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ABSTRACT

Microwave-induced plasma was used to anneal precursor powders containing five metal oxides with carbon and boron carbide as reducing
agents, resulting in high entropy boride ceramics. Measurements of hardness, phase structure, and oxidation resistance were investigated.
Plasma annealing for 45 min in the range of 1500-2000 °C led to the formation of predominantly single-phase (Hf, Zr, Ti, Ta, Mo)B; or
(Hf, Zr, Nb, Ta, Mo)B; hexagonal structures characteristic of high entropy borides. Oxidation resistance for these borides was improved by as
much as a factor of ten when compared to conventional commercial diborides. Vickers and nanoindentation hardness measurements show
the indentation size effect and were found to be as much as 50% higher than that reported for the same high entropy boride configuration made
by other methods, with average values reaching up to 38 GPa (for the highest Vickers load of 200 gf). Density functional theory calculations
with a partial occupation method showed that (Hf, Zr, Ti, Ta, Mo)B, has a higher hardness but a lower entropy forming ability compared to
(Hf, Zr, Nb, Ta, Mo)B,, which agrees with the experiments. Overall, these results indicate the strong potential of using microwave-induced
plasma as a novel approach for synthesizing high entropy borides.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0098276
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I. INTRODUCTION

High entropy ceramics are favorable candidates for
applications in extreme environments due to their high melt-
ing point (>3000 °C), oxidation resistance, high hardness, resistance
to thermal shock, and chemical inertness. Potential uses include
hypersonic vehicles, nuclear energy management, wear-resistant
coatings, thermoelectrics, and batteries."” High entropy borides
(HEBs) are solid solutions typically containing five or more transi-
tion metal borides. They have a unique layered hexagonal crystal
structure with alternating rigid two-dimensional (2D) boron nets
and high entropy 2D layers of metal cations exhibiting mixed ionic
and covalent metal-boron bonding. The configurational entropy
of the solid-solution phase is maximized to stabilize it against the
formation of intermetallics or other secondary phases to produce
a maximum molar configurational entropy of ASmix = RInN,

where N is the number of equimolar components and R is the gas
constant.””

Recently, we have reported HEB synthesis via Boro-Carbo-
Thermal-Reduction (BCTR) of a five-component transition metal
oxide powder mixture (with B4C and carbon black reducing agents)
efficiently performed as a single annealing step by application of
MicroWave (MW) plasma.” The plasma discharge can exert a sig-
nificant effect in promoting rapid microwave heating processes and
chemical reactions, as highly active species, such as electrons, ions,
and radicals, can significantly enhance the reaction rate.® A low-
temperature plasma is composed of neutral atoms and molecules,
radicals, excited states, ions, and electrons with characteristic elec-
tron energies of a few eV and low degrees of ionization.” The
energetic electrons can efficiently generate radicals, charged species,
excited states, and photons. At the mean electron energies of a
few eV that are common for the microwave plasma, vibrational
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excitation is a dominant energy transfer pathway. Vibrational tem-
peratures will be several thousands of degrees Celsius, while the
translational (gas) temperatures may remain below 1000 °C. This
creates a strongly non-equilibrium environment, which is consid-
ered to be favorable for chemical reactions.”” Overall, the MW
plasma approach is advantageous due to enhanced diffusion pro-
cesses, reduced energy consumption, very rapid heating rates and
considerably reduced processing times, decreased sintering temper-
atures via subsequent sintering steps, and improved physical and
mechanical properties; features that are not typically associated with
conventional processes.'’

The objective of this work is to focus on two HEB systems:
(Hf, Zr, Ti, Ta, Mo)B, and (Hf, Zr, Nb, Ta, Mo)B,, particularly
with regard to their structure, hardness, and oxidation resistance
properties. These properties are evaluated along with computational
modeling of the Entropy Forming Ability (EFA) and hardness as
validation."*'” The EFA formalism has shown to be a powerful
method in predicting the synthesizability of five-metal cubic car-
bides;'* various high-EFA and high-hardness metal carbides were
identified computationally by this approach and later confirmed
experimentally. Our results demonstrate that the concept of EFA
is also applicable to high entropy borides and that microwave-
induced plasma can be utilized as a novel approach to synthesize
high entropy borides with impressive mechanical properties for
promising extreme-environment applications.

