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ABSTRACT: Boron offers great promise as a candidate fuel in high- °
energy composites as a result of its high gravimetric and volumetric s 8f
energy content; however, its oxidation rate is limited by sluggish

diffusion of reactive species across its low-melting oxide shell. On the

other hand, Mg nanoparticles (NPs) have been shown recently to

undergo fast oxidation following rapid vaporization (~100 ps at high ¢
heating rates of ~10° °C/s). This release of vapor-phase Mg can

potentially be exploited to react exothermically (AH, = —420 kJ/mol) gt
with the B,0; layer of boron, inducing surface disrputions and

promoting its combustion. In this paper, we explore this effect by Mg vapor
evaluating Mg NPs as additive fuel to B/CuO nanoenergetic T T T e s 10 1z a1 16
composites. We observe that incorporating Mg as an additive fuel in Mg Content (mol % fuel)
B/CuO composites results in a ~6-fold enhancement in reactivity with

a ~60% reduction in burn time. Through thermal and reaction product analysis along with high-speed time-of-flight mass
spectrometry (T-jump/TOFMS) and ignition characterization, we investigate the reaction mechanism of Mg/B,0; particles as a
simulant system for the interaction of Mg with the B,O; shell of boron. These characterizations reveal that exothermic
heterogeneous reactions occur between vapor-phase Mg and the molten B,0O; shell of boron at ~500—650 °C. The role of these
exothermic surface reactions in inducing surface modifications and reactivity enhancement of boron particles is discussed.

Mg/B Composites

Burn Time (ms)
o

1. INTRODUCTION content."*”"” Employing similar dual fuel systems has been

Nanoscale metals and metalloids, such as Al Ti, Mg, B, and S, used to control and modulate the transport processes and

e . . 18,19 .\
have been explored as high-energy fuels in nanoenergetic ignition in thermite mixtures. Among the metal additives

composites for propellant and pyrotechnic applications.' ™ explored thus far, Mg is particularly attractive as a result of its
Among these fuels, boron has always been regarded as the high volatility and reactivity. In our previous work on Mg
premier candidate fuel as a result of its higher gravimetric and nanoparticle (NP)-based thermites, we have shown that
volumetric reaction enthalpies,® as shown in Figure 1. Despite reducing the particle size of Mg NPs results in their rapid
its thermodynamic advantages over other fuels, boron suffers vaporization and a fast vapor-phase Mg release (release time
from sluggish oxidation and energy release kinetics as a result scale of ~100 us at a heating rate of 10° °C/ s).>° Additionally,
of its IOW‘?elting oxide shell (B,O;, with a melting point of as a result of the highly negative formation energies of MgO
~450 °C). -7 Post-melting, the non-volatile liquid oxide layer compared to B,O; (Mg lies lower than B in the Ellingham

(boiling point of ~1860 °C) acts as a diffusion barrier to the
oxidizing species and restricts their access to the B core,
thereby significantly inhibiting B oxidation and energy
6,9 s .
release.”” Several surface modification strategies, such as
oxide removal by solvent washing,'’ surface functionalization
with fluorine-based organic,'' polymeric, and graphitic
12 . . . 5,13
moieties, ~ and incorporation of fluoride salts, have been I
explored to alter or remove the oxide surface of boron to Received: July 16, 2022 L]
promote its ignition and combustion characteristics. Revised:  January 10, 2023
Alternatively, exploring binary fuel systems by incorporating Published: January 30, 2023
energy-dense metal additives, such as Al, Mg, and Ti, in boron
powders has been demonstrated as a promising strategy to
accelerate B oxidation while maintaining a high energetic

diagram), the reaction between Mg and B,0; is thermody-
namically feasible with a reaction enthalpy (AH,) of ~ —420
kJ/mol or —2.9 kJ/g. Therefore, Mg NPs, as an additive fuel,
can offer a thermodynamically and kinetically viable source of
highly reactive gas-phase Mg that can potentially act as an
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Figure 1. Comparison of volumetric and gravimetric energy densities of boron to other fuels considering a stoichiometric reaction with the
oxidizers: (a) oxygen and (b) CuO. The energy density is calculated as the reaction enthalpy per unit mass or volume of the fuel.

etchant for the oxide shell of boron according to the following
reaction:

