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ARTICLE INFO ABSTRACT

Handling Editor: Dr P Colombo High entropy ultra-high temperature ceramics (HE-UHTCs) have garnered intense research interest due to the
potential for optimized oxidation and mechanical properties for extreme environment applications. HE-UHTCs
are expected to oxidize according to the thermodynamic favorability of their respective oxidation reactions,
which varies according to the periodic grouping. Based on this, the oxidation resistance of equimolar (metals-

basis) group IV + V (HfZrTiTaNb), group IV + V + VI (HfZrTiTaMo) and group IV + VI (HfZrTiMoW) carbides
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Biﬁiée: : and borides were evaluated at 1700°C in 1 mol% O for 5 min and compared. Group IV elements oxidized
Oxidation preferentially in all three compositions. Group V element-containing carbides exhibited the lowest oxidation
Hypersonics resistance, attributed to the formation of intergranular liquid oxides. (HfZrTiMoW)C exhibited the best resistance

among the carbides. The diborides exhibited similar material consumption, reinforcing the hypothesis that the
oxidation behavior under these conditions is controlled by the presence of boria. These findings provide direction
for HE-UHTC composition design for oxidation resistance.

oxide/substrate interface, which compromises oxide scale adherence at
temperatures as low as 980°C. Additionally, CrB, additions were found

1. Introduction

The oxidation mechanisms of group IV, V and VI carbides and
diborides have been studied extensively due to their potential extreme
environment applications [1], such as hypersonics and nuclear reactors.
The high entropy design paradigm has been employed to broaden the
compositional palette for UHTC carbides [2,3] and diborides [4]. The
increased configurational entropy in high entropy materials has been
credited with the stabilization of solid solution phases. In addition to the
potential for improved mechanical and thermal properties, this expan-
sion of compositional space could lead to the discovery of more oxida-
tion resistant compositions.

The thermodynamic favorability of group IV oxides as well as their
high melting temperatures suggest that designing an oxidation resistant
high entropy ceramic from the collection of group IV, V and VI elements
necessitates starting with Hf, Zr and Ti [5]. The other two ceramic
components, assuming the choices are limited to the palette of group IV,
V and VI transitional metals were chosen from Ta, Nb, Mo and W. Cr and
V were not considered because their additions are expected to result in
poor oxidation resistance at temperatures well below those under
consideration. Cr—-O vapor species have a high vapor pressure at the

to be less effective than Ta or Nb-based additions in improving oxidation
resistance [6]. Vanadium oxides have low melting temperatures5 and
form low-temperature melting eutectics with the oxides of the other
elements under consideration, e.g. a eutectic in the ZrO,-V,0Os is noted
at 665°C [7], It is important to consider whether the thermodynamic
considerations previously discussed [5,8] can be extended to composi-
tions with group VI additions and determine whether they will oxidize to
form volatile products. Therefore, a systematic study for the design of an
oxidation resistant HE-UHTC, was considered as follows:

e Composition 1: Group IV + V elements, which form solid and liquid
oxides, wherein liquid phase sintering could be promoted, but may
be prone to the formation of oxides with low melting eutectics. The
composition chosen for this was (Hfp 2Zr¢ 2Tig.2Tag 2Nbp 2)X where X
=G, Bo.

e Composition 2: Group IV + VI elements, which form solid and
volatile oxides, i.e., the group VI elements will form volatile oxides
which will leave the system, and the solid group IV oxides remain
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behind. The composition chosen for this was (Hfy 2Zrg2Tigo.
Mog 2Wy 2)X where X = C, Bs.

e Composition 3: Group IV + V + VI elements. The composition
chosen for this was (Hfg 2Zrg 2Tig.2Tag 2Mog 2)X where X = C, B,.

As all compositions chosen were equimolar, the subscript “0.2” in the
composition identification will be dropped for ease of reading; thus
(HfZrTiTaNb)C is equivalent to (Hfy 2Zrg 2Tip.2Tag 2Nbg 2)C.

In prior work [8,9] that presented the results for Composition 1, the
preferential oxidation of one or more components was predicted and
verified. The high entropy compositions (HfZrTiTaNb)C and (HfZrTi-
TaNb)B, tested did not oxidize uniformly. At 1700°C, the high entropy
approach appeared to be detrimental to the oxidation resistance of the
material, as demonstrated by the extensive grain boundary oxidation. If
a high entropy material is stabilized by configurational entropy, it stands
to reason that preferential oxidation occurring in an oxidizing envi-
ronment will deplete the substrate of one or more constituents and
destabilize the solid solution. It is not clear how the changing substrate
composition affects the oxidation mechanisms and kinetics of HE-UHTC
carbide and borides.

The objectives of this study were to (a) determine the oxidation
resistance of HfZrTiTaMo and HfZrTiMoW carbides and borides by
measuring material consumption after tests in similar conditions, and
then comparing these to the group IV + V compounds (Hf, Zr, Ti, Ta and
Nb), the results of which were previously published [9]; (b) explore the
compositional effects on the oxidation resistance as described by the
periodic trends previously observed; (c) determine whether the prefer-
ential oxidation behavior is also observed in other compositions.

