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Abstract: A novel approach is demonstrated for the synthesis of the high entropy transition metal
boride (Ta, Mo, Hf, Zr, Ti)B2 using a single heating step enabled by microwave-induced plasma.
The argon-rich plasma allows rapid boro-carbothermal reduction of a consolidated powder mixture
containing the five metal oxides, blended with graphite and boron carbide (B4C) as reducing agents.
For plasma exposure as low as 1800 ◦C for 1 h, a single-phase hexagonal AlB2-type structure forms,
with an average particle size of 165 nm and with uniform distribution of the five metal cations
in the microstructure. In contrast to primarily convection-based (e.g., vacuum furnace) methods
that typically require a thermal reduction step followed by conversion to the single high-entropy
phase at elevated temperature, the microwave approach enables rapid heating rates and reduced
processing time in a single heating step. The high-entropy phase purity improves significantly with
the increasing of the ball milling time of the oxide precursors from two to eight hours. However,
further improvement in phase purity was not observed as a result of increasing the microwave
processing temperature from 1800 to 2000 ◦C (for fixed ball milling time). The benefits of microwave
plasma heating, in terms of allowing the combination of boro-carbothermal reduction and high
entropy single-phase formation in a single heating step, are expected to accelerate progress in the
field of high entropy ceramic materials.

Keywords: high-entropy; microwave; plasma; ceramics; boride

1. Introduction

The recent spotlight on high entropy alloys is driven by outstanding properties such as
enhanced fracture toughness, tensile strength, as well as corrosion and high temperature ox-
idation resistance [1]. In 2016, the fabrication of single-phase high-entropy borides (HEBs)
in the hexagonal AlB2 structure was first reported [2], representing the first non-oxide
high-entropy ceramic fabricated in bulk form. They have a uniquely layered hexagonal
crystal structure with alternating rigid 2D boron nets and high-entropy 2D layers of metal
cations characterized by mixed ionic and covalent metal–boron bonds. Thermodynamic
stability is one of the hallmarks of high entropy materials as the high entropy can provide
phase stability, particularly at high temperature, due to minimization of Gibbs free energy.
Ultra-high temperature ceramics have applications including cutting tools, molten metal
containments, microelectronics and aerospace components [3,4]. Because of the potential
for entropy stabilization in ceramics, high entropy ultra-high temperature ceramics (e.g.,
borides and carbides) are being considered as candidates for materials in extreme condi-
tions, such as is needed in hypersonic or atmospheric re-entry vehicles, rocket propulsion,
etc. [5].

Multiple heating steps that rely primarily on convective heating (e.g., via vacuum
furnace) are often used to reduce the precursor metal oxide powder via Boro-CarboThermal
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Reduction (BCTR), followed by subsequent heating and or heating/sintering steps to finally
convert the reduced mixture into the single-phase HEB [5–7]. In this work, HEB synthesis
is reported via BCTR of a five-component transition metal oxide powder mixture (with
B4C and graphite reducing agents) efficiently performed as a single step by application of
low temperature microwave (MW) plasma.

A low temperature plasma represents a unique state of matter composed of neutral
atoms and molecules, radicals, excited states, ions and electrons with characteristic electron
energies of a few eV to 10 eV and low degrees of ionization [8]. The energetic electrons
can efficiently generate radicals, charged species, excited states and photons. Microwave
heating of powdered metals was pioneered in 1999 and has gained popularity in the field
of sintering powder metallurgy products [9] and even primary metallurgy [10]. Scientific
literature regarding the use of microwaves to prepare high entropy alloys was first reported
in 2011 for combustion synthesis of FeCoNiCuAl [11]. However, to the best of our knowl-
edge, no MW or MW-plasma approach has yet been reported for synthesis of HE ceramics
including diborides.

