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Abstract 
The difficult ignition and low combustion efficiency of boron particles decrease the performance of boron-loaded, 
fuel-rich propellants for solid fuel ramjets and ducted rockets. One approach to solving this problem involves the 
use of magnesium diboride (MgB2), which ignites easier than boron. Magnesium tetraboride (MgB4) offers greater 
energy density owing to its higher boron content. However, the effect of B/Mg ratio on the ignition and combustion 
is unknown. Additionally, while nanoscale MgB₂ particles and quasi-2D structures are promising energetic 
additives, the oxidation and combustion properties of nanoscale MgB₄ have not been explored. To address these 
knowledge gaps, the present work included synthesis and high-energy ball milling of MgB2 and MgB4 powders, 
thermogravimetric analysis (TGA) of their oxidation, and combustion experiments with thin layers of the obtained 
powders. Comparison of two synthesis routes (a solid-state reaction in a tube furnace and combustion synthesis) 
has shown that the former is the superior method for producing magnesium borides. TGA has revealed that 
oxidation of both MgB2 and MgB4 results in a high conversion into the oxides (88-91%), far exceeding the low 
conversion of boron (62.5%). MgB4 begins to oxidize rapidly at a much lower temperature (~900 °C) than MgB2 
(~1200 °C). The burning rates of milled MgB2 and MgB4 are about eight and five times, respectively, faster than 
that of submicron boron. Magnesium borides exhibit a stable, sustained boron flame, needed for high combustion 
efficiency, whereas physical Mg/B mixtures undergo Mg-driven "flash" combustion.  
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Novelty and significance statement 1 

Magnesium diboride (MgB₂) is recognized as a 2 
promising energetic additive to fuel-rich propellants 3 
for solid fuel ramjets and ducted rockets. The present 4 
work is the first systematic investigation into the 5 
synthesis, oxidation, and combustion of its more 6 
energetic but less understood counterpart, magnesium 7 
tetraboride (MgB₄). The work has revealed a 8 
fundamental performance trade-off: MgB₄ offers a 9 
lower ignition temperature and greater energy density, 10 
while nanoscale MgB₂ provides superior burning rate. 11 
The gained insights into the combustion of 12 
magnesium borides will help fully utilize the great 13 
potential of boron as fuel for air-breathing propulsion. 14 

 15 
1. Introduction 16 

Boron-loaded, fuel-rich propellants for solid fuel 17 
ramjets and ducted rockets have the potential to 18 
dramatically increase the range of missiles and 19 
projectiles. However, the formation of a liquid boron 20 
oxide (B2O3) layer hinders ignition of boron particles 21 
and reduces combustion efficiency of boron-based 22 
fuels and propellants [1–5]. One approach to the 23 

improvement of boron combustion is based on the 24 
addition of magnesium (Mg), which ignites much 25 
easier than boron. The addition of magnesium has 26 
been achieved via several routes, including the mixing 27 
of magnesium and boron powders [6–8], the 28 
formation of composite particles [9–13], and the use 29 
of magnesium borides as a replacement for boron 30 
[9,13–16]. However, magnesium powder is 31 
susceptible to degradation over time [17–19]. 32 
Compared to Mg/B mixtures and composites, 33 
chemically bonded magnesium borides (MgBx) offer 34 
thermal stability and slow aging [11]. Magnesium 35 
diboride (MgB2) has been studied more than any other 36 
MgBx phase for propulsion applications and because 37 
it was considered a promising superconductor. 38 
Recently, it has been tested as an additive to solid 39 
fuels for hybrid rockets. When added to paraffin-40 
based fuels, MgB2 burned completely, unlike boron, 41 
while also increasing the fuel's regression rate and 42 
density [20,21]. Because of the higher boron content, 43 
magnesium tetraboride (MgB4) is potentially a more 44 
energetic additive than MgB2. Figure 1 shows the 45 
calorific values of Mg, Al, B, MgB2, and MgB4, 46 
calculated using the standard enthalpies of formation 47 
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of MgO (-601.24 kJ/mol), Al2O3 (-1271.94 kJ/mol), 1 
B2O3 (-1675.69 kJ/mol), MgB2 (-91.96 kJ/mol), and 2 
MgB4 (-105.02 kJ/mol) [22]. The figure also shows 3 
the calorific values of Mg/2B and Mg/4B mixtures. It 4 
is seen that both MgB2 and MgB4 release more heat 5 
per unit mass than aluminum, the most common metal 6 
fuel ingredient of solid rocket propellants. It is also 7 
seen that MgB4 is more energetic than MgB2 and that 8 
the chemical bonds in MgB2 and MgB4 only slightly 9 
decrease the released heat. 10 
 11 

 12 
Fig. 1. Calorific values of Mg, Al, B, MgB2, MgB4, and 13 

Mg/B mixtures. 14 
 15 

To improve the performance of solid fuels and 16 
propellants with these additives, it is necessary to 17 
understand the decomposition and oxidation of 18 
magnesium boride particles. This information is also 19 
important for safe handling and storing these powders 20 
and propellants. Guo et al. [23] studied decomposition 21 
and oxidation of MgB2 powders at temperatures up to 22 
1400 °C using thermogravimetric analysis (TGA), X-23 
ray diffraction (XRD) analysis, and scanning electron 24 
microscopy (SEM). They have shown that the 25 
decomposition process of MgB2 includes four stages 26 
with the consecutive formation of MgB4, MgB7, 27 
MgB20, and B, where each stage also involves the 28 
release of Mg vapor. Rapid oxidation of MgB2 in air 29 
starts at 600 °C. With increasing the temperature, four 30 
oxidation stages take place consecutively; they 31 
correspond to the four decomposition stages.  32 