1.1. Expected oxidation behavior of group IV compounds with group V
and VI additions

HfC, ZrC and TiC form mainly HfO,, ZrO, and TiO, respectively.
Additionally, solid solution refractory metal ceramics such as (Hf,Ta)C
[10,11], and other solid solution or composite carbide- and boride ma-
terials [12,13] form complex oxides such as HfsTa;0;7. An oxycarbide
interlayer has been reported for the three group IV oxides, although the
exact nature of this interlayer has been debated [14]. In the case of TiC,
Ti suboxides are also predicted (See Supplement) to be stable, and have
been observed to form as additional products [15,16]. Oxidation studies
of TaC [17] as well as HfC-TaC solutions [10] report the formation of an
oxycarbide. Szokefalvi-Nagy and Jehn [18] observed the formation of a
metal layer at the oxide-gas interface on TaC at higher temperatures
(1827°-2000°C). At temperatures at or above 1500°C, the oxidation of
TaB, resulted in the formation of Ta oxides, which were reported to have
volatilized [19]. Kofstad also observed weight loss due to volatilization
during the high temperature oxidation of tantalum [20]. Silvestroni
et al. [19] proposed, based on the work of Jehn and Olzi [21], that the
dissociation of TapOs into a-Ta and a volatile liquid phase occurs above
1600°C.

Group V additions to group IV ceramics in various forms, mainly as
Ta compounds, have resulted in some limited improvement in oxidation
behavior, whether through liquid phase assisted sintering of the group
IV oxides, the doping of group IV oxides with higher valence ions to limit
oxygen transport through oxygen vacancies [13], or the formation of
ordered compounds such as AgB2017 (A = Hf, Zr; B = Ta, Nb) [13,22]
(Fig. 1(a)). On the other hand, liquid oxide formation at more aggressive
conditions and ultra-high temperatures has been shown to be detri-
mental to the oxidation behavior of UHTCs. Results discussed in previ-
ous work [9] for the group IV + V combination shows that the oxidation
behavior of the solid solution closely matches the design considerations
[5] from the constituent elements, i.e., the formation of group V oxides,
for example, promoted the formation of oxides with low melting tem-
peratures that resulted in a decrease in oxidation resistance of the
material.

The addition of the group VI element molybdenum to Hf and Zr
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Fig. 1. Pseudobinary phase diagram for (a) HfO»-Ta,0s from McCormack et al.
[47], and (b) HfO,-WO3 from Chang et al. [37] and obtained from the Phase
Equilibria Diagrams Database (NIST Standard Reference Database 31), The
American Ceramic Society and the National Institute of Standards and Tech-
nology, 2020. Figure Number 04445.

based UHTCs has mainly been in the form of MoSip [23-28]. The
oxidation behavior of MoSiy containing boride materials has typically
been characterized by the observation of silica along with the group IV
rich condensed phase oxide [29], although small amounts of condensed
MoOy and MoOj3 have been observed [30]. Materials containing boron
typically form a borosilicate glass along with Mo-B rich phase [26,27,
30], which have been credited with the increased oxidation resistance.
However at ultra-high temperatures (1800°C), the borosilicate glass
layer is “turbulent” due to the evolution of the gaseous Si, B and Mo
oxides [30], suggesting that the formation of a scale may be disrupted by
these volatile gases. Dehdashti et al. [31] explored the addition of Mo to
ZrB, and found that Mo in the boria scale stabilized the boria scale at
higher temperatures, resulting in improved oxidation resistance. The Hf
and Zr carbides with MoSi; additions have been characterized by porous
scales and it is thought that volatile Mo oxides escape through these
pores [29]. A ZrC-Mo cermet was tested and found to form MoOs, which
readily volatilizes; additionally, spallation of the oxide scale [32] was
observed.
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Fig. 2. Secondary electron image and EDS maps for (HfZrTiTaMo)C before oxidation.

W additions to ZrB, have been explored, and it was found that W
additions improved the oxidation resistance of ZrB, [33]; this improved
resistance was, similar to studies with Mo, attributed to higher stability
of the liquid boria. WC and WB additions to HfB,-SiC were found to
improve oxidation resistance of HfB,-SiC at 2000°C by promoting liquid
phase sintering of the HfO, scale [34]. Similarly, the improved oxidation
resistance of ZrB; with WC additions was attributed to the W-assisted
densification of the ZrO, rich scale [35], although this was later ques-
tioned after detailed microstructural analysis performed by Silvestroni
et al. [36].

Phase diagrams for the oxides of Mo and Hf, or Mo and Zr, are not
available. However, the phase diagrams for W oxides and HfO, (shown
for reference in Fig. 1(b)), as well as W oxides and ZrO; exist and show
limited solubility of the W oxide in the group IV oxides [37]. Complex
oxide formation is possible, as are low melting eutectics (>1231°C). The
coexistence of HfO, and W oxides as separate phases at temperatures
higher than this, along with the volatility of W oxides, suggest that W
oxides would readily volatilize, leaving behind HfO, (and by similitude,
likely ZrOg).

Equations (1) and (2) describe the expected generalized form of the
reactions that take place upon exposure of carbides and borides,
respectively, to oxidizing environments at high temperatures.

