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ARTICLE INFO ABSTRACT

Handling Editor: Dr P. Vincenzini Mo-boride and W-boride powders were produced from native boron oxide, magnesium, and related metal oxide
starting materials by mechanochemical synthesis (MCS) followed by an purification treatment. The reaction
formation mechanisms and the products were predicted with the FactSage™ thermochemical simulation pro-
gram. Different conditions were tested to determine the optimum synthesis parameters. MCS was conducted at

stoichiometric ratios and different milling durations, using excess reactant amounts over the determined opti-
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Leachi . . . . .
Rf:;rcacl:logry borides mum time. After MCS, unwanted phases were removed by HCl acid leaching. Detailed phase analyses of the final
Microstructure powders were obtained by X-ray diffractometer (XRD), whereas detailed microstructure characterization was

conducted by scanning electron microscope/energy dispersion spectrometer (SEM/EDS), transmission electron
microscope (TEM) and particle size analyzer. Among the utilized parameters, the ideal composition chosen for
Mo boride synthesis was 6 h milled and leached MoO3-100 wt% B203-50 wt% Mg (1.41 pm), including a-MoB,
B-MoB, MoB,, Mo,B, Mo,Bs, and Mo phases. For the synthesis of W boride, the proper composition was found as
WO3-100 wt% B203-50 wt% Mg (0.37 pm) containing WoBs, WB, f-WB, WB,4, W7B, and W phases after milling
for 20 h and leaching. Besides, as a result of the oxidation resistance measurements at 700 and 800 °C, phases
belonging to MoO2 and WO, were found along with boride phases.

X-ray methods

1. Introduction

Refractory metals have high melting points [1-4], superior chemical
resistances, and mechanical properties [5-7], each of which can
combine with boron to generate a range of stable compounds [8]. Due to
their covalent and metallic bonds, refractory metal borides exhibit
outstanding  properties such as  high  corrosion and
moderate-temperature resistance [9-11]. Refractory borides such as
HfBy, TiBy, ZrBy, TaBy, NbBy, etc., stand out widely [8,10-12]. Several
processing methods have been utilized for the production of refractory
borides. Carbo/borothermal reduction [13-15], molten salt electrolysis
[16-18], sol-gel method [19,20], and self-propagating high-temperature
synthesis (SHS) [21,22] are some of these methods. Unlike these
methods, mechanochemical synthesis (MCS), a room-temperature
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powder metallurgy technique, is widely preferred in producing re-
fractory borides [23-25]. Ricceri and Matteazzi [26], who are some of
the pioneers of boride production by MCS, produced TiBs (50-100 nm)
at less than 2 h by high-energy ball milling (HEBM) using an 18:1
ball-to-powder weight ratio (BPR) from 1.2 g of powder mixture con-
taining B203, TiO2 and Mg, and obtained 81 % process efficiency after
leaching. In MCS, particle size reduction and surface area of the particles
increase with HEBM, thus increasing their possibility of reacting
[27-29]. As a result of cold welding, the structure accumulates many
defects with enormous impact energy introduced into the system, and
hence the thermodynamic balance is decreased [27,30]. New phases are
formed with the chemical reactions that occur by repeated welding and
fracturing, and even complex-shaped materials that are difficult to
produce can be synthesized at room temperature from cheap starting
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materials [31]. It has been emphasized that the new phases formed with
MCS may vary due to kinetic and non-equilibrium conditions [23,24].
Although MCS is a process that starts and ends at room temperature, the
temperature increases to an uncertain temperature due to long milling
durations [24]. Different phases may form from theoretical calculations
both as a result of collisions and with a slight increase in temperature.
Also, the MCS process can be controlled by many parameters, such as
milling duration, BPR, milling speed, milling media, milling atmo-
sphere, process control agent, etc. [32], which affect the quality of the
final phases.

Among refractory borides, molybdenum borides (Mo-borides) are
superhard materials highly resistant to wear and corrosion. Owing to
these properties, they can be used as components in composite mate-
rials, machining tools, or coatings [33-35]. Additionally, Mo-borides are
preferred in moderate- or high-temperature environments as electro-
catalysts for catalytic applications like hydrogen evolution reactions
[36-39]. The Mo-B binary system consists of five intermediate main
phases: MoB, MoyB, MoBy, MoyBs, and MoB,4. Besides, MoB has two
allotropic transformations: o-MoB, a low-temperature phase, and
B-MoB, a high-temperature phase. The diboride of Mo, which is a
high-temperature phase, exists between ~1800 °C and 2375 °C. Mo3B,
Mo,Bs, and MoBy are formed in the vicinities of approximately 2280 °C,
2140 °C, and 1807 °C, respectively [40]. Camurlu [41] synthesized MoB
from MoOs, B2O3, and Mg starting powders by MCS, HCl leaching, and
annealing (1400 °C, 3 h). Although Mo,B, MoB, MoB,, and Mo were
present in the structure after MCS, they transformed into a single a-MoB
phase after annealing. Torabi et al. [42] synthesized Mo boride nano-
particles from MoOs, B2O3, and Mg starting powders by HEBM. A
milling time of 4 h was required to obtain Mo boride phases with an
average particle size of 100 nm in different stoichiometries. In addition,
it was observed that MgO and elemental Mo formed after milling.

