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Wen et al. successfully fabricate 4- to 9-cation high-entropy carbides (HECs) via an
ultrafast high-temperature synthesis apparatus and perform composition
screening for superior oxidation resistance through thermal gravimetric analysis
and first-principles calculations. This research demonstrates the composition
screening and optimization process for HECs.
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Ultrafast synthesis of high-entropy carbides
up to 3,273 K for superior oxidation resistance

Zihao Wen,"? Zhongyu Tang,"* Hong Meng," Lei Zhuang,"”* Hulei Yu," and Yanhui Chu'**

SUMMARY

Exploiting the huge compositional space is significant in achieving
the superior oxidation resistance of high-entropy carbides (HECs)
yet is challenging with conventional synthesis techniques. Herein,
we develop an ultrafast high-temperature synthesis apparatus to
reach a heating temperature of 3,273 K within seconds. Based on
this apparatus, the equiatomic 4- to 9-cation HECs of the IVB, VB,
and VIB groups with compositional uniformity are synthesized via
carbothermal reduction. The oxidation resistance of all the as-syn-
thesized HEC samples is then investigated via thermogravimetric
analysis. The results show that the 6-cation HEC samples possess
the best oxidation resistance. Their superior oxidation resistance
is attributed to the formation of (Cr, Me)(Ta, Me)O, and (Cr,
Me),O3 (Me = Hf, Zr, Ta, Nb, Ti, and Cr) protective layers, which
are experimentally and theoretically proved to effectively inhibit
the inward diffusion of oxygen. Such superior oxidation resistance
enables potential applications in extreme environments.

INTRODUCTION

Since their discovery in 2015, high-entropy ceramics have gained increasing atten-
tion in the ceramic community because of their immense compositional space,
unique microstructural features, and tunable properties.' So far, a great deal of
effort has been devoted to developing many kinds of high-entropy ceramics,
6-10

including high-entropy oxides,"*~> high-entropy borides,®"'® and high-entropy car-
bides (HECs)."'~'” Particularly, owing to the unique chemical and physical properties
of individual components, such as ultrahigh melting point over 3,273 K, high hard-
ness, and good oxidation resistance, HECs are considered the most attractive for
high-temperature structural applications, e.g., rocket nozzles and hypersonic vehi-
cles, where thermal stability, mechanical properties, and oxidation resistance are
in great demand.”®"” To date, the mechanical and thermal properties of HECs
have been extensively studied and proved to outperform their individual compo-
nents.”'"'7?9 Despite these properties, the potential high-temperature applica-
tions of HECs also place a high priority on the oxidation resistance at elevated tem-
peratures. However, there is limited literature devoted to the oxidation resistance of
HECs.”"? In general, the oxidation resistance of HECs is inferred to be tunable,

mainly depending on their compositions. The current oxidation resistance of the

developed HECs still cannot meet the demand for high-temperature structural ap- 'School of Materials Science and Engineering,
South China University of Technology,
Guangzhou 510641, China

?These authors contributed equally

plications. Therefore, exploiting the superior oxidation resistance of HECs is signif-
icant for achieving their potential high-temperature structural applications. The vast

compositional space of HECs endows them with great potential of having superior 3L ead contact

oxidation resistance, yet the wide range of possible compositions and the *Correspondence: lzhuang@scut edu.cn (LZ),

complexity of the atomic arrangements still pose grand challenges in fabricating chuyh@scut.edu.cn (Y.C.)
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Up to now, a number of synthesis techniques have been developed to fabricate

28:27 molten salt synthesis,*® and combus-

HECs, including carbothermic reduction,
tion synthesis.'® However, most of the research has focused on HECs with no
more than six metal elements, which severely constrained the compositional space
of HECs. It is well known that incorporating more atoms with significantly different
atomic radii contributes to greater distortions in a single sublattice, leading to
element or phase segregation.’’~*? Therefore, a higher synthesis temperature is
required to increase the elemental diffusion coefficients and acquire a uniform
elemental distribution of HECs. Unfortunately, the typical temperature of conven-
tional ceramic synthesis techniques does not exceed 2,573 K, which restricts the
compositional enrichment of HECs. Recently, an ultrafast high-temperature synthe-
sis (UHTS) technique based on strong Joule heating has been developed to synthe-
size high-entropy alloy nanoparticles up to 15 elements at 2,073 K,** which has been
considered a promising rapid synthesis technology for high-entropy materials with
vast compositional space up to 3,000 K.**** However, ultrafast synthesis of HECs
at such high temperatures has seldom been reported.

