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Abstract: This paper describes a study of boron powders and powder compounds, obtained by
various methods, including metallothermal, electrolytic, and borane cracking methods. The crys-
tal state, particle size and microstructure, presence and composition of impurities, and chemical
composition of the oxide layer of boron particles are profoundly investigated. The effects of the
above-mentioned characteristics on the particle oxidation parameters during heating with a con-
stant rate are analyzed. The determining influence of chemical composition of the particle surface
layer on the initial temperature of their intense oxidation is established. It is shown that the max-
imum increase in the mass and heat release value during oxidation of the boron powders is almost
independent of microstructural features, crystal state, and chemical composition of and oxide layer
thickness of the particles, and cannot serve as indicators of completeness of boron oxidation during
heating.
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INTRODUCTION

As is known, powdered boron is one of the most
promising components of pyrotechnic compositions and
solid fuels for various purposes [1] as its combustion
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heat is the largest among all elements per unit vol-
ume (140 kJ/cm?) and the third largest per unit mass
(59 kJ/g), behind hydrogen and beryllium. The indi-
cated values in the calculation exceed similar values for
hydrocarbon fuels 3 times with respect to the unit vol-
ume and 1.4 times with respect to the per unit mass [2].

Despite such a high potential, the practical use of
boron particles in high-energy compositions is often ac-
companied by a low completeness of their combustion
and, as a result, reduced efficiency of propulsion devices.
The main reason is the peculiarities of the combustion of
boron particles, among which one can distinguish sev-
eral phenomena. Firstly, difficulty of ignition of solid
boron particles, which is explained by the fact that a
solid boron core is covered by a molten layer of boron

450 0010-5082/18/5404-0450 (© 2018 by Pleiades Publishing, Ltd.



Comparative Analysis of Boron Powders Obtained by Various Methods. I 451

oxide at temperatures above 450°C (the boiling point is
1860°C). Secondly, prevention of boron combustion in
a gas phase due to its high boiling point (3865°C at a
pressure of 0.1 MPa) and slower heterogeneous reactions
of its oxidation on the surface [3]. Thirdly, boron par-
ticles are highly inclined to forming agglomerates dur-
ing heating, which is associated with the presence of a
molten layer on the particle surface, which increases the
burning time of boron particles (as a rule, particles with
a diameter of 100 ym burn out for 20-30 ms [2]) and
increases this time in comparison with the time the fuel
spends in the combustion chamber of the engine.

Thus, in compositions based on ammonium per-
chlorate, inert binder, and 15.7% ALEX aluminum, the
replacement of 2% of metal by ultradisperse boron does
not change the burning rate and substantially increases
the degree of agglomeration of aluminum [4].

These difficulties can be overcome and the com-
pleteness of oxidation and combustion of boron can
be increased by adding rare earth metals [5], magne-
sium [6], and metal hydrides [7]. The catalytic effect of
metal oxides (BiyOgs, FeaO3, and AlsO3) on the onset
temperature drop is determined in [8]. Another direc-
tion is the decreasing size of boron particles. Nanosized
boron particles are obtained, for example, by the ther-
molysis of diborane at a temperature of 700-2250°C
[9] and reduction of boron from boron trichloride by
hydrogen [10] or sodium naphthalene [11]. For boron
nanoparticles, the ignition delay time decreases and the
completeness of combustion increases as compared to
micron-size particles [12, 13].

Boron oxidation during heating with a rate of tens
of degrees per minute (thermoanalytical measurements)
and millions of degrees per minute (combustion) depend
on the powder dispersion in different ways. Thus, the
temperature at the beginning of the intense oxidation
of boron during slow heating in an oxidizing medium is
almost independent of the particle size, and the maxi-
mum mass gain paradoxically increases with increasing
particle size [14, 15]. In [15], the crystalline boron pow-
der is divided into fractions and the mass gain, referred
to a theoretically possible value, is determined during
heating in an oxidizing medium. It turns out that, with
an increase in the average size of the fraction from 25
to 65 pm, this value increases from 64 to 79%.

The burning rate of boron-containing compositions
increases linearly with increasing contact surface of
boron particles with an oxidant per unit volume of fuel,
as is described in [16].

