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Abstract—High-entropy alloys and ceramics as a new class of materials containing five or more elements
are attracting increasing interest due to their unique structure and potential applications. In this work, we in-
vestigate the feasibility of the combustion synthesis of high-entropy alloys and ceramics in the Ta—Nb—Hf-
Zr-W-Mg and Ta—Nb-Hf-Zr—W-Cl-Mg-N systems from chloride precursors. To this end, we analyzed the
stability of metallic, chloride, nitride and hydride phases in the 0-2000°C temperature interval by varying the
chemical potentials of the gaseous elements (chlorine and nitrogen). Two synthesis methods were developed:
combustion of powder mixtures of transition metal chlorides with the reducing agent (Mgz;N,), and combus-
tion of gel mixtures. Combustion of the powder mixtures produced highly porous sinter cakes consisting of
needle-like nanoparticles of high-entropy Ta+ Nb+ Hf+Zr+ W alloy in the matrix of magnesium oxychlo-
ride. Combustion of the gels yielded spherical nanopowders with uniform composition and particle size.
However, high reactivity of the synthesized powders led to their rapid oxidation due to the abundance of
oxygen in the gel-forming agent (C,HsOH).
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1. INTRODUCTION

A rapidly growing number of investigations into
high-entropy materials is explained by the theoretical
predictions that they should have improved proper-
ties as compared to conventional materials, and these
assumptions have already found a lot of confirma-
tion. High-entropy materials were shown to exhibit
unique mechanical properties from cryogenic to high
temperatures, fatigue strength and abrasion resistance
[1, 2], considerable tensile strength [3], impact
strength [4], etc. Some of these properties are proba-
bly associated with nanotwinning in high-entropy
materials [S]. Another property of these alloys is ex-
ceptional resistance to grain growth, providing the
formation of nanocrystalline materials [6]. High-en-
tropy alloys have already found practical applications
as structural materials, binders in cermets, etc. [7-9].
The currently available methods of production of
high-entropy materials are melt crystallization, me-
chanical alloying, and vacuum deposition. New me-
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thods and approaches are being searched for. The
aim of this work is to present modern synthesis tech-
nologies for high-entropy materials. We report new
promising methods for producing nanopowders of five-
component TaNbHfZrW high-entropy alloy and
(TaNbHfZrW)N high-entropy ceramics with uniform
composition and particle size. The proposed ap-
proaches combine solution combustion synthesis
[10-12] and reduction of metals from the salt mixture
using self-propagating high-temperature synthesis
(SHS) [13, 14].

The method of solution combustion synthesis has
gained extraordinary popularity due to its versatility
(thousands of binary and multicomponent com-
pounds were thus synthesized), simplicity of the equ-
ipment used, short synthesis time, and minimum en-
ergy consumption [15]. Until recently, only oxide
materials were thus prepared. However, latest studies
show the possibility of synthesizing nanopowders of
metals Ni, Co, Cu, Pt [16] and Ni-Fe alloys [17, 18].
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In this work, the mixing of five transition metal
chlorides TaCls+NbCls+HfCly+ ZrCl,+ WClg with
urotropine and magnesium nitride yields a highly
dispersed composite precursor, which is subsequently
combusted in a nitrogen atmosphere. The use of five
metallic elements significantly increases the configu-
rational entropy [11]. A similar situation is true in
metallothermic reduction of transition metal halides
occurring in a combustion wave. No publications on
this subject are currently available.

2. MATERIALS AND METHODS

As the starting reagents we use tantalum penta-
chloride, hafnium tetrachloride (pure grade), zirco-
nium tetrachloride (pure grade), niobium pentachlo-
ride (pure grade), tungsten hexachloride (pure grade),
urotropine (reagent grade), MPF-1 magnesium pow-
der, chips of high-purity magnesium (with the impu-
rity content <0.001%; American Elements), and ga-
seous nitrogen (pure grade). Magnesium nitride used
as the reducing agent is prepared by annealing mag-
nesium chips in nitrogen flow at the temperature
900°C for 3 h. The nitrogen flow rate is 2 L/min.

