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Tig.2Zrg 2Hfp 2Nbg 2 Tag ,C-MC composite ceramic was
Tig2Zrg2Hfg.2Nbg 2 Tag ,C high-entropy carbide as the main phase.

prepared by hot press sintering, with the
Secondary phase M,C (M = Ti, Zr, Hf, Nb,

Ta) was found to be distributed relatively uniform in the composite ceramic. The oxidation behavior of the ceramic was
examined after exposure to 923 K and 1173 K. Morphology of the surface and cross sections of all oxidation samples were
observed. The characteristics of the oxidation behavior of the high-entropy carbide and the secondary phase M,C were
compared and analyzed. The secondary phases (such as Ti-rich carbide or Hf-rich carbide) in the material were seriously
oxidized at 923 K and 1173 K, which reflects the superior oxidation performance of the high-entropy carbide. The nano
high-entropy oxides with Ti, Zr, Hf, Nb, Ta, and O elements were discovered by oxidation of the composite ceramic. This
research will help deepen the understanding of the oxidation mechanism of high-entropy carbide and composite ceramic.

Keywords: ceramic composites, oxidation, oxide surface, microstructure

PACS: 81.05.Mh, 81.65.Mq, 68.47.Gh, 81.40.—z

1. Introduction

Key structural components of the generation IV fission re-
actors and future fusion reactor require new materials to fulfill
their needs under extreme conditions, such as high tempera-
tures, irradiation-induced swelling, oxidation resistance at ul-
trahigh temperatures, and so on.!":?! For these reactors to serve
in extreme environments, novel materials must exhibit excel-
lent performance.

Because of the unique and intriguing physical, chemi-
cal, and mechanical properties of high-entropy carbides, they
have become promising structural materials in next-generation
advanced nuclear systems.?-8! With this background, Cui et
al. carried out irradiation experiments and creep behavior re-
search of the high-entropy carbides, which further proved
that they are useful structural materials for advanced reactor
designs. (6]

The oxidation behavior of high-entropy carbides is an-
other critical property for their application in advanced nuclear
systems. Chu et al. reported the oxidation behavior of high-
entropy carbides for the first time.[!?! After that, research on
the oxidation behavior of high-entropy carbides has gradually
increased. Quaternary cation Zrg 25Hfy25Tag25Nbg25C and
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quinary cation Tig,ZrgHfy2Nbg2Tag,C were usually taken
as the main research objects to study the oxidation behavior
of high-entropy carbides in the temperature range of 1073 K—
1873 K.10-121 All research focused on the effect of oxida-
tion temperature on the oxide products of high-entropy car-
bides. However, research results are varied, and a knowledge
gap about a rigorous understanding of the oxidation processes
unique to high-entropy materials still exists.

To further regulate high-temperature oxidation resistance
of high-entropy carbides, some researchers have tried to dope
other carbides into the high-entropy carbides to fabricate a
composite ceramic. For example, 10 vol%-30 vol% of SiC
was doped into quaternary cation Zrgs5Hfy25Tag 25Nbg25C
and quinary cation TigZrg,Hfp,Nbg,Tag,C to prepare
Zr0,25Hf0,25Ta0,25Nb0,25C—SiC and Tio_2Zr0.2Hf0.2Nb0.2Ta0.2C—
SiC composite ceramics.!'>!4 After the addition of SiC, im-
proved oxidation resistance of the composite ceramics was
obtained. It can be seen that the dope of the secondary phase
can significantly affect the oxidation behavior of the high-
entropy carbides. Therefore, how the inevitably induced sec-
ondary phases in the preparation process affect the oxidation
performance of the high-entropy carbides is also worthy of an
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in-depth study.

In the preparation process of high-entropy carbides,
equimolar mixtures of monocarbides usually have to be used
as raw materials to fabricate high entropy by ball milling and
then sintering.!">~'71 Many parameters, such as ball milling
time, temperature, pressure, and sintering time, need to be
regulated in the preparation process. The materials prepared
in this way will inevitably introduce some secondary phases.
However, how the introduced secondary phase during the fab-
rication process affects the oxidation performance of high-
entropy carbides has not yet been reported.

