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In this work, we report a rapid synthesis method for polycrystalline transition-metal tetraborides using reactive
spark plasma sintering (R-SPS). This method was demonstrated on the synthesis of manganese tetraboride
(MnBy) in a short time, 30 min. Starting powders with variable B/Mn molar ratios (4.1, 4.5, 5.0, and 8.0) were
subjected to 12 h of high-energy ball milling (HEBM), followed by synthesis and consolidation in a single step

using R-SPS in a dynamic vacuum atmosphere. Phase purity was confirmed by powder X-ray diffraction (PXRD);
MnB4 was obtained for B/Mn molar ratio of 4.5 and higher in the temperature range of 850 — 1080 °C, while the
lower B/Mn molar ratio (4.1) resulted in a mixed-phase (Mn3B4 + MnBy4) sample. The crystal structure and lattice
parameters estimated from PXRD agree well to those reported for single-crystal MnB4. Thermogravimetric dif-
ferential thermal analysis (TG/DTA) revealed that MnBy is stable in air up to 400 °C.

1. Introduction

Due to its electron deficiency, atomic size, electronegativity, and
ionization energy boron exhibits interesting chemistry, and boron
compounds adopt covalent bonding motif ranging from 1D chains to 2D
sheets to 3D networks [1-4]. Boron-based compounds exhibit a variety
of useful properties, such as superconductivity [5], high bulk modulus,
high hardness, high melting points, good thermal stability, excellent
electrical and thermal transport properties, and thermoelectricity
[6-14]. Despite their huge potential and extensive fundamental
research, applications of boride-based compounds are still limited.

Metal borides have gained an increasing interest since the discovery
of superhardness and superconductivity in some phases, i.e., ReBy [6]
and MgB, [5]. Transition metal borides, in particular, are attractive
because of their relative ease of synthesis in comparison to traditional
covalently bonded materials such diamond and cubic boron nitride
(c-BN) which can only be obtained under high-pressure high--
temperature (HPHT) conditions [15]. Cost, complexity, and sample size
limitations are the main disadvantages of the HPHT method. Transition
metal tetraborides have been synthesized using both HPHT and arc
melting method, i.e., WB4 [7,16,17], FeB4 [18], CrB4 [19]. However, a
complete melt and re-melt (3- 5 times) of the reactants are required in
the case of arc melting method to achieve a homogenous sample.

* Corresponding authors.

Therefore, arc melting is not a viable synthesis method for phases that
undergo phase decomposition before melting, i.e., MnB,.

Spark plasma sintering (SPS) is a rapid sintering method that uses the
combination of relatively low uniaxial pressure and pulsed electric
current (DC) to heat and sinter the powder inside a die. SPS offers some
advantages such as shorter sintering time, high heating rates, grain
growth suppression, lower sintering temperatures, and energy reduction
[20]. Chemical reactions can also be performed inside the SPS die to
synthesize and densify materials in a single step in the so-called reactive
spark plasma sintering (R-SPS). Additionally, accurate temperature
control makes R-SPS attractive for the synthesis of metastable com-
pounds. R-SPS synthesis technique has been focused on transition metal
diborides [21-30] and high-entropy diborides [31,32]. However, R-SPS
synthesis of transition-metal tetraborides has not been reported in the
literature.

MnBy crystallizes in a unique three-dimensional boron atom frame-
work reminiscent of that of carbon atoms in diamond structure (Fig. 1).
At room temperature, MnB, crystallizes in a monoclinic crystal structure
which can be described as a distorted variant of the body-centered
tetragonal carbon structure (bct-C4) in which each boron atom is sur-
rounded by four other boron atoms [33]. Early X-ray diffraction data
obtained in the late 1960s by Andersson and Carlsson [34] indexed
MnBy to space group C2/m, but later studies have shown that it belongs
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Fig. 1. Crystal structure of room-temperature monoclinic MnBy (a, b) and high-temperature orthorhombic MnBy (c, d). Mn atoms are shown in purple, B atoms

in green.
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Fig. 2. PXRD patterns of the as-received Mn, as-received amorphous B, and as-
HEBMed powder mixture. The HEBM was carried out for 12 h. During the
HEBM, B partially reacted with Mn to form Mn,B.

