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Boron (B) is a promising energetic additive for high-energy fuels, but its poor ignition and combustion charac-
teristics limit its application in practical systems. The nano-sized B could alleviate these problems to a large
extent. In this study, a reactive molecular dynamics simulation method is employed to investigate the funda-
mental combustion mechanisms of a single B nanoparticle (BNP). The experimentally observed two-stage
combustion is reproduced. Moreover, the first stage is further divided into the pre-heating stage and the fast
evaporation stage. The second stage is dominated by the B core combustion, during which a dynamic equilibrium
of the interfacial layer and the oxide/evaporation layer is reached and drives the reaction. The diffusion
mechanism of the BNP combustion is revealed. The evaporation of oxides and diffusion of ambient oxygen
species into the oxide/evaporation layer proceed simultaneously during the fast evaporation stage. No ambient
oxygen species diffuse into the B core but the diffusion of the core B atoms into the oxide/evaporation layer
occurs throughout the simulation. Additionally, the diffusion of the core B atoms is enhanced with the rising
temperature. Consistent with experimental results, BO3 is found to be a dominant intermediate species during the
combustion. Furthermore, our new finding is that B3O4 is also an important intermediate, which bridges the
conversion of larger B,Oy species to the main combustion product B2O3. The new atomistic insights obtained
from the present research could potentially benefit the design and practical application of nano-sized B as ad-
ditives for high-energy fuels.

1. Introduction

Boron (B) is a promising additive for solid propellants and liquid
fuels due to its exceptionally high gravimetric and volumetric heating
values (58 kJ/g and 136 kJ/cm>), which are superior to hydrocarbons
and most metals, and therefore has attracted substantial research in-
terests since 1960s [1,2]. However, its poor ignition and combustion
characteristics make it still challenging to realize its full potential in
practical applications. To date, the majority of research on the com-
bustion of B considered the micron-sized particles. Recent advance in
nanotechnology promotes the development of energetic nanoparticles as
additives for high-energy fuels. As a result, investigation into ignition
and combustion characteristics of nano-sized B has drawn much
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attention in the past decade [3-6]. In order to make full use of the highly
energetic nano-sized B, understanding of the physical and chemical
processes of its combustion is of great fundamental and practical
importance.

Macek and Semple [7] carried out a pioneering study on combustion
of B particles, in which they proposed the two-stage combustion of B.
The first stage describes the particle burning while it is still coated with
an oxide layer; the second stage involves the combustion of bare B,
which begins after the oxide layer is completely removed by evapora-
tion. The formation of the B,O3 oxide layer with a relatively high boiling
point (2133 K [8]) and the extremely high melting and boiling tem-
peratures of B (2348 and 4273 K, respectively [8]) lead to the difficulties
in ignition and combustion of B. Subsequently, various models were
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developed to understand the complex B combustion. King [9] assumed
that the oxygen diffuses across the oxide layer to the B-B,O3 interface,
whereas Glassman et al. [10] claimed that the boron diffuses through the
oxide layer to the boron oxide-gas interface. It was concluded by Yeh
and Kuo [2] that the diffusion of dissolved boron into molten B,Os is
much more dominant than the diffusion of gaseous Oy through the BoO3
at elevated temperatures. Recently, Liang et al. [11,12] confirmed a
bidirectional diffusion mechanism of both B and O in the liquid B,Os.