3Mg + B,0; —» 3MgO + B,
AH, = —420 kJ/mol

reaction

Previous studies have reported that coating boron with
materials (e.g,, fluorographene and fluoroalkylsilanes) that
can release gas-phase fluorine species to etch the B,0O; shell
promotes its ignition and combustion.'""? Similarly, nanoscale
Mg can provide these advantages by generating reactive gas-
phase species (Mg vapor) to corrode the oxide shell while
maintaining a high energy density of the composites. Although
prior studies have exglored the role of Mg as an additive in B-
based powders,'”'”*! these reports have been limited to
micrometer-scale Mg powders that, as a result of their low
surface area, are expected to have slow vaporization and release
kinetics of gas-phase Mg species. Furthermore, the mecha-
nisms and synergistic effects of the surface reaction of Mg
vapor directly with the oxide shell of boron have not been
investigated.

In this study, we first fabricate and evaluate the energy
release characteristics of B/CuO composites with Mg NPs
(~370 nm) incorporated as an additive fuel with loadings
ranging from ~3 to 15 mol % of the total fuel. We demonstrate
that incorporating Mg in B/CuO thermite results in up to 6-
fold higher pressurization rates and ~60% reduction in burn
times of the composites. Through a combination of differential
scanning calorimetry (DSC), reaction product character-
ization, and high-speed time-of-flight mass spectrometry (T-
jump/TOFMS), we probe the mechanism of the reaction
between Mg and B,O; particles. These characterizations reveal
that the mechanism of the Mg—B,0; interaction involves an
exothermic redox reaction between vapor-phase Mg and
molten B,0;. The role and potential physical effects of these
reactions in inducing surface disruptions in boron particles and
promoting their combustion is further discussed.

2. EXPERIMENTAL SECTION

2.1. Materials. Boron [~410 nm as measured from the scanning
electron microscopy (SEM) in Figure Sla of the Supporting
Information, with 80% active B content] and copper oxide
nanoparticles (CuO, ~40 nm) were obtained from U.S. Research
Nanomaterials. Mg NPs were prepared by an electromagnetic
levitation technique, described in our previous work.”® Briefly, a
~0.35 g spheroidal Mg piece was levitated and heated to ~993 K in a
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purified Ar/He gas flow. Mg NPs were recovered downstream from
the particle-laden gas on a Millipore Sigma polycarbonate membrane
filter (0.3 pm pore diameter). The average particle size of the
synthesized Mg NPs was ~370 nm, as shown in Figure SIb of the
Supporting Information, while the active Mg content was estimated to
be ~88%. The active content of the fuels (B and Mg) was estimated
from the mass gain upon oxidation in air or O, (see section S2 of the
Supporting Information). Boron oxide (B,0;) was purchased from
Alfa Aesar and was ball-milled to reduce the particle size to ~2 ym, as
described in section S3 of the Supporting Information.

2.2. Preparation of Nanothermite Composites. The B—Mg/
CuO nanothermite composites were prepared by adding the fuel and
oxidizer components in hexane (10 mg/mL solid loading) followed by
~1 h of ultrasonication to achieve homogeneous particle mixing. The
samples were then dried for 24 h under ambient conditions to obtain
the thermite powders. For these composites, incremental amounts of
Mg particles were added while a constant B/CuO mass ratio was
maintained to achieve a fuel/oxidizer equivalence ratio of 1 (B/CuO,
¢ = 1). The composition of the formulations fabricated have been
tabulated in Table S1 in section S4 of the Supporting Information.
Constant-volume combustion cell (~20 cm™3) characterization was
performed on 25.0 mg of the samples using the setup described in
prior works.*>**

2.3. Material Characterization. Microscopic characterization of
the samples was performed on a FEI NNS450 microscope operating
at 18 kV. Constant-volume combustion cell (~20 cm®) measurements
were performed on 25.0 mg of the fabricated thermite composites
using a setup described in our previous studies.””*” For thermogravi-
metric analysis and differential scanning calorimetry (TGA/DSC), a
Netsch STA449 F3 Jupiter thermal analyzer was used. Ultrahigh-
purity argon (purity of ~99.9999%) was used as the TGA atmosphere
to prevent Mg particle oxidation. X-ray diffraction (XRD) on the
samples was performed with a PANanalytical Empyrean Series 2
diffractometer (Cu Ka radiation). Attenuated total reflection—Fourier
transform infrared (ATR—FTIR) characterization on the samples was
performed on a Nicolet iSSOR spectrometer with a deuterated
triglycine sulfate (DTGS) detector with a 4 cm™" resolution. Crushed
and dried KBr was used as a reference, and the spectra obtained were
processed using Happ—Genzel apodization, Mertz phase correction,
and atmospheric suppression.

