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Abstract

In this study, we investigate a multi-step spark plasma sintering (SPS) process for (Hf-Ta-Ti-Zr-Nb)C high-entropy
carbides to produce dense, homogeneous carbide materials with superior mechanical properties. The process consists of
compacting a high-entropy carbide powder mixtureinto a green body and sintering it under high-temperature plasma
generated by a pulsed direct current voltage. The single-step of SPS achieves partial densification and solidification of
the carbide material, while the multi-step process involves enhancing the microstructure and mechanical properties of
the final product. Our results demonstrate that the multi-step SPS process effectively produces high-entropy carbides
that are denser and harder, with improved mechanical properties. This establishes the multi-step SPS process as a
promising technique for the fabrication of advanced carbide materials.
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I. Introduction

The concept of high-entropy alloys (HEAs) was initially
proposedin2004 1,2 HE As typically consist of atleast five
elements at equimolar (or near-equal) ratios, according to
the definition of high entropy, with minimum entropy S >
1.5R (S = RInN) 3:4. Due to the high configurational en-
tropy, HEAs usually exhibit single-phase structures with
simple lattice geometries. The negative TS term in Gibb‘s
free energy equation (G = H - TS) becomes more dom-
inant at high temperatures, leading to greater thermody-
namic stability for high-entropy phases >~7. Furthermore,
HEAs generally display superior mechanical and physi-
cal properties such as high strength, hardness, outstand-
ing high-temperature strength, structural stability, as well
as excellent corrosion and oxidation resistance 8- 10,

The entropy-stabilization concept has also been ap-
plied to prepare high-entropy ceramics (e.g. oxides, car-
bides, borides, and silicides) 11-12, High-entropy car-
bides (HECs) are multi-component materials composed
of five or more different carbides in equiatomic or near-
equiatomic distributions 13. These materials possess high
configurational entropy, which favors the formation of
high-entropy phases such as solid solutions while min-
imizing other phases such as intermetallics 1416, The
resulting single-phase crystal structures exhibit severe lat-
tice distortion and sluggish diffusion effects, leading to
enhanced mechanical properties 17. Additionally, HECs
possess mixed bonds characterized by a combination of
covalent, ionic, and metallic bonds, which results in an in-
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triguing set of properties such as high melting points, and
excellent thermal and electrical conductivity 18-21. Due
to these characteristics, HECs are suitable for applications
requiring exceptional mechanical properties and stability
at high temperatures, such as aerospace components, drill
bits, and cutting tools in mining and industry 22-24,

Fabricating bulk HECs requires either high temper-
atures or extended processing times due to the strong
bonds, low self-diffusion coefficients, and high melting
points of ceramics 25-26. Conventional sintering process-
es struggle to produce high-density bulk HECs, making
alternative methods such as spark plasma sintering (SPS),
hot pressing (HP), or hot isostatic pressing (HIP) more
suitable 12, 20,27, Castle et al. was the first to report the
synthesis of high-entropy carbides from the transition-
metal carbides of HfC, TaC, ZrC, NbC, and TiC using a
two-step SPS method involving holding at 1800 °C un-
der 14 to 40 MPa for ten minutes and at 2300 °C under
16 MPa for two minutes to form high-entropy (Hf-Ta-
Zr-Ti)C and (Hf-Ta-Zr-Nb)C ultra-high-temperature
carbides 28. Other researchers have also reported the fab-
rication of bulk HECs with SPS, HP, and HIP methods at
various temperatures and pressures 2930,

However, the multi-step SPS of high-entropy carbides
has its limitations, such as the potential formation of sec-
ondary phases due to the use of rapid heating and cooling
rates, which can degrade the material‘s mechanical proper-
ties and limit industrial applications. To address this issue,
a multi-step SPS process can be employed, involving a se-
ries of heating and cooling steps to control the material‘s
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microstructure more effectively and minimize the forma-
tion of secondary phases.

In this study, we developed a multi-step SPS process
to fabricate dense and homogeneous (Hf-Ta-Ti-Zr-Nb)C
high-entropy carbides with improved mechanical prop-
erties. By adjusting the sintering temperature and uniax-
ial pressure, we aimed to maximize the density and hard-
ness of the resulting HECs. We also compared single-step
and multi-step sintering processes, emphasizing the ad-
vantages of the multi-step approach. Our findings show
that the multi-step SPS process effectively produces high-
entropy carbides with superior properties, making it a
promising technique for advanced carbide materials for
use in high-performance applications.

