT),
and certified 1 vol% O, (balance argon) gas (Praxair, Danbury, CT)
was turned on (~1 L/min) once the test temperature was achieved.
Isothermal oxidation exposures were conducted for 5 min from the
time the oxidizing gas began to flow. The low partial pressures of
oxygen used result in lower oxidation rates allowing for longer ex-
posures and time dependent studies which will be described in
a future publication [Backman L., Gild J., Harrington T., Vecchio
K., Luo J. and Opila, E.J., manuscript in preparation]. After oxida-
tion, the oxide morphology in both plan view and cross section
were characterized using the Everhart Thornley detector (ETD), cir-
cular backscatter detector (CBS) and ion conversion and electron
(ICE) detector in the SEM, and the composition characterized us-
ing EDS. The oxide phases were identified using XRD. The sam-
ples were then manually fractured across the hot zone, and the
cross-sections were examined in an SEM. Focused ion beam (FIB)
milling (Helios UC G4, Thermo Fisher Scientific, Hillsboro, Oregon)
was used to obtain samples for imaging and EDS analysis. The
schematic shown in Fig. 3 shows the location of the FIB lift-out.

3. Results
3.1. Baseline material

The (Hfg5Zrg,Tig,TagyNbg,)C exhibited ~99% relative density,
no open porosity and ~4 vol% retained oxide contamination from
the starting powders (Fig. 4) and was synthesized at the Univer-
sity of California, San Diego (synthesis and results from similar
samples described in Harrington et al. [16,17]). The single phase
(Hfy5Zrg,Tig,TagyNbg,)B, was synthesized by consolidating boro-
carbothermally reduced powders by Gild et al. as described in their
publication [18] and exhibited ~99% relative density with ~4 vol%
B4C retained from processing and a minor amount (<1 vol%) of
rock-salt carbide. The retained oxides in the carbide and the sec-
ondary phases in the diboride are randomly dispersed. A base-
line set of EDS maps of polished cross-sections is provided here
in Figs. 4 and 5, before oxidation, for reference and comparison
to results after oxidation. The distribution of elements is uniform,
except for the retained hafnium and zirconium oxides in the oth-
erwise single-phase carbide material. These oxide impurities orig-
inate from the surface of the raw material powders used and are
difficult to reduce due to their thermodynamic favorability.

3.2. Carbides: after oxidation

Fig. 6 shows light optical and back-scattered electron images of
the exposed (HfyZrg,Tig;TagaNbg,)C specimen. The hot zone can
be discerned by a dark gray region in the middle of the specimen
surrounded by a lighter gray oxide (Fig. 6(c) and (d)). These images
highlight the temperature gradients inherent in the experimental
set-up, which will be addressed in more detail in future work. This
paper focuses on results obtained from the center of the hot zone,
well within the boundary of the pyrometer sighting zone.

At least two phases can be discerned on the surface from the
microstructure in the hot zone as shown in Fig. 7: one that is
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Fig. 2. Schematic of the resistive heating experimental set-up. Specimen shown is of different configuration for clarity.
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Fig. 3. Schematic showing the (a) unoxidized dogbone specimen, (b) oxidized dog-
bone fractured in the middle of the hot zone, with the hot zone shown in yellow
and linked to the FIB lift-out with the approximate location in the hot zone. Total
lift-out dimensions are approximately 20 pm x 30 pm x 1 pm before the thinning
process.

rich in the group IV elements, and the other rich in Ti, but now
with increased Ta and, to a lesser extent, Nb. Fig. 8 shows the
corresponding indexed X-ray diffraction pattern of oxide formed
on (HfgZrg;Tig2TagaNbg,)C. The composition of Phase 1, bright

\

10pm

phase in Fig. 7, is consistent with a titanate, (Hf,Zr)TiO4 The
rounded morphology of the second phase could be indicative of
the occurrence of melting. The composition and morphology of
Phase 2, dark gray in Fig. 7, is a good match for TiTa,0,, which
melts at 1674°C [21]. XRD data shown in Fig. 8 indicate other pos-
sible oxide phases, listed in Table 1. It should be noted that XRD
analysis of the oxidized specimens in this study provide an indica-
tion of the likely phases present, but multiple overlaps make con-
clusive analysis difficult. Substition of elements from the same pe-
riodic group are also likely, indicated in the third column shown
in Table 1. Finally, the carbide was found to oxidize intergranu-
larly (Figs. 9 and 10), with the subsurface oxides having different
compositions compared to that on the surface; the other phases
detected via XRD may be present in these regions.