The two-stage phenomenon was also observed during the combus-
tion of nano-sized B [3-5], and the ignition and combustion character-
istics of nano-sized B are found to be better than those of micron-sized B
[3]. However, the emphasis of experimental studies [3-5] was mainly on
the overall effects of temperature, pressure, and oxygen concentration
on combustion performance of nano-sized B including ignition delay and
burning times, leaving detailed mechanisms unclear, due to the limited
understanding of the microscopic process. Wang et al. [13] conducted a
molecular dynamics study on oxidation of a B nanocluster but they only
focused on the low-temperature initial oxidation reactions and forma-
tion of the oxide layer. The microscopic mechanism of combustion of
nano-sized B is still lacking but highly desirable. In this study, the
reactive molecular dynamics simulation method is employed to inves-
tigate the fundamental combustion mechanisms of a single B nano-
particle (BNP). At the atomic level, we scrutinize the two-stage
combustion of the BNP and reveal the associated diffusion mechanism.
In addition, the gas phase and surface reactions are also studied in detail.
Based on our atomic level observations, an improved understanding of
the BNP combustion process is obtained.

2. Methods
2.1. ReaxFF reactive force field molecular dynamics

The ReaxFF is a bond-order based reactive force field, whose pa-
rameters are trained against quantum mechanics (QM) data. The ReaxFF
molecular dynamics (MD) is able to describe the dissociation, transition,
and formation of chemical bonds that cannot be achieved by MD
simulation using non-reactive classic force fields. In addition, it un-
dercuts the prohibitive computational cost of QM-based methods but
reproduces a comparable level of accuracy thereby providing an
affordable and powerful simulation approach for studying the long-time
large-scale reactive systems. ReaxFF bond orders as shown in Eq. (1) are
calculated directly from interatomic distances and continually updated
at every time step to enable connectivity changes during the simulation
[14].

BOj; = BO] + BO}, + BO}”

= exppr (y17)] + explpas 1y /15 + explps /i)™
where BO is the bond order between atoms i and j, ry; is interatomic
distance, r, terms are equilibrium bond lengths, and py, terms are
empirical parameters. o, 7, and zz denote the sigma bonds, pi bonds, and
double pi bonds, respectively. The general expression of various energy
components contributing to the ReaxFF potential is shown in Eq. (2)
[15]:

Esystem = Ebond + Eover + Eunder + Elp + Eval + Etor + EvdWaals + ECoulomb (2)

where Esystems Ebond> Eovers Eunder, Elp, Eval, Etors Evdwaals and Ecoulomb
represent total energy, bond energy, overcoordination energy penalty,
undercoordination stability, lone pair energy, valence angle energy,
torsion angle energy, van der Waals energy, and Coulomb energy,
respectively. The energy terms in the ReaxFF force field are computed
for every pair of atoms as a function of their interatomic distance or
bond order.

More detailed information on exhaustive formulation of ReaxFF and
its development can be found in previous articles [14,15]. ReaxFF MD

Fuel 375 (2024) 132628

methodology is particularly popular in the combustion-related research
in the past decade [16-19] and has proven its effectiveness and pow-
erfulness for studying the combustion of various nanoparticles [20-23].

2.2. Simulation details

LAMMPS package [24] is used to perform all of the ReaxFF MD
simulations. The parameter set for B/O interactions, which has proven
to be able to accurately describe the oxidation reactions of B clusters
[25], is chosen as a suitable force field for the present study. The
simulation procedure consists of two main parts: (1) nanoparticle con-
struction under the canonical (NVT) ensemble, and (2) combustion re-
action simulations under the combined microcanonical (NVE) and NVT
ensembles, which will be introduced in detail in the following para-
graphs. Four independent runs are carried out for the final combustion
simulation system, and the results are averaged for analysis. The total
simulation time of each run is 1.6 ns. Error bars (color filling around the
curve) shown in figures are determined by the standard error of the
mean. The time step used for simulations is 0.2 fs, and all results of
production runs are recorded every 0.2 ps. A commonly used 0.3 bond
order cutoff is employed to obtain the bonding information. The simu-
lation results are visualized using OVITO [26].