It is experimentally shown [17] that fluorine re-
moves the oxide layer on boron particles, which results
in the fact that the delay time of their ignition decreases
and the burning rate increases. However, it is certain

that using fluorine-containing fuel does not lead to the
mentioned effects [18], while the modification of the par-
ticle surface by removing the oxide layer [19] or intro-
ducing the functional fluorine-containing groups on the
particle surface [20-22] significantly changes the param-
eters of oxidation and combustion of boron particles.

Starting with the first works on the study of com-
bustion of boron particles [23—-25] and ending with more
modern works [26, 27], the objects of study are usu-
ally micron-sized particles of crystalline boron. How-
ever, the particles of amorphous boron are more active
chemically in oxidation and combustion than crystalline
boron. This is indicated by the experimental data: dur-
ing the transition from crystalline to amorphous boron,
the effective energy of oxidation activation falls from
297 to 191 kJ/mol, the delay time of ignition decreases
too, and the intensity of the emission spectrum during
combustion increases [27].

The size distribution, crystalline state, microstruc-
ture, impurities, chemical composition, and thickness of
the surface layer of boron particles are the factors which
affect the oxidation and combustion of boron as part
of high-energy compositions and are determined by the
method of the boron powder synthesis. Currently, the
following common methods are distinguished. Firstly,
a magnesium-thermal method which comes down to re-
ducing B203 by metallic magnesium. Secondly, crack-
ing of borohydrides which is based on the thermal de-
composition of boranes as they pass through a heated
quartz tube. Thirdly, an electrolytic method for obtain-
ing boron particles.

The analysis of the literature data shows that the
information on the effect of the synthesis method of
boron on the processes of oxidation and combustion are
shown fragmentarily, with no systematic studies avail-
able.

The purpose of the paper is to determine the re-
lationship between the crystalline state, particle size,
microstructure, chemical composition, and oxide layer
characteristics of boron particles with the parameters of
their oxidation under nonisothermal heating with con-
stant velocity. In subsequent works, the results of the
study of the kinetic laws of physical and chemical pro-
cesses in non-isothermal oxidation, as well as the results
of the study of physical and chemical processes in the
combustion of boron-containing high-energy composi-
tions will be reported.

1. EXPERIMENT

Four samples of powdered boron, synthesized by
different methods (Table 1), are under study. Amor-
phous boron (sample No. 1) is obtained by cracking of
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Table 1. Samples and methods for obtaining them

Sample number Sample Synthesis method
1 Amorphous boron Cracking
of boranes
2 Magnesium polyboride Metallothermal
3 Aluminum polyboride Metallothermal
4 Electrolytic Electrolysis
boron

borohydrides as they pass through a quartz tube at a
temperature above 700°C. The boron synthesized this
way is deposited on the walls of the tube in the form of a
thin layer of powder, and the particles obtained are usu-
ally characterized by a quasispherical shape and smooth
surface [20]. Magnesium polyboride (sample No. 2)
is produced by metallothermal technology (Moissan’s
method), contains amorphous boron, S-rhombohedral
modification of boron, and magnesium borides, and con-
sists of 85% of boron and up to 10% of magnesium (by
mass) according to the manufacturer’s information [28].
Aluminum polyboride (sample No. 3) is also synthesized
by the metallothermy method (Moissan’s method) [28].
Electrolytic boron (sample No. 4) is obtained by elec-
trolysis from a melt that contains KCI (70%), KF (12%),
and potassium fluoroborate KBF, (18%). Electrolysis
is carried out in a graphite crucible that serves as an
anode by using a steel cathode at 800°C, and the boron
removed from the cathode after purification is grinded
in a ball mill [29]. The resulting boron powder, accord-
ing to the literature, has the form of the g-rombohedral
modification crystals surrounded by amorphous boron
particles [30].

The particle size distribution is determined by the
method of dynamic laser diffraction on Analysette 22
MicroTec Plus (Fritsch) in water with the addition of
a surfactant and with pre-treatment by ultrasound to
separate the aggregated particles of the powder. For
each powder, at least five samples are taken, with each
analyzed at least five times.