II. Experimental Procedure

Five commercial carbides, in this case HfC (99.5 %,
1 pm), TaC (99.5%, 1 pm), TiC (99.5 %, 2—-3 um),
ZrC (99.5 %, 1 um), and NbC (99 %, <3 um), were em-
ployed as starting materials in the present study. Their
chemical compositions are presented in Fig. 1. In order
to determine the optimal powder fabrication conditions
suitable for the sintering process, carbide powders with
different particle sizes and shapes were subjected to high-
energy ball milling. The effects of the refinement and ho-
mogeneity of the mixtures were observed. The cylindrical
cemented carbide jar used in the ball mill had a diameter of
74 mmand alength of 60 mm. The equipment was designed
to cool down the external surface of the jar using cooling
water. The cover of the jar was equipped with an O-ring to
keep the internal pressure constant by preventing atmo-
spheric gases from leaking. Cemented carbide balls with a
diameter of 5.0 mm were used in an atmospheric environ-
ment, and the weight ratio of the balls to the powder was
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set to 10:1. During the refinement process, the ball-milling
rotation speed was fixed at 600 rpm, while the ball-milling
time was varied by 60 minutes. In addition, circulation
cooling was conducted using cooling water to prevent the
powder particles from adhering to each other due to the
frictional heat generated from the high rotation speed of
the ball mill while facilitating fragmentation over the en-
tire course of the refinement process. Four grams of the
obtained (Hf-Ta-Ti-Zr-Nb)C high-entropy carbide pow-
der were put into a graphite mold with an inner diameter
of 10 mm and an outer diameter of 30 mm, with a subse-
quent SPS process used to obtain a bulk sample. Before the
sintering process, a thin layer of boron nitride spray was
applied as a release agent to provide lubrication between
the inner surface of the graphite mold and the powder
particles. Thermal imaging cameras were also equipped
to measure the sintering temperature accurately. During
the SPS process, the sintering pressures were fixed at 50,
55, and 60 MPa, and the sintering temperatures were set to
1700, 1800, 1 900°C, and 2 000 °C. Subsequently, changes
in the microstructure, phase, and mechanical properties of
the sintered carbides obtained by means of the SPS pro-
cess were observed using an X-ray diffractometer (XRD,
BRUKER AXS, DSADVANCE) and a field emission
scanning electron microscope (FE-SEM, Hitachi). Their
mechanical properties were further characterized based
on measurement of the Archimedes density (Alfa Mi-
rage, SD-120L) and Vickers hardness (Wilson VH3300).
Indentation and crack dimensions were measured, and
the corresponding fracture toughness was calculated and
analyzed. Based on the results, the applicability of these
materials as a candidate for super-hard tool materials was
verified.

(Hf-Ti-Ta-Zr-Nb)C High-entropy carbide milled powders

% HfC TiC TaC ZrC NbC Composition
at.% 1 1 1 1 1
(Hf-Ti-Ta-Zr-Nb)C
wt. % 29.2 9.2 29.6 15.9 16.1

U

Sintering (Spark Plasma Sintering, Sample size : 2 10 X Smm)

U

Characteristics (Microstructures, Mechanical property)

Fig. 1: Flowchart showing the process designed for spark plasma sintering of high-entropy carbide powders.
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III. Results and Discussion

A schematic diagram of the SPS bulk fabrication pro-
cess for (Hf-Ta-Ti-Zr-Nb)C high-entropy carbides via
spark plasma sintering is presented in Fig. 1. The initial
step involves the preparation of HfC, TiC, TaC, ZrC, and
NbC carbide raw powders from the five constituent ele-
ments. These carbide powders are subsequently subject-
ed to high-energy ball milling. The die is then positioned
within the SPS apparatus, and the sintering process com-
mences. The resulting SPS samples have a diameter of
10 mm and a height of 5 mm.

Fig.2 presents the multi-step heat treatment curve
for (Hf-Ta-Ti-Zr-Nb)C high-entropy carbide powders
milled for 60 min using the SPS process. A significant
challenge associated with single-step SPS of high-entropy
carbides is the potential introduction of non-uniformity in
both microstructure and properties of the final bulk, due
to suboptimal sintering conditions for individual carbides
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within the high-entropy carbide system. Consequently,
some carbides may undergo more complete sintering than
others, resulting in a non-uniform distribution of carbide
phases and compromised material properties. To address
this issue, multiple steps of spark plasma sintering may be
required to ensure complete sintering of each carbide and
uniformity in microstructure throughout the material.
To effectively sinter the challenging high-entropy carbide
powder, a heat treatment was performed, as depicted in
Fig.2. Sample A represents the heat treatment curve ob-
tained via single-step sintering, while Samples B, C, and
D correspond to heat treatment conditions with varying
hold times at a final sintering temperature of 2000 °C
following a ten-minute hold at 1800 °C. Song et al. 3! re-
ported on single-step sintering of high-entropy carbide,
involving sintering at temperatures ranging from 1 700 °C
t0 2000 °C for a ten-minute holding time. Their results in-
dicated that multi-carbide phases tended to coalesce into