to space group P2;/c, at room temperature [33,35,36].
High-temperature X-ray diffraction revealed that the room-temperature
monoclinic MnB4 undergoes a reversible phase transformation to an
orthorhombic phase at around 377 °C [33]. Due to the unusual crystal
structure, theoretical studies predicted that MnBy4 could be a superhard
material [37,38], but experimental investigations on polycrystalline
MnBy synthesized using HPHT method [35,36,39] have yielded the
highest hardness of 37.4 GPa in the asymptotic region. Asymptotic
hardness is defined as a hardness obtained at high loads which corre-
sponds to the asymptotic leveling of the hardness-load curve [40].
Although MnBy is not superhard, it is still one of the hardest transition
metal borides. The high hardness, low density (4.45 g/cm®), manganese
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Fig. 3. SPS temperature, Z-axis displacement, and chamber pressure profiles
during R-SPS of MnB,4 with molar ratio of 4.5 under dynamic vacuum condition.
Heating rate of 100 °C/min and 80 MPa of uniaxial pressure were applied.
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Fig. 4. PXRD patterns of MnB, synthesized via R-SPS with different B/Mn
molar ratios: 4.1, 4.5, 5.0 and 8.0. The samples were subjected to R-SPS at
either 850 °C or 1080 °C for 15 min with a heating rate of 100 °C/ min under 80
MPa of uniaxial pressure in a dynamic vacuum atmosphere. MnB,4 was obtained
at a B/Mn molar ratio of 4.5 and above, in the temperature range of 850 °C
—1080 °C.

abundance and relatively low-cost renders MnB4 an interesting hard
compound.

MnBy has only been synthesized using either HPHT method or a
lengthy process using solid-state reaction in a silica ampoule with iodine
as a mineralizer (14 days) [33]. Based on the Mn-B binary phase dia-
gram, MnB4 decomposes into MnB, + B at around 1375 °C under at-
mospheric pressure [41], therefore accurate temperature control during
the synthesis process is necessary to obtain MnBy. In this study, we show
that R-SPS is a viable cost-effective rapid synthesis method for poly-
crystalline MnB4 with low amount of excess boron. Furthermore, this is
the first report on the synthesis of a transition metal tetraboride using
R-SPS, to the best of our knowledge.

2. Materials and methods

The starting materials used herein were amorphous boron (0.8 um,
99 %, SB Boron Corp., USA) and crystalline manganese (75 pm, 99.95 %,
Wako Co., Ltd., Japan) powders. The as-received starting materials were
weighed and loaded into a jar under argon atmosphere in a glove box to
avoid additional oxidation. Various B/Mn molar ratios with variable
amounts of excess boron (B/Mn = 4.1, 4.5, 5.0 and 8.0) powder mixtures
were subjected to high-energy ball milling (HEBM; 8000 M mixer/mill,
SPEX SamplePrep, USA) to enhance the reactivity and densification by
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reducing the powder crystallite size. The HEBM process was carried out
for 15 h with 1 h of running interval and 15 min of resting time.

MnBy pellets were synthesized in one step using R-SPS (Dr. Sinter
322 Ix, Fuji Denpa Koki Co., Ltd., Japan); 0.5 g of each as-HEBM mixture
was poured into a graphite die and was subjected to R-SPS at either 850
°C or 1080 °C for 15 min in a dynamic vacuum atmosphere (6 Pa
chamber pressure), with 100 °C/min of heating rate under 80 MPa (6.3
kN) of uniaxial applied pressure. The temperature was measured using
infrared pyrometer (CHINO, IR-AH, Japan) focused on a hole on the
lateral side of the die, and the distance between the pyrometer spot and
the sample was 5 mm. The sintered samples were ground on both sides
with diamond abrasive papers (grit 400 and 1000) to remove graphite
sheet. Apparent densities and open porosity percentages of the sintered
samples were determined based on Archimedes’ principle using boiling
method according to JIS R 1634 standard. The sintered samples were
crushed into sub 40 ym powder by an agate pestle and a mortar for
powder X-ray diffraction (PXRD) for constituent phase and crystal
structure analyses. The PXRD was performed via X-ray diffractometer
(MiniFlex, Rigaku, Japan) using Cu-K, radiation source (A = 1.5406 [o\)
at 40 kV and 15 mA. The 26 scanning range was set from 20° to 75° at
1°/min of a scan speed with 0.02° step. To determine the crystal struc-
ture parameters, profile matching refinement was performed on the
collected PXRD using FullProf software. Microstructural observation on
the fracture surface of the sintered samples was conducted using field
emission scanning electron microscope (FE-SEM, SU8000, Hitachi,
Japan). Thermal stability measurement was conducted in air using
thermogravimetric ~ differential thermal analysis (TG/DTA6200,
Exstar6000, Hitachi, Japan). The powder sample (10 mg) was heated at
a rate of 5 °C/min from room temperature to 700 °C. The temperature
was held at 700 °C for 10 min after which the heating was turned off and
it naturally cooled down to room temperature.

