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Abstract
This study reports for the first time on the preparation of medium-entropy (Ti,Hf,Ta)C-based powders with biphasic

composition of Hf(Ti,Ta)C and Ti,Ta(Hf)C based on carbothermal reduction of TiO2, Ta2O5 and HfO2 with graphite.
The synthesized (Ti,Hf,Ta)C-based powders had a fine particle size of 200 – 300 nm and low oxygen content of 0.42 wt%.
After sintering at 2 100 °C for 1 h, single-phase (Ti,Hf,Ta)C ceramics were obtained. The effect of the Hf element con-
tent on the densification and grain growth of (Ti,Hf,Ta)C medium-entropy ceramics was investigated and compared
with monocarbide ceramics (TiC, HfC, TaC). The final sintered medium-entropy (Ti,Hf,Ta)C ceramics prepared by
means of hot pressing at 2 100 °C had fine grains (0.92 ± 0.4 lm) and a relative density of 93.3 %. The Hf element signif-
icantly inhibited the densification and grain growth of (Ti,Hf,Ta)C ceramics due to its lattice distortion and the slug-
gish diffusion effects. The equimolar ratio (Ti,Hf,Ta)C corresponding to (Ti1/3Hf1/3Ta1/3)C had ultra-high strength at
1 600 °C (639 ± 38 MPa) and 1 800 °C (697 ± 26 MPa). The ultra-high strength of (Ti,Hf,Ta)C medium-entropy ceramics
is the result of the collaborative optimization of the superfine microstructure (grain size of 0.92 ± 0.4 lm) and strong
grain boundary strength.
Keywords: Medium-entropy ceramics (Ti,Hf,Ta)C, sluggish diffusion effect, high-temperature flexural strength.

I. Introduction
At present, as human beings are becoming more curious

about the expansion of unknown areas, demand is growing
for materials to meet requirements in extreme service envi-
ronments. Ultra-high-temperature ceramics (UHTCs) are
a limited and select set of carbides, nitrides and borides of
the group IV and V transition metals 1 – 3. UHTCs have the
highest melting points of any known compounds, mak-
ing them suitable for use in extreme environments 4. They
are characterized by a unique combination of properties,
including melting points above 3 500 K, high-tempera-
ture strength and the capability to conduct heat when
the service temperatures exceed 2 200 K 5. A variety of
UHTC developments have been reported in the past twen-
ty years, highlighting significant advantages for some ap-
plications 6 – 11. As an example, potential applications for
carbide ceramics in the aerospace industry have been con-
sidered, such as the sharp leading domes and wing edges
of hypersonic flight vehicles 12. The first results on mul-
ticomponent and high-entropy crystal alloys were pub-
lished in 2004 3, 13, 14. This new concept includes the open-
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ing up of a vast and unexplored field of alloy composition
and the potential to influence the stability of solid-solution
phases by controlling configurational entropy. This very
different idea has captured the imagination and efforts of
a growing number of people in the materials science com-
munity. The method of creating the solid solutions was in-
spired by the development of multi-metal solid-solution
compounds. It is a new type of ultra-high-temperature ce-
ramics (UHTCs) developed based on transition metal car-
bide 7 – 9, 15 and diboride 6, 16 – 18. High-entropy carbide
ultra-high-temperature ceramics have attracted more and
more attention owing to their excellent properties such as
high hardness, high strength and high toughness 6 – 11.

The synthesis, densification, and microstructure of high-
entropy carbides ceramics are the main factors influenc-
ing their mechanical properties. High-entropy carbides
ceramics powders have been synthesized from commer-
cial carbide powders 19, carbothermal reduction of ox-
ides 8, 9, liquid precursors 20, 21, and the reaction of ele-
mental metals with carbon sources 22. Demirskyi et al. 7

