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Abstract. In this research, we combined mechanical activation (MA), self-propagating high-temperature synthesis (SHS), and spark plasma 

sintering (SPS) methods to obtain a dense high-entropy (Hf,Ta,Nb)(C,N) carbonitride and studied its properties. To implement the SHS 
process, a mixture of initial metals and carbon was subjected to pre-treatment in a planetary mill in the low-energy mode, in which 
the jar rotation speed reached 350 rpm. We studied the evolution of microstructure and phase composition during the MA process. 
It has been established that after 60 min of treatment, Hf/Ta/Nb/C layered composite particles consisting of Hf, Ta, Nb and C submi-
cron layers, with an average size of about 15 μm, were formed. However, according to the X-ray diffraction analysis, the components 
in the jar did not interact. SHS of Hf/Ta/Nb/C reactive mixtures was performed in a nitrogen atmosphere (P = 0.8 MPa); after synthesis, 
two isomorphic (Hf,Ta,Nb)(C,N) phases of the Fm-3m (225) space group with lattice parameters of a = 0.4476 nm (71 wt. %) and 
a = 0.4469 nm (22 wt. %) were revealed in the powder. After SHS, the average size of agglomerates was 10 μm and their morphology 
resembled that of composite particles after MA. The agglomerates formed during SHS consisted of pores and round-shaped particles 
ranging in size from 0.5 to 2 μm, which was caused by the melting of metal components in the combustion zone and rapid crystalliza-
tion of product grains from the melt, followed by subsequent recrystallization. Spark plasma sintering at a temperature of 2000 °C, 
a pressure of 50 MPa and a holding time of 20 min enabled to obtain a single-phase high-entropy (Hf0.33Ta0.33Nb0.33 )C0.5N0.3 material 
with a lattice parameter of 0.4482 nm characterized by a high relative density of 98 %, a hardness of 21.5 ± 0.4 GPa, a Young’s modulus 
of 458 ± 10 GPa, and a fracture toughness value of 3.7 ± 0.3 MPa∙m1/2. 
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Аннотация. В работе комбинацией методов механического активирования (МА), самораспространяющегося высокотемпе-

ратурного синтеза (СВС) и искрового плазменного спекания (ИПС) получен плотный высокоэнтропийный карбонитрид 
(Hf,Ta,Nb)(C,N) и исследованы его свойства. Для реализации процесса СВС смесь исходных металлов с углеродом подвер-
гали предварительной обработке в планетарной мельнице в низкоэнергетическом режиме, при котором скорость вращения 
барабанов составляла 350 об/мин. Была исследована эволюция микроструктуры и фазового состава в процессе МА. Уста-
новлено, что после обработки в течение 60 мин происходит формирование слоистых композиционных частиц Hf/Ta/Nb/C, 
имеющих средний размер порядка 15 мкм и состоящих из субмикронных слоев Hf, Ta, Nb и C. При этом, согласно данным 
рентгенофазового анализа, взаимодействия компонентов в барабане не происходило. СВС реакционных смесей Hf/Ta/
Nb/C проводили в атмосфере азота (P  =  0,8  МПа), после синтеза в порошке были обнаружены две изоморфные фазы 
(Hf,Ta,Nb)(C,N) пространственной группы Fm-3m (225) с различными параметрами решетки: а = 0,4476 нм (71 мас. %) 
и a = 0,4469 нм (22 мас. %). Морфология частиц после СВС повторяла морфологию композиционных частиц после МА, 
средний размер агломератов составлял 10 мкм. Сформировавшиеся в процессе СВС агломераты состояли из частиц округлой 
формы размером от 0,5 до 2 мкм и пор, что обусловлено плавлением металлических компонентов в зоне горения, быстрой 
кристаллизацией зерен продукта из расплава и их последующей рекристаллизацией. Процесс ИПС при температуре 2000 °С, 
давлении прессования 50 МПа и времени выдержки 20 мин позволил получить однофазный высокоэнтропийный материал 
(Hf0,33Ta0,33Nb0,33)C0,5N0,3 с параметром решетки 0,4482 нм, который характеризовался высокой относительной плотностью 
98 %, твердостью 21,5 ± 0,4 ГПа, модулем Юнга 458 ± 10 ГПа и значением трещиностойкости 3,7 ± 0,3 МПа∙м1/2.  
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IntroductionIntroduction
The development of pioneer industries poses a chal

lenge for researchers to find new materials with high 
mechanical properties that  can withstand high tem-
peratures. In recent years, scientists have focused 
on  high-entropy ceramics (HECs) with a configura-
tional entropy of mixing Smix ≥ 1/.61R [1]. Unlike high-
entropy alloys [2], HECs contain cations or anions sub-
lattices [3], which gives this class of materials a wide 
structural diversity and controllable properties.

