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ARTICLE INFO ABSTRACT

Keywords: Bulk high-entropy carbide ceramics (HECs) possess exceptional properties, but their fabrication typically in-
High-entropy ceramics volves energy-intensive and complex processes. This study introduces a novel ultrafast pressure sintering (UPS)
Sintering

method for the one-step synthesis and densification of HECs. Utilizing a custom-designed apparatus, this
approach leverages the synergistic effects of direct Joule heating, reaction-released heat, and precisely controlled
pressure to fabricate dense, single-phase, and homogeneous (Crg 2Nbg 2Tag 2Mog 2Wo 2)Co g3 HEC with a fine-
grained microstructure at a relatively low temperature of 1800 °C and a short dwell time of 3 min. Compared
to conventional techniques such as hot-pressing and spark plasma sintering, UPS offers significant advantages,
including reduced energy consumption, simplified processing, lower equipment costs, and enhanced scalability.
This novel approach not only presents a promising route for the efficient fabrication of HECs, but also elucidates
the underlying mechanisms governing their synthesis and densification, opening the way for broader applica-

Densification
Ultrafast pressure sintering

tions in the development of advanced materials.

1. Introduction

High-entropy carbide ceramics (HECs) have attracted considerable
interest due to their exceptional properties, including high melting
points, hardness, and chemical stability, making them promising can-
didates for demanding applications in areas such as aerospace, gas tur-
bines, and cutting tools [1-3]. However, widespread adoption and
further development of HECs are currently hampered by the limitations
of existing fabrication techniques, particularly the energy-intensive and
complex nature of conventional high-temperature, high-pressure
sintering.

Traditional HEC fabrication often relies on methods like hot-pressing
(HP) or spark plasma sintering (SPS), typically involving separate stages
for powder synthesis and densification. For example, Wang et al. [4]
synthesized (TiZrNbTaMo)C high-entropy ceramics via a two-step car-
bothermal reduction and solid-solution method, a process requiring
prolonged high-temperature dwelling and multiple intricate processing
steps. While Wei et al. [5] employed SPS to shorten sintering times, the
high equipment cost and substantial power requirements limit its scal-
ability for mass production.

A groundbreaking ultrafast high-temperature sintering (UHS)
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technique was introduced by Hu et al. [6] in 2020. This method utilizes
Joule heating generated by an electric current passing through carbon
felt or graphite paper to rapidly heat the samples wrapped within,
achieving significant advancements in the densification of oxide ce-
ramics within remarkably short durations. Our previous research has
successfully broadened the application of UHS to various non-oxide
ceramics, demonstrating its potential for accelerated heating rates,
reduced sintering times, and lower energy consumption [7-9]. Howev-
er, the inherent softness of the carbon felt or graphite paper used in
current UHS setups restricts the application of pressure during sintering,
limiting its effectiveness in densifying certain refractory ceramic
materials.

To address this limitation, we propose a novel ultrafast pressure
sintering (UPS) method for the one-step synthesis and densification of
HEGs. This approach enables the simultaneous synthesis and densifica-
tion of (CrpaNbg 2Tag 2Mog 2Wo.2)Co g5 HEC at a relatively low temper-
ature (1800 °C) within a short processing time of 3 min. Compared to the
methods employed by Wang et al. [4] and Wei et al. [5], UPS not only
reduces the sintering temperature and overall processing time
(completing the entire process from heating to cooling within 15 min)
but also significantly lowers energy consumption and simplifies the
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Fig. 1. (a) Schematic diagram of the custom-designed ultrafast pressure sintering (UPS) apparatus; (b;) Structure and sizes of the carbon felt; (by) The relative
positions of graphite felt, BN die, and sample; (c) Real-time images of sintering process; (d) Typical temperature and pressure curves.

fabrication process. Moreover, the simplicity and cost-effectiveness of
the UPS equipment open new avenues for scalable production and
broader application of HECs. This study further investigates the influ-
ence of temperature on phase evolution and compositional homogene-
ity, as well as the effects of pressure application timing and magnitude
on densification, providing valuable insights into the underlying
mechanisms governing the synthesis and densification of HECs.