Liang et al. [15] studied combustion of Mg, B, and 33 
MgB2 powders, ignited by a laser beam apparently in 34 
air (the gas environment was not reported), using 35 
high-speed video recording and emission 36 
spectroscopy. The ignition delay time of MgB2 was 37 
24 times shorter than for B and even shorter than for 38 
Mg, which confirms the high ignitibility of MgB2. The 39 
ignition of each powder resulted in a vigorous 40 
combustion with sparks. The emission spectrum of 41 
MgB2 during this stage showed lines of gaseous Mg, 42 
MgO, and BO2. This stage was followed by stable 43 
combustion for each powder. The emission of MgB2 44 
was less intense during that stage, and it was difficult 45 
to identify the spectral lines of gaseous compounds. 46 
XRD analysis of the condensed products of MgB2 47 
combustion has shown peaks of MgB2, MgB4, MgB7, 48 
MgB12, MgO, B2O3, and Mg3B2O6. This clearly 49 
indicates the presence of unreacted material and the 50 

occurrence of several decomposition and oxidation 51 
stages.  52 

Guo et al. [24] obtained emission spectra of single 53 
MgB2 and MgB4 particles (median diameter: 4-5 µm) 54 
burning in O2/H2O/CO2/N2 gas mixture generated by 55 
combustion of CH4/O2/N2 mixture in a flat-flame 56 
burner. The spectra of Mg and B particles were also 57 
obtained for comparison. Like in the work [15], the 58 
spectrum of MgB2 contained the lines of Mg, MgO, 59 
and BO2. The evolution of the spectrum showed that 60 
combustion of Mg dominated at the beginning but 61 
diminished with time. The spectra of MgB4 were 62 
similar, but the combustion of Mg was less 63 
pronounced. The authors also prepared agglomerates 64 
of B, MgB2, and MgB4 particles in an HTPB matrix 65 
and studied their combustion in the same burner. The 66 
burning times of agglomerated MgB2 and MgB4 67 
particles were shorter than those of agglomerated B 68 
particles. These results show that the combustion 69 
behavior of MgB4 is similar to that of MgB2 but do 70 
not allow for the conclusion to be made on which 71 
compound has better combustion characteristics. A 72 
recent study by Xu et al. compared the combustion 73 
properties of MgB2 with other borides (AlB2, TiB2, 74 
SiB6, B4C), yet MgB4 remains unexplored [25].    75 

The combustion of magnesium borides may depend 76 
on the synthetic method used for their preparation. 77 
Usually, magnesium borides are synthesized from the 78 
elements, i.e., through the reactions between Mg and 79 
B powders at high temperatures. Synthesis in a 80 
furnace (in an inert gas or vacuum) allows for precise 81 
control over the temperature profile but requires 82 
external energy input and long processing times. In 83 
contrast, self-propagating high-temperature synthesis 84 
(SHS), which is one of combustion synthesis 85 
techniques [26,27], potentially offers a rapid and 86 
energy-efficient route for boride production. 87 
However, although the low enthalpies of formation of 88 
magnesium borides are a favorable factor for their use 89 
in propellants, they make SHS problematic. The 90 
adiabatic flame temperatures of stoichiometric 91 
mixtures for the formation of MgB2 and MgB4, 92 
calculated at constant pressure (1 atm) with 93 
THERMO (version 4.3) software [28], are equal to 94 
1614 K and 1310 K, respectively. Although these 95 
relatively low temperatures do not exclude the 96 
possibility of self-sustained combustion wave 97 
propagation, it is difficult to achieve it in practice. 98 
Numerous researchers tried to fabricate MgB2 by 99 
combustion synthesis. They usually added heat by 100 
placing the Mg/B mixture into a furnace [29–31]. In 101 
some experiments, it was possible to turn off the 102 
furnace and observe self-sustained combustion in the 103 
thermal explosion mode [32]. It was also possible to 104 
obtain MgB2 via the so-called chemical oven 105 
technique, where the Mg/B mixture is surrounded by 106 
a highly exothermic Ti/C or Ti/B mixture, which 107 
provides heat for Mg/B combustion [33]. The lower 108 
adiabatic flame temperature of the mixture for MgB4 109 
synthesis implies that it may be even more difficult to 110 
fabricate it by SHS.  111 
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Post-synthesis treatment may also affect the 1 
properties of boride powders. Recently, MgB2, 2 
mechanically activated by planetary ball milling, was 3 
compared with original ( 1̶00 mech size) MgB2 4 
powder and quasi-2D boron-based nanostructures 5 
(nanodots, nanograins, and nanosheets), obtained by 6 
sonication-assisted dissolution and recrystallization 7 
of MgB2 crystals in water [14]. Owing to enhanced 8 
surface area and mesoporous structure, the 9 
mechanically activated MgB2 powder has shown 10 
greater potential as a catalytic and energetic additive 11 
to ammonium perchlorate than pristine MgB2 and 12 
quasi 2D nanostructures. However, the oxidation and 13 
combustion properties of nanoscale MgB4 remain 14 
unknown. 15 

The objective of the present work was to explore 16 
the oxidation and combustion of MgB4 in comparison 17 
with MgB2 and Mg/B mixtures. MgB2 and MgB4 were 18 
fabricated by combustion synthesis and by heating in 19 
a tube furnace, and ground to the nanoscale using 20 
high-energy ball milling. X-ray diffraction analysis 21 
and scanning electron microscopy were used to 22 
characterize the powders. The decomposition and 23 
oxidation of the obtained magnesium borides were 24 
investigated by thermogravimetric analysis. Their 25 
combustion was studied using laser ignition, high-26 
speed video recording, and time-resolved optical 27 
spectroscopy. Comparative experiments with physical 28 
Mg/B mixtures were also conducted. 29 