2.4. T-Jump/TOFMS and Ignition Characterization. T-Jump/
TOFMS and ignition temperature characterizations were performed
to probe and investigate the reaction mechanisms in the fabricated
composites at high heating rates (~10° K s7'), as detailed
elsewhere.””** Briefly, a small quantity (~5 mg) of the prepared
composites was dispersed in hexane and sonicated for ~10 min. The
suspension was then drop-cast on a platinum wire (~1 cm, 76 ym
diameter) soldered to copper leads of the electrical feedthroughs. The
samples were then heated with a ~3 ms pulse under a high vacuum
(107 atm) to a maximum temperature of ~1400 K. Following
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Figure 2. Effect of Mg addition on (a) peak pressure and pressurization rate and (b) burn characteristics of B/CuO nanoenergetic composites. Mg/
B/CuO composites show significant enhancement in burn times and pressurization over B/CuO thermites.

Table 1. Thermochemistry and Ignition Temperature Measurements Obtained for Different Possible Reactive Systems

Involved in B/Mg/CuO Combustion”

reactive system reaction

B/Cu0O* 2B + 3CuO — B,0; + 3Cu (i)
Mg/Cu0O”’ Mg + CuO — MgO + Cu (ii)
B/Mg/CuO i, i, iii, and iv

Mg/B,05” 3Mg + B,O; — 3MgO + Cu (iii)
MgO/B,0, 3MgO + B,0; — Mg;B,04 (iv)

AH,, (k] mol™)

AH, (k] g7') ignition temperature (+40 °C)

—780 -3.0 760
—440 —4.3 800

730
—=550 -39 600
—-110 —0.6

“AH,,, and AH,, represent the molar and gravimetric reaction enthalpies. Enthalpy values are calculated from the references mentioned.

thermal activation by the pulse, the gas-phase species evolved during
the reaction were ionized with a 70 eV electron gun and probed with a
multichannel plate detector for 10 ms with a temporal resolution of
100 ps. The ignition characterization of the samples was carried out
with a high-speed camera (Vision Research Phantom, version 12.0) in
an argon environment at 1 atm pressure. The ignition point was
identified by correlating the optical emission obtained from the
camera with the time and temperature obtained from wire heating.

3. RESULTS AND DISCUSSION

3.1. Effect of Mg Addition on the Energetic
Characteristics of B/CuO Composites. First, we explore
the effect of Mg NPs as an additive fuel on the reactivity and
energy release of boron NP-based composites. To evaluate this
effect, we first fabricated B/Mg/CuO nanoenergetic compo-
sites with a varying additive content of Mg NPs and
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Figure 3. (a) Pressure and optical traces of the combustion of Mg
with B,O; particles (simulant for the oxide shell of B NPs), and (b)
snapshots of Mg/B,0j ignition in argon (ignition temperature = 600
°C). The timestamps in the images represent the time elapsed after
triggering.

3274

characterized their pressurization characteristics by constant-
volume combustion cell measurements, as described in our
previous work.”’Figure 2 and Figure S4 of the Supporting
Information show the measured reactivity parameters (peak
pressures, pressurization rates, and burn times) of B/Mg/CuO
composites at different additive Mg loadings. Clearly,
increasing the Mg content results in enhanced reactivity of
the composites with higher peak pressures and pressurization
rates and shorter burn times. Notably, Mg/B-based composites
show up to ~6-fold enhancement in pressurization rates and a
~30% increase in peak pressures relative to B-based
composites (Figure 2a). Additionally, Mg addition to B/CuO
thermites shortens their burn time from ~6.5 to ~2 ms (~60%
reduction), as shown in Figure 2b. The considerable reduction
in the pressurization and burning time scales suggests that
adding Mg to B-based composites augments their reaction
kinetics. Importantly, Mg-based composites (without B)
fabricated with the highest additive Mg amount (15 mol %)
do not ignite or show pressurization with CuO. This
observation is as expected because, from a compositional
perspective, these composites would be highly fuel-lean
because Mg is only a minor additive fuel in these composites.

