ISSN 0012-5008, Doklady Chemistry, 2021, Vol. 501, Part 2, pp. 259—263. © Pleiades Publishing, Ltd., 2021.
Russian Text © The Author(s), 2021, published in Doklady Rossiiskoi Akademii Nauk. Khimiya, Nauki o Materialakh, 2021, Vol. 501, pp. 43—48.

CHEMICAL TECHNOLOGY

Synthesis of Ta,HfC Ceramics with a Submicron Structure
by Electro-Thermal Explosion under Pressure
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Abstract—Ultra-high-temperature TayHfC; ceramics with a submicron structure has been manufactured
from a 4Ta + Hf + 5C powder mixture by electro-thermal explosion under pressure. The effect of the duration
of mechanical activation of starting 4Ta + Hf powder mixtures on the structure of the resulting precursor has
been studied. It has been demonstrated that mechanical activation in hexane for 40—60 min leads to amor-
phization of metals and nucleation of crystallites of the carbide phase with a cubic structure. This makes it
possible to synthesize a single-phase solid solution of tantalum and hafnium carbides with a submicron struc-

ture in the course of an electro-thermal explosion.
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Tantalum and hafnium carbides, which have
record high melting points and high strength, are of
interest for use in the aerospace, nuclear, and metal-
working industries etc. A characteristic feature of
these carbides is the formation of continuous solid
solutions with physical and mechanical properties
superior to those of monocarbides [1]. This class of
ultra-high temperature ceramics includes solid solu-
tions based on the TaC—HfC system [2, 3]. It has been
found that the maximum melting point of the Ta,HfCs
solid solution is ~3990°C [3—5]. The high melting
point, electrochemical activity, and stability of the
TaC—HIfC solid solution make it possible to use it in
aerospace engineering, power engineering, and catal-
ysis [6, 7].

Ceramic materials based on carbide solid solutions
are fabricated mainly by hot isostatic pressing (HIP)
[3, 8, 10], spark plasma sintering (SPS) [1, 2, 10], a
combined method of self-propagating high-tempera-
ture synthesis (SHS) and SPS [10, 11], and the sol—gel
method [12]. All these methods are energy-intensive
and require sophisticated equipment. Previously, an
efficient one-stage method for manufacturing ultra-
high-temperature ceramics has been developed [13],
which combines exothermic synthesis in the electro-
thermal explosion (ETE) mode and consolidation of
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the hot product under quasi-isostatic compression
conditions. In ETE, the reaction mixture is heated due
to the passage of current. When the ignition tempera-
ture is reached, the exothermic interaction of the reac-
tants in the volume of the mixture is initiated. Simul-
taneously with the ignition of the mixture, pressure is
applied to the sample, which is responsible for the
consolidation of the hot product. The method is
highly efficient, since it makes it possible to eliminate
the intermediate stages of synthesizing monocarbides,
their grinding and fractionation, followed by hot
pressing or spark plasma sintering.

A feature of this process is the roughly inertialess
heating of the synthesized product to a temperature
that ensures the complete conversion of the initial
reagents into the final product of equilibrium compo-
sition and its efficient consolidation. Previously, this
method has been used for the synthesis of double car-
bides Ta,ZrCs and Hf,ZrC; [13].

This study is aimed at manufacturing consolidated
ultra-high-temperature Ta,HfCs ceramics with a sub-
micron structure using ETE under pressure; the syn-
thesis proceeds from commercial metal powders pre-
viously subjected to mechanical activation (MA) in a
planetary mill.

Reaction mixtures were prepared from commer-
cial powders of tantalum (TaPM-5B grade, dispersity
<6 um), hafnium (GFM-1 grade, dispersity 60—
80 um), and carbon black (P804-T grade, dispersity
<0.2 um). The ratio between the components was cal-
culated according to the reaction:
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Fig. 1. X-ray powder diffraction patterns of 4Ta + Hf mixtures prepared by manual mixing and MA in a planetary mill.