Another group of refractory borides, tungsten borides (W-borides),
stand out among refractory metal borides with all these features and
high electrical and thermal conductivity [2,43,44]. It also pays attention
for its use in nuclear applications [45]. It can also be an
abrasive-corrosion-resistant electrode material in extreme environ-
mental conditions [46,47]. Apart from this, it has different areas of use,
such as being preferred as a composite ceramic material (WyB, WB,
WBs) [48,49]; as a hard coating (WB, W2Bs, WB4) [50-52] and as an
electrocatalyst (W9Bs) [53,54]. W3B, WB, and WyBs are the three
nonstoichiometric-intermetallic phases in the W-boride system [55].
Like MoB, WB also shows an allotropic transformation, with the a-WB
phase at low temperatures and p-WB at high temperatures [56]. Ac-
cording to the phase diagram, W,B and W3Bs form until the end of
approximately 2670 °C and 2365 °C, respectively [55]. To date, several
investigations have been carried out to produce W boride. Coskun and
Ovecoglu [43] synthesized W,Bs5 powders with an average particle size
of 226 nm from WO 72, 50 wt% B,03 and Mg starting powders after 30 h
of MCS and 7 M HCl leaching. Bahrami-Karkevandi et al. [46] examined
the MCS behaviors of W boride-based nanocomposite powders from
WO3-B203-Mg starting powders by HEBM and leaching (18 % HCI) at
different times (20, 60, 360, 540, and 1800 min). They initially found W,
W3B, WB, and MgO phases, but MgO and WB were removed after
leaching and milling. As a result, WoB and W phases were obtained with
a particle size of 40-500 nm.

This study synthesized Mo-boride and W-boride powders from
Mo0Os3/B203/Mg and WO3/B,03/Mg starting powders by MCS and
leaching process. Different experimental parameters were conducted
during MCS. First, the optimum duration was determined for the pow-
ders synthesized in stoichiometric amounts. Then, production in excess
reactant amounts was completed. The formation of phases, reaction
temperatures, and product amounts were examined in detail using the
thermochemical calculation method. Finally, acid leaching was con-
ducted on the synthesized powders with HCl. Detailed phase analysis,
microstructural and physical characterization were conducted on the
synthesized and leached powders. As a result, multi-phase Mo-boride
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and W-boride powders were obtained. Also, this study may aim to bridge
that gap by demonstrating the simultaneous production of multiple
boride phases at room temperature using MCS, guided by thermo-
chemical calculations. To the best of our knowledge, this work repre-
sents a novel approach, offering valuable insights for future research,
particularly in cases where the controlled synthesis of mixed boride
phases is desired, and hence it will provide significant contribution to
the literature. As a result, this study aimed to represent that MCS can
yield multiple borides simultaneously at room temperature, as
compared to thermochemical calculations.

2. Experimental Procedure
2.1. Thermochemical calculations

Thermochemical calculations were conducted by FactSage™ 7.3
software using “equilib" and "reaction" modules to simulate the gov-
erning mechanochemical reaction for Mo-borides (Eq. (1)) and reaction
for W-borides (Eq. (2)) concerning varying BoO3 and Mg contents be-
tween 0 and 14 mol. In the calculations, the "equilib” module was used
under 1 atm, 25 °C initial conditions, and it was assumed that reactions
take place under adiabatic conditions (AH = 0). In other words, the heat
energy generated is spent on increasing the temperature of the products
with no heat and mass loss to the environment. Under these assump-
tions, the adiabatic temperatures, stable phases, and compositions were
calculated using the FactPS database for the possible gas and compound
phases. AH and AG values were calculated at 25 °C/1 atm in the reaction
module.

2.2. Powder processing of borides

Molybdenum oxide (MoOs, China, 99 % purity, particle size <45p),
boron oxide (ByO3, ETi Mine, 99.5 % purity, average particle size ~ 465
pm) and magnesium (Mg, MME, 99.7 % purity, average particle size ~
145 pm) were used as starting powders for the synthesis of molybdenum
borides. First, stoichiometric blends were calculated as 6 g for each MCS
batch. Then, excess amounts of BoO3 and Mg were used. All calculations
were made according to the theoretical reaction given in Eq. (1) to drive
a chemical reaction from a starting powder composition. Starting mix-
tures and milling durations of the Mo-borides with their sample codes
are shown in Table 1. The powder amounts and molar ratios are also
given in Table S1. Excess amounts were prepared by changing the B,O3
and Mg amounts over 6 g.

MoOs; + B,0; + 6 Mg = MoB, + 6 MgO(AH,; = -1550.8 kJ /mol; AG,
= -1665.6 kJ /mol)
@
Tungsten oxide (WOg, Alfa Aesar, 99 % purity, particle size <45p),
native BO3, and Mg were used as starting powders in synthesizing of

tungsten borides. Like Mo-borides, during the synthesis of W-borides,
stoichiometric and excess amounts of powders were prepared according

Table 1
Mo-borides’ starting mixtures, milling durations and their corresponding sample
codes.

Starting Mixtures Milling Duration (h) Sample Codes

MoOs - B,O3 — Mg 1 Mo_S1

MoOs - B;O3 — Mg 2 Mo_S2

MoOs - B,O3 — Mg 4 Mo_S4

MoOs - B,O3 - Mg 6 Mo_S6

MoOs - B,O3 — Mg 8 Mo_S8

MoOs3 - 50 wt% B,03 — Mg 6 Mo_50B

MoO3 - 50 wt% B,03 — 25 wt% Mg 6 Mo_50B-25M
MoO3 — 50 wt% B,03 — 50 wt% Mg 6 Mo_50B-50M
MoOs3 — 100 wt% B,03 — 25 wt% Mg 6 Mo_100B-25M
MoOs3 — 100 wt% B,03 — 50 wt% Mg 6 Mo_100B-50M
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to the theoretical reaction given in Eq. (2), with a total batch of 6 g.
Starting mixtures and corresponding sample codes used in W-boride
synthesis are given in Table 2. The powder amounts and molar ratios are
also given in Table S2. Also, non-milled powders are called as-blended.