2 2

b+1

2
= _MB, + 0,(g) &

MO,
b13 b+

szr3 bi33203(z 8) @

During the oxidation of carbides at high temperatures, gaseous
products such as CO(g) are released, which results in a porous, non-
protective oxide scale [38]. The oxidation of borides results in the for-
mation of liquid boria which has been reported to boil at T = 1860°C
[39,40]. The rate limiting mechanism for group IV metal diborides is
expected to be oxygen transport through boria-filled pores and channels
in the refractory oxide [41]. However, it is hypothesized that the pro-
tectiveness due to liquid boria is limited to temperatures below about
1850°C; above this temperature, Parthasarathy et al.’s model has shown
boria to volatilize as soon as it forms [39,41]. This skeleton/pore-filling
microstructure is not seen for the group V diborides [19]. It is unclear at
this time whether the better candidate for an oxidation resistant
HE-UHTC operating at ultra-high temperatures is a carbide or boride.

2. Methodology

The (HfZrTiTaMo)C and (HfZrTiMoW)C compositions were synthe-
sized by sintering commercial powders in the same manner as previously
described [9]. The (HfZrTiTaMo)B, composition was synthesized by
sintering powders made via borocarbothermal reduction, also previ-
ously described [9]. The (HfZrTiMoW)B, was synthesized by adding 1
wt% graphite to TiBy, ZrB,, MoBy, HfB; and WoBs commercial powders,

and performing a high energy ball milling step prior to consolidation via
SPS. The elemental distribution and XRD patterns for the high entropy
compounds prior to oxidation are of interest and presented in the results.
These spark-plasma sintered pellets were then machined into the dog-
bone configuration (Bomas Machine Specialties, Somerville, MA), and
tested using the resistive heating system [9]. As with the group IV + V
compounds [9], the IV + V + VI and IV + VI carbides and diborides were
ramped to temperature in flowing (~1 L/min) ultra-high purity argon (2
vol-ppm Oy impurity max, Praxair, Danbury, CT). Once the test tem-
perature was achieved certified 1 vol% O, (balance argon) gas (Praxair,
Danbury, CT) was turned on (~1 L/min). Isothermal oxidation expo-
sures were conducted for 5 minutes from the time the oxidizing gas
began to flow [9]. The low partial pressures of oxygen used result in
lower oxidation rates allowing for longer exposures and time dependent
studies (described in future publication: Backman, L., Graham, K., Dion,
M. Opila, E.J., manuscript submitted for review). Additionally, it is ex-
pected that the application conditions for these materials are likely to be
at higher altitudes, which correspond to lower pOs. After oxidation
exposures, all samples were fractured in the pyrometer sighting zone,
where the temperature of the sample is known. The cross-sections were
examined using scanning electron microscopy (SEM, FEI Quanta 650,
FEI-Thermo Fisher Scientific, Hillsboro, Oregon) and energy dispersive
spectroscopy (EDS, Oxford Instruments Aztec X-Max" 150, Concord,
MA). The material consumption was measured by taking at least ten
measurements of the thickness of the remaining unoxidized
cross-section, then subtracting this value from the thickness of the ma-
terial before oxidation exposures. The determination of the unoxidized
region was made by comparing oxygen EDS maps with secondary and
backscattered electron images. Fracture cross-sections were utilized i) to
avoid difficulty in distinguishing carbide areas from epoxy impregnated
oxides by EDS-carbon analysis, and ii) to avoid preferential loss of soft
oxide relative to hard carbides during sample polishing. The oxidized
samples were also characterized using X-ray diffraction (XRD, PAN-
alytical Empyrean, Almelo, The Netherlands), using conventional pow-
der diffraction and micro-focusing optics, in the 20-to-80-degree 26
range. With the micro-focusing optics, the beam size was constrained to
be 720 pm in diameter and focused on the pyrometer sighting zone,
which has an approximate size of 1.5 mm in diameter [9].

3. Results
3.1. As-received materials

3.1.1. High entropy carbides

Fig. 2 shows generally even distribution of all the metallic species in
(HfZrTiTaMo)C. Some intensity variation is noted for hafnium and
molybdenum. Analysis of the XRD pattern (Fig. 3) shows only one set of
peaks consistent with rocksalt structure, although some asymmetry is
observed, especially at higher two-theta angles. Analysis during peak
fitting indicates that this asymmetry may be due to lattice parameter
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Fig. 3. XRD pattern obtained from (HfZrTiTaMo)C before oxidation showing
one set of peaks.

variation associated with compositional inhomogeneity in the specimen
(Fig. 2). No peaks due to retained Hf and Zr oxides are observed.

Fig. 4 shows slight chemical inhomogeneity of the metallic species in
the (HfZrTiMoW)C sample. One phase appears to be rich in Hf and Zr,
another rich in Mo and Ti, and possibly third rich in Ti and W. Analysis
of the XRD pattern (Fig. 5) shows only one set of peaks consistent with
the rocksalt structures, although these peaks appear broad and asym-
metric, especially at higher two-theta angles. Similar to the (HfZrTi-
TaMo)C case, the asymmetry observed may be due to slight lattice
parameter variation. No peaks due to retained Hf and Zr oxides are
observed.

3.1.2. High entropy borides

The high entropy diboride (HfZrTiTaMo)B; exhibited uniform
elemental distribution of all the metallic elements (Fig. 6) and relative
densities of 99% or greater, with less than 1 vol% of B4C retained as a
secondary phase, as described by Gild et al. [42]. A single-phase high
entropy diboride is confirmed by XRD analysis (Fig. 7) showing the
hexagonal AlB,-type structure.