The amorphous B is considered as a more feasible candidate for
practical applications since its ignition and combustion characteristics
are better than those of crystalline B [27], and thus is adopted in the
present study. Due to the existence of an oxide layer on the B surface, we
first build a core-shell B-B;03 structure. Although experimental results
showed that the B;O3 oxide layer covering the amorphous B has a
certain degree of crystalline structure, the majority of the particle is
generally of amorphous nature [2,28]. As a result, both core B and shell
B,03 structures are made amorphous during the process of nanoparticle
construction. The detailed core-shell model is prepared following these
steps: (1a) cut a 7 nm diameter a-B nanoparticle from the crystalline
structure; (1b) create the amorphous B (see XRD results in Fig. S1 in the
Supplementary Material) by annealing the a-B nanoparticle for 100 ps
(heated up to 2800 K); (1c) cut the 6 nm diameter core from the
annealed B nanoparticle; (2a) cut a 10 nm diameter a-B2O3 nanoparticle
from the crystalline structure; (2b) create the amorphous B2O3 (see XRD
results in Fig. S2 in the Supplementary Material) by annealing the
a-B203 nanoparticle for 100 ps (heated up to 1100 K); (2c) cut a 1 nm
thickness shell from the annealed B,O3 nanoparticle (radius from 3 to 4
nm); (3) combine the B core and the ByOj3 shell together and then relax
the core-shell structure at 300 K for 100 ps (denoted as BNP, see Fig. 1a).
The BNP contains 19,961 atoms. All of the annealing and relaxation
processes are performed under the NVT ensemble. After the relaxation, a
thin B/B,0j3 interfacial layer is observed, which will be studied in detail
during the combustion reaction.

Fig. 1. Illustration of the nanoparticle structure and the simulation system: (a)
three-dimensional view of BNP (relaxed core-shell B-B,O3 structure); (b)
combustion simulation system. Atoms colouring scheme: core B — pink; shell B
— purple; shell O — green; molecular oxygen O — red. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)
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Next, the prepared BNP is positioned at the centre of a 180 A x 180 A
x 180 A periodic simulation box filled with 7637 oxygen molecules (see
Fig. 1b), the number of which is enough for complete combustion. In
total, the combustion simulation system constructed for BNP contains
35,235 atoms. The centre of mass of BNP is kept at the centre of the box
during the simulation. To heat the BNP from normal temperature, the
initial temperature of the BNP is set as 300 K. Based on the high melting
and boiling points of B and B,O3 mentioned in Introduction, 3000 K is
chosen as an appropriate initial temperature for the ambient oxygen
molecules and is kept constant as the environmental temperature for the
combustion simulation. Our initial tests adopting simple NVE ensemble
show that the reaction proceeds extremely slowly thus the simulation is
computationally too expensive and time-consuming. Instead, we employ
a strategy of combined NVE and NVT ensembles to study the combustion
reactions. Specifically, the central spherical region with a specific radius
of the simulation box is maintained under the NVE ensemble, while the
temperature of the region outside the central sphere is kept constant at
3000 K under the NVT ensemble. The radius of the central NVE sphere is
5 nm, which is 1 nm larger than the designed radius of BNP considering
any size change during the relaxation process. This strategy is designed
to heat the BNP constantly in a hot environment, making the combustion
simulation much more efficient.

3. Results and discussion
3.1. Two-stage combustion of BNP

A two-stage combustion phenomenon, which was observed experi-
mentally during the combustion of both micron- and nano-sized B [2-4],
is reproduced in the present study. The whole BNP is divided into three
parts, namely, the B core, the interfacial layer, and the oxide/evapora-
tion layer. The naming of the oxide/evaporation layer is inspired by our
MD observation that will be explained later. We distinguish the three
different parts using the radial number density profiles of O atoms in the
system, the details of which are provided in Fig. S3 in the Supplementary
Material. Accordingly, time evolution of diameter (d) or thickness (t) of
different parts of BNP as well as of the whole BNP is obtained as shown
in Fig. 2. By classifying the atoms, the temperature (T) of each part is
determined based on the atomic kinetic energy, and the weight (W) of
BNP is calculated using the numbers of B and O atoms of the BNP. Fig. 3
depicts the various temperature profiles and the weight loss curve of the
BNP. The two stages of the previous combustion model are bounded by
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Fig. 2. Time evolution of diameter (d) or thickness (t) of different parts of BNP