To develop superior oxidation resistance of HECs by engineering their vast compo-
sitions, we design a new UHTS apparatus based on strong Joule heating that can
reach a heating temperature of up to 3,273 K in seconds. By using this apparatus,
the single-phase equiatomic 4- to 9-cation HECs of the IVB, VB, and VIB groups
are successfully synthesized. Subsequently, the oxidation resistance of the as-syn-
thesized HEC samples is investigated by thermal gravimetric analyzer-differential
scanning calorimeter (TGA-DSC) analysis. Among the HEC samples, 6-cation
HECs are proved to possess the best oxidation resistance. Further studies reveal
that the superior oxidation resistance is mainly attributed to the formation of (Cr,
Me)(Ta, Me)O4 and (Cr, Me),O3 (Me = Hf, Zr, Ta, Nb, Ti, and Cr) protective layers
with low oxygen diffusion rates. This can effectively hinder the inward diffusion of ox-
ygen as demonstrated by first-principles calculations.

RESULTS AND DISCUSSION

Characterization of as-synthesized HECs

For our self-developed UHTS apparatus, the synthesis temperature of the samples is
greatly dependent on the heating power of the apparatus, which can be tuned by the
cross-section area (S) of the graphite heater. As can be seen in Figure 1A, the in-
crease in the synthesis temperature of HEC samples is proportional to the decrease
in the Svalue. Particularly, a heating temperature of up to approximately 3,273 K can
be achieved when Sis down to 11 mm? (6.3 kW). Taking S = 19 mm? (a heating power
of 3.6 kW) as an example (see Figure 1B), the temperature curves tested by the
infrared thermometer and thermocouple match well with the one simulated by
finite-element analysis (FEA), indicating the reliability of the temperature measure-
ment in our self-developed UHTS apparatus. In addition, the temperature distribu-
tion in the heater is relatively homogeneous from the FEA results in Figure 1C, which
is beneficial to synthesizing single-phase HECs with uniform compositions. All the
HEC samples of the IVB, VB, and VIB groups were synthesized by the UHTS appa-
ratus, namely (Taq/4Nbq/4Zr1,4Ti1/4)C (4HEC), (Tay,sNbq/5Zrq,5TiqsHf1,5)C (SHEC),
(Ta1/6Nb1/6Zr1/6TireHt1/6Cri6)C  (6HEC),  (Taq,7Nb4,7Zr1/7Tiq7HE17Cry/7Mo04,7)C
(7HEC), (Ta1/sNb1/gZr1/8TitgHf1/8Cr1/6M01/8V1/6)C (BHEC), and (Taq,9Nbq/Zr/9
TiqsoHf1/5Cr1,9Mo1,6V1/6W1/6)C (PHEC). According to our previous work,”® the
4HECs can be produced by carbothermal reduction at 2,473 K, but this temperature
is too low to synthesize HECs with more components, i.e., 5-9HECs. Therefore,
2,523 K'is chosen as the initial synthesis temperature for synthesizing the remaining
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Figure 1. Design of UHTS apparatus and XRD analysis of as-synthesized 4-9HEC samples

(A) Temperature vs. S profiles of the graphite heater with alternating current (AC) = 240 A, where w, h, and L are the width, height, and length of the
graphite heater, respectively.

(B) Temperature vs. power profiles of the graphite heater with an S of 19 mm? obtained by thermocouple, infrared thermometer, and FEA.
C) The temperature distribution of a graphite heater simulated by FEA at a power of 6.3 kW.

(
(D) Heating temperature measured by an infrared thermometer vs. time profiles of the as-synthesized 4-9HEC samples at different conditions.
(E) XRD patterns of the as-synthesized 4-9HEC samples at 2,523 K.

(

)
F) XRD patterns of the as-synthesized 8HEC and 9HEC samples at 2,673 and 2,923 K, respectively.

5-9HECs. Figure 1D shows the heating temperature vs. time profiles of the as-syn-
thesized HEC samples at different conditions, measured by an infrared thermom-
eter. A temperature of up to 2,923 K can be reached in seconds, demonstrating
an ultrafast heating rate via our self-developed UHTS apparatus. X-ray diffraction
(XRD) analysis was utilized to investigate the phase compositions of the obtained
samples. As shown in Figure 1E, the single-phase 4-7HEC samples have been suc-
cessfully synthesized at 2,523 K without any segregations, while minor (Ti, Mo, V)C
and (Hf, Zr)C impurities have been detected in the 8HEC and 9HEC samples at
this synthesis temperature, implying the synthesis difficulty of HECs with more ele-
ments. This phenomenon is in accordance with our previous studies, which demon-
strate that the incorporation of atoms with significantly different atomic radii results
in increased distortions and volume differences.®’ This, in turn, facilitates the
element and/or phase segregation. To address this issue, a higher synthesis temper-
ature is required to enhance the elemental diffusion coefficients, thereby promoting
the formation of a single-phase solid solution with a uniform distribution of ele-
ments. In the present case, for instance, the volume difference for the 4HECs is
8.96%, while that value reaches 12.96% for the 9HECs. Consequently, a higher
temperature of 2,923 K was applied to synthesize the single-phase 8HEC and
9HEC samples (see Figure 1F). These results demonstrate the effectiveness and
feasibility of our self-developed UHTS apparatus. The structures of the as-obtained
HEC samples are further ascertained by Rietveld refinement of XRD patterns, as
shown in Figure S1. The small fitting parameters suggest that the 4-9HECs (refer
to Figures STA-STF, respectively) are well-crystalline rock-salt structures with