In our approach, rapid plasma heating (70–100 ◦C/min) takes place with energetic
particles recombining and depositing large amounts of energy to the ceramic. The dielectric
nature of the metal-oxide precursor powder strongly absorbs energy from the electric field
component of MWs via dipolar polarization to volumetrically heat the sample. The MW
frequencies can penetrate and deposit heat in the interior of the ceramic, thus reversing
the usual outside-in temperature gradient seen in conventional radiant heating. While
primarily intended as a reducing agent, the presence of graphite in the precursor powder
also enables conductive heating as electric currents can form in response to mobile charge
carriers to aid in the distribution of heat throughout the ceramic. Both heating mechanisms
(dipolar polarization and conduction) are found to be important in systems that include a
conducting material scattered in a non-conducting medium (e.g., electrolyte solutions) [12].
Finally, the plasma discharge can exert a significant effect in promoting microwave heating
processes and chemical reactions as highly active species such as electrons, ions and rad-
icals can significantly enhance the reaction rate [13]. Overall, the MW plasma approach
is advantageous due to enhanced diffusion processes, reduced energy consumption, very
rapid heating rates and considerably reduced processing times, decreased sintering temper-
atures, improved physical and mechanical properties, simplicity, and lower environmental
hazards—features that have not been observed in conventional processes [14–17].

2. Materials and Methods

The precursor powders included five metal oxides: hafnium oxide (HfO2: 99%,
325-mesh; Alfa Aesar), zirconium oxide (ZrO2: 99+%, 325-mesh; Alfa Aesar), tantalum
pentoxide (Ta2O5: 99%, 60-mesh; Alfa Aesar), titanium oxide (TiO2: 99.6%, 325-mesh;
Alfa Aesar), Molybdenum oxide (MoO3, 99.95%, 325-mesh; Alfa Aesar), carbon black
(C: 99.9+%, mesh size not provided by manufacturer; Alfa Aesar) and boron carbide (B4C,
99+%, 325-mesh; Alfa Aesar). Appropriate amounts of the precursor powders were chosen,
with stoichiometry being calculated from the metal basis in an attempt to produce an
equimolar diboride given as: (Hf0.2, Zr0.2, Ti0.2, Ta0.2, Mo0.2)B2. As is typically reported for
BCTR [6,18], an excess of B4C was added to compensate for the loss of B due to evaporation
of volatile boron oxide species during synthesis. Precursor powders were milled using a
high energy ball mill (Spex 8000 M, Metuchen, NJ, USA) with a tungsten carbide (WC)-
lined cylindrical sample vial of 2.25 inch diameter and 2.5 inch length. The shaking pattern
is a complex motion that combines back-and-forth swings with short lateral movements,
each end of the vial describing a “figure-8”. The clamp speed was 1060 cycles per minute.
First, the five metal oxides were combined with carbon black and dry milled using two WC
balls (7/16 inch diameter) for 2 h. Different total milling times were evaluated in this
study (from 0 to 8 h) with the first 2 h always using the dry milling with WC balls. For
samples milled for greater than 2 h, the remaining time made use of wet milling with
two ZrO2 balls (1/2 inch diameter) in acetone. The ball to powder weight ratio for dry
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milling was approximately 2:1 and, for wet milling, was 1:1. The mixture was dried at
room temperature in a vacuum oven, passed through a 200-mesh sieve, and then combined
with B4C and sieved once again. Finally, the mixture was consolidated into a disk with a
diameter of 5 mm under a uniaxial pressure of 50 MPa.

For the MW plasma process, the consolidated powder disk was placed on a molybde-
num stage in a vacuum chamber (Wavemat Inc., Plymouth, MI, USA; details in [19]) and
pumped to a base pressure of 1.3 Pa prior to MW processing. An argon-rich feedgas mix-
ture (500 sccm Ar, 50 sccm H2) was then added to the chamber and the plasma was ignited
by a 2.45 GHz magnetron. The addition of H2 was found to be necessary to concentrate
and stabilize the plasma around the sample while minimizing reflected microwave power.
The heating rate of the sample was measured to be 70–100 ◦C/min. The temperature
of the sample disk, adjustable by microwave power (1.3–1.5 kW) and chamber pressure
(2.4 × 104–3.3 × 104 Pa, controlled via exhaust throttle valve), was monitored by optical
pyrometry to evaluate its effect on HEB formation by conducting experiments at 1800 ◦C
or at 2000 ◦C for one hour.

