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ABSTRACT

A unique approach was used to synthesize the high entropy alloy MoNbTaVW via reduction of metal-oxide precursors in a microwave
plasma. The metal-oxides underwent ball milling and consolidation before plasma annealing at 1800 °C for 1 h with hydrogen as feedgas. X-
ray diffraction, scanning electron microscopy/energy dispersive x-ray analysis, and Vickers hardness testing reveal characteristics of the high-
entropy alloy. This includes a predominantly single-phase body-centered cubic structure, homogeneous distribution of all five metals, and
6.8 = 0.9 GPa hardness, comparable with other reports for the same five-metal high entropy alloy configuration. Localized microwave plasma
particle sintering is evident from the microstructure. These results highlight the promising potential of microwave plasma as a fast, economi-
cal, and flexible processing tool for high entropy alloys.

© 2024 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/10.1063/5.0192076

High entropy alloys (HEAs) have emerged as a captivating class of
multi-component alloys characterized by their equimolar or near-
equimolar composition and solid solution crystal structure. Specifically,
refractory HEAs exhibit exceptional thermal stability, electrical conduc-
tion, and promising mechanical properties under extreme conditions.”
The thermal stability, high melting point, remarkable mechanical
strength, high toughness, oxidation resistance, and corrosion resistance
make them a subject of active research and exploration. These properties
are heavily dependent on the specific composition™ and method of syn-
thesis. The potential applications of HEAs include aerospace compo-
nents, industrial machines (such as furnaces and cutting tools), and
power generation systems, including components in gas turbines.™

Melting (e.g., vacuum arc melting or smelting) is the most widely
used method for preparing refractory HEAs.”* However, microstruc-
tural uniformity is a challenge due to component segregation, often
requiring multiple melting steps. Powder metallurgy approaches using
raw metal powders, followed by ball milling, and then spark plasma sin-
tering can help mitigate these issues.”'” However, one must be very care-
ful about powder contamination, which may negatively affect the
mechanical properties of the alloys. These traditional synthesis methods
present challenges ranging from cost and processing complexity to con-
tamination, scalability issues, and inhomogeneity in the materials."" "

To address the drawbacks associated with conventional HEA syn-
thesis, this study explores a unique approach using a microwave
(MW)-induced hydrogen plasma to reduce metal oxide precursors. A
low-temperature molecular plasma is effective at driving electron-
induced ionization and dissociation reactions to creative reactive radi-
cals, expected to enhance kinetics and facilitate reduction of metal
oxides in this process.” " Unlike traditional reduction processes
based on convective/radiant heating, microwave plasma excels in
achieving high temperatures quickly and uniformly. This minimizes
processing times and energy consumption, ® due in large part to the
efficient absorption of microwaves by the strongly dielectric metal
oxide precursors and leads to volumetric heating. In addition, micro-
wave sintering enhances densification of the material at lower process
temperatures when compared to conventional sintering,'”’ This can
translate into shorter process times and less energy, with an improve-
ment of the microstructure and mechanical properties.”’ >

For high-temperature reaction experiments involving thermally
activated chemical diffusion, the so-called “microwave effect” has been
purported to enhance the process kinetics either by reducing the tem-
perature or the time necessary to complete the reaction.”* Possible
mechanisms for enhanced kinetics and sinterability associated with the
microwave effect have been attributed to the ponderomotive force
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interaction,”” to an electric field interaction with pores,l(’ and to an ani-
sothermal condition in multi-phasic systems.”” Since bulk melting is
not involved in the plasma annealing process, it also offers possibility
of processing near-net-shape materials. The combination of micro-
wave heating and sintering with the potential for enhanced reduction
kinetics offered by the plasma may help overcome conventional limita-
tions in producing HEAs and is promising for streamlining
manufacturing processes.

Metal oxides of elements V, Nb, Ta, Mo, and W were chosen as
precursors for the synthesis of the high entropy alloy MoNbTaVW.
These precursor materials were sourced from Alfa Aesar: vanadium
oxide (V,0s, 325 mesh, 99.2%), tantalum pentoxide (Ta,Os, <60 mesh,
99%), niobium oxide (Nb,Os, 99+%, 325 Mesh), molybdenum oxide
(MoO3, <325 mesh, 99.95%), and tungsten (WOs, 325 mesh, 99%).