3. Results and discussions

The PXRD patterns of the as-received Mn, as-received amorphous B,
and the as-HEBMed mixture are presented in Fig. 2. While the as-
received Mn powder is pure, the as received amorphous B exhibits a
pronounced crystalline B;O3 peaks because the surface of fine amor-
phous B particles can easily be oxidized when exposed to air. However,
the as-HEBMed powder mixture consists of only Mn and MnyB which
indicates a partial reaction between Mn and amorphous B occurred
during the 12 h of HEBM process. The absence of BoOs crystalline peaks
after HEBM could be due to amorphization of B,O3 caused by HEBM.
Studies have shown that HEBM can cause amorphization in pure ele-
ments and intermetallic compounds by mechanical deformation [42,
43].

One advantage of the R-SPS is the capability of recording important
parameters, such as temperature profile; Z-axis displacement
(shrinkage); and chamber pressure, which provide useful insight into the
synthesis process. The R-SPS temperature, Z-axis displacement and
chamber pressure profiles of MnB,4 are presented in Fig. 3, which was
synthesized with B/Mn molar ratio of 4.5 in a dynamic vacuum atmo-
sphere at 1080 °C with heating rate of 100 °C/min under 80 MPa of
uniaxial pressure.

The starting temperature shown in Fig. 3 is 572 °C because the
infrared pyrometer is only capable of measuring temperatures above
572 °C, and this temperature could be reached after around 2 min of
starting the current application. Then the temperature was held at 600
°C for stabilization, and a pressure of 80 MPa was applied after which
the temperature was increased to the synthesis temperature with a rate
of 100 °C/min, and then held for 15 min of isothermal dwell time at the
synthesis temperature. The linear temperature profile indicates that this
reaction between B and Mn progressed as an externally controlled re-
action (ESR) rather than a self-sustained reaction (SSR). In the ESR, the
exothermic reaction heat is dissipated, and the sintering media tem-
perature equals that of the furnace which is evident by the absence of
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Fig. 5. Profile matching refinement on the PXRD patterns of MnB, synthesized with different B/Mn molar ratios: 4.1 (a), 4.5 (b), 5.0 (c) and 8.0 (d). The samples
were synthesized using R-SPS at 1080 °C for 15 min with a heating rate of 100 °C/ min under 80 MPa of uniaxial pressure in a dynamic vacuum atmosphere.

Table 1

Effect of stoichiometry on the crystal structure parameters of MnBy; the samples
were synthesized using R-SPS at 1080 °C for 15 min with a heating rate of 100
°C/min under 80 MPa of uniaxial pressure in a dynamic vacuum atmosphere.

Nominal molar ratio (B/Mn)

4.1 4.5 5.0 8.0
Crystal system Monoclinic
Space group P2,/c
aA) 5.485 5.474 5.480 5.479
b (;\) 5.365 5.362 5.366 5.364
c@) 5.504 5.500 5.505 5.503
() 115.261 115.213 115.148 115.126
Lattice volume (;\3) 146.486 146.052 146.534 146.426
Bragg R-factor 1.27 1.56 1.51 2.21

sudden temperature changes [44]. The MnBy4 formation reaction be-
tween Mn and B is a low heat-generating exothermic reaction with AH
value of —27.89 kJ/mol [45].

