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ABSTRACT

A major problem limiting boron (B) use as a fuel or fuel additive is the native oxide layer present
at the surface, which acts as a diffusion barrier at the boron/oxidizer interface. A requirement for
improving the reactivity and exothermicity during the oxidation of B particles is to reduce the
thickness of the native oxide. This can be achieved by the addition of reactive metals with
reasonable gravimetric energy density, such as Mg, in the form of a mechanical mixture or alloyed
compounds, which can undergo an exothermic redox reaction to reduce native oxide and enrich
metallic B. Herein, we develop an approach to synthesize Mg/B solid solutions through a self-
propagating high-temperature synthesis (SHS) reaction at 500°C leading to the formation of an
outer shell comprised of Mg, MgO, and MgB: around a B core as demonstrated by X-ray
photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and high-angle annular dark-field -
scanning transmission electron microscopy - energy dispersive spectroscopy (HAADF-STEM-
EDS). Particle size analysis by dynamic light scattering (DLS) shows a size distribution with an
average size of 550 nm. The low synthesis temperature minimizes sintering and is inherently free
of organic contamination compared to other available methods. The core-shell architecture offers
two advantages: extension of the shelf life of B particles by the formation of a passivation shell;
and in addition to the exothermic oxidation of Mg, MgB2, and B, an exothermic redox reaction
occurs between Mg and native B203 to produce additional B fuel, culminating in a synergistic
interaction that leads to increased heat release. Thermal analysis shows the promotional effect of
Mg on B oxidation with increased heat release (24% higher) and higher oxidative stability than
Mg and B under identical conditions. Synthesized Mg/B solid solutions release 90% of the
theoretical energy density of Mg/B and thus show promise as energetic materials.

KEYWORDS: boron, magnesium, energetic materials, solid solutions, core-shell, thermal
oxidation, heat release, combustion



1. INTRODUCTION

Metals and metalloids are highly energetic materials commonly added to rocket fuels and
propellants to extract more energy and produce more thrust in volume-limited propulsion systems
[1-6]. They possess higher gravimetric and volumetric energy density than hydrocarbon fuels, and
as additives to liquid fuels, they offer the benefits of enhanced combustion efficiency and reduced
exhaust emissions [3, 4]. Magnesium (Mg) and aluminum (Al), whose gravimetric energy densities
are 25 kJ/g and 31 kJ/g, respectively, are among the most widely studied metals [1-4, 6]. Boron
(B) ranks even higher. It is a prime candidate as a solid fuel and fuel additive with a gravimetric
and volumetric energy density of 58 kJ/g and 140 kJ/mL [5-11]. A problem limiting the
performance of B as an energetic material is the presence of a native oxide layer on its surface.
While it provides temporary passivation during storage, the oxide layer acts as a diffusion barrier
that hinders direct reaction between the oxidizer and metal, inhibits ignition kinetics, and leads to
incomplete combustion [1-11]. Reducing the dimensions of B particles to the nano/submicron size
leads to higher heat release and improved combustion kinetics [6-13]. The downside of B
nanoparticles is the surface oxide layer that represents a more significant fraction of the mass and
volume, which reduces their gravimetric and volumetric energy density [7-9]. Moreover, the
tendency of small particles to aggregate into large assemblies is detrimental to the combustion
performance of the fuel and causes issues associated with processing, including precipitation,
deposition on pipe walls, and pump erosion during fuel transportation [3-6, 14, 15].

To overcome these limitations, four approaches are being studied in the literature: (a) use
of organic coatings to passivate the surface of B particles [14, 16-18]; (b) in-situ reduction of the
native oxide by hydrogen plasma followed by deposition of a passivating coating by plasma-

enhanced chemical vapor deposition (PECVD) [19]; (¢) use of borides to facilitate the transport of