and of the whole BNP. The interfacial layer and the oxide/evaporation layer
reach a dynamic equilibrium during Stage IL
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the complete removal of the oxide layer by evaporation when the
combustion of bare B begins. However, at the atomic level, it is found
that the oxide layer is not completely evaporated when the core com-
bustion initiates and there is always a thin oxide layer, which keeps
evaporating during the second stage (Stage II). This is the origin of the
naming of the oxide/evaporation layer. Additionally, the first stage can
be further divided into two sub-stages (Stages Ia and Ib). The first two
time points at which the derivative of time evolution of toxide,/evaporation iS
zero are employed to distinguish the Stages Ia and Ib (at 0.21 ns), and
Stages I and II (at 0.59 ns), respectively (see Fig. S4 in the Supplemen-
tary Material).

Stage Ia can be considered as the pre-heating stage. As seen in Figs. 2
and 3, toxide/evaporation increases with the rising temperature and reaches
its maximum at the end of Stage Ia. It is worth mentioning that the
temperature inside the BNP increases homogeneously as the tempera-
ture profile of each part of the BNP almost overlaps throughout the
simulation. This phenomenon means that there is no significant heat
transfer among different parts of the BNP. Central cross-sectional
snapshots of the BNP at 0 and 0.21 ns show that the volume of the
oxide/evaporation layer is accordingly expanded. Meanwhile, some
chain-like oxides start to appear, which are ready for evaporation. A
small number of ambient O species (including both molecular and
atomic oxygen) are adsorbed on the BNP surface. During this stage, the B
core further reacts with the oxide/evaporation layer as tipterfacial 1S
thickening, whereas d . is decreasing.

Stage Ib is the fast evaporation stage. At the beginning of this stage,
Toxide/evaporation climbs to about 1970 K, from which the oxide/evapo-
ration layer evaporates rapidly. Before this point, no significant weight
loss of BNP is observed. This Toxide/evaporation is slightly lower than the
normal boiling point of BO3 (2133 K), which is reasonable because the
boiling point of nano-sized particles could be lower due to the larger
specific surface area compared with their bulk counterparts. During this
stage, the whole BNP is covered by chain-like oxides and the oxides grow
into longer chains before evaporation (see snapshot at 0.35 ns). Ambient
O species are observed to penetrate into the interior of the oxide/
evaporation layer as a result of the loose structure. Apparently, both
toxide/evaporation and Wpnp drop dramatically. The B core continues to
react with the oxide/evaporation layer as tipterfacial and deore follow the
same trend as in Stage Ia. The temperature rise is becoming slower, and
Tpnp reaches about 2900 K at the end of Stage Ib. The snapshot at 0.59 ns
shows that only a thin oxide/evaporation layer with short chain oxides
and few ambient O species covers on the BNP surface. Core B atoms are
found to be included in this thin layer.

