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Abstract—The effect of the temperature of carbonization of xerogels on the chemical activity of the obtained
materials in the Ta2O5–HfO2–C system was studied to create an energy-efficient method for producing
ceramic materials based on the TaC–HfC system using reactive hot pressing or spark plasma sintering. A new
method was developed to form a tantalum–hafnium–polymer-containing gel by creating interpenetrating
organic–inorganic networks with the simultaneous initiation of hydrolysis of metal–containing precursors
and polymerization of furfuryl alcohol (acid catalysis with formic acid). Samples of the Ta2O5–HfO2–C sys-
tem with different reactivities in the carbothermal synthesis of complex carbides were obtained based on the
xerogel produced after drying using carbonization under dynamic vacuum conditions at various temperatures
(400, 700, and 1000°C). Their elemental and phase composition, microstructure and thermal behavior in an
air f low were investigated. The powder synthesized at a minimum temperature of 400°C had the maximum
reactivity but also contained rather much (3–4 wt %) unpyrolyzed organic fragments, which should be taken
into account in planning high-temperature consolidation of carbide ceramics.
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INTRODUCTION
Since the 1930s–1960s [1–8], ultrarefractory car-

bides of 4B and 5B group elements have attracted close
attention by their unique properties. Among them are
not only high melting points in the range 2800–
4000°C, but also high hardness, high strength, low
vapor pressure at very high temperatures [5, 9], inter-
esting magnetic properties, and also relatively high
electrical and thermal conductivity. Moreover, it is
known that cubic monocarbides of these elements
owing to their isostructurality form a continuous series
of solid solutions [10–14], which allows one to finely
tune necessary characteristics.

Of greatest interest is the TaC–HfC system,
because it is in this system that there is a material,
4TaC–1HfC (Ta4HfC5), that has the highest melting
point (~4000°С) of the currently existing materials [4, 6].
Recent design solutions in the aerospace industry have
led to an abrupt increase in the demand in such ultra-
refractory compounds, which stimulated new studies
aimed at precisely determining the melting point of
this material. For example, Cedillos-Barraza et al.
determined by laser heating [15] that the melting point
of this material is somewhat lower than that of individ-
ual hafnium carbide. This conclusion was refuted by

Savvatimskiy et al. [16], who, using rapid heating by a
microsecond electric current pulse, confirmed that
the melting point of Ta4HfC5 is about 4300 ± 80 K,
which is noticeably higher than the melting points of
HfC and TaC.

Studies of the fundamental properties of ultrar-
efractory carbides were resumed with a view to their
potential use for producing ultra-high-temperature
carbide ceramic materials [17–20], and also for dop-
ing ceramic materials based on the MB2–SiC systems
(M = Zr, Hf) [21–27]. For example, we previously
showed that the addition of 10 vol % of finely divided
complex carbide Ta4HfC5 increases the oxidation resis-
tance of the HfB2–30 vol % SiC ceramic on long-term
exposure to a supersonic dissociated air flow [23].

Reactive hot pressing or spark plasma sintering of
oxygen-free ceramics has significant advantages over
consolidation of mixtures of powders of refractory
phases [28–31]; in particular, it can be performed at
relatively low sintering temperatures and gives ceram-
ics with the minimum grain size, which improves their
mechanical and thermal properties. Moreover, the
formed carbide phases are often nanocrystalline [24].
To efficiently use this method, the initial systems
should have the maximum reactivity and the maxi-
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mum uniform mutual distribution of oxide and carbon
components.

In our previous works [29, 32–35], the controlled
hydrolysis of metal-containing precursors (alkoxides
and alkoxoacetylacetonates of metals) in a solution of
phenol formaldehyde resin was used. The pyrolysis of
this resin in the course of the carbonization in a
medium of an inert gas or in a dynamic vacuum gave
amorphous carbon, which was necessary for the rela-
tively low-temperature synthesis of refractory car-
bides. This procedure has certain advantages, but
depending on the type of precursor, the components
may sometimes salt out each other, which leads to
phase separation of the system and to a less uniform
distribution of the constituents of the MOx–C mate-
rial formed after the carbonization.