used commercial TaC, TiC, and ZrC as raw materials
to prepare single-phase (Ta1/3Ti1/3Zr1/3)C ceramics by
means of SPS at 1 973 °C. The flexural strength and frac-
ture toughness of (Ta1/3Ti1/3Zr1/3)C at room tempera-
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ture reached an average of 700 MPa and 3.2 MPa⋅m1/2,
respectively. At 1 600 °C, the flexural strength decreased
by 300 ± 25 MPa, and there was no significant change at
1 800 °C. At 1 800 °C, (Ta1/3Ti1/3Zr1/3)C ceramics un-
dergo local decomposition, forming a structure with local
chemical gradient, and the fracture toughness increases
by 30 % (up to 4.4 MPa⋅m1/2). Wang et al. 9 prepared an
ultrafine-grained (Ti,Zr,Hf)C ceramic by means of car-
bothermal reduction of oxides, which exhibits extremely
high strength at ultrahigh temperature, with a flexural
strength of 619 ± 57 MPa at 1 600 °C and no obvious
degradation even at 1 800 °C. The main strengthening
mechanism in (Ti,Zr,Hf)C can be attributed to the high
lattice parameter mismatch effect between TiC and ZrC.
Yang et al. 8 sintered (Ti,Zr,Ta)C ceramics at 2 100 °C us-
ing core-shell powders with low oxygen content. The
ultra-high- strength properties of (Ti,Zr,Ta)C ceramics
were studied. It was found that their core-shell struc-
ture can effectively inhibit the increase of grain size (1.1 ±
0.4 lm), and further improve the high-temperature prop-
erties of the materials. The flexural strength of (Ti,Zr,Ta)C
at 1 000 °C (493 ± 21 MPa) is close to that at room tem-
perature (511 ± 52 MPa). With temperature increase from
1 600 °C to 1 800 °C, the flexural strength increased sig-
nificantly, reaching 725 ± 32 MPa at 1 800 °C. Xu et al. 17

successfully prepared (Hf,Zr,Ta,Nb,Ti)B2 ceramics sin-
tered with cobalt as an additive by means of spark plasma
sintering at 1 500 °C. The relative density increased from
49.3 % to 99.5 %. The grain size was refined to 0.5 lm. This
shows that the use of additives plays an important role in
the modification of ceramics. Feng et al. 21 used metal
oxides and carbon black as original materials to prepare
high-entropy (Hf,Zr,Ti,Ta,Nb)C ceramics in a two-step
process of carbon-thermal reduction and hot pressing. It
was found that the flexural strength of (Hf,Zr,Ti,Ta,Nb)C
carbide ceramics decreased above 1 800 °C due to the de-
crease in dislocation density and increase in dislocation
movement. Li et al. 22 reported on a simple liquid precur-
sor method for the synthesis of single-phase high-entropy
carbide nanopowders. The as-synthesized powders pos-
sess an average particle size of 132 ± 5 nm, a specific surface
area of 24.5 m2/g, and an oxygen content of 0.22 wt%, re-
spectively.

Guo et al. 23 studied and prepared high-entropy
(Ti,Zr,Hf,Nb,Ta)C ceramics, and found that high-entropy
ceramics maintained the integrity of crystal structure, and
uniform distribution of solid-solution elements at micro
scale. Meanwhile, solid-solution elements concentration
oscillations, atomic dispersion and lattice strain were ob-
served at the nanoscale.

The microstructural evolution of high-entropy ceram-
ics also has great influence on their mechanical prop-
erties. The impurities existing in ceramic grain bound-
aries and the relatively rough grain boundaries could im-
prove the high-temperature flexural strength of high-
entropy carbide. Zhang et al.24 studied the grain growth
kinetics and densification mechanism of high-entropy
(Ti,Zr,Hf,V,Nb,Ta)C ceramics. Sintering of the ceramics
at 2 300 °C will form single-phase carbides with rock salt
structure, before which the corresponding V, Zr, Hf will

appear [GS1] obvious aggregation phenomenon. With
the increase in sintering temperature, the grain growth
mechanism gradually changes from surface diffusion to
volume diffusion, and then to grain boundary diffu-
sion. The solid solution formation can effectively pro-
mote the densification process based on the design of
two-step sintering. Liu et al. 6 reported the high-tem-
perature strength of (Ti0.2Zr0.2Nb0.2Hf0.2Ta0.2)B2 high-
entropy diboride ceramics and discussed the high-tem-
perature strengthening mechanism. The high-entropy
boride ceramics with ∼ 2 vol% oxides and ∼ 1 vol% poros-
ity were successfully consolidated by means of spark
plasma sintering at 2 000 °C. The flexural strength of
(Ti0.2Zr0.2Nb0.2Hf0.2Ta0.2)B2 reached 400.4 ± 47.0 MPa
at room temperature and 751.6 ± 23.2 MPa at 1 800 °C,
respectively. Yang et al.25 also studied the influence of
equiatomic Zr/(Ti,Nb) substitution on the high-temper-
ature strength of (Ti,Zr,Nb)C medium-entropy ceramics.
The grain size of (Ti,Zr,Nb)C ceramics decreased from
9.4 ± 3.7 lm for (Ti0.45Zr0.1Nb0.45)C to 1.1 ± 0.4 lm for
(Ti1/3Zr1/3Nb1/3)C, due to the sluggish diffusion effect of
increasing the configuration entropy. At 1 900 °C, the flex-
ural strength of (Ti,Zr,Nb)C medium-entropy ceramics
containing 33.3 at% Zr and 40 at% Zr is 875 ± 43 and 843 ±
71 MPa, respectively. The relatively smooth grain bound-
aries observed at 1 000 °C changed to curved and serrated
grain boundaries at 1 900 °C. The crack healing and crack
tip blunting at high temperature may make a potential
contribution to the clear increase in flexural strength.