The Z-axis displacement curve can be divided into three regions:
displacement due to force application, heating up, and isothermal dwell
region. The sample underwent a rapid shrinkage corresponding to the
increase in the displacement due to the application of 80 MPa (6.3 kN)
uniaxial pressure. Then the sample underwent moderate shrinkage
during the temperature ramp up to the maximum temperature. At the
isothermal dwell region, the displacement decreases with holding time
because of the thermal expansion of graphite punches and spacers sys-
tem by Joule heating. There is an increase in the chamber pressure to ~
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Fig. 6. Z-axis displacement profile as a function of stoichiometry. The samples
were synthesized using R-SPS at 1080 °C for 15 min with a heating rate of 100
°C/ min under 80 MPa of uniaxial pressure in a dynamic vacuum atmosphere.

40 Pa after around 1 to 2 min of starting the sintering process which
could be due to the evaporation of moisture contained within the
powder sample and the die/punch/spacers assembly. Additionally, a
low vapor pressure of ByO3 could be attributed to the evaporation of
liquid BoO3 which melts at 450 °C. At = 750 °C, there is a slight increase
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O =21.9%

Fig. 7. SEM images of the fracture surface of MnB, synthesized with variable B/Mn molar ratios: 4.1 (a,b), 4.5 (c,d), 5.0 (e,f) and 8.0 (g,h). The samples were
subjected to R-SPS at 1080 °C for 15 min in a dynamic vacuum atmosphere with a heating rate of 100 °C/min under 80 MPa of uniaxial pressure. The theoretical
density of MnB, is 4.45 g/cm>. * ® represents open porosity (%). ** p represents apparent density (g/cm>).
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Fig. 8. Thermal stability in air obtained from thermogravimetric differential
thermal analysis (TG/DTA) of MnB, sample synthesized with B/Mn molar ratio
of 4.5 using R-SPS at 1080 °C for 15 min in a dynamic vacuum atmosphere. The
graph shows that MnBy is stable in air up to ~ 400 °C.

in the chamber pressure to ~ 12 Pa which could be due to MnB, for-
mation exothermic reaction accompanied by gas release [46].

Based on the Mn-B binary phase diagram [41], at a B/Mn molar ratio
of 2.3 — 4.0, MnB4 + Mn3B4 coexist below 1100 °C, and MnB4 + B are
present above B/Mn value of 4.0 below 1375 °C under atmospheric
pressure. In this experiment, various molar ratios (4.1, 4.5, 5.0 and 8.0)
were used to synthesize MnB4; mixed phase (MnB4 + Mn3B4) sample was
obtained at molar ratio of 4.1 at 1080 °C as indicated in Fig. 4, which
presents the PXRD patterns of the samples synthesized with variable
B/Mn molar ratios at different temperatures. The presence of the lower
boride phase (Mn3B4) could be due to stoichiometry shift caused by the
evaporation of ByO3 contained in the starting amorphous B powder
under dynamic vacuum atmosphere. Therefore, excess boron is neces-
sary to prevent the formation of the lower boride phase, Mn3Bj.

Increasing the amount of excess boron to B/Mn molar ratio of 4.5,
5.0 and 8.0 produced MnBy in the temperature range of 850 °C - 1080 °C
(Fig. 4). In addition to MnB4, samples presumably contain various
amounts of B which cannot be detected by the XRD. The PXRD patterns
of as-HEBMed powder mixture in Fig. 2 show that B partially reacted
with Mn to form Mn,B after which the reactants transformed to MnBy4
during the R-SPS process, ~ 30 min. The PXRD data in Fig. 4 shows that
MnBy4 could be synthesized at 850 °C up to 1080 °C. Profile matching
refinement was performed on samples synthesized with variable B/Mn
molar ratios, and the obtained lattice parameters are in a good agree-
ment with those of single crystal MnB4 (ICSD-426,691), space group
P2;/c, obtained at ambient temperature. Fig. 5 shows the refined PXRD
patterns and Table 1 shows the lattice parameters of MnBy4 obtained via
profile matching method. The lattice parameters presented in Table 1
show no significant variation with stoichiometry which imply that the
excess B contained in the samples with B/Mn molar ratios of 4.5, 5.0 and
8.0 form a secondary phase.