The (HfZrTiMoW)B; composition does not form a single-phase
diboride. At least one W-rich second phase was observed. The
elemental distribution of the phases is shown in Fig. 8. The XRD pattern
also confirms the presence of a second boride phase, apparent as the
bright phase in Fig. 8, the approximate composition of which is given by
point EDS analysis (Fig. 9). These results show that the main diboride
phase is deficient in Mo and W, relative to the equimolar case, and is
richer in the group IV elements. The second phase is rich in W, contains
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Fig. 5. XRD pattern obtained from (HfZrTiMoW)C before oxidation showing
one set of peaks.

roughly equal amounts of Mo and Ti, and to a slightly lesser extent Hf
and Zr. Based on analysis completed via image processing, it was
determined that the W-rich phase constitutes 10.5 + 1.6 vol%. The
material also had residual graphite, which was evaluated to be 1.2 + 0.3
vol%. The elemental distributions in Fig. 8 also indicate possible clus-
tering of Mo and Zr in the main diboride phase.

3.2. Oxidation results

A quantitative comparison of material consumption for all high en-
tropy compositions is provided (Table 1, Fig. 10) for 5-min exposures at
1700°C in 1%0;. The results show that the borides consistently
exhibited better oxidation resistance under these conditions compared
to the carbides. The different boride compositions also performed
similarly, when compared with each other. The material consumption
values for the high entropy carbide compositions generally exhibited
poorer oxidation resistance. (HfZrTiMoW)C exhibited the lowest mate-
rial consumption among all high entropy carbides. (HfZrTiTaMo)C, the
group IV + V + VI composition, exhibited the highest material con-
sumption. The oxidation products and microstructure will be discussed
in more detail in the following sections.

3.2.1. High entropy carbide oxidation

The group IV + VI composition, (HfZrTiMoW)C, exhibited better
oxidation resistance compared to the group IV + V composition,
(HfZrTiTaNb)C. The oxide formed on (HfZrTiMoW)C is mostly dense,
although a few cracks and pores were observed (See Supplement

Fig. 4. Secondary electron image and EDS maps for (HfZrTiMoW)C before oxidation, showing slight inhomogeneity.
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Fig. 6. (a) Secondary electron image and EDS maps for (HfZrTiTaMo)B, before oxidation. (b) Higher magnification secondary electron image taken for (HfZrTi-

TaMo)B, before oxidation.
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Fig. 7. XRD pattern for (HfZrTiTaMo)B, before oxidation showing one set
of peaks.

Figure S2). A higher magnification plan view image shows that the oxide
scale consists of two phases: one that is oxygen rich and contains group
IV elements, and one that is oxygen-lean and contains Mo and W
(Fig. 11).

The fracture cross-section view of the oxidized (HfZrTiMoW)C is
shown in Fig. 12 at the oxide-gas interface. An oxidized region on the
surface appears dark in the back-scattered electron image (Fig. 12 (a)).
At higher magnification, the back-scattered electron image shown in
Fig. 12 (b) shows discrete VI-rich grains surrounded by continuous
group IV-rich oxides, as we had seen in the plan view images as well
(Fig. 11). The surface microstructure is present at varying depths in the
oxidized region starting at the oxide/gas interface. This region is best
highlighted by the Hf and Mo maps, as well as the layered map shown.
Below or near this two-phase region, the grains have uniform
morphology and contrast (in backscatter). EDS mapping shows that all

elements are present in the single-phase oxidized or partially oxidized
region. Fig. 12 (a) shows how far O has penetrated into the substrate,
and Fig. 12 (b) shows the two-phase region at the top of the scale. Due to
topography, it is difficult to determine the extent of O intensity variation
within the oxidized region shown. The two-phase region also exhibits
some porosity through its thickness.

The two-phase Mo-rich/Hf-rich region seen on the surface and
shown in Fig. 12(b) also appears at what may be former grain bound-
aries. Fig. 13 shows this, as well as elemental analysis showing that the
phases are a group IV-rich oxide and a group VI-rich partially oxidized
carbide. Based on examination of the oxide-substrate interface, oxygen
is transported from the surface, to grain boundaries and into the grain
(See Supplement Figure S4).

A two-phase oxidized region is also observed, with the group IV el-
ements selectively oxidizing to form Hf, Zr and Ti oxides, leaving behind
Mo-rich carbides or oxycarbides as confirmed by XRD (See Supplement
Figure S5). XRD analysis for these materials is challenging at best due to
multiple possible peak overlaps. Additionally, it is difficult to distinguish
between rocksalt carbide or oxycarbide. The XRD results should there-
fore be considered with caution, although the results appear consistent
with EDS results.

The group IV + V + VI carbide, (HfZrTiTaMo)C, which exhibited the
highest material consumption of the compositions tested, also shows a
two-phase microstructure on the surface (Fig. 14). The brighter phase is
oxygen deficient and likely a carbide containing mostly Mo and some Ta.
The oxide phase is mostly rich in Hf, Zr and Ti, with minimal amounts
(~1 at%) of Ta (Fig. 14).