Cell Reports Physical Science 5, 101821, February 21, 2024 3



¢? CellPress

OPEN ACCESS

evaluated lattice parameters (a) close to the average values of corresponding indi-
vidual carbides (see Table S1), which verifies the successful synthesis of the 4-
9HEC samples via our self-developed UHTS apparatus.

The morphology, particle size, and element distributions of the as-synthesized
4-9HEC samples were further investigated. Here, the as-synthesized 5SHEC samples
were chosen as an illustrative example. The scanning electron microscopy (SEM) im-
age in Figure S2A shows that the as-synthesized SHEC samples are composed of
numerous irregular microsized particles. The laser particle size analyzer reveals
that all the as-synthesized 4-9HEC samples possess comparable particle sizes of
approximately 15 pum (Figure S2B). Moreover, the measured D,(50) and D,(90)
values, which mean that the particle sizes are below 50% and 90% of the sample vol-
umes, respectively, confirm the similar particle size distributions of the HEC samples.
To analyze the metal element distributions of the as-synthesized 4-9HECs, energy-
dispersive spectroscopy (EDS) mapping analysis was carried out. Homogeneous
distributions of the metal elements in the as-synthesized 4-9HEC samples
(Figures S3A-S3F, respectively) are confirmed without any aggregations on the
microscale. The transmission electron microscopy (TEM) characterization was per-
formed to further analyze the crystal structure and compositional uniformity of the
as-synthesized 4-9HEC samples. Taking SHEC samples as an example, the high-res-
olution TEM (HRTEM) image with the corresponding fast Fourier transform (FFT)
analysis (Figure 2A) present a representative periodic lattice structure with an inter-
planar spacing of 0.262 nm, corresponding to {111} planes of the as-synthesized
SHEC samples. This suggests that the HEC samples belong to a rock-salt crystal
structure of metal carbides. Additionally, the lattice parameter calculated by TEM
analysis (a = 4.545 A) is consistent with that (a = 4.510 A) obtained by Rietveld refine-
ment, which further confirms the successful synthesis of single-phase HECs.
Figures 2B-2G present the scanning transmission electron microscopy (STEM) im-
ages and the corresponding EDS compositional maps of the as-synthesized 4-
9HEC samples. Clearly, neither metal element segregations nor aggregations can
be observed, validating that all metal elements are homogeneously distributed in
the 4-9HEC particles on the nanoscale. Table S2 lists the atomic percentages of
metal elements of the as-synthesized 4-9HEC samples, which are in good consis-
tency with their stoichiometric ratios. Based on these observations, a conclusion
can be drawn that the single-phase 4-9HEC samples with uniform compositions
have been successfully synthesized via the self-developed UHTS apparatus.

Oxidation resistance

In order to investigate the oxidation resistance of the as-synthesized 4-9HEC sam-
ples, non-isothermal oxidation tests were performed from room temperature to
1,673 K. According to the weight change vs. temperature curves of the as-synthe-
sized 6-9HEC samples, as illustrated in Figure 3A, the 4-6HEC samples begin to
show drastic weight gains in the vicinity of 873 K and then remain almost unchanged
with the further increased oxidation temperature. For the 7-9HEC samples, weights
soar near 873 K as well but immediately reduce as the temperature further rises. The
weight drops of the 7-9HEC samples should be correlated to the evaporation of the
volatile oxides, such as MoO3. The temperatures with maximum weight gain (T,) of
all HEC samples are listed in Table 1. Clearly, the 6HEC samples show the highest
T value of 1,302 K, and the T, of the 8HEC samples is the lowest (1,014 K), indi-
cating that the oxides of the 6HEC samples are the most stable at high temperatures,
while those of the 8HEC samples are inferior. Based on the T, values of all HEC sam-
ples, the oxidation resistance of HEC samples is determined in the following order:
6HEC > 5HEC > 4HEC > 9HEC > 7HEC > 8HEC. As a result, the Cr element is
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Figure 2. TEM analysis of as-synthesized 4-9HEC samples
(A) HRTEM image of the as-synthesized 5SHEC samples. Inset is the corresponding FFT pattern. Scale bar, 2 nm.
(B-G) STEM images and corresponding EDS compositional maps of the as-synthesized 4-9HEC samples. Scale bars, 100 nm.