In this study, Tig,ZrgoHfy2Nbg,Tag,C-M,C compos-
ite ceramic was prepared by ball milling following hot press
sintering. The oxidation behavior and microstructural evolu-
tion below 1173 K of the composite ceramic were clarified
through a comparison of the oxidation behavior between the
high-entropy carbide Tig»Zry2Hfy2Nbg2Tag,C and the sec-
ondary phase M,C (M = Ti, Zr, Hf, Nb, Ta). The charac-
teristics of their oxidation products were analyzed by multi-
ple research methods, including thermogravimetric analysis-
differential scanning calorimetry (TG-DSC), x-ray diffraction
(XRD), scanning electron microscope (SEM), and transmis-
sion electron microscope (TEM).

2. Experiment
2.1. Materials

Equimolar mixtures of TiC, ZrC, HfC, NbC, and TaC
powders (all were supplied by Aladdin; 325 mesh and pu-
rity higher than 99.6%) were used to form a hypothetical
Tig.2Zrg2Hfy 2Nbg 2 Tag 2C high-entropy carbide. Thus, 60 g
of these mixtures was placed in a 500 ml ZrO, vial together
with ZrO, balls. The weight of the powder-to-ball ratio is 1:10
in the present work. The mixtures were milled at a spinning
rate of 200 rpm in a planetary ball mill (QM-3SP2; Nanjing
NanDa Instrument Plant) to get the as-milled powders. Then,
the as-milled powders were sintered by hot press at a tempera-
ture of 2000 °C for 20 min under a uniaxial pressure of 30 MPa
to obtain a ceramic bulk with a diameter of about 30 mm and a
height of 5 mm. The phase structure and microstructure of the
high-entropy carbide were characterized using XRD (X’Pert
PRO, PANalytical B.V., Netherlands) and SEM (Ultra55; Carl
Zeiss NTS GmbH, Germany).

Oxidation test samples were cut from the ceramic bulk as
flat coupons with a dimension of 5 mm x 5 mm x 1 mm. Be-
fore the experiments, all samples were abraded with SiC pa-
per and polished using diamond particle suspension to a 1 pm
finish. To facilitate TG-DSC test and TEM analysis, some car-
bides were crushed into powder with a particle size of 50 pm—
300 pm by mechanical method.

2.2. Oxidation test

The non-isothermal oxidation tests were performed on
10 mg powder samples from room temperature to 1473 K
in dry air with a heating rate of 10 K-min~! using TG-DSC
(Jupiter STA 449C; NETZSCH, Germany).

The coupon was put in an open alumina crucible. Isother-
mal oxidation of coupons was carried out using a muffle fur-
nace at 923 K and 1173 K in air. The oxidation times are
30 min, 70 min, and 120 min. In addition, isothermal oxida-
tion of powder samples was carried out using a muffle furnace

at 1173 K for 120 min in air.

2.3. Post test analysis

The phase structure and microstructure of the oxidized
coupon surface were characterized using XRD and SEM
(TM4000; Hitachi High-Technologies Corporation). After
that, all oxidized coupons were embedded in epoxy resin and
cut in the middle. The cross section was then polished to
1 pm finish with diamond lapping films to characterize the
cross section by SEM (UltraS5; Carl Zeiss NTS GmbH, Ger-
many). To characterize the microstructure of oxidized powder
sample with TEM (FEI Tecnai G2), the sample was sonicated
in alcohol for 15 min, the sonicated solution was dropped on
the copper mesh, and then the copper mesh was dried under
an incandescent lamp at 333 K for 15 min. The nanocrys-
tals were also analyzed using scanning TEM (STEM) coupled
with energy-dispersive x-ray spectroscopy (EDX) to confirm
the composition and structure of the particles.

3. Results
3.1. Characterization of as-milled powders and sintered
sample

Figure 1 shows the XRD diffraction patterns of the as-
milled powder and sintered sample. The diffraction peaks
of the as-milled powder are very complex and are calibrated

as various single-component carbides, indicating that the ball
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Fig. 1. XRD patterns of the as-milled powder and the sintered ceramic.
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milling process only allows the mechanical mixing of raw
The peak pat-
terns of the sintered sample are very simple and consis-
tent with the study of Cui et al.,°! which indicate that the
Tig.2Zro2Hfy 2Nbg 2 Tag 2 C high-entropy carbide with rock salt

powder without a solid solution reaction.

structure can be prepared by this method. There are two weak
peaks at 28.3° and 31.6° of the as-milled powder and sintered
samples, which are calibrated as ZrO,, which indicates that the
ZrO, ball and grinding vial pollute the as-milled powder dur-
ing ball milling, which is an inevitable pollution of ball milled
samples.