Il. MATERIAL AND METHODS

The synthesis of near-equimolar high entropy transition
metal borides, labeled here as HEBOl and HEBO02 having
nominal compositions of (Hfp2Zro,Tig2Tag2Mog2)B, and
(Hfo2Zro2Nbg2Tag2Moo2)B>, respectively, was prepared to utilize
BCTR facilitated by MW-induced plasma. The precursor powders
included the metal oxides: hafnium oxide (HfO,, 99%, 325 mesh;
Alfa Aesar), zirconium oxide (ZrO;, 99+%, 325 mesh; Alfa
Aesar), tantalum pentoxide (Ta,Os, >60 mesh, 99%; Alfa Aesar),
titanium oxide (TiO;, 99.6%, 325 mesh; Alfa Aesar), niobium
oxide (Nb,Os, 99+%, 325 mesh; Alfa Aesar), molybdenum oxide
(MoO3, <325 mesh, 99.95%; Alfa Aesar), carbon black (C, 99.99+%;
Alfa Aesar), and boron carbide (B4C, purity 99+%, 325 mesh; Alfa
Aesar).

scitation.org/journal/apm

An adjustable microwave power of 1.3-1.5 kW and a chamber
pressure of 2.4 x 10*-3.3 x 10* Pa were used to anneal the pellet
at 1500-2000 °C using microwave-induced plasma, as described in
our previous work.” Briefly, the five metal oxides and carbon black
were first blended using a high-energy ball mill (Spex 8000M, Spex
SamplePrep Inc., NJ, USA) for 6 h with WC media and then com-
bined with boron carbide. The precursor was dry milled for 2 h with
WC balls and then wet milled for 4 h with zirconia balls in ace-
tone. Due to the expected loss of boron during the annealing process,
excess B4C was added, as presented in Table I. The blended powder
was dried at room temperature in a vacuum oven and then passed
through a 200-mesh sieve before being consolidated into a pellet
(5 mm diameter, ~3 mm height) via uniaxial pressure of 50 MPa.
The pellet was placed on a molybdenum stage in the vacuum cham-
ber of a Microwave Plasma Chemical Vapor Deposition (MPCVD)
system (Wavemat Inc., Plymouth, MI, USA). The chamber was
pumped to a base pressure of 1.1 Pa before adding a feedgas mixture
(500 sccm Ar, 50 sccm Hj) and subsequent plasma ignition with a
2.45 GHz magnetron. H; in the feedgas was found to be necessary
to concentrate and stabilize the plasma onto the sample. One of the
benefits of using a MW-based BCTR process is that the dielectric
metal oxides are expected to act as efficient microwave absorbers to
allow the pellet to heat up rapidly (70-100 °C/min in our system)
during the annealing process.”

The specimens were characterized by x-ray diffraction (XRD),
nanoindentation, Vickers indentation, thermogravimetric analysis
(TGA), micro-Raman spectroscopy, and scanning electron micro-
scopy (SEM). A Panalytical Empyrean x-ray diffractometer (UK)
with Cu-Ka radiation (A = 1.54186 A) was used at 45 kV and 40 mA,
with 16.32 s/step and 0.0131° step size. An FEI Quanta FEG 650
(OR, USA) SEM was used for collecting images at an accelerat-
ing voltage of 15 kV. A Dilor XY confocal spectrometer (France)
was used to conduct micro-Raman Spectroscopy (spot size ~1 ym)
with a laser wavelength of 532 nm. Vickers hardness measurements
were performed using a Phase II+ 900-390A Micro Vickers Hard-
ness tester (TEquipment, Long Branch, NJ, USA). A test block of
711 HV (~7 GPa) was used before and after HEB samples to confirm
calibration. Vickers indents were made using a dwell time of 15 s for
loads up to a maximum of 200 gf. An Agilent Nano Indenter G200
(MTS Nano Instruments, Oak Ridge, TN, USA) was used to measure
nanoindentation hardness in continuous stiffness mode with fused

TABLE I. Summary of material parameters from this work and other references for the same composition as HEBO1.