Hf has about the same atomic radius as Zr, but there have
been few reports on the densification of (Ti,Hf,Ta)C ce-
ramics and their high-temperature mechanical properties
up to now. In the present study, (Ti,Hf,Ta)C powders with
low oxygen impurity are synthesized with carbothermal
reduction method. The effects of the Hf content on sinter-
ing, microstructure and high-temperature strength of en-
tropic ceramics in (Ti,Hf,Ta) C were investigated.

II. Experimental Procedure

(1) Sample preparation

The original powders were titanium oxide (TiO2,
99.99 %, ∼ 0.1 lm), hafnium oxide (HfO2, 99.95 %,
∼ 0.2 lm), tantalum pentoxide (Ta2O5, 99.9 %, ∼ 1.5 lm),
and graphite (99.9 % pure, ∼ 2 lm). The original powders
were mixed in a molar ratio of 2:2:1:19 (TiO2: HfO2:
Ta2O5: graphite) according to the reaction equation
shown in Table 1 to obtain equimolar-ratio ceramics.
After ball mixing, the mixed slurry was vacuumed to re-
move ethanol. Subsequently, it was further dried in an
oven at 60 °C to obtain raw mixed powders with the name
THTOC. The obtained THTOC powder was heated up
to 1 400 – 1 700 °C for 0 ∼ 1.5 h under vacuum atmosphere
to prepare medium-entropy carbide powder (named as
THTC) by means of carbothermal reduction. In order
to adjust the Hf element content, (Ti0.4Hf0.2Ta0.4)C and
(Ti0.3Hf0.4Ta0.3)C ceramic powders were also prepared
with the same method with the TiO2:HfO2:Ta2O5:C mo-
lar ratios of 2:1:1:16 and 6:8:3:63, and named THTC-2 and
THTC-4, respectively, as shown in Table 1.
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Table 1: Reaction equations for (Ti,Hf,Ta)C compositions with different Hf content.

Name Reaction equations for different compositions

THTC 2TiO2 + 2HfO2 + Ta2O5 + 19C→6(Ti1/3Hf1/3Ta1/3)C + 13CO (g)

THTC-2 2TiO2 + HfO2 + Ta2O5 + 16C→5(Ti0.4Hf0.2Ta0.4)C + 11CO (g)

THTC-4 6TiO2 + 8HfO2 + 3Ta2O5 + 63C→20(Ti0.3Hf0.4Ta0.3)C + 43CO (g)

The obtained THTC powders were sieved through
a 200-mesh screen, and then placed into a 30 mm ×
37 mm graphite die lined with graphite paper. The THTC
powders were sintered by means of hot pressing at
1 900 – 2 100 °C for 1 h at a heating rate of 10 K/min to
obtain rectangular samples with the dimensions 30 mm ×
37 mm × 5 mm (width × length × thickness). The furnace
was heated under < 10 Pa vacuum to 1 650 °C, and the
chamber was backfilled with high-purity argon (> 99.999
purity). A uniaxial pressure of 30 MPa was applied at
1 650 °C at a rate of 3 MPa/min. After soaking, the pres-
sure was decreased to 2 kN at a rate of 5 kN/min, then the
pressure-controlling program was turned off. The temper-
ature was dropped at a rate of 15 K/min from soaking tem-
perature to 1 700 °C and the sample was naturally cooled
down to room temperature. The obtained THTC-2 and
THTC-4 powders were also sintered at 2 100 °C, in or-
der for us to investigate the effects of Hf element content
on the densification and microstructure of (Ti,Hf,Ta)C
ceramics. TaC powders and ceramics were also prepared
with the same method as that applied for the THTC. The
as-sintered samples were ground on both sides to remove
the graphite foil and reaction layers. Densities were mea-
sured with the Archimedes method using distilled water as
the immersing medium. Theoretical densities were calcu-
lated from the lattice parameters, which were determined
by means of XRD refinement.