Synthesis is performed in the following reaction
compositions:

(1) reaction powder mixture (TaCls+NbCls+
HfCl4 + ZI'C14 + WCI@) + Mg3N2,

(2) gel prepared by dissolving the TaCls+ ZrCl, +
WClg+HfCl, +NbCls + 5Mg;N, powder mixture in
ethanol,

(3) gel prepared by dissolving the TaCls+ ZrCl, +
WC16 + HfCl4 + NbC15 + SMg3N2 + 0.2C6H12N4 powder
mixture in ethanol.

Powder mixtures are ground and mixed either in a
ceramic mortar, or a BML-2 ball mill (DAIHAN Sci-
entific, South Korea), or a C2.0 Turbula mixer (Vi-
brotechnik, Russia). The steel cylinders of the ball
mill have the volume 250 mL and rotate at a con-
trolled speed; the ball-to-powder ratio is 20:1. The
Turbula mixer has a steel cylinder 3 L in volume and
steel balls with the ball-to-powder ratio 1: 1.

For combustion tests, the prepared mixtures are
compacted into cylindrical specimens 10 mm in di-
ameter and 1620 mm in height with the relative den-
sity 55-60%. A specimen is mounted on the holder
made of boron nitride, and the TR5/TR20 micro-
thermocouple is installed in a hole preliminary drill-
ed in the specimen. A tungsten wire coil is pressed to
the specimen surface. Then, the holder and the
specimen are placed in a laboratory SHS reactor 5L
in volume, which is evacuated and filled with argon.
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Combustion is initiated by heating the tungsten coil.
The combustion process is recorded by a Panasonic
WVBL600 high-speed video camera at 15x magnifi-
cation with a darkening filter. Temperature on the
thermocouple is recorded through an analog-to-
digital converter. The temperature measurement error
is 10-50°C.

Gel is prepared by dissolving the chloride precur-
sor in ethanol and introducing, into the resulting so-
lution, the magnesium nitride powder mechanically
activated in nitrogen for 20 min. In contrast to the
conventional solution combustion, where both the
fuel and the metal source are dissolved, in the devel-
oped synthesis method the reducing agent is insolu-
ble in ethanol and remains in the solid state. A prom-
ising reducing agent is magnesium nitride because
this brittle compound does not decompose during
grinding and does not form a ductile metal in contrast
to calcium hydride. Magnesium nitride is subjected
to high-energy mechanical treatment (mechanical
activation) to provide a sufficient dispersion for a
suspension to form, which will be fixed in the vis-
cous gel upon evaporation of the solution (according
to the Stokes law). A large area of the specific reac-
tion surface is thus ensured, which is necessary to
obtain homogeneous products. The resulting gel is
combusted in a tube furnace in the overall combus-
tion mode at 900°C in the flow of argon or nitrogen.

The microstructure of nanopowders is viewed
through an S-3400 N scanning electron microscope
(Hitachi, Japan) with a NORAN energy dispersive
attachment. The phase composition is studied by the
X-ray diffraction method on a D2 PHASER diffrac-
tometer (Bruker AXS GmbH, Germany) using Cu-K,
radiation. The specific surface area of products is
measured by the Brunauer—Emmett-Teller (BET)
method using a NOVA 1200 setup (Quantachrome
Instruments, United States); before analysis, the spe-
cimens are degassed at 200°C for 15h. Thermody-
namic calculations are performed using HSC Chem-
istry 6.5 and Materials Project API software.