M d . 2
Excess lattic:iil;r:tants Theoretical density’ Vickers hardness
B4C Unit cell (g/cm’) (relative (@ 200 gf)
Composition (wt %) c(A) a(hd) volume (A)* density) (GPa)
HEBO1 (Hf, Zr, Ti, Ta, Mo)B, 9 3.090 3.359 27.78 8.40 (93.7%) 38+3.6
(this work)
HEBO02 (Hf, Zr, Nb, Ta, Mo)B, 11 3.093 3.362 27.87 8.91 (92.1%) 34+2.0
(this work)
Reference 4 (Hf, Zr, Ti, Ta, Mo)B, e 3.080 3.316 27.24 8.4 (92.4%) 19.1 + 1.8
Reference 16 (Hf, Zr, Ti, Ta, Mo)B, cee 3.092 3.361 27.83 8.39 (98%) 30+ 3.4
Reference 17 (Hf, Zr, Ti, Ta, Mo)B, 14 3.092 3.366 27.87 8.37(99.9%) 249+£1.0
*The theoretical density was calculated using XRD lattice parameters.
APL Mater. 10, 061109 (2022); doi: 10.1063/5.0098276 10, 061109-2
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silica as a calibration standard. Measurements confirmed that the sil-
ica modulus remained unchanged within 2% of its known value of
72 GPa after testing our samples. Nanoindentation was performed to
a depth of 700 nm. Prior to Vickers and nanoindentation testing, the
samples were mounted in epoxy, abraded with SiC papers (180-1500
grit), polished using diamond slurry (9-1 ym), and ultrasonically
cleaned in isopropyl alcohol.

Thermal stability and decomposition behavior were studied via
thermogravimetric analysis (TGA) using a TA Instruments model
Q500 (DE, USA). The equipment was purged with compressed air
at 100 and 10 ml/min for the furnace and sample, respectively. Sam-
ples were scanned from 30 to 1000 °C at a ramp rate of 2 °C/min,
while data for sample weight loss were recorded as a function of
temperature.

Density Functional Theory (DFT) calculations were per-
formed to determine the Entropy Forming Ability (EFA)'* for
(Hfo2Zro2Tio2Tap2Moo.2)B2 and (Hfo2Zro2Nbo2Tag2M0o2)B2. To
reproduce the stoichiometry, the minimum unit cell in the DFT cal-
culations contains 15 atoms (e.g., HfZrTiTaMoBio). The algorithm
starts with the hexagonal AIB, structure (point group symmetry
P6/mmm, space group No. 191) as the parent lattice. Each anion
site is occupied by a B atom (with a probability of 1.0), whereas
the cation site is occupied by five different transition-metal ele-
ments (with a 0.2 occupancy probability for each element). There
are in total 84 distinct 15-atom-cell configurations (each having a
degeneracy number g; = 10),'* which, in turn, are generated by the
Automatic FLOW (AFLOW) partial occupation (AFLOW-POCC)
method using Hermite normal form matrices.'® Figure 1(a) displays
some of the possible unit-cell structures.

The DFT calculations are based on the pseudopotential
projected-augmented wave (PAW) method'”*’ using the Vienna
Ab Initio Simulation Package (VASP).”"** The structure relax-
ation and electronic self-consistent calculations were conducted
using the Perdew-Burke-Ernzerhof generalized gradient approxi-
mation (PBE-GGA) exchange-correlation functional.”” We utilized
a momentum space sampling of at least 6000 k-points per reciprocal
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atom (KPPRA) and a plane-wave cut-off energy of 446 eV
(at least 1.4 times larger than the suggested cut-off energies in
the VASP pseudopotentials). The convergence criteria of self-
consistent and structural relaxation were set to 10~ and 1072 eV/A,
respectively.