On the basis of these observations, the reactivity enhance-
ment in Mg/B samples relative to Mg- or B-based composites
suggests that a synergistic effect between Mg and B fuels is
likely responsible for the augmentation observed in Figure 2.
As mentioned earlier, the oxidation and energy release kinetics
for boron are limited and greatly affected by the transport
processes occurring through its oxide shell (B,O;). Earlier
studies have proposed various species (e.g, gas-phase
fluorinated species and H,O vapor) that can react with and
breach the molten B,O; shell, resulting in enhanced
combustion of B particles.”'”**7*® As discussed earlier, the
reaction between Mg and the B,0O; shell of boron is

https://doi.org/10.1021/acs.energyfuels.2c02347
Energy Fuels 2023, 37, 3272—-3279


https://pubs.acs.org/doi/suppl/10.1021/acs.energyfuels.2c02347/suppl_file/ef2c02347_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02347?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02347?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02347?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02347?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02347?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02347?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02347?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.2c02347?fig=fig3&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.2c02347?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Energy & Fuels pubs.acs.org/EF
a. ————————— b. eo00
100 f. 420 Mg
\' H;BO, ® B,O,
. decomposition/ Mgo
95 i H,0 desorption 1% * Mg,B,0,
0 g’ —~ 4000 - E
L ! = E]
S 90 i 10 3 K
E‘; ! Mg-B,04 E >
& 85 : exot?ermic 5 3 ‘a * | *x _f 1000°C
s 3 reaction = 9
T E 200 -\“""“‘“ / \\_M
80 10
T \\-.-_‘ ] A 500°C
ot
1] T /‘,.-"-/ 1s " L) ° \ 350°C
P = N - LJ
w 4 l Unheated
L L L L L L L L L 10 oh L L L L 1 L n o
100 200 300 400 500 600 700 800 900 1000 10 20 30 40 50 60 70 80 90
Temperature (°C) Angle, 20 (°)

Figure 4. (a) TGA/DSC of Mg NPs mixed with stoichiometric B,Oj;, showing decomposition followed by an exothermic reduction of B,O,
particulates, and (b) XRD patterns of Mg/B,0; samples heated at different temperatures, with the magnesiothermic reduction of B,O; occurring at

~500—650 °C.
! ! ! ! ! ! 35 T T T T T T T
B Mg/B,0, 650°C ] 30 _._._ Mg/B,0, .
OH, BO,, B-O-B peaks absent xBL  --- Mg(10%)/B I."v\ i
L Mg/B,0, unheated T g’ 20 N N T
e~ [V .
g [ >~— M 2 B N
& E 15F RO ™
£ O-H Neat B,O; ; e N
% 2 10 L /"..:../" H -
< ".é _eseT Mg-B,0, reaction
s S 5F PE exotherm T
I e
0 2= Y -
I
sf v ]
1 1 1 1 1 1 10 N 1 1 1 1 1 1
3500 3000 2500 2000 1500 1000 500 100 200 300 400 500 600 700 800

Wavenumber (cm™)

Figure S. ATR—FTIR spectra of neat B,O; unheated Mg/B,0;
composites, and Mg/B,0; samples heated at 650 °C.

Temperature (°C)

Figure 7. DSC of Mg/B,0; and Mg/B mixtures in argon, showing

exothermic and might be involved in the combustion of Mg/B-

coinciding exothermic peaks of Mg/B and Mg/B,0; reaction

exotherms. The Mg/B sample represents ~10 mol % Mg with

respect to the total mixture.

based composites. Table 1 lists the potential reactions involved

in the combustion of B-, Mg-, and mixed B-/Mg-based reactive
systems. Notably, the exothermicity of the Mg/B,0; reaction
(AH ~ —550 kJ mol™) is on par with that of the Mg/CuO

(AH ~ —440 kJ mol™") and B/CuO (AH ~ —600 kJ mol™")
systems on both a molar and gravimetric basis, as shown in
Table 1. Therefore, from an energetic standpoint, the Mg/
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Figure 6. (a) T-jump/TOFMS spectrum showing H,0, HOBO, and vapor-phase Mg species evolved from rapid heating of Mg/B,0; and (b)
temporal evolution of different species evolved from the Mg/B,0O; reaction as obtained from T-jump/TOFMS.
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Figure 8. Schematic illustrating the interfacial reactions involved in Mg—B-based systems: (a) Mg vapor-induced mechanism of the Mg/B,0,
reaction and (b) proposed Mg vapor-induced oxide etching and removal mechanism for B NPs likely responsible for reactivity enhancement.