3. RESULTS AND DISCUSSION

3.1. Calculation of Phase Stability and Possible
Mechanisms of Phase Formation

Table 1 shows the calculation results for the sta-
bility of metal phases in the presence of nitrogen and
chlorine. From the tabulated data, it can be seen that
magnesium most easily combines with chlorine, and
magnesium chloride is much more stable than its ni-
tride. This leads to exchange reactions in a combus-
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Table 1. Stability of metals in the presence of nitrogen and chlorine

Metal | Chemical potential of nitrogen (uN) at which Chemical potential of chlorine (uCl),
element a metal (not its nitrides) is stable, eV at which a metal (not its chlorides) is stable, eV
Hf <-12.067 <-4.14
Ta <-11.086 <4.013
W <-9.505 <-3.276
Mg <-10.294 <—4.641
Nb <-11.405 <-3.758
Zr <-11.98 <-4.622
G, kJ/mol AG, kJ/mol
a (®)
@ Mg;N,
M. HEND TaZt W _—
0 g Zr W Ta Nb 0 N T —
~500- ~500-
~1000- ~10004
~1500- ~15001
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Fig. 1. Gibbs free energy G (a) and Gibbs energy differential AG (b) for the (TaCls+NbCls+HfCl, + ZrCl, + WClg) + MgzN,
powder mixture in the temperature interval 0—2000°C (color online).

tion wave, resulting in the decomposition of magne-
sium nitride, the release of gaseous nitrogen, and the
formation of magnesium chloride.

Figure 1 shows values of the Gibbs free energy G
and Gibbs energy differential AG for a system with a
constant number of particles at the SHS of the mix-
ture of higher chlorides of tantalum, niobium, haf-
nium, zirconium, and tungsten with the reducing
magnesium nitride. Solid lines correspond to experi-
mental values; dashed lines, to projections. At ele-
vated temperatures, the Gibbs energy differential of
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the magnesium nitride becomes positive, while the
Gibbs energy differential of the metallic elements
remains zero (Fig. 1b). This shifts the system equilib-
rium towards the formation of magnesium chloride
upon the interaction of magnesium nitride with zir-
conium and hafnium chlorides.

3.2. Experiments on Combustion Synthesis of
Mechanically Activated Dry Mixtures

Figure 2a shows a thermogram of combustion of a
mechanically activated (TaCls+NbCls+ HfCl, + ZrCl,+

Fig. 2. Thermogram of combustion of the (TaCls+ NbCls + HfCl, + ZrCl, + WClg) + Mg;N, mixture (a); microstructures of com-

bustion products (b, c) (color online).

PHYSICAL MESOMECHANICS Vol.24 No.6 2021
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WClg)+MgzN, mixture. The maximum temperature
in the combustion front is seen to be about 750°C.
Scanning electron microscopy and energy dispersive
X-ray spectroscopy disclose the formation of two
main phases in combustion products, namely, mag-
nesium chloride MgCl, and high-entropy TaNbHf
ZrW alloy (Fig. 2b). These high-entropy alloys have
an acicular structure, with particles being shaped to
needles up to 600 nm in length and up to 100 nm in
thickness (Fig. 2c).

During combustion of TaCls+ZrCly+WClg+
HfCl4+ NbCls + 5MgsN, mixtures in argon, the reac-
tion products contain tortuous porous structures, with
magnesium oxychloride in the outer layer and metal
agglomerates in the inner layer (Figs.3a and 3b).
High-resolution SEM (Figs. 3c and 3d) reveals that
the metal agglomerates contain pores 50-500 nm in
size, and individual particles are smaller than 50 nm.

When a similar mixture is combusted in nitrogen,
the shape of synthesis products visually changes
(Fig. 4). Combustion gives hollow spherical products
varying in size and shape. The energy dispersive ana-
lysis of various spheres provides data on the presence
of Ta, W, Mo, Hf, and Nb in a nearly equimolar pro-
portion in all of them. The solid solution contains no
nitrogen. The oxygen content is high, which is appa-
rently due to intensive adsorption of oxygen on the
developed surface of the particles. The morphology
formed during combustion in nitrogen can be related
to a change in the chemical potential of nitrogen

PHYSICAL MESOMECHANICS Vol.24 No.6 2021

Fig. 4. Combustion products of the TaCls+ZrCl,+ WCls+

HfCl, + NbCl;s + 5Mg;N, mixture at 900°C in nitrogen.
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Fig. 5. Products of overall combustion of the (TaCls+ ZrCl, + WClg + HfCl, + NbCls + 5SMg;N,) gel at 900°C in nitrogen (color

online).

when it has two sources: solid (magnesium nitride)
and gaseous (atmosphere) ones.