the oxidizer through oxide layers [20, 21] and (d) use of catalytic dopants such as Al, Ni, and Mg
to reduce the ignition delay and eliminate the B oxide through redox reactions [22-31]. Passivation
of surfaces with organic compounds, such as alkoxy groups, organic acids, and polymers improves
the shelf life of B particles, but the coating decreases the gravimetric energy density [16, 17].
Several studies [20-22] involving metal borides demonstrated high thermal stability and enhanced
combustion kinetics. Due to increased thermal stability, metal borides such as AlB2 and MgB2
have a prolonged shelf life compared to their metallic counterparts [22-25]. Micron-sized metal
borides have low reactivity, poor heat release, and require time-consuming, high-temperature
processing [22-25]. Catalytic dopants such as Al, Mg, Fe, and Ni enhance the amount of heat
released by reducing B oxide to elemental B during oxidation [22-31]. The ignition of the dopants
raises the local temperature at the reaction interface, thereby enhancing the kinetics of B oxidation.
These metals can be added as a mechanical mixture, or they can be coated on the surface of B
particles to form a core-shell architecture with enhanced heat release. Mechanical mixtures have
shorter shelf life due to the oxidative instability of the individual metal particles.

As a high-energy-density material, Mg has been successfully used as a propellant additive
in aerospace and underwater propulsion systems [33-36]. It has good combustion characteristics
and comparatively low melting (~600°C) and boiling (~1100°C) points, properties that facilitate
ignition and promote complete oxidation [34, 35]. The addition of Mg as additives or in the form
of a compound with B (MgB2) further increases the extent of oxidation and improves combustion
efficiency [35-40]. The preignition of Mg can induce the ignition of B by elevating the local
temperature during oxidation [35-40]. The formation of ternary oxides containing Mg, B, and O
delays the formation of B20O3 during oxidation and minimizes molten B203 impeding the oxidation

of the underlying B metal. However, the measured heat release from Mg/B mechanical mixtures



and Mg borides was less than ~45% of the theoretical gravimetric energy density of B due to their
incomplete oxidation and the presence of B oxide, which acts as a diffusional barrier during
oxidation [35-40].

Guo et al. [21] synthesized MgB2 powder by sintering and reported improved combustion
performance over B particles (3 pm) in terms of heat release. They attributed the enhanced
performance to the absence of a closed surface layer of B2O3 during the initial combustion stage
due to the presence of Mg near the surface. The evaporation of Mg during thermal oxidation does
not allow B203 to form a commensurate layer around the particles, allowing for more efficient
combustion [23, 32-36]. Sun et al. [38] studied the effect of Mg incorporation on the combustion
behavior of B by preparing sintered mixtures of B/MgB: from micron-sized B and Mg particles.
Enhanced heat release was found for all Mg-containing samples compared to the B-only sample.
The effect was more pronounced in Mg containing B due to the homogeneous distribution of Mg
in the material achieved by annealing during the preparation step. Mg evaporated and evenly
coated the surface of the B particles. Liang et al. [41] investigated the oxidation and decomposition
during the combustion of MgB: particles using a laser combustion technique. Combustion time
analysis showed the shortest ignition delay and longer combustion times of MgB2 compared to B
and Mg.

The desired Mg/B system should fulfill two objectives: (1) greater gravimetric heat release
upon oxidation and (2) provide oxidative stability at low temperatures for improved handling and
shelf life. We developed an approach for the dry synthesis of solid solutions by using a self-
propagating high-temperature synthesis (SHS) reaction [30]. The SHS reaction is self-sustaining
upon initiation. The molten metal interface quickly propagates towards the metal particles and

diffuses into the surface oxide, converting the metal powder mixture into a solid solution [30]. If



both metals remain solid during the reaction, slow kinetics and low conversion are observed. If
both metals melt during the reaction, the reaction occurs in the liquid phase through diffusion
achieving complete conversion [30]. Here, we report the synthesis of energetic Mg/B solid
solutions using the SHS reaction between B and Mg. Submicron-sized particles of B and Mg with
high purity are used to synthesize core-shell structures of Mg/B via a dry process that uses no other
chemicals beyond solid B and Mg, thereby ensuring high purity of the synthesized solid solutions.
The thermochemical behavior of B particles is compared with Mg/B solid solutions to study the

effects of the incorporation of Mg on their heat release and stability.