The cross-section view (Fig. 15) shows a two-phase oxidized region
as well. The oxide-rich regions near the surface appear to have some-
what less porosity than (HfZrTiMoW)C (Fig. 12(b)-. 13), particularly
around the bright grains seen in Fig. 15 (a), where they appear quite
dense. Intergranular voids, however, were observed. Near these inter-
granular voids, rounded features consistent with possible solidified melt
were observed (Fig. 15 (a)). One of the phases has an elemental
composition (Fig. 15 (c)) similar to the dark gray oxide region on the
surface shown in Fig. 14, containing Hf, Zr and Ti, with ~1-2 at% Ta.
The second phase is Mo and Ta rich, and O deficient (Fig. 15 (d)). XRD
analysis (See Supplement Figure S6) is consistent with a (Mo,Ta)C phase
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Fig. 8. Secondary electron image and EDS maps for (HfZrTiMoW)B, before oxidation.

present along with Hf, Zr and Ti rich oxides. Fig. 16 shows a similar
region in the (HfZrTiTaNb)C oxidized under the same conditions, for
comparison. This composition exhibits similar morphology indicating
solidified melts and intergranular voids.

Both (HfZrTiMoW)C and (HfZrTiTaMo)C exhibit intergranular
oxidation. Fig. 17 shows the oxide/substrate interface in cross-section
exhibiting oxidation along the grain boundaries, which was also
observed for (HfZrTiTaNb)C [9] (Fig. 16).

3.2.2. High entropy diboride oxidation

The oxidized surface of (HfZrTiTaMo)B, exhibited bubbles and dark
contrast, glassy appearing regions that are likely solidified boria melt
(See Supplement Figure S7). Examination of the oxide scale in the

pyrometer sighting zone at higher magnification (Fig. 18) shows the
oxide is mostly composed of group IV elements, most notably Hf and Zr.
Bubbles and cracks were also observed. Minimal Mo and Ta-containing
phases are observed on the surface, in contrast with the carbide case.
The Mo-rich phase also appears to contain B (Fig. 18 (b)) and is deficient
in O, indicating a Mo boride phase on the surface. XRD data (See Sup-
plement Figure S8) also indicates that MoB exists in oxidized region;
however, XRD could be detecting phases beneath the surface. XRD
analysis also indicates that the oxide consists primarily of group IV el-
ements, although a small TapO5 peak appears. The primary oxide phase
is HfO,, which could be (Hf,Zr,Ti)O, based on EDS data. EDS analysis of
the specimen in fracture cross-section (Fig. 19) also shows Mo and Ta
rich grains that could be (Mo,Ta)B or (Mo,Ta)Bs.

Log Intensity (A1)}

T T T
QIHFZITIMOWIB _
M \W-rich B

20 30 10 50 60 70 80 90
26 1degreesi
(b)
Cation Diboride W-rich boride
PhaseAt.% At.%
Ti 22.4% 17.1%
Zr 25.4% 14.1%
Mo 14.7% 18.4%
Hf 22.2% 13.2%
W 15.3% 37.2%

Fig. 9. (a) XRD pattern for (HfZrTiMoW)B, before oxidation, (b) Point EDS analysis showing approximate breakdown of elemental concentration in each phase.
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Table 1
Material consumption values measured for different compositions tested at
1700°C in 1% O, for 5 min.

Material Material Consumption (pm) Std. Dev. (um)
Carbides
(HfZrTiTaNb)C 125 5
(HfZrTiTaMo)C 155 13
(HfZrTiMoW)C 95 9
Borides
(HfZrTiTaNb)B, 50 4
(HfZrTiTaMo)B, 62 4
(HfZrTiMoW)B, 55 2

200
T ¢ Carbide
o »
g 150 I [J Boride
a
£ b4
2 100 I
=
3
T H
T 50 B =
©
=

0
(HfZrTiTaNb) (HfZrTiTaMo) (HfZrTiMoW)
IV+V IV+V+VI IV+VI

Fig. 10. Plot showing material consumption measured for compositions tested
at 1700°C in 1% O, for 5 min. Each data “point” is a range of values covering
the average and standard deviation of measured material consumption. Closed
blue diamonds indicate carbides and open orange squares indicate diborides.

The surface layer contains mostly Hf and Zr oxide, beneath which a
void can be seen that may contain boria. Beneath this void, a fine-
grained, partially oxidized region exists, depleted in Hf and Zr. The
bright, fine grains shown in the partially oxidized region in Fig. 19 are
primarily rich in Mo and Ta, contain very little (~1-3 at% Ti) and are
deficient in O.

Like the (HfZrTiTaMo)B5 samples, the surface of the (HfZrTiMoW)B,
sample shows possible retained boria and bubble formation, indicating
escape of gaseous oxides (See Supplement Figure S9). SEM and EDS
point analysis show that the surface oxide in the pyrometer sighting
zone consists of Hf, Zr and Ti oxide (Fig. 20). The secondary W-rich
phase, present in the pre-oxidized specimen appears to be retained even
at the surface. As boron is both difficult to detect via EDS and has some

C 0]
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overlap with zirconium’s low-energy M peak, EDS analysis is not
conclusive as to the extent of oxidation of this secondary phase.

