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Due to advancements of hypersonic vehicles, ultra-high temperature thermal insulation materials are ur-
gently requested to shield harsh environment with superhigh heat flux. Toward this target, ultra-high
temperature ceramics (UHTCs) are the only choice due to their excellent capability at ultra-high tem-
peratures. We herein report a novel highly porous high entropy (ZrysHf;sNbysTaysTiyjs)C fabricated
by foam-gelcasting-freeze drying technology combined with in-situ pressureless reaction sintering. The
porous (Zry5Hf;sNbysTaysTiy5)C exhibited ultra-high porosity of 86.4%-95.9%, as well as high strength
and low thermal conductivity of 0.70-11.77 MPa and 0.164-0.239 W/(m-K), respectively. Specifically, SiC
sintering additive only locates at the pit of the surface of sintering neck between UHTC grains, and there
is no secondary phase or intergranular film at the grain boundary. Besides, the oxidation resistance of
high entropy carbide powders is greatly improved compared with that of the mixed five carbide pow-
ders. This work clearly highlights the merits of highly porous high entropy (Zry;sHf;;5Nby5Taq5Tiy5)C as
an ultra-high temperature thermal insulation material.
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1. Introduction

Due to advancement of hypersonic vehicles and critical requests
for a faster speed, aerodynamic heating protection becomes more
serious [1], which results in the service temperature of thermal in-
sulation component above 2000 °C. However, common oxide ther-
mal insulation materials cannot survive under such ultra-high tem-
perature environment due to their relatively low melting points
[2-5]. Hence, it is urgent to develop new ultra-high temperature
insulation materials that demonstrate high strength, outstanding
thermal stability and extremely low thermal conductivity.

Transition metal carbides, nitrides, and borides belong to the
well-known class of ultra-high temperature ceramics because of
their very high melting points [6]. Among them, ultra-high temper-
ature carbides ZrC, HfC, NbC, TaC and TiC are promising ultra-high
temperature thermal insulation materials, which stem from their
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high melting temperature (>3000 °C), excellent thermochemical
stability, high strength and ablation resistance [7,8]. However, the
intrinsic thermal conductivity of these ultra-high temperature car-
bides is considerably high, for instance, 33.5 W/(m-K) for ZrC and
29.3 W/(m-K) for HfC [9]. Therefore, it is challenged to make effec-
tive modifications to reduce thermal conductivity, so that they can
satisfy the requirements for thermal insulation materials. Gener-
ally, enhancing the porosity and high entropy effect are two meth-
ods to decrease thermal conductivity. It is well known that realiz-
ing ultra-high porosity (>90%) could obtain extremely low thermal
conductivity [10]. In addition, the significant lattice inhomogeneity
arising from high entropy adoption may inhibit heat transporta-
tion through the lattice, and subsequently reduces thermal conduc-
tivity of a high entropy ceramic [11]. A good example is demon-
strated by the very low thermal conductivity of high entropy car-
bide (Zrg,Hfp,TigaNbg,Tag,)C that has a value of 6.45 W/(m-K)
[9]. The magnitude is much lower than the averaged thermal con-
ductivity (24.96 W/(m-K)) of the five binary carbides. A proper
combination of the above two methods can lead to a lower thermal
conductivity of ultra-high temperature carbide. To date, high en-
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tropy carbide (Zrg,Hfy,Tig,Nbg,Tag,)C with 80.99% porosity was
successfully fabricated and displayed moderately high compressive
strength of 3.45 MPa and low room-temperature thermal conduc-
tivity of 0.39 W/(m-K) [12], which supports the feasibility of afore-
mentioned perspective. Besides, it is still a challenge for both ultra-
high porosity (~95%) and high strength. Predictably, if high poros-
ity and high strength are simultaneously realized, the high entropy
ultra-high temperature ceramics with light weight and excellent
heat-shielding performance would be obtained.

