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A B S T R A C T

In this study, nonstoichiometric hafnium carbonitrides (HfCxNy) were fabricated via short-term (5 min) high-
energy ball milling of Hf and C powders, followed by combustion of mechanically induced Hf/C composite
particles in a nitrogen atmosphere (0.8 MPa). The obtained HfC0.5N0.35 powder exhibited a rock-salt crystal
structure with a lattice parameter of 0.4606 nm. The melting point of this synthesized ceramic material was
experimentally shown to be higher than that of binary hafnium carbide (HfC). The nonstoichiometric hafnium
carbonitride was then consolidated under a constant pressure of 50 MPa at a temperature of 2000 °C and a
dwelling time of 10 min, through spark plasma sintering. The obtained bulk ceramic material had a theoretical
material density of 98%, Vickers hardness of 21.3 GPa, and fracture toughness of 4.7 MPa m1/2.

1. Introduction

Carbides and nitrides of transition metals (groups IVB and VB)
possess a unique set of properties, including high density, chemical
durability, corrosion resistance, and exceptionally high melting point
[1–4], which makes them attractive for a variety of applications, spe-
cifically under extreme temperatures [5]. For example, ultra-high-
temperature ceramics (UHTC) based on these phases can be used as a
thermal protection system in supersonic jets and as parts of combustion
chambers or rocket nozzles [6–11]. For essentially stoichiometric haf-
nium carbide (HfC0,98), a melting point above 3927 °C was reported,
which is the highest value measured for binary phases [12,13].

The ternary phases of these metals may have better mechanical
properties [14–16] and even higher melting points [11,17]. For ex-
ample, it was experimentally shown that Ta4HfC5 ceramics might have
a melting point as high as 4027 ± 80 °C [18]. According to theoretical
calculations, hafnium carbonitride with nonstoichiometric
HfC0.51N00.38 phase composition should have a melting point above
4200 °C [17]. Other theoretical work [11] predicts that a melting point
of ~4057 °C corresponds to a 0.76HfC–0.24HfN phase composition. It is
worth noting that both calculation methods, i.e., ab initio molecular
dynamics calculation [17] and the machine learning approach [11],
suggest that the Hf–С–N system should hold a record high melting

temperature. Moreover, the addition of any other refractory compo-
nents, e.g., tantalum, does not lead to an increase in this value.

Hafnium carbonitride was obtained as a thin layer by chemical
vapor deposition [19] and magnetron sputtering [20,21] methods.
High-energy ball milling (HEBM) of a hafnium and carbon mixture in a
nitrogen atmosphere was used to produce stoichiometric HfCxN1−x

powders by mechanically induced self-sustained reactions [22,23]. An
energy-efficient combustion synthesis (CS) approach based on ther-
mally initiated self-sustained exothermic reactions [24–26] was also
utilized to produce different stoichiometric MeCxN (Me = Ti, V, or Hf)
carbonitrides powders [27–33]. Essentially, no data are available on the
combustion synthesis of hafnium carbonitrides or on the fabrication of
bulk hafnium carbonitride ceramics.

In this study, we developed and applied a novel synergetic strategy
to produce bulk-ceramic-based nonstoichiometric (HfCxNy, where
x + y < 1) hafnium carbonitride. This approach includes three steps:
(i) short-term HEBM of hafnium and carbon in an inert atmosphere to
fabricate reactive Hf/C nanostructured composites, (ii) combustion of
these particles in a nitrogen atmosphere in the CS regime to produce
HfCxNy powder, and (iii) spark plasma sintering (SPS) [34–36] of
nonstoichiometric hafnium carbonitrides powder to fabricate bulk
UHTC. The properties of these produced UHTC are investigated and
discussed.
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2. Methods and Materials

Powders of hafnium (GFM-1, SMM, Russia; purity = 98.7%), carbon
(P804Т, Russia; purity = 99.5%), and nitrogen (LLC “GAZEXPO,”
Russia; purity = 99.99%) were used as precursors. The Hf and C
powders in a 2:1 mol ratio were ball milled for 5 min in a steel jar in a
planetary mill “Activator 2S” (Aktivator, Novosibirsk, Russia) with a
steel ball to a powder ratio of 20:1. The milling speed was 694 rpm and
the rotational coefficient was K = 1. This prepared reactive Hf/C loose
powder was placed inside a laboratory chemical reactor. The reactor
was vacuumed and then filled with pure gaseous nitrogen up to a
pressure of 0.8 MPa. The powder was locally preheated by a hot
tungsten wire to initiate chemical reactions and a self-sustained com-
bustion front self-propagated through the medium, leading to the for-
mation of the hafnium carbonitride powder. This synthesized powder
was consolidated under a nitrogen atmosphere using an SPS device
(Labox 650, SinterLand, Japan). A load of 50 MPa was continuously
applied to the sample during the process. The heating rate was 100 °C/
min. Consolidation was conducted at 2000 °C with a dwelling time of
10 min. Through this process, we fabricated bulk ceramic disks with a
diameter of 15 mm and a thickness of 2–3 mm.