Examination of the specimen fracture cross-section (Fig. 21) after
oxidation shows the W-rich secondary phase to be present in the
oxidized region, and the matrix (high entropy diboride phase) to have
oxidized around it. An external scale consisting of group IV elements,
like the (HfZrTiTaMo)B, sample, is apparent, as is the fine scale
microstructure in the oxidation affected zone. Voids are also present
underneath the external oxide scale. XRD analysis (See Supplement
Figure S10) confirms that a HfO scale formed (likely (Hf,Zr,Ti)O5), and
coexists with W-rich borides, including the secondary phase from the
pre-oxidized sample.

4. Discussion
4.1. Carbides

(HfZrTiTaNb)C, (HfZrTiTaMo)C and (HfZrTiMoW)C oxidize prefer-
entially according to the relative thermodynamic favorabilities [8], with
group IV oxides dominating in the oxide scales, and Ta, Mo and W (in
their respective materials) following. This is not to say that at these
conditions, the group V and VI elements did not oxidize. Evidence for
Tay0s is seen in XRD data as well as evidence of Mo and W oxides (See
Supplement). (HfZrTiMoW)C exhibited lower material consumption
compared to the other high entropy compositions. While the surface on
(HfZrTiMoW)C exhibits a mostly dense scale (Fig. 11), examination in
cross-section reveals some porosity just below the surface and the
presence of fine particles of group VI (Mo,W) carbide phase. Oxidation
of this phase results in volatile oxides that leave the system [5], which
was expected. Both Mo and W were observed in the deposits in the
cooler regions of the experimental set-up, e.g., chamber walls and clips
holding the sample, suggesting that both group VI elements had at least
begun oxidizing (we still see remnants of Mo and W containing carbide
on the surface). More Mo is observed in these downstream deposits,
which may be an indication of Mo oxides being more volatile than W
oxides as proposed through thermochemical analyses [43]. W additions
are also known to promote densification of the group IV oxides [34,36],
and these may explain the mostly dense appearance of the group IV-rich
oxide, particularly around the group VI-rich carbide grains. Overall, this
behavior led to a more uniform attack and may be partially responsible
for the lower material consumption observed for (HfZrTiMoW)C.

Although all samples exhibited intergranular oxidation, the group V

Fig. 11. (Top Left) Back-scattered electron image in plan view of the oxide formed in the pyrometer sighting zone on (HfZrTiMoW)C after exposure to 1%0, at
1700°C for 5 min, along with (Bottom Left) EDS point analysis (arbitrary units) showing the relative elemental composition of the two phases present, (a) and (b).

{Right) EDS elemental maps of the same region.
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Oxide/carbide .7 =

2-phase region

Fig. 12. Electron image and elemental maps fracture cross-section view, of (HfZrTiMoW)C oxidized at 1700°C in 1%0,/Ar for 5 min. (a) Lower magnification back-
scattered electron image and oxygen map, (b) Higher magnification images of the top of the oxide scale (near gas/oxide interface) along with Hf, Zr, Ti, Mo, W, and

overlaid elemental maps.

I IV-oxide (a)
1.,
C O Hf Zr Ti Mo W

Vl-carbide (b)
T

C O Hf Zr Ti Mo W

HE-carbide (0)  (C)

C O Hf Zr Ti Mo W

Fig. 13. High magnification back-scattered electron image, fracture cross-section view, of (HfZrTiMoW)C oxidized at 1700°C in 1%0O,/Ar for 5 min, and EDS point
analysis for (a) the dark phase at the top of the scale, (b) the bright phase at the top of the scale, and (c) the partially oxidized single phase high entropy carbide

region adjacent to the two-phase region.

containing compositions exhibited higher material consumption than
(HfZrTiMoW)C. Both (HfZrTiTaNb)C and (HfZrTiTaMo)C exhibited
voids at grain boundaries and evidence of liquid oxide formation
(Figs. 15 and 16). Low melting oxide phases and eutectics exist in the
oxide systems containing group IV and V elements. Nb oxides and eu-
tectics of Nb oxides melt below 1500°C (Nb,Os-TiO5 eutectics from

1467° to 1477°C [44], NbyOs—ZrO- eutectics at 1436°C [45]). Ta oxides
in addition to Nb oxides result in liquid oxide formation below 1700°C,
(Tay05-TiO4 eutectic at 1621°C, Tm for TiTas07 is 1674°C [46]). These
low-melting complex oxides due to the group V elemental additions (e.g.
TiTay07) persist, assist in the densification of group IV-oxides that form
along grain boundaries. Once these are densified, the formation of any
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Fig. 14. (Top Left) Back-scattered electron image in plan view of (HfZrTiTaMo)C oxidized at 1700°C in 1%0, for 5 min, (Bottom Left) EDS point analysis (arbitrary
units) of the relative elemental compositions of the (1) dark, oxide phase and (2) bright, carbide phase. (Right) Elemental EDS maps.