In general, the sintering of highly porous UHTCs is very difficult
because of their superhigh melting point and low self-diffusion
coefficient [13]. Previous works on processing dense UHTC sam-
ples demonstrated that it was hard to obtain highly compact ma-
terial even by using Spark Plasma Sintering (SPS) or Hot-Pressing
(HP) method above 2000 °C. It was reported that TaC sample only
reached the density of 92% by using SPS technique under pressure
of 30 MPa at 2300 °C [14]. As for high entropy UHTCs, the sin-
tering and multi-component solid solution of principal elements
are harder than those of a sample with single principal element.
Consequently, nearly all reported works were subjected to reactive
sintering by SPS and HP at relatively high temperatures of 2200-
2300 °C [9,15-18]. Evidently, it is necessary to adopt external driv-
ing force to densify UHTCs. In this context, multifarious sintering
additives such as SiC, WC, MoSi,, TaSi,, B4C and C were employed
to promote sintering kinetics of UHTCs, which facilitated the re-
moval of surface oxides [19-22]. Among these additives, SiC has
attracted great interest, because it not only enhanced sinterability,
but also improved mechanical properties and oxidation resistance
of ultra-high temperature ceramics [22]. Until now, SiC was basi-
cally added as a composite component in many literatures about
high entropy ceramics. Thereinto, SiC was found to play an essen-
tial role in phase formation during sintering of high entropy UHTCs
(borides or carbides)/SiC composites [23]. Besides, SiC-reinforced
high entropy carbides have been reported to show remarkable me-
chanical properties by Lu et al. [24] and oxidation resistance by
Wang et al. [25]. Although SiC presents as a good sintering addi-
tive, it may be deleterious to high-temperature mechanical prop-
erties due to residual secondary phases or amorphous intergranu-
lar film between matrix grains [26-28]. Thus, what counts is ded-
icated to clean grain boundary phase to avoid affecting high tem-
perature performance.

In this work, our ambition was to develop ultra-high poros-
ity high entropy carbide thermal insulator with lighter weight,
higher strength, lower thermal conductivity, and better oxida-
tion resistance by pressureless sintering at relatively low tem-
perature. Herein, foam-gelcasting-freeze drying technology, multi-
component high entropy effect, and SiC sintering additive were
used to realize the above targets. Phase composition, microstruc-
ture and compositional homogeneity of as-prepared samples were
comprehensively characterized. Compressive strength and thermal
conductivity, as well as the oxidation behavior of high entropy car-
bide powders were investigated. Specifically, clean grain boundary
in porous high entropy carbide (Zry5Hf;5NbqsTay 5Ty 5)C skeleton
was observed and discussed.

2. Experimental
2.1. Starting materials and preparation procedure

Commercially available ZrC (>99%, ~1 pm), HfC (>99%,
~0.8 um), NbC (>99%, ~1-3 um), TaC (>99.6%, ~1-3 pm) and
TiC (>99.5%, ~1-2 nm) (Forsman Scientific (Beijing) Co., Ltd.) were
used as raw materials for synthesizing ultra-high porosity high
entropy UHTC in this study. The five transition metal carbides
with equal molar ratio were mixed by using SizNy4 jars with SizN4
balls and absolute ethyl alcohol as media. The mixture was milled
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at 300 rpm for 24 h by using a planetary ball mill. After ball-
milling, the slurry was dried in an oven at 80 °C and then sieved
through a 200-mesh screen. The SiC (>99%, ~500 nm, Shanghai
Chao Wei Nanotechnology Co., Ltd.) was used as sintering addi-
tive. Different SiC additions (0 wt.%, 0.3 wt.%, 0.6 wt.%, 1.0 wt.% and
2.0 wt.%) were added to promote sintering of UHTC powders. Long-
chain surfactant sodium dodecyl sulfate (SDS) was used as foam-
ing agent. A typical procedure of preparing ultra-high porosity high
entropy UHTCs was as follows [29]. Firstly, the mixed powders,
SiC powder and ammonium citrate were added into deionized wa-
ter and stirred well. Then SDS was added into the above suspen-
sion under vigorous stirring to foam and then the foamed sus-
pension was heated. Next the gelatin was added, and agitation re-
mained for 10 min. Afterward, the foams were poured into a mold,
then frozen and dried in a vacuum freeze dryer (SCIENTZ-10N, Sci-
entz, Ningbo, China). After demoulding, the green bodies were pre-
sintered at 1500 °C for 2 h. Finally, the pre-sintered samples were
heated at 2000 °C for 2 h by using a vacuum graphite tube furnace
(MT-18-22, Chen Hua, Shanghai, China). The porous high entropy
carbide samples prepared from different solid contents of 7, 10, 15
and 20 vol.% as well as 2 wt% SiC aiddtive were designated as
HEC-7, HEC-10, HEC-15 and HEC-20, respectively. Where HEC rep-
resents pure-phase porous high entropy carbide with 2 wt.% SiC
additive in this work.

