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Abstract: A new class of high-entropy M3B4 borides of the Ta3B4-prototyped orthorhombic structure 
has been synthesized in the bulk form for the first time. Specimens with compositions of 
(V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and (V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4 were fabricated via reactive spark 
plasma sintering of high-energy-ball-milled elemental boron and metal precursors. The sintered 
specimens were ~98.7% in relative densities with virtually no oxide contamination, albeit the 
presence of minor (4–5 vol%) secondary high-entropy M5B6 phases. Despite that Mo3B4 or W3B4 are 
not stable phase, 20% of Mo3B4 and W3B4 can be stabilized into the high-entropy M3B4 borides. 
Vickers hardness was measured to be 18.6 and 19.8 GPa at a standard load of 9.8 N. This work has 
further expanded the family of different structures of high-entropy ceramics reported to date.   

Keywords: high-entropy ceramics; high-entropy borides; reactive sintering; spark plasma sintering; 
Ta3B4-prototyped orthorhombic structure 

 

1  Introduction 

In 2004, Yeh et al. [1] and Cantor et al. [2] independently 
reported the fabrication of high-entropy alloys (HEAs), 
which has stimulated significant research interests. 
HEAs, which are more broadly defined as “complex- 
concentrated or compositionally-complex alloys (CCAs)”, 
have shown excellent, often unexpected, mechanical 
and physical properties [3]. In last five years, high- 
entropy ceramics (HECs), including high-entropy oxides 
[4–7], borides [8–10], carbides [11–13], silicides [14, 
15], and fluorides [16], have been synthesized in the 
bulk form as the ceramic counterparts to HEAs. Recently, 
it was proposed to generalize HECs to “compositionally- 
complex ceramics (CCCs)”, where medium-entropy 
and/or non-equimolar compositions can outperform 
                                                        
* Corresponding author. 
E-mail: jluo@alum.mit.edu 

their high-entropy counterparts [17,18]. 
In 2016, Gild et al. [8] first reported the synthesis of 

single-phase high-entropy diborides in AlB2-prototyped 
hexagonal structure, which represents the first high- 
entropy boride (HEB) fabricated. Follow-up studies 
synthesized the high-entropy diborides from boro/ 
carbothermal reduction of metal oxides [19–21] or 
elemental precursors [22–24]. Only a limited number 
of studies explored the HEBs with other metal-to- 
boron stoichiometric ratios in monoboride (MB) or 
hexaboride (MB6) structures [9,10,25]. Specifically, 
Qin et al. [9] fabricated a class of high-entropy 
monoborides, including (V0.2Cr0.2Nb0.2Ta0.2W0.2)B, 
(V0.2Cr0.2Nb0.2Mo0.2Ta0.2)B, and (V0.2Cr0.2Nb0.2Mo0.2W0.2)B, 
via a synthesis route of reactive spark plasma sintering 
(SPS) of elemental boron and metals. This flexible 
direct boron-metal reactive SPS method enables us to 
further explore HEBs of other metal-to-boron 
stoichiometric ratios. 
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Ta3B4-prototyped M3B4 (M represents a transition 
metal) orthorhombic structure (space group: Immm, No. 
71) is composed by stackings of metal cation bilayers 
and boron chain bilayers with metal cation monolayers 
in between. Figure 1 schematically illustrates a 
high-entropy M3B4 structure. Ti, V, Cr, Mn, Nb, and Ta 
are known to possess this M3B4 structure [26], and the 
M3B4 phases can be made from elemental precursors [27]. 
These binary M3B4 materials are known to possess both 
high melting point [27] and high hardness [26], and 
they are predicted to have good thermodynamic 
stability and elastic property [28]. To further explore 
the high-entropy materials of this structure, here, we 
applied the direct boron-metal in-situ reactive SPS 
method to synthesize (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and 
(V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4 as high-entropy M3B4 
borides for the first time, thereby expanding the family 
of HEBs specifically, and HECs in general.   