Among HECs, the  compounds based on  transi-
tion metals, IVB (Ti, Zr, Hf) and VB (V, Nb, Ta) groups 
of  the periodic table, which have higher properties in 
comparison, for example, with binary carbides and 
nitrides, are most suitable for high-temperature appli-

cations. For example, the  authors of  [4] used spark 
plasma sintering (SPS) of a mixture of TaC, ZrC and 
NbC powders to  synthesize single-phase (Ta,Zr,Nb)
C carbide with high flexural strength at  elevated 
temperatures (1600–2000 °C). In  [5], high-entropy 
(HfTaZrTi)C and (HfTaZrNb)C carbides revealed 
a  significantly enhanced hardness (36.1 ± 1.6 GPa) 
compared to  HfC (31.5 ± 1.3 GPa) and (Hf,Ta)C 
(32.9 ± 1.8  GPa).

High-entropy carbonitride ceramics is also 
of  importance for fundamental research and practi-
cal applications. A number of  studies have shown 
that  carbide sublattice nitrogen doping contributes 
to  improving properties, including mechanical ones, 
as strong Me–(C,N) covalent bonds and the C≡N triple 
bond  [6–8] are formed. The  study [9] demonstrated 

Powder Metallurgy аnd Functional Coatings. 2024;18(3):38–48 
Suvorova V.S., Nepapushev A.A., etc. Self-propagating high-temperature synthesis and spark ...

mailto:buynevich.vs@misis.ru
https://powder.misis.ru/index.php/jour/search/?subject=высокоэнтропийная керамика
https://powder.misis.ru/index.php/jour/search/?subject=высокоэнтропийный карбонитрид
https://powder.misis.ru/index.php/jour/search/?subject=механическое активирование
https://powder.misis.ru/index.php/jour/search/?subject=самораспространяющийся высокотемпературный синтез
https://powder.misis.ru/index.php/jour/search/?subject=самораспространяющийся высокотемпературный синтез
https://powder.misis.ru/index.php/jour/search/?subject=керамика
https://powder.misis.ru/index.php/jour/search/?subject=искровое плазменное спекание
mailto:buynevich.vs%40misis.ru?subject=


40

that  the  introduction  of  an additional metal com-
ponent into  the  initial Ti–Zr–Hf–C–N system helps 
to increase the configuration entropy and, as a conse-
quence, to enhance mechanical properties. As a result, 
extremely high fracture toughness (8.4 MPa∙m1/2) 
was reached in a five-component carbonitride 
(Ti0.2Zr0.2Hf0.2Nb0.2Ta0.2)(C0.5N0.5). 

Previously, the  authors of  this paper obtained 
a double carbonitride in the Ta–Hf–C–N system, which 
demonstrated excellent mechanical properties and oxi-
dation resistance [10; 11]. The introduction of an addi-
tional metal component Nb in the equiatomic ratio is 
expected to improve the mechanical properties of tan-
talum-hafnium carbonitride (Ta0.5Hf0.5 )(C,N). 

Dense high-entropy carbonitrides are commonly 
prepared by sintering a mixture of  transition  metal 
carbides and nitrides  [12–14]. However, this method 
requires elevated temperatures and long exposures 
to complete the diffusion processes. The self-propaga
ting high-temperature synthesis (SHS) method enables 
to  significantly reduce the  time for obtaining powder 
of  complex multicomponent compounds. The  sub
sequent spark plasma sintering pushes down energy 
costs for the fabrication of dense ceramics.

In this regard, the  objective of  this study was 
to obtain high-density (Hf,Ta,Nb)(C,N) carbonitride by 
combining the methods of mechanical activation (MA), 
self-propagating high-temperature synthesis and spark 
plasma sintering, and to  investigate the  mechanical 
properties of the resulting material. 