2.2. Characterization

Phase composition was characterized via a step-scanning X-ray
diffraction (XRD) (Rigaku D/max-2400, Tokyo, Japan) with Cu K
radiation (A=1.54178 A) over a 26 range of 20°—80° by using 0.02°
steps. Porosity (P) was calculated by Eq. (1):

P:(l—ﬁ)x 100% 1)
Lr

where p is the apparent density of porous high entropy car-
bide, which is computed by ratio of measured mass to vol-
ume; p; is theoretical density of dense bulk high entropy car-
bide (ZrysHf;5NbyjsTay5Tiqj5)C, which is computed by its lattice
parameter, and where the lattice parameter is calculated from
XRD data. X-ray tomography analysis (XRT) (Xradia Versa XRM-
500, Xradia, Pleasanton, USA) was applied to compute porosity
of porous high entropy carbide by an Arizo fire software, which
can present tridimensional microstructure of the sample. Scanning
electron microscope (SEM) (SUPRA 55, Zeiss, Oberkochen, Ger-
many) equipped with an electron dispersive spectroscopy (EDS)
and transmission electron microscope (TEM) (Titan Cubed Themis
G3 300, FEI, Oregon, USA) with EDS were used to analyze the mi-
crostructure and compositional uniformity. Compressive strength
was tested by a universal testing machine (CMT 4204, SANS, Shen-
zhen, China) at a loading speed of 0.5 mm/min. Five samples with
a dimension of about 20 mm x 20 mm were used to determine
compressive strength. Thermal conductivity was measured from
room temperature to 300 °C by guarded heat flow test method
(DTC-300, TA Instruments Co., New Castle, USA) with a sample
size of 50.5 mm x 2.5 mm. The oxidation behaviors of high en-
tropy carbide powders and mixed raw powders were compared
by using a thermogravimetric analysis combined with differential
scanning calorimetry (TG-DSC) (STA449F3, Netzsch, Selb, Germany)
from room temperature to 1400 °C under airflow at a heating rate
of 5 °C/min.

3. Results and discussion
3.1. Phase compositions

XRD patterns of the as-prepared samples with different SiC ad-
ditive contents together with the mixed powders are shown in
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Fig. 1. (a) XRD patterns of mixed powders and sintered samples with different SiC contents; (b) Rietveld refinement pattern of sample with 2 wt.% SiC content.

Fig. 1(a). Diffraction peaks of the mixed powders correspond to five
binary carbides respectively, which indicates that after ball milling,
the mixed powders are just the mixture of ZrC, HfC, NbC, TaC and
TiC. Based upon Fig. 1(a), the sample without SiC additive obvi-
ously does not complete the solid solution process, and diffrac-
tion peaks of oxides are detected. The formation of oxides may be
primarily derived from the oxidation by some oxygen-containing
substances generated from the pyrolysis of organics added during
preparation process of porous green body. For the sample without
SiC additive, the completion of solid solution and removal of resid-
ual oxides both need a prolonged annealing time or a higher heat-
ing temperature. In particular, a single-phase of rock-salt struc-
ture without oxide peaks is formed with addition of SiC and does
not show any preferred orientation. Moreover, the width of XRD
diffraction peaks gets narrower with the increase of SiC content,
which indicates improved crystallinity. It is suggested that SiC not
only serves as sintering additive to lower the solid solution tem-
perature, but also acts as a reducing agent to consume the residual
oxygen during the preparation of sample. As shown in XRD pat-
terns, 2 wt.% SiC content shows the best crystallinity, and thus this
content is used as optimal addition amount in this work.

Rietveld refinement was carried out to gain information about
the lattice parameters by using General Structural Analysis System
(GSAS) program, as shown in Fig. 1(b). It yields good refinement
statistics of Rp=8.31% and Rwp=6.11%. Calculated lattice parame-
ter of sample with 2 wt.% SiC is 4.530 A, which is larger than the
values of 4.5084 A [30], 4.5180 A [9] and 4.5244 A [15] reported
in previous works. It was reported that solid solution of oxygen
(lattice oxygen) in carbide lattice will result in decrement of lat-
tice parameter due to smaller atomic radius of oxygen in compari-
son with carbon atom [31,32]. The higher lattice parameter in this
work provides a hint of low oxygen content. On the basis of lattice
parameter, theoretical density (p¢) is calculated to be 9.37 g/cm3.
Then the porosity of porous sample is calculated according to this
value.