WOs + B,05 + 6 Mg = WB, + 6 MgO (AH,, — —1127.3 kJ/mol; AG,,
= ~1108.9 kJ/mol)
(2)

The MCS and leaching processes have the same steps for both metal
borides. Only milling durations differ. Before MCS, the powders were
mixed in a Turbula WAB T2C for 2 h. Then, powders were milled in a
Spex 8000D Mixer/Miller with a BPR of 10:1. Powders and balls (z 6
mm in diameter, ~1 g each) were placed in the vials (50 ml) under an
Argon (Ar, Linde, 99.99 %) atmosphere in an MBRAUN glovebox. Since
the powders were prepared based on 6 g, a total of 60 g of balls were
added. Both vial and ball materials were hardened steel. Milling dura-
tions were selected as 1, 2, 4, 6, and 8 h for Mo borides and 4, 8, 10, 15
and 20 h for W-borides. Mo-borides excess powders were milled for an
optimum duration of 6 h, and W-borides excess powders were milled at
20 h. In order to remove unwanted phases, excess amounts of powder
were prepared and experiments were carried out on both Mo-borides
and W-borides. There are several examples of different studies in the
literature [12,23,57].

After milling, stoichiometric and excess blends were purified with 4
M HCl (Merck™, 37 %) leaching. The solution was prepared with a
solid-to-liquid ratio of 1 g powder to 10 mL acid. After that, the prepared
solution was mixed in a mechanical stirrer for 1 h in the beaker. The
liquid acid-powder mixture taken from the beaker was placed opposite
each other in four different centrifuge tubes so that their weights were
the same. Later, the solution was washed repeatedly with distilled water
in a Rotofix centrifuge (4000 cycles/min, 10 min) until it reached a pH
of 7. When the centrifuge tubes are taken out of the device, the powders
to be synthesized have settled to the bottom, while the unwanted liquid
part remains on top. The supernatant liquid was repeatedly decanted.
The resulting powders were dried in the stove at 120 °C for 24 h. Then,
two compositions (Mo_100B-50M and W_100B-50M) considered to be
most suitable for synthesis were selected as representative samples, and
oxidation studies were carried out at two different temperatures (700
and 800 °C) at a Protherm tube furnace, in which temperature was
increased by 10 °C/min under air and hold for 10 min.

2.3. Characterization studies

The powders’ phase analyses were examined under CuK, radiation
(35 kV, 40 mA), the scan rate of 2°/min, and the range of diffraction
angles 10-90° with Bruker D8 X-ray diffractometer (XRD). The Inter-
national Centre for Diffraction Data (ICDD) powder diffraction database
was utilized to determine phases. Morphological examinations of the
synthesized powders were done via a scanning electron microscope

Table 2
W-borides’ starting mixtures, milling durations, and their corresponding sample
codes.

Starting Mixtures Milling Duration (h) Sample Codes

WO; - B,Os — Mg 4 W_S4

WOj5 - B,O3 — Mg 8 W._s8

WOj5 - BoO3 — Mg 10 W_S10

WOj3 - BoO3 — Mg 15 W._S15

WO; - B,O3 — Mg 20 W_S20

WO3 — 50 wit% B,03 — Mg 20 W_50B

WO3 — 100 wt% B,05 - Mg 20 W_100B
WOj3 - 150 wt% B,05 - Mg 20 W_150B
WO3 — 50 wit% B,03 — 25 wt% Mg 20 W_50B-25M
WO3 — 50 wt% B,05 — 50 wt% Mg 20 W_50B-50M
WOj3 - 100 wt% B0 — 25 wt% Mg 20 W_100B-25M
WOj3 — 100 wt% By03 — 50 wt% Mg 20 W_100B-50M
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(SEM, JEOL 6000 Neoscope) equipped with an energy dispersive spec-
trometer (EDS) and transmission electron microscope (TEM, JEOL JEM-
2000EX for W-borides and JEOL JEM-ARM200CFEG UHR for Mo-
borides). High-resolution (HR) TEM images were also monitored from
the analyses. The particle sizes of the synthesized powders were
measured using the Microtrac SYNC Laser Diffraction and Dynamic
Shape Analyzer and the FLOWSYNC Wet Dispersion Module. Before the
measurement, a slurry was created with both samples using Triton 100x,
then kept in an ultrasonic bath with water for 5 min. Then, additions
were made with a pipette until the laser saturation point was reached.
The operation was performed at 60 % motor power, and dispersion was
carried out for 3 min with the integrated ultrasonic of the device. The
absorbing/irregular calculation method and 1.33 refractive index were
used for the liquid in the laser diffraction measurement. A schematic
representation of the experimental procedure is shown in Fig. 1.

3. Results & Discussion
3.1. Thermodynamic analysis

Fig. 2a-d shows the thermochemical calculations, such as the effect
of the reductant Mg and reactant B,O3 contents on the reaction products
and the adiabatic temperature of the reactions for the Mo-B system.
Fig. 2a demonstrates that the adiabatic temperature increases rapidly
with increasing Mg content due to the large exothermicity of the re-
actions. Lower reductant Mg results in the partial reduction of MoO3 into
MoO; and the formation of the MgB,4 phase. For 1 mol of Mg, metallic
Mo starts forming at the expense of the MgB,4 phase, which oxidizes into
Mg5B20s. Further addition of Mg completes the reduction of MoO; into
metallic Mo, maximizing at about 3 mol of Mg, accompanied by a
maximum in the adiabatic temperature, 2641 °C. The amount of unre-
duced excess ByOs, in the form of the Mg3B,0¢ phase, decreases at about
Mg = 4.5 mol, forming the Mo-rich Mo2B phase. At the stoichiometric
point (Mg = 6 mol), metallic Mo, MoyB, MgO, and Mg3B>0O¢ phases are
stable. Reductant Mg content needs to be increased beyond the stoi-
chiometric point to synthesize B-rich Mo-B phases. Beyond Mg is 6 mol,
and MoB and Mo;Bs form. At about Mg equals to 10.5 mol, the Mg3B,0¢
phase disappears, and 50 % MoB and 50 % MoyBs product composition
are obtained. Further increase in the Mg content results in the formation
of the MgB, phase, causing the transformation of the B-rich Mo,Bs phase
into the MoB phase. The T,q value tends to decrease with excess Mg
because of the intense gasification of Mg, which decreases the system’s
temperature. Fig. 2b presents the effect of BoO3 content on the phase
compositions when Mg content is kept constant at the stoichiometric
value and limited B;O3 results in forming metallic Mo and Mo-rich Mo2B
phases, as expected. As B,O3 increases, the Mg3B2Og phase starts to
dominate due to the reaction with MgO peaking at BoO3 = 3 mol, where
the MosB phase fully transforms into MoB. From this point, the MosBs
phase appears due to excess boron and stabilizes at BoO3 = 8.5 mol,
forming a 50 % MoB and 50 % Mo2Bs product composition. Further
addition of BoO3 does not affect the Mo-B phases but forms MgB407 and
B,03 phases. The Tyq value tends to decrease from 2473 °C to 1345 °C,
because of the less exothermic nature of the reagent mixture. Fig. 2c and
d show the effects of the excess BoO3 content on the reaction mixtures
containing non-stoichiometric Mg (Figs. 2c¢ and 25 wt% excess Mg,
Figs. 2d and 50 wt% excess Mg). According to the calculations,
increasing both B;O3 and Mg increases the boron-rich Mo;Bs in the
expense of MoB and especially Mo-rich MosB phases, compared to
stoichiometric calculation (Fig. 2b).