(2) Characterization of the structure and properties
X-ray diffraction (XRD, D8 ADVANCE, Bruker, Ger-

many) was used to determine the phase compositions of
the THTC powders and ceramics with Cu-Ka radiation.
Jade 5.0 software was used to refine the XRD patterns
and calculate the lattice parameters. An oxygen/nitrogen
analyzer (TC-600C, Leco, USA) was used to measure the
oxygen content in the THTC powders. The microstruc-
ture of the powders and ceramic specimens was charac-
terized with an FESEM (Magellan 400L, FEI, USA) and
SEM (TM3000, Hitachi, Japan). Rectangular bars measur-
ing 30 mm × 2.5 mm × 2.0 mm (length × width × thickness)
were cut from the sintered blocks by means of wire-cut
electrical discharge machining. The bars were ground,
polished to 0.5 lm finish using a diamond paste, and then
the edges were chamfered. An ultra-high-temperature
strength testing machine (AG-X Plus, Shimadzu, Japan)
was used to measure the four-point flexural strength. The
inner and outer spans were 10 mm and 20 mm, respec-
tively. Different crosshead rates were set to 0.5 mm/min
at 25 – 1 000 °C and 2 mm/min at 1 600 – 1 800 °C. At least
three measurements were performed for each type of sam-
ple to calculate the average strength.

III. Results and Discussion
The XRD patterns of THTOC powders heated at

1 600 – 1 700 °C are shown in Fig. 1(a). It can be seen that

at 1 600 °C without holding time (0 h), residual graphite
and HfO2 phases are still present in the reaction products.
When they are heated at 1 600 – 1 700 °C and with a hold-
ing time extended to 1.5 h, they exhibit a biphasic compo-
sition. Based on comparison of the XRD patterns with the
ICDD-PDF of HfC (No. 39 – 1491), TiC (No. 32 – 1383),
TaC (No. 35 – 0801), Hf(Ti,Ta)C and Ti,Ta(Hf)C phas-
es were identified in the THTC powders. The oxygen
content of the THTC powders at 1 600 °C for 1.5 h and
1 700 °C for 1.5 h was 0.61 wt% and 0.42 wt%, respective-
ly. Since the THTC powder has the lower oxygen content
at 1 700 °C for 1.5 h, this was used as the original powder
for the preparation of THTC ceramics.

In order to understand the carbothermal reaction pro-
cesses and the formation reasons for the biphasic com-
positions in THTC powder, THTOC powders were also
heated at 1 400 – 1 500 °C without holding time and their
XRD patterns are shown in Fig. 1(b). At 1 400 °C, the
XRD peaks of TiO2 and Ta2O5 disappeared, and peaks of
TiTaO4 appeared. Meanwhile, there was a large amount
of residual HfO2, indicating that the reaction rate of the
TiO2-Ta2O5 binary system forming TiTaO4 was higher
than HfO2-Ta2O5 and HfO2-TiO2. According to the
TiO2-Ta2O5 phase diagram proposed by Waring and
Roth 26, TiTa2O7 solid solution can form in this bina-
ry system at a temperature of about 1 400 °C in air. In
the present study, the presence of graphite in the mixed
THTOC powders and the vacuum atmosphere could pro-
mote the formation of TiTaO4 solid solution at 1 400 °C
with holding time. With the increase of temperature up
to 1 500 °C, the TiTaO4 peaks disappeared, the graphite
peak intensity decreased, and meanwhile Ti,Ta(Hf)C peak
intensity increased, which indicated that most of TiTaO4
was reduced to Ti,Ta(Hf)C by graphite. From 1 400 °C to
1 500 °C, the HfO2 peaks intensity does not change much,
and the XRD peak intensity of Hf(Ti,Ta)C was lower than
that of Ti,Ta(Hf)C at 1 500 °C. From the XRD patterns,
it can be concluded that TiTaO4 performs carbothermal
reduction reaction more preferentially, and also much
faster than HfO2. TiTaO4 and its carbothermal reduction
product Ti,Ta(Hf)C may coat or disperse around HfO2
particles and therefore could inhibit the diffusion of HfO2
particles and their grain growth. Liu et al. 27 synthesized
ultra-fine HfC powders (particle size of 225 nm) based
on a carbothermal reaction of HfO2 with carbon black.
The results showed that limiting the HfO2 particle grain
growth can decrease HfC powder grain size. When heat-
ed at 1 600 – 1 700 °C with a holding of 1.5 h, it shows a
biphasic composition with Hf(Ti,Ta)C and Ti,Ta(Hf)C
phases. Fig. 2 shows the back-scattered electron images of
the synthesized THTC powder after heating at 1 700 °C
for 1.5 h. The THTC powder is fine with the particle size
of about 200 – 300 nm. The dark phase is Ti,Ta(Hf)C and
the bright phase is Hf(Ti,Ta)C.
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Fig. 1: XRD patterns of the THTC powders at 1 600 – 1 700 °C (a), the THTOC powder, and THTC powders at 1 400 – 1 500 °C (b), THTC
powders (1 700 °C) and THTC ceramics sintered at 1 900 – 2100 °C (c), and the lattice parameters of Ti,Ta(Hf)C phase at 1 700 °C and
(Ti,Ta,Hf)C in THTC ceramics sintered at 1 900 – 2 100 °C (d).