The combustion of the B core dominates the Stage II. Both tinerfacial
and toxide/evaporation Still increase slightly until about 1 ns with the rising
temperature, after which tigterfacial and toxide/evaporation are stabilized at
around 3 A and Tgyp is approximately kept at 3200 K. The higher final
Tpnp than the ambient temperature 3000 K is attributed to the heat
release of combustion. According to the highly overlapped tinterfacial and
toxide/evaporation, the interfacial layer and the oxide/evaporation layer
reach a dynamic equilibrium at Stage II. To be more specific, the con-
sumption and generation of the interfacial layer and of the oxide/
evaporation layer reach equilibrium, and are kept synchronized. Since
dcore keeps decreasing, the dynamically equilibrated interfacial and
oxide/evaporation layers move towards the centre of the B core as a
whole. It can be seen that increasingly more ambient O species partici-
pate in the reaction during this stage (see snapshots at 1.10 and 1.60 ns).
In other words, the surface of BNP is continuously oxidized and then
evaporated. This dynamic process drives the B core combustion during
Stage II. In the meantime, the interfacial layer is maintained through the
reaction of the B core with the oxide/evaporation layer. Consequently,
Whnp steadily drops to about 55 % at the end of the simulation. Based on
the weight loss curve, the total combustion time of the BNP can be
estimated as 17.4 ns (see Fig. S5 in the Supplementary Material). As
Stage I ends at 0.59 ns, the combustion time of the second stage is
calculated as 16.81 ns. It is noticed that the ratio of the combustion time
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Fig. 3. Time evolution of temperature (T) of different parts of BNP and of the whole BNP, weight loss (W) curve of the BNP, and snapshots of the BNP at repre-
sentative time points. Tcore is invisible as it is covered by the other lines. Atoms colouring scheme: core B — pink; shell B — purple; shell O — green; molecular oxygen
O — red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

between the second stage and the first stage evaluated in the present
study (29) is larger than that obtained in previous experimental work
(normally around 2 depending on different conditions) [3-6], which
could mainly result from the thinner oxide layer and higher temperature
employed in the MD simulation to circumvent the high computational
cost. At the same temperature, the first stage is shorter if the BNP has a
thinner oxide layer as its evaporation is faster. Considering the same
second combustion stage, the ratio of the combustion time is larger. For
scenarios of the same BNP under different temperatures, the combustion
times of Stage I and II both become longer as the temperature decreases.
The exact relationship between the combustion time ratio and the
temperature needs further investigation. Other factors including
ambient atmosphere and pressure, size of the nanoparticle, and
measuring method that used in the experiment could also affect this time
ratio.

3.2. Diffusion mechanism of BNP combustion

The diffusion mechanism of the BNP combustion is revealed in the
present study. To study the diffusion of ambient oxygen, time evolution
of the ratio (R) between number of ambient O atoms and of B atoms of
each part of the BNP is plotted in Fig. 4a. The results are consistent with
the snapshots shown in Fig. 3. Only a small number of ambient O species
are adsorbed on the BNP surface during Stage Ia. As a result, Roxide/
evaporation Keeps constant at a very low level and Ripeerfacial Stays at zero.
During Stage Ib of fast evaporation, ambient O species quickly flow into
the interior of the oxide/evaporation layer because the chain-like oxides
grows longer and the layer structure becomes looser, leading to a fast
increase in Roxide/evaporation- The growth in Rinterfacial is relatively mod-
erate at this stage, which means ambient O species start to interact with
the interfacial layer. From the beginning of Stage II, with the active
participation of ambient O species, the remaining thin oxide/evapora-
tion layer involves increasingly more ambient O atoms. Consequently,
the number of O atoms in the interfacial layer formed by the reaction of
the B core with the oxide/evaporation layer is also growing. Therefore,
the steady increase in both Roxide/evaporation @nd Rinterfacial is presented
during Stage II. It is obvious that nearly no ambient O species diffuse into
the B core during the whole simulation as the oxidation reaction of the
BNP only takes place on the BNP surface from Stage II and the B core is
consumed layer by layer through evaporation of surface oxides. In
general, the BNP evaporates by means of continuous evaporation of
surface oxides, and the surface evaporation has significant effects on
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Fig. 4. Time evolution of (a) the ratio (R) between number of ambient O atoms
and of B atoms of each part of the BNP, and (b) the number (N) of B-O bonds per
B atom of each part of the BNP.