inferred to be beneficial to the oxidation resistance, followed by Hf and W elements,
while Mo and V elements are both detrimental to the oxidation resistance. Figure 3B
displays the DSC curves of the 4-9HEC samples as a function of oxidation temper-
ature. It is notable that the appearance of DSC peaks indicates the exothermal reac-
tions, which should be related to the severe oxidation of the HECs. The exothermic
peak temperatures (T,) of the 4-9HEC samples are listed in Table 1. It can be
observed that the T, shows a similar tendency to the T,, and that the 6HEC and
8HEC samples still possess the maximum and minimum values, respectively. There-
fore, the order of oxidation resistance of the 4-9HEC samples has been confirmed.

Given the fact that the 4-6HEC samples all demonstrate relatively good oxidation
resistance, they were further oxidized at 1,073 K for 120 min in air to investigate
the oxidation resistance. As can be seen in Figures 3C and 3D, the 6HEC samples
are fully oxidized after oxidation for 109 min, reaching a plateau stage. Meanwhile,

Cell Reports Physical Science 5, 101821, February 21, 2024 5
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Figure 3. Oxidation tests of as-synthesized 4-9HEC samples

A) Weight changes curves of the 4-9HEC samples as a function of oxidation temperatures.

B) DSC curves of the 4-9HEC samples as a function of oxidation temperatures.

C) Weight changes of the 4-6HEC samples as a function of oxidation time during isothermal oxidation at 1,073 K.

E) a changes of the 4-6HEC samples as a function of time during isothermal oxidation at 1,073 K.

(

(

(

(D) Enlarged region of (C).

(E)

(F) Oxidation kinetics of the 5HEC and 6HEC samples based on Jander’s equation.

the 4HEC and 5HEC samples suffer from severe oxidation and reach their maximum
weight gains within the initial 6 min, followed by continuous weight losses with the
prolonging of the oxidation process. Notably, the oxidation of the HECs is generally
accompanied by phase segregation, namely the split of complicated oxides and car-
bon phases.*® Hence, the weight drops of the HEC samples should be related to the
oxidation of the carbon phase at the elevated temperature. In other words,
the higher the diffusion inhabitation of the forming protective oxides to oxygen,
the less oxidation the carbon phase suffers, and the less weight loss of HEC samples.
The detailed oxidation curves of the 4HEC and SHEC samples are shown in the inset
of Figure 3C. Clearly, the 4HEC samples reach the final weight loss of 1.62% quickly,
in the first 10 min. The dramatic weight loss of the 4HEC samples indicates that once
the carbon phase is split and formed, it is immediately oxidized to release CO, due
to the limited protective ability of the generated high-entropy oxides. By compari-
son, the SHEC samples exhibit a much slower weight loss rate, reaching a weight
loss value of 1.48% only after the oxidation has lasted for over 60 min. Thus, the
generated carbon phase can be protected by the forming oxides and inhibited
from the direct contact of oxygen to a great degree. Note that the 6HEC samples
demonstrate continuous weight gain for 109 min without obvious signs of weight
loss in the whole oxidation process, indicating that an oxide layer with superior pro-
tective ability should be formed to protect the underlying HECs. The results are also
in good agreement with the TGA tests in Figure 3A. From the above analysis, it can
be seen that metal elements play a key role in different weight changes of the HEC
samples. Figure 3E shows the oxidation kinetics of the 4-6HEC samples. Obviously,

6 Cell Reports Physical Science 5, 101821, February 21, 2024
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Table 1. Maximum mass oxidation temperature (T,,) and exothermic peak temperature (T,) of
the 4-9HEC samples during TGA tests

Samples 4HEC 5HEC 6HEC 7HEC 8HEC 9HEC
T (K) 1,066 1,076 1,302 1,020 1,014 1,035
Te (K) 1,025 1,041 1,066 967 916 921

the 4HEC samples follow a linear relationship of oxidation degree («) vs. oxidation
time in the initial oxidation stage, while those of the 5HEC and 6HEC samples are
near parabolic (more details about the calculation for the a are shown in the exper-
imental procedures). The linear oxidation kinetic of the 4HEC samples indicates that
almost no protective oxide layer is formed to hinder the diffusion of oxygen in the
samples, leading to continuous oxidation at a constant rate. Regarding the 5SHEC
and 6HEC samples, protective oxide layers should be generated to prevent oxygen
from diffusing inward, and thereby the oxidation is suppressed to some extent. The
oxidation rate constants (k) of the SHEC and 6HEC samples are calculated based on
Jander's equation (refer to the experimental procedures). As depicted in Figure 3F,
the 6HEC samples possess a slower k value of 0.0237 than that of the 5SHEC samples
(0.0882), which further confirms that the 6HEC samples possess the best oxidation
resistance among all the HEC samples.