Materials and methodsMaterials and methods
The  precursors were hafnium powders GFM-1 

(98.8 %, ≤ 180 µm), tantalum TaP-1 (99.9 %, from 40 
to 60 µm), niobium NbP-1a (99.9 %, from 40 to 63 µm) 
and carbon  black P804T(99.5 %, ≤ 0.2 µm). Before 
SHS, the Hf + Ta + Nb + C powder mixture was sub-
jected to  MA in a high-energy planetary ball mill 
“Activator-2S” (CJSC Activator, Russia) in an atmos
phere of  high purity argon  (99.998 %): the  ratio 
of  the  balls to  powder mass was 20:1 (360 g : 18 g), 
gas pressure inside the  cylinders stood at  0.6 MPa, 
and rotation  speed was 350 rpm. To  study the  evolu-
tion  of  the  phase composition  and microstructure, 
the  powder was removed from the  jar after MA con-
ducted for 5, 30, 45 and 60 min.

SHS was performed in the constant pressure reactor 
in a nitrogen atmosphere (grade 1, 99.999 %). The reac-
tor chamber was pre-evacuated, then nitrogen was 
pumped until P reached 0.8 MPa. The  self-sustaining 
exothermic reaction  was initiated by briefly applying 
voltage to  the  tungsten coil connected to  the  power 
source. 

SHS powders were consolidated by spark plasma 
sintering using a Labox 650 unit (SinterLand, Japan) in 
an argon atmosphere at a temperature of 2000 °C, press 
pressure of  50 MPa, and a holding time of  20 min. 
The temperature was raised to the given value at a rate 
of 100 °C/min.

The samples microstructure, as well as their elemen-
tal composition, was studied using a JEOL JSM7600F 
scanning electron  microscope (SEM) (JEOL Ltd., 
Japan) equipped with an X-MAX 80 mm2 X-ray micro-
analysis system (Oxford Instruments, UK), at an acce
lerating voltage of  15 kV. The  sizes of  particles after 
MA and SHS were analyzed on a Bettersizer ST ana-
lyzer (Bettersize Instruments LTD, China) with wet 
dispersion.

The phase composition was studied using the X-ray 
diffraction  analysis (XRD) on  a Dron-4-07 diffracto
meter (JSC Research Center Burevestnik, Russia) with 
CuKα radiation  in the  step scanning mode (scanning 
step 0.1°), the angles ranging from 20 to 80° with 2 s 
exposure. The ICDD PDF databases were used to ana-
lyze the  resulting spectra. The  Rietveld method was 
applied to calculate the lattice parameters and to con-
duct the quantitative phase analysis.

A TC-600 (Leco, USA) instrument estimated 
the amount of nitrogen and oxygen in the compounds 
by IR adsorption  (for oxygen) and thermal conducti
vity (for nitrogen) analysis during the  reduction mel
ting of the samples in a resistance furnace in a helium 
flow. A CS-600 (Leco) instrument was used to measure 
the carbon content. For this purpose, the samples were 
subjected to oxidative melting in an induction furnace 
and the amount of CO2 released was measured by IR 
absorption. The mass content of  iron was determined 
by atomic emission spectral analysis on an iCAP 6000 
echelle spectrometer (Thermo Fisher, USA).

The configurational entropy of mixing Smix of a co
valently bound compound was calculated using the for-
mula [15]:

where R is the  universal gas constant, xi and xj are 
the  mole fractions of  cationic and anionic elements, 
respectively.

The  relative density of  samples after SPS was 
calculated as the  ratio of  hydrostatic to  pycnomet-
ric density. The  hydrostatic density of  the  samples 
was determined by hydrostatic weighing under 
GOST 20018-74 [16]. Pycnometric density was mea-
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sured using a Ultrapycnometer 1000 helium pycnome
ter (Quantachrome Instruments, USA).

A Micro-Hardness Tester (CSM Instruments, 
Switzerland) was used to  measure Young’s modu-
lus (E) at a 100 mN applied load.

We used a Durascan 70 hardness testing machine 
(Struers ApS, Denmark) to  estimate hardness (HV) 
by the  Vickers method, GOST  2999-75  [17]. A load 
of 30 N was applied for 10 s. At least 10 measurements 
were taken with each sample. We used the Anstis equa-
tion to assess the fracture toughness (K1с ) [18].

Results and discussionResults and discussion
Before conducting SHS, the  powder mixture con-

sisting of Hf, Ta, Nb and C was subjected to mechanical 
activation to enhance its reactivity by reducing the par-
ticle size, accumulating defects and forming layered 
composite particles throughout the  entire volume 
of the powder. The large contact area between the com-
ponents of  the  mixture in composite particles facili-
tates and significantly accelerates the diffusion interac-
tion between them during the SHS process [19].