2. Materials and methods

Dense (Crp aNbg 2Tag.2Mog 2Wp 2)Co.g5 (nominal composition) HEC
was fabricated as a representative example to demonstrate the UPS
process. High-purity oxide and carbon precursors were used for syn-
thesis, including chromium oxide (Crp03, 99.9 %, 500 nm), niobium
oxide (NbyOs, 99.9 %, 200 nm), tantalum oxide (TapOs, 99.9 %,
200 nm), molybdenum oxide (MoO3, 99.9 %, 50 nm), tungsten oxide
(W03, 99.9 %, 50 nm), and graphite powder (C, 500 nm), all purchased
from Shanghai Naiou Nanotechnology Co., Ltd., China. The carbo-
thermal reduction reaction is represented by the following equation:

Cry03 + NbyOs + Tas0s + 2MoO, + 2WO3 + 31.5 C =10

(Crg.2Nbg 2Tag.2Mog 2Wo.2)Co.85 + 23CO m

Stoichiometric amounts of the precursors were weighed and ball-milled
for 60 min in a three-dimensional high-speed swing ball mill apparatus
(MSK-SFM-3; Hefei Kejing Materials Technology Co. Ltd) using tungsten

carbide balls and a milling jar. The resulting powder was then cold-
pressed into cylindrical green compacts (8 mm diameter x 6 mm
height) under a uniaxial pressure of 400 MPa.

One-step synthesis and densification were conducted in a custom-
designed ultrafast pressure sintering furnace, as illustrated in Fig. 1(a).
A piece of graphite felt, cut into the shape shown in Fig. 1(b;), was
symmetrically divided at its center to form an open cylindrical cavity
with an approximate diameter of 16 mm and a length of 25 mm. This
thin-walled cylindrical cavity generates concentrated Joule heat after
being energized to heat the sample. The graphite felt was fixed between
two copper electrodes. A green compact was placed in the central
locating groove of the lower BN die (15 mm diameter), which was lined
with 0.1 mm thick graphite paper to prevent sample adhesion. The lower
BN punch was adjusted to extend into the cylindrical cavity of the
graphite felt. The upper BN die was positioned approximately 1 mm
above the green compact to ensure close contact between the BN die and
the graphite felt. The relative positions of the graphite felt, BN die, and
sample are shown in Fig. 1(by). In this setup, the graphite felt acted
solely as the heating element, while the BN die assembly served as a
pressurizing component. After evacuating the furnace chamber to
approximately 5 Pa, a direct current (DC) was applied to the graphite
felt, causing the cylindrical cavity at its center to rapidly heat up,
thereby facilitating Joule heating.

The temperature was ramped at a rate of 150-300 °C/min, while
pressure was applied at 10-15 MPa/min. The typical UPS process is
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Fig. 2. (a) Relationship between the change in Gibbs free energy (AG) and temperature for the carbothermal reduction reactions of five oxides under vacuum (5 Pa);
(b) DSC and TG curves of the green compact heated at a rate of 30 °C/min in an Ar atmosphere.
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Fig. 3. (a, b) XRD patterns of samples held at different sintering temperatures under 60 MPa for 3 min; (c¢) SEM image and elemental mappings of the fracture surface

of the sample obtained by UPS (1600 °C/60 MPa/3 min).

illustrated in Fig. 1(c). The temperature and pressure profiles under the
optimized sintering parameters are shown in Fig. 1(d). The graphite felt
surface temperature was monitored using an infrared thermometer
(E1RH, Fluke, USA). The sample surface temperature was corrected
according to the method described in the supplementary material of our
previous study [10], with a temperature error of +£50 °C. All reported
temperatures are the corrected values.