The specific surface area of the samples is deter-
mined using FlowSorb IIT 2305 (Micromeritics) by mea-
suring nitrogen adsorption on the powder surface, with
at least three measurements for each sample, while the
reproducibility of the measurement results is not less
than 99.5%.

The sample composition is studied via x-ray diffrac-
tion with the help of a D8 ADVANCE (Bruker)
diffractometer equipped with a nickel £ filter, a
system of controlled slots for monochromatization
(A[CuK,] = 1.5418 A), and a position-sensitive Lynx-
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Eye detector in a range of angles of 4-80° with a step
of 0.02° in the angle 20. The diffraction data are pro-
cessed and the calculations are carried out using EVA
(Bruker) and TOPAS 4.2 (Bruker) software.

The morphology and microstructure of the parti-
cles are investigated using a Quanta 3D FEG (FEI)
Scanning Electron—Ion Microscope and a TITAN 80-300
TEM/STEM (FEI) Transmission/Scanning Electron
Microscope at an accelerating voltage of 300 kV. The
device is additionally equipped with a high-angle circu-
lar dark-field detector (Fishione), an energy-dispersion
x-ray spectrometer (EDAX), and a Gatan image filter
(GIF, Gatan), the latter of which is used to identify
elements with small atomic numbers (boron, carbon,
oxygen, and nitrogen). All images are processed using
Digital Micrograph (Gatan) and TIA (FEI) software.

The elemental and chemical analysis of the par-
ticle surface is determined by the x-ray photoelectron
spectroscopy (XPS) method on a 5500 VersaProbe II
(PHI) spectrometer. Photoemission is excited by us-
ing a monochromatic AlK,, radiation (hv = 1486.6 V)
with a power of 50 W. The samples of boron powders
are pressed into a continuous layer of indium foil with
an area of about 0.5 cm?, and the diameter of the ana-
lyzed region is 200 pm. The atomic concentrations are
determined by the relative elemental sensitivity factor
with the use of values from the PHI database. The
high resolution spectra are taken with the transmission
energy of the analyzer equal to 11.75 eV and a data
acquisition density of 0.1 eV /step. The high-resolution
spectra are processed by approximating their using the
nonlinear least-squares method with help of the Gauss—
Lorentz function. Adsorbed impurities are removed by
means of etching by Art ions with an energy of 2 keV,
a (2 x2)-mm raster, and an etching rate determined on
the SiO layer as 2 nm/min.

The thermal behavior of the samples in the air
flow is studied by means of synchronous thermal anal-
ysis (STA) on STA 449 F3 (Netzsch) at a heating rate
of 10 K/min. The measurements are carried out both
in oxidizing (air flow of 100 ml/min) and inert (argon
flow of 70 ml/min) media.

2. RESULTS AND DISCUSSION

According to the results of laser diffractometry of
the boron samples under study, the particle size of the
powders does not exceed 20 pum, which agrees with
the measured values of the specific area of the sur-
face within Sg, = 5-10 m?/g (see Table 2 and Fig. 1).
The particle size distribution for sample Nos. 1 and 4
is monomodal, and the mass-average diameter of the
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Table 2. Particle size and specific surface of samples

Sample number  Ssp, m?/g  Dy3, pm Do, pm Dso, pm Dgp, pm
1 72+02 32402 0.5+ 0.1 2.2 +0.1 74+06
2 47+£01 81+05 1.0 £ 0.1 6.5 £ 0.3 17.0 £ 0.4
3 52+01 45402 0.5+ 0.1 23+£0.1 12.9 + 0.6
4 100+ 0.2 23+02 0.35+003 129+0.07 49+05

Table 3. Composition of the crystalline phase of the samples

8-B, % [
Sample AlBsi, % BN, % Silicon, % 13BOs, triclinic
number  yhombohedral tetragonal modification, %
1 _ _ _ _ _ _
2 83.8 15.9 — — 0.2 0.1
3 19.1 — 80 — — 0.2
4 82.9 17.1 — — — —
8 amorphous covering (Fig. 2). This confirms the assump-
Sample No. tion made in [25] on the absence of an oxide shell on
—o— 1 the particles of amorphous boron. The observed con-
—e—2 glomerates are formed by spherical submicron particles
:g: i with a smoothed surface. The particles with diameters

Volume fraction, %

Fig. 1. Size distribution of boron particles.

particles is Dy3 = 2-3 pm. At the same time, in the
case of the boron sample Nos. 2 and 3, there could be
an additional mode ~5 pm, which increases D43 up to
4-8 pm.