Fig. 1 shows X-ray diffraction patterns of  the Hf + 
+ Ta + Nb + C reaction mixture after mechanical acti-
vations (MA) of different durations in a planetary ball 
mill. After the  5 min MA, the  X-ray diffraction  pat-
tern features peaks of individual elements: Nb and Ta 
of Im-3m  (229) space group, as well as hexagonal Hf 
(P63 /mmc  (194)). Peaks of  carbon  black (C) are not 
identified due to its X-ray amorphism. 

As the  MA duration  increases, the  peaks widen 
and their intensity significantly decreases as the com-
ponents crystal lattices deform during mechanical 
processing. After the  60 min MA, the  phase compo-
sition  remains unchanged, the  X-ray diffraction  pat-
tern still shows diffraction peaks of the mixture metal 
components, while the  reaction  products, which lead 
to a drop in the accumulated energy and, consequently, 
reduced reactivity of the mixture, are not formed.

The  evolution  of  the  structure of  the  Hf + Ta + 
+ Nb + C reaction  mixture during MA was studied 
using scanning electron microscopy (SEM) and X-ray 
microanalysis (XRMA) (Fig. 2). The  non-activated 
powder mixture mostly consists of  polygonal Hf, Ta 
and Nb particles ranging in size from 10 to  160 μm, 
as well as carbon  black C agglomerates (Fig. 2, a). 
At the start of mechanical activation in the low-energy 
mode (from 0 to 30 min, Fig. 2, b, c), the mixture par-
ticles are crushed and flattened, new surfaces without 
oxide films or other impurities are formed, the contact 
area between Hf, Ta, Nb and C increases. The flattened 
particles interact with each other with their atomically 

pure surfaces; as a result, after τМА = 30 min, the first 
layered composite particles are formed (Fig. 2, c). With 
longer mechanical activation  (Fig. 2, d, e), the  con-
tent of  particles of  initial components in the  reac-
tion  mixture drops, the  composite particles crush 
into smaller ones and the  thickness of  the Hf, Ta, Nb 
and C layers decreases. After τМА = 60 min (Fig. 2, e), 
the Hf/Ta/Nb/C layered composite particles are formed 
throughout the entire volume of  the  reaction mixture. 
The size of composite particles varies from 1 to 40 µm, 
the average size is 13 µm. Although mechanical activa-
tion  was carried out in steel jars with steel grinding 
balls for 60 min, the content of iron and chromium does 
not exceed 0.5 and 0.05 wt. %, respectively, which is 
attributed to  the  use of  low-energy mode (350 rpm) 
and the  presence of  a “lubricant” in the  form of  car-
bon black, which prevents grinding [20].

Thus, mechanical activation for 60 min in the low-
energy mode contributes to the formation of Hf/Ta/Nb/C 
layered composite particles throughout the  entire 
volume of  the  powder, however, reaction  products 
inside the jars, which reduce the mixture reactivity, are 
not formed.

Fig. 3 shows an X-ray diffraction pattern of the pow-
der after treatment in the mill for 60 min and subsequent 

Fig. 1. The X-ray diffraction patterns of the Hf + Ta + Nb + C 
reactive mixture after MA of different durations 

Рис. 1. Дифрактограммы реакционной смеси Hf + Ta + Nb + C 
после различного времени МА
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Fig. 2. The morphology, cross-section microstructures and element distribution maps  
of the Hf + Ta + Nb + C reactive mixture after MA of different durations

τМА , min: а – 0, b – 5, c – 30, d – 45, e – 60 

Рис. 2. Морфология, микроструктуры поперечных сечений и карты распределения элементов 
реакционной смеси Hf + Ta + Nb + C после различного времени МА

τМА , мин: а – 0, b – 5, c – 30, d – 45, e – 60
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SHS in a nitrogen atmosphere (P = 0.8 MPa). We can 
see that after synthesis, the phase composition funda-
mentally changes compared to  the  powder after MA; 
the  X-ray diffraction  pattern features widened and 
asymmetric peaks due to the formation of two isomor-
phic phases (Hf,Ta,Nb)(C,N) of the Fm-3m (225) space 
group with different lattice parameters  – 0.4476 nm 
(71 wt. %) and 0.4469 nm (22 wt. %).