Fig. 2: SEM images at different magnifications for THTC powders synthesized at 1 700 °C for 1.5 h, (a) ×10 000, (b) ×30 000.
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THTC powders were sintered at 1 900 – 2 100 °C with
the hot-pressing method. Fig. 1(c) shows the XRD pat-
terns of THTC ceramics sintered at different tempera-
tures (1 900 °C, 2 000 °C, and 2 100 °C) for 1 h. The satel-
lite peaks of Hf(Ti,Ta)C in THTC ceramics sintered at
1 900 °C (Fig. 1 c) could confirm that the (Ti,Hf,Ta)C
solid solution was inhomogeneous. As the sintering tem-
perature rose to 2 000 – 2 100 °C, the Hf(Ti,Ta)C peak
disappeared, and single-phase (Ti,Hf,Ta)C solid solution
with the composition of (Ti1/3Hf1/3Ta1/3)C was finally
formed. The lattice parameters of Ti,Ta(Hf)C in THTC
powders at 1 700 °C and (Ti,Hf,Ta)C in THTC ceramics
sintered at 1 900 – 2 100 °C are shown in Fig. 1(d). The
lattice parameter of Ti,Ta(Hf)C phase and Hf(Ti,Ta)C
phase in THTC powders at 1 700 °C is 4.4287 Å and
4.6057 Å, respectively. After sintering at 1 900 °C, the
lattice parameter of (Ti,Hf,Ta)C is 4.4538 Å. It increased
up to 4.4729 Å at 2 000 °C, which is due to the formation
of the (Ti,Hf,Ta)C solid solution between Hf(Ti,Ta)C
and Ti,Ta(Hf)C. The lattice parameters of (Ti,Hf,Ta)C at
2 100 °C (4.4716 Å) were about same as those at 2 000 °C,
indicating that Hf(Ti,Ta)C and Ti,Ta(Hf)C nearly formed
homogeneous solid solutions of (Ti,Hf,Ta)C at 2 100 °C.

Fig. 3 shows a comparison of the relative densities of
THTC and single carbides (TiC9, HfC9 and TaC) sintered
at different temperatures. The relative density of THTC
ceramics sintered at 2 000 °C is only 78.5 %, which is much
lower than that of corresponding monocarbide TiC9, TaC,
and HfC9 (98.8 %, 91.7 %, and 88.6 %, respectively) sin-
tered at 2 000 °C. At 2 100 °C the relative density of THTC
(93.3 %) was higher than that of HfC (91.8 %), and lower
than that of TaC (98.8 %). The melting points of TiC, TaC,
and HfC were 3 027 °C, 3 880 °C, and 3 959 °C, respective-
ly. HfC has the highest melting temperature, which indi-
cates that it has the lowest atomic mobility at a specified
temperature. Therefore, in the monocarbides, HfC was
much harder to sinter dense than TiC and TaC. In order
to investigate the effect of Hf element on the densifica-
tion of (Ti,Hf,Ta)C ceramics, (Ti,Hf,Ta)C ceramics with
different Hf content (20 at%, 33.3 at%, and 40 at%), cor-
responding to (Ti0.4Hf0.2Ta0.4)C, (Ti1/3Hf1/3Ta1/3)C and
(Ti0.3Hf0.4Ta0.3)C, were sintered at 2 100 °C. The theoret-
ical density of THTC-2, THTC and THTC-4 was 10.59,
10.98 and 11.18 g/cm3, respectively. The relative density of
THTC-2, THTC, and THTC-4 sintered at 2 100 °C was
97.5 %, 93.3 %, and 92.7 %, respectively. With the increase
of the Hf element content in (Ti,Hf,Ta)C ceramics, the rel-
ative density of the (Ti,Hf,Ta)C ceramics decreased. It can
be concluded that Hf element inhibited the densification
of (Ti,Hf,Ta)C ceramics owing to its very low atomic mo-
bility.