Differential scanning calorimetry (DSC, STA-449F5, NETZSCH,
Germany) was used to determine the reaction temperature and weight
loss of the green compact during heating. Phase composition and crystal
structure of the sintered samples were characterized by X-ray diffraction
(XRD, D/Max 2500PC, Rigaku, Japan). Density was measured using the
Archimedes method, and relative density was calculated. Pore
morphology was observed using optical microscopy (OM, Axio Imager

Fig. 4. SEM images of sample fracture surfaces under different UPS conditions: (a) Original compact; (b) 1000 °C/60 MPa/3 min; (c) 1200 °C/60 MPa/3 min; (d)

1400 °C/60 MPa/3 min; (e) 1600 °C/60 MPa/3 min; (f) 1800 °C/60 MPa/3 min.
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Fig. 5. Surface pore morphologies and macroscopic images of samples obtained at three different timings for pressure application (1800 °C/60 MPa/3 min): (a)
Pressure applied after the carbothermal reduction reaction (~1400 °C); (b) Pressure applied before the carbothermal reduction reaction (~800 °C); (c) Pressure
applied during the carbothermal reduction reaction (~1000 °C); (d) SEM image and elemental mappings of the sample in (c) (RD in the figures represents rela-

tive density).

A2m, Zeiss, Germany). Microstructural analysis was performed using
field emission scanning electron microscopy (FESEM, JSM-7900F, JEOL,
Japan) and transmission electron microscopy (TEM, JEM-2100F, JEOL,
Japan) equipped with energy-dispersive X-ray spectroscopy (EDS). The
carbon content of the sample was measured using a carbon/sulfur
analyzer (CS744, LECO, USA). Vickers hardness of the dense samples
was measured using a Vickers hardness tester (HVS-1000A, HuaYin,
Hangzhou, China) under a load of 9.8 N and a dwell time of 10s.
Nanohardness and elastic modulus were determined using nano-
indentation (G200, KLA-Tencor, USA) with a diamond Berkovich tip.

3. Results and discussion

To determine the critical temperature and reaction sequence of the
carbothermal reduction, thermodynamic calculations were performed
using the FactSage 8.3 software. The Gibbs free energy change (AG) for
the five oxide-carbon systems under vacuum (5 Pa) is shown in Fig. 2(a).
As anticipated, AG decreases with increasing temperature, indicating
that the reaction becomes thermodynamically favorable when AG < 0.
The predicted critical temperatures for each individual oxide reduction,
listed in Table S1, suggest a reaction sequence of MoOy > WO3 > NbyOs5
> TapOs> Cro03. However, it is important to note that the actual re-
action pathway and kinetics are influenced by factors beyond thermo-
dynamics, such as diffusion limitations and particle size. Differential
scanning calorimetry (DSC) and thermogravimetric analysis (TG) of the
green compact during continuous heating (Fig. 2(b)) reveal significant
weight loss and an exothermic peak at 950 °C, indicating the onset of the
carbothermal reduction reaction, which is accompanied by the release of
carbon monoxide gas. As temperature increases, the continuous weight
loss of the sample further reflects the progression of this reaction.

Guided by the DSC results, isothermal, isobaric (60 MPa, 3 min dwell
time) UPS experiments were conducted starting at 1000 °C to analyze
the phase evolution during sintering. Fig. 3(a-b) show the formation of
Mo>C, MoC, and W5C between 1000 °C and 1200 °C. At 1400 °C, TaC,
NbC, and Cr3Cy peaks emerged with the disappearance of all oxide
peaks, indicating the completion of the carbothermal reduction. The
broad TaC peak suggests the dissolution of Cr and Mo atoms into the TaC
lattice, corroborated by the absence of distinct Cr3Cy and MoC/MoC

peaks, implying simultaneous reduction and solid-solution formation.

With increasing sintering temperature, the metal carbides progres-
sively formed a single-phase (Crg 2Nbg 2Tag sMog 2 Wy 2)Co.gs HEC with a
face-centered cubic (FCC) rock-salt structure through interdiffusion. The
diffusion rate of the metallic constituents is crucial for the formation of
high-entropy phase. In this system, TaC or NbC, with their larger lattice
parameters [11], likely serves as the host lattice for the diffusion of Cr,
Mo, and W [12,13]. The XRD patterns from 1400 °C to 1600 °C (Fig. 3
(a-b)) suggest that Nb diffusion precedes W diffusion. Moreover, EDS
mapping of the 1600 °C-sintered sample (Fig. 3(c)) shows that Cr, Mo,
and Nb achieve solid solution before W. Considering the atomic radii of
the metallic elements (Table S2), the diffusion rates are inferred to be Cr
> Mo > Nb > W > Ta.