2. MATERIALS AND METHODS

Boron particles (99.5%; 500 nm; Nanoshel) and Mg particles (99.9%; 800 nm; US Research
Nanomaterials) were used. The powders were mixed in a weight ratio of 1:1 into a glass vial using
a three-step dry-mixing technique. This technique involves stirring with micro spatula, sonicating
the dry mixture for 15 min at 25°C to break up aggregates, and magnetic agitation to form a
homogeneous mixture. The mixture was then spread uniformly on the surface of a glass slide (1.1
mm thick, 25 x 75mm, Dot Scientific Inc.). After spreading the mixture, another glass slide was
placed over the mixture and sides were then covered with Al foil. Pressing the mixture between
glass slides reduces the exposure of particles to ambient air and promotes close contact between
Mg and B, to facilitate effective atomic diffusion during heating [12, 13]. The glass slides were
then placed in a muffle furnace (Model: FB1415M, Thermolyne) at 25°C and were heated at a
heating rate of 30°C/min to 500°C. Isothermal conditions were maintained at 500°C for 90 min,
after which the furnace was turned off and the sample was left inside to cool for 3 h. The schematic

of the experimental procedure is illustrated in Figure 1. Working conditions (temperature) for the



synthesis were designed in accordance with the phase diagram of Mg-B system [40]. The process
parameters such as synthesis temperature and time were optimized by performing thermal analysis
experiments on various synthesized samples. Synthesized solid solutions were stored in vials prior

to testing and characterization.
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Figure 1. Schematic of the experimental method used for the synthesis of solid solutions of Mg/B.

X-ray diffraction (XRD) was performed on a Malvern Panalytical XPert Pro MPD theta-
theta diffractometer using Cu K, radiation to identify the phase of the dry sample. X-ray
photoelectron spectroscopy (XPS) was employed to obtain detailed information about the chemical
bonding of the near-surface region of the particles. XPS experiments were performed using a
Physical Electronics VersaProbe II instrument equipped with a monochromatic Al Kq x-ray source
(hv=1,486.7 eV) and a concentric hemispherical analyzer. Charge neutralization was performed
using low-energy electrons (< 5 eV) and positive argon ions. A fixed take-off angle of 45° to the
sample surface plane was employed [42]. For analysis by scanning transmission electron
microscopy (STEM) and energy dispersive spectroscopy (EDS), the particles were dispersed in
ethanol (Purity: 95%; Anhydrous alcohol; IBI Scientific), and sonicated for 10 min by

ultrasonication (Branson ultrasonicator (Model: CPX3800H)). Two drops of the dispersion were



deposited on a TEM lacey carbon copper grid (Electron Microscopy Sciences) using a micro
dropper. STEM-EDS analysis was performed on a Talos F200X at 200 kV with an XFEG source
with a minimum probe size of 0.16 nm and fitted with an integrated SuperX EDS detector. The
imaging was performed in high-angle annular dark-field (HAADF). Thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) were performed on a TA Instruments Model
Q600 SDT, which provides simultaneous measurement of heat flow (DSC) and weight change
(TGA) on the sample from ~20°C to 1000°C. Analyses were conducted in ultra-zero air and ultra-
high purity argon at a volumetric flow rate of 100 mL/min for all samples studied. The sample was
placed in the alumina sample cups (90 pL, TA Instruments) and a heating rate of 20°C/min was
used. Particle size analysis was performed by dynamic light scattering (DLS) on a Malvern
Zetasizer Nano ZS. Particles were added to ethanol at a concentration of 2.5 mg/L. The dispersion
was sonicated for 10 min with Branson ultrasonicator (Model: CPX3800H). Three duplicate runs

were performed on the sample at a temperature of 25°C.

3. RESULTS

The particle size distribution of the synthesized Mg/B solid solutions was determined by DLS.
Figure 2 is the intensity-weighted particle size distribution of the particles dispersed in ethanol.
The size distribution consists of a single peak in the range of 200-600 nm with a mean size of 550
nm. There is no peak in the 800 nm range, which corresponds to the mean size of the Mg particles.
Clearly, Mg has reacted and is no longer present in its initial form.