2  Experimental 

High-entropy M3B4 specimens were synthesized via 
in-situ reactive SPS based on the following nominal 
reactions: 0.6V + 0.6Cr + 0.6Nb + 0.6Mo + 0.6Ta + 4B → 
(V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4, and 0.6V + 0.6Cr + 0.6Nb + 
0.6Ta + 0.6W + 4B → (V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4. 
Commercial elemental powders of V, Cr, Nb, Mo, Ta, 
and W (> 99.5% purity, ~325 mesh, purchased from Alfa 
Aesar, MA, USA) and boron (amorphous, 99% purity, 
1–2 μm, purchased from US Research Nanomaterials,  

 

 
 

Fig. 1  Schematic illustration of the atomic structure of 
the Ta3B4-prototyped orthorhombic high-entropy M3B4 
boride (space group: Immm, No. 71). This high-entropy 
structure is composed by stackings of high-entropy metal 
cations bilayer and boron chain bilayer (which is interposed 
by a high-entropy metal cations monolayer).  

TX, USA) were utilized as precursors for making 
specimens listed in Table 1. For each composition, 
appropriate amounts of metals and boron powders 
were weighted out in batches of 5 g; 4 at% of excess 
boron was added (i.e., to keep a metal-to-boron atomic 
ratio of 3:4.16) to offset the boron loss due to reaction 
with native oxide and subsequent evaporation. The 
powders were first mixed by a vortex mixer, and 
successively high energy ball milled (HEBM) in a 
Spex 8000D mill (SpexCertPrep, NJ, USA) in tungsten 
carbide lined stainless steel jars and 11.2 mm tungsten 
carbide milling media (with a ball-to-powder ratio ≈ 
4.5:1) for 50 min with 1 wt% (0.05 g) of stearic acid as 
a lubricant. After HEBM, as-milled powder mixtures 
were loaded into 10 mm graphite dies lined with 
graphite foils in batches of 2.5 g, and subsequently 
consolidated into dense pellets via SPS in vacuum 
(10–2 Torr) using a Thermal Technologies 3000 series 
SPS (CA, USA). The HEBM, as well as the loading 
and handling of as-milled powder mixtures, were 
conducted in an argon atmosphere (with < 10 ppm O2) 
to minimize oxidation. During SPS, specimens were 
first held isothermally at 1400 ℃, and consecutively at 
1600 ℃, based on the procedure reported in a prior 
publication [24]; subsequently, the temperature was 
raised to 1900 ℃ at a heating rate of 30 ℃/min, and 
maintained isothermally for 10 min, when the applied 
pressure was increased from 10 to 50 MPa at a rate of 
5 MPa/min, for final densification. The in-situ reactions 
between metals and boron likely took place during the 
initial temperature ramping. After sintering, the specimens 
were cooled down to room temperature in a natural 
manner inside the SPS machine (with power off). 

The sintered specimens were first ground to remove 
the carbon-contaminated surface layer from the graphite 
tooling, and polished before further characterizations. 
X-ray diffraction (XRD) characterizations were conducted 
on a Rigaku Miniflex diffractometer with Cu Kα 
radiation at 30 kV and 15 mA. Densities were measured 
by the Archimedes method. Theoretical densities were 
calculated from the nominal stoichiometry and lattice 
parameters measured by XRD. Scanning electron 
microscopy (SEM), energy dispersive X-ray spectroscopy 
(EDS), and electron backscatter diffraction (EBSD) 
were conducted using a Thermo-Fisher (formerly FEI) 
Apreo microscope equipped with an Oxford N-MaxN 
EDX detector and an Oxford Symmetry EBSD detector. 
Vickers microhardness tests were carried out on a LECO 
diamond microindentor with a standard loading force 
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Table 1  Summary of the two high-entropy M3B4 borides studied. The theoretical densities are calculated from the 
measured lattice parameters and nominal compositions. Specimen densities are measured via the Archimedes method. 
Averaged grain sizes are obtained from electron backscatter diffraction (EBSD) analyses 

Nominal composition 
Measured lattice 

parameters by  
XRD, a, b, c (Å) 

Theoretical 
density 
(g/cm3)

Measured 
density 
(g/cm3)