Fig. 9 shows the ion conversion and electron (ICE) detector sec-
ondary electron (SE) image and EDS maps of oxide scale fracture

Fig. 4. Polished cross-sections of (Hfy,ZrTip;Tag,Nbg,)C before exposure to oxygen at ultra-high temperatures. Secondary electron image and EDS maps showing elemental

distribution of oxygen, hafnium, zirconium, titanium, tantalum, and niobium.
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Fig. 5. Polished cross-sections of (Hfp,ZrTip,Tag,Nbg;)B, before exposure to oxygen at ultra-high temperatures. Secondary electron image and EDS maps showing elemental
distribution of hafnium, zirconium, titanium, tantalum, and niobium..

Fig. 6. Plan view light optical images showing (Hfy,ZrTig,Tag2Nbg;)C (a) before oxidation, (b-c) after oxidation at a nominal temperature of 1700°C in 1%0;/bal Ar for 5 min,

and manual fracture along the hot zone, and (d) back-scattered electron image in plan view of the hot zone before fracture. The orange circle is added to (d) to show the
estimated size and location of the pyrometer sighting zone.

M Phase 1 Phase 2

Fig. 7. Plan view images of (Hfy,ZrTip;Tag;Nbg,)C after oxidation at a nominal temperature of 1700°C in 1%0;/bal Ar for 5 min. (a) A low-magnification SEM image of the
hot zone on one half of a dogbone (orange line indicates approximate boundary of the pyrometer sighting zone), (b) higher magnification, back-scattered electron image

obtained at 5 kV of the microstructure in center of the pyrometer sighting zone (c) semi-quantitative composition of the two phases (bright and dark gray) apparent in this
region from EDS obtained at 10 kV.
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Fig. 8. X-ray diffraction spectra taken after oxidation for (Hfy,Zrq,Tig2Tag2Nbg)C
exposed for 5 mins at a nominal temperature of 1700°C in 1 mol% O,/bal Ar.

Table 1

Possible phase matches for the X-ray diffraction pattern (Fig. 8) collected from
(Hfg2ZrgTig2Tag2Nbg )C oxidized at a nominal temperature of 1700°C in 1% O,/Ar
for 5 mins. PDF numbers or references are indicated in parentheses or brackets,
respectively.

Indicated Phase Crystal System  Possible alternate phases

(HfZr)s(Ta,Nb), 047 [22]
(HE,Zr)Tio, [23]

ZrgNb, 047 (04-011-2890)
HITiO, (01-080-2977)

Orthorhombic
Orthorhombic

HfO, (00-034-0104) Monoclinic (Hf,Zr)0, [24,25]
TiTa;0; (01-084-8891) Monoclinic Ti(Ta,Nb), 07 [26]
Other Cubic NbCp 920001 (04-022-7393)

carbide NbolgoTangC (01—085—4222)
Zro20Ta050C (04-002-6875)
Nb,Ciq [27]

NbC (00-038-1364)

NbCoss (04-008-3212)

cross-section, wherein the gas-oxide surface is underneath the car-
bon layer deposited during the FIB milling process. A white circle
is added to an area of interest, which is a partially oxidized car-
bide grain. The oxygen lean areas correspond with an enrichment
of Ta and Nb, whereas the oxygen rich areas, which are porous,
are mostly rich in the group IV elements. Fig. 9 also shows the Ti-
Ta rich oxide phases at the surface (Fig. 7), i.e., the gas-oxide inter-
face, where the material is exposed to a higher pO,, and where the
carbide material has oxidized nearly to completion. Fig. 10 shows
lower magnification images of the oxidized regions, characterized
by porosity.