For each POCC structure after the structure relaxation, VASP
was also used to compute the elastic constants C; using the
strain-stress method.”* The elastic constants of each structure can
help determine its corresponding mechanical properties, such as the
bulk (K) and shear (G) moduli, using the Hill approximations by
averaging over the Voigt and Reuss bounds.” *" With K and G,
the Vickers hardness (H) of each structure can be estimated by the
empirical hardness formula based on Chen’s or Tian’s models.”*”’
To compare with the hardness experiments, a statistical average over
the hardness values of the POCC structures is performed. It is noted
that the crystal symmetry of the original parent lattice can be slightly
reduced due to the presence of different transition metal atoms. In
this case, one should not assume that elastic constants C;; retain the
full symmetry properties of a hexagonal crystal.

lll. RESULTS AND DISCUSSION
A. Calculations of entropy forming ability

In the EFA formalism,'* the entropy content of a compound
is estimated from the energy (or enthalpy) distribution spectrum
h; of each metastable configuration randomly sampled above the
ground state. EFA is related to the inverse of the standard devia-
tion ¢ associated with the spectral distribution: EFA = ¢!, where o

= \/Zigi(hi - hmix)z/( Y.gi — 1). Here, the sum is over all distinct
configurations, g; is the degeneracy number of the ith configuration,
and hpix is the mixed-phase enthalpy approximated by averaging
over hi: hyix = 3,gihi/Y.gi- Based on the above definition, the nar-
rower the spectrum (o), the higher the EFA value, and the higher the
probability of forming high entropy single phases.

[ HEBO1, EFA=207 (eV/atom)~?

0 50 100 150 200 250
Energy (meV)

400

B HEBO2, EFA=294 (eV/atom)~?

0 50 100 150
Energy (meV)

200 250 300 350 400

FIG. 1. (a) Selected crystal structures for a 15-atom unit-cell (5 different transition metal atoms and 10 boron atoms) generated from the AFLOW-POCC algorithm. (b) EFA
calculation for (Hfy2Zro 2 Tig.2 Tag2Mog2)B2 (HEBO1) is 207(eV/atom)~" and that for (Hfg2Zrg 2Nbg .2 Tag 2Mog 2)B, (HEB02) is 294(eV/atom)~". Higher-EFA means that the
material is more easily synthesized in a single-phase form, which agrees with the experiments.
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Figure 1(b) shows our EFA calculations for the two different
HEBs under study. In (Hfy2Zro,Tio2Tag2Moo2)B2 (HEBOL), the
compound shows a wider energy distribution for the 84 distinct
structures and a smaller EFA value of 207 (eV/atom)_l. In contrast,
(Hfo'zzro‘szo'zTao.zMOO‘z)BZ (HEBOZ) has a relatively narrower
energy distribution and a higher EFA value of 294 (eV/atom)™". As
discussed below, these EFA results agree with our experimental find-
ings that HEB02 (with a higher EFA) forms a single boride phase
more easily. Together with previous studies on high entropy car-
bides,'* our results demonstrate that the EFA can be a promising
descriptor to predict the synthesizability of single phase high entropy
materials. It should be noted that in a previous machine learning
study on cubic high entropy carbides, EFA is found to be negatively
correlated with the average ionic character and positively corre-
lated with the liquidus temperature of the compound.”’ However,
EFA, in general, can depend on several other features, such as the
covalent radius and valence electrons.” Therefore, from a machine
learning perspective, EFA is difficult to be predicted by a single fea-
ture, highlighting the need for a multivariate approach. Moreover,
it is unknown if the aforementioned trends reported for cubic high
entropy carbides apply to hexagonal high entropy borides. Address-
ing this question would require the knowledge of EFA values for at
least a few tens of hexagonal High Entropy (HE) borides for target-
feature analysis, which is an interesting area of future study but
beyond the scope of the current work.

B. Phase composition

Both HEB formulations (HEBO1 and HEB02) were synthe-
sized for MW plasma annealing temperatures of 1500 and 2000 °C,
respectively, and then examined by XRD to determine how the two
different processing temperatures affect structural evolution, leading
to the desired single hexagonal high entropy phase.