Figure 2 and 3 show SEM images of the polished surface
of high-entropy carbide and the corresponding compositional
EDS maps. As shown in Fig. 2, when the EDS characteriza-
tion was performed, we found that there were some insoluble
monocarbides in the sample, such as ellipsoidal Ti-rich car-
bide, Zr-rich carbide, and Hf-rich carbide, with size ranging
from tens of microns to hundreds of microns. As we further
amplified the microstructure of the materials, spherical-like

Ta-rich carbide of about a few microns in size were found,
as shown in Fig. 3. The reason for the formation of the Ti-
rich carbide, Zr-rich carbide, Hf-rich carbide, and Ta-rich car-
bide remains to be explored. Although secondary phase was
found in ceramics by EDS, the content of these is relatively
less than the main high-entropy phase according to the XRD
result. In addition, through SEM and EDS analysis, as shown
in Fig. 3, it was found that there are many holes (darkest con-
trast area in the SEM image) in the samples, which illustrates
the sintered carbide is not dense. The density of the sin-
tered carbide is 8.44 g-cm™3, which is 89.4% of the theoretical
density. The theoretical density of Tig»ZrgoHfp2Nbg2Tag,C
was estimated from the components HfC (12.74 g-cm™3), TaC
(14.32 g-cm™3), ZrC (6.73 g-cm ™), TiC (4.93 g-cm ™), and
NbC (8.47 g-cm™3). It may be because no sintering additives
are added in the sintering process, or the holding time in the
sintering process is not enough. These defects or heterophases
may have an important impact on the oxidation properties of

high-entropy ceramics.

Fig. 2. SEM image (high magnification) of polished surface of Tig 2Zrg »Hf2Nbg 2 Tag ,C—M,C composite ceramic and corresponding compo-
sitional EDS maps; Ti-rich carbide, Zr-rich carbide, and Hf-rich carbide can be seen clearly.

Fig. 3. SEM image (high magnification) of polished surface of Tig »Zrg »Hf2Nbg > Tag »C—M,C composite ceramic and corresponding compo-

sitional EDS maps; Ta-rich carbide can be seen clearly.
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3.2. TG-DSC analysis of the high-entropy carbide pow-
ders

The TG-DSC results of the Tig»Zrg»Hfy,Nbg,Tag,C—
M,C composite ceramic powders are shown in Fig. 4. From
300 K to 834 K, there is no obvious change in mass curve
of the ceramic powder, but the DSC—temperature curve shows
obvious endothermic characteristics, which may be caused by
the evaporation of capillary water and the oxidation of a small
amount of M,C phase. The ceramic powders have a sharp rise
in weight when the temperature is higher than 834 K, which
indicates that the material will undergo severe oxidation when
the temperature is higher than 834 K. In addition, there is an
obvious endothermic peak at 1090 K in the DSC—temperature
curve, which was caused by Tig.2Zrg»Hfy 2Nbg2Tag»C high-
entropy carbide oxidation according to the subsequent discus-
sion. The oxidation onset temperature for high-entropy car-
bide was obtained by extrapolating the tangent drawn on the
steepest slope of the DSC curves to the baseline, which is an
important relative measurement of the degree of oxidation sta-
bility of the materials. It can be seen from Fig. 4 that the
oxidation onset temperature of Tiy,ZrgoHfy2Nbg,2TagoC is
1040 K. Based on the TG-DSC analysis, the 923 Kand 1173 K
oxidation temperatures were selected to characterize the oxi-
dation behavior of Tig »Zrg,Hfy2Nbg »Tag 2 C carbide.

—=—Mass
——DSC

118F 1090 K

116}

114}
_112f
X 110F

Mass
—
o
>
DSC (mW/mg)

[}

9 L. B3K, L,
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Fig. 4. TG-DSC results of the Tig »Zrp 2Hfy»Nbg > Tag ,C-M,C compos-
ite ceramic powders.