Thermochemical calculations, including the impact of reactant BoO3
and reductant Mg concentrations on the reaction products and the
adiabatic temperature of the processes for the W-B system, are depicted
in Fig. 3a—d. Similarly, with the addition of reducing Mg into the system,
metallic W is a first product at low Mg region accompanied by partially
reduced WO, and the MgB4O; and MgyB,0s compounds as given in
Fig. 3a for the WO3-B,O3-Mg system. Adiabatic temperature maximizes
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Fig. 2. (a) The effect of reductant Mg content (mol) on the reaction products and the adiabatic temperature of the reagents and products, and the effect of B;O3
content (mol) on the reaction products and the adiabatic temperature of the reagents and products for MoO3-B,03-Mg system in the presence of (b) stoichiometric Mg
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Fig. 1. Schematic representation of the experimental procedure (Created with BioRender.com).
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WO, + <A>B,0, + 6 Mg (25 °C, 1 atm)
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Fig. 3. (a) The effect of reductant Mg content (mol) on the reaction products and the adiabatic temperature of the reagents and products, and the effect of B;O3
content (mol) on the reaction products and the adiabatic temperature of the reagents and products for WO3-B,03-Mg system in the presence of (b) stoichiometric Mg

(6 mol), (c) 25 wt% excess Mg (7.5 mol) and (d) 50 wt% excess Mg (9 mol).

at about Mg = 3 mol; however, more Mg is needed to reduce W phase.
This boriding process further proceeds with the addition of excess Mg,
boron enriched various tungsten borides that form p-WB, a-WB, and
WBs5 successively. At about 12 mol of Mg, where the MgsB2Og disap-
pears and WyBs dominates, MgO is the sole reaction product, as ex-
pected. Even further addition of Mg leads to the formation of MgB, and
a-WB phases. The effect of BO3 addition, when Mg is kept constant at 6
mol, is given in Fig. 3b. As expected lower BoO3 amounts leads to boron-
poor phases, i.e. W, W3B. As the B,O3 increases in the system as the
boron source, magnesium borate compounds form where the $-WB
phase peaks and adiabatic temperature starts to decrease. Excess BoO3
stabilizes the formation of WyBs after the 4 mol of BoO3 and a small
amount of a-WB phase also accompanies the system in addition to the
magnesium borates. Therefore, similar to the MoO3-B203-Mg system,
increasing the amounts of both BO3 and the Mg reductant relative to
stoichiometric ratios (Fig. 3b) leads to the formation of the boron-rich
W3Bs phase at the expense of W5B and metallic W. This occurs with a
significantly lower B,Os; content when 50 wt% excess Mg is used
(Fig. 3d), compared to the case with 25 wt % excess Mg (Fig. 3c).

3.2. Characterization of stoichiometric Mo-boride powders

Figs. Sla—d shows the XRD patterns of the raw materials. Figs. S1a, b,
and d include only MoOs (ICDD: 01-085-2405), WO3 (ICDD: 00-024-
0747), and Mg (ICDD: 00-001-1141) powders, respectively. No by-
products, contamination phases, or secondary phases were found. In
Fig. Slc, the presence of B,O3 (ICDD: 00-044-1085) and H3BO3 (ICDD:
00-272-3608) phases are seen due to the moisture in the structure of
B20s. The presence of moisture can be reduced by drying&calcining the
powders in an oven before the MCS [25]. Additionally, as-blended XRD
patterns of the MoOs3-B,03-Mg are shown in Fig. Sle. The XRD pattern

(Fig. Sle) consists only of starting powders. The peak intensity of Mg is
high, which is expected according to Eq. (1), so Mg peaks dominate over
MoO3 and B,03 peaks. Besides, B,O3 is at low intensities due to its
amorphous structure. Fig. S1f shows the XRD pattern of the as-blended
WO3-B;03-Mg powders. Similar to Fig. Sle, only the phases of the
starting powders can be observed. Also, there is no by-product forma-
tion. The most substantial peaks again belong to Mg, which, in this case,
causes the peaks belonging to WOj3 to be suppressed.