Oxidation mechanism

XRD analysis was applied to investigate the oxidation products of 4-6HEC samples
after isothermal oxidation at 1,073 K. As shown in Figure 4A, the major oxidation
product of the 4-6HEC samples is (Zr, Me)s(Nb, Me),07 phase, and the minor impu-
rity phase is (Ta, Me),Os. In addition, the 4HEC and 5HEC samples contain a tiny
amount of (Ti, Me)(Nb, Me),O7 and (Ti, Me)(Ta, Me)O4 phases, respectively, while
the 6HEC samples have a small number of (Cr, Me)(Ta, Me)O, and (Cr, Me),03
phases. Combined with the oxidation kinetic in Figure 3E, it is speculated that the
(Zr, Me)s(Nb, Me),047 and (Ti, Me)(Nb, Me),O; phases have negative effect on
the oxidation resistance of HECs considering the worst oxidation resistance of the
4HECs, while the (Ti, Me)(Ta, Me)Oy, (Cr, Me)(Ta, Me)Oy, and (Cr, Me),0O3 phases
are beneficial to the oxidation resistance. It is worth mentioning that the contribution
of (Cr, Me)(Ta, Me)O4 and (Cr, Me),O3 phases to the oxidation resistance is signifi-
cantly greater than that of (Ti, Me)(Ta, Me)O4 phase, indicating that the Cr element
is advantageous to the oxidation resistance of the HECs. SEM-EDS analysis of the
6HEC samples after isothermal oxidation at 1,073 Kwas performed to further confirm
the oxidation products (see Figures 4B and 4C). The metal elements are roughly uni-
forminthe 6HEC samples. However, there are also some segregated regions, i.e., Cr-
and Ta-rich regions. The corresponding EDS spotanalysis results are listed in Table 2.
Combined with the XRD results (Figure 4A), itis suggested thatthe spots 1,2, and 3in
the 6HEC samples mainly consist of (Cr, Me)(Ta, Me)Oy4, (Cr, Me),O3, and (Zr,
Me)s(Nb, Me),O47, respectively. In addition, (Ta, Me),Os phase can also be
confirmed, as shown in Figures S4A and S4B. These results are in good agreement
with those of XRD analysis, which further confirms the reliability of the XRD results.

To further investigate the inhibition effects of (Ti, Me)(Ta, Me)Oy, (Cr, Me)(Ta, Me)Oy,
and (Cr, Me),O3 layers on the oxygen diffusion, ab initio molecular dynamics (AIMD)
analysis was carried out to obtain the mean square displacement (MSD) of oxygen
atoms in (Ti, Me)(Ta, Me)O,, (Cr, Me)(Ta, Me)O,, and (Cr, Me),O3 at 1,073 K. (Ti,
Me)(Ta, Me)Oy, (Cr, Me)(Ta, Me)O,, and (Cr, Me),O3 were simplified as TiTaOy,
CrTaQy,, and Cr,O3, respectively, as the targets in our simulations due to the uncer-
tainty and the limited effect of Me element rations. As displayed in Figure 4D, the
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Figure 4. XRD and SEM analysis of the 4-6HEC samples after isothermal oxidation and first-principles calculations of oxygen diffusion in CrTaO,,
Cr;03, and TiTaO,4 at 1,073 K

(A) XRD patterns of the 4-6HEC samples.

(B and C) SEM images (B) and corresponding EDS analysis (C) of the 6HEC samples. Scale bars, 4 pm.

(D and E) MSD (D) and D (E) of oxygen atoms in CrTaOy, Cr,03, and TiTaO4.

(F) EP of the oxygen in CrTaOy, Cr,O3, and TiTaOg.

interstitial oxygen atoms in CrTaO,4 and Cr,O3 show much lower MSD values than
those in TiTaO4. Furthermore, the oxygen diffusion coefficients (D) deduced from
the MSD curves are exhibited in Figure 4E. Obviously, Cr,O3 and CrTaO,4 exhibit
considerably lower D values compared to TiTaOy,4, with average values of 5.70 x
1078, 4.96 x 1078, and 24.20 x 1078 cm?/s, respectively. All these results indicate
a significantly improved barrier effect on oxygen diffusion for the CrTaO4 and
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Table 2. Element atomic percentages of different areas in 6HEC samples after oxidation at
1,073 K characterized by SEM-EDS analysis

Elements (at %)