The specimens were characterized by X-ray diffraction (XRD), transmission electron
microscopy (TEM), and by scanning electron microscopy (SEM) in conjunction with energy
dispersive X-ray spectroscopy (EDX). An X-ray diffractometer (Malvern Panalytical, model
Empyrean, Netherlands) with Cu Kα radiation (λ = 1.54186 Å) was used at 45 kV and
40 mA, with 16.32 s per step and 0.0131◦ step size. A TEM (JEOL, model 2010, Peabody,
MA, USA) unit was used. The consolidated disks were ground using a mortar and pestle,
sieved using 200-mesh and dispersed in ethanol, and then 1 µL of the suspension was
deposited onto a copper grid and observed in TEM at an operating voltage of 200 kV. An
SEM (FEI Quanta FEG 650, Hillsboro, OR, USA) was used for collecting SEM/EDX images
at an accelerating voltage of 15 kV.

3. Results and Discussion

Pressure consolidated disk samples of the precursor powder mixture were exposed
to the MW plasma to achieve disk temperatures of 2000 ◦C and 1800 ◦C for 1 h; the
resulting XRD patterns are shown in Figure 1a,b, respectively. The XRD of the starting
precursor powder mixture containing the metal oxides, graphite and boron carbide after
ball milling is shown in Figure 1c. The samples processed at 2000 ◦C and 1800 ◦C both
reveal the hexagonal AlB2-type phase structure that is characteristic of the high-entropy
diboride. However, the sample processed at 1800 ◦C shows incomplete transformation
with remaining intermediate phases. These include several solid solutions of binary metal
borides such as (Hf,Zr)B2 resulting in a broadening of the primary HEB peaks, with a
tail on the low-2θ side, as well as cubic TaC. Reports on the BCTR synthesis of HEBs
have also shown secondary phase formation, including binary borides, at lower annealing
temperature [6,18]. In contrast, the sample processed at 2000 ◦C has much sharper HEB
peaks, with only very minor secondary phases, indexed primarily to excess B4C that was
used in the precursor mixture. The XRD patterns were analyzed using Rietveld refinement
to calculate the lattice parameters and unit cell volume based on the hexagonal AlB2-type
phase structure with space group P6/mmm. The results are summarized in Table 1 The
unit cell volume for the HEB sample produced at 2000 ◦C in the present study is about 1.5%
lower than that predicted in a previous computational study for the same HEB material
composition [20]. The unit cell volume from other reported experimental results for this
HEB material composition, made using either BCTR followed by sintering [6] or by using
mechanical alloying of borides followed by sintering [2], are also provided in Table 1.
Considering the five binary metal diborides individually, the unit cell volume for TaB2
(26.760 Å3; PDF # 01-076-0966) comes closest to our experimentally determined value
(27.767 Å3), with a difference of 3.5%.
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Figure 1. XRD of MW-plasma samples processed at (a) 2000 °C and (b) 1800 °C, and (c) the starting precursor mixture of 
5-metal oxides + graphite + B4C. Vertical bars represent Crystallographic Open database (COD) entries for: ZrO2 (96-901-
6715); Ta2O5 (96-901-4282); HfO2 (96-901-3471); TiO2 (96-900-9087); MoO3 (96-900-9670); B4C (96-412-4698); Graphite (96-
901-2233); (Hf,Zr)B2(96-151-0842); (Hf,Ti)B2 (96-151-0711); (Ta,Zr)B2 (96-151-0838); (Ti,Zr)B2 (96-151-0846); (Ta,Ti)B2 (96-
151-0836). A zoomed-in region of (c) is provided for clarity. 

Table 1. Measured lattice parameters of the HEB samples at 1800 °C and 2000 °C, along with those found from three other 
references. 