During filtration combustion of layered composite 
particles in nitrogen, the  first step involves the  for-
mation  of  the  nonstoichiometric carbide  [19], which 
propagates at  a very high speed, therefore, interac-
tion with nitrogen occurs in the aftercombustion zone 
only [21]. High cooling rates lead to uneven nitriding 
throughout the  sample volume, resulting in the  for-
mation  of  phases with different N  contents  [26]. 
The  X-ray diffraction  pattern also reveals low-inten-
sity peaks of  orthorhombic and monoclinic HfO2  – 
based on  the  calculations by  the  Rietveld method, 
their content in the powder after SHS is 4 and 3 wt. %, 
respectively. 

After SHS, the morphology of the product agglome
rates (Fig. 4, a) predictably repeats the  morpho
logy of  the  composite particles after MA (Fig. 2, e), 
the  average size of  the  agglomerates being ~30 μm. 
The  extensive contact surfaces between the  reagents 
in layered composite particles contributed to a signifi-

cant acceleration  of  the  diffusion  interaction  between 
them during the  combustion  process, as a result 
the  morphology of  the  particles remained practically 
unchanged [22; 23]. 

Fig. 4. Morphology of the (Hf,Ta,Nb)(C,N) agglomerates after SHS (а), cross-section microstructure (b),  
maps of the elements distribution in the agglomerate (c–h) 

Рис. 4. Морфология агломератов (Hf,Ta,Nb)(C,N) после СВС (а), микроструктура поперечного сечения (b),  
карты распределения элементов в агломерате (c–h)

Fig. 3. X-ray diffraction patterns of the reaction mixture  
after 60 min MA (1), (Hf,Ta,Nb)(C,N) after SHS (2) and SPS (3) 

Рис. 3. Дифрактограммы реакционной смеси после МА 
в течение 60 мин (1), (Hf,Ta,Nb)(C,N) после СВС (2) и ИПС (3)
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When examining the cross section of the agglome
rate (Fig. 4, b), we can see pores and rounded particles 
ranging in size from 0.5 to  2 μm. According to  EDS 
(Fig. 4, c–g, Table 1), in the product (Hf,Ta,Nb)(C,N) 
(gray areas), the  elements Hf, Ta, Nb and C are uni-
formly distributed, the nitrogen content in the particles 
fluctuating from 2 to 13 at. %. In addition to the main 
phase, HfO2 inclusions (light gray areas in Fig. 4, b, c, h) 
are observed in the agglomerates.

As with the  Hf–C–N [24], Ta–Hf–C–N [11] and 
Hf–Zr–C–N systems, the  rounded particles are for
med  [25; 26] due to  melting of  the  mixture metal 
components in the  reaction  zone, rapid crystalliza-
tion  of  product grains from the  melt and their sub
sequent recrystallization  [27;  28]. The  agglomerates 
structure after SHS is porous as gas releases during 
the combustion process. 

Spark plasma sintering was performed in 
the  mode previously tested on  the  Ta–Hf–C–N sys-
tem [10; 11]. The X-ray diffraction pattern of sintered 
(Hf,Ta,Nb)(C,N) carbonitride is shown in Fig. 3. When 
exposed to  high temperature, the  carbonitride peaks 
became narrower and more symmetrical, suggesting 
homogenization of the chemical composition, ordering 
of the crystal structure and an increased size of crystal-
lites after sintering; the  lattice parameter value after 
SPS was 0.4482 nm. Compared to  the  powder after 
SHS, the  content of  orthorhombic and monoclinic 
HfO2 increased to 7 and 5 wt. %.

A typical microstructure of (Hf,Ta,Nb)(C,N) carbo-
nitride after SPS, as well as an elements distribution map 
are shown in Fig. 5. The particle size of the main phase 
(Hf,Ta,Nb)(C,N) (gray areas) varies from 2 to 15 μm. 
According to  EDS (Fig. 5, b–f), the  elements Hf, Ta, 
Nb, C and N are uniformly distributed. However, 
the structure of the bulk material features HfO2 inclu-
sions (light areas, Fig. 5, a, b, g) along the boundaries 
of  the  main phase, which confirms the  X-ray diffrac-
tion data. The pycnometric density of the bulk carboni-
tride amounted to  11.06 ± 0.05 g/cm3, the  hydrostatic 
density was 10.8 ± 0.2 g/cm3, which, in turn, corres

ponds to 98 % of the relative density and is consistent 
with the microstructural analysis data.