Fig. 4a is the XRD patterns of MoO3-B;03-Mg starting powders after
milling at different durations (1, 2, 4, 6, 8 h), revealing a-MoB (ICDD:
00-051-0940), B-MoB (ICDD: 00-006-0644), MoyB (ICDD: 01-089-
1990), MoB, (ICDD: 01-089-5152) phases. According to Eq. (1), the
MgO (ICDD: 03-065-0476) phase formed as expected. The most intense
peak belongs to elemental Mo (ICDD: 01-089-5023). Although the MoB,
phase is stable above 1500 °C, this phase can be obtained at room
temperature with MCS, as stated in the literature [58]. As indicated in
the XRD pattern of reactant ByOs3, an amount of H3BOj5 is present in the
powder structure. The Mo phase detection is related to this moisture
absorbed by the B;O3 powder. No significant differences were observed
during the transition from Mo_S1 to Mo_S2. There are no significant
differences in peak intensities in other compositions. Also, MoB; is not
the primary phase as given in Eq. (1). FactSage™ plot shown in Fig. 4c
represents the relation between the reaction products and the increasing
amount of H3BOj3 in the ByO3 microstructure. According to this plot, it is
evident that the presence of up to 0.4 mol of H3BOg3 in B5O3 leads to an
increased amount of elemental Mo. This is due to its negative impact on
the reduction mechanism, attributed to the moisture, and its role in
reducing the boron content of the ByOj3 source. This finding was
formerly reported in a similar study about the synthesizing of refractory
boride via the SHS method [59]. In addition, Fig. 4b shows the XRD
patterns of MoO3-B203-Mg starting powders after leaching at different
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Fig. 4. XRD patterns of stoichiometric MoO3-B,03-Mg powders (a) after milling and (b) after leaching for different durations (1, 2, 4, 6, and 8 h) and (c) the effect of

probable H3BO3 in the microstructure of B,O3 on the reaction product.

durations (2, 4, 6, 8 h). After HCl acid leaching, MgO was totally
removed from the structure. On the other hand, Mo still has the highest
intensity. Additionally, MoB, appeared only in Mo_S4 but not in other
samples with other durations. Besides, a-MoB, f-MoB, and Mo,B phases
also formed. Rybkovskiy et al. [33] stated that the stable phases are
a-MoB, MoB,, and MoBs. However, they also observed that the forma-
tion energy of the p-MoB was higher than that of the a-MoB. Also,
elemental Mo has been found in many studies [34,35,41,60,61]. In the C
+ Mg + MoOj3 system studies carried out so far [62,63], it has been
observed that the reduction from MoOs3 to Mo occurs in two steps under
appropriate thermodynamic conditions. However, Torabi et al. [64]
observed that due to MCS of MoOs+Mg, the multi-step process was

reduced to a single step. The rapid MCS process enabled the conversion
of MoOj into Mo in a single step in the presence of the Mg reductant. It
was suggested that the high melting temperature of Mo and the slow
diffusion between Mo and B cause incomplete solid-state reactions and
enable elemental Mo to remain in the structure [41].

3.3. Characterization of stoichiometric W-boride powders

Fig. 5a show the XRD patterns of WO3-B203-Mg starting powders
after 4, 8,10, 15, and 20 h of milling. Since experiments were carried out
between 8 and 24 h in the previous studies [2,43], high milling dura-
tions were tried to obtain W-boride. Although the results of short milling
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Fig. 5. XRD patterns of stoichiometric WO3-B,03-Mg powders (a) after milling and (b) after leaching for different durations (4, 8, 10, 15 and 20 h) and (c) the effect

of probable H3BO3 in the microstructure of B,O3 on the reaction products.

times were desired to be seen here, 20 h was chosen as the optimum
processing duration. As expected, the MgO phase is present in all com-
positions. However, elemental W (ICDD: 00-001-1204) also occurred in
different 20 positions. Multi-phase W-borides such as W3B (ICDD:
01-073-1767), p-WB (ICDD: 00-006-0541), WB (ICDD: 01-073-1769),
and W5B5 (ICDD: 00-031-1407) formed. According to Fig. 5a, the peak
intensity of the MgO phase increased as the milling time increased.
However, when the milling time increased, especially after 20 h, p-WB
or WyB phases were removed from the structure. The study by
Bahrami-Karkevandi et al. [46] observed that the WB phase completely
disappeared after 60 min of milling. The peak intensity of the W phase
increased up to 15 h, but decreased after 15 h. After leaching (Fig. 5b),
the MgO was removed entirely. This shows that the leaching process was
successful. As in the previous sample study [46], the WB phase

completely disappeared when the milling time increased. There is
elemental W with high peak intensities. In addition, as a result of 20 h of
milling and leaching, WoB and WyBs are found to be the dominant
boride phases. Fig. 5c illustrates a FactSage™ plot showing the relation
between an increasing amount of H3BOg in the BoO3 microstructure and
the reaction products: the emergence of the W phase, similar to Mo, can
be attributed to the decrease in the available B content and negative
contribution to reduction mechanisms by the effect of moisture. The
formation of the WB,, which has a stable structure, was not observed. In
a different study conducted with SHS, multi-phase W-borides and
elemental W were formed [57]. In another study using HEBM starting
from elemental W and B; WB,, and W occurred [65]. Additionally, as the
milling time increased, the intensity of the peaks decreased, and
amorphization started. Continuous deformation, crystallite refinement,
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and absorbed mechanical energy may cause peak changes [2,46].
Similar situations also emerged after leaching XRD patterns in Fig. 5b.
More than one W-boride phase is present in the structure. Here, it can be
seen that only MgO has been completely removed from the structure.
However, elemental W is still present with high intensity. It is expected
that unwanted phases, such as MgO, will be removed by HCl acid
leaching. However, products with high chemical stability may remain in
the structure, albeit in low amounts. Jalaly et al. [66] produced ZrBy
from ZrO,-B203-Mg starting materials by MCS. Although they observed
that the MgO was completely removed after HCl leaching following to
milling, the stable ZrO; remained.

Based on the characterization studies, 6 h and 20 h were determined
as the optimum duration for stoichiometric amounts of Mo-boride and
W-boride, respectively. The insufficient use of the boron source (B203)
and/or the reducing agent (Mg) may be the reason for the elemental Mo
and W. This indicates that the milling time needs to be increased and
more effective when using stoichiometric amounts. For this reason,
considering the different studies carried out before, excess amounts
(more than the stoichiometric ratio) were used, and it was observed
whether there was a change in the composition [23,24,67].