further oxidation of BNP during Stage II. This surface oxidation-
evaporation reaction mode leads to inefficient combustion of BNP.
Time evolution of the number (N) of B-O bonds per B atom of each
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part of the BNP is determined and presented in Fig. 4b, which provides
insights into the composition information and oxidation state of each
part. N is counted based on each B atom. Taking a single B,O3 molecule
as an example, each B atom has two B-O bonds, resulting in a N of two.
Nore is basically zero owing to the absence of O atoms. The rapid tem-
perature rise during Stage Ia promotes the reaction between the B core
and the oxide/evaporation layer, leading to the fast decay of Nipterfacial-
In addition to the interfacial reaction, the expansion of the oxide/
evaporation layer also contributes to the moderate decrease in Noxide/
evaporation- From Stage Ib, Ninterfacial Teduces smoothly and tends to be
stable after entering Stage II, during which the dynamic equilibrium of
the interfacial layer and the oxide/evaporation layer is achieved. Nyxide/
evaporation €Xperiences a rapid drop during evaporation as the amorphous
oxides grow into long chains. Similarly, Noxide/evaporation is also gradually
stabilized starting from Stage II. Overall, the oxidation state of the
oxide/evaporation layer is always higher than that of the interfacial
layer. Additionally, the low Nip¢erfacial Value indicates that the interfacial
layer is mainly consisted of B suboxides, whereas the equilibrated Noxide,
evaporation value (slightly less than two) at Stage II demonstrates the
incomplete oxidation of the oxide/evaporation layer that facilitates the
surface reaction.

Combining with the results discussed in Section 3.1, to summarize,
no ambient O species diffusion is observed at Stage Ia. The evaporation
of oxides and diffusion of ambient O species into the oxide/evaporation
layer proceed simultaneously during Stage Ib. From Stage II, excluding
the gas phase reactions, ambient O species are only involved in the
surface oxidation reaction of the BNP. The B core is free of ambient O
species diffusion throughout the simulation. With regard to the BNP
itself, the interfacial layer is maintained during the whole simulation,
which is formed by the reaction of the B core with the oxide/evaporation
layer. It can also be described as the diffusion of the core B atoms into
the oxide/evaporation layer, which is mentioned in previous
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experimental studies of micron-sized B [2,11]. Additionally, the thick-
ness of the interfacial layer is increased thus the diffusion of the core B
atoms is enhanced with the elevated temperature. In brief, the reaction
shifts from evaporation and diffusion dually controlled at Stage I to
chemically controlled at Stage II.

3.3. Gas phase and surface reactions

Fig. 5 shows time evolution of the number of key gas phase BxOy
species (with a maximum number greater than 30) observed during the
simulation and their main reaction pathways. No significant product
formation is observed at the end of Stage Ia. The fast release of B,Oy
species starts from Stage Ib as a result of the oxides evaporation. Spe-
cifically, the ByOy detaches from the chain-like oxides to the gas phase.
Various B;Oy species where x > 4 are also detected but they quickly
decompose into smaller ones after leaving the oxide chain, leading to the
five most remarkable BxOy species as shown in Fig. 5a and 5b. In addi-
tion to B20s3, which is the ideal and main product of B combustion, BO,
is found to be a dominant intermediate species. This finding agrees well
with experimental results that BO; is observed and is an important in-
termediate species during the BNP combustion [4,6]. The number of
B304, B4Os, and B4Og reaches the peak and begins to decrease when the
fast evaporation stage is about to finish, whereas the production of BOy
and B,03 keeps climbing to the end of the simulation. The main reaction
pathways involving the listed key BzOy species are (see Fig. 5¢): R1)
B40g — B304 + BO3; R2) B4Os — B304 + BO; R3) B304 — B203 + BO;
R4) BO; + BO—B303. R1-R3 demonstrate the consumption ways of
B304, B4Os, and B4Og. It can be seen that B3Oy is also a crucial inter-
mediate, which acts as a bridge for the conversion of larger BxOy, species
to B2O3. When the reaction proceeds to Stage II, the ByOy released from
the BNP are mainly BO, and B;O3 because the surface is covered by short
chain oxides. As an active intermediate species, the number of BO; tends

w0l @ “lo) ]
2 —8203 : E :
Q q000f . 30r |
3 —BO, |
8 800f ; | ]
7 —B;0, 20+t .
%5 600t ; !
S 400| I :
2 | 10 | |