Fig. 4 shows SEM images of the polished surfaces for
TiC, HfC, TaC ceramics with high relative densities sin-
tered at 2 000 – 2 200 °C, and THTC-2, THTC, THTC-
4 ceramics sintered at 2 100 °C. It can be seen that com-
pared with TiC, HfC, and TaC, THTC and THTC-4
exhibit a much finer microstructure. The average grain
sizes of TiC, HfC, TaC, THTC-2, THTC, and THTC-
4 are 13.5 ± 4.8 lm, 14.0 ± 4.9 lm, 5.7 ± 1.7 lm, 5.35 ±
1.8 lm, 0.92 ± 0.4 lm, and 1.1 ± 0.3 lm, respectively.

For monocarbide ceramics, the grain boundary migration
speed is higher than the pore elimination speed at densi-
fication temperature. Therefore, the rapid grain coarsen-
ing caused the large grain size and high content of closed
pores entrapped in the grains. For (Ti,Hf,Ta)C ceram-
ics, it can be seen that the Hf element obviously inhib-
ited the grain size of (Ti,Hf,Ta)C ceramics. The high-
er the content of Hf element, the smaller the ceramic
grain size. For (Ti1/3Hf1/3Ta1/3)C and (Ti0.3Hf0.4Ta0.3)C
ceramics, the pores were primarily located at the grain
boundaries and the triple points. Based on the above re-
sults, it can be concluded that the formation of equimolar
ratio (Ti1/3Hf1/3Ta1/3)C medium-entropy ceramics can
significantly inhibit grain growth during sintering.

Fig. 3: Relative densities of TiC9, HfC9, TaC and THTC ceramics
at different sintering temperatures.

Fig. 5(a) shows the room temperature and high-temper-
ature (1 000 – 1 800 °C) flexural strength of THTC ce-
ramics sintered at 2 100 °C, TiC sintered at 2 000 °C, TaC
sintered at 2 100 °C, and HfC sintered at 2 200 °C. The
flexural strength of THTC at room temperature (335 ±
34 MPa) is inferior to HfC (372 ± 75 MPa) 9, TiC (427 ±
99 MPa) 9, and TaC (431 ± 104 MPa). The present of a
higher content of pores in THTC than monocarbide is
responsible for the lower flexural strength at room tem-
perature. The flexural strength of THTC (510 ± 59 MPa)
at 1 000 °C increased compared with room temperature.
In contrast, the flexural strengths of monocarbide ce-
ramics TiC, TaC, HfC at 1 000 °C obviously decreased
to 359 ± 124 MPa9, 389 ± 55 MPa, and 261 ± 32 MPa9,
respectively. As the temperature increases further, the
flexural strength of THTC reached 639 ± 38 MPa at
1 600 °C and an ultra-high strength of 697 ± 26 MPa
at 1 800 °C. The grain size of THTC is much smaller
than that of the corresponding monocarbide ceramics,
which also explains the higher high-temperature flexural
strength. Meanwhile, the inter-diffusion in the forma-
tion of a medium-entropy solid solution also increased
the grain boundary strength of THTC. In addition, the
pores were rounded off at high temperature, which blunt-
ed the crack tips at the specimen surface and decreased
the critical flaw size. The evolution of pores and its
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Fig. 4: SEM images of the polished surfaces of TiC sintered at 2 000 °C (a), HfC sintered at 2 200 °C (b), TaC sintered at 2 100 °C (c), and
THTC-2 (d), THTC (e), THTC-4 (f) ceramics sintered at 2 100 °C.