Relative 
density

(%) 

Grain size 
(μm) 

Vickers 
hardness at 
9.8 N (GPa)

Porosity 
by SEM 

(%) 

Porosity + 
secondary 
phase by 

EBSD (%)

Secondary 
phase 

fraction 
(vol%) 

(V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 3.183, 13.593, 3.060 8.20 8.09 98.7 12.2 ± 10.1 18.6 ± 1.2 ~1.3 ~5.3 ~4.0 

(V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4 3.185, 13.574, 3.058 9.54 9.42 98.7 12.1 ± 10.3 19.8 ± 0.9 ~1.5 ~6.7 ~5.2 

  
of 9.8 N (1 kgf) with a holding time of 15 s, abiding by 
the ASTM Standard C1327. More than 30 measurements 
were conducted at different locations for each specimen 
to ensure the statistical validity and minimize the 
microstructural and grain boundary effects.  

3  Results and discussion 

Figure 2 shows the ram displacement for a typical 
sintering of high-entropy M3B4 specimen during the 
initial temperature ramping to 1400 ℃, which can be 
further separated into three stages: (I) An initial 
heating stage to ~550 ℃, with no significant ram 
displacement; (II) an in-situ metal-boron reaction stage 
at ~600 ℃, where significant ram displacement is 
observed due to the exothermal self-propagating metal- 
boron reaction; and (III) a post-reaction stage, where 
the linear ram displacement is mainly due to the 
thermal expansion of specimen and graphite tooling. It 
can be clearly evident that the in-situ reaction between 
metal and boron powders (to form high-entropy M3B4)  
 

 
 

Fig. 2  SPS ram displacement for sintering of a typical 
high-entropy M3B4 specimen during the initial temperature 
ramping to 1400 ℃. It is evident that the in-situ reaction 
between metal and boron powders (to form high-entropy 
M3B4) occurs during the temperature ramping at approx. 
550–650 ℃ in the stage II labeled in Fig. 2. 
 

occurs during the temperature ramping at approx. 
550–650 ℃. 

XRD patterns of the as-milled powder mixtures 
(after HEBM, but before SPS) show multiple distinct 
BCC phases for both specimens (Fig. 3). Peak broadening 
observed in the milled powders can be attributed to the 
grain size reduction, lattice distortion, and micro-strains  

 
 

Fig. 3  XRD patterns of (a) (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and (b) (V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4 specimens. For each composition, 
measured patterns of sintered pellets (after SPS) and as-milled powders mixtures (after HEBM), as well as calculated patterns 
for the ideal high-entropy M3B4 borides, are shown. Both sintered specimens show a major Ta3B4-structured orthorhombic phase, 
with a minor amount of M5B6 secondary phases. Note that some diffraction peaks in the Ta3B4-orthorhombic phase are 
overlapped, and the XRD patterns of as-milled powders are not indexed due to extensive peak overlapping of five metal elements. 
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developed during the HEBM. XRD shows that both 
sintered specimens primarily possess a Ta3B4-prototyped 
orthorhombic phase (Fig. 2). Minor amounts of M5B6 
secondary phases, which likely include both the Ta5B6 
[29] and V5B6 [30] based phases (space group: Cmmm, 
or equivalently Ammm, No. 65), were also observed in 
sintered specimens. The calculated XRD patterns based 
on the nominal compositions and measured lattice 
parameters from XRD on sintered specimens (listed in 
Table 1), assuming random cation occupation and grain 
orientation, are also shown in Fig. 3 to validate the 
formation of the high-entropy M3B4 boride phase for 
both specimens. 