3.3. Borides: after oxidation

Fig. 11 shows low and high magnification BSE images of the ox-
ide in plan view formed in the hot zone region of the diboride
specimen, while Fig. 12 shows secondary electron images of the
oxidized region in cross-section. In contrast to the carbide, the di-
boride specimen exhibits a uniform scale in plan view. This scale
is composed largely of Hf, Zr and Ti, with very little Ta and al-
most no Nb. Directly beneath this scale is a region with oxides and
partially oxidized diborides. These regions exhibit porosity filled
with a phase that has morphology consistent with that solidified
from a melt (Fig. 12), likely boria. Analysis of the FIB cross sec-
tion (Fig. 13) taken from the oxidized (Hfy5Zrg;Tig,Tag2Nbg2)Bs
specimen shows that the surface oxide is dominated by Hf and Zr.
Fig. 14 shows a detail image of partially oxidized boride grains ap-
proximately 3 pm below the surface, depleted in Hf and Zr. The ox-
ide around these grains is rich in Hf, Zr and Ti. A Ti rich region in
the grain is also observed. The interface between the Ti-rich region
and the center of the grain, which is depleted in Ti and enriched in
Ta and Nb, is distinct, indicating the possibility of different boride
phases. XRD results shown in Fig. 15 and summarized in Table 2
confirm the preferential oxidation of group IV elements, and indi-
cate the existence of a secondary group V rich boride.

3.4. Thermodynamic predictions
Table 3 shows the results for the free energy minimiza-

tion calculation for (Hfo'zzrolzTiO.zTao'zNbO.Z)C and (Hf0.2zr0‘2Ti0.2
Tag,Nbg,)B, each in equilibrium with an equimolar solid solution

Fig. 9. FIB lift out from the hot zone in (Hfy,Zrg;TigTag2Nbg2)C oxidized for 5 mins at a nominal temperature of 1700°C in 1 mol% O,/bal Ar. [Left] Secondary electron
image of the focus ion beam (FIB) cross section of part of the oxide scale. [Right] EDS maps showing elemental distribution of oxygen, hafnium, zirconium, titanium, tantalum,
and niobium. The white circle is added to help guide the eye to a partially oxidized grain.
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Fig. 10. (Hfo3Zr,Tig2Tag2Nbg,)C oxidized for 5 mins at a nominal temperature of 1700°C in 1 mol% O/bal Ar. (a) Low magnification back-scattered electron image of the
top half of the sample fracture cross-section; (b) Higher magnification image of the oxidized carbide cross section at the location indicated in (a); Oxygen EDS map of the

region shown in (b).
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Fig. 11. (a) Back-scattered electron image showing the thin section of the (Hfp,Zrg,Tig,Tag2Nbg2)B, dogbone specimen oxidized for 5 mins at a nominal temperature of
1700°C in 1 mol% O,/bal Ar.; the orange curve shows the approximate size and location of the hot zone in plan view. (b) Higher magnification plan view image of the
microstructure in the pyrometer sighting zone. (c) Semi-quantitative EDS results for the elemental composition of the oxide in plan view.

Fig. 12. (Hfp,ZrTig>TagaNbg;)B, oxidized for 5 mins at a nominal temperature of 1700°C in 1 mol% O;/bal Ar. (a) shows a lower magnification fracture cross-section
secondary electron image of the microstructure; (b) shows a higher magnification image of the region near the oxide/gas interface.

containing HfO,, ZrO,, TiO, TaO;5, and NbO,5 conducted at the
experimental temperature, 1700°C. These thermodynamic predic-
tions describe the local equilibrium at the carbide (or diboride)
and oxide interface. Following the procedure described in detail
in the companion paper [12], the calculation predicts the forma-
tion of an oxide primarily rich in the group IV elements (Hf, Zr
and Ti), with Ta and Nb content in the oxide below experimen-
tally determinable limits for both the carbide and the boride. Ad-
ditionally, CO(g) is predicted to form with a fugacity of 0.99 atm

for the carbide, while liquid boria is predicted to form for the
diboride.

The calculation for the high entropy carbide resulted in the
prediction of a carbon deficient group V carbide, NbgC; (NbCqyg7).
Smith et al. [27] reported the diffraction patterns for a range of
rock-salt sub-stoichiometric niobium carbides above NbCg7; and
found the X-ray diffraction peaks to occur at the same or similar
2-theta values as stoichiometric NbC. Therefore, the peaks corre-
sponding to “other carbide” shown in Fig. 8 match multiple sub-
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Gas-oxide surface _g~Carbon

Fig. 13. (Hfy>Zro,Tig>Tag2Nbg,)B, oxidized for 5 mins at a nominal temperature of 1700°C in 1 mol% O,/bal Ar. Backscattered electron image in cross section of the top of
the oxide scale at the hot zone, shown in the top left along with EDS maps showing elemental distribution of oxygen, hafnium, zirconium, boron, titanium, tantalum, and
niobium. The blue circular marker indicates an area also shown in Fig. 14.