Spots Ta Nb Zr Ti Hf Cr O Phase composition

1 4.51 3.80 445 4.28 0.83 8.65 72.89 (Cr, Me)(Ta, Me)O4

2 2.31 2.9 3.13 3.28 1.77 25.13 61.45 (Cr, Me);03

8 4.18 6.43 484 446 445 4.05 71.59 (Zr, Me)¢(Nb, Me),047

Cry03. Thus, the incorporation of the Cr element causes a large enhancement in
oxidation resistance, which is also consistent with the oxidation kinetics in Figure 3C.
Furthermore, Figure 4F depicts the defective formation energies (EP) of the oxygen
in CrTaOy, Cry;03, and TiTaOy, at 1,073 K. It is worth noting that both CrTaO4 and
Cr,03 have positive EP, while the value in TiTaOy is negative, indicating that the ox-
ygen is more difficult to diffuse to form O interstitials in CrTaO,4 and Cr,O3. Hence,
AIMD simulations also confirmed that the Cr element is advantageous to the oxida-
tion resistance of HECs.

To further evaluate the microstructure evolutions of the 6HEC samples during oxida-
tion, TEM characterization was carried out. In the initial oxidation stage, an amor-
phous phase (region |) was generated on the surface of 6HEC particles, as exhibited
in Figures 5A and 5B. The corresponding amorphous structure can be identified by
the selected-area electron diffraction pattern of region Il (Figure 5C), which shows
typical diffraction rings. Additionally, according to the EDS analysis of spot 1 (the cor-
responding elementatomic percentages are listed in Table S3), the amorphous phase
mainly consists of C and O elements. These results confirm the generation of amor-
phous carbon structure in the 6HEC samples during oxidation. In addition, Figure 5D
depicts the HRTEM image of region Il in Figure 5A, from which a layer-ordered struc-
ture with a local interlayer spacing of 0.350 nm can be seen on the oxidized particle
surface. This structure demonstrates the generated ordered graphite with {002}
planes. In the middle oxidation stage, as exhibited in Figure 5E, there are multiple lat-
tice stripes, representing the generation of various oxidation products. The enlarged
regions IV-Vlwith corresponding FFT analysis (Figures 5F-5H, respectively) show that
the typical periodic lattice structures have fringes with the interplanar spacings of
0.164, 0.357, and 0.246 nm, corresponding to the {220}, {111}, and {200} planes of
CrTaQy, Cr;03, and ZrgNb,O47, respectively. The calculated lattice parameters
(a, b, and ) of CrTaOy, Cr,03, and ZrgNb,0O+7 are close to the complicated oxide solid
solutions of 6HEC samples (a’, b’, and ¢’, as listed in Table 3). These results further
confirm that oxidation products of 6HEC samples mainly consist of (Cr, Me),03,
(Cr, Me)(Ta, Me)Oy, and (Zr, Me)s(Nb, Me),O47 phases. In the final oxidation stage,
as illustrated in Figures 5| and 5J, the elemental segregations and aggregations
occur, and 6HEC particles have been divided into two regions, namely Cr- and
Nb-rich regions. Combined with the EDS analysis results listed in Table 3, it can be in-
ferred that the Nb-rich region is (Zr, Me)s(Nb, Me),O47 phase and that the Cr-rich re-
gion mainly consists of (Cr, Me),O3 and (Cr, Me)(Ta, Me)O4 phases.

Based on the above results, the potential oxidation resistance mechanism of the
6HEC samples is schematically shown in Figure 6. Compared to the original particles
(Figure 6A), in the initial oxidation stage (Figure 6B), carbon phases including amor-
phous carbons and ordered graphites become apparent on the surface of the 6HEC
particles due to the diffusion and rearrangement of carbon atoms at the elevated
temperatures.'’ At this condition, oxygen will react with the exposed carbon layers
to release CO,. After the complete consumption of carbons, the oxygen diffuses in
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Figure 5. TEM analysis of 6HEC samples after isothermal oxidation at 1,073 K

(A-D) TEM image of 6HEC particles in the initial oxidation stage (A) and HRTEM images of (A) in regions | (B), Il (C), and III (D). Scale bars, 200 nm (A),
40 nm (B), and 5 nm (C and D).

(E-H) HRTEM image of 6HEC particles in the middle oxidation stage (E) and HRTEM images of oxidation products in regions IV (F), V (G), and VI (H) inset
with the corresponding FFT patterns. Scale bars, 5 nm (E) and 1 nm (F-H).