3.2. Microstructure of porous high entropy carbide

Fig. 2 presents micrographs of HEC-10, HEC-15 and HEC-20. It
reveals that all samples exhibit a uniform isotropic multiple pore
structure, including large pores, windows and small pores in the
skeleton. As displayed in Fig. 2(a), (d) and (g), size distributions of
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large pores for HEC-10, HEC-15 and HEC-20 are about 65-296 pum,
67-267 pm and 60-242 um, respectively. Thereinto, some of larger
pores might be related to the merging of two or more pores. Size
distributions of the windows for HEC-10, HEC-15 and HEC-20 are
about 19-155 pm, 13-130 pym and 12-110 pum, respectively. Small
pores in the cell wall are observed in Fig. 2(b), (e) and (h), and
their size distributions are around 0.2-4.7 ym, 0.2-4.2 ym and 0.2—
3.5 pum, respectively. As can be seen, there are only very few small
pores in the cell wall which is nearly dense skeleton, which con-
tributes to good mechanical properties. Fig. 2(c), (f) and (i) dis-
play the well-sintering of neighboring particles and grain growth
of high entropy UTHC grains. The particle sizes are 0.35-4.91 pm,
0.22-3.63 pm and 0.11-2.40 pm, and the mean values are about
217 pm, 1.31 pm and 0.85 pm for HEC-10, HEC-15 and HEC-20,
respectively.

Fabricated samples with different solid contents all have uni-
formly interconnected pores and thin cell wall, resulting in their
ultra-high porosity. As solid content increases, there is a little de-
crease in the sizes of large pores, windows and small pores. The
number of small pores is significantly reduced, while a modest lift
of skeleton thickness appears. This is because that the viscosity of
slurry increases with the increase of solid content; and a higher
viscosity in a certain range and higher solid content tend to bring
out smaller pores, narrower pore distribution, thicker cell walls,
and better integrity of pores. In terms of particle size, size distribu-
tion is narrower and mean particle size is smaller with solid con-
tent increasing. In the case of low solid content, there are larger
surface area, thinner cell wall and shorter pore channel in samples
causing faster volatilization for SiC additive. Hence, there is longer
time for grain growth in the sample with lower solid content, so
its grain is larger than those with higher solid contents. Addition-
ally, all samples exhibit nearly dense skeleton, which benefits from
the improvement of sinterability by adding SiC additive. Properties
of porous ceramic are significantly affected by their microstructure.
The firmly sintered skeleton and strong cell wall are of great im-
portance to achieve good mechanical property [33].

X-ray tomography measurement was employed to reconstruct
three-dimensional morphology of HEC-20. As shown in Fig. 3(a), a
large field of view with a low resolution of 3.1 um (small pores
in the wall are indistinguishable in the figure) is used to charac-
terize large pores and cell windows. As can be seen, it presents
uniform interlinking pores in the sample, and it clearly shows that
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Fig. 3. XRT images of porous high entropy carbide: (a) large pores and (b) cell wall
for HEC-20.

the sizes of large pores are generally below 250 pm. Besides, in or-
der to analyze small pores in the cell wall, a microscopic field of
view with a resolution of 64 nm is shown in Fig. 3(b). There are a
few small pores (0.3-3.1 um) in the skeleton, and it indicates a rel-
atively dense skeleton. XRT results accord closely with the results
provided by SEM image analysis. In the light of reconstructed spa-
tial distribution, the volume fraction of large pores and small pores
are computed, which are 86.5% and 7.9%, respectively. Total volume
fraction of pores is 87.6% and it is close to the value of 86.4% that
was calculated by Eq. (1).

3.3. Compositional homogeneity of porous high entropy carbide

To manifest the compositional homogeneity of porous high en-
tropy carbide, EDS mappings of SEM and TEM at different scales
were characterized. SEM image at a microscale and correspond-
ing EDS mappings of Zr, Hf, Nb, Ta and Ti are displayed in Fig. 4.
It shows that the highly uniform distributions of the five transi-
tion metal elements without segregation. It suggests that the solid
solution process of five principal elements is complete and the
solution is homogeneous on microscale. Furthermore, the average
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atomic percentages are almost equal, which agrees with expected
equiatomic composition of (Zry5Hfy;5Nbyj5Taq5Tiq5)C.

Fig. 5 shows the microstructure, selected area electron
diffraction (SAED) pattern, and corresponding EDS mappings at
nanoscale. High-angle Annular Dark Field (HAADF) image and cor-
responding Annular Bright Field (ABF) image present a periodic
symmetric atomic lattice, as shown in Fig. 5(a) and (b), in which a
set fringe is about 2.267 A, corresponding to d-space of (200) plane
of face centered cubic (FCC) high entropy carbide. The lattice pa-
rameter calculated from the interplanar spacing is about 4.534 A,
which is close to the value of 4.530 A obtained by XRD Rietveld
refinement. SAED pattern along [001] zone axis shown in Fig. 5(c)
indicates that the as-prepared sample has a typical FCC structure,
which is in good agreement with XRD results. All intensity maps of
Fig. 5(d)-(i) clearly demonstrate the compositional and structural
homogeneity at atomic scale. Both results based on different mag-
nifications reveal that the porous sample consists of a chemically
and structurally homogeneous high entropy material.