The appropriate amounts of the precursor powders were chosen
via stoichiometry to produce a near equiatomic concentration corre-
sponding to MoNbTaVW, as shown below:

1 1 1
MOO3(S) + E Nb205(s) + ETazo5(S) + EVzos(S)
27 27

The synthesis process started with the ball milling of the precursor
metal oxides in a Spex 8000M high energy ball mill, utilizing a tung-
sten carbide (WC) vial. The milling procedure was divided into two
segments, comprising 2 h of dry milling with WC balls followed by an
additional 4 h of wet milling using zirconia (ZrO,) balls. Post-milling,
the precursor powders were passed through a 400-mesh sieve and then
consolidated into a cohesive form using a 5 mm die via a uniaxial pres-
sure of 500 MPa.

The consolidated pellet was placed on a molybdenum screw
holder in a microwave plasma chamber (Wavemat, Inc., Plymouth,
MI, USA; foe more details, see Ref. 28) and pumped to a base pres-
sure of 150 mTorr prior to MW plasma annealing. Pure hydrogen
feedgas (700 sccm H,) was then added to the chamber and the
plasma ignited by a 2.45 GHz magnetron. MW power and chamber
pressure were increased to 0.60 kW and 40 Torr, respectively, result-
ing in the pellet temperature (measured by optical pyrometry) rap-
idly increasing at a rate of 80 °C per minute. The pellet temperature
was held at 1000°C for 30 min, followed by a further increase to
1800 °C for 1 h, made possible by increasing pressure and power to
140 Torr and 1.2 kW, respectively. At the end of this period, the MW
power and flow of H, was turned off, allowing the sample to cool
under vacuum.

Crystalline structure of the pre- and post-annealed pellets (after
grinding into a powder) was analyzed using a Panalytical Empyrean x-
ray diffractometer from the United Kingdom. A Cu-Ko anode
(A=1.54186 A) was used with power resulting from 45 kV and 40 mA
settings. Each step of the diffraction pattern was recorded over a step
duration of 16.32 s and increment of 0.0131° per step.

Microstructural details and elemental distribution were investi-
gated utilizing an FEI Quanta FEG 650 SEM (Oregon, USA), with
energy dispersive x-ray microanalysis (EDX). Image acquisition was
performed at an accelerating voltage of 15kV in order to discern
microscale features of the MoNbTaVW HEA. Prior to EDX and hard-
ness measurements, samples were polished using SiC papers followed
by diamond-charged cloths down to 1 um.

pubs.aip.org/aip/apl

The hardness characteristics of the MoNbTaVW high entropy
alloy were assessed using a Phase II4 900-390A Vickers Hardness tes-
ter sourced from TEquipment (Long Branch, NJ, USA). To prepare
the samples for hardness measurement, the annealed pellets were
embedded in epoxy and ground using silicon carbide, progressing
from 400 to 1500 grits. Subsequently, a polishing regimen with a dia-
mond solution, ranging from 9 to 1 um, was implemented using gold-
label cloths (Allied High Tech, CA, USA). Three indents were collected
for each load in the range from 10 to 500 gf (grams-force); each indent
with a dwell time of 15s.

The pellet, before and after plasma annealing, is shown in Fig. 1.
The pellet color changes from yellow to gray and its diameter and
height change from 5.00 and 1.45mm to 2.74 and 1.18 mm, respec-
tively, indicating transformation and loss of mass. In fact, the pellet
mass reduced by 24.3% after the plasma annealing, as expected due to
the reduction process and loss of oxygen. The post-annealed pellet
density was measured by the Archimedes method to be 12.56 g/cm’,
while the density calculated using the XRD-calculated lattice parameter
was 12.42 g/cm’,

The microwave source effectively dissociates H, molecules into
excited atomic hydrogen (observed from a strong Balmer line at
656.6 nm using optical emission spectroscopy). Hydrogen plasma effi-
ciently reduces metal oxide bonds;”” electrons are transferred to metal
ions in the metal oxide, causing them to gain electrons and be reduced
to their metallic state. Hydrogen plasma serves as a reducing agent in
this process by providing a source of highly reactive hydrogen atoms
and ions. The reactivity of atomic hydrogen, stemming from its radical
nature and unfilled electronic orbital, facilitates the formation of new
chemical bonds. These attribute renders atomic hydrogen an appealing
choice as a reducing agent. It produces exhaustible water as a by-
product akin to molecular hydrogen, while potentially offering broader
applicability in reducing various metal oxides and demonstrating
enhanced reaction rates.”’