C O Hf Zr Ti Ta Mo

C O Hf Zr Ti Ta Mo

Fig. 15. Fracture cross-sections of (HfZrTiTaMo)C oxidized at 1700°C in 1%0,/Ar for 5 min. (a) lower magnification back-scattered electron image of the oxidized
region at the oxide/gas interface; (b) higher magnification back-scattered electron image of the oxidized region at the oxide/gas interface; (c) and (d) show point EDS
analysis (arbitrary units) of the relative elemental composition of the dark and bright regions in (b), respectively. Each EDS data set is averaged over a minimum of

five like points.

gaseous oxides (e.g. CO(g)) results in large voids that accelerate the
oxidation ingress, and therefore material consumption. In contrast, W
(and potentially Mo) oxides show limited solubility in group IV oxides
(example phase diagram shown in Fig. 1), and although are liquid at the
test temperature they readily volatilize, especially at 1700°C. The result
is transient densification due to liquid phase assisted sintering of the
group IV oxides that have formed, then volatilization of the group VI
oxides without persistent liquid oxide formation. Ta;Os is not as volatile
(see Supplement) and forms solid solutions or ordered compounds with
group IV oxides [47], which means that at the high temperatures of
interest, it can persist in the oxide scale and promote liquid oxide for-
mation. Any volatility that Ta-based species may exhibit would further
the deleterious effect of forming voids in the intergranular regions. In
(HfZrTiTaMo)C, the combined formation of liquid oxides that helped
densify oxides around grain boundaries with volatile oxides (Mo oxides,
CO(g)) resulted in large intergranular voids that led to higher material

consumption due to oxidation.

The morphology and composition of the oxides formed on (HfZrTi-
MoW)C, e.g. Fig. 13 (point c), suggest that the material oxidizes by way
of oxygen dissolution and transport in the high entropy carbide grain.
Similar morphology is seen in (HfZrTiTaMo)C (Fig. 15(a)). The prefer-
ential oxidation of group IV elements then leaves behind group IV-
element and C-rich grains. We see this near the oxide-gas interfaces
(grain boundaries and the top of the scale, see two-phase regions in
Fig. 13). Apparent oxygen dissolution in the high entropy carbide phase
was not observed for (HfZrTiTaNb)C [9] to the extent and depth that
was apparent for (HfZrTiTaMo)C and (HfZrTiMoW)C. The extent of
oxygen dissolution in the group VI carbides is not well known. Obser-
vations of oxygen dissolution in group VI carbides are not reported in the
literature [48-51], and an understanding of the dissolution of oxygen in
refractory carbides and the formation of oxycarbides is a key knowledge
gap in the area of oxidation of refractory carbides. It is unknown if this
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Fig. 16. Back-scattered electron image of the oxidized region fracture cross-
section at the oxide/gas interface of (HfZrTiTaNb)C oxidized at 1700°C in 1%
02/Ar for 5 min.

played a role in the mode of attack of the different high entropy carbide
compositions [9].

4.2. Borides

The high entropy diborides oxidized similarly (relative to each
other), with a group IV rich external scale. The borides generally also
exhibited lower material consumption than the carbides. All exhibited a
partially oxidized region depleted in group IV elements and rich in group
V and VI borides (depending on composition). The microstructure in the
partially oxidized region formed on (HfZrTiTaMo)B, consisted of rela-
tively fine boride grains and porosity. This partially oxidized region was
also similar to that formed on (HfZrTiMoW)B,, except for the retention
of the secondary W-rich phase (Fig. 21). It is not clear to what extent the
segregation of preferential segregation of W (in particular) to this phase
affected the material consumption results, although this secondary
phase also contained appreciable amounts of the group IV elements (see
supplemental materials). All the high entropy diborides exhibit evidence
of boria solidified from the melt on the surface, and potentially in the

oS-
MoXide
ant ) ECH)
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Hf Zr Ti Ta Mo
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Fig. 18. (a) Backscattered electron image and (b) B, O and Mo EDS maps in
plan view of (HfZrTiTaMo)B, oxidized at 1700°C in 1%05 for 5 min. (c¢) and (d)

show point EDS analysis (arbitrary units) of the relative compositions of the two
phases observed on the surface, respectively. Arrows show a Mo-rich feature.

Fig. 19. (a) Secondary electron image of (HfZrTiTaMo)B, fracture cross-
section, near the oxide/gas interface.

partially oxidized regions as well. The similarity of the material con-
sumption (Fig. 10) and morphology of the oxidation affected regions
among the high entropy borides suggests that the preferential oxidation
of group IV elements along with the formation of boria could control the

Fig. 17. Backscattered electron image fracture cross-section view of (a) (HfZrTiMoW)C and (b) (HfZrTiTaMo)C oxidized at 1700°C in 1%0./Ar for 5 min, at the

oxide/substrate interface, showing intergranular oxidation.
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Hf  Zr Ti Mo W

Hf  Zr Ti Mo W

Fig. 20. (a) Backscattered electron image in plan view of (HfZrTiMoW)B, oxidized at 1700°C in 1%0 for 5 min (c), (d) and (e) show point EDS analysis of the phases

observed on the surface.

Fig. 21. (a) Secondary electron and (b) backscattered electron image of (HfZrTiMoW)B,, fracture cross-section, after oxidation exposure at 1700°C in 1%0,/Ar for

5 min.
oxidation behavior of these compounds.

4.3. Design of oxidation-resistant HE-UHTCs

A large advantage to the high entropy approach is the expansion of
compositional space for UHTCs. However, the effect of configurational
entropy in stabilizing the solid solution phase in a high entropy carbide
or boride is negligible compared to the large, negative free energies of
the oxidation reactions [8]. Nevertheless, high entropy compositions
may still be pursued for potential improvements or tailoring of other
properties, such as mechanical and thermal properties [42,52,53].