Based on  the  results of chemical analysis, it can be 
concluded that  the carbon content in the (Hf,Ta,Nb)(C,N) 

Table 1. X-ray microanalysis of the (Hf,Ta,Nb)(C,N) cross-section after SHS (at. %)
Таблица 1. Микрорентгеноспектральный анализ поперечного сечения (Hf,Ta,Nb)(C,N) после СВС (ат. %)

Spectrum number Hf Ta Nb C N O Σ
1 14.8 14.3 14.3 40.2 12.9 3.5 100.0
2 13.1 13.9 13.5 52.5 1.9 5.1 100.0
3 14.8 14.4 15.1 47.9 3.2 4.6 100.0
4 13.7 14.9 14.6 48.9 4.1 3.8 100.0
5 13.7 13.8 13.9 48.3 4.6 5.7 100.0
6 12.5 12.9 13.1 51.8 5.2 4.5 100.0
7 14.8 14.5 14.9 43.7 6.9 5.2 100.0

Fig. 5. (Hf,Ta,Nb)(C,N) microstructure (а)  
and elements distribution map after SPS (b–g) 

Рис. 5. Микроструктура (Hf,Ta,Nb)(C,N) (а)  
и карты распределения элементов после ИПС (b–g)
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sample corresponds to the amount of carbon in the ini-
tial reaction  mixture and amounts to  3.8 ± 0.2 wt. %, 
while nitrogen and oxygen content are 2.3 ± 0.1 and 
0.8 ± 0.2 wt. %, respectively. The  chemical for-
mula of  bulk carbonitride can be written as follows: 
(Hf0.33Ta0.33Nb0.33 )C0.5N0.3 . For the  resulting com-
pound, the configuration entropy of mixing (Smix ) was 
1.8, which meets the criteria for high-entropy materials 
Smix ≥ 1.61R [29; 30].

Microhardness, Young's modulus and fracture tough-
ness were studied on sintered samples. The mechanical 
properties of high-entropy (Hf,Ta,Nb)(C,N) carbonitride 
and similar materials are presented in Table 2. High-
entropy (Hf,Ta,Nb)(C,N) carbonitride is characterized 
by higher hardness compared to  (Ta0.5Hf0.5)C0.51N0.4 
tantalum-hafnium carbonitride obtained in a simi-
lar way [11]. Considering that  (Hf,Ta,Nb)(C,N) and 
(Ta0.5Hf0.5)C0.51N0.4 have almost the  same grain size 
(2–15 μm and 6–10 μm, respectively), it can be 
assumed that the introduction of Nb into the composi-
tion  of  (Ta0.5Hf0.5)C0.51N0.4 tantalum-hafnium carbo-
nitride contributed to  increased hardness caused by 
enhanced configurational entropy of mixing. The simi-
lar effect was demonstrated in  [9], where the  hard-
ness and fracture toughness increase with enhancing 
configurational entropy of mixing. Compared to other 
multicomponent carbonitrides  [9; 31; 32] and car-
bides  [33–35], (Hf,Ta,Nb)(C,N) demonstrated higher 
hardness (21.5 ± 0.4 GPa), as well as a comparable 
value of fracture toughness (3.7 ± 0.3 MPa ∙m1/2). 

 
ConclusionsConclusions

1. We studied the impact of MA duration on the struc-
ture and phase composition  of  the  Hf + Ta + Nb + C 
reaction mixture. It has been demonstrated that mecha
nical treatment in the low-energy mode for 60 min cont

ributes to the formation of layered composite particles 
with an average size of  13 μm throughout the  entire 
powder volume. 

2. The  powder after SHS included two isomor-
phic phases (Hf,Ta,Nb)(C,N) with lattice parameters 
of 0.4476 nm and 0.4469 nm Fm-3m (225) space group. 

3. A dense high-entropy (Hf0.33Ta0.33Nb0.33)C0.5N0.3 
carbonitride with a relative density of 98 %, hardness 
of  21.5 ± 0.4 GPa, Young’s modulus of  458 ± 10 GPa 
and fracture toughness of 3.7 ± 0.3 MPa∙m1/2 was fab-
ricated from the  synthesized powder using the  spark 
plasma sintering method.
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