The phase composition of the fabricated materials was studied
through an X-ray diffraction (XRD) analysis on a DRON-4-07 (Russia)
using monochromatic Co-Kα radiation (λ = 0.1788 nm). XRD patterns
were scanned from 30° to 110° (2Ѳ) in a step-by-step scanning mode
with a scan increment of 0.1°. The exposure time was 2 s. The
International Centre for Diffraction Data Powder Diffraction File (PDF)
bases were used for processing the XRD patterns. The interplanar dis-
tances (dhkl, in nanometers) between reflective planes with (hkl) Miller
indices were calculated using Bragg's equation:

=nλ d sinθ2 ,hkl (1)

where n is an integer describing the order of the diffraction reflection, λ
is the wavelength (Co) of the incident beam (in nanometers), and θ is
the angle of incidence.

The microstructure of the ceramics was analyzed using a scanning
electron microscope (SEM; Jeol JSM7600F, Japan) equipped with an
energy dispersive X-Ray spectroscopy (EDS) microanalysis system
(INCA SDD 61 X-MAX, Oxford Instruments). SEM imaging and EDS
analyses were performed at an acceleration voltage of 15 keV. The re-
lative density of the sintered samples was determined using the ImageJ
software package for image analysis. The method is based on the use of
a graphical tool, which divides all the colors that are on opposite sides
of a given brightness threshold into black and white. Based on the scale
of the sample's SEM image, it is possible to calculate the total area of the
pores in the sample [37].

The materials’ density (ρ) was determined using the Archimedes
method on an analytic scale (Sartorius ME235), with no fewer than ten
measurements in air and distilled water (ρw = 0.9978 g/cm3). Vaseline
(ρp = 0.870 g/cm3) acted as a protective layer. The density was cal-
culated from
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where m1 is the sample mass without a protective layer in air (in
grams); m2 is the mass of the sample with a protective layer in air (in
grams); m3 is the mass of the sample with a protective layer in water (in
grams); and m4 is a mass of the protective layer (in grams).

The Vickers hardness (HV, in gigapascals) and the fracture tough-
ness (K1c, in MPa⋅m1/2) were determined using a Struers DuraScan 70
digital device. At least ten hardness measurements were taken for each
sample. The tests were conducted using a Vickers diamond tip, under a
maximum load of 9.8 kg and a strain exposure time of 20 s. The
hardness was calculated according to

=HV P
d

1,854 ,2 (3)

where P is the applied load (in kilograms) and d is the length of the
indented diagonal (in millimeters).

The fracture toughness was calculated by using the Anstis formula:
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where P (in newtons) is the load, c (in meters) is the crack length from
the center of the indent to the crack tip in meters, and E (in gigapascals)
is Young's modulus. Modulus values were taken from Ref. [38].

Although we could not directly measure the melting point of the
fabricated ceramics, we compared the obtained hafnium carbonitride
with commercial hafnium carbide (HfC). The experimental setup is
presented in Fig. 1. Disk-like specimens (3 mm in diameter and 1–2 mm
in height), compacted from commercial HfC and synthesized HfCxNy,
were placed in the niches along the graphite strip, which had a
dumbbell shape narrowing in the middle. The samples were arranged in
two parallel lines alongside the plates, and each line consisted of three
identical samples (Fig. 1a). The strip was covered with a graphite plate
of similar geometry to avoid heat loss through radiation from the
samples. This graphite “sandwich” was installed between two Mo
electrodes. A powerful battery (with a current and voltage of up to 1200
А and 14 V, respectively) was used for Joule heating of the entire
configuration. The tests were conducted in a vacuum chamber under a
high vacuum of 10−4 Pa. Because of the varying width of the strip, the
highest temperature was achieved in its narrowest part, i.e., in the
middle of the heater. The temperature gradually decreased toward the
wider ends of the graphite plates attached to the Mo clips. The melting
points of the specimens were determined by comparing their micro-
structures before and after the heating.