Approaches have recently been developed to obtain
finely divided refractory carbides (primarily as aero-
gels) by the formation of the so-termed interpenetrat-
ing organic–inorganic networks [36–43]. To form a
connected-disperse system, which can inherit a virtu-
ally homogeneous distribution of the oxide compo-
nents and the polymer from the stage of solutions, sev-
eral processes are simultaneously started, namely,
hydrolysis of precursors with subsequent polyconden-
sation (the first three-dimensional network) and
polymerization of the monomer, which forms the sec-
ond three-dimensional network. Such studies typi-
cally concern the synthesis of nanocrystalline silicon
carbide with high specific surface area by the hydroly-
sis of tetraethoxysilane and the polymerization of
resorcin with formaldehyde [40–43] or furfuryl alco-
hol [44–46]. Nanopowders or porous ceramics were
also synthesized based on titanium carbides [47–50]
and zirconium [51, 52], but we failed to find any stud-
ies of the possibility of the synthesis of element 5B
group carbides or mixed carbides by the described
method.

The purpose of this work is to characterize the
dependence between the reactivity of the finely
divided system Ta2O5–HfO2–C in the carbothermal
synthesis of tantalum hafnium carbide 9TaC–1HfC
and the carbonization temperature of the tantalum–
hafnium–polymer-containing xerogel obtained by the
simultaneous polymerization of the products of the
hydrolysis of metal-containing precursors and furfuryl
alcohol.

EXPERIMENTAL

Hafnium alkoxoacetylacetonate was synthesized by
the heat treatment of a solution of hafnium acetylace-
tonate (>99%) in isoamyl alcohol (>98%, EKOS-1) at
an oil bath temperature of 150–160°C for 6 h [33, 53].
A solution of tantalum pentabutoxide was prepared by
the interaction of tantalum pentachloride (99.995%,
Lanhit) with n-butanol (>98%, Khimmed) while bub-
bling with dried ammonia with subsequent separation
RUSSIAN JOURNAL O
of the precipitate by centrifugation at 3500 rpm for
30 min.

To obtain a tantalum–hafnium–polymer-contain-
ing gel, an aliquot of the hafnium halkoxoacetylaceto-
nate solution was added to the solution of tantalum
pentabutoxide Ta(OBu)5 so that the n(Ta) : n(Hf) ratio
was 9 : 1. Then, the obtained mixture was supple-
mented while stirring with furfuryl alcohol C5H6O2
(98%, Acros Organics) to an n(C5H6O2) : n(Ta + Hf)
ratio of 1.5, with formic acid CH2O2 (>98%, Spektr-
Khim) as a catalyst of polymerization of furfuryl alco-
hol (n(CH2O2) : n(Ta + Hf) = 4.5), and with a hydro-
lyzing mixture (a 10 vol % solution of distilled water in
ethanol). The amount of water in the solution corre-
sponded to the ratio n(H2O) : n(Ta + Hf) = 10. After
the mixing of all the components, a transparent solu-
tion was obtained (Fig. 1a), which transformed into a
dense gel in ~2 min after the beginning of heating on a
water bath with a temperature of 90–95°C. Simulta-
neously, as is seen from Fig. 1a, the system darkened,
which suggested that furfuryl alcohol was being
polymerized. In 20–25 min after the beginning of the
heating, a dense dark brown gel formed, which was
further dried at 110–120°C until the weight ceased to
change.

The thermal behavior of the obtained finely divided
powders in the Ta2O5–HfO2–C system was studied
with an SDT Q-600 simultaneous TGA/DSC/DTA
analyzer in the temperature range 20–1400°C (heating
rate 20 deg/min) in a f low of either air or argon (flow
rate 250 mL/min).

The X-ray powder diffraction patterns of the pro-
duced powders in the initial system Ta2O5–HfO2–C
and the products of their reduction were recorded with
a Bruker D8 ADVANCE X-ray powder diffractometer
(CuKα radiation, resolution 0.02°, signal integration
time at point 0.3 s). The X-ray powder diffraction data
were analyzed using Match!—Phase Identification
from Powder Diffraction, Version 3.8.0.137 (Crystal
Impact, Germany), into which the Crystallography
Open Database (COD) is embedded.

The scanning electron microscopy of intermediate
nanocomposites and products was carried out with a
Carl Zeiss NVision 40 focused ion beam scanning
electron microscope. The elemental composition was
estimated in regions 2 × 3 mm in size using an Oxford
Instruments energy-dispersive X-ray analyzer.