Combined with the forementioned characterization methods of
XRD, XRT, SEM and TEM, we conclude that the porous single-phase
high entropy carbide (ZrysHf;/5sNbjsTa;5Tiyj5)C with good compo-
sitional uniformity at both microscale and atomic scale is success-
fully synthesized by foam-gelcasting-freeze drying method and in-
situ pressureless reaction sintering.

3.4. Compressive strength and thermal conductivity

Compressive strength is one of the most important mechan-
ical properties for porous ceramics. While thermal conductivity
is a crucial index to measure thermal insulation materials. As is
well-known, porosity has a great influence on strength and ther-
mal conductivity. Fig. 6 displays the dependance of compressive
strength and thermal conductivity on porosity for our samples. In
Fig. 6(a), it is seen that compressive strength of porous high en-
tropy carbide decreases from 11.77 to 0.70 MPa with porosity vary-
ing from 86.4% to 95.9%. The pore morphology, pore size distribu-
tion, strut thickness and densification of cell wall all have notice-
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Fig. 5. STEM-EDS analysis of porous high entropy carbide sample: (a) HAADF image, (b) corresponding ABF image, (c) SAED pattern and (d)-(i) corresponding EDS mappings.

able effects on the strength of porous materials. As porosity in-
creases, it is obviously presented in Fig. 2 that pore size distribu-
tion gets larger and the cell wall becomes thinner, which results
in relatively weak ability to resist external load and yields lower
strength. Vice versa, the porous sample with lower porosity has
higher strength due to smaller pore size and thicker cell wall. It
should be mentioned here that the strength of our samples is su-
perior to those of other porous oxides and carbides with similar
porosities [34-39], which are plotted and compared in Fig. 6(a).
It is noted that the strength (11.77 MPa, porosity: 86.4%) in this
work is higher than that (3.45 MPa, porosity: 80.99%) of porous
(ZrgoHf,TigyNbgTag2)C [12]. The basic reason is due to differ-
ences in microstructure. Concretely, owing to high sintering tem-
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perature and the use of SiC sintering additive, our sample has
tighter sintering neck, denser skeleton and larger contact area of
grain than those obtained from partial sintering method. Besides,
when compared with the work of highly porous multicomponent
(Hfyj3Tay3Nby3)C of our team [40], the higher strength in this
work is also due to differences in micromorphology. To be spe-
cific, the addition of SiC dramatically accelerates the sintering of
UHTCs powders and generates dense and firm skeleton in this
study, rather than the porous skeleton of porous (Hf;;3Ta;;3Nbyj3)C
without using any sintering aids [40].

Fig. 6(a) also shows that room temperature thermal con-
ductivity of porous samples in this study varies from 0.239
to 0.164 W/(m-K) as porosity increases from 86.4% to 95.9%.
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porosities as a function of temperature.