3.3. Combustion of Chloride Reaction Mixtures
in the Form of Ethanol-Based Gels

Gel combustion is a modification of the deve-
loped synthesis method. The necessity of using such
combustion systems stems from the fact that conven-
tional reducing agents (urotropine, cellulose, and
glycine) are incapable of complete reduction of
Group IV-VI metal ions. Although magnesium ni-
tride is a solid-phase source of magnesium during
combustion, no nitride phases form during such
overall combustion of the reaction powder mixtures.

To prepare nitrides of Group [V-VI metals is of
considerable interest. The preparation of high-en-
tropy nitride compounds by solution combustion has
not yet been described in the literature. However,
mention was made of the fact that the addition of
urotropine (CsH,Ny) to the solution as an additional
source of nitrogen (in the form of highly reactive
ammonia) and of a gel-forming agent stimulated the
formation of nitrides.

The composition and morphology of combustion
products are independent of the gaseous medium
used for combustion (argon or nitrogen). According
to Fig. Sa, they are composed of agglomerated nano-
particles of high-entropy nearly equimolar alloy
(Figs. 5c, 5d, and 5f) relatively uniformly distributed

PHYSICAL MESOMECHANICS Vol.24 No.6 2021
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Fig. 6. Element distribution in products of overall combustion of the TaCls+ ZrCl,+ WClg+ HfCl, +NbCls+0.2CsH N, +

SMg;N,; gel at 900°C in nitrogen (color online).

in the matrix of magnesium oxide (Fig. 5¢). EDS maps
of the combustion products (Fig. 5b) show the chemical
homogeneity of the synthesized high-entropy alloy.
For the synthesis of high-entropy nitride, 0.2 mol
of urotropine (CsH,N,) is introduced into the gel. Its
combustion yields products with a microstructure
(Fig. 6) similar to that of the products obtained with-
out urotropine (Fig. 5a). However, the EDS maps of
the combustion products (Fig.6) display a uniform

PHYSICAL MESOMECHANICS Vol.24 No.6 2021

distribution of the metal components and nitrogen in
the light phase (Fig. 6a). The chemical composition
integrated over maps (Fig. 6b) also indicates a high
chemical homogeneity of the combustion products.

The large oxygen content in ethanol causes a ra-
pid oxidation of the resulting nanoparticles (Fig.7),
which leads to the abundance of oxide phases.

The specific surface area of the powder obtained
by pyrolysis of ethanol-based chloride gels without
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Fig. 7. Results of the X-ray phase analysis of powders pyrolyzed from ethanol-based chloride gels without (a) and with the intro-

duction of urotropine (b).

urotropine (Fig.7) is 14.4m?/g, while the powders
synthesized with the addition of 0.2 mol of urotropine
have a much smaller specific surface area (2.4 m’/g),
which is apparently due to high aggregation of
nanoparticles.

4. CONCLUSIONS

We analyzed the stability of metallic, chloride, ni-
tride and hydride phases for the Ta—Nb-Hf-Zr—W-
Mg and Ta—Nb-Hf-Zr—W-Cl-Mg—N systems in the
temperature interval 0—2000°C with varying chemi-
cal potentials of gaseous elements (chlorine and ni-
trogen).

Self-propagating high-temperature synthesis of
magnesium nitride-chloride mixtures provides highly
porous products, which consist of agglomerates of
metal nanoparticles in the matrix of magnesium oxy-
chloride. The use of magnesium nitride as the reduc-
ing agent results in the formation of needle-like par-
ticles of high-entropy Ta+Nb+Hf+Zr+ W alloy.

The combustion of gels yields nanopowders with
uniform composition and particle size, however a
high reactivity of the synthesized nanopowders re-
sults in their rapid oxidation on account of a large
amount of oxygen in the gel-forming agent. Thus, the
method of production of high-entropy nitride cera-
mics requires further optimization.
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