4(Ta + C) + (Hf + C) — Ta,HfCs. (1)

The powders were mixed in two stages. At the first
stage, Ta and Hf powders were mixed in hexane for 5,
20, 40, and 60 min in an AGO-2 planetary ball mill
(Russia) at a rotation speed of 2220 rpm. The mill
drums were made of steel 40Kh13, and the balls were
made of steel ShKh-15. Each 150-mL drum was
loaded with 30 g of a 4Ta + Hf mixture, 35 mL of hex-
ane, and 240 g of 8§ mm balls. At the second stage, car-
bon black was added to the resulting mixture in accor-
dance with reaction (1), and the mixture was further
stirred for 4 min. Next, the mixture was dried in air in
a SNOL drying cabinet at 60°C for 2 h.

The synthesis of carbide ceramics was carried out
in an ETE setup described in [9]. The prepared charge
(30 g) was placed in a ceramic mold with a diameter of
21 mm. A pressure of 100 MPa was applied to it and it
was heated by passing an electric current to carry out
the exothermic interaction of the reagents in the ETE
mode. After completion of the reaction, the synthe-
sized product was kept under pressure for 3 s.

The microstructure of the samples was studied
using a Zeiss Ultra plus ultrahigh resolution scanning
electron microscope. X-ray diffraction (XRD) analy-
sis of powder samples taken during the first stage of
mixing, as well as synthesized ceramics, was carried
out on a DRON-3 diffractometer (Russia) using Cuk,
radiation. Thin sections of the synthesized samples
were used for XRD. The unit cell parameters of the
carbide phase were calculated from 5 reflections, the
profile of which was approximated by the pseudo-
Voigt function.

Microhardness was measured on a PMT-3 hard-
ness tester (Russia) by the Vickers method at a load of
100 g according to State standard GOST 2999-75. The
ceramic density was determined by hydrostatic weigh-
ing according to State standard GOST 25281-82 on an
analytical balance with an accuracy of 1 < 10~ g.

The content of bound carbon was determined by
oxidative melting in a ceramic crucible in an induction
furnace from the amount of released carbon dioxide by
the infrared adsorption method using a LECO CS600
instrument. Analysis accuracy was 0.01 wt %.

Figure 1 shows X-ray diffraction patterns of 4Ta +
Hf mixtures after the first stage of preliminary
mechanical activation (MA) in comparison with the
mixture prepared by manual mixing for 10 min. The
diffraction pattern of the mixture without activation
treatment shows reflections of Ta and Hf, as well as
reflections of hafnium hydrides that are present in the
Hf powder.

In the diffraction patterns of the mixtures after 5
and 20 min of MA, there are no hafnium reflections,
while the intensity of the Ta reflections significantly
decreases, and their width increases (Fig. 1). Thus, Ta
and HfH, phases are present in the mixture in the
crystalline form, while Hf passes into the amorphous
state.

The broadening of the Ta and HfH, reflections
indicates the imperfection of their crystal structure
and a decrease in the coherent scattering length. Obvi-
ously, the change in the structural state and phase
composition of the metal mixture is a result of the
deformation effect during high-energy treatment.

MA for more than 40 min leads to complete amor-
phization of the crystal structure of the initial metals.
The Ta, Hf, and HfH, reflections disappear, and the
features of the diffraction pattern indicate the absence
of long-range order in the Ta, Hf, and HfH, structure.