The x-ray analysis of powder 1 shows no crystalline
peaks, i.e., the sample is amorphous. In the spectra of
sample Nos. 24, the crystalline phases of boron rhom-
bohedral and tetragonal modifications (Table 3) are re-
vealed.

According to the scanning electron microscopy
(SEM), sample No. 1 has the form of conglomerates
of up to 10 pum in size, which do not have a noticeable

larger than 2 um often contain spherical cavities in the
volume, which are formed apparently during synthesis.
The energy-dispersive x-ray microanalysis shows that,
in addition to boron, the samples also contain oxygen.

The crystallites of sample No. 2 with a size of up
to 600 nm are covered by an amorphous layer 1-5 nm
in thickness and form large (up to 80 um) conglom-
erates of irregular shapes (Fig. 3). The structure of
these crystallites corresponds to a hexagonal crystal lat-
tice, and the interplanar distances estimated from high-
resolution SEM spectra turn out to be somewhat larger
than those for 8-B [31]. Thus, taking into account the
high content of Mg in the particles, it can be assumed
there is the presence of Big.g46165Mgo.971 magnesium
boride [32]. The basic elements determined in the sam-
ple are boron, oxygen, and magnesium.

The boron particles of sample No. 3, which are
different in their morphological structure and compo-
sition, also form conglomerates. Thus, the typical sam-
ple contains the following components. Firstly, faceted
and spherical particles with a diameter of about 1 um
with a non-smooth terraced surface (Fig. 4a). Secondly,
faceted submicron particles of 5-B (Fig. 4b) with no sur-
face amorphous oxide layer. Thirdly, amorphous parti-
cles of irregular shapes (Fig. 4b). Fourthly, aluminum
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Fig. 2. SEM images of the particles of sample No. 1: (a) conglomerate of submicron particles;
(b) cross section of the particle conglomerate, with spherical cavities inside; (c¢) amorphous structure

of the particles.

Fig. 3. SEM images of the structure of sample No. 2: (a) conglomerate of the submicron particles;
(b) image of the particle surface; (c) amorphous surface shell.

Fig. 4. SEM image of the morphology of sample No. 3: (a) conglomerates consisting mainly of
crystallites with a faceting of submicron and micron sizes; (b) light-field TEM image; (c) dark-field
image of an aluminum boride particle (in the center).

boride particles (Fig. 4¢). The latter correspond to the
Alg.3Bgs phase of the space group P212;2; with the fol-
lowing unit cell parameters: ¢ = 1.65 nm, b = 1.75 nm,
and ¢ = 1.01 nm [33]. The XRD of bulk powder (see Ta-
ble 1) establishes the presence of a A1B3; phase a similar
structure, which is formed by the S-rombohedral modi-

fication of boron with inclusions of aluminum atoms in
the unit cell.

Sample No. 4 consists of the -B particles of the
rhombohedral modification, which can morphologically
be divided into three types (Fig. 5): particles of irregu-
lar shapes with size of up to 5 um (group A), elongated
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Fig. 5. SEM image of the particles of sample No. 4 of different morphology (a) and (b) and the
oxide layer on the particle surface (c).
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Fig. 6. Spectra of the Bls sample Nos. 1 (a) and 4 (b): T and II are the experimental synthetic
spectrums, respectively; 1 and 2 are the simulated peaks of elementary boron and BgO, respectively.

particles with a size of 1-10 pm (group B), and spheri-
cal diameters of about 0.3 um (group C). The thickness
of the amorphous layer on the surface of these particles
varies from 1 to 5 nm (Fig. 5¢).

X-ray photoelectron spectroscopy (XPS) is used to
determine the elemental composition of the surface of
the boron samples under study. Note that the data
represent averaging over the depth of the sample equal
to 2-3 nm (an estimate based on the mean free path of
photoelectrons for the Bls level).