RESULTS AND DISCUSSION
The thermal analysis of the obtained xerogel in an

argon flow (Fig. 1b) suggested that the pyrolysis of its
organic fragments occurs in several steps. Up to
approximately 250–270°C, the weight loss is due to
the evaporation of volatile components, which is rep-
resented by the intense endothermic effect with a min-
imum at ~175°C and arms at 90 and 250°C. A further
increase in temperature initiates the thermal decom-
F INORGANIC CHEMISTRY  Vol. 66  No. 5  2021
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Fig. 1. Views of the tantalum–hafnium–polymer-containing system at different times of gel production, and (b) the DSC (red)
and TGA (green) curves of the thermal analysis of the xerogel in an argon f low.
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position of organic fragments, which is characterized
by the broadened weak exothermic effect with maxima
at 390, 478, 700, and 814°C.

As Fig. 1b shows, the weight loss is maximum at
temperatures <400–500°C and is 21–26%. The total
weight loss due to the carbonization of the xerogel in
an argon flow during heating to 700°С is 30%, and fur-
ther heating to 1000°C leads to an increase in Δm to
33%. The change in the slope of the TGA curve at
~700°C can be caused both by the domination of the
dehydrogenation of aromatic fragments, and by the
beginning of the carbothermal synthesis of complex
tantalum hafnium carbides.

Based on the DSC/TGA data, the carbonization
temperatures 400, 700, and 1000°C were chosen to
estimate the reactivity of the Ta2O5–HfO2–C materi-
als. The pyrolysis of organic fragments of the xerogels
was performed in graphite boats under dynamic vac-
uum conditions (residual pressure 30–100 Pa). The
heating rates were 400 and 200 deg/h in the tempera-
ture ranges 20–700 and 700–1000°C, respectively; the
time of holding at a given temperature was 2 h.

The scanning electron microscopy showed (Fig. 2)
that the microstructure of the produced Ta2O5–
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HfO2–C materials, regardless of the xerogel carbon-
ization temperature, somewhat differs from that
observed for such systems obtained using phenol
formaldehyde resin [33, 35, 54]. The powders are
obviously less porous, and the approximate particle
size with increasing heat-treatment temperature from
400 to 1000°C decreases from 50–60 to 20–30 nm.
Such a dense morphology may be due to the fact that,
at the gelation step, two polymer networks simultane-
ously formed, which, during shrinkage, more rigidly
fix the produced amorphous particles, probably, by
forming mesoporous composites. The elemental
energy-dispersive X-ray analysis both on area 2 × 3 mm
and on area 2 × 3 mm showed that the ratio n(Ta) :
n(Hf) is 89 : 11 with an error of ±1.2 for all the samples,
which corresponds to the desired composition. At a
carbonization temperature of 400°C, the sample con-
tains an admixture of chlorine, probably, from the ini-
tial TaCl5, which is absent at higher pyrolysis tempera-
tures.

Figure 3 presents the X-ray powder diffraction pat-
terns of the samples. The first pattern demonstrates
that the dynamic heating of the xerogel to 1000°C at a
rate of 20 deg/min in an argon flow leads to the crys-
l. 66  No. 5  2021
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Fig. 2. Microstructure of the samples of the Ta2O5–HfO2–C system that were obtained by the carbonization of the xerogels at
(a, b) 400 and (c, d) 1000°C.
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tallization of only orthorhombic Ta2O5 [55]. Longer
carbonization of the xerogel (with holding for 2 h) at
400°C gives an X-ray amorphous substance (pattern 2),
which shows the signs of local structuring (diffuse
halos). With an increase in the pyrolysis temperature
to 700°C, the most intense reflections of the tantalum
oxide phase also in the orthorhombic form begin to
appear against the background of the halos (pattern 3).
In the sample subjected to the highest-temperature
heating (carbonization at 1000°C), not only does the
o-Ta2O5 phase forms [55], but also so does quite a large
amount of a carbide phase based on TaC (pattern 4).
Obviously, the heat treatment under dynamic vacuum
conditions at 1000°С initiates the carbothermal syn-
thesis of (Ta,Hf)C, which, in the case of tantalum car-
bide, is not thermodynamically forbidden [33].

The thermal behavior in an air f low for the Ta2O5–
HfO2–C systems obtained at various temperatures was
studied by simultaneous DSC/TGA (Fig. 4). It was
determined that, in the samples obtained at 400 and
700°С, the weight loss is only due to the carbon burn-
out and, probably, underpyrolized organic fragments,
first of all, aromatic. This process is represented by the
broad and intense exothermic effect with a maximum
at 560–580°C. Noteworthy, in the sample produced at
RUSSIAN JOURNAL O
400°C, a significant weight loss begins at much lower
temperatures (430–440°C), and the total weight loss
Δm is maximum (–21.2%). Comparison with the
weight loss (–17.8%) in the sample produced at 700°C
suggests that the lowest-temperature sample contains
organic fragments, which were incompletely trans-
formed into amorphous carbon. Moreover, the DSC
curve for the samples obtained at 400 and 700°C
exhibits an exothermic effect that is unrelated to a
weight change and is likely to correspond to the crys-
tallization of Ta2O5.