At the same time, the X-ray diffraction pattern of
the 4Ta + Hf mixture after 60 min of MA shows broad-
ened reflections with intensities close to the back-
ground ones at 20 angles of approximately 34.5°, 40°,
and 58°. The angular position of these reflections cor-
responds to the positions of the 111, 200, and 220 TaC
reflections, which indicates the formation of crystal-
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Table 1. Consolidation parameters and characteristics of the Ta,HfC5 ceramics
Method. Pressure, MPa Tempf rature, Time, min Prepy % Hv,GPa Reference
of synthesis C

SPS 32-55 2350 20 97.7 17.1 [1]
SPS 60 1850 10 97.8 16.4 [2]
HIP 105 1500 60 97.7 19 [3]
HIP 50 2000 10 91 27.4 [10]
SPS 50 2000 10 93 24 [10]
SPS 80 1900 10 98.7 19.65 [17]
Sol—gel synthesis + 80 1400—1500 10 98.7 19.8 [19]
SPS

ETE 100 ~3000 0.05 90 14.5 This work

line nuclei of the carbide phase. It should be noted
that, at the first stage, the MA of the 4Ta + Hf mixture
was carried out without the addition of carbon black.

The formation of the carbide phase at this stage can
be explained by the interaction of tantalum and haf-
nium with carbon, which is released during the
decomposition of hexane during MA [14, 15]. A sig-
nificant error in determining the angular position of
the precursor reflections makes it impossible to reli-
ably determine the unit cell parameter of the carbide
and estimate the Ta/Hf ratio using the Vegard rule.

The formation of carbide upon MA of the mixture
in hexane is confirmed by chemical analysis data. It
has been shown that, after MA for 60 min, the content
of bound carbon C, reaches 1.6 wt %, which corre-
sponds to the 25% conversion of metals to the carbide
phase. Thus, we can conclude that 60 min of MA of
the 4Ta + Hf mixture in hexane results in the forma-
tion of a precursor containing an amorphous metal
phase and crystallites of the carbide phase.

Flashover was carried out by passing an electric
current through the sample. The process includes the
stages of pre-explosion heating and thermal explosion.
The pre-explosion heating stage ends when the igni-
tion temperature is reached. At the stage of thermal
explosion, an exothermic interaction of reactants
occurs with a sharp increase in temperature. The dura-
tion of the first stage is a few seconds, and the second
stage lasts a few tens of milliseconds. The adiabatic
combustion temperature of the 4Ta + Hf + C mixture,
calculated by the THERMO program [16], is about
3000°C.

Table 1 presents the consolidation parameters and
physical and mechanical characteristics of carbide
ceramics synthesized in this work and known in the
literature [1—3, 10, 17, 19]. The relative density of the
synthesized carbide ceramics is 90%, which is inferior
to the Ta,HfC; ceramics manufactured by hot isostatic
pressing and spark sintering.

Due to the high residual porosity, the microhard-
ness of the synthesized ceramics is ~14.5 GPa. The
high porosity of the synthesized ceramics is caused by
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the insufficient time of exposure of the sample to pres-
sure, which under the experimental conditions was
about 3 s.

It should be noted that the short consolidation
time, which is a few seconds at ETE in contrast to the
HIP and SPS methods, is a significant advantage. To
reduce the residual porosity of the samples, it is neces-
sary to reduce the heat removal, which should lead to
an increase in the time the material being in the plastic
state and should increase the time of consolidation.

X-ray diffraction analysis of samples of consoli-
dated ceramics after ETE showed that the preliminary
MA of a metal mixture in hexane ensured the forma-
tion of a single-phase material. All diffraction patterns
of ceramics (Fig. 2) manufactured from mechanically
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Fig. 2. X-ray powder diffraction patterns of carbide ceram-
ics fabricated by ETE of 4Ta + Hf + 5C mixtures subjected
to MA of different duration.
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Fig. 3. Unit cell parameter of the Ta; _ ,Hf, C solid solu-
tion as a function of its stoichiometry: (@) experimental
and (V) literature data.

activated mixtures contain reflections of the cubic car-
bide phase (space group Fm—3m).

The diffraction reflections of the carbide are sig-
nificantly broadened, which can be associated with
both the small coherent scattering length and the dis-
tortion of the Ta, _ Hf C crystal structure caused by
the difference in the atomic radii of Hf (0.167 nm) and
Ta (0.149 nm).