3.3. Evolution of microstructure after oxidation

In this section, the chemistry and microstructure of ox-
ide(s) formed on the high-entropy carbide are characterized.
XRD and SEM techniques are applied, such as EDX and SEI.
The surface oxide(s) formed after 923 K oxidation are char-
acterized in Subsection 3.3.1. Following this, the surface ox-
ide(s) and the cross sections of the scales formed after 1123 K
oxidation are characterized in Subsection 3.3.2. Due to the
emergence of nano-sized oxide(s) and because the types of
elements are very complex, determining the chemistry and
structure of nano-sized oxide(s) is critical. Finally, in Sub-
section 3.3.3, the nano-sized oxide(s) of high-entropy carbide
powders at 1123 K for 120 min are characterized using TEM.

3.3.1. Oxide(s) analysis at 923 K

Figure 5 shows the XRD patterns of oxidized
Tig2Zrg2Hfo2Nbg 2Tag ,C—M,C composite ceramic at 923 K
with different oxidation times. Except for the diffraction peak
of the high-entropy carbide, there is no obvious oxide diffrac-
tion peak. As shown in Fig. 5, there is no oxide scale, or
the oxide scale is too thin to detect. The oxide surface after
oxidation at 923 K is displayed in Fig. 6. It can be seen from
Figs. 6(a) and 6(c) that there are many areas with brighter or
darker contrast on the surface compared to the substrate. Fur-
ther analysis shows that the area of brighter or darker contrast
exhibits a very loose structure, which is shown in Figs. 6(b)
and 6(d). However, the substrates (Fig. 6(e)) show a relatively
dense structure even after oxidation at 973 K for 120 min.

—923 K,120 min
3.2r ——923 K,30 min
o8l — Sintered sample

2.4 - k A
2.0F

”:j d J

10 20 30 40 50 60 70 80
20 (°)

Offset Y values

Fig. 5. XRD patterns of the sintered sample and oxidized composite ce-
ramics at 923 K with different oxidation times.

We compared Fig. 6 with Fig. 2 and found that the darker
contrast area shown in Fig. 6 was caused by the oxidation of
Ti-rich carbide or Zr-rich carbide shown in Fig. 2, while the
brighter contrast area shown in Fig. 6 was caused by the ox-
idation of Hf-rich carbide shown in Fig. 2. According to the
literature, the oxidation onset temperatures of TiC, ZrC, NbC,
HfC, and TaC are 973 K, 933 K, 813 K, 1005 K, and 1015 K,
respectively.!!8] However, the Ti-rich carbide or Zr-rich car-
bide and the Hf-rich carbide were oxidized at 923 K, maybe
because the impurity elements in these carbides reduced their
oxidation onset temperatures. It is worth noting that there is
no significant change in the substrate shown in Fig. 6. We
also compared Figs. 6(b), 6(d), and 6(e), and we found that
the oxidation resistance of the high-entropy phase is signifi-
cantly better than that of the Ti-rich carbide, Zr-rich carbide,
and Hf-rich carbide. Similar research results were reported by
Zhang et al.!"”! They found that the parabolic rate constant of
the (Zr,Ti,Hf,Nb,Ta)C ceramic is almost two orders of mag-
nitude lower than that of the ZrC ceramic. They also proved
that the oxidation weight gain decreases with increasing num-
ber of elemental species by comparing the oxidation behav-
ior of (Ti,Zr,Nb)C, (Ti,Zr,Nb,Ta)C, and (Zr,Ti,Hf Nb,Ta)C un-
der the same isothermal oxidation. In addition, the content
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of high-entropy carbide matrix in the sample is much more
than that of the secondary phase; the content of the secondary
phase is about 7% according to Figs. 6(a) and 6(c). Hence,
although the impurities were oxidized, the peak pattern of the
oxidation products in the XRD patterns (Fig. 5) is not obvious.
It is worth mentioning that the oxidized local loose structure
(Figs. 6(b) and 6(d)) can provide channels for the rapid dif-
fusion of oxygen to the ceramics and further accelerate the

oxidation rate of the ceramics.

Fig. 6. (a) SEM image of oxide surface after oxidation at 923 K for 30 min
and (b) the corresponding enlarged maps, and (c) for 120 min and (d) and
(e) the corresponding enlarged maps.