B,0; reaction could contribute significantly to the overall
energy release of B-based composites and needs to be taken
into consideration.

To probe this reaction and its implications on reactivity
enhancement of B NPs, we investigated the reaction
mechanism of the Mg/B,0; reaction, which we used as a
simulant for the interaction of Mg with the oxide shell of boron
(B,05). First, we fabricated Mg/B,0; composites assuming a
stoichiometric redox reaction between the components (¢ =
1) and evaluated their constant-volume pressurization and
ignition characteristics. As shown in Figure 3b, the Mg/B,0;
reaction initiation occurs at a relatively low temperature
(ignition temperature of ~600 °C). Interestingly, the Mg/
B,0; thermite system shows significant pressurization with a
peak pressure of ~130 kPa and a pressurization rate of ~8
MPa/s, as shown in Figure 3a. For comparison, B/CuO
thermites show ~65 kPa maximum pressure and ~10 MPa/s
pressurization rate, on par with the Mg/B,0; reactive system.
Notably, the burn time of the Mg/B,0; mixture (~14.2 ms) is
on the same order of magnitude as that of the B/CuO samples
(~6.5 ms; Figure 2b). Note that the B,O; particles are much
larger (~2 pm) than the B,O; shell on B NPs, which is
expected to be on the order of tens of nanometers. Therefore,
the reaction of Mg with the oxide shell is likely much faster
than that for the simulant B,0; particles. Nonetheless, these
results indicate that both Mg/B,0; and B/CuO reactions
occur on a similar time scale, suggesting that, from a kinetic
perspective, Mg can potentially interact with the oxide shell
(B,05) of boron NPs in B/Mg-based composites (Figure 2).
The mechanism and further analysis of the Mg/B,0O; reaction
and its implications on inducing disruptions in the surface
oxide of B NPs for reaction rate enhancement are discussed in
the subsequent sections.

3.2. Mg/B,0; Reaction Mechanisms: Ignition, Ther-
mal Analysis, and Reaction Product Characterization.
Table 1 summarizes the reactions and the associated
thermochemistry potentially involved in the B/Mg/CuO
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thermite system. As mentioned earlier, the reaction of Mg
with CuO and B,0j; are energetically comparable on both a
gravimetric and molar basis (Table 1). Figure SS of the
Supporting Information shows the ignition snapshots of B/
CuO, Mg/CuO, and B/Mg (15%)/CuO mixtures in an argon
atmosphere. The ignition temperatures of these mixtures,
summarized in Table 1, show a marginal decrease in the
ignition temperature of B/Mg/CuQO samples relative to B/
CuO and Mg/CuO composites. More importantly, the ignition
temperature of the Mg/B,0; reaction is significantly lower
than that of B/CuO, Mg/CuO, and B/Mg/CuO mixtures
(Figure 3 and Figure S6 of the Supporting Information). A
previous study from our group has shown that the energetic
reactions with Mg are initiated by the release of Mg vapor.”’
Therefore, the lower ignition temperature for the Mg/B,0;
system (~600 °C) could be attributed to the molten B,O,
surface (melting point of ~450 °C) that acts as a favorable
condensation site for Mg vapor to react with the oxidizer. On
the other hand, the reaction of Mg vapor with CuO is limited
by the release of gas-phase O, following oxidizer decom-
position at higher temperatures (~700 °C), resulting in
significantly higher ignition thresholds (>700 °C).

Although the contribution from the Mg/CuO reaction
cannot be completely neglected, we note that, thermodynami-
cally, Mg has relatively similar molar and gravimetric reaction
enthalpies with both CuO and B,0;, as shown in Table 1.
Moreover, as discussed above, the lower ignition temperature
and early reaction onset for the Mg/B,0; mixture than Mg/
CuO and B/CuO thermites suggests that Mg initiates the
reaction with the oxide layer of B much earlier than its ignition
and combustion with CuO. In the case of aluminum particles,
similar pre-ignition reactions with its oxide shell (Al,05) with
reactive gases (e.g, HF and F ) have been shown to
significantly affect their combustion.””*” Therefore, the low-
temperature, pre-ignition Mg/B,0; surface reactions are
expected to play a significant role in surface disruption and
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reactivity enhancement of boron, as discussed later in section
3.3.