 HEB-1800 °C HEB-2000 °C Ref [20] Ref [6] Ref [2] 
c-axis (Å) 3.368  3.358  3.376 3.366 3.316 
a-axis (Å) 3.085  3.090  3.105 3.092 3.080 

Unit cell volume (Å3) 27.760 27.767 28.187 27.869 27.242 
c/a ratio 1.091 1.086 1.087 1.089 1.077 

To further support the claim of the solid solution nature of the synthesized HEB, 
SEM/EDX compositional maps were obtained for each of the metal components in the 
structure. The consolidated disk for the sample made at 2000 °C was lightly ground using 
a mortar/pestle for subsequent imaging of individual course particles. SEM images and 
the corresponding EDX compositional maps for each metallic component for this sample 
are shown in Figure 2. The secondary electron image in Figure 2a shows a broad distribu-
tion of particle size (100 nm–10 μm) as some degree of particle sintering occurs during the 
MW plasma process. The EDX maps reveal a homogeneous distribution of each of the five 
metallic components, consistent with a single-phase solid solution HEB structure, as re-
vealed by the XRD data in Figure 1a. This, combined with no strong secondary metal ox-
ides, binary metal borides, or intermetallic phases in the XRD pattern, supports our con-
clusion that a nearly single-phase solid solution HEB phase is formed. 
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Table 1. Measured lattice parameters of the HEB samples at 1800 ◦C and 2000 ◦C, along with those
found from three other references.

HEB-1800 ◦C HEB-2000 ◦C Ref [20] Ref [6] Ref [2]

c-axis (Å) 3.368 3.358 3.376 3.366 3.316

a-axis (Å) 3.085 3.090 3.105 3.092 3.080

Unit cell volume (Å3) 27.760 27.767 28.187 27.869 27.242

c/a ratio 1.091 1.086 1.087 1.089 1.077

To further support the claim of the solid solution nature of the synthesized HEB,
SEM/EDX compositional maps were obtained for each of the metal components in the
structure. The consolidated disk for the sample made at 2000 ◦C was lightly ground using a
mortar/pestle for subsequent imaging of individual course particles. SEM images and the
corresponding EDX compositional maps for each metallic component for this sample are
shown in Figure 2. The secondary electron image in Figure 2a shows a broad distribution
of particle size (100 nm–10 µm) as some degree of particle sintering occurs during the
MW plasma process. The EDX maps reveal a homogeneous distribution of each of the
five metallic components, consistent with a single-phase solid solution HEB structure, as
revealed by the XRD data in Figure 1a. This, combined with no strong secondary metal
oxides, binary metal borides, or intermetallic phases in the XRD pattern, supports our
conclusion that a nearly single-phase solid solution HEB phase is formed.

Ball milling is known to strongly influence subsequent reactions during alloying and
sintering processes [21], but its effect on MW plasma processing of HEB ceramics is not well
known. To further investigate the role of ball milling on subsequent MW plasma processing,
a range of ball milling times was explored from 0 h to 8 h, and then the consolidated disks
were exposed to MW plasma for 1 h at 1800 ◦C. As shown in Figure 3, with 0 h ball milling
of the precursor powder, the HEB structure could not form. This was also the case for
2000 ◦C MW plasma processing temperature. However, an improvement in HEB phase
purity (indicated by reduced presence of secondary phases) occurs for longer ball milling
time. For 8 h ball milling, the single-phase HEB forms with very minimal secondary
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phases present. These data (along with those in Figure 1) suggest that longer ball milling
times could possibly allow the single phase HEB to be achieved at MW plasma processing
temperatures below 1800 ◦C.
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Figure 2. Scanning electron microscopy (SEM) micrograph (a) with corresponding EDX elemental 
maps for (b) Ta, (c) Zr, (d) Ti, (e) Hf, and (f) Mo of the HEB sample produced at 2000 °C after 
loosely grinding into a powder with no sieving. 
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Figure 2. Scanning electron microscopy (SEM) micrograph (a) with corresponding EDX elemental
maps for (b) Ta, (c) Zr, (d) Ti, (e) Hf, and (f) Mo of the HEB sample produced at 2000 ◦C after loosely
grinding into a powder with no sieving.

Ceramics 2021, 4 261 
 

 

 
Figure 2. Scanning electron microscopy (SEM) micrograph (a) with corresponding EDX elemental 
maps for (b) Ta, (c) Zr, (d) Ti, (e) Hf, and (f) Mo of the HEB sample produced at 2000 °C after 
loosely grinding into a powder with no sieving. 