 30 
2. Experimental 31 

Magnesium borides were synthesized using 32 
magnesium powder (99.8%, –325 mesh, Thermo 33 
Fisher Scientific) and amorphous boron powder 34 
(≥98% pure, <1 μm, STREM Chemicals). The boron 35 
and magnesium powders were mixed using a three-36 
dimensional inversion kinematic mixer 37 
(Bioengineering Inversina 2L) at two B/Mg molar 38 
ratios, 2:1 and 4:1. To account for the volatility of 39 
magnesium during the heating process, B/Mg 40 
mixtures with a 10% and 20% excess of Mg were also 41 
prepared. The mixtures were compacted into 42 
cylindrical pellets (diameter: 13 mm) using a 43 
trapezoidal die and a uniaxial hydraulic press (force: 44 
35–40 kN).  45 

The B/Mg mixtures were converted into 46 
magnesium borides by combustion synthesis and by 47 
heating in a tube furnace. Initially, there were several 48 
attempts to achieve SHS in the Mg/B mixtures 49 
mechanically activated through high-energy ball 50 
milling at different parameters. However, all those 51 
attempts failed, and the combustion synthesis was 52 
performed using the chemical oven technique, where 53 
an Mg/B pellet was placed into a ceramic crucible and 54 
surrounded by 4-8 g of a Ti/B mixture (1:2 molar 55 
ratio) arranged in an annular layer. The synthesis was 56 
conducted in a laser ignition setup [34,35]. The 57 
crucible was positioned within a stainless-steel 58 
windowed chamber, which was then purged with 59 
ultrahigh-purity argon three times. The Ti/B mixture 60 

was ignited by an infrared beam of a CO₂ laser 61 
(Synrad Firestar ti-60), leading to the ignition and 62 
combustion of the Mg/B mixture. During this process, 63 
according to thermocouple measurements, the 64 
temperature within the crucible increased at a rate as 65 
high as 500 °C/s.  66 

In the second method, the Mg/B pellet was placed 67 
into an alumina crucible, which was then closed with 68 
an alumina lid and placed inside the tube furnace 69 
(MTI GSL-1500x). The furnace was purged with 70 
argon three times, and argon was allowed to flow for 71 
30 min at 0.3 L/min. Next, the furnace was heated 72 
under 0.8 L/min argon flow at a rate of 5 °C/min to a 73 
desired temperature. Since synthesis of MgB2 and 74 
MgB4 requires temperatures of 750 and 1050 °C, 75 
respectively [36,37], the 2:1 B/Mg samples were 76 
heated to 750 °C, and the 4:1 B/Mg samples were 77 
heated to 1050 °C, with both temperatures held for 2 78 
h. Finally, the pellet was cooled to room temperature 79 
at a rate of 5 °C/min. 80 

High-energy ball milling at parameters described 81 
in work [38] was employed for the mechanical 82 
activation of the mixtures before combustion 83 
synthesis and for producing nanoscale magnesium 84 
borides. 0.8 g of the powder was placed into zirconia-85 
coated vials with 3 mm or 12.7 mm zirconia balls 86 
(ball-powder mass ratio: about 25). The milling was 87 
performed using a shaker mill (SPEX SamplePrep 88 
8000D) inside an argon-filled glove bag. The process 89 
consisted of four to sixteen intervals, each comprising 90 
1 hour of milling followed by 1 hour of cooling. After 91 
milling, the powder was left to cool to room 92 
temperature, and the milling balls and large 93 
agglomerates were separated from the powder using 94 
1.7 mm and 150 µm sieves.  95 

Thermogravimetric analysis (Netszch STA 449 F3 96 
Jupiter) was conducted to examine the high-97 
temperature decomposition and oxidation of Mg, B, 98 
and magnesium borides. 1-2 mg of the tested powder 99 
was placed into an alumina crucible (85 μL) and 100 
heated from 25 °C to 1550 °C at a rate of 10 °C /min 101 
in a flow of argon (to study decomposition) or oxygen 102 
(to study oxidation). The flow rate was 50 mL/min in 103 
both cases. 104 

The combustion characteristics of the synthesized 105 
powders were studied in the laser ignition setup 106 
mentioned above. All reported experiments were 107 
performed three times to ensure the results were 108 
reproducible. To determine the linear burning rate, 109 
powder was spread into a machined rectangular 110 
groove (40×10×1 mm) on a brass plate. The chamber 111 
was purged three times with ultrahigh-purity argon 112 
and subsequently filled with oxygen to a pressure of 113 
90 kPa (near local atmospheric pressure). The sample 114 
was ignited near one end by the CO2 laser (2.0±0.3 115 
mm beam diameter) using a single 0.1 s pulse at a 116 
power of 32 W (measured with a Synrad powermeter). 117 
The propagation of the combustion front was recorded 118 
at 3000 fps by a high-speed camera (Phantom v1210) 119 
equipped with a macro lens (Nikon AF NIKKOR 60 120 
mm f/2.8D), and the average propagation velocity 121 
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(linear burning rate) was determined based on the 1 
measured time. The condensed combustion products 2 
were collected from the rectangular groove for 3 
analysis. Phase compositions of synthesized borides 4 
and combustion products were determined by powder 5 
X-ray diffraction analysis (PANalytical Empyrean 2). 6 
The particles were also examined using scanning 7 
electron microscopy (SEM Hitachi s4800). 8 

For spectral analysis of the flame, powder was 9 
packed into a cylindrical well (5 mm diameter×1 mm 10 
depth) machined into a brass plate. The sample was 11 
ignited under the atmospheric and laser conditions 12 
described above. The emitted light was analyzed by a 13 
spectrometer (AvaSpec-ULS2048CL-EVO-RS-UA). 14 