Fig. 14. (Hfy,Zro,Tig2Tag2Nbg2)B, oxidized for 5 mins at a nominal temperature of 1700°C in 1 mol% O,/bal Ar. [Left] Secondary electron image of the focus ion beam
(FIB) cross section of part of the oxide scale 3 pm below the surface in the hot zone, and EDS maps showing elemental distribution of oxygen, hafnium, zirconium, boron,
titanium, tantalum, and niobium. The blue circular marker shown in Fig. 13 is repeated again here for reference.

Table 2
Possible phase matches for the X-ray diffraction pattern (Fig. 15) collected from
(Hfp2Zrg,Tig2Tag2Nbg,)B, oxidized for five minutes at a nominal temperature of

- Ta}B4 1700°C in 1 mol% O,/bal Ar. PDF numbers or references are indicated in parenthe-

3 B (HfZrTiTaNb)B, 3 ses or brackets, respectively.

L A 1—[f(’)2 ] Indicated Phase Crystal System Possible alternate

i A ZrOZ ] phases/overlaps
Sk . __ HfO, (00-034-0104) Monoclinic (Hf, Zr)0, [24,25]
o F ¢ (2O, 3 (HF, ZrTi)0, [23]
s 3 B O ] ZrO; (00-042-1164) Tetragonal (Hf, Zr)0, [24,25]
2 [ [ | ] (Hf, Zr,Ti)0, [23]
— (Zr, Ti)O, (04-002-8273) Orthorhombic (Hf, Zr,Ti)0, [23]
%D 3 E (Hf, Zr);xTix0; [23]
— ] TasB4 (04-003-3812) Orthorhombic (Nb,Ta)3B4 [26,28]

stoichiometric niobium carbide reference patterns, hence the mul-
tiple possibilities indicated in Table 1.

LS

4. Discussion

30 40 50 60 70 80 4.1. Comparison of experimental results to calculated predictions

26 (degrees) The computational results shown in Table 3 predict the oxida-

Fig. 15. X-ray diffraction spectra taken after oxidation for (Hfy,Zro;TiozTaps tion of group IV elements is thermodynamically favored and there-
Nby2)B, oxidized for 5 mins at a nominal temperature of 1700°C in 1 mol% O, /bal fore preferentially oxidize, consistent with Part I of this work. As
Ar. discussed in the companion publication [12], the thermodynamic
prediction for the oxidized diborides are similar to that of the
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Table 3

Equilibrium calculations showing the final composition of the oxide scale and
underlying substrate that results from an inputs of equimolar quinary alloy
(Hfo2Zro2Tip2Tag2Nbg, )C and (HfgZrg,Tig2Tag2Nbg 2 )B,, respectively, at 1700 °C in
equilibrium with an equimolar (cation atom basis) oxide ideal solid solution con-
taining HfO,, ZrO,, TiO,, Ta;0s, Nb,Os. T indicates separate phases predicted to
form but that were not part of the substrate or oxide solid solution.

Input Input Carbide Boride Output

Constituents (mol) (mol%)  Output (mol%) (mol%)
Carbide/Boride Ideal

Solution
Hf 1 20 0.015 0.025
Zr 1 20 0.022 0.180
Ti 1 20 141 15.5
Ta 1 20 44.7 422
Nb 1 20 411 422
NbgC; - - T -
CO (g) - - 7(0.99 atm)
B20; (1) - - - f
Oxide Ideal Solution
HfO, 1 20 39.9 42.7
Zr0, 1 20 39.9 42.6
TiO, 1 20 20.2 8.50
Ti30s - - - 6.19
TaOy5 1 20 8.22 x 1074 9.89 x 1073
NbO, 5 1 20 438 x 107 5.32 x 107°
Equilibrium pO, - - 2.55 x 10713 3.70 x 10713

carbides, except that secondary, condensed phase, B,03 (I), may
also form, albeit with a high vapor pressure (~10~2 atm). The for-
mation of a carbon-poor, Nb rich carbide phase is also predicted
for the carbide system, in addition to the original rock-salt car-
bide phase. The formation of such a phase outside of the rock-salt
carbide phase may be an artifact of the thermodynamic database
used; prior studies or databases for carbides in the Nb-C system
[27,29,30] do not have data for NbgC;. A stoichiometry of 1:0.87
(Nb:C) in the phase diagram [29] at the test temperature indicates
that the equilibrium phase is carbon-deficient NbC. High temper-
ature oxidation studies of niobium carbide have been observed to
result in preferential oxidation of carbon [31], leading to metal-rich
compositions; Smith et al. [27] have observed that for NbCx where
x < 0.63, the niobium carbide adopts a trigonal structure.