To further characterize the reaction between Mg and B,O;,
we performed TGA/DSC and XRD analyses on the Mg/B,0;
mixtures. Figure 4a shows the TGA/DSC curves for the Mg/
B,0; sample at a heating rate of 10 °C/min. The TGA curve
shows ~22% mass loss at ~100—200 °C with two endothermic
peaks appearing in the DSC signal. The mass loss and
endotherms is attributed to the multi-step dehydration and
decomposition of H;BO; present in the B,O; particles.”® More
importantly, we observe two distinct exotherms occurring at
~500—650 °C, indicating an exothermic redox reaction
between Mg and B,0; To understand the reaction
mechanism, we heated the reaction mixture at different
temperatures and analyzed the products by XRD character-
ization. As shown in Figure 4b, the unheated mixture shows
characteristic peaks for both Mg and B,0O;. The peaks remain
unchanged up to a temperature of ~500 °C. However, when
the samples are heated to a temperature of ~500 °C, the peaks
for MgO begin to appear, while the B,O; and Mg peaks are
highly diminished. At a higher temperature of ~650 °C, no
B,0; and Mg peaks are observed, while MgO peaks are the
most prominent (reaction approaching completion). At much
higher temperatures (~1000 °C), peaks from ternary oxide,
Mg;B,0, appear, which likely forms because of an exothermic
reaction between MgO and unreacted B,0; (Table 1). These
results suggest that the Mg/B,0; reaction follows a two-step
pathway: a magnesiothermic reduction of B,O; particles to
boron (~500—600 °C), followed by the reaction of MgO and
unreacted B,0; (>650 °C), as shown by the following
reactions:

step I
3Mg + B,0; —» 3MgO + B

step 11
3MgO + B,0; — Mg B,Oq

The Mg/B,0; redox reaction is further corroborated by the
absence of BO, (BO;/BO,), O—H, and B—O—B peaks in the
FTIR spectra of the Mg/B,0; mixtures heated at 650 °C, as
shown in Figure S. These results are also consistent with the
DSC data shown in Figure 4a, where exothermic peaks were
observed between ~500 and 650 °C. Moreover, the ignition
temperature of the Mg/B,0; mixture in argon also occurs
around similar temperatures (600 °C), as shown in Figure 3b.
These observations confirm that the Mg/B,0; exothermic
redox reaction occurs at relatively low temperatures of ~500—
650 °C. Because these temperatures are higher than the
melting point of B,O; (~450 °C), we postulate that Mg likely
reacts with B,O; in a molten form, as discussed in the
following sections.

3.3. Mg/B,0; Reaction Mechanism: T-Jump/TOFMS
and Implications on Oxide Shell Disruption of B NPs. To
further probe the interaction between Mg and B,0; we
analyzed the species evolved from the thermally activated Mg/
B,0, reaction at a high heating rate (10° K/s) using T-jump/
TOEMS, as described in section 2.4. Figure 6a shows the
various species released from the Mg/B,0O; samples. The most
prominent gas-phase species evolved from the sample are H,O
(m/z 18), Mg (m/z 24), and HOBO species (m/z 45 and 62),
as indicated in Figure 6a. A temporal profile of these species,
shown in Figure 6b, reveals the mechanism of the Mg/B,0;
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reaction. At low temperatures (~100—200 °C), desorption of
adsorbed water and H;BO; decomposition results in the
release of H,0 and HOBO fragments (H;BO, and H;BO;). At
higher temperatures (~650 °C), we observe the release of gas-
phase Mg species, as shown in Figure 6b. This result is
consistent from a previous study of our group, where rapid Mg
vaporization and release of gas-phase Mg species were
observed.” Interestingly, the ignition of the Mg/B,0; samples
(Figure 3b) occurs following B,0O; melting and close to the
release of vapor-phase Mg species, as demarcated in Figure 6b.
These results suggest that the exothermic reaction between
Mg/B,0O; observed earlier (Figures 3—5) occurs by a
heterogeneous reaction between vapor-phase Mg and molten
B,0;, as illustrated later in Figure 8a. The Mg vapor-initiated
heterogeneous reaction with the oxidizer surface (B,O;) is
consistent with the reaction mechanism of Mg with the Bi,O;
oxidizer observed in our previous study.”” In this case, the
redox reaction and ignition were similarly controlled by the
release of Mg vapor, which reacted with the Bi,O; oxidizer
surface and initiated ignition at the Mg vapor/oxidizer
interface.