 15 
3. Results and discussion 16 

3.1 Synthesis and nanoscaling of magnesium 17 
borides 18 

Figure 2 presents the XRD patterns of magnesium 19 
borides with B/Mg ratios of 2:1 and 4:1, synthesized 20 
using the tube furnace and the chemical oven 21 
technique. At the 2:1 ratio, the patterns of products 22 
obtained by both methods are virtually identical. In 23 
contrast, significant differences are observed at the 24 
4:1 ratio. The tube furnace yielded MgB4 and MgO, 25 
while the chemical oven also produced a high content 26 
of MgB2. The latter was apparently due to significant 27 
evaporation of Mg during the combustion synthesis. 28 
Mechanically activation of the mixtures before 29 
combustion synthesis resulted in only minimal or 30 
negligible improvements. Due to the complexity of 31 
the chemical oven technique, waste material 32 
associated with the booster mixture, scalability issues, 33 
and its inability to produce high-quality MgB4, it was 34 
decided that the tube furnace would be the primary 35 
method of synthesis in the present work. 36 

Liquid-phase exfoliation of MgB2 has been 37 
successfully demonstrated [39,40], and its potential 38 
for solid propellant applications has also been 39 
explored [41]. While exfoliated layers may offer 40 
enhanced reactivity due to increased surface area, 41 
liquid-phase processing introduces significant 42 
variables, such as solvent compatibility, complex 43 
drying requirements, and a higher risk of surface 44 
oxidation. In contrast, dry (solvent-free) ball milling 45 
offers a scalable preparation route suitable for 46 
industrial production of ramjet fuels. Therefore, in the 47 
present work, we prioritized the robust, engineering-48 

focused approach of dry milling, following the 49 
procedure [38] with minor modifications. SEM 50 
imaging (Fig. 3) has revealed that high-energy ball 51 
milling is effective regardless of the initial 52 
composition of the milled powder. The formed 53 
particles have an irregular shape. All of them are 54 
clearly less than 500 nm in size, with some being as 55 
small as 100 nm or less. Figure 4 shows the XRD 56 
patterns of the powders before and after milling. After 57 
four hours of milling, peak broadening is seen, which 58 
is evidence of reduced crystallite size. It should be 59 
noted that for MgB4, the XRD pattern also shows a 60 
distorted crystal structure with altered relative 61 
intensities. 62 

 63 

 64 
 65 

Fig. 2. XRD patterns of MgB2 and MgB4, synthesized using 66 
a tube furnace and the chemical oven. 67 

 68 
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 1 
 2 

Fig. 3. SEM images of MgB2 (left) and MgB4 (right) particles after milling. 3 
 4 

  5 
 6 

Fig. 4. Evolution of MgB2 and MgB4 XRD patterns during 7 
milling. 8 

 9 
3.2 Decomposition and oxidation of 10 
magnesium borides 11 

Figure 5 shows the thermogravimetric curves for 12 
decomposition of MgB2 and MgB4 in an argon flow. 13 
The curve for MgB2 aligns closely with prior work 14 
[23], which showed a multi-step decomposition. At a 15 
temperature of about 900 °C, MgB2 starts to 16 
decompose to form MgB4 and Mg, which is vaporized 17 
due to its significant saturated vapor pressure. 18 

However, the formed MgB4 layer slows down the 19 
diffusion of Mg and hence its evaporation. With 20 
approaching the Mg boiling point (around 1100 °C), 21 
MgB4 decomposes to MgB7 and Mg, which 22 
immediately evaporates. Again, the formed MgB7 23 
layer inhibits the diffusion and hence evaporation of 24 
Mg. Further increase in temperature apparently leads 25 
to the decomposition of MgB7 to MgB20 and Mg 26 
vapor [23]. The TG curve for MgB4 shows that its 27 
decomposition starts at around 1000 °C, which 28 
correlates with the decomposition of MgB4 in the TG 29 
curve for MgB2. 30 

Figure 6 shows the thermogravimetric curves for 31 
oxidation of MgB2 and MgB4 in an O2 flow, including 32 
samples ball-milled for 4 h. For comparison, the TG 33 
curves for Mg and B are also shown. The oxidation of 34 
Mg to MgO is complete (100% conversion) by 600 35 
°C, which is explained by the non-protective 36 
properties of the MgO surface layer. The oxidation of 37 
boron, however, is much less efficient; it includes 38 
initial rapid oxidation at around 600 °C followed by a 39 
much slower increase in mass and then by its drop at 40 
around 1400 °C. To our knowledge, the observed 41 
linear oxidation law during the second stage of boron 42 
oxidation in TGA has not been explained in the 43 
literature. The reaction mechanisms during the first 44 
and second stages may include the formation of B-O 45 
solution, (BO)n polymer, boron suboxide (B6O),  and 46 
B2O3 [5,42,43] The final drop at around 1400 °C is 47 
caused by the evaporation of the formed boron oxides. 48 
The maximum extent of conversion (before the final 49 
drop) was only 62.5%. 50 
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 1 
 2 

Fig. 5. TG curves for decomposition of MgB2 and MgB4. 3 
 4 

 5 
 6 

Fig. 6. TG curves for oxidation of Mg, B, MgB2, and MgB4. 7 
Dashed lines show the theoretical mass gains for B, MgB2, 8 

and MgB4. 9 
 10 
The TG curves for the oxidation of the borides are 11 

different from those for Mg and B. In general, they 12 
show a relatively slow initial increase in mass 13 
followed by a much faster increase and then the final 14 
drop like for boron. The TG curve for oxidation of 15 
milled MgB2 correlates with the MgB2 decomposition 16 
curve like in prior work [23]. Each decomposition 17 
stage releases Mg vapor, which is immediately 18 
oxidized, contributing to the mass increase.  19 

In contrast to MgB2, the rapid mass increase of 20 
MgB4 begins between 800 and 900 °C, i.e., before the 21 
decomposition onset. However, the decomposition of 22 
MgB4 does occur during its oxidation, which explains 23 
the slowdown of the mass gain followed by a new 24 
acceleration at 1100 – 1200 °C. The low (compared to 25 
MgB2) temperatures required for the rapid oxidation 26 
of MgB4 may be related to the lower content of Mg.   27 