XRD patterns of the annealed samples are shown in Fig. 2
for both MW plasma processing temperatures. For reference, line
indicators are also shown where individual diborides, as well as
B4C and graphite, would occur, if present. The hexagonal phase

| | | | | I | | I NbB;
7B,

| | | 1} HiB,

| | | 1 1 | | TiB;
1} | | | ||TaB;

H.EBOZ-2000°CL j x

HEB01-1500°C,

m‘,lml-zoow(:A J
~ A M A A
20 30 40 50

70 80 90

Intensity (arb. unit)

60
2-Theta (degrees)

FIG. 2. XRD patterns of HEB samples annealed at different temperatures (1500
and 2000 °C) for HEBO1 (orange) and HEBO2 (blue). All samples were MW plasma
annealed for 45 min.

scitation.org/journal/apm

marked by the Miller indices identifies the expected presence of
the high entropy boride structure. Lattice constants and unit cell
volume for the hexagonal phase structure were determined using
Rietveld refinement and tabulated in Table I. When comparing the
HEBs annealed at 1500 °C, the XRD peaks from the high entropy
phase for HEB02 are more intense with less indication of sec-
ondary phases (i.e, B4C and individual diborides) than that for
HEBO1. However, both formulations still show secondary phase for-
mation at this temperature. For both HEBO1 and HEBO02, annealing
at 2000 °C presents very high crystalline phase purity that can be
indexed to the single hexagonal structure expected for high entropy
boride. Although very weak, residual B4C peaks can be found in the
26 range of 35°-40° even at this temperature. These XRD results are
consistent with the higher EFA calculated for HEB02 compared to
HEBO1 and demonstrate that the HEB02 formulation (Hf, Zr, Nb,
Ta, Mo)B; allows more rapid completion to the high entropy phase
at a lower temperature than for HEBO1 (Hf, Zr, Ti, Ta, Mo)B,. The
unit cell volumes for HEBO1 and HEB02 determined from Rietveld
analysis are in close agreement with those found for the same con-
figuration as determined by other groups experimentally”'®'" and
computationally.”’

C. Thermogravimetric analysis

One of the outstanding predicted properties of HEBs is their
thermal stability at high temperatures. To this end, thermogravi-
metric analysis was used to evaluate weight gain vs temperature
in controlled airflow. In addition to the plasma annealed samples
(HEBO1 and HEBO2 synthesized at 2000 °C), control samples were
tested including an individual commercial diboride powder (TiB;)
as well as an equal-molar mixture consisting of the five commer-
cial diboride powders (HfB,, ZrB,, TiB;, TaB;, MoB;). The goal of
these measurements is to confirm the improved oxidation resistance
performance of our samples compared to “off-the-shelf” formula-
tions as further validation of their high-entropy nature. The TGA
data in Fig. 3 reveal the plasma annealed HEB samples with much
lower weight gain (as much as a factor of ten reductions for HEB01)

100
—e— TiB;

—e— HEBO1
—»— HEBO2
—=— (HfB2,ZrB;,TiB2,TaB2,MoB3)

8 3 8

Weight Gain (%)

100 200 300 400 500 €0 700 80 %0 1000

Temperature(°C)

FIG. 3. Weight gain (in the air) vs sample temperature measured from the ther-
mogravimetric analysis. Samples measured include the plasma annealed HEBs
made at 2000 °C: HEBO1 (orange), HEB02 (blue), a mixture consisting of five
commercial diborides (green), and TiB, (brown).
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when compared to the TiB, sample at 1000 °C. In addition, the rate
of weight gain with temperature tapers off above 650 °C for both
HEBO1 and HEBO2 samples, approaching a saturation weight gain
of 10.2% and 19.3%, respectively. By comparison, the control sam-
ple consisting of a mixture of five commercial diborides (HfB,, ZrB,,
TiB,, TaB,, MoB;) shows a steady increase in weight gain starting at
600 °C. Although promising, these data are not proof that the plasma
process itself is providing enhanced oxidation resistance above and
beyond the high-entropy nature of the samples. Reports of oxidation
resistance for HEBs are scarce, but the reports typically show accel-
erated weight gain above 1100-1200 °C."”* The HEB samples in this
study will need to be tested at higher temperatures in order to more
critically evaluate the potential benefit of MW plasma processing on
oxidation resistance.