3.3.2. Oxide analysis at 1173 K

The oxide surfaces of the Tig,Zrg,Hfy,Nbg,Tag,C—
M,C composite ceramic after oxidation at 1173 K are dis-
played in Fig. 7. We compared Figs. 7(a) and 7(b) with Fig. 2
and found that the large-sized ellipsoidal Ti-rich carbide, Zr-
rich carbide, or Hf-rich carbide heterophase in Fig. 2 can cause
serious oxidation cracking and peeling of oxidation products.
In addition, we compared Fig. 7(c) with Fig. 3 and found that
the cauliflower-shaped oxidation products in Fig. 7(c) were
caused by the oxidation of Ta-rich carbide shown in Fig. 2.
It is also worth noting that nanoparticles appeared on the ox-
ide surface after the high-entropy phase oxidation, as shown
in Fig. 7(d). Therefore, it is necessary to research about the
composition and structure of these nanoparticles.

:

| (c) 1173 K, 30 mint

(b) [1173 K, 120 min

Fig. 7. SEM image of the oxide surface after oxidation at 1173 K under
different oxidation times and magnifications of images: (a) 70 min, low
magnification; (b) 120 min, low magnification; (c) 30 min, high magnifi-
cation; and (d) 70 min, high magnification.

Figure 8 shows the XRD patterns of the oxidized
Tig.2Zry2Hfy2Nbg 2 Tag ,C—M,C composite ceramic at 1173 K
at different oxidation times. The obvious oxide diffraction
peak shown in Fig. 8 indicates that the oxide scale is thick. The
diffraction pattern of the oxidation product is consistent with
that in the literature.l'” In the literature, the oxidation prod-
ucts are calibrated as (ZrysHfy 5)0;, (TaNb)Os, and anatase
TiO,. However, the composition of the ceramic is too com-
plex, and it may not be accurate to analyze the oxides only
by using the XRD patterns. To calibrate the oxide diffrac-
tion peak, the software X’Pert HighScore Plus and MDI Jade
6 were used to identify the structure of the oxides. When we
imported the tested XRD data into the software, the tetrago-
nal BeszP, (ID card: 00-029-0218) got the highest score in the
X’Pert HighScore Plus, while the tetragonal ZrO1 o9 (PDF#80-
2155) got the lowest FOM value in the MDI Jade 6, which
indicate that the oxides may have a tetragonal structure. Set-
ting Ti, Zr, Hf, Nb, Ta, and O as known elements, the diffrac-
tion peaks of orthorhombic NbyZrsO17 (PDF#72-1745), or-
thorhombic Tay O5 (PDF#71-0693), and orthorhombic HfTiO4
(PDF#71-1287) are in good agreement with the tested XRD
data. According to the preceding analysis, the oxidation prod-
ucts may have a tetragonal structure and/or an orthorhombic
structure. However, it is not enough to determine the com-
position and structure of the oxidation products only by using
the XRD method. The composition and structure of the oxida-
tion products are worth further studying due to the diversity of

elements.
—1173 K, 120 min
—1173 K, 30 min
0 MMJWWW 7'*‘“""‘““*"‘"
5 000-29-0218 Be,P,
= [
. [ | . L
e —
= PDF#80-2155 ZrO, 4
% i I H | [ 1 ! 1 1
@ PDF#72-1745 Nb,ZrsO,;
Q
E oo b L0 e "nm“lH\mlnmlmlmluhunmnmmmm !
‘ PDF#71-0693 Ta,O;
e bl ol vd otivee o vt e
PDF#71-1287 HfTiO,
I S IR O 0 Y 11 YO T AR TT

10 20 30 40 50 60 70 80
20 ()

Fig. 8. XRD patterns of the oxidized ceramics at 1173 K at different oxi-
dation times. ICCD data or PDF data of five materials are also displayed.