To investigate the effect of Mg directly on the B,O; oxide
layer of boron NPs, a mixture of Mg and B NPs (~10 mol %
Mg relative to the total mixture) was prepared without any
oxidizer and DSC characterization was performed on the
sample in ultrahigh-purity argon. Figure 7 shows the DSC
curves of the Mg/B mixtures in argon compared to Mg/B,0;
(Mg—boron oxide shell simulant mixture). Interestingly, we
observe two Mg/B reaction exotherms around ~550—650 °C,
the range observed earlier for the reaction between B,O; and
Mg. Additionally, this temperature is higher than the melting
point of the oxide shell (B,O;, 450 °C) and close to the Mg
vapor release temperature observed earlier (~650 °C).
Therefore, we conclude that the exotherms shown in the
Mg/B DSC curve are likely a result of the heterogeneous
reaction of Mg vapor with the molten oxide shell of boron
NPs, as shown in Figure 8b. Note that, in addition to the
reaction with the B,Oj; shell, excess Mg may undergo further
reaction with boron to form borides in the absence of an
oxidizer.

On the basis of the observations and the discussion above,
we can extrapolate the reaction mechanisms of the Mg/B,0;
system to Mg/B NP-based composites, whereby Mg vapor
reacts with the molten B,O; shell, as illustrated in Figure 8.
The Mg/B,0; reactions discussed in section 3.2 have several
physical implications on the structure of the oxide surface of
boron. First, the Mg vapor-induced reduction of B,O; to B
possibly creates a pristine and accessible fuel surface for the
reaction with the oxidizer. Second, further reaction of MgO
with B,O; to nucleate ternary oxides, as seen in the XRD
(Mg;B,0Og; Figure 4b), in the B,O; liquid matrix may result in
oxide shell thinning as a result of the wetting effects from the
liquid around the solid oxide particles. Similar particle wetting
effects have been observed in B/Bi,O; thermites and have been
proposed to result in facilitated ignition.”’ These effects are
expected to enhance the combustion of boron by increasing
the accessible reactive fuel surface to the oxidizer. These effects
are supported by the overlapping Mg, B, and O domains
observed in the SEM—energy-dispersive X-ray spectroscopy
(EDS) images of the combustion products of B/Mg/CuO
composites (Figures S6 and S7 of the Supporting Informa-
tion). Lastly, the exothermic reactions discussed in section 3.2
may also increase the local temperature of the unreacted B,O;
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shell and assist in its physical vaporization and removal,
thereby contributing to the reaction rate enhancement of
boron particle oxidation. Prior studies have observed that
reactive gas-phase species that can react with the B,O; shell
can assist in its removal and lead to enhanced boron
combustion.'"'**® With the assumption of a 50% reaction
between Mg and the B,O; shell and further assumption that
the exothermicity of the reaction is localized on the oxide shell
(neglecting all heat losses), a simple energy balance yields an
extremely high local surface temperature (T ~ 3200 °C >
boiling point of B,O; ~ 1860 °C), as described in section S8 of
the Supporting Information. Of course, the actual temperature
of the shell is expected to be considerably lower than this value
as a result of the heat losses involved. Nevertheless, the
estimates and the observations above suggest that the Mg/
B,0; (oxide shell) reaction system possesses sufficient energy
required for the vaporization of the molten B,Oj; layer. These
results indicate that additional surface reactions related to the
interaction of Mg with the oxide shell of boron particles
contribute significantly to their reactivity enhancement and
need to be taken into consideration for Mg/B-based energetic
systems.

4. CONCLUSION

In this work, we explored the effect of Mg particles as an
additive secondary fuel on the reactivity of B-based
composites. Specifically, we investigated the exothermic
reaction mechanism between Mg and B,0; and its
consequences on the reaction rate of B/CuO composites.
We demonstrate that incorporating nanoscale Mg as an
additive fuel in B/CuO composites leads to a ~6-fold increase
in reactivity (pressurization rates), while the burn time of the
composites is shortened by ~60%. We further studied the
reaction mechanism of Mg/B,O; particles as a simulant system
for the interaction of Mg with the B,O; shell of boron.
Thermal and reaction product analysis, along with T-jump/
TOEFMS and ignition characterization, suggests that Mg vapor
undergoes several heterogeneous reactions with the molten
B,O; shell of boron at relatively low temperatures. These
surface reactions occur prior to the ignition of B with CuO and
likely cause surface disruptions in the oxide shell, contributing
to the observed enhanced reactivity of B composites.
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