Interestingly, the HEBO1 sample exhibited reduced weight gain
by a factor of about two compared to HEB02. The only difference
between these two samples is the presence of Ti in HEBO1 substitut-
ing for Nb in HEB02, leading to a lower calculated EFA for HEBO1.
The EFA descriptor captures the relative propensity of a material to
form a high-entropy single-phase crystal structure.

D. Vickers and nanoindentation hardness

The Vickers hardness at a given load was measured, on aver-
age, to be higher for HEBOI than for HEB02, as shown in Fig. 4. The
hardness was measured for loads of 10-200 gf in order to identify a
possible indentation size effect (ISE). Each indent load represented
in Fig. 4 is the average of ten indents placed on the polished sur-
face of the sample. At a maximum load of 200 gf, measured hardness
values for HEBO1 and HEB02 were 38 + 3.6 and 34 + 2.0 GPa, respec-
tively. Vickers hardness measurements performed using the same
load and dwell time for HEBs having the same chemical configura-
tion as HEBOI (in this study) have been reported by Gild et al. as
24.9 + 1.0 GPa'” and by Feng et al.'® as 30.6 + 3.4 GPa; both reports
used BCTRT followed by spark plasma sintering. At 1000 gf (9.8 N),
Feng reported a drop in this hardness to 25.0 + 0.5 GPa.

Indeed, hardness is not considered a fundamental material
property and is often prone to the so-called Indentation Size

707 ¢ HEBO1 |
651 Y HEBO2 |

© 601

GP

< 551
50
45

Hardness

o1 | T
L —

25 50 75 100 125 150 175 200
Load (gf)

FIG. 4. Vickers hardness vs indent load for the HEB samples made at 2000 °C.
Inset shows an optical micrograph of an indent made on the HEB02 sample
surface at 200 gf.
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Effect (ISE).”” The ISE is characterized by increasing hardness with
decreasing indent load, as is often found in many structural ceram-
ics and other material types.”'® The ISE effect can be evaluated most
simply using Meyer’s power law”* by plotting load vs indent diago-
nal, as shown in Fig. 5 for HEBO1 and HEBO2. This law is used to
understand the ISE behavior of the material based on the formula
F = Ad", where F is the applied load, A is the standard microhard-
ness constant, d is the indent diagonal length, and » represents the
Meyer index. Both HEB samples reveal normal ISE behavior cor-
responding to n < 2. The hardness values listed in Table I are for
indents made at 200 gf, and it is possible that these values would
be measured lower with higher indent loads according to the ISE.
Nevertheless, the higher average hardness at an indent load of 200 gf
found from HEB samples in this study is promising and will require
further study into the influence of microstructure (e.g., grain size)
on this measurement. In our previous study of HEBs made using the
MW plasma approach,’ transmission electron microscopy revealed
individual grains with an estimated average size of 20 nm. while SEM
revealed an average particle size of 165 nm.

To complement and validate the Vickers hardness measure-
ment, nanoindentation measurements were performed for both
HEBO1 and HEBO2 polished disks to an indent depth of 700 nm.
Figure 6(a) shows a characteristic SEM image of the high entropy
boride after polishing. For each of HEBO1 and HEBO02, 15-20 indents
were made to provide an average with standard deviation, as given
in Table II. The corresponding hardness vs displacement data are
shown in Fig. 6(b) for each HEB sample along with a fused silica
standard. The variation in hardness with depth for the HEB samples
may be due to the larger influence of surface roughness on nanoin-
dentation and/or the effect of small local variations in composition at
the scale of the nanoindenter probe volume. Nevertheless, the aver-
age values presented in Table I are consistent with the Vickers data,
indicating that HEBO1 (36.1 + 3.0 GPa) has a higher hardness than
HEBO02 (32.0 = 6.5 GPa).