The experimental observations are in good agreement with
the calculated predictions for the oxide composition formed on
the carbide and the diboride at the substrate/oxide interface: the
group IV elements preferentially oxidize over the group V ele-
ments, while the substrate is enriched in group V elements. Within
these groups, the extent of oxidation of the different elements also
corresponds to their oxide thermodynamic favorability. Hf and Zr,
which form the most stable oxides, oxidize preferentially, followed
by Ti. Of the group V elements, Ta,O5 is more stable than Nb,Os,
and thus Ta is expected to preferentially oxidize over Nb.

The combination of intergranular oxidation and preferential ox-
idation would result in an oxide scale with an evolving compo-
sition until the grain is completely consumed. This explains the
other phases formed after oxidation of the carbide and detected
via XRD (Fig. 8, Table 1) on the specimen surface where the oxi-
dation of grains has gone to completion or near completion. The
Ta content in the oxide formed on the carbide is higher than both
the calculated predictions and the experimental observations for
the oxidized boride. Oxidized regions with higher Ta content than
predicted by the thermodynamic calculations were observed in re-
gions farther away from the carbide/oxide interface. As the group
IV elements are depleted, the substrate becomes group V rich; fur-
ther oxidation of the grains therefore results in the incorporation
of Ta in the oxides. Comparison of the oxidation of the carbides
and diborides indicate that this occurred for the carbide for the ox-
idation conditions studied in this work, but not the diboride. The
porous, intergranular oxides formed on the carbide (Figs. 9 and 10)

is attributed to the formation and release of CO(g) [32,33], which
is the dominant gaseous oxide product formed upon oxidation of
the carbide (Table 3). In comparison, the formation and retention
of liquid boria attending the oxidation of diborides at this tem-
perature may seal pores and defects in the oxide and result in a
more effective barrier to oxidant ingress [2,34,35] compared to the
gas-filled pores in the carbide case. Such a pore-filling phase was
observed (Fig. 12) in the oxidized diboride beneath the group IV-
rich scale. The composition of this phase was indeterminate via
EDS analysis due to low counts. The morphology of this phase is
consistent with solidification from a melt, and is inferred to be lig-
uid boria, which is known to be retained in the scale of oxidized
diborides up to 1800°C [35]. Other possible oxide or boride phases
as determined from EDS and XRD (Fig. 15, Table 2) do not have
melting temperatures at or below 1700°C.

The formation of a porous scale upon oxidation of the carbide
also results in higher oxygen partial pressures at the reaction in-
terface in the carbide, which allows for the further oxidation of
Ta over Nb (Ta;0s5 is more stable than Nb,Os). Fig. 7 and the EDS
maps in Fig. 11 show that Ta is present in some of the oxygen rich
regions, but almost no Nb. XRD matches for Nb-rich carbides are
consistent with this interpretation and calculated predictions. In
contrast, the dense surface scale formed on the diboride and filled
pores likely reduces the oxygen partial pressure at the reaction in-
terface. This explains not only the predicted low tantalum content
in the oxide formed on the diborides, but also the titanium re-
tained in the boride phase in Figs. 11 and 12. Hf and Zr oxides are
significantly more thermodynamically stable than TiO, (see Elling-
ham diagram in companion paper [12]); Hf and Zr oxidize prefer-
entially from the boride, leading to Ti “lagging” the other group IV
elements in extent of oxidation. The depletion zone in the Ti map
(Fig. 15) indicates that some Ti is still retained in the diboride. The
TasB4 boride phase indicated by the XRD results is consistent with
a tantalum rich composition, an analog to Nb rich substoichiomet-
ric carbide in the high entropy carbide case.