N
Multi-step Spark Plasma Sintering
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Time (min)
T1: 1400 °C (100 K/min) — 1500 °C (50 K/min) — 1800 °C (20 K/min)
T2: 2000 °C (20 K/min)
T3: 100 K/min of cooling rate
1%t Step 2nd Step
Sample
Name Temperature Pressure Holding Time Temperature Pressure Holding Time
(°C) (MPa) (min) (°C) (MPa) (min)
A 2000 50 10 - - -
B 1800 60 10 2000 60 1
C 1800 60 10 2000 60 2
D 1800 60 10 2000 60 5

Fig. 2: Heat treatment conditions for multi-step spark plasma sintering.
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a single FCC phase as the sintering temperature progres-
sively increased to 2000 °C. The peak was observed to
merge with the FCC phase at 1 800 °C, as revealed in their
study.

Fig.3 shows the X-ray diffraction patterns of (Hf-Ta-
Ti-Zr-Nb)C high-entropy carbide samples produced us-
ing both single-step and multi-step sintering processes at
2000 °C for pressure and holding times. After sintering,
all peaks relating to individual carbide phases have disap-
peared, leaving one set of a new cubic phase regardless of
the process used. This phase has the NaCl (Fm-3 m) rock-
salt structure and shows the formation of a unique sol-
id-solution HEC phase 32. Peaks corresponding to HfO,
and ZrO, oxides were also observed. This suggests that
oxygen introduced during milling in an atmospheric en-
vironment caused the high-entropy carbide powder to re-
crystallize into two phases. These phases were an FCC
solid solution phase and an oxide phase. This is consid-
ered to be the reason why HfO, and ZrO, oxide phases
were detected in the (Hf-Ta-Ti-Zr-Nb)C composition 33.
HEC sintering was possible at 1 700 °C, butindividual car-
bides were observed in some microstructures. To investi-
gate the difference between single-step and multi-step sin-
tering methods, various sintering temperatures, pressures,
and holding times were applied to observe the HEC mi-
crostructure. The results are shown in Fig. 4.

(111) * (Hf-Ta-Ti-Zr-Nb)C
*

(200)
*

Intensity(a.u)

(b)  HO,Zr0, |
|

*_&_(a) Hng_Z—/rSL\ ‘~.. B 1 = _J :\A,___",‘_J‘ A
i 1 i 1 5 1 i I i 1 i
20 30 40 50 60 70 80
2Theta(®)

Fig.3: XRD patterns of (Hf-Ta-Ti-Zr-Nb)C sintered bulk as a
function of the SPS method. (a) 2000 °C, 50 MPa, 10 min (single-
step), and (b) 2000 °C, 60 MPa, 1 min (multi-step).

Fig. 4(a) shows the presence of some pores and individ-
ual carbide elements due to the relatively low tempera-
ture. However, Figs. 4(b) and (c), which show samples sin-
tered at 2000 °C using single-step and multi-step meth-
ods, respectively, reveal microstructures with significant-
ly reduced porosity. The grain sizes were measured to be
approximately 2 -4 um and 1-3 pm, respectively. This is
thought to be closely related to the holding time of SPS.
The longer holding time of the sintered body in Fig. 5(b)
compared to 5(c) is believed to have resulted in grain
growth 34

Fig. 5 presents the temperature-dependent changes in the
relative density and Vickers hardness of HEC samples
produced using the single-step SPS technique. As the sin-
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tering temperature increases, the density rises gradual-
ly from approximately 96 % to nearly 97.8 %. In paral-
lel, Vickers hardness displays an increasing trend from
1700 HV to a peak of 1810 HYV, followed by a slight re-
duction at the maximum sintering temperature of 2 000 °C.
Despite the emergence of an FCC phase at 1700 °C, at-
taining the desired mechanical properties of the carbide is
essential for its practical implementation in tools, as men-
tioned in the previous study 31. Consequently, we exam-
ined the influence of pressure, a key parameter in SPS pro-
cessing, at 1800 °C, where substantial enhancements in
sintered density and hardness were observed.