3.4. Characterization of excess Mo-boride powders

In Fig. 6a and b, the XRD patterns of the MoO3-B203-Mg starting
powders prepared in excess amounts, milled and leached, are given,
respectively. When the XRD patterns before leaching were examined
(Fig. 6a), only the addition of boron oxide (Mo_50B) showed no differ-
ence from the stoichiometric amounts (Fig. 4a). Accordingly, the
amount of boron oxide was increased by weight along with Mg. MoB,,
MoB, and a-and p-MoB phases were formed here, similar to stoichio-
metric amounts. Also, a low amount of MoB,4 (ICDD: 00-020-1235) is
formed. As expected, Mo-borides were synthesized in multi-phase. MgO,
the by-product, has high intensity. It is also found in elemental Mo in all
compositions. However, here, the peak intensity of elemental Mo
decreased considerably compared to stoichiometric amounts (Fig. 4a

(a) (b)
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and b). When the XRD patterns after leaching are examined (Fig. 6b), it
is seen that MoBy is no longer present in the structure. MoBy, Mo2B, and
a-and B-MoB phases are formed. In cases where BoO3 is more than Mg in
moles (Mo_50B-25M, Mo_100B-25M, Mo_100B-50M), the boron-rich
Mo,Bs (ICDD: 00-006-0228) phase was observed. In this case, it can
be said that Mg is not sufficient for reduction. Elemental Mo is also
present in the structure, although it has low intensities. In Camurlu’s
study [41], different Mo-borides and elemental Mo were found after
leaching. Yeh and Hsu [60] found that MoB4 can transform into MoyBs.
They said that MoOs, Mo, and B could not react to form MoBy4, and
MoBs was the dominant phase. However, in the FactSage™ graphs from
Fig. 2a-d, Mo2B, Mo, MoB, and Mo,Bs phases formed according to the
changing amounts of Mg or B,O3. Fig. 6¢ shows the Rietveld analysis
result of the after-leaching powders. As is known, the Rietveld analysis is
a semi-quantitative method. Therefore, the results obtained by Rietveld
analysis show approximate weight percentages. This method also
confirmed the formation of different boride phases. The Rietveld fitting
plots are given in also Fig. S2. Here, it is seen that Mo decreases in
weight with each increasing excess composition, and even in
Mo_100B-50M composition, it is below 0.5 wt%. Furthermore, MoB; is
the most intense and dominant phase in all compositions. Mo,Bs, on the
other hand, has a trend of increasing weight as excess amounts in the
composition increase. While MoyB has a very high amount in
Mo_50B-50M, this amount has decreased below 2 wt% in Mo_100B-50M.
The fact that elemental Mo has the lowest amount in Mo_100B-50M also
qualifies as the selected composition correct for seeing different boride
phases. Again, the transformation of the phases depending on the excess
amounts is also evident.

Fig. 7a show SEM images of the milled and leached Mo_100B-50M
powders. Agglomerated powders with irregular shapes and different
sizes were produced. It is known that cold welding causes the formation
of agglomerated structures in powders during milling [25]. Addition-
ally, powders are produced at submicron sizes. Again, in studies con-
ducted with MCS, it was found that Mo and W-boride powders with
clustered agglomerated structures in submicron sizes were produced [2,

Mo_100B-50M

(c)

0.5% 1.9%

67.5%

0 a-MoB i B-MoB 0 a-MoB i B-MoB
« Mo,B VMoB, ¢ MoB, « Mo ® MgO @« Mo,B A Mo,B; ¢ MoB, Mo
? Mo_100B-50M Mo_100B-50M

Mo_100B-25M

i ‘ |
| LJH \ L

e MV AN

h
| | A
MMV __on A

c
me 9.3% o
[ . 75%
Mo_100B-25M | Mo_100B-25M - .
M A B s-vios
3t I J A a-MoB
= Vot Lﬁu./" M iAo ] = Llw‘u J b A -
3 = 22.9% - MoB,
oA Mo_50B-50M | & Mo_50B-50M
%, | % ] Mo_50B-50M - M0255
(L L L -
£ Jo J/\JJ L J‘ILJW\A«/ £ A ‘UJUUJ U\J o M M) [ Mo
Mo_50B-25M Mo_50B-25M

16.2%

A

A\
Mo rrd

Mo_50B Mo_50B W0 2600
N i 5% o6y
"JJ‘LJ%,J i L ,/\.-/l e

SRS W 9, L,LA-,\‘/M PSR J WY, W_LJ. | CHP Y

1 20 30 40 5 60 70 s g 10 20 30 4 5 60 70 8 9
20 (degree) 20 (degree) 82%

21.1%
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41-43,46,65]. Fig. 7b contains detailed TEM and HR-TEM images of the belong to the a-MoB phase. The MoyBs phase occurs according to the
leached Mo_100B-50M powders. It can be understood from the TEM XRD patterns and is expected to be included in HR-TEM images. In

images that the powders have irregular structures and mixed shapes. addition, this detected phase confirms that the synthesis has taken place
The HR-TEM image the distance between the {006} planes of the Mo2Bs successfully and that characterization results complement each other.
phase was measured as 0.36 nm. On the other hand, the distance of the Fig. 7a also shows the particle size distribution (PSD) of the

{112} planes were measured as 0.213 nm, which was determined to Mo_100B-50M powders. The 50 % of the powders are 1.41 pm and
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corresponding Rietveld analysis.
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below. However, it is understood that the PSD is in a wide range from
0.4 pm to 19 pm. During the PSD, the particle sizes of the dissolved
powders are measured. In addition, particle images and heat map during
PSD measurement are given in Figs. S4a-b. According to Fig. S4a, par-
ticle images are sorted from largest to smallest and do not represent the
entire sample. According to the heat map in Fig. S4b, the horizontal axis
shows the equivalent circle diameter, and the vertical axis shows the
aspect ratio. Color values change according to the volume ratio that the
particles cumulatively occupy in the measured volume. In Fig. 7b, the
PSD of the particles seen in TEM and the measured particle numbers are
given. It should be remembered that TEM examines a small and specific
area and provides information about the sizes of the particles in this
area. It does not include the PSD distribution of the produced powders.