The XRD pattern of the pre- and post-plasma annealed material
(in powder form) is shown in Fig. 2(a). The pre-annealed data (labeled
as “Precursor”) were obtained just after ball milling, but before consoli-
dation into a pellet. The transformation from a multi-phase structure
consisting of the five metal oxides to a predominantly single-phase
body-centered cubic (BCC) structure after plasma annealing is evident
and characteristic of the high entropy alloy. Weak shoulder peaks are

FIG. 1. Photographs of pellet on the Mo screw holder (a) before plasma annealing
and (b) after plasma annealing.
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found on the low-20 side of each primary HEA peak suggesting a
minority secondary BCC phase; see Fig. 2 inset for the region near the
(110) diffraction peak. Rietveld refinement was performed after fitting
all peaks in the post-plasma annealed sample. We observe no clear evi-
dence (at least from a microstructural standpoint) of phase precipita-
tion from the parent BCC phase. Although XRD shows very minor
indication of what appears to be a second BCC phase, the microscopy
data suggest this to be very close in composition to the primary phase,
being perhaps a low- or medium-entropy variant (and unable to form
contrast differences under microscopy). Rietveld analysis yields a fit to
a ternary NbVW BCC phase (calculated lattice parameter of
3.2004 A), but since metallographic analysis does not clearly bear this
out, the shoulder peaks in XRD data indicate another very closely com-
positionally matched disordered phase.

Table I shows fitted lattice parameters for the primary BCC struc-
ture, along with values from other reports for the same five-element
HEA configuration. The lattice parameter from this study is within
0.3% of the other reported values. The XRD data support the claim for
effective reduction of the five metal oxides to yield a solid solution
HEA from the plasma annealing process.

Scanning electron microscopy with energy-dispersive x-ray anal-
ysis (SEM/EDX) was used to demonstrate homogeneity of each of the
five elements in the HEA sample. SEM on the pre-plasma annealed
surface (ie., the precursor powder after ball milling) is shown in
Fig. 3(a), revealing a wide distribution of particle size from nanometer
to micrometer. Figures 3(b) and 3(c) show SEM images of the post-
plasma annealed pellet surface before and after polishing, respectively.
The surface before polishing shows indication of particle sintering

TABLE 1. Reported lattice parameters compared to this work.

Method Lattice parameter (A) Citation

MW-plasma 3.1856 (2)° This work

Arc melting ref # 3 3.195 ’

Arc melting ref # 11 3.185 (solidified) H
3.187 (annealed)

Calculated 3.195 2

*With an uncertainty of +0.0002.

(evident as necking) with remaining porosity and micrometer-size
spheroidal/oblong nodules. The sample was polished and etched with
HFE:HNO3:H,O (1:1:8). The surface is relatively dense but still shows
minor pitting inherent to the plasma process. As shown in Figs. 3(c)
and 3(d), no secondary phase was observed, although minor porosity
and scratches remain. The backscattered electrons (BSE) image in
Fig. 3(d) also reveals the porosity and surface scratches but no clear
indication of a second phase. The EDX elemental maps in Fig. 3(e)
demonstrate uniform distribution and near equiatomic concentration
for each of the five elements: V, Nb, Ta, Mo, and W. The results are
consistent with the XRD data, as no residual metal oxides from the
precursor were identified. Additionally, no contamination of oxygen
and carbon was detected from SEM/EDX analysis. The uniform solid
solution represents a characteristic feature of high entropy materials.
The BSE and EDX images, together with the XRD data, indicate near
equiatomic distribution of the five metals within the alloy microstruc-
ture. Such uniformity is important for HEA applications needed to
achieve optimal mechanical and functional properties.