200t |g a |

0t; . . I \ ! A ) . 0_. . . :. A . A . .
0 02 04 0608 1 121416 0 02 04 06 08 1 12 14 16
Time (ns) Time (ns)
B4OG B304 BOZ
[72]
= AA “~*
S
= ceoe
S R2
< ' — AN - oo B20;
©
= B,Os B,O, BO
() R3 A +
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this figure legend, the reader is referred to the web version of this article.)
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to be stable. Both the direct release from the BNP surface and gas phase
reactions contribute to the significant BoO3 production.

The interaction between O, and the BNP during Stage II is tracked to
understand the surface reactions. It is observed that when a O3 molecule
approaches the surface, it endeavours to seek for a B atom, which is only
bonded to B with no bonding O atoms. Once such a B atom is found, the
O, molecule is first adsorbed on this B atom. Subsequently, the O-O bond
is broken and the two O atoms are able to move freely on the surface.
The adsorbed O is finally become part of the oxide/evaporation layer
and participate in the aforementioned combustion reactions.

4. Conclusions

We perform the ReaxFF MD simulations to investigate the funda-
mental combustion mechanisms of BNP. The experimentally observed
two-stage combustion is reproduced in the present study. The results
show that the first stage (I) is further divided into the pre-heating stage
(Ia) and the fast evaporation stage (Ib). During Stage Ia, the volume of
the oxide/evaporation layer is expanded and some chain-like oxides
appear. Meanwhile, the B core further reacts with the oxide/evaporation
layer. From Stage Ib, the oxide/evaporation layer evaporates rapidly
and the oxides grow into longer chains before evaporation. The B core
continues to react with the oxide/evaporation layer. Stage II is domi-
nated by the combustion of the B core, during which the interfacial layer
and the oxide/evaporation layer are found to reach a dynamic equilib-
rium. The surface of BNP is continuously oxidized and then evaporated.
This dynamic process drives the B core combustion, resulting in a steady
mass drop of the BNP. The diffusion mechanism of the BNP combustion
isrevealed. The evaporation of oxides and diffusion of ambient O species
into the oxide/evaporation layer proceed simultaneously during Stage
Ib, while ambient O species are only involved in the surface oxidation
reaction of the BNP in Stage II excluding the gas phase reactions. No
ambient O species diffusion into the B core is observed but the diffusion
of the core B atoms into the oxide/evaporation layer occurs throughout
the simulation. Additionally, the diffusion of the core B atoms is
enhanced with the elevated temperature. To summarize, the reaction
shifts from evaporation and diffusion dually controlled at Stage I to
chemically controlled at Stage II. It is found that ByOy detaches from the
chain-like oxides to the gas phase during evaporation. In addition to the
main combustion product BoO3, BO5 is a dominant intermediate species,
which agrees well with experimental observations. Furthermore, B3O4 is
found to be an important intermediate, which bridges the conversion of
larger B,Oy species to B2Os3.

The present study reveals the detailed microscopic evolution of each
stage, the diffusion mechanism, and the dominant intermediate species
together with their reaction pathways of the BNP combustion, which
facilitates fundamental understanding. Based on the findings obtained
from our study, it can be concluded that the better combustion charac-
teristics of nano-sized B than those of micron-sized B (excluding the
effects of agglomeration of nanoparticles) could be attributed to the
more efficient evaporation of the oxide layer at the nanoscale. Compared
with micron-sized B, the subsequent B core combustion is also acceler-
ated due to the well-known advantages of nanoparticles. The new
atomistic insights into the combustion of BNP provided in the present
research could potentially benefit the design and practical application of
nano-sized B as additives for high-energy fuels.
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