At the same time, the thermal behavior of the sam-
ple obtained at a carbonization temperature of 1000°С
differs considerably: at relatively low temperatures
(>220–250°C), there is a weight gain by 2.6%, which
is accompanied by the exothermic effect with a maxi-
mum at 393°C, probably, due to the oxidation of the
carbide phase 9TaC–1HfC formed in the course of
the carbonization. This thermal effect overlaps the
next exothermic effect (with a maximum at 580°C)
related to the oxidation of carbon in the initial system.
The observed weight loss is only 9.8%, which also con-
firms the above conclusion on the partially completed
carbothermal synthesis directly in the process of the
pyrolysis of organic components at 1000°C. The con-
tent of the carbide phase in the initial powder was esti-
F INORGANIC CHEMISTRY  Vol. 66  No. 5  2021
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Fig. 3. X-ray powder diffraction patterns of the samples
obtained by (1) the thermal analysis of the xerogel in an
argon f low and the carbonization of xerogels at (2) 400, (3)
700, and (4) 1000°C.
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Fig. 4. Curves of (a) DSC and (b) TGA in an air f low for
the samples obtained by the carbonization of the tanta-
lum–hafnium–polymer-containing xerogels at 400, 700,
and 1000°C.
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mated under the assumption that the processes of the
oxidation of the synthesized carbide and the pyrolytic
carbon do not overlap, and that the weight gain 2.6%
is due to the complete oxidation of TaC–HfC. The
obtained results show that the system formed by the
highest-temperature carbonization of the xerogel con-
tains no less than 19–20 mol % carbide phase.

The reactivity of the produced samples in the car-
bothermal synthesis of tantalum hafnium carbide was
estimated by studying their thermal behavior during
heating in an argon flow to 1400°C (Fig. 5). For compar-
ative experiments, weighed powder samples, 73 ± 5 mg
each, were used.

It was shown that the weight loss is minimum
(17.8%) in the sample of the initial system Ta2O5–
HfO2–C–(Ta,Hf)C obtained by the carbonization of
the xerogel at the highest temperature 1000°C. This
process is represented by the pronounced endother-
mic effect with a minimum at 1254°C.

Only a little higher (19.0%) weight loss due to the
carbothermy is observed in the sample obtained at
700°C, and the DSC curve shows that the reaction
process is stepwise: the thermal curve exhibits the
broadened weak exothermic effect with a maximum at
~820°C, which is likely to be due to the thermal
decomposition of residual organic fragments (weight
loss ~1.3%). At higher temperatures, there are two
endothermic effect with minima at 1094 and 1363°C,
which gives the idea that carbides based on TaC and
HfC can be synthesized separately. The hypothesis
that the systems contain fractions with significantly
different particle sizes and, hence, reactivities is
RUSSIAN JOURNAL OF INORGANIC CHEMISTRY  Vo
unlikely because it is not confirmed by scanning elec-
tron microscopy data at various accelerating voltages. 

The maximum (24%) weight loss due to the heating
of the Ta2O5–HfO2–C system to 1400°C in an argon
flow is demonstrated by the sample produced at the
minimum carbonization temperature 400°C. How-
ever, it should be taken into account that the measured
weight change is a result of the following processes:

– the ultimate pyrolysis of organic fragments
(characterized by the broadened and weak exothermic
effect with maxima at 486, 742, and 802°C, the posi-
tions of which are close to those in the pyrolysis of the
xerogel (Fig. 1b);

– the carbothermal synthesis of complex carbide
(Ta,Hf)C, which is accompanied by the endothermic
effect with maxima at 1104 and >1345°C.

The shift of the position of the first endothermic
effect toward higher temperatures can be explained by
l. 66  No. 5  2021
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Fig. 5. Curves of (a) DSC and (b) TGA in an argon flow
for the samples obtained by the carbonization of the tanta-
lum–hafnium–polymer-containing xerogels at 400, 700,
and 1000°C.
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Fig. 6. X-ray powder diffraction patterns of the products of
heating (to 1400°C, argon f low) of the samples obtained by
the carbonization of the tantalum–hafnium–polymer-
containing xerogels at (1) 400, (2) 700, and (3) 1000°C.
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the partial overlap of the temperature ranges of the
first and second processes. In the considered case, the
two-phase system (Ta,Hf)C + (Hf,Ta)C with the defi-
nite domination of the first product can also form,
which is, in principle, inherent in the low-temperature
synthesis of tantalum hafnium carbides [35, 56, 57].