In general, thermal conductivity of high-porosity materials at
room temperature is mostly determined by heat conduction
through solid skeleton. As volume fraction of solid skeleton
decreases with increased porosity, room-temperature thermal
conductivity gets weaker. Actually, when compared to other
porous oxide ceramics with similar porosity, the thermal con-
ductivity of our samples is slightly higher than those of typ-
ical porous Si/mullite (0.178 W/(m-K) for 86.7%) [36] and
(Laolszo_zsmo_zGdo_szovz)221‘207 (0.102 W/(mK) for 88.0%) [37],
but lower than that of porous Al,03 (0.180 W/(m-K) for 95.9%)
[39]. The main reason is that intrinsic thermal conductivity of high
entropy UHTC (6.45 W/(m-K) [9] and 13.2 W/(m-K) [41]) is slightly
higher than those of the oxides, such as ~6 W/(m-K) for mullite
[42] and 2.5 W[(m-K) for La;Zr,0; [43], except for 33 W/(m-K)
for Al,05 [44]. Even though intrinsic thermal conductivity of car-
bide is very high, thermal insulation performance of ultra-high
porosity high entropy carbide can still be comparable to that of
conventional oxide insulation materials. Thermal conductivity of
the present sample is lower than the same material system with
porosity of 80.99% [12], which is benefited from higher porosity
obtained by foam-gelcasting-freeze drying method. More impor-
tantly, it is worth noting that thermal conductivity of high entropy
carbide is distinctly smaller than that (0.94 W/(m-K) for 85.0%) of
single-component ZrC [34]. This is because high entropy effect can
efficiently reduce thermal conductivity of solid skeleton due to sig-
nificant phonon scattered at the disordered cation sublattice.
Besides, Fig. 6(b) plots the trends of thermal conductivity of
porous samples with different porosities as a function of testing
temperature. As can be seen, thermal conductivity of porous high
entropy carbide slowly increases with elevated temperatures. Ther-
mal conductivity of porous (ZrysHf;5sNby5Tay5Tiyj5)C with poros-
ity of 86.4% is 0.239 W/(m-K) and 0.436 W/(m-K) at room temper-
ature and 300 °C, respectively. Moreover, the sample with higher
porosity has lower thermal conductivity than those samples with
lower porosity at both room and high temperatures. The values
range from 0.436 W/(m-K) to 0.326 W/(m-K) when porosities in-
crease from 86.4% to 95.9% at 300 °C. Specially, thermal con-
ductivity for porous ZrC [34] with porosity of 85% is shown in
Fig. 6(b) for comparison. From room temperature to 300 °C, ther-
mal conductivity of ZrC has a larger variation from 0.94 W/(m-K)
to 1.35 W/(m-K), which is much higher than those of porous high
entropy carbide with porosity of 86.4% (from 0.239 W/(m-K) to
0.436 W/(m-K)). High entropy effect effectively reduces thermal
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conductivity of UHTC sample. Based on the above comparison, it
is clear that our sample has enhanced mechanical and thermal
properties than those carbides in previous works, as well as supe-
rior properties compared with typical oxides. Hence, it can be con-
cluded that the specimens in this work have better comprehensive
performance.

3.5. Characteristics of grain boundary

In general, intergranular amorphous films were frequently ob-
served at grain boundary of UHTCs sintered with SiC additive in
previous literatures [26,27,45]. For example, during the sintering
of ZrB, ceramic, SiC reacted with ZrO, at the outset, and then
ZrC and amorphous SiO, were formed [27]. Thus, the amorphous
SiO, caused amorphous intergranular phase in the processed sam-
ple. Moreover, even without any additives, there was also a thin
layer (~1.5 nm) of amorphous intergranular phase for high entropy
(Hf-Ta-Zr-Nb)C [46], which was caused by the impurities from raw
materials and ball milling process. However, the amorphous inter-
granular phase is a fatal weakness to high-temperature strength
[28]. In this work, we used SiC as sintering additive to fabricate
porous high entropy carbide (ZrysHf;;5NbyjsTay5Tiqj5)C. Whereas
the morphology of grain boundary is unclear in the specimen, be-
cause there exist adequate free surfaces in porous sample com-
pared with the dense ceramic. Backscattered electron (BSE) imag-
ing and HAADF imaging techniques were employed to further in-
vestigate the effect of SiC additive on grain boundary. It is obvi-
ously shown that there exists a striking contrast between high en-
tropy carbide and SiC in Fig. 7(a), which is only distinguishable at
high magnification. The light contrast portion is high entropy car-
bide (Zry5Hf;;5Nbyj5Taq5Tiy;5)C and the relatively dark region is
proven to be SiC by EDS mappings. Although SiC exists between
high entropy carbide grains from BSE image, it is still worth mak-
ing certain whether SiC exists in the interior of grain boundary or
not on the material with porous structure.

To clarify these issues, the cross-section containing grain
boundary of HEC-10 was fabricated by using a very finely focused
ion beam (FIB), and microstructure of the cross-section was de-
termined by means of scanning transmission electron microscopy
(STEM). An approximately 4 pm-long grain boundary is observed
in Fig. 7(b), and it is interesting to note that high entropy carbide
grains are tightly bound together. There is no secondary phase or
amorphous film at the interface, which is utterly different from the
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128 nm

156 nm

Fig. 7. (a) BSE image of cell wall surface of HEC-10, (b)-(f) HAADF images of cross-section containing grain boundary, (g) STEM and corresponding EDS mappings of porous

high entropy carbide near surface of sintering neck.