Figure 3 is the XRD analyses of the synthesized Mg/B solid solutions (blue) and the
mechanical mixture of Mg/B (purple), which is used as a control. The diffractograms demonstrate

the presence of distinct phases after the synthesis of Mg/B solid solutions compared to the



mechanical mixture of Mg/B. The diffractograms of the Mg/B mechanical mixture contain peaks
associated with Mg, MgO, B, and B203. Mg signals are prominent while the B signals are much
weaker, which is attributed to the amorphous nature of the commercial B powder. MgO and B203
signals originate from the native oxides of Mg and B, respectively. The diffractogram of the
synthesized Mg/B solid solutions is mainly composed of Mg, MgB2, MgO, Mg:B20s, B, and B203
phases. However, less intense reflections due to B203 are observed in the solid solutions as
compared to Mg/B mechanical mixtures. The phases formed during the SHS reaction (which were
not present in Mg/B mechanical mixtures) are MgB2 and Mg2B20s (ternary oxide of Mg and B).
Prominent reflections for Mg indicate its presence in the synthesized solid solutions. These results
are consistent with the phase diagram of the Mg-B system, which demonstrates MgB: formation

co-existing with unreacted Mg at ~500°C [40].

Zavg= 550 Nm

- - N N
o a o a
\ \ \ \

\ \ \ \

Particle Size Distribution (%)
rk
I

o
\

T T T T T T T T T ] B
0 200 400 600 800 1000
Size, Z (nm)

Figure 2. Intensity-weighted particle size distributions for a 2.5 mg/L dispersion of Mg/B solid

solution particles in ethanol.
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Figure 3. X-ray diffractograms comparing the presence of different phases of Mg and B in

mechanical mixtures of Mg/B (purple) and Mg/B solid solutions (blue).

Figure 4a is an XPS survey scan revealing the presence of B, Mg, and oxygen (O) in the
Mg/B solid solutions. Figure 4b is the fitted and deconvoluted high-resolution Mg 2s spectrum;
the peak at ~88.5 eV corresponds to metallic Mg, while the major peak at ~90 eV corresponds to
MgB:. A peak at ~91.5 eV is due to the presence of MgO. The high-resolution O 1s spectrum in
Figure 4c reveals two distinct peaks — a lower binding energy peak at ~532.5 eV corresponding to
MgO and a higher energy peak at ~534.2 eV corresponding to B20s. Figure 4d is a high-resolution
B Is spectrum. The major peak at the lower binding energy of ~187.6 eV indicates the presence
of MgBa. The other peaks in the B 1s spectrum at 190.3 eV and 193 eV correspond to metallic B
and B203, respectively. The presence of B20s3 signals is attributed to the native oxide layer of B.
XRD and XPS analysis demonstrate the Mg/B solid solutions consist mainly Mg, MgB2, and B

along with their oxides.
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Figure 4. XPS analysis showing: (a) survey scan of Mg/B solid solutions; (b) high-resolution Mg
2s spectrum with Mg, MgB2 and MgO chemical states; (¢) high-resolution B 1s spectrum with
MgB:, B and B203 chemical states; and (d) high-resolution O 1s spectrum with MgO and B203

chemical states.

HAADF-STEM-EDS was used to generate elemental maps of Mg/B solid solutions. Figure
5a is a STEM image demonstrating the presence of both Mg and B in the synthesized particles.
The darker phase corresponds to Mg (density: 1.7 g/cm?), which appears to be mainly in the near-
surface regions with some present in the surface oxide, as shown in Figures 5a-b. It is not possible
to differentiate between B and MgB: phases due to their similar material densities (B density: 2.4
g/cm?; MgB: density: 2.6 g/cm?). Mg is distinctly present on the surface of B particles (Figure 5a).
Figure 5b combines elemental maps for B (blue) and Mg (red), revealing that Mg and MgB: are

uniformly distributed over the B. This agrees with XPS analysis regarding the presence of Mg-rich
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phases on the surface of the particle. Individual elemental maps of B and Mg provide additional

evidence regarding the distribution of Mg at the surface and B in the core (Figure 5c-d).

HAADF
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Figure 5. HAADF-STEM-EDS showing elemental maps: (a) STEM micrograph indicating the
presence of Mg in the near-surface region of B; (b) combined elemental map of B and Mg
demonstrating the distribution of Mg and B; (¢) and (d) elemental micrographs of B and Mg,

respectively.