Typically, HEAs are synthesized using arc melting. However, that
approach is known to cause micro-segregation and possible dendritic
structures.”””” This study shows that MW-plasma mitigates micro-
segregation, as no bulk melting/re-solidification step is involved. This
allows for microstructural homogeneity, as evidenced by SEM/EDX
images in Fig. 3. Although XRD shows very minor indication of a
second BCC phase, and the microscopy data suggest this phase is very
close in composition to the primary phase, being perhaps a low- or
medium-entropy variant. The MW plasma approach is, therefore, a
viable alternative for synthesizing high entropy alloys with improved
homogeneity.

Vickers hardness for the MoNbTaVW HEA polished pellet was
measured at loads ranging from 10 to 500 gf, as shown in Fig. 4. An
indentation size effect (ISE) is observed for this load range, with the
hardness decreasing to 6.8 = 0.9 GPa at the maximum load tested.
Refractory high entropy alloys have been reported to have Vickers
hardness ranging from 1.96 to 5.88 GPa.”*”” For the same five-element
HEA configuration used in this study, a hardness of 5.25 GPa (500 gf
load, 30s dwell time) was reported’ for an HEA synthesized by the
arc melting method. Computationally determined hardness values of
6.718 and 5.214 GPa have been reported for this alloy using the virtual
crystal approximate method (VCA) and special quasi-random
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FIG. 3. SEM images of (a) pre-annealed pellet and (b) post-annealed pellet prior to polishing. Polished and etched portions of the HEA are presented as (c) secondary electron
image and (d) backscattered electron image. (¢) SEM and corresponding EDX elemental maps for each of the five elements in the HEA.

supercell method (SQS).”® These computational results are comparable
with the microwave plasma-annealed hardness measurement
(6.8 GPa) obtained in this work.

The indentation size effect (ISE) is a phenomenon in which the
mechanical properties of a material, such as hardness or elastic modu-
lus, vary with the size or depth of the indentation created by an
indenter. Understanding the underlying mechanisms is crucial for
interpreting indentation data accurately and characterizing the
mechanical behavior of materials at small scales.”” At smaller

7
11.5 ~ ”
6 y = 1.8282x- 0.3675
5 =
10.5 -
g1l g .
iR N M
) 95 J_‘I ‘Z o
") \\ = 2 1
I 8.5 Ss 1
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FIG. 4. Measured Vickers hardness for loads 10, 25, 50, 200, and 500 g revealing
an indentation size effect (ISE). The ISE is confirmed by Meyers law as a linear plot
of InF vs Ind, where “F” is load and “d” is indent diagonal. The Meyers index was
determined to be 1.83.

indentation depths, the volume of material affected by the indentation
decreases, leading to an accumulation of geometrically necessary dislo-
cations (GNDs) that hinder further plastic deformation and contribute
to increased hardness. These smaller indentations interact more with
grain boundaries in polycrystalline materials, resulting in enhanced
resistance to deformation and results in a stronger ISE." "
Additionally, pileup and sink-in phenomena at different indentation
depths influence the apparent hardness of the material."'

The ISE (manifested as a decrease in measured hardness with
increasing load) can be described by Meyer's law,”” " as shown in
the inset of Fig. 4. This is expressed as InF = InA + nind, where F is
the load (gf), A is a hardness constant, and d is the mean value of the
indentation diagonal (uum). A linear regression analysis was conducted
on In F vs Ind to obtain the slope that represents Meyer’s index n. The
index of 1.83 = 0.01 determined from the linear regression is smaller
than 2, further confirming the normal ISE behavior of the HEA. If n
were less than 2, the material would have exhibited reverse-ISE,
whereas if n were equal to 2, the hardness would follow conventional
plasticity behavior.

Microwave plasma processing to produce MoNbTaVW HEA via
metal oxide reduction represents a unique approach for synthesizing
this class of materials. The oxide reduction to a predominantly single-
phase BCC metallic structure with homogeneous distribution of each
of the five metals is demonstrated by XRD and SEM/EDX. Localized
microwave plasma particle sintering is evident from the microstructure
and the measured Vickers hardness of 6.8 = 0.9 GPa is comparable to
that for same-element HEA configurations reported elsewhere. MW-
plasma annealing demonstrates rapid heating rates, plasma-enhanced
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reduction, and microwave sintering. It represents a promising alterna-
tive to conventional techniques for creating high entropy alloys that
typically rely on melting/solidification routes.
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