Microstructural evolution during UPS experiments (60 MPa, 3 min
dwell time) at various temperatures (Fig. 4(a—f)) reveals a significant
transition from loose powder to a dense structure between 1000 °C and
1800 °C. Neck formation and localized agglomeration are observed at
1200 °C (Fig. 4(c)), followed by increased particle bonding and the
emergence of faceted grains at 1400 °C (Fig. 4(d)). At 1600 °C, grain
growth leads to a continuous network with well-defined grain bound-
aries and rounded pores (Fig. 4(e)). Finally, at 1800 °C, significant pore
reduction and strong intergranular bonding are observed, with the
fracture mode transitioning to transgranular fracture, evidenced by river
patterns (Fig. 4(f)).

While synthesizing the high-entropy carbide is relatively straight-
forward via UPS, achieving high density is more challenging. The timing
of pressure application significantly influences densification. Applying
pressure after the carbothermal reaction resulted in lower density (Fig. 5
(a)), while applying pressure before the reaction, although improving
density, led to edge cracking (Fig. 5(b)). The optimal approach involved
applying pressure concurrently with the carbothermal reduction,
resulting in improved shape integrity and higher relative density (Fig. 5
(c)). A detailed explanation of the influence of the pressurization timing
on ceramic sintering is provided in the Supplementary Information.
Further investigation using optical microscopy (Fig. S1) demonstrated a
clear correlation between applied pressure and densification, with
relative density increasing with pressure and reaching 99 % at 60 MPa
(1800 °C, 3 min dwell time).
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Fig. 6. Dense HEC sample processed at 1800 °C/60 MPa/3 min via UPS: (a) Bright-field TEM image; (b) Selected area electron diffraction pattern; (c) High-
resolution TEM image; (d) Triple junction microstructure and elemental mappings.
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Fig. 7. Nanohardness- and elastic modulus-displacement curves of a dense
sample prepared by UPS.

SEM and EDS analyses of this sample (Fig. 5(d)) revealed a uniform
elemental distribution and an average grain size of approximately 2.5
pm. The measured carbon stoichiometry in the high-entropy carbide
ceramic was 0.83 (Table S3). Given the relatively high volatility of WO3
and MoO; at elevated temperatures, elemental quantitative analysis was
performed on different areas of the dense ceramic to assess the potential
loss of Mo and W. The elemental scanning results (Fig. S4) indicate that
Mo and W concentrations remain relatively consistent across the sample.
This suggests that the rapid heating rate (~160 °C/min) provided by the
graphite felt allows the carbothermal reduction reactions of WOs and
MoO; to occur before substantial volatilization losses can take place,
minimizing stoichiometric deviations in the final product.

To further confirm compositional homogeneity at the micro-scale,
TEM analysis was performed (Fig. 6(a)), revealing tightly bonded
grains. Selected area electron diffraction (SAED) (Fig. 6(b)) and high-
resolution TEM (Fig. 6(c)) analyses confirmed the single-phase FCC
rock-salt structure. EDS mapping (Fig. 6(d)) revealed a homogeneous
distribution of Cr, Nb, Ta, Mo, and W at the nanoscale, without signif-
icant segregation or agglomeration. This confirms the successful fabri-
cation of a dense, fine-grained (Cry sNbg 2Tag 2Mog.2Wo.2)Co.g3 HEC with

Table 1

Properties of high entropy carbide ceramics prepared under different sintering methods.
Ceramic Sintering Temperature (°C)/Pressure (MPa)/  Relative Density =~ Grain size Vickers hardness Elastic modulus Ref.