The observed faster oxidation of MgB4 at 28 
temperatures over 900 °C implies that under 29 
conditions of a combustion chamber, the MgB4 30 

particles may ignite easier than MgB2. Of course, this 31 
hypothesis needs experimental verification, which is 32 
beyond the scope of the present work. For the milled 33 
MgB2 and MgB4 samples, the onset of the initial 34 
oxidation step is shifted to lower temperatures, 35 
indicating enhanced reactivity due to mechanical 36 
activation, likely by introducing defects into the 37 
surface layer and by increasing the surface area. 38 

In stark contrast to boron, the magnesium borides 39 
achieved much higher conversion under the same 40 
conditions, reaching 88% for MgB2 and 91% for 41 
MgB4. This high degree of conversion also implies 42 
that the initial oxide impurities in the as-synthesized 43 
powders were relatively low. Based on the about 90% 44 
final conversion, it can be estimated that these 45 
impurities are likely to reduce the materials' 46 
theoretical energy density by about 10%. It should be 47 
noted that the MgO impurities can be removed by acid 48 
leaching [36,44]. Milling slightly decreased the final 49 
conversion for the borides (83% for milled MgB2 and 50 
80% for milled MgB4). A similar effect of milling has 51 
been seen in nano-Al particles [45], and the decreased 52 
conversion could be caused by the oxygen impurities 53 
in the glove bag during milling and oxygen exposure 54 
during handling. Comparison with the low conversion 55 
of boron clearly shows that the borides not only 56 
oxidize much faster than boron at elevated 57 
temperatures but also achieve a more complete 58 
oxidation. 59 

 60 
3.3. Combustion behavior and burning rate 61 

To illustrate how the linear burning rate was 62 
determined, Figure 7 shows a schematic diagram and 63 
images of the combustion propagation over a layer of 64 
MgB4 powder. Typical videos of combustion of Mg, 65 
B, and the two borides (each non-milled and milled) 66 
are presented in the Supplementary Material. The 67 
average propagation velocities of the combustion 68 
front were calculated based on distance and time, and 69 
the obtained values are presented in Fig. 8. A 70 
significant variation in combustion propagation 71 
velocity was observed across the samples. The 72 
amorphous boron powder, with a reported particle 73 
size within the range described as most reactive [46], 74 
burned at 91 mm/s. In comparison, the non-milled 75 
MgB2 and MgB4 powders burned at 188 mm/s and 76 
180 mm/s, respectively. This doubling of the burning 77 
rate, despite the coarse particles of the borides 78 
compared to the submicron boron, underscores the 79 
superior intrinsic reactivity of the boride compounds, 80 
even in the presence of oxide impurities. This 81 
enhanced reactivity aligns with the high extents of 82 
conversion observed for the oxidation of the borides 83 
in the TGA experiments.  84 

 85 
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 1 
 2 

Fig. 7. Schematic diagram (left) and images of ignition and combustion propagation over MgB4 powder layer. The camera was 3 
installed at an angle of 25° to the sample surface. Time zero is the onset of light emission.  4 

 5 

 6 
Fig. 8. Linear burning rates of Mg, B, MgB2 (non-milled and milled), and MgB4 (non-milled and milled) powders. 7 

 8 
 9 

Milling of the boride powders significantly 10 
accelerated their combustion propagation. The 11 
burning rate of milled MgB2 increased to 762 mm/s (a 12 
four-fold increase), while milled MgB4 reached 489 13 
mm/s (a 2.7-fold increase). When compared to pure 14 
boron, the milled MgB2 and MgB4 powders burned 15 
approximately 8.4 and 5.4 times faster, respectively. 16 
This highlights the profound effect of increased 17 
surface area and mechanically induced defects on 18 
combustion performance. 19 

It is important to reconcile this dramatic increase 20 
in burning rate with the TGA results, which showed a 21 
slight decrease in the final conversion for milled 22 
powders. This apparent discrepancy highlights the 23 
different phenomena governing relatively slow 24 
oxidation in TGA versus rapid, self-propagating 25 
combustion. The lower final conversion of the milled 26 
particles in TGA is likely due to the passivating effect 27 
of an oxide layer formed during milling, whereas the 28 
reaction rate during rapid combustion increases with 29 
decreasing the particle size. The nanoscale particles 30 
produced by milling, as seen in the SEM images (Fig. 31 
3), provide a significantly greater surface area for 32 
reaction. This leads to a drastically accelerated 33 
reaction rate and heat feedback, which dictates the 34 
propagation speed, even if the overall reaction 35 
completeness far behind the front is slightly lower. 36 

For comparison, physical mixtures of boron and 37 
magnesium were also tested. The 2:1 B/Mg and 4:1 38 

B/Mg mixtures showed high burning rates of 867 39 
mm/s and 786 mm/s, respectively, approaching the 40 
combustion velocity of magnesium. Surprisingly, 41 
milling decreased the burning rates of the B/Mg 42 
mixtures (this is discussed in Section 3.5).  43 

It should be noted that the burning rate determined 44 
based on luminosity propagation can be high but at 45 
incomplete conversion. For this reason, it is important 46 
to analyze the combustion products. 47 

 48 
3.4. XRD analysis of combustion products  49 

Figure 9 shows the XRD patterns of the products 50 
collected after combustion of Mg, B, MgB2, MgB4, 51 
2:1 B/Mg mix, and 4:1 B/Mg mix powders. The XRD 52 
patterns for the precursor materials (Mg and B) reveal 53 
a significant difference in combustion efficiency. The 54 
pattern for combusted Mg shows conversion into 55 
crystalline magnesium oxide (MgO), although 56 
incomplete, apparently because of significant heat 57 
losses. Conversely, the pattern for combusted B is 58 
characterized by a large amorphous background and 59 
lack of distinct crystalline peaks, indicating a failure 60 
to fully convert into a stable oxide. The observed lack 61 
of crystalline B2O3 may be explained by its 62 
evaporation during combustion or its amorphization 63 
which would not be detected by XRD. 64 