Fig. 1. (a) Schematic and (b) photograph of the setup used for the comparative
studies of the ceramics' melting point.
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3. Results and discussion

SEM studies of the precursor show that hafnium powder has a wide
range (10–100 μm) of particle size (Fig. 2a). The amorphous carbon
black consists of agglomerates of nanoparticles with an average size of
~100 nm (Fig. 2b). Short-term (5 min) HEBM of a Hf + 0.5C mixture in
an inert (argon) dry atmosphere leads to the formation of composite Hf/
C particles with sizes in the range of 20–100 μm (Fig. 2c). Analysis of
cross sections of such particles reveals that they comprise hafnium
(light) and carbon (dark) phases (Fig. 2d). An XRD analysis of as-milled
powder (Fig. 3a) reveals that the powder indeed predominately consists
of pure crystalline hafnium, and only traces of the hafnium carbide
phase can be detected. Therefore, 5 min of HEBM is determined to be
the critical milling time that does not lead to the formation of the

product, which diminishes the reactivity of the system.
Notably, under the investigated conditions, i.e., a nitrogen pressure

of 0.8 MPa, the self-sustained combustion reaction cannot proceed in
the Hf + 0.5C mixture obtained via conventional mixing. However,
after short-term HEBM, the CS process can be easily initiated. The XRD
analysis of the combustion product is presented in Fig. 3b. It can be seen
that the product primarily consists of hafnium carbonitride, with only
traces of a hafnium nitride phase. Moreover, during the rapid CS pro-
cess, the nitrogen content in different HfCxNy particles varied slightly
(see the Supplementary file). This variation led to the asymmetry of the
XRD peaks. The d spacings for the HfN and HfC standards and the ob-
tained Hf(C, N) phases are summarized in Table 1. The calculated lat-
tice constant for the obtained (NaCl) Fm-3m (225) crystal structure is
0.4606 nm.

The microstructure of the Hf(C,N) powder is shown in Fig. 4. It can
be seen by its morphology that the structure of synthesized ceramic
mimics that of the composite Hf/C particles (compare Figs. 2c and 4a).
Analysis of the powder's cross section suggests that it has a uniform
structure with some pores and cavities inside (Fig. 4b). A closer look at
the carbonitride structure indicates that it consists of small submicron
grains (Fig. 4c). The EDS analysis indicates that the C to N ratio in the
phase equals 1.42, and no free carbon was detected. Because the Hf to C
ratio in the powder mixture was 1:0.5, one may estimate that the phase
composition of the synthesized carbon nitride is HfC0.5N0.35.

The melting points of the commercial HfC and the Hf(C,N) fabri-
cated using the HEBM+ CS approach were compared using the method
described above (Fig. 1). The macro image of a graphite heater with six
specimens (three HfC samples in the upper row and three Hf(C,N)

Fig. 2. SEM images of (a) initial hafnium powder, (b) carbon black, (c) composite Hf/C particles, and (d) cross section of the composite Hf/C particles.

Fig. 3. XRD patterns for the (a) as-milled Hf/C particles, (b) Hf(C,N) powder
after combustion synthesis, and (c) Hf(C,N) ceramic after SPS.

Table 1
d spacing for the HfC and HfN standards and Hf(C,N) after CS and SPS.

Material (NaCl) Fm-3m (225)

(111) (200) (220) (311) (222) (400)

HfC (PDF #65–7113) 2.6737 2.3155 1.6373 1.3963 1.3369 1.1578
HfN (PDF #65–4298) 2.6073 2.2580 1.5967 1.3616 1.3037 1.1290
Hf(C,N) CS 2.6593 2.3048 1.6275 1.3869 1.3292 1.1503
Hf(C,N) SPS 2.6570 2.2995 1.6270 1.3875 1.3275 1.1501
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samples in the lower row) after one of the experiments is shown in
Fig. 5. As mentioned earlier, the highest temperature was observed in
the middle of the heater (samples 1 and 1*), where the graphite plate

has the narrower cross section (20.1 mm2) and hence the highest
electric current density. The temperature decreased toward the
clamped edges of the plate and, based on the cross-sectional area (22.35
and 23.85 mm2 for lines 2–2* and 3–3*, respectively), it can be

Fig. 4. Microstructure of the synthesized Hf(C,N) particles: (a) general view; (b,c) cross sections.

Fig. 5. Macro image of the graphite heater with the samples after comparative
experiments on the melting points of ceramics.

Fig. 6. Microstructures of the ceramics after heating: (a) HfC; (b) Hf(C,N).

Fig. 7. Typical microstructure of consolidated Hf(C,N) ceramic.
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concluded that temperature for samples 2 and 2* should be higher than
that for samples 3 and 3*. Therefore, the following temperature relation
can be established during the experiment: T3 < T2 < T1. Fig. 5 shows
that, under the investigated conditions, neither sample at temperature
T3 melted and they completely retained their shape. At T2, the samples
behaved differently; i.e., HfC (sample 2) partially melted and changed
its shape; however, Hf(C,N) (sample 2*) maintained its shape. Finally,
in the hottest zone (T1), HfC (sample 1) completely melted and filled
the cylindrical hole and even spread along the graphite surface, while
HfCxNy (sample 1*) only shrunk as a result of sintering.