The SEM images of cross sections at different oxida-
The thick-
100 pwm, and

tion times at 1173 K are shown in Fig. 9.
nesses of the cross sections are 58 pm,
135 wm at different oxidation times. It is worth not-
ing that in the study of Chu et al., the thickness of the
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oxide layer of the TigZrg,Hfy2Nbg,Tag,C high-entropy
phase is about 270 um when it is oxidized at 1173 K for
120 min.!"% The thickness of the oxide layer is twice that
of the Tig2ZrgHfy,Nbg,Tag,C—M,C composite ceramic,
which may be related to the compactness of the ceramic mate-
rial. The corresponding EDS elemental maps of the oxide lay-
ers formed on the sample after oxidation at 1173 K for 120 min
are shown in Figs. 9(d) and 9(1). It can be seen that almost all
kinds of elements in the cross sections of the oxide layer are
evenly distributed, and only Ta element is distributed with dot
aggregation in the whole oxide layer, which is pointed out in
Fig. 9(h) as dotted circles. The relatively uniform element dis-
tribution in the oxide layer illustrates that there is no obvious
delamination in the oxide layer, and the uniformly dispersed
granular TaO, oxides in the oxide layer indicate that the oxi-
dation mechanism of the material is internal oxidation mech-
anism because the distribution of TaO, oxides in the ceramic
is consistent with that of TaC (Figs. 9(h) and 3). The inter-
nal oxidation mechanism of the high-entropy carbide is due
to the material that is not dense and the loose structure pro-
vided by the oxidation of impurities, which facilitate oxygen
diffusion, while the cations in the high-entropy phase diffuse
very slowly due to the sluggish diffusion mechanism of high-
entropy materials.*°! Similarly, Cao et al. propose that the in-

ward diffusion of oxygen is the possible oxidation mechanism
[14]

for the (Hf( 2571y 25Tag 25Nbg.25)C ceramic.

Fig. 9. SEM images of cross sections with different oxidation times:
(a) 30 min, (b) 70 min, and (c¢) 120 min. Shown in (d)—(h) and (1) are
the corresponding EDS elemental maps of the oxide layers formed on the
sample after oxidation at 1173 K for 120 min.

3.3.3. Characterization of nano-sized oxide(s)

Figure 10(a) shows the TEM bright field image of oxida-
tion products after the powder samples oxidized at 1173 K for
120 min in air. It can be seen that these oxide particles are
composed of nanocrystals less than 100 nm. The correspond-
ing EDS spectrum of the sample in Fig. 10(b) shows that the
nano oxidation products contain Ti, Zr, Hf, Nb, Ta, and O el-
ements. The compositions of nanoparticles at different posi-
tions in the TEM samples were tested, and all the EDS spectra

were consistent with Fig. 10(b), which indicates that the com-
position of nanoparticles has been identified. Figure 11 shows
the TEM images of the nano-sized oxidation product and the
corresponding EDS elemental maps. An overlay of Ti, Zr, Hf,
Nb, Ta, and O EDS maps is also shown in Fig. 11, which in-
dicates that the Ti, Zr, Hf, Nb, Ta, and O elements are evenly
distributed in the nano-sized oxidation product.
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Fig. 10. (a) TEM bright field image of oxidation product after the powder
samples oxidized at 1173 K for 120 min in air and (b) is the corresponding
EDS spectrum of the oxidation product.

Fig. 11. TEM images showing the nano-sized oxidation product. The
corresponding EDS elemental maps are also provided.

Figure 12 displays the high-angle annular dark field
(HAADF) images and the corresponding fast Fourier trans-
form (FFT) of the nano-sized oxidation product. The inter-
planar spacings are marked in the images, with 0.3428 nm,
0.3405 nm, 0.2571 nm, 0.2970 nm, 0.2774 nm, and
0.2651 nm, respectively. The crystal-plane index is cali-
brated according to the crystal structure information of the
orthorhombic NbyZrsO17 (PDF#72-1745) with cell parame-
ters of a = 4.092 nm, b = 0.493 nm, ¢ = 0.527 nm, and
o= =7y=90°. In the calibration process, both the interpla-
nar spacings and the crystal-plane angle are self-consistent, as
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specified in Tables 1 and 2, indicating that the crystal structure
information of nano-sized oxidation product is similar to that
of szZI‘GOn.