SEM micrographs on polished surfaces shown in 
Figs. 4(a) and 4(b) illustrate that both specimens are 
highly dense with porosities of merely 1%–1.5%, 
which is consistent with the measured nominal 
relative densities (ignoring the influence of minor 
secondary phases, since the densities of the M3B4 and 
M5B6 phases are similar) of 98.7% for both specimens 
(Table 1). SEM–EDS elemental maps shown in Figs. 
4(c) and 4(d) suggest that most elements distribute 
homogeneously, albeit some moderate agglomerations 
of Nb, in both sintered specimens. Furthermore, the 
quantitative EDS analyses were conducted to measure 
compositions of the primary phase in the two sintered 
specimens to be (V0.22Cr0.20Nb0.20Mo0.19Ta0.19)3B4 and 

(V0.18Cr0.20Nb0.18Ta0.23W0.21)3B4, respectively. The 
minor differences of 1–3 at% from the nominal 
equimolar compositions are comparable with the EDS 
measurement errors. Hence, the nominal compositions 
are still used in the following discussion. 

The combination of XRD, SEM, and EDS 
demonstrates the formation of high-entropy solid- 
solution phases of (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and 
(V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4 in the Ta3B4-prototyped 
orthorhombic structure. They represent HECs made in 
yet another new crystal structure and the fourth class of 
HEBs reported hitherto after high-entropy diborides, 
hexaborides, and monoborides [8–10,25].  

Among all six metal elements, V, Cr, Nb, and Ta 
have been reported to possess the M3B4 orthorhombic 
phase [31–34]. However, Mo3B4 and W3B4 have not 
been reported before, and they are not the 
thermodynamically stable phases based on the Mo–B 
and W–B phase diagrams [35]. Yet, this study showed 
that 20% of Mo3B4 and W3B4 can be dissolved and 
stabilized into the high-entropy M3B4 boride phases.  

The lattice parameters of V3B4, Cr3B4, Nb3B4, and 
Ta3B4 reported in the literature are listed in Table 2, 
based on which the lattice parameters of four-cation 
(V0.25Cr0.25Nb0.25Ta0.25)3B4 can be estimated via the 
rule-of-mixture (RoM). It can be recognized that 
both sintered high-entropy M3B4 specimens demonstrate  

 

 
 

Fig. 4  SEM micrographs of sintered (a) (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and (b) (V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4 specimens at low and 
high magnifications, as well as (c, d) the corresponding EDS elemental maps. Most elements distribute uniformly in both 
specimens, albeit some moderate Nb agglomerations (indicated by the circle in a Nb map, which is not easily distinguishable). 
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Table 2  Summary of the lattice parameters of four 
reported Ta3B4-prototyped orthorhombic materials 
with references. The lattice parameters of four-cation 
(V0.25Cr0.25Nb0.25Ta0.25)3B4 are calculated based on the 
rule of mixture 

Material Lattice parameters a, b, c (Å) Ref.

V3B4 3.058, 13.220, 2.981 [31]

Cr3B4 3.000, 13.012, 2.952 [32]

Nb3B4 3.303, 14.076, 3.143 [33]

Ta3B4 3.291, 13.994, 3.133 [34]

(V0.25Cr0.25Nb0.25Ta0.25)3B4 3.163, 13.576, 3.052 — 

 
very small discrepancies (< 1%) in lattice parameters 
with (V0.25Cr0.25Nb0.25Ta0.25)3B4; a larger lattice 
parameter b for (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 over 
(V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4 is due to the different 
addition of Mo and W. 

The formation of minor secondary M5B6 phases 
may be attributed to insufficient boron (or slight boron 
loss during the processing). In a HEBM–SPS synthesis 
route, the addition of extra boron beyond the 
stoichiometric amount is necessary to remove native 
oxides and offset any boron loss [22]. However, this 
practice of adding extra boron, as well as the existence 
of native oxides in commercial precursors, leads to 
difficulties in controlling the exact stoichiometry [26]. 
For the M3B4 phases, even 1 at% deficient boron in the 
final specimen can induce as much as ~10 mol% of the 
M5B6 secondary phase. After extensive optimization, 
a metal-to-boron atomic ratio ≈ 3:4.16 was adopted 
to fabricate high-entropy M3B4 specimens with no 
detectable oxide phase and high relative density 
(~98.7%).  