 65 
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 1 
 2 

Fig. 9. XRD patterns of combusted (a) Mg, (b) B, (c) MgB2, (d) MgB4, (e) 2:1 B/Mg mix, and (f) 4:1 B/Mg mix 3 
powders. 4 

 5 
The products of MgB2 combustion contain a 6 

significant amount of free Mg. Other identified phases 7 
include MgO, magnesium pyroborate (Mg2B2O5), and 8 
traces of magnesium orthoborate (Mg3B2O6). It is 9 
worth mentioning that the formation of Mg2B2O5 and 10 
Mg3B2O6 was recently predicted in the DFTB-MD 11 
simulations of the reaction between Mg vapor and 12 
B2O3 surface [47]. The products of MgB4 combustion 13 
contain more Mg2B2O5 and less Mg, with traces of 14 
Mg3B2O6 being still present. The combustion 15 
products of B/Mg mixtures also contain Mg2B2O5 and 16 
Mg3B2O6 but no unreacted Mg. Interestingly, along 17 
with MgO, MgB2 was formed during combustion of 18 
Mg/2B mixture, and it remained unoxidized.    19 

Magnesium pyroborate and orthoborate can be 20 
considered as the sums of MgO and B2O3 according 21 
to the equations: 22 

 23 
Mg2B2O5 → 2MgO + B2O3   (1) 24 

 25 
Mg3B2O6 → 3MgO + B2O3   (2) 26 

 27 

On the other hand, the full oxidation of MgB2 and 28 
MgB4 (or Mg/2B and Mg/4B mixtures) should 29 
produce higher B2O3/MgO ratios: 30 

 31 
MgB2 + 2O2 → MgO + B2O3    (3) 32 

 33 
MgB4 + 3.5O2 → MgO + 2B2O3   (4) 34 

 35 
The observed lack of B2O3 is explained by its 36 
evaporation during combustion (see Section 3.2). It 37 
should be noted that although the formation enthalpies 38 
of anhydrous Mg2B2O5 and Mg3B2O6 are unknown, 39 
the effect of their formation instead of MgO and B2O3 40 
on the calorific value is likely small. 41 

Figure 10 shows XRD patterns of the products 42 
collected after combustion of milled MgB2, MgB4, 2:1 43 
B/Mg mix, and 4:1 B/Mg mix powders. No free Mg 44 
was detected in the combustion products of the milled 45 
MgB2 and MgB4. The products of milled MgB4 and 46 
Mg/4B mix contain significant peaks of MgB7, which 47 
is discussed in the next section. 48 

 49 
 50 



9 
 

 1 
 2 
Fig. 10. XRD patterns of combusted milled (a) MgB2, (b) MgB4, (c) 2:1 B/Mg mix, and (d) 4:1 B/Mg mix powders. 3 
 4 

 5 
3.5. Emission spectroscopy 6 

Figure 11 presents the emission spectra at three key 7 
stages of combustion: peak intensity at the beginning, 8 
the midpoint of its burn time (midway), and the end 9 
point. The burn time itself, from ignition to burnout, 10 
was determined by applying an intensity threshold of 11 
100 counts to the respective emission signal, a value 12 
selected for being well above the baseline noise. The 13 
spectrum of burning magnesium shows strong lines of 14 
Mg and MgO in ultraviolet range (350-400 nm) as 15 
well as at 498 and 518 nm. The sharp lines at 589, 671, 16 
and 766 nm belong to impurities of Na, Li, and K, 17 
respectively. The spectrum of burning boron shows 18 
the prominent BO2 band system as in prior work 19 
[48,49]. The spectra of unmilled Mg/B mixtures 20 
appear to be superimposition of the Mg spectrum on 21 
the B one (the addition of UV lines and the overlap of 22 
the BO2 line at 492 nm and MgO line at 498 nm). The 23 
spectra of unmilled borides are more similar to the one 24 
of boron but with the addition of UV emission. The 25 
spectra of milled mixtures and borides are 26 
qualitatively similar to those of unmilled ones.  27 

To obtain more information from the spectra, 28 
following established methods, boron oxidation was 29 
tracked by monitoring the emission intensity at a 30 
wavelength of 547 nm (the peak of the BO2 band 31 
system), while magnesium-containing species were 32 
tracked by using the excited neutral magnesium (Mg 33 
I) atomic line at 383 nm [50–52]. These wavelengths 34 
were chosen because a comparison with the individual 35 
combustion spectra of B and Mg confirmed they are 36 
free from mutual interference. 37 

Figure 12 shows the full temporal profiles of BO2 38 
and Mg I emitted during combustion of the non-milled 39 
and milled powders. From these profiles, two primary 40 
metrics were calculated for comparison. The 41 
integrated B/Mg emission ratio ([BO2] / [Mg I]) was 42 
used as a qualitative indicator of the relative 43 
contribution of boron versus magnesium oxidation. 44 
The average BO2 emission rate (intensity/time) was 45 
calculated to quantify the overall intensity of the 46 
sustained boron flame. Table 1 shows these metrics 47 
along with the measured burning rates. The B/Mg 48 
ratio for MgB4 was nearly an order of magnitude 49 
higher than for MgB2, confirming a more dominant 50 
boron combustion phase for MgB4, consistent with its 51 
higher boron content. 52 

A particularly insightful finding emerges when 53 
comparing the linear burning rate with the average 54 
BO2 emission rate. The sample with the highest 55 
burning rate, 2:1 B/Mg mix (867 ± 148 mm/s), does 56 
not produce the most intense sustained boron flame. 57 
In fact, its average BO2 emission rate (275 ± 74 unit/s) 58 
is significantly lower than that of the much slower 59 
combustion of non-milled MgB4 (180 ± 33 mm/s, 684 60 
± 182 unit/s). This inverse relationship suggests that 61 
"propagation velocity" and "boron flame intensity" 62 
are decoupled. The rapid combustion may be 63 
dominated by a transient, Mg-driven reaction front, 64 
whereas the slower and steadier combustion of non-65 
milled MgB4 allows for a more prolonged and 66 
complete boron oxidation phase, leading to a higher 67 
time-averaged emission intensity.  68 

 69 
 70 
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Fig. 11. Spectrograms of (a) Mg, (b) B, (c) 2:1 B/Mg mix, 
(d) 4:1 B/Mg mix, (e) MgB2, and (f) MgB4 powders, non-
milled (left) and milled (right). Time zero is the onset of 
light emission.  