Componential analysis of the nano-sized oxidation prod-
uct shows that its composition is uniform and contains all
cationic elements of the high-entropy carbide. Structure anal-

ysis of the nano-sized oxidation product by XRD pattern anal-
ysis and TEM analysis (Figs. 8 and 12) demonstrates that it
has an orthorhombic structure. The preceding analysis indi-
cates that the nano-sized oxidation product is a special high-
entropy oxide phase with a similar orthorhombic NbyZrgO17
(PDF#72-1745) structure containing Ti, Zr, Hf, Nb, Ta, and O.

Table 1. Measured and calculated interplanar spacings and the crystal-plane angle in Figs. 12(a) and 12(b).

Crystal-plane index

Angle between Angle between Angle between

411) 211) (620) it it
and crystal-plane angle (411) and (211) (411) and (620) (211) and (620)
Measured value 0.34052 nm 0.34276 nm 0.23392 nm 83.25° 41.44° 42.81°
Calculated value 0.33961 nm 0.35458 nm 0.23182 nm 83.14° 40.48° 42.67°
Relative deviation 0.26% 3.33% 0.91% 0.13% 2.37% 0.33%

Table 2. Measured and calculated interplanar spacings and the crystal-plane angle in Figs. 12(c) and 12(d).

Crystal-plane index

Angle between Angle between Angle between

(811) (1011) (220) - - h _
and crystal-plane angle (811) and (1011) (811) and (1011) (1011) and (220)
Measured value 0.29696 nm 0.27739 nm 0.25608 nm 68.09° 59.11° 52.80°
Calculated value 0.29441 nm 0.27030 nm 0.24473 nm 70.16° 58.40° 51.44°
Relative deviation 0.87% 2.62% 4.64% 2.95% 1.20% 2.64%

10718
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Fig. 12. (a) and (c) HAADF images of nano-sized oxidation product; in-
terplanar spacings are shown in the images. (b) and (d) Corresponding
FFT are also provided, and the crystal-plane index is calibrated accord-
ing to the crystal structure information of the orthorhombic NbyZrO;7
(PDF#72-1745).

4. Discussion

According to the results, the oxidation resistance of the
secondary phases in composite ceramics is weaker than that
of the high-entropy carbide. At 923 K, the large-sized sec-
ondary phases (Ti-rich carbide, Zr-rich carbide, and Hf-rich
carbide) were oxidized severely with the loose surface struc-
ture, but the surface of the high-entropy phase had no obvious
change, which is consistent with the XRD analysis result that

no obvious peak pattern of oxidation product can be seen in
Fig. 5. Backman et al. computationally predicted preferen-
tial oxidation of refractory ceramics, and they elucidated that
group IV oxides (HfO,, ZrO,, and TiO,), being most favor-
able, formed preferentially.!?!->?] This prediction is consistent
with our research that the Ti-rich carbide, Zr-rich carbide, and
Hf-rich carbide, rather than the Nb-rich carbide and Ta-rich
carbide, oxidized preferentially. At 1173 K, the secondary
phases crack and peel off after oxidation. At the same time,
the high-entropy carbide is also seriously oxidized with nano-
sized oxides appearing on the oxidized surface in the high-
entropy carbide area. After the composite ceramic was oxi-
dized for 120 min, the total oxidation depth is 135 um. There
may be two reasons for such a thick oxide layer. On the one
hand, the composite ceramics are not dense, providing fast
channels for oxygen diffusion; on the other hand, the loose
structure generated by the oxidation of the secondary phases
also provides fast channels for oxygen diffusion. Therefore,
enhancing compactness and reducing impurities (such as Ti-
rich carbide, Zr-rich carbide, and Hf-rich carbide) in high-
entropy carbide by an improved preparation method are im-
portant ways to improve its oxidation resistance.

The excellent physical and chemical properties of
high-entropy carbides have attracted the attention of re-
searchers to conduct extensive studies. Many of these re-
searchers have studied the high-temperature oxidation of
There
are many possible oxidation products of this high-entropy

the Tig2Zrg,Hfp,Nbg2Tag,C high-entropy carbide.

carbide, and some research results are summarized as
follows: [10,11,22,23]
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(Ti,Zr,Hf, Nb,Tav)C+ (1 + %) 02 1173 K—1673 K

10(Tio.gzro_szo_szo_zTao,z)C + 160, —)1073 KB K

35(TiO.erO.ZHfO,szQIQTao_Z)C + 5602 w

1973 K

(Ti, Zr,Hf,Nb, Ta, )0, +CO,, (2 <x<2.2), (1

4(Zrg.sHfo5)0; +2(NbTa)Os 4 2TiO, + 10CO(g), 2)