(I and J) STEM image (I) and corresponding EDS compositional maps (J) of 6HEC particles in the final oxidation stage. Scale bar, 100 nm.

and reacts with the underlying ceramic to form the high-entropy oxycarbide (HECO)
layer.?® With the continuous diffusion of oxygen into the HECO, the layer is then
oxidized into complex transition-metal oxides involving (Cr, Me),O3, (Cr, Me)(Ta,
Me)Og, and (Zr, Me)s(Nb, Me),O17 phases. These complicated oxides are preliminar-
ily established as a protective layer to hinder the inward diffusion of oxygen in the
middle oxidation stage (Figure 6C). As the oxidation proceeds, due to the smaller
cationic radius of Cr**, the Cr elements can segregate and diffuse outward to
form the Cr-rich protective oxides (namely the (Cr, Me),O3 and (Cr, Me)(Ta, Me)O4
phases) on the surface of samples. The formed outside protective layer with a great
amount of (Cr, Me),O3 and (Cr, Me)(Ta, Me)O4 phases can effectively inhibit the
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Table 3. Lattice parameters of complicated oxides (a, b, and ¢) and corresponding solid solutions
of 6HEC samples (a’, b, and ¢’) calculated based on the TEM analysis

Phases Space groups  a a’ b b’ c c’
(Cr, Me)(Ta, Me)O4 P42/mnm 4.645  4.639 4.645 4639 3.019 -
(Cr, Me),03 R3c 5358 5332 5358 5332 5358 5332
(Zr, Me)s(Nb, Me),0q;  Ima2 4964 4928 5120 - 5.289  5.435

inward oxygen diffusion due to their low oxygen diffusion coefficients and good bar-
rier effects (Figure 6D). Although the Cr-rich protective oxide layer can slow down
the oxidation rate of the 6HEC samples to a great extent, oxygen can still diffuse
through the micropores left by the escape of generated CO, to react with the resid-
ual 6HECs. As a result, the 6HEC samples are completely transformed into oxide par-
ticles finally (Figure 6E). According to the TEM analysis in Figure 5, the final oxidation
products of 6HECs are not uniform: the innermost of the 6HEC samples should be
composed of the (Zr, Me)¢(Nb, Me),O4; primary phase as well as a small number
of (Cr, Me);O3 and (Cr, Me)(Ta, Me)O, phases, while the outermost is mainly
made of (Cr, Me),0O3 and (Cr, Me)(Ta, Me)O,4 phases.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information requests should be directed to and will be fulfilled by the lead
contact, Yanhui Chu (chuyh@scut.edu.cn).

Materials availability
This study did not generate new unique materials.

Data and code availability
All of the data supporting this study are available in this article and its supplemental
information.

Design of UHTS apparatus

A UHTS apparatus was designed based on intense Joule heating to achieve the heat-
ing temperature of 3,273 K within seconds, which included the molybdenum elec-
trodes and a graphite heater (IG-56, Toyo Tanso, Shanghai, China), as displayed
in the inset of Figure 1A. Different heating temperatures can be realized by adjusting
the S of the graphite heater, as well as the output current and voltage, which were
measured by the infrared thermometer (GmbH M313, SensorTherm, Steinbach, Ger-
many) and the W-Re thermocouple. In order to further analyze the heating effects of
the graphite heater, the heating-temperature distribution of the graphite heater was
simulated by FEA. A transient heat production model (1.6 x 6.8 x 130.0 mm) con-
taining 3,696 elements was established by ABAQUS.?” The heating power was
computed based on the output current and voltage, and the 3-dimensional body
heating source was adopted to simulate the generation of Joule heating. The heat

conduction analysis was calculated by the following heat balance equation®’:

or _ A 627-,-+627T+627T +i (Equation 1)
oxz  9y?  0z2 ) pCp’ et

a B pCP
where Cp, p, T, 4, and t are the specific heat, density, element temperature, thermal
conductivity, and time, respectively, and g is heat flux. x, y, and z are the geometric
coordinates of the finite-element model. With respect to the thermal boundary con-
ditions, thermal radiation scattering and thermal convection heat dissipation were
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Middle stage

Final stage Late stage

°6HEC Q6HECO " Carbon ¢ (Cr, Me)(Ta, Me)O, { (Zr, Me)¢(Nb, Me),0,; ¢ (Cr, Me),0,

Figure 6. Schematic of potential oxidation resistance mechanism of 6HEC samples
(A) Before oxidation.

(B) Initial stage.

(C) Middle stage.

(D) Late stage.

(E) Final stage.

considered to simulate the real experimental conditions, which can be described by
the equilibrium equations as follows®®:

oT oT oT

or ar or — _ B A .
T 8yny + 3. he(Tw — T)+e0o(Ts, — T%) (Equation 2)

where ny, ny, and n, are the outer normal direction cosines of the boundary, h. is the
surface heat transfer coefficient, T, is the ambient temperature, ¢ is the emissivity,
and g is the Stefan-Boltzmann constant.