The microstructures of samples 1 and 1* after heat treatment are
shown in Fig. 6. The dendritic structure, formed during solidification of
the HfC melt (Fig. 6a), and the unaltered microstructure of bulk Hf(C,N)
confirmed the aforementioned conclusion regarding the structural
transformation that occurred during heating. Note that qualitatively
similar behavior was observed in all three experiments. The melting
point of synthesized hafnium carbonitride must therefore necessarily be
higher than that of HfC, which is considered to be one of the most
refractory compounds. Precise measurement of the melting points for
the synthesized ceramics will constitute the topic for a follow-up study.

The nonstoichiometric Hf(C, N) powder was consolidated via SPS
under the conditions described in the Methods and Materials section.
The dwelling time at a maximum temperature of 2000 °C was 10 min.
The density of the obtained ceramic material was 11.89 ± 0.05 g/cm3,
which corresponds to 98.1 ± 0.2 of the theoretical material density
according to the microstructure analysis. The XRD analysis of the
compacted ceramic is shown in Fig. 3c. It can be seen that the crystal
structure of the bulk material is essentially identical to that of the Hf
(C,N) powder used. The calculated lattice constant is 0.4602 nm
(compared with 0.4606 nm for the initial powder). Some amount of a
HfO2 phase was also detected. The microstructure of the compacted
ceramic is shown in Fig. 7. The grain size of the Hf(C,N) phase (light in
color) is on the order of 5 μm. Some areas (gray) of the HfO2 phase are
can be observed. Based on the chemical analysis of total oxygen in the
CS powder (0.57 wt%) and sintered material (~ 1 wt%), we made a
rough estimation of the HfO2 phase content. Assuming that all detected
oxygen was in the HfO2 phase, we estimated ~ 4 wt% and ~ 9 wt% for
the HfO2 phase in the CS powder and SPS material, respectively. There
are two reasons for the appearance of an oxide phase. The first is related
to the oxygen content in the initial hafnium powder (~ 0.5 wt%). The
second is the oxidation of carbonitride [40] in the sintering atmo-
sphere.

The mechanical properties of the ceramics and HfC bulk materials in
other studies are summarized in Table 2. It can be seen that, with
comparable densities, the hardness and fracture toughness of Hf(C,N)
ceramics is higher than that for HfC material sintered at 2200 °C for
10 min [39]. The fully dense HfC ceramic obtained after 10 min of
consolidation at 1900 °C exhibits slightly higher hardness but lower
fracture toughness [40].

4. Conclusion

It was theoretically predicted [11,17] that nonstoichiometric haf-
nium carbonitrides should exhibit extremely high melting points ex-
ceeding 4000 °C. Hafnium carbonitrides produced by other approaches,
e.g., reactive HEBM [22,23], are characterized by stoichiometric com-
positions, i.e., HfCxN1−x. The combination of short-term (5 min) HEBM

and combustion synthesis allowed us to fabricate nonstoichiometric
HfC0.5N0.35 carbonitride. The explanation for achieving this type of
compound is as follows: HEBM led to the formation of composite Hf/C
highly reactive particles with the desired, i.e., 1:0.5, ratio between
metal and nonmetal. Recall that, without HEBM, it is virtually im-
possible to initiate a self-sustaining reaction in the Hf–C system. The
Hf/C particles were subjected to the combustion reaction under a ni-
trogen atmosphere. It is worth noting that both reactions, i.e., between
Hf and carbon, as well as between Hf and nitrogen, are highly exo-
thermic [41]. The amount of carbon in the crystal structure of the
combustion product was determined by the composition of the Hf/C
particles (1:0.5). At the same time, optimized nitrogen pressure
(0.8 MPa) enabled additional self-nitridation to the desired nitrogen
content. All the aforementioned points suggest that a combination of
short-term HEBM and combustion synthesis is a unique tool for pro-
ducing nonstoichiometric multicomponent phases.

It is difficult to measure a material's melting points when it exceeds
4000 °C. Therefore, we decided to compare the melting point values of
the produced ceramics to that of extremely refractory HfC carbide,
which probably exhibits a record high melting point temperature.
Statistical analyses of the numerous experimental data on simultaneous
heating of these materials revealed that the synthesized HfC0.5N0.35

carbonitride had a higher melting point than HfC did.
It was also demonstrated that SPS of the carbonitride under a con-

stant pressure of 50 MPa at a temperature of 2000 °C and a dwelling
time of 10 min allowed us to fabricate bulk ceramics with a relative
density of ~98%. The measured mechanical properties, i.e., Vickers
hardness HV = 21.3 GPa and fracture toughness K1c = 4.7 MPa m1/2,
appeared to be comparable to or higher than those for HfC-based UHTC
fabricated by SPS [39,40].
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