XRD shows that the amount of the secondary phases 
should be minor (Fig. 3). To estimate the actual  

 

secondary phase fractions in the sintered specimens, 
SEM micrographs and EBSD maps on multiple areas 
at different locations have been analyzed and combined. 
First, digital image processing of a large number of 
SEM micrographs was used to accurately measure the 
porosities to be ~1.3% for (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 
and ~1.5% for (V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4, respectively. 
Second, the (black) un-indexed areas (corresponding to 
pores plus secondary phases) in the EBSD maps have been 
measured to be ~5.3% for (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 
and ~6.7% for (V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4, correspondingly. 
Thus, the volume fractions of the secondary phases in 
the sintered specimens are determined to be ~4.0 vol% 
for (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and ~5.2 vol% for 
(V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4, respectively. The data are 
summarized in Table 1. 

EBSD analyses were also applied to measure the 
grain size, determine the crystal orientation, and 
examine the texture. Carried out on a well-polished 
specimen surface perpendicular to the direction of 
compressing pressure and current during SPS, EBSD 
normal direction inverse pole figure orientation maps 
are shown in Fig. 5. The measured grain size distributions 
are shown in the insets in Fig. 5, suggesting similar 
grain size distributions. The means ± one standard 
deviations were measured to be 12.2 ± 10.1 μm for 
(V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and 12.1 ± 10.3 μm for 
(V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4, respectively. It is worth 
noting that both specimens contain some clustered 
regions of small-size grains, a microstructure feature 
commonly observed in reactive-SPS-synthesized 
borides [24,36,37]. While the XRD patterns (Fig. 3) 
suggest the existence of some texture, especially in 
(V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4, where (150) peak was 
found to be significantly higher in relative intensity  

 
 

Fig. 5  EBSD normal direction inverse pole figure orientation maps on the plane perpendicular to the pressing and current 
direction in SPS for (a) (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and (b) (V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4. The black domains in the maps are 
from either pores or secondary phases that cannot be indexed to the high-entropy M3B4 phase. The insets show grain size 
distributions. 
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than that in the calculated XRD pattern, EBSD maps 
did not reveal significant texture. 

Vickers microhardness values were measured at the 
standard 9.8 N indentation load to be 18.6 ± 1.2 GPa 
for (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and 19.8 ± 0.9 GPa for 
(V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4, respectively. These high- 
entropy M3B4 borides are lower in hardness than their 
high-entropy monoboride counterparts (24.3 and 
25.5 GPa, respectively, at 9.8 N for the same cation 
combinations) fabricated via the similar route [9]. 
Considering that Cr3B4 (14.71 GPa at 0.98 N), Nb3B4 
(22.46 GPa at 0.29 N), and Ta3B4 (32.85 GPa at 0.49 N) 
are all reported to have hardness values comparable to, 
or even slightly higher than, their monoboride 
counterparts (CrB: 12.75 GPa at 0.98 N, NbB: 21.53 
GPa at 0.49 N, and TaB: 30.69 GPa at 0.49 N), the 
relatively low hardness values in the high-entropy 
M3B4 borides, in comparison with high-entropy 
monoborides, are somewhat unexpected. Note that 
these hardness data of binary M3B4 and MB materials 
were found in an earlier handbook [38], which were 
adopted in a recent review [26]. Nonetheless, the 
hardness values of high-entropy M3B4 borides are still 
comparable to those of some high-entropy diborides 
[20,39,40].  

4  Conclusions 

In summary, this study demonstrates the first 
successful synthesis of Ta3B4-prototyped orthorhombic 

high-entropy M3B4 borides via in-situ reactive SPS 
from elemental boron and metals precursors. The 
two specimens of (V0.2Cr0.2Nb0.2Mo0.2Ta0.2)3B4 and 
(V0.2Cr0.2Nb0.2Ta0.2W0.2)3B4 with 4%–5% secondary 
phases (both of ~12 μm averaged grain sizes) have 
been synthesized in the bulk form with high relative 
densities (~98.7%) and virtually no detectable oxide 
impurities. Their Vickers microhardness values at 
9.8 N indentation load were measured to be 18.6 and 
19.9 GPa, respectively, which are lower than high- 
entropy monoborides but comparable to high-entropy 
diborides. 
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