Table 2. Unit cell parameters of Ta; _ ,Hf,C carbides

Phase MA Fime, Unit cell Reference
min parameters, A
TaC 0 4.4506(2)° This work
HfC 4.6323(7)¢
Ta, _ HfC 5 4.4892(5)
20 4.4803(6)
40 4.4796(9)
60 4.4951(8)
TaC 4.4547 PDF2 #35-0801
Tay gHf ,C 4.486 [2]
4.4730 [3]
4.487 [10]
4.4680 [18]
4.4854 [19]
4.49018 [20]
Tay sHf; sC 4.5430 PDF2 #65-8216
HfC 4.6376 PDF2 #39-1491

@ Unit cell parameters of phase close in composition to the TaC

and HfC monocarbides.
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Fig. 4. Microstructure of the Ta4,HfC5 ceramics.

With an increase in the MA duration from 5 to
60 min, the 110 reflection of a-Fe is noted on the dif-
fraction patterns, the appearance of which is associ-
ated with the grinding of iron from the drum walls and
grinding balls.

The X-ray diffraction pattern of carbide ceramics
fabricated from a manually prepared mixture differs
radically from the diffraction patterns of ceramics syn-
thesized from preliminarily mechanically activated
mixtures (Fig. 3). In the first case, the synthesized
ceramics is not single-phase. It contains phases with
parameters close to those of the unit cell of TaC and
HfC monocarbides (Table 2). In addition, the pres-
ence of diffuse reflections in the angular ranges
between the narrow reflections of TaC and HfC indi-
cates the partial formation of a carbide solid solution
Ta, _ Hf.C.

The unit cell parameters of a single-phase carbide
ceramic depending on the MA time and literature data
are presented in Table 2.

The obtained cell parameters are close to the
known parameters of the Ta, gHf;, ,C solid solution [2,
3, 10, 18—20]. The change in the unit cell metric in the
series of TaC—HfC solid solutions is linear, i.e., obeys
Vegard’s rule (Fig. 3).

On the basis of the data obtained, it can be con-
cluded that ETE of the preliminarily mechanically
activated metal powder mixtures affords a single-
phase solid solution of tantalum and hafnium carbides
with the composition corresponding to Ta,HfCs;.

The results of XRD are consistent with the data of
microstructural analysis. Figure 4 shows the micro-
structure of the carbide ceramics synthesized by ETE
from a reaction mixture subjected to MA for 64 min.
The size of carbide particles is less than 500 nm, and
they have a faceting characteristic of a cubic crystal
structure.
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CONCLUSIONS

Thus, for the first time, a consolidated ultra-high-
temperature Ta,HfC; ceramics based on a single-
phase solid solution with a submicron structure has
been synthesized from a 4Ta + Hf + 5C powder mix-
ture by electrothermal explosion under pressure. For
the synthesis of single-phase carbide ceramics, a mix-
ture of Ta and Hf metals has been used after prelimi-
nary MA in a planetary mill. It has been shown that
the MA time of the 4Ta + Hf powder mixture signifi-
cantly affects the structure of the resulting precursor.
MA leads to a change in the structural state and phase
composition of the metal mixture as a result of the
deformation effect. During MA in hexane for 40—
60 min, amorphization of metals and the nucleation of
crystallites of the carbide phase with a cubic structure
occur. The formation of carbide is associated with the
interaction of Ta and Hf with carbon formed upon the
decomposition of hexane. The ETE of the reaction
mixture containing the precursor and the required
amount of carbon black produces a single-phase solid
solution of tantalum and hafnium carbides. The unit
cell parameter of the carbide as a function of the MA
time of the metals is 4.4796(9)—4.4951(8) A and cor-
responds to the cell parameter of the Ta, gHf} ,C car-
bide. The synthesized ceramics is characterized by a
submicron structure; the Vickers hardness is 14.5 GPa
at a porosity of 10%.
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