2(21‘05Hf05)Ti04 + 2(NbTa) (ZI‘3Hf3)O]7 + STi(NbTa)O7 + 35C0(g),(3)

(Tio,2Zr0.2Hf0.2Nb0,2Ta0_2)C + Oy —— ZrgNbyO 7 + HfTiO4 4+ HfO, + TiTay O7 + NbC, (@]

(Tip.2Zro.2Hfp 2Nbg 2 Tag 2 )C+ 0> RLELSSLEEN

Note that some of these equations do not consider the
chemical ratio, mainly emphasizing the oxidation products.
These equations show the complexity of the oxidation of
Tig.2Zro2Hfy 2Nbg 2 Tag»C. Due to a lack of thermodynamic
data to consider real systems to infer the oxidation products of
the Tig.2Zrg »Hfy 2Nbg 2 Tag »C accurately, it seems inappropri-
ate to calibrate oxidation product peak patterns in XRD of the
high-entropy carbide by utilizing some known oxide phases.
By combining multi-scale characterization methods, such as
XRD, SEM, TEM, EDS, and HAADF, more detailed experi-
mental results of the high-entropy carbide oxidation are shown
in this research, and a reasonable scientific guess is proposed
here by integrating our experimental results and the compu-

1173 K

(NbTa)Os + (Zr, Hf)TiO4 + (Ti(),2Zr0,2Hf0.2Nb0,2Tao_2)Ox. (®)]

[ . . .
tational prediction proposed by Backman et al.?>?3! That is,

group IV oxides (HfO,, ZrO;, and TiO,), being most fa-
vorable, formed preferentially. Because the elements in the
high-entropy carbide are evenly distributed, the formed HfO,,
ZrO,, and TiO; are also evenly distributed with nano size due
to the sluggish diffusion mechanism;?” with the extension of
oxidation time and the diffusion of oxygen, the oxygen partial
pressure further increases to promote HfO,, ZrO,, and TiO; to
generate solid solutions (Ti,Zr,Hf)O, based on the small size
effect of nanoparticles, [24] and it further reacts with Ta and Nb
in the materials to form (Ti,Zr,Hf,Nb,Ta)O, high-entropy ox-
ide. Hence, the possible mechanism of high-entropy carbide
at 1173 K can be described as follows:

(Tip.2Zrg,Hfy 2Nbg 2 Tag 2)C + Oy ——— HfO; +ZrO; + TiO; 4 (Nb, Ta) Cz + CO3,, (6)
HfO, + ZrO, + TiO, ~2% (Ti, Zr, Hf)O 7)
(Ti,Zr,HE)O, + (Nb, Ta)C, + O 25 (Ti, Zr, Hf,Nb, Ta, )O, + CO,. 8)

The reaction formulas are just a conjecture and need to be fur-
ther verified through more in-depth research. Simultaneous
equations (6)—(8) and (1) can be obtained, which has been
proposed by Zhou et al.!?3! Overall, the (Ti,Zr,Hf Nb,Ta)O,
high-entropy oxides can be formed by the oxidation of
Tig.2Zro,Hfy 2Nbg,Tag,C at 1173 K.

5. Conclusion

The Tig2Zrg ,Hfg 2Nbg 2 Tag ,C-M,C composite ceramic
was prepared by ball milling the mixture of TiC, ZrC, HfC,
NbC, and TaC in equi-atomic amounts followed by hot press
sintering. Then, the oxidation behavior of high-entropy car-
bide was investigated at 923 K and 1173 K in air. The main
conclusions can be summarized as follows:

(1) The Tip2ZrgoHfy2Nbg>Tag,C high-entropy carbide
has superior oxidation performance compared with the sec-
ondary phase MC (M = Ti, Zr, Hf, Nb, Ta) in composite ce-
ramics at high temperature.

(i) At 923 K, only the large-sized secondary phases
At 1173 K, the high-
entropy carbide oxidized seriously with the formation of

oxidized in composite ceramics.

|
(Ti,Zr,Hf Nb,Ta)O, high-entropy oxides.
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