4.2. Complex oxide formation

The preceding work and that outlined in the companion pa-
per are predicated on the assumption that the carbide or boride
is in equilibrium with a solid solution oxide. The lack of available
thermodynamic data for complex or ordered compounds limited
consideration of these phases. A review of the relevant phase dia-
grams indicate that only Hf- and Zr- oxides exhibit complete solu-
bility. Other binary and/or ternary oxide systems under considera-
tion exhibit only partial solid solubility and complex oxide forma-
tion. Further, the XRD patterns for the oxidized samples indicate
that oxide compounds such as ZrgNb,047 and (Hf,Zr)TiO4 formed.
Table 4 summarizes known complex oxides which are likely to
form based on a review of the available phase diagrams. As pre-
sented in Section 3, the actual oxides formed on the high en-
tropy ceramics are complex variations of the compounds shown in
Table 4, due to the possibility of ionic substitutions. For example,
Hf and Zr are known to form substitutional solid solutions in al-
loys and oxides, and in their computational work, Hautier et al.
[26]found that Ta and Nb have a high likelihood to substitute for
each other. In fact, an analogous phase to ZrgNb,04; exists with Hf
and Ta: HfgTay047 [22,36]].

It has been posited by Butler et al. [9] and Gorr et al. [37] that
the formation of complex oxide phases may promote improved ox-
idation resistance, and therefore be an advantage of high entropy
materials relative to conventional alloys and ceramics. Considera-
tion of the complex oxide phases was outside the scope of this
work, largely due to the lack of thermodynamic data. However, it
can be seen from the experimental results that despite the for-
mation of complex oxides, the elemental composition of the as-
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Table 4
Known complex oxides that could form in the material systems under study, based on a review of available phase dia-
grams.
Hf Ti Zr Nb Ta
Hf
Ti HfTiO,4 [38]
Zr ZrTiOy4 [23,39,40]
Nb HfgNb, 047 [41] Nb,TiO; [42] ZrgNb, 017 [43]
NbyTiz 029 [42]
NbgTiy 019 [42]
TiNbgO;7 [43]
Ta HfsTa,047 [36] TiTa,0; [21] Z1Tag0q7 [44] Nb,Ta,045 [45]
ZrgTay 019 [44]
\' ZrV,07 [46] VNbgOys5 [47] VTag0,5 [48,49]
Mo
w HfW,0g [50] ZrW,04 [50]

semblage of oxides still followed the predicted trend, wherein the
group IV elements oxidized preferentially and dominated the com-
position of the thermally grown oxide.

4.3. Implications for use of HE-UHTCs in oxidizing environments

Oxides formed from group IV elements (Hf, Zr, Ti) have the
highest melting temperatures (Tp,) and are most thermodynami-
cally favored among the refractory elements. The predicted and ob-
served preferential oxidation of these elements demonstrate that
an HE-UHTC can be designed to form an oxide scale containing
these elements. Further, the retention of elements with low Ty, ox-
ides as carbides or borides ensures a material with a high thermal
stability overall, as Nb and Ta carbides and borides have melting
temperatures greater than 2000°C [51]. The approach outlined in
Part I and this work can further be used to optimize such a compo-
sition as a multi-principal component material that is not equimo-
lar, but promotes a targeted oxide and substrate composition.

On the other hand, the preferential depletion of several ele-
ments from the substrate can destabilize the underlying substrate
and promote the formation of other phases. This destabilization
can result in the loss of properties that might be gained from the
high entropy design concept.

5. Conclusions

The objective of this work was to experimentally test the pre-
dictions of the analytical and computational thermodynamic ap-
proach outlined in a companion publication. This methodology was
applied to the prediction of substrate and oxide composition af-
ter oxidation of a high entropy carbide and boride containing Hf,
Zr, Ti, Ta and Nb in equimolar amounts. The experimentally de-
termined oxide and substrate compositions were found to be in
good agreement with the thermodynamic predictions, which de-
scribe well the local equilibrium at the reaction interface for both
the carbide and the diboride case. In general, the oxidation of high
entropy materials studied here occurred by preferential oxidation
of each component according to the relative thermodynamic fa-
vorabilities of their respective oxides. Group IV oxides, being most
favorable, formed preferentially. The experimental results further
elucidated that within each group, preferential oxidation can also
occur according to relative thermodynamic stability: Hf and Zr
preferentially oxidize over Ti as shown in the boride case, while Ta
preferentially oxidizes over Nb as shown in the carbide case. The
substrate composition of group V metal-rich carbides and borides,
which are or have the potential to form phases with different crys-
tal structures from the original ceramic, was accurately predicted.
Whereas complex oxides were observed experimentally, this is not
a significant limitation to the prediction of preferential oxidation,

as the formation of these complex oxides was dominated by pre-
dicted oxide constituents.

This work shows that the approach outlined in Part I provides
insight into the thermodynamics driving the oxidation behavior of
high entropy materials and can be used as a tool for the design of
high entropy materials for oxidation resistance.
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