The hardness values measured in this study (both by Vickers
and nanoindentation) are significantly higher than what has been
reported for similar HEB configurations, as presented in Table I. The
measured relative density of our HEB samples (~92%-94%) is also

250 -
————— y =3.9x172 )
200 -~ y =2.9x*# o

e HEBO1 (n=1.72) ol
= v HEBO2 (n=1.81) ,
5 150
% ~
S 100 e

50 ,f:-"'"/
v
Lm¥T
ol -

1 2 3 4 5 6 7 8 9 10 11
Diagonal length (um)
FIG. 5. The applied Vickers load vs indent diagonal length for both HEB samples

made in this study at 2000 °C. The Meyer index of n < 2 for each sample indicates
a normal indentation size effect (ISE).
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FIG. 6. (a) Representative SEM image
from the polished high entropy boride
HEBO02 sample synthesized in this study
at 2000 °C. (b) Hardness vs displace-

ment for HEBO1, HEB02, and fused silica

20

: standard (nominal hardness = 9.5 GPa).
fused silica

lower than that typically obtained for spark plasma-sintered HEB
samples, which can be nearly 100%. Nevertheless, some degree of
microwave-induced sintering occurs with our HEB samples, lead-
ing to localized regions of high density, despite the measured overall
lower relative density. We deliberately chose indent locations away
from obvious surface pores, and we anticipate that the effective local
density probed by the indenter is higher than that reported on the
scale of Vickers indentation depths. It is promising that nanoinden-
tation validates the Vickers indentation results since nanoindenta-
tion depths are expected to be even less sensitive to macroscopic
pores (which were also deliberately avoided during indentation).

E. Hardness computations

The POCC method for computing EFA can also be utilized
to compute the mechanical properties of high entropy materi-
als. Figure 7(a) shows the hardness distribution of the 84 distinct
POCC structures for a 15-atom hexagonal boride unit cell. To com-
pare with experiments, we compute an average hardness from the
POCC results using the Boltzmann distribution, as a function of
the “synthesis” temperature. As shown in Fig. 7(b), the theoretical
results indicate that the hardness would decrease with increasing
synthesis temperature, as the low-enthalpy POCC structure exhibits

TABLE II. Average nanoindentation hardness and Young’s modulus for the HEB
samples in this study.

Average nanoindentation hardnessb
(No. of indents per sample: 15-20, depth: 100-700 nm)

Sample Hardness (GPa) Young’s modulus (GPa)
HEBO1 36.1 +3.0 417 £ 34
HEBO02 32.0+6.5 386 + 79
Fused silica 9.2+0.3 722+ 14

200 400 600

Displacement (nm)

a higher hardness in our calculations for both HEBs. However, the
hardness variation for synthesis temperature at >1000 K is smaller
than our experimental uncertainty. The hardness values of ~33 and
31.5 GPa at high synthesis temperature, respectively, for HEB01
and HEBO2, agree with the measurements within experimental error
bars. The theoretical hardness of HEBO1 is larger than HEB02, again
consistent with experiments.

In this study, we find that replacing Nb with Ti in the HEB con-
figuration results in higher measured hardness. This trend is also
validated by the hardness computations (for a given processing tem-
perature). These data can be explained by the lattice distortion effect
caused by the different atomic sizes and elastic modulus mismatch of
Tivs Nb in the HEB configurations. Given that the atomic radius of
Tiis smaller than that of Nb, the resulting lattice distortion can affect
hardness by limiting the motion of dislocations necessary for plastic
deformation, as well as changes in the slip systems and the ease with
which slip can occur. This well-known effect also manifests itself in
high entropy ceramics;’” for example, superhard high-entropy tran-
sition metal monoborides were reported with a Vickers hardness of
48.51 + 4.07 GPa measured at 0.49 N.”° These borides revealed a
high density of dislocations pinned within the monoboride grains,
indicating severe lattice distortion. One important reason for the
severe lattice distortion is that the individual components have not
only atomic radius mismatches but also different types of crystal
structures.