The synthesis cycle of this R-SPS synthesis was completed in around
30 min including holding time (15 min) at the synthesis temperature and
cooling down. In comparison, a solid-state reaction in a silica ampoule
with iodine as a mineralizer was used to synthesize pure polycrystalline
MnB4 at 1000 °C and the synthesis time was 14 days [33]. Furthermore,
using HTHP method, pure polycrystalline MnB4 was also synthesized
under 3 GPa of applied pressure and the synthesis time was in the range
of 4 —240 h [35]. HPHT experiments with short holding time (15 min) at
1527 °C were also carried out but MnB4 was only obtained with exces-
sive amount of excess B with B/Mn molar ratio of 12.0 [39]. Indeed,
excess boron is often required in the synthesis of transition-metal
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tetraborides to prevent the formation of lower boride phases particularly
in the case of arc melting synthesis. WB4 was synthesized using the arc
melting method with molar ratio (B/W) of 12.0 to prevent the formation
of the thermodynamically favorable WB;y [7,47]. Excess B results in the
formation of amorphous/crystalline boron secondary phase which could
alter the materials properties. Further optimization of the R-SPS re-
ported in this study could eliminate the need for excess boron if pristine
material is desired.

The Z-axis displacement as a function of stoichiometry is shown in
Fig. 6. The samples with B/Mn molar ratios of 4.5, 5.0 and 8.0 showed
similar displacement changes while the sample with B/Mn molar ratio of
4.1 showed significantly different displacement curve. The sample with
B/Mn molar ratio of 4.1 experienced a maximum displacement of ~ 1.6
mm while the samples with B/Mn molar ratios of 4.5, 5.0 and 8.0
experienced maximum displacements of ~ 1.1 mm. Fig. 7 shows SEM
images of fracture surface of the samples synthesized with variable
molar ratios. All samples show equiaxed grains. The samples synthesized
with B/Mn molar ratios of 4.5, 5.0 and 8.0 (Fig. 7c, d, e, f, g and h)
exhibit similar microstructure with similar open porosity values of 19.8,
21.9, and 19.4 %, respectively. In comparison, the sample synthesized
with B/Mn molar ratio of 4.1 (Fig. 7a and b) exhibits higher density with
lower open porosity value of 8.0 %. The difference in the displacements
and microstructures among the samples could be due to the presence of
the easier-to-sinter Mn3B4 phase in the sample with B/Mn molar ratio of
4.1. Considering the results of the refinement, the sample with B/Mn
molar ratio of 4.1 (Fig. 7a and b) is constituted by MnB4 with Mn-rich
phase, Mn3B,4, while those with B/Mn molar ratios of 4.5, 5.0 and 8.0
(Fig. 7¢, d, e, f, g and h) are constituted by MnB4 with secondary B phase.

Previous study showed that MnBy4 exhibits high asymptotic hardness
(37.4 GPa) [35] which makes it one of the hardest transition-metal
borides. Thermal stability is an important property for hard materials
used in machining applications as it indicates the long-term stability and
performance of the material. Thermal stability in air of MnB4 synthe-
sized with B/Mn molar ratio of 4.5 was studied using TG/DTA and the
results are plotted in Fig. 8. The mass loss and endothermic peak are
observed at around 70 — 100 °C due to removal of moisture. At around
520 °C, there is a rapid weight gain accompanied by an exothermic peak
which marks the onset oxidation temperature of MnBy4. The weight gain
could be attributed to manganese oxide formation. MnBy is stable in air
up to ~ 400 °C which is similar to the both the traditional abrasive
material tungsten carbide (WC) and tungsten tetraboride (WB4) [47].

4. Conclusion

Manganese tetraboride (MnB,4) has been successfully synthesized
rapidly using R-SPS in 30 min. PXRD patterns of the as-HEBMed mix-
tures showed that B partially reacted with Mn to form MnyB during the
12 h HEBM process. The R-SPS of the as-HEBMed mixtures was carried
out in the temperature range of 850 °C - 1080 °C with isothermal dwell
time of 15 min at the synthesis temperature. The sample with B/Mn
molar ratio of 4.1 consists of mixed-phase (Mn3B4 + MnB4) while the
samples with B/Mn molar ratio of 4.5 and higher mainly consist of MnB4
phase. It was also revealed that MnB, is stable in air up to ~ 400 °C using
TG/DTA. This synthesis method could be expanded to synthesize other
transition-metal tetraborides with the following advantages:

1. Synthesis and densification can be performed in a single step in a
short time and as a result less energy consumption.

2. Accurate temperature control, which is not possible in the arc
melting method.

3. Improved flexibility in sample size, addressing a key limitation in the
HPHT method.

Data availability

The data that support the findings of this study are available from the
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