morphology in previous works by using SiC additive. In contrast,
the proportion of SiC is so tiny that it is easy to be neglected at
low magnification. In detail, from locally enlarged HAADF image in
Fig. 7(c), the presence region of SiC is like a triangle, about 156 nm
in length and 128 nm in height. The final proportion of SiC esti-
mated by HAADF image is much less than 1%, which is consistent
with XRD result that there are no identified SiC diffraction peaks,
because the very tiny amount of residual SiC falls below XRD de-
tection limit. Meanwhile, SiC has a strong bonding with adjacent
high entropy carbide particles as illustrated in Fig. 7(d) and (e).
High-resolution transmission electronic microscopy (HRTEM) mor-
phology displays a clean and ordered interface, and the atoms of
two grains are aligned coherently as shown by the red line in
Fig. 7(f). Surprisingly, SiC only locates at the pit of the surface
of sintering neck between carbide grains and there is no trace of
SiC in the interior of grain boundary or grains, which is confirmed
again by EDS mappings in Fig. 7(g). It forecasts the good mechani-
cal property by suppressing grain boundary softening at high tem-
perature.

There is one inescapable fact that a small part of the interface is
not particularly legible at the grain boundary as shown in HRTEM
image. This is originated from huge misorientation between the
two grains. It is hard to display clear atoms of two grains simul-
taneously. In order to further verify coherence and integrity of the
interface, EDS mappings, fast Fourier transform (FFT) and inverse
Fourier transform of HRTEM image at the grain boundary were
used for analysis, which are supplied in Fig. 8. EDS mappings of
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Fig. 8(a) show that the five metal elements, Zr, Hf, Nb, Ta and Ti,
also have uniform and continuous distribution even at the inter-
face. It is confirmed that the grain boundary is clean without any
segregation of elements and there is no trace of amorphous phase
or SiC in the interior of grain boundary or grains. Fig. 8(b) shows
HRTEM image of porous high entropy carbide sample at grain
boundary. Electron diffraction patterns obtained by Fourier trans-
form of Fig. 8(b) exhibit two sets of patterns in Fig. 8(c), namely
[001] zone axis and [112] zone axis electron diffraction patterns
for grains A and B, respectively. Then we select a pair of diffrac-
tion spots (200) as shown in the insert picture of Fig. 8(d) to op-
erate inverse Fourier transform, and get neat and coherent lattice
fringes. These lattice stripes extend smoothly from grain A, through
the grain boundary, to grain B, which further verifies the well-
ordered interface and clean grain boundary without amorphous
phase.

As is well-known, most of the impurity phases in UHTCs would
locate at grain boundaries [47], and even become amorphous in-
tergranular phase. But in this study, there is no intergranular film
at the grain boundaries, and SiC only exists in the pit of the sur-
face of sintering neck between neighboring carbide grains. The rea-
son for such result is the special porous microstructure and sin-
tering mechanisms of porous UHTCs ceramic with SiC additive.
The two conjectures are as follows. One aspect is the little addi-
tion amount (2 wt.%) of SiC, which is obviously less than that of
10 vol.%—37 vol.% of others works [22-28,47-49]. In light of sin-
tering mechanism in literatures, TiO, reacts with SiC at 1550 °C
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Fig. 8. (a) STEM and corresponding EDS mappings of HEC-10 at interface of matrix grains; (b) HRTEM of porous sample at grain boundary and (c) corresponding FFT image
of grain A/grain B interface, (d) inverse FFT image of a selected pair of diffraction spots, while the insert shows selected pair of diffraction spots of grain A.
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Fig. 9. (a) DSC curves of mixed powders and high entropy carbide powders with 0 wt.%, 0.6 wt.% and 2 wt.% SiC; (b) corresponding TG curves of mixed powders and high

entropy carbide powders with SiC additive.

[48] and ZrO, reacts with SiC at 1750 °C under Ar atmosphere
[49] to form liquid SiO, as well as gaseous SiO. In our work, dur-
ing heating process, a part of SiC reacts directly with oxides on the
surface of carbide particles to form gaseous SiO. Meanwhile, the
transient liquid phase might appear but immediately reacts with
SiC to form gaseous SiO, and most gaseous products are rapidly
taken away by the flowing argon, resulting in evident consumption
of SiC. Thus, there is no amorphous phase left at the grain bound-
ary of porous sample, which accounts for the clean grain boundary
in this study.