Periodic trends in oxidation behavior and oxide stabilities of the
group IV, V and VI oxides were previously predicted [5,8] and verified to
result in a tendency towards preferential oxidation occurring in these
materials and destabilization of the underlying solid solution phase. This
study has confirmed group IV elements, particularly Hf and Zr, which
have the highest melting temperatures of the elements of interest, will
form. These oxides are porous when formed on the carbide, and denser
when formed on the diboride. A dense, adherent and solid scale is
required for oxidation resistance. As the effects of CO(g) and volatile
B20s3 (1,g) in forming a porous or otherwise disrupted scale cannot be
discounted, the addition of elements that promote densification or sin-
tering at ultra-high temperatures (UHTs) is required. The group V ad-
ditions, Ta and Nb have been shown to promote liquid oxide formation
which, if combined with effects such as gaseous (CO(g)) and volatile
(MoOs (g)) oxide evolution, as seen in the composition (HfZrTiTaMo)C,
resulted in large intergranular voids which were ultimately detrimental
to the oxidation resistance of high entropy carbides. Ta additions were
also proposed to promote the formation of complex oxides such as
HfgTay017, which may promote oxidation resistance. However, while
there is evidence for the presence of such complex oxides, the results
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discussed here and for the oxidation of (HfZrTiTaNb)C [9], as well as in
a more recent HfC-TaC oxidation study [11], show that excess Ta ad-
ditions in materials that oxidize intergranularly (such as UHTC carbides)
result in liquid oxide formation, which in turn promotes “premature”
densification of the intergranular oxides (before an external scale can
form). In the cases of Ta additions, oxygen transport towards the center
of the grains in the oxidation-affected zone is slowed due to the densified
intergranular oxide, while intergranular oxygen transport continues to
occur into the unoxidized material.

The presence of group VI oxides in the thermally grown scale show
that porosity due to volatile oxides is observed on the surface of the scale
(Figs. 13 and 15), but the mode of attack was more uniform, despite
evidence of preferential oxidation. The pores observed were just below
the surface and smaller than that seen in the cross sections of group V
containing compositions (e.g., Fig. 16). Any detrimental effects due to
the non-group IV elements present in the oxide phase, in this case Mo
and W, was minimized due to (a) their oxides having limited solubility in
group IV oxides, being volatile and leaving the system, and (b) their
preferential retention as a carbide phase. The material consumption data
confirms that at the conditions tested, group VI additions to group IV
base-material are preferable over group V additions. This is especially
true for conditions that likely prevail during hypersonic flight. Thus, the
group IV + VI elemental combination is a promising route for the design
of HE-UHTCs.

Further, while preferential oxidation may be considered to result in
destabilization of the solid solution substrate phase, it may also be a
beneficial effect if the oxidation of non-group IV elements are limited,
such as observed here for (HfZrTiMoW)C. The concept behind the
compositional balance diagram and its extension using computational
tools [8] can help tailor high entropy UHTC compositions away from the
starting equimolar compositions or the five components discussed, that
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may then aid in tailoring this preferential oxidation to limit non-group
IV oxide formation.

All the diborides tested exhibited similar material consumption.
Examination of the post-exposure morphology suggest that liquid boria
plays a significant role in the ultra-high temperature oxidation behavior
of refractory metal diborides. While borides have exhibited superior
oxidation resistance compared to carbides in most of the results pre-
sented, this effect is not expected to hold at temperatures in excess of the
boria boiling point (>1860°C [39,40]) at 1 atm. The extent to which this
might be the case needs to be further probed in experiments at higher
temperatures. It should be noted that the results presented in this paper
were partially from samples wherein the presence of secondary phases
such as B4C may affect our understanding of the performance of pure
metal diborides. Recent improvements in the synthesis of high entropy
diborides to minimize secondary phases [42] should be leveraged to
confirm these results.

5. Conclusions

High entropy UHTCs leverage a unique paradigm in materials design
to develop materials with novel properties for use in extreme environ-
ments. The high entropy approach has been proposed as a way to design
more oxidation-resistant UHTCs, which are needed for applications such
as nuclear reactors and hypersonics. This work systematically investi-
gated the oxidation resistance of multiple high entropy UHTC compo-
sitions, designed based on known trends in the oxidation behavior of
their constituents. A unique experimental set-up using Joule heating was
employed to expose the samples to a temperature of 1700°C in
controlled pO; environments.

All the high entropy compositions exhibited preferential group IV
oxidation. High entropy diborides exhibited more favorable oxidation
resistance versus high entropy carbides for samples tested at 1700°C and
1%0,. (HfZrTiMoW)C exhibited better oxidation resistance compared to
the Ta containing high entropy carbides. The addition of Ta promotes
the formation of liquid oxides, which results in intergranular voids
presenting fast pathways for oxidant ingress. The oxidation behavior
and resistance of the high entropy diborides are very similar to each
other, likely due to the formation of Hf and Zr rich external scales and
boria.

These results have implications for the design of oxidation-resistant
high entropy UHTCs. The inclusion of group V elements to carbide
HE-UHTCs, at least in equimolar concentrations, is not recommended.
The inclusion of group VI elements is more promising, although further
optimization is needed. More work is needed to understand how well the
diborides will perform at temperatures above the boria boiling point.
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