Synthesis of 4-9HEC samples

The equiatomic 4-9HECs were synthesized via carbothermic reduction. The
commercially available metal oxides and carbon powders were used as the raw ma-
terials. Detailed information on the raw materials is listed in Tables S3 and S4. The
transition-metal oxide powders and carbon powders were milled by hand for
30 min in an agate mortar based on the corresponding molar ratios of HECs. After-
ward, the mixed powders were pressed into pellets of 6 (diameter) x 2 (thickness)
mm under a uniaxial pressure of 10 MPa before being wrapped in graphite paper.
The as-pressed pellets were then placed on the graphite heater. Subsequently, alter-
nating current (100-250A) was applied to both ends of the graphite rod to heat these
pellets to the desired temperatures within seconds under a vacuum below 5 x 1073
Pa. After the sustained heating for a certain time, the power was turned off, the sam-
ples were rapidly cooled to room temperature, and then they were taken out and
ground in an agate mortar to obtain the as-synthesized HEC samples.

Oxidation tests of as-synthesized 4-9HEC samples

The oxidation behaviors of the as-synthesized HEC samples were investigated by
TGA (TGA/SDTA 851, Metter Toledo Star, Zurich, Switzerland) tests. With respect
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Cell Rer_)orts .
Physical Science

to the non-isothermal oxidation tests, the as-synthesized HEC samples were heated
from room temperature to the desired oxidation temperature at a heating rate of
10 K/min in the air. With respect to the isothermal oxidation tests, the as-synthesized
HEC samples were firstly heated up to 1,073 K at a heating rate of 10 K/min under the
argon atmosphere and then kept in the air for 120 min. TGA curves were used to re-
cord the mass changes of the samples related to the oxidation temperature, and
DSC mode was applied to record the heat flow rate changes per mass. Herein, the
oxidation degree « was used to evaluate the isothermal oxidation behaviors of the
as-synthesized HEC samples, and oxidation kinetics was analyzed based on Jander’s
equation®®:

o= MT Wy 100% (Equation 3)
wr — Wo
1/312
11— —a)? =k, (Equation 4)

where wp, w;, and wy correspond to the initial, intermediate, and final mass, respec-
tively. k is the oxidation rate constant, and t is the oxidation time.

Characterization

The particle size distribution of the samples was characterized by a laser particle
size analyzer (Zhuhai OMEC Instruments, Zhuhai, China). The phase compositions,
microstructure, and element distribution of the samples were characterized by
XRD (X'pert PRO; PANalytical, Almelo, the Netherlands), SEM (Supra-55; Zeiss,
Oberkochen, Germany) equipped with EDS, and TEM (Themis Z; FEI, Eindhoven,
the Netherlands) equipped with EDS. The Rietveld refinement was carried out via
the general structure analysis system software.

Theoretical calculations

To explore the mechanism of oxidation resistance, density functional theory calcula-
tions were implemented in the Vienna Ab initio Simulation Package.*” The projector-
augmented wave pseudopotentials’® were applied to describe the interactions
between electrons and ions with the generalized gradient approximation by
Perdew-Burke-Ernzerhof functional.*’ The special quasi-random structure (SQS)
approach was adopted in the Alloy Theoretic Automated Toolkit to mimic the
complete chemically disordered crystal structures.’” Based on the space group of
P4;/mnm, 1 x 2 x 3 SQS supercells were generated for both CrTaO,4 and TiTaO,.
In all calculations, the spin-polarization effects were taken into consideration with
a plane-wave energy cutoff of 520 eV. The convergence criterion of electronic steps
was set to 107* eV, and the Brillouin zones were sampled by a density of 0.3 A" with
the -centered method."” For AIMD simulations, 2 x 2 x 2 supercells were further
generated from fully relaxed CrTaO,/TiTaO4 SQS supercells and Cr,O3, respec-
tively. One oxygen atom was added to the models at the most favorable interstitial
site to mimic 2% oxygen defects. Only I" point was used in AIMD calculations, and a
total period of 80 ps with a time step of 2 fs was applied under the NVT ensemble.**
The initial 20 ps was used to equilibrate the system, and data for diffusivities were
collected from the subsequent 60 ps. D of CrTaOy, TiTaOy,, and Cr,O3 were calcu-
lated by the following equation”:

1. d )
D = Etler;E MSD (Equation 5)

where d equals the dimension of the oxide lattice on which diffusion takes place and
tis time. In addition, EP[X] of CrTaQy, TiTaO4, and Cr,O3 were computed by the
following equation®‘:
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EP[X] = EC,[X] — E2,[X] — E[O] (Equation 6)

where ED [X] and E2 ,[X] are the total amounts of energy derived from defected and

perfect CrTaO4/TiTaOy4 and Cr,03, respectively. E[O] refers to the energy of an ox-
ygen atom in the oxygen molecule.
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