Fig. 5: Flexural strength as a function of temperature for THTC, and monocarbide (TiC9, HfC9, TaC) ceramics(a), and (Ti,Hf,Ta)C compared
with (Ti1/3,Ta1/3,Zr1/3)C7, (Hf,Zr,Ti,Ta,Nb)C21 ceramics (b).
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Fig. 6: Fracture surfaces of TiC (a, g), HfC (b, h), TaC (c, i), THTC-2 (d, j), THTC (e, k), and THTC-4 (f, l) ceramics at different test
temperatures, (a-f) at 25 °C, and (g-l) at 1 800 °C.

effect on fracture origin at high temperature needs fur-
ther investigation. Fig. 5(b) shows the flexural strength
of THTC-2, THTC, THTC-4, (Ti1/3Ta1/3Zr1/3)C7 ce-
ramics at 1 000 – 1 800 °C and (Hf,Zr,Ti,Ta,Nb)C 21

ceramics at 1 400 – 1 800 °C. The flexural strength of
THTC at 1 000 – 1 800 °C (510 – 697 MPa) was clear-
ly higher than that of THTC-2 (144 – 341 MPa), and
THTC-4 (308 – 579 MPa). The high-temperature flex-
ural strength of THTC ceramics at 1 000 – 1 800 °C is
much higher than that of the (Ti1/3Ta1/3Zr1/3)C ce-
ramics (294 – 338 MPa) at 1 000 – 1 800 °C reported by
Demirskyi et al. 7 and (Hf,Zr,Ti,Ta,Nb)C high-entropy
ceramics (397 – 428 MPa) reported by Feng et al. 21 at

1 400 – 1 800 °C. The high strength of THTC was mainly
attributed to the moderate Hf content, which inhibited the
phenomenon of fast grain growth in the sintered THTC.

The fracture surfaces of THTC were compared with
those of monocarbide, THTC-2 and THTC-4 (shown in
Fig. 6). As can be seen, the fracture modes of THTC and
THTC-4 were very different from THTC-2 and mono-
carbide. Although the pore content of THTC and THTC-
4 is 6.7 % and 7.3 %, respectively, the grain boundary
of THTC and THTC-4 was significantly enhanced by
the solid solution with moderate Hf content. THTC and
THTC-4 exhibited a mixture of transgranular and inter-
granular fracture mode at 25 °C. As the temperature in-
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creased to 1 800 °C, the transgranular cleavage (as shown
in Fig. 6k) is still found. Conversely, THTC-2 and mono-
carbide showed a mixture of transgranular and intergran-
ular fracture mode at 25 °C, and completely intergranu-
lar mode at 1 800 °C, which explained their much weaker
grain boundary strength than THTC and THTC-4 ceram-
ics.

IV. Conclusions
In summary, the medium-entropy (Ti,Hf,Ta)C-based

powders with biphasic composition of Hf(Ti,Ta)C and
Ti,Ta(Hf)C were prepared by means of carbothermal re-
duction of TiO2, Ta2O5, HfO2 with graphite in vacuum at
1 700 °C. TiO2 and Ta2O5 formed TiTaO4 solid solution
at 1 400 °C, which performed carbothermal reduction
reaction more preferentially, and also much faster than
HfO2. TiTaO4 and Ti,Ta(Hf)C had the effect of inhibit-
ing HfO2 grain growth. The resulting (Ti,Hf,Ta)C-based
powders had a fine particle size of 200 – 300 nm and low
oxygen content of 0.42 wt%. After sintering at 2 100 °C
for 1 h, single-phase (Ti,Hf,Ta)C ceramics were obtained.
The Hf element significantly inhibited the densification
and grain growth of (Ti,Hf,Ta)C medium-entropy ce-
ramics due to its lattice distortion and sluggish diffusion
effects. Compared with the monocarbide ceramics (TiC,
HfC, TaC), equimolar ratio (Ti,Hf,Ta)C corresponding
to (Ti,Hf,Ta)C has a finer grain size and higher high-tem-
perature strength. (Ti,Hf,Ta)C had ultra-high strength at
1 600 °C (639 ± 38 MPa) and 1 800 °C (697 ± 26 MPa). The
ultra-high strength of (Ti,Hf,Ta)C medium-entropy ce-
ramics is the result of the collaborative optimization of
their superfine microstructure (grain size of 0.92 ± 0.4 lm)
and strong grain boundary strength.
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