3.5. Characterization of excess W-boride powders

Besides all these, another study showed that as the B;Os ratio
increased, the W, W,B, and MgO phases decreased [57]. For this reason,
the BoO3 ratio was increased in this study. Fig. 8a show the XRD patterns
of WO3-B203-Mg starting powders that were milled for 20 h and con-
tained 50, 100, and 150 wt% excess B»O3. Coskun and Ovecoglu [68]
stated in their study that it is challenging to form W-borides under 20 h.
However, to observe the change in boride formation with the change of
rpm amount, different times were tried, and again, 20 h was selected as
the optimum. Like the stoichiometric amounts of W-borides (Fig. 5a), W,
WB, B-WB, WB, and W,Bs5 occurred in all compositions. As expected,
MgO is also present in the peaks after milling. Fig. 8b shows the XRD
patterns after leaching. MgO has been completely removed from the
structure. p-WB and WB emerge as the dominant phase. In addition,
low-intensity W9B and W5Bs5 formation is also observed. In addition,
although the peaks belonging to elemental W in the W_100B composi-
tion have quite high intensity, the intensity of these peaks in the W_150B
composition has decreased to almost none. Like in the Mo boride syn-
thesis (Fig. 6), elemental W could not be removed. Later, since it has a
high melting point, it cannot undergo the desired reactions and remains
in the structure [46,69]. Additionally, MgO can be removed by leaching,
while W remains present in the structure because it has very low

(a) (b)
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solubility in HCI [43,69]. However, in the W_150B, the phases started to
become amorphous, the peak widths increased, and accordingly, tung-
sten boride phases were not seen. Therefore, it has been observed that
simply increasing B>Os3 in excess amounts does not contribute signifi-
cantly. Moreover, W, WB, W>B, and W5Bs were produced in different
studies using excess amounts of ByOs [2,59,69]. Fig. 8c shows the
Rietveld analysis results of the post-leaching powders. Like the
Mo-borides (Fig. 6¢), there are overlapping and low-intensity peaks
here. As a result, these results are approximately weight percentages.
Elemental W amounts are below 1 wt%. It is seen that « and -WB phases
are more than the others. WoB and W3Bs amounts have very low per-
centages in the W_150B composition.

The XRD patterns of the compositions milled for 20 h and leached
containing excess amounts of BoO3 and Mg are shown in Fig. 9a and b,
respectively. The Rietveld fitting plots are given in also Fig. S3. WB,
B-WB, WyBs, and W2B phases, along with low-intensity W and MgO
phases, were observed in the XRD patterns after milling (Fig. 9a). In
their study, Bahrami-Karkevandi et al. [46] obtained W3B and W phases
after leaching. No boride phase was formed after leaching in a different
study, and elemental W remained in the structure [57]. As the excess
amount changed, phase transformations occurred, the intensities of the
peaks changed, and amorphization was also observed in some phases.
MgO was removed entirely in the after-leaching XRD patterns (Fig. 9b).
WB, (ICDD: 00-031-1407) formation has also begun to be observed.
There is elemental W with a very low peak intensity. The dominant
phase belongs to W,Bs in all compositions. In a study conducted with
SHS, it was observed that when excess B,O3 was used, the reaction for
reduction with Mg occurred more quickly, and as a result, debt-rich
W5Bs phases were formed. In excess amount of B;O3, the WO3 phase
is surrounded by ByO3. As a result, boron is formed around W particles,
and a boron-rich phase is obtained [69]. On the other hand, different
phases predominate in stoichiometric amounts and excess amounts. Due
to the reaction stoichiometry, another study showed that W;Bs was
dominant in excess cases instead of WB [2]. The study by
Bahrami-Karkevandi et al. [46] stated that the WB decreased or even
disappeared with increasing milling time. In other words, in the graphs
showing the phases depending on the amounts of Mg and B,Og3 varying
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with FactSage™ (Fig. 3a—d), it is seen that different W-boride phases are
formed (W3Bs, a-WB, p-WB, WyB, W). Changing thermodynamic con-
ditions during MA may also cause variability in phases. Fig. 9c shows the
Rietveld analysis results of the after-leaching powders. Similar to pre-
vious results, the values are given as approximate weight percentages. In
addition, elemental W decreased below 2 wt% in the W_100B-50M
composition. WB4 was formed in very low amounts. All phases except
WBs5 decreased towards W_100B-50M. When all Rietveld analysis re-
sults are examined together, it is seen that elemental Mo or W gradually
decreases in the use of excess amounts. In this way, synthesizing the
desired boride phases together will be completed.

Fig. 10a shows the SEM images of the milled and leached W_100B-
50M powders with irregular shapes and different sizes like Mo-
borides. Fig. 10b contains TEM and HR-TEM images of leached
W_100B-50M powders. Particles with mixed shapes and needle struc-
tures are seen in the composition. According to the HRTEM image in
Fig. 10b, the phase located in the {012} plane and with an interplane
distance of 0.253 nm belongs to WyBs. This also confirms the XRD
pattern. Fig. 10a shows the PSD of the W_100B-50M powders. The 50 %
of the synthesized powders are 0.37 pm and below. The general distri-
bution is between approximately 0.1 pm and 7 pm. Similar to Mo-boride
powders, particle images and heat map are included in Figs. S5a-b. The
particle images in Fig. S5a do not represent the entire sample, as they are
sorted from largest to smallest. It is also understood that the particles in
the heat map in Fig. S5b are distributed in a wider area than Mo-boride.
Fig. 10b shows the PSD and corresponding particle numbers obtained
from TEM images. Just like in Mo-boride powders (Fig. 7b), it should be

Ceramics International 51 (2025) 20518-20531

noted that TEM takes measurements from a specific and smaller area. In
addition, the main purpose of TEM images is to detect phases and to
comment on particles and their shapes rather than determining particle
size. In addition to all these, it should be remembered that powders have
an agglomerated structure, and failure to distribute this structure ho-
mogeneously may also affect PSD.