The thermal oxidation behavior of the Mg/B solid solutions was studied (a) to analyze the
oxidative stability of the system by comparison of its onset temperature to that of B; (b) to quantify
and compare the extent of oxidation and experimental heat release before and after the
incorporation of Mg into B particles, and (c) to test their extended shelf life of by measuring heat

release after storage at ambient conditions for six months. The onset temperature, the temperature
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at which ignition of the material begins, characterizes the oxidative stability of the material [38].
As observed in Figure 6, the onset temperature of Mg, B particles, and Mg/B solid solutions are
500°C, 550°C, and 625°C, respectively, indicating a delay of 75°C in the presence of Mg due to
the formation of Mg-B and Mg-O bonds. Figure 6a shows TGA traces of Mg, B, and the
synthesized Mg/B solid solutions in which the weight gain due to oxidation is shown as a function
of temperature. Mg particles undergo oxidation and show a weight gain of 46% while B particles
increase in weight by 146% upon thermal oxidation. Mg/B solid solutions containing a 1:1 weight
ratio of B and Mg exhibit a weight gain of 106%, which is above the average weight gain of B and
Mg. DSC analysis of Mg, B, and Mg/B solid solutions is shown in Figure 6b. Untreated Mg and
B have their exothermic peaks between 500-750°C and 550-690°C, respectively, which amount to
heat release of 14.5 kJ/g and 29 kJ/g. Mg/B solid solutions possess a small endothermic peak at
550°C due to the melting of Mg followed by a broad exothermic peak, which releases 36 kJ/g of
heat in the temperature range of 540-850°C, 24% higher than B particles and 60% more than Mg
particles. Compared to Mg and B, the Mg/B solution has a broader exothermic peak at ~850°C.
By contrast, the mechanical mixture of Mg/B with the same bulk composition as the solid solution
releases 26 kJ/g of heat, lower than both the pure B and the solid solution (Figure S1 in Supporting
Information). Thermal analysis experiments were repeated in duplicate to ensure reproducibility

of the results.
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Figure 6. (a) TGA and (b) DSC analyses of Mg particles (green), B particles (red), and Mg/B solid

solutions (blue) in air. The weight gain and heat release of all the samples are shown due to their

thermal oxidation up to 1000°C.

Table 1 compares the theoretical oxidation enthalpy of B and Mg/B with the heat released

during oxidation in the air up to 1000°C. B releases 50% of the theoretical heat during oxidation

while the heat release for Mg/B is 90% of its theoretical energy density. This significant

improvement in the percentage of heat release is observed after incorporation of Mg into the B

system.

Table 1. Comparison of heat release of B particles and Mg/B solid solutions

Material Theoretical Experimental Heat
Oxidation Heat Release Extracted
Enthalpy (k/g) (%)
(kl/g)
B particles 58 29 50
Mg/B solid 40 36 90
solution
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4. DISCUSSION

According to the phase and elemental analyses, MgB2 and Mg:B20s are present in addition to Mg,
B, and B20s. Potential chemical reactions during the synthesis of solid solutions are summarized
in Table 2 along with Gibbs free energy at the synthesis temperature (500°C).

Table 2. Possible chemical reactions during the synthesis of Mg/B solid solutions.

Reaction Chemical Reaction Gibbs Energy (AG) at
number 500°C
(kJ/mol)
1 Mg (1) + 2B(s) 2 MgBa(s) -86
2 3Mg(1) + B203(1) = 3MgO(s) + 2B(s) -488
3 4Mg(s) + B203(1)=> MgBa(s) + 3MgO(s) -569
4 2MgO(s) + B203(1) 2 MgaB20s(s) -177

Mg can reduce B20s3 via reaction 2 to form B and MgO. The disappearance of the B203 peak from
the diffractogram of Mg/B solid solutions suggests the reduction of B2O3 by Mg via reaction 2 and
the occurrence of reaction 3 when excess Mg is present relative to B2Os. The large negative Gibbs
free energies of reactions 2 and 3 indicate a strong driving force to form MgB2 and MgO. The
products of reaction 2 are MgO and B. The generation of B leads to the increase in the metallic B
content in solid solutions. The formation of MgB: is most likely due to the reaction between Mg
and B203, as suggested by thermodynamic analysis (Figure S2 in Supporting Information) and
several studies in the literature [38, 40, 41]. By contrast, MgB2 formation due to the direct reaction
of Mg and B (reaction 1) is unlikely due to the small value of the Gibbs free energy. Both Mg and
B20s react in the liquid state to form solid products MgB2 and MgO. XPS confirmed their presence
on the surface. The presence of MgB2 and MgO on the surface can lead to surface passivation and
hence an extended shelf life of synthesized Mg/B solutions. The diffractogram in Figure 3 contains
reflections for Mg2B20s that arise due to the reaction of solid MgO and liquid B20s3 (reaction 4)