The X-ray powder diffraction patterns of the prod-
ucts obtained by heating the samples produced by the
carbonization of the tantalum–hafnium–polymer-
containing xerogels at various temperatures (400–
1000°С) show the intense reflections corresponding to
the phase of complex carbide (Ta,Hf)C based on tan-
talum carbide [58] with the unit cell parameter 4.451–
4.453 Å, and also the reflections of the phase of ort-
horhombic tantalum oxide [55] (Fig. 6). The sample
obtained at the highest temperature 1000°C, along
with the above phases, also contains orthorhombic
hafnium oxide [59] and the low-temperature form o-
Ta2O5 [60].
RUSSIAN JOURNAL O
The estimation of the content of the phase
(Ta,Hf)C in the obtained products by the Rietveld
method demonstrated that its maximum amount
(88.7%) formed by heating the sample synthesized at
the minimum carbonization temperature 400°C,
which is indicative of its high reactivity. The content of
the carbide phase in the sample produced at 700°С is
much lower: 69.1%. The situation is most interesting
for the sample obtained by the carbonization at
1000°C: the content of the phase (Ta,Hf)C in it
approaches that in the first sample and is 85.4%.
However, because the initial powder after the carbon-
ization contains already no less than 19–20% tanta-
lum hafnium carbide, the increase in its content
during dynamic heating to 1400°C is only ~65–66%.

CONCLUSIONS

In this work, the new method was developed to
produce the finely divided and chemically active
material Ta2O5–HfO2–C, which is promising for
reactive hot pressing or spark plasma sintering of
ceramics based on complex tantalum hafnium carbide.

The method includes the simultaneous initiation of
the hydrolysis of tantalum–hafnium-containing pre-
cursors of the class of alkoxides and alkoxoacetylacet-
onates of metals and the acid-catalyzed polymeriza-
tion of furfuryl alcohol to form a dense gel (procedure
for creating interpenetrating organic–inorganic net-
works). The concentration ranges were determined
within which one can avoid the uncontrollable hydro-
lysis or polymerization preventing the formation of
connected-disperse systems.
F INORGANIC CHEMISTRY  Vol. 66  No. 5  2021
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The samples of the Ta2O5–HfO2–C system with
different reactivities in the carbothermal synthesis of
complex carbides were obtained based on the xerogel
produced after drying using carbonization under
dynamic vacuum conditions at various temperatures
(400, 700, and 1000°C). Their elemental and phase
composition, microstructure and thermal behavior in
an air f low were studied. It was noted that, owing to
the high carbonization temperature (1000°C), already
this reaction step can give ≥19–20% nanocrystalline
carbide phase, the oxidation of which in air begins at a
temperature as low as ~220°C. Conversely, the sample
synthesized at the minimum temperature 400°C has
quite a high content of unpyrolyzed organic fragments
(to 3–4 wt %).

The analysis of the thermal behavior of the
obtained systems Ta2O5–HfO2–C during heating to
1400°C in an inert gas f low showed that, as it was
expected, the maximum reactivity (maximum content
of the tantalum hafnium carbide synthesized in this
process) was characteristic of the sample with the
minimum carbonization temperature. However, in the
case of using it for the reactive high-temperature con-
solidation of carbide ceramics, one should take into
account the active gas release early in the pressing,
which may break the vacuum in the chamber.

The minimum reactivity in the carbothermal syn-
thesis in an argon flow was demonstrated by the sys-
tem Ta2O5–HfO2–C–(Ta,Hf)C produced by the car-
bonization of the xerogel at the highest temperature
1000°C. Although the final content of the carbide
phase is high (~85%) and there are no residual organic
fragments, this system is hardly worth using for reac-
tive hot pressing or spark plasma sintering because the
heating leads to the crystallization of not only tanta-
lum oxide, but also much less reactive hafnium oxide.

The obtained data makes it possible to consciously
choose the carbonization temperature of tantalum–
hafnium–polymer-containing xerogels to form the
maximum reactive Ta2O5–HfO2–C materials for sub-
sequent production of carbide ceramics in the TaC–
HfC system.
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