 1 
 2 
 3 

 

 
Fig. 12. Emission intensity as a function of time for (a) 
Mg, (b) B, (c) 2:1 B/Mg mix, (d) 4:1 B/Mg mix, (e) 
MgB2, and (f) MgB4 powders, non-milled (left) and milled 
(right). Time zero is the onset of light emission. 

 4 
5 
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Table 1 1 
Burning rates and spectroscopic metrics of magnesium borides and B/Mg mixtures. 2 

Sample Linear burning 
rate 

Relative burning 
rate (vs. B) 

B/Mg emission 
ratio 

Average BO2 
emission rate 

BO2 emission 
time 

 mm/s - - a.u./s s 
Mg 1010 ± 128 11.1 - - - 
B 91 ± 30 1 - 425 ± 172 1.98 ± 0.52 
MgB2 189 ± 24 2.1 4.9 ± 0.2 483 ± 136 0.99 ± 0.04 
MgB4 180 ± 33 2 34.6 ± 8.9- 684 ± 182 1.94 ± 0.21 
MgB2 (milled) 762 ± 38 8.3 3.7 ± 0.1 374 ± 102 1.06 ± 0.05 
MgB4 (milled) 489 ± 63 5.4 -* 341 ± 170 1.26 ± 0.17 
2:1 B/Mg mix 867 ± 148 9.5 2.6 ± 0.8 275 ± 74 0.87 ± 0.16 
4:1 B/Mg mix 786 ± 64 8.6 4.8 ± 1.9 332 ± 168 1.02 ± 0.28 
2:1 B/Mg mix (milled) 677 ± 103 7.4 3.2 ± 0.1 257 ± 53 0.81 ± 0.02 
4:1 B/Mg mix (milled) 613 ± 6 6.7 11.2 ± 1.4 276 ± 95 0.94 ± 0.17 

* Unreliable due to a weak Mg I signal 3 
 4 
The effect of milling on the boride compounds 5 

further clarifies this mechanistic distinction. For 6 
MgB2, milling quadruples the burning rate but 7 
decreases the B/Mg emission ratio from 4.9 to 3.7. 8 
This trend suggests that nanoscaling primarily 9 
accelerates the initial, Mg-driven stage without 10 
proportionally enhancing the subsequent boron 11 
oxidation. In contrast, while milling more than 12 
doubles the burning rate of MgB4, the B/Mg emission 13 
ratio for the milled sample becomes unreliable due to 14 
an especially weak Mg signal (Fig. 13). The 15 
consistently weak Mg emission from MgB4, 16 
especially when compared to the robust signal from 17 
MgB2, correlates with the observations of Guo et al. 18 
[24]. They noted that the emission spectrum of MgB4 19 
was closer to that of amorphous boron, with a 20 
diminished Mg signal compared to MgB2.  21 

The weak initial Mg signal we observed and the 22 
observations of reaction between molten Mg and 23 
B2O3 even at relatively low temperatures (500–650 24 
°C) [7] provide clear support for the condensed-phase 25 
mechanism of MgB4 combustion. This is also 26 
supported by the results of TGA studies. Indeed, the 27 
decomposition of MgB4 to MgB7 and Mg vapor 28 
begins at about 1000 °C (Fig. 5), but significant 29 
oxidation of MgB4 takes place at much lower 30 
temperatures (Fig. 6), where Mg vapor cannot be 31 
involved. Further, the presence of MgB7 phase in the 32 
products, reported in Section 3.4, indicates that the 33 
condensed-phase reaction between magnesium and 34 
boron oxide locally enriches the material with 35 
elemental boron, driving the formation of the boron-36 
rich phase MgB7. We therefore state that magnesium's 37 
primary role in MgB4 combustion is the condensed-38 
phase, thermite reaction with the initial and formed 39 
boron oxide. Interestingly, the decreased role of Mg 40 
vapor in the combustion mechanism of MgB4 is 41 
similar to the decreased role of gas-phase oxygen in 42 
the combustion of nanothermites [53].  43 

This mechanistic divergence between MgB2 and 44 
MgB4 may stem from the fundamental difference in 45 
the crystal structures of these compounds. The 46 
layered, graphene-like arrangement of MgB2 may 47 
facilitate the release of Mg vapor, while the three-48 

dimensional B6 framework of MgB4, with Mg atoms 49 
occupying voids, favors the condensed-phase reaction 50 
pathway [54,55]. In addition, the reduced crystallinity 51 
of milled MgB4, observed in the XRD patterns (Fig. 52 
4), could facilitate inward oxygen diffusion and hence 53 
promote the condensed-phase reaction. 54 

 55 

 56 
 57 

Fig. 13. Comparison of Mg I peaks (383 nm) in the 58 
emission spectra of MgB2 and MgB4 59 

 60 
A direct comparison between the boride 61 

compounds and their corresponding elemental 62 
mixtures reveals the critical role of chemical bonding 63 
in achieving efficient boron combustion. While the 64 
physical mixtures exhibit high linear burning rates 65 
(Table 1), analysis of their time-resolved emission 66 
profiles (Fig. 12) shows a distinct mechanism. Both 67 
the 2:1 and 4:1 B/Mg mixtures are characterized by a 68 
violent, sharp emission peak at the onset of 69 
combustion, which then rapidly diminishes. This 70 
behavior suggests that the combustion front is driven 71 
by the vigorous ignition of magnesium particles, 72 
which provides a rapid initial propagation but fails to 73 
create conditions for a long-lived boron flame. 74 