during SHS synthesis. The formation of that ternary oxide, Mg:B20s, entraps liquid B203 such
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that its sintering effect is minimized [38, 39]. Hence, the net effect of these reactions is to enrich
the solid solution in MgB2 and B at the expense of less energetic Mg and of B20O3, which does not
significantly contribute to heat release during oxidation. A portion of unreacted Mg and B203 is
apparently present as well as shown by XRD and XPS analyses (Figures 3 and 4). The presence
of the metallic form is accompanied by oxides of Mg and B in the forms of MgO, Mg2B20s, and
B20s3. However, the percentage of heat extracted from Mg/B solutions during oxidation suggests
these oxides are less than 10% as the heat release due to oxidation of metals present in solid
solutions is 90% of the theoretical value of the Mg/B system as shown in Table 1. This suggests
the synthesized Mg/B solutions are at least 90% pure. HAADF-STEM-EDS analyses (Figure 5)
show the uniform distribution of Mg on the B surface, which confirms the formation of core-shell
structures of Mg/B solutions leading to a few distinct advantages such as surface passivation and
a large area of contact between various components leading to efficient thermal oxidation.
Hollow shells of MgO are also present (Figure S3 in Supporting Information) due to the
Kirkendall effect, originating from an unequal diffusion couple between molten Mg and oxygen
[43]. The presence of MgO is beneficial in using Mg/B solid solutions as secondary fuel additives
in liquid propellants. Bello et al. [44] studied the combustion behavior of rocket propellants as a
function of the concentration of MgO nanoparticles. Due to the addition of MgO, the evaporation
rates of fuel droplets were improved by two orders of magnitude. A small endothermic peak
corresponding to the melting of Mg at ~540°C is found in the DSC plot (Figure 6) prior to the
exothermic oxidation peak, which is supported by the X-ray diffractograms and XPS spectra,
exhibiting the presence of unreacted Mg in solid solutions (Figures 3 and 4). The presence of Mg
near the surface helps elevate the localized temperature during thermal oxidation to intensify B

oxidation.
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As Mg/B solid solutions are synthesized from Mg and B in a weight ratio of 1:1, if Mg and
B oxidize independently of each other, the anticipated specific weight gain should be the average
of Mg and B, approximately 96%. However, the weight gain of Mg/B solid solutions due to
oxidation is 106%, which is 10% higher than the average weight gain of Mg and B (Figure 6a).
This confirms the promoting effect of Mg incorporation on B oxidation shown by a red arrow in
Figure 6a, which is further corroborated by the DSC analysis (Figure 6b), which shows
enhancement in heat release of B due to the presence of Mg. The higher onset temperature (625°C)
of Mg/B solid solutions compared to Mg (500°C) and B particles (550°C) indicates improved
oxidative stability of synthesized solid solutions due to the presence of MgO and MgB: on their
surface [38, 45]. This suggests MgO and MgB: act as a passivation layer to the B core, thereby
extending the shelf life of synthesized solid solutions. This was confirmed by thermal analysis of
Mg/B solid solutions after six months of storage in ambient conditions (25°C, 60% RH (RH =
relative humidity)) (Figure S4 in Supporting Information). The oxidative stability of solid solutions
is due to the presence of Mg-B and Mg-O bonds on the surface, which lead to additional oxidative
stability of the synthesized solid solutions unlike metals with highly reactive surfaces. This
confirms our hypothesis that the presence of MgB2 and MgO leads to passivation and extended
shelf life. During thermal oxidation of the synthesized samples, the energy to break Mg-B bonds
comes from the exothermic oxidation of Mg present on the surface [27, 28, 39]. To further
understand whether there are other reactions occurring besides oxidation, DSC analysis of Mg/B
solid solutions in an inert (Ar) atmosphere was performed (Figure 7). An exothermic peak with a
heat release of ~4 kl/g is observed with an onset temperature of 625°C, the same as the onset
temperature for the exotherm observed in the air (Figure 6). This is due to the redox reaction