F. Residual impurity

In our prior work,” we demonstrated excellent compositional
uniformity of metal cations throughout the HEB structure using
energy dispersive X-ray microanalysis (EDX). Here, we note that
micro-Raman spectroscopy is a particularly suitable technique for
probing the presence of residual carbon in its various allotropic
forms and also reveals boron carbide’” as well as some metal oxides
if present. Given the potential for compositional inhomogeneity due
to excess carbon, oxides, and/or boron carbide powder precursors
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FIG. 7. (a) Histograms of hardness distribution computed for the 84 distinct HEB POCC structures. (b) Averaged hardness using the Boltzmann distribution as a function of
the “synthesis” temperature. HEBO1 is found to be harder than HEB02, consistent with the experiments.

used for BCTR processing, the HEB MW-plasma annealed pel-
lets were crushed into a fine powder and placed on a glass slide
for Raman measurements. Figure 8 shows micro-Raman spectra
(spot size ~1 um) for both HEBO1 and HEBO2 synthesized at 2000 °C
after probing several locations that yielded only background noise
with no distinctive Raman signature. Despite XRD showing a pre-
dominantly single-phase hexagonal structure for the HEB samples
annealed at 2000 °C, micro-Raman spectroscopy showed minor evi-
dence of the G-band associated with residual graphite (peak c.a.
1580 cm™') at some locations tested within the HEB02 powder.
Raman spectra in the range 200-800 cm ™' (where several metal-
oxides manifest themselves) were also unremarkable and, therefore,
not shown here. Nevertheless, other studies of sintered HEBs have
reported oxygen impurities in different forms including a thin
(~3-5 nm) amorphous B,Oj3 layer surrounding individual boride
grains.” Residual unreacted metal oxides have also been observed in
sintered HEBs.”” It is possible that these could form very fine oxide
dispersions, as with high entropy alloys.”” Of the transition metals
used here, the most likely residual metal-oxide candidate would be

10000 T T T T
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HEBO02
- 8000 - Graphite ]
S A
S 6000 —*MMWW«WWMM Wiy
=
n
@ 4000 | ]
[
o
£
2000 - Glass slide 7
0 \MMWMMM-WMMMW

1000 1200 1400 1600 1800
Raman shift cm-)

FIG. 8. Selected Raman spectra (background subtracted) of the HEBs in powder
form for (a) HEBO1 and (b) HEB02, both samples synthesized at 2000 °C.

HfO, due to its relative thermodynamic stability at the processing
temperatures used. In any case, any residual oxides presented in our
HEB samples plasma processed at 2000 °C could not be detected, at
least by XRD or Raman spectroscopy. Since nanoindentation mea-
surements on both HEBO1 and HEBO2 pellet surfaces reveal a wide
distribution of hardness (as low as 15 GPa to as high as 45 GPa)
depending on test location, these results suggest compositional inho-
mogeneity, at least at the scale of nanoindentation and micro-Raman
probe volumes.

IV. CONCLUSION

A single 45-min annealing step using microwave-induced
plasma to create HEBs validates the higher entropy-forming abil-
ity for HEBO02: (Hf, Zr, Nb, Ta, Mo)B, compared to HEBO1: (Hf, Zr,
Ti, Ta, Mo)B; based on x-ray diffraction of these materials annealed
at either 1500 or 2000 °C. While both HEB configurations annealed
at 2000 °C reveal a predominantly single-phase hexagonal crystal
structure, conversion to the high-entropy phase was more complete
for HEBO2 at 1500 °C. These XRD results are consistent with cal-
culations of EFA for the two configurations giving a higher EFA
for HEBO02: 294 (eV/atom) ™! than that of HEBO1: 207 (eV/atom) .
Nevertheless, hardness measurements (both Vickers and nanoin-
dentation), as well as TGA oxidation resistance measurements, show
better performance on average for HEBO1. Both HEB configura-
tions evaluated in this study yield hardness values as much as 50%
higher than that reported in other studies for the same chemical con-
figuration and testing load. However, the large spread in hardness
values in this study (depending on indent location) as well as the
minor presence of graphite found at some locations within HEB02
indicate phase inhomogeneity at the micrometer scale. Oxidation
resistance for the plasma annealed HEBs (measured as weight gain)
is improved by as much as a factor of ten when compared to con-
ventional commercial diborides and shows a plateau above 650 °C.
Overall, these results point to the exceptional potential for the
microwave-induced plasma annealing method. Future studies are
needed to identify grain boundary composition/structure as well as
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to improve the homogeneity of the high-entropy phase (and material
properties) throughout the bulk of the sample.
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