Another aspect is highly porous structure of the samples, in-
cluding high porosity and thin cell wall, which bring large surface
area of skeleton and unobstructed pore channel. Therefore, under
incorporating SiC additive into the quinary carbides system, the
contact area between carbide particles enlarges steadily with the
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sintering process, meanwhile the sintering neck is further strength-
ened. Hence, remained SiC additive is extruded to periphery of the
sintering neck and finally locates at the pit of the external sur-
face. Ultimately, a dense grain boundary is formed at the sintering
neck, as shown in Fig. 2. This process is completely different from
the sintering of bulk UHTCs, in which the SiC additive and carbide
particles are firmly restricted inside the dense block. As tempera-
ture rises, the additive becomes liquid phase and fills in the gap of
carbide particles. However, there is no free channel connected to
surface of the block and thus it cannot be removed from the bulk
sample. It can only appear as a second phase or bring about a thin
oxide layer at the grain boundary between UHTC particles. There-
fore, the very small amount of SiC additive and the unique porous
structure with thin cell wall result in the clean grain boundary in
the present material.
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3.6. Oxidation behavior

Thermogravimetric analysis combined with differential scan-
ning calorimetry was employed to measure the oxidation behaviors
qualitatively. Fig. 9 demonstrates TG-DSC curves of the mixed raw
powders and high entropy carbide powders with 0 wt.%, 0.6 wt.%
and 2 wt.% SiC in air to compare oxidation behaviors. There is obvi-
ous difference between DSC curves of mixed raw powders and high
entropy carbide powders in Fig. 9(a), i.e. five exothermic peaks in
mixed raw powders and only one exothermic peak in high entropy
carbide powders. DSC results show that the mixed raw powders
and high entropy carbide powders with 0 wt.%, 0.6 wt.% and 2 wt.%
SiC start to oxidize at about 274.5, 371.2, 408.7 and 523.5 °C, re-
spectively. The mixed raw powders reach their maximum exother-
mic peak at ~467.5 °C, while high entropy carbide powders with
0 wt%, 0.6 wt% and 2 wt% SiC are at around 586.7, 597.6 and
768.1 °C, respectively. Additionally, as shown in Fig. 9(b), TG re-
sults show that all samples exhibit weight gains, and correspond-
ing maximum weight gain points act the same rule as maximum
exothermic peak of DSC results.

The five exothermic peaks of mixed raw powders clearly corre-
spond to sequential oxidations of the five carbide components. The
single exothermic peak of high entropy carbide powders means
that it really is the oxidation of a single-phase high entropy car-
bide. The initial oxidation temperatures and maximum exother-
mic peaks of high entropy carbide powders are higher than those
of the mixed powders and further enhanced with more SiC addi-
tion. It shows that high entropy carbide powders have better oxi-
dation resistance than mixed raw powders, which enhances about
119.2 °C. The addition of SiC additive also improves oxidation resis-
tance of high entropy carbide powders, and the increment reaches
181.4 °C when the amount of SiC additive is 2 wt.%. TG-DSC results
suggest that synergetic effects of high entropy modification and SiC
additive effectively boost the oxidation resistance of UHTCs.

4. Conclusions

A single-phase (ZrysHfjsNbyjsTaysTiys)C  with  ultra-high
porosity (95.9%) was successfully fabricated by foam-gelcasting-
freeze drying and in-situ pressureless reaction sintering with SiC
additive. To our knowledge, it ranks the highest porosity for porous
ultra-high temperature ceramics reported in literatures. Porous
high entropy carbide is the pure-phase with a rock-salt structure
and the component is homogenous at multiple scales. Porous sam-
ples exhibit a microstructure of numerous, uniform interlinking
pores and thin cell wall. The as-fabricated samples possess excel-
lent overall performance, such as controllable ultra-high porosity
(86.4-95.9%), high compressive strength (11.77-0.70 MPa) and low
thermal conductivity (0.164-0.239 W/(m-K)). Due to the addition
of SiC sintering additive, the sinterability of quinary ultra-high
temperature carbide is obviously improved. Surprisingly, the added
SiC only locates at the pit of the external surface of sintering neck
between carbide grains. Most importantly, there is no secondary
phase or intergranular film at the grain boundary of the thin
skeleton. TG-DSC analyses indicate that high entropy carbide
powders have improved oxidation resistances than mixed raw
powders of five carbides and the addition of SiC additive obviously
further enhances the oxidation resistances of porous high entropy
UHTCs. Our work demonstrates an efficient approach to fabricate
a single-phase ultra-high porosity (ZrysHf;sNby5TaysTiys)C with
high strength, low thermal conductivity and good oxidation resis-
tance. The as-prepared porous (ZrysHf;sNbqjsTaysTiyjs)C can be
used in the key field of ultra-high temperature thermal insulation
applications.
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