Fig.4: Cross-sectional FE-SEM micrographs of (Hf-Ta-Ti-Zr-
Nb)C high-entropy carbides sintered bulk with different SPS con-
ditions. (a) single-step, 1800 °C, 20.0 kX, (b) 2000 °C, 50 MPa,
10 min(single-step), 20.0 kX and (c) 2 000 °C, 60 MPa, 1 min(multi-
step), 20.0 kX.
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Fig. 6 illustrates the effect of varying pressure on the rel-
ative density and Vickers hardness of HEC sintered at
1800°C with the single-step SPS technique. As the sin-
tering pressure increases from 50 MPa to 60 MPa, a slight
increase in density from 97 % to approximately 97.9 % is
observed. Similarly, Vickers hardness rises from 1 770 HV
to a maximum of 1840 HV. These results indicate that the
mechanical properties of binder-less carbide can be en-
hanced at a sintering temperature of 1 800 °C and pressure
of 60 MPa. Employing these conditions during the multi-
step SPS sintering process may potentially yield even bet-
ter results at 2000 °C.
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Fig.5: Relative density and Vickers hardness of (Hf-Ta-Ti-Zr-
Nb)C high-entropy carbide sintered bulk as a function of sinter-
ing temperatures (a) 1700 °C, (b) 1800 °C, (c) 1900 °C, and (d)
2000 °C.
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Fig.6: Relative density and Vickers hardness of (Hf-Ta-Ti-Zr-
Nb)C high-entropy carbide sintered bulk as a function of sinter-
ing pressures at 1800 °C (a) 50 MPa, (b) 55 MPa, and (c) 60 MPa.
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Fig. 7 describes the impact of single-step and multi-step
SPS techniques on the relative density and Vickers hard-
ness of HEC as a function of sintering holding time and
pressure variation at 2 000 °C. Multi-step SPS is found to
produce higher HEC density (98.1 %) and Vickers hard-
ness (1910 HV)values compared to single-step SPS. Anin-
crease in grain size at 2 000 °C leads to a reduction in Vick-
ers hardness, which is attributed to the consequent de-
crease in mechanical properties. These results are in agree-
ment with prior microstructural observations, indicating
that multi-step sintering is a more effective strategy for
achieving maximum HEC densification at a relatively low
temperature of 1800 °C while suppressing grain growth
and retaining mechanical properties through a short hold-
ing time at the final sintering temperature of 2 000 °C.
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Fig.7: Relative density and Vickers hardness of (Hf-Ta-Ti-Zr-
Nb)C high-entropy carbide sintered bulk as a function of differ-
ent SPS methods (a) 2000 °C, 60 MPa, 1 min (multi-step) and (b)
2000 °C, 50 MPa, 10 min (single-step).

Fig. 8 shows the relative density and Vickers hardness of
sintered bulks of high-entropy carbide (HEC) fabricated
using single-step and multi-step SPS processes. HEC sin-
tered bulks produced via single-step and multi-step SPS
had densities of about 96.9 % and 98.2 %, with hardness
of 1790 HV and 1960 HYV, respectively. A study on the
densification of molybdenum powder using spark plas-
ma sintering found that sintering temperature and hold-
ing time were the main controlling factors. A relative den-
sity of 100 % was achieved at a sintering temperature of
1850 °C and a holding time of 30 minutes. However, the
study also observed a slight decrease in hardness with in-
creasing temperature and time, which could be attribut-
ed to an increase in grain size 3. Therefore, the multi-step
SPS process effectively controlled grain growth and en-
hanced density and hardness.
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IV. Conclusions

In conclusion, this study investigated the fabrication of
(Hf-Ta-Ti-Zr-NDb)C high-entropy carbides using a mul-
ti-step SPS process to produce dense and homogeneous
carbide materials with enhanced mechanical properties.
HEC:s have attracted considerable interest in recent years
due to their unique combination of superior mechanical
and physical properties, making them ideal for high-tem-
perature applications in aerospace, drilling, and cutting
tools for mining and industrial use.

The multi-step SPS process involved the compaction of
ahigh-entropy carbide powder mixture into a green body,
followed by sintering under high-temperature plasma
generated by a pulsed direct current voltage. This multi-
step approach aimed to overcome the limitations of single-
step SPS, enabling the production of uniform microstruc-
tures with superior material properties.

The results presented here demonstrate that the multi-
step SPS process can effectively fabricate high-entropy
carbides with high density and hardness, thereby improv-
ing the mechanical properties of the final product. Con-
solidation technology for HEC powders was developed,
and the effects of sintering temperature and uniaxial pres-
sure during the SPS process were investigated.

Overall, the multi-step SPS process emerges as a promis-
ing technique for the production of advanced high-en-

tropy carbide materials, offering potential for widespread
application in various industries requiring materials with
exceptional mechanical properties and stability at elevated
temperatures.
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