method Time (min) (%) (um) (GPa) (GPa)

(Cro.2Nbg 2Tag 2Mog 2Wo 2) RS™ UPS 1800/60/3 99.0 2.5 24.4 453 This
Co.83 work
(NbTaMoW)C RS® SPS 1800/30/20 97.3 9.0 21.4 - [15]
(VNbTaMoW)C RS* SPS 1850/30/20 97.7 10.0 22.8 - [16]
(VNbTaMoW)C NRSP: SPS 1900/30/12 97.5 5.1 19.6 551 [17]
(TiVNbMoW)Cy 375 NRSP: SPS 2200/30/5 98.1 20.0 18.6 536 [18]
(Hfo.2Zro.2Tag 2Nbg 2Tig 2)C NRSP: SPS 2000/30/5 93.0 16.4 15.0 479 [19]
(HfNbTaTiZr)C NRSP: HP 1900/32/60 99.3 1.2 24.4 - [20]
(Hf.2Zrg 2Tag 2Nbg 2Tig 2)C NRSP: PS¢ 2200/-/120 96.6 7.0 17.2 439 [21]
(CrNbTaTiV)C NRSP: UHS? 2215/-/2 99.7 5.0 24.6 476 [7]

3RS refers to reactive sintering. ® NRS refers to non-reactive sintering. ¢ PS refers to pressureless sintering. ¢ UHS refers to ultrafast high-temperature sintering.
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homogeneous composition via the UPS process at a relatively low tem-
perature and short dwell time.

Fig. 7 shows the nanohardness and elastic modulus of the high-
entropy carbide. Due to the indentation size effect, both nanohardness
and modulus increase sharply at depths below 50 nm and stabilize above
100 nm. Therefore, representative values were derived from indentation
depths between 100 and 300 nm. The dense sample exhibited a nano-
hardness of 27.4 GPa and an elastic modulus of 453 GPa.

For comparison, the sintering methods and mechanical properties of
various high-entropy carbide ceramics are summarized in Table 1.
Comparing reactive and non-reactive sintering reveals that reactive
sintering generally requires lower temperatures. However, the forma-
tion of high-entropy carbides from binary carbide precursors necessi-
tates higher temperatures due to the energy required for interdiffusion
and lattice reconstruction. During reactive sintering (RS), the
exothermic heat from the carbothermal reduction contributes to lower
sintering temperatures, facilitating the synthesis of high-entropy car-
bides. The key advantages of UPS for preparing high-entropy carbides
include low energy consumption, short processing times, and the use of
simple apparatus (Fig. 1(a)). The power required to reach 1800 °C in the
UPS process is 3000-4000 W (Fig. 1(c)), compared to 6000-8000 W for
SPS [14]. Additionally, hot-pressing (HP) typically requires 30 min,
whereas UPS achieves full densification in just 3 min, with the entire
process from heating to cooling completed within 15 min. In view of
properties, the Vickers hardness (9.8 N load) of the dense
(Cro.oNbg 2Tag 2Mog 2Wo.2)Co.g3 ceramic fabricated in this study
(24.4 GPa) is comparable to or even surpasses that of similar materials
prepared by SPS, HP, or pressureless sintering (PS) [16,20,21]. This
excellent performance is attributed to the fine grain size and the rapid
heating and cooling rates, which can induce beneficial residual stresses
[22-24].

4. Conclusions

This study demonstrates a novel and efficient ultrafast pressure sin-
tering (UPS) method for the one-step synthesis and densification of high-
entropy carbide ceramics. Compared to traditional methods like HP and
SPS, UPS offers significant advantages, including lower energy con-
sumption, shorter processing time, and simpler equipment. The results
highlight the critical role of pressure application timing during carbo-
thermal reduction for achieving optimal densification. Detailed micro-
structural and compositional analyses confirms the formation of a
homogeneous, single-phase high-entropy carbide with a fine-grained
microstructure. This study provides valuable insights into the synthe-
sis and densification of high-entropy ceramics and paves the way for
their broader application in demanding environments.
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