between Mg and B203 within Mg/B solid solutions.
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The overall heat release measured from a broad exotherm is due to the oxidation of Mg,
MgB2, B, and the redox reaction between B203 and Mg (Figure 7). Mg evaporates, which reacts
with air to form MgO that is deposited as solid on the synthesized particles (reaction 5). B oxidizes
to form B203 (reaction 6), but the presence of Mg and MgO controls its inhibiting effects. The
oxidation of MgB: is initiated with the release of Mg vapor, which then oxidizes into MgO and is
deposited on the surface, and the remaining B is oxidized to B20O3 (reaction 7). These reactions are
exothermic (Table 3), and all contribute to the overall heat release. Thus, Mg/B solid solutions (36
kJ/g) have 24% and 38% higher heat release than B (29 kJ/g) and Mg/B mechanical mixtures (26
kJ/g), respectively. The broader exothermic peak during the oxidation of Mg/B solid solutions is

due to the synergy of oxidation and redox reactions (reactions 5, 6, and 7) discussed above.
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Figure 7. DSC analysis in an inert (Ar) atmosphere. The exotherm for the Mg/B solid solutions

in Ar is attributed to a redox reaction between Mg and B20s.
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Table 3. Possible chemical reactions during the oxidation of Mg/B solid solutions.

Reaction Chemical Reaction Oxidation Enthalpy
number (AH®) at 25°C
(kJ/g)
5 2Mg(g) + O2(g) = 2MgO(s) -25
6 2B(s) + 3/202(g) =2B203(1) -58
7 MgBa(s) + 202(g) 2 MgO(s) + B20s(1) -40

The presence of Mg, MgO, and MgB: in the near-surface region promotes the oxidation of
B and minimizes the sintering effect of B203 by elevating the temperature at the interface and
delaying the formation of B203 during thermal oxidation. The smaller particle size of the starting
materials (B, Mg) causes maximum interfacial contact during the SHS reaction forming Mg/B
solid solutions (average particle size: 550 nm) that leads to their near-complete oxidation and
higher heat release compared to micron-sized materials [6, 21, 38, 41]. We can extract 90% of the
energy stored in the Mg/B system during oxidation up to 1000°C (Table 1). Mg/B solid solutions
are preferred over Mg/B mechanical mixtures because of the enhanced heat release upon oxidation
(38% higher) and longer shelf life due to the presence of a passivation shell on the surface. Solid
solutions of Mg/B should demonstrate better performance when dispersed in liquid fuels compared
to Mg/B mechanical mixtures due to the possibility that Mg and B will not remain in proximity of
each other when dispersed, which can reduce the benefits of physically mixing Mg with B [36, 37,

39].

S. CONCLUSIONS
We synthesized and characterized energetic Mg/B solid solutions with an average particle size of
550 nm by a self-propagating high-temperature solid-state synthesis (SHS) reaction between

submicron-sized particles of B and Mg. The synthesis conditions were designed to maintain
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maximum contact between Mg and B particles and minimize sintering of the product. Liquid Mg
comes into direct contact with the surface of B particles to form a commensurate MgO/MgB: layer.
Due to the presence of the Mg/B interface, the exothermic heat release due to the combustion of
B increased by 24% compared to untreated B (for a temperature up to 1000°C) as shown by DSC
analysis. TGA clearly indicates the promotional effect of Mg on the oxidation of B. High thermal
stability and identical heat release after six months of storage suggest effective passivation and
increased shelf life of the solid solutions. XPS, XRD, and STEM-EDS results show the presence
of Mg, MgB2, and MgO in the synthesized particles. The synergistic effect of oxidation of Mg, B,
and MgB: coupled with the redox reaction between Mg and B20s3 lead to the increased heat release
from Mg/B solid solutions, which is 90% of the theoretical energy density of Mg/B systems. These
results can lead to the development of energetic materials with enhanced reactivity and heat release
using a dry powder-based technique. The method developed in this study can be implemented in

the design of energetic materials for the enhanced combustion of solid and liquid fuels.
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