Ball milling is known to strongly influence subsequent reactions during alloying and 
sintering processes [21], but its effect on MW plasma processing of HEB ceramics is not 
well known. To further investigate the role of ball milling on subsequent MW plasma 
processing, a range of ball milling times was explored from 0 h to 8 h, and then the con-
solidated disks were exposed to MW plasma for 1 h at 1800 °C. As shown in Figure 3, with 
0 h ball milling of the precursor powder, the HEB structure could not form. This was also 
the case for 2000 °C MW plasma processing temperature. However, an improvement in 
HEB phase purity (indicated by reduced presence of secondary phases) occurs for longer 
ball milling time. For 8 h ball milling, the single-phase HEB forms with very minimal sec-
ondary phases present. These data (along with those in Figure 1) suggest that longer ball 
milling times could possibly allow the single phase HEB to be achieved at MW plasma 
processing temperatures below 1800 °C. 

 
Figure 3. XRD of samples ball milled for different times (0 to 8 h) and exposed to MW plasma to 
achieve a disk temperature of 1800 °C. The first two hours of ball milling were dry and the remaining 

(a) (b) (c) 

(d) (e) (f) 

Figure 3. XRD of samples ball milled for different times (0 to 8 h) and exposed to MW plasma to achieve a disk temperature
of 1800 ◦C. The first two hours of ball milling were dry and the remaining time was completed via wet milling, as specified in
Section 2. Vertical bars represent Crystallographic Open database (COD) entries for: ZrB2 (96-151-0857); TaB2 (96-151-0839);
HfB2(96-151-0712); TiB2 (96-100-9059); MoB2 (96-200-2800); B4C (96-412-4698). A zoomed-in region for 2-theta between 32
and 35 degrees is provided for clarity.
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In order to further characterize particle/grain size of the MW plasma processed
samples, both SEM and TEM were performed after grinding the consolidated disks and
ultrasonically dispersing the powder in ethanol. Figure 4 shows (a) TEM and (b) SEM
of the HEB sample ball milled for 8 h and then MW processed at 1800 ◦C for 1 h. From
TEM, some individual grains can be discerned, with an estimated average size of 20 nm.
The SEM micrograph with histogram shows an average particle size of 165 nm. A Gaus-
sian distribution was used to obtain the mean particle size. The significant difference in
SEM/TEM particle size is due to agglomeration during preparation of samples for SEM.
One of the potential benefits of MW processing of ceramic materials is a reduction in
sintering temperature, which can translate into reduced grain growth and an improvement
in the final sintered density [14]. Future work will include efforts to reduce the MW plasma
processing temperature to below 1800 ◦C, and to evaluate the subsequent sinterability and
final compact density of resulting HEB structures.
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Figure 4. Micrographs of MW plasma processed HEB samples obtained from (a) TEM and (b) SEM with the particle size
distribution in the inset.

4. Conclusions

This work demonstrates a novel approach, involving a single heating step, for the
efficient synthesis of a high entropy diboride (Hf, Zr, Ti, Ta, Mo)B2 using low-temperature
microwave plasma to initiate and complete the boro-carbothermal reduction of metal-oxide
precursors. This differs from prior reports of HEB synthesis that typically use multiple steps
of convection-based heating, followed by sintering at elevated pressures/temperatures, to
complete the HEB phase transformation. The MW plasma process results in the HEB phase
with minimal secondary phase formation, for sample temperatures as low as 1800 ◦C, for
1 h. This, combined with no substantial secondary metal oxides, binary metal borides,
or intermetallic phases in the XRD pattern, supports our conclusion that a nearly single-
phase solid solution HEB phase is formed. XRD diffraction with Rietveld analysis yields
unit cell volumes that are commensurate with the same HEB composition found in prior
computational work and in experimental studies that use conventional heating/sintering
approaches. Reduction to the HEB phase was found to be aided by longer ball milling time,
allowing a lower MW plasma processing temperature to be used. When no ball milling
of the precursor mixture was performed, the HEB phase did not form, regardless of the
MW process temperatures investigated in this study. The role of the plasma in this process
is not yet fully understood and warrants further investigation as a means to potentially
accelerate the kinetics for HEB formation at even lower sample temperatures and/or MW
processing times.
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