This flash combustion explains why the time-75 
averaged BO2 emission for both borides is nearly 76 
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double that of their mixture counterparts (Table 1). 1 
The combustion of physically mixed Mg and B may 2 
lead to the formation of metastable Mg-B 3 
intermediates. In contrast, the chemically bonded 4 
atomic arrangement in the pre-synthesized MgBx 5 
potentially bypasses kinetic traps associated with 6 
these intermediates, facilitating a more direct pathway 7 
to stable products. As a result, the chemically bonded 8 
borides release their fuel components in a more 9 
controlled manner, leading to a more stable and 10 
sustained boron flame, even if their initial peak 11 
intensity is lower. 12 

This conclusion is further supported by the B/Mg 13 
emission ratios. While the ratio for MgB2 (4.9 ± 0.2) 14 
is moderately higher than for the 2:1 B/Mg mix (2.6 ± 15 
0.8), the difference is dramatic for the more boron-16 
rich compounds. The B/Mg emission ratio for MgB4 17 
(34.6 ± 8.9) is more than seven times greater than for 18 
the 4:1 B/Mg mix (4.8 ± 1.9). This indicates that the 19 
intimate, atomic-level bonding in MgB4 is 20 
exceptionally effective at converting its high boron 21 
content into a strong, boron-specific flame signature. 22 
In the physical mixture, much of the extra boron likely 23 
fails to combust efficiently in the gas phase. 24 
Therefore, while physical mixing provides a potent 25 
ignition source, the chemical bonding within 26 
magnesium borides is superior for achieving sustained 27 
and efficient boron energy release. 28 

Whereas the boride compounds represent a fuel 29 
arrangement on the atomic level, milling the physical 30 
mixtures is a mechanical attempt to create an intimate 31 
arrangement on the particle level. The effect of 32 
milling on the mixtures further underscores the 33 
importance of both stoichiometry and morphology, as 34 
evidenced by their distinct temporal emission profiles 35 
(Fig. 12). Milling the 2:1 B/Mg mix, i.e., a mixture 36 
with high mass fraction of ductile magnesium, 37 
apparently leads to the formation of large composite 38 
agglomerates. The resulting emission profile for Mg I 39 
exhibits significant instability: an initial peak is 40 
followed by a series of step-like drops and plateaus. 41 
This pulsating signal likely represents a multi-stage 42 
process where different concentrations of Mg 43 
particles are ignited and consumed sequentially, 44 
preventing the formation of a stable flame front and 45 
leading to decreased burning rates compared to the 46 
non-milled powder (see Fig. 8 and Table 1). 47 

The boron-rich 4:1 B/Mg mix behaves differently. 48 
For this mixture, milling profoundly alters the 49 
combustion behavior. The initial, sharp Mg-driven 50 
emission peak seen in the non-milled sample is 51 
eliminated. The resulting temporal profile becomes 52 
steadier and closer to the profile of the MgB4 53 
compound. Apparently, a more uniform distribution 54 
of ductile magnesium among the boron particles after 55 
milling shifts the combustion from an explosive, Mg-56 
initiated event to a more controlled, compound-like 57 
surface reaction and a relatively low burning rate. 58 
However, while the combustion dynamics become 59 
like that of MgB4, the boron combustion efficiency 60 
does not. The BO2 emission rate remains significantly 61 

lower (276 ± 95 unit/s vs. 684 ± 182 for MgB4), 62 
highlighting the importance of the chemical bond for 63 
effective boron energy release. 64 

 65 
4. Conclusions 66 

The fabrication, oxidation, and combustion of 67 
MgB2 and MgB4 have been studied experimentally. 68 
Comparison of two synthesis routes (a solid-state 69 
reaction in a tube furnace and combustion synthesis) 70 
has shown that the former is the superior method for 71 
producing magnesium borides. 72 

Thermogravimetric analysis has revealed that the 73 
oxidation of MgB2 and MgB4 results in a high 74 
conversion into oxides (88-91%), far exceeding the 75 
low conversion of boron (62.5%). MgB4 begins to 76 
oxidize rapidly at a much lower temperature (~900 77 
°C) than MgB2 (~1200 °C), indicating a lower kinetic 78 
barrier to ignition under engine conditions. 79 

Combustion experiments with thin layers of 80 
powders have shown that the synthesized magnesium 81 
borides burn much faster than submicron boron. High-82 
energy ball milling further accelerates their 83 
combustion. The burning rates of milled MgB2 and 84 
MgB4 are about eight and five times, respectively, 85 
faster than that of submicron boron.  86 

Emission spectroscopy revealed a fundamental 87 
difference in combustion mechanisms of magnesium 88 
borides and physical B/Mg mixtures. The atomic-89 
level arrangement in MgB2 and MgB4 promotes a 90 
stable, sustained boron flame, needed for high 91 
combustion efficiency. In contrast, the physical 92 
mixtures undergo an Mg-driven "flash" propagation 93 
of combustion, which is less effective at utilizing the 94 
energy content of boron. 95 

In summary, the present work provides a 96 
quantitative comparison of MgB2 and MgB4 97 
combustion and demonstrates that nanoscaling is an 98 
effective strategy for enhancing their performance. 99 
While MgB4 offers higher energy density and a lower 100 
oxidation onset temperature, milled MgB2 burns 101 
faster than milled MgB4. These insights into the 102 
combustion of magnesium borides will be useful in 103 
the development of fuel-rich, boron-loaded 104 
propellants for solid fuel ramjets and ducted rockets. 105 
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