In Fig. 11a and b, the oxidation resistances formed by heating the
selected compositions (Mo_100B-50M and W-100B-50M, respectively)
to different temperatures (700, 800 °C) were investigated. According to
Fig. 11la, different Mo-boride phases (a-MoB, p-MoB, MoyB, MoB>)
emerged with elemental Mo after heating. However, it is seen that the
MoO; (ICDD: 00-002-0422) phase also formed. The oxidation graphs
drawn with FactSage™ at 700 and 800 °C are given in Fig. 11c. Here, it
is seen that MoBs, Mo,B, MoB, and Mo phases will be formed depending
on the amount of oxygen. In addition, it is understood that both MoO4
and MoOs are formed at 3.5 and 6.5 mol of O, respectively, and that
MoOs3 will remain in the stable phase as oxygen increases. In addition,
another study has stated that MoB can be oxidized to MoO; or MoOs at
600 °C [70], and these two phases can form because they have different
Gibbs free energy changes. In Fig. 11b, along with different W-boride
phases (W5B, WB, W5Bs), elemental W and WO, (ICDD: 01-082-0728)
are also formed. Here, oxidation is higher than Mo-boride. Soylu et al.
[71] also emphasized that a- and f-WB would be easier to be oxidized
towards WO3. According to the oxidation graphs in Fig. 11d, drawn with
FactSage™ at 800 °C, different W boride phases and elemental W are
expected to be formed. However, WO, and WOs are also formed. It can
be said that the WB phase may also start to oxidize at 600 °C; however,
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Fig. 10. (a) SEM images and particle size distribution and (b) TEM images and number of particles versus particle size histogram of the W_100B-50M powders.
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Fig. 11. Oxidation studies at different temperatures (700, 800 °C): (a-c) Mo-borides, and (b-d) W-borides.

when the boron amount increases to 50 %, the oxidized layer thickness
increases, and it oxidizes even more with increasing temperature [72].
For the oxidation of Mo and W-borides, an amount of elemental Mo and
W emerged in the powder due to the reaction of B and O and, later, the
volatilization of B,Os. Here, it can be seen that W-borides oxidize more
quickly, and in this case, their oxidation resistance may be weaker than
Mo-borides.

Table 3 shows the phases of the composition of Mo-boride milled and
leached for 6 h and W-boride milled and leached for 20 h. Different
boride phases are formed along with elemental Mo and W. Also, a few
studies in the literature involve the synthesis of Mo-boride and W-boride
by using MCS. Some studies in the literature include the synthesis of Mo-
boride and W-boride separately [35,57,60,69,73,74]. However, syn-
thesis with MCS is quite rare [42,43,46]. In addition, these studies could
be carried out to yield single or two-phase products [34,35,43,46,69].
This study synthesized the stable phases seen in the phase diagrams and
the phases expected to occur due to thermochemical calculations.
Although it is difficult to see all the phases at the same time, the pro-
duction of different borides together was successfully achieved at room
temperature.

Table 3

Final phases of the compositions.
Sample Phases
Mo_50B-25M B-MoB, a-MoB, MoB,, Mo,Bs, Mo,B, Mo
Mo_50B-50M p-MoB, a-MoB, MoB,, Mo,B, Mo
Mo_100B-25M p-MoB, a-MoB, MoB,, Mo;Bs, Mo,B, Mo
Mo_100B-50M p-MoB, a-MoB, MoB,, Mo3;Bs, Mo,B, Mo
W_50B B-WB, W3Bs, WB, W,B, W
W_100B B-WB, W,Bs, WB, W3B, W
W_150B p-WB, W3yBs, WB, WyB, W
W_50B-50M W,Bs, W, WB, W,B, -WB
W_100B-25M W3Bs, W, WB, W3B, 3-WB, WB,
W_100B-50M W3Bs, W, WB, W,B, 3-WB, WB4

4. Conclusions

In this study, multi-phase Mo-boride and W-boride powders were
synthesized from MoOs3/B203/Mg and WO3/B203/Mg starting powders
by MCS and HCI acid leaching. Refractory borides have been success-
fully produced under different synthesis parameters. These production
results have been demonstrated both experimentally and theoretically.
Based on the results of the present study, the following conclusions can
be drawn:

e Mo0O3-B,03-Mg starting powders prepared in stoichiometric
amounts were milled for 2, 4, 6, and 8 h. After milling and leaching,
a-MoB, -MoB, MoyB, MoB,, Mo,Bs, and Mo phases formed.

e WO3-B203-Mg starting powders prepared in stoichiometric amounts
were milled for 4, 8, 10, 15 and 20 h. After milling and leaching,
W3Bs, WB, B-WB, WB4, W5B, and W phases formed.

e MoOj3-B203-Mg, prepared in excess amounts, was initially milled for
6 h. After milling and leaching, a-MoB, -MoB, Mo>B, MoyBs, MoB,,
and Mo phases formed.

e WO3-B,03-Mg starting powders prepared in excess amounts were
milled for 20 h. After milling and leaching, W2Bs, WB, -WB, WBy,
W3B, and W phases occurred.

e Average particle sizes, SEM, and TEM images are presented for each
representatively selected composition. Mo_100B-50M powders have
an average size of 1.41 pm, while W_100B-50M powders have a size
of 0.37 pm.

e a-MoB, MoyBs, and W,Bs5 phases were found in the HR-TEM images.
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