On the surface of all samples, the dominant element
is boron, and oxygen, nitrogen, magnesium, aluminum,
and potassium can be found in noticeable amounts.
Moreover, the concentration of the impurity elements
significantly is reduced after ion etching. Thus, the
particles are a core of metallic boron coated with an
impurity-containing oxide layer. It is known that some
level of impurities is retained in etching of powdered
samples of boron, while etching of a boron single crys-
tal completely removes impurities from an ideal flat sur-
face [34].

The approximation of experimental high-resolution
spectra of Bls boron shows that the spectrum consists
of two or more components (Fig. 6). Thus, in sample
Nos. 1 and 4, the spectrum of Bls consists of peak 1
with a binding energy of 187.2-187.9 eV, which corre-
sponds to the elementary boron [35-37], and peak 2,
whose binding energy (188.2 eV) corresponds to B1209
or BgO suboxides [35]. Note that boron powders can
contain up to 2% (by weight) of oxygen in the com-
pounds not described by the formula BoOg [38].

As a rule, a BoOg3 oxide layer is formed on the sur-
face of pure boron, which is manifested in the spectrum
of Bls as a peak in a region of 192.4 eV [35]. It is inter-
esting that, for sample Nos. 1 and 4, there is no signal
in this region, but there are peaks of bond energy corre-
sponding to the presence of a B¢O suboxide. For sample
No. 1 obtained by cracking of boron hydrides, there is
possibly B1gH14 boron hydride with a bond energy of
187.8 ¢V [39]. The methods of analysis used in this work
cannot uniquely determine the presence of hydride on
the surface of samples 1. The results of the analysis of
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Table 4. Results of the XPS spectra analysis

Sample number  Parameters

BO
Epond, eV 187.3

! e, % 45
Epond, eV 1875

2 e, % 38
Epond, eV 187.4

s e, % 90
Epond, eV 1875

4 e, % 64

Bls Ols Al2p Fls
BsO B2Os3 Al(OH)s  MgF»s
188.3 — 532.5 — —
55 — 100 — —
188.8 192.8 5325 — —
40 22 100 — —
— 192 532.0 74.3 —
— 10 — 100 —
188.7 — 532.2 — 685.6
36 — 100 — 100

Table 5. Results of the determination of elemental and chemical compositions of the particles,

the thickness of the amorphous layer (§) and the oxidation process parameters

In the volume
of the particles

Sample

number cfnlle[i(s%irﬁziy Elemental con.lposition7
% (by weight) ni;l % (by weight)
B O Mg Al B O Mg Al N F
1 9%9 31 — — 0 835 143 — — 22 —
2 95.1 1.0 3.6 — 1-5 486 449 39 — 26 —
3 92.1 1.5 0.3 6.1 0-1 499 282 — 21.2 0.7 —
4 986 1.4 — — 1-5 758 143 02 — 0.5 64

On the surface of the particles

Chemical composition, % (by weight)

Pivkina et al.

Oxidation

Ty, °C Q, ng Am, %

B? BgO B203 MgFy Al(OH); MgO

39.6 60.4 — — — 590 15.0 157
22.2 288 407 @ — — 83 743 159 126
445 — 160 — 39.5 — 765 178 153
52.0 364 —  11.2 — 04 598 11.3 118

Sample No. 2 is the Fe, Pb, and Si impurities, and sample No. 3 is the Fe, Si, Cu, and Mn impurities.

the high-resolution spectra of Bls, Ols, and A12p of
the investigated samples (bond energy Fhond, relative
intensity of peaks in the spectrum &, and the interpre-
tation of individual peaks) are presented in Table 4.

The surfaces of sample Nos. 1 and 2 have a BgO
suboxide and a B3Oj3 oxide, respectively. The surface of
sample No. 3 could contain a large amount of aluminum
in the form of an AlO,(OH), in addition to B2O3. As
a result of ion etching, the y/x ratio decreases, indi-
cating a transition from a hydro-oxide to an oxide. The
B O suboxide is found in the oxide shell of sample No. 4
along with a significant amount of fluorine and impu-
rities of magnesium and potassium. The spectrum of
F1s is located in the region of 685.6 eV, which corre-
sponds to fluorine in the MgFs compound (684.4 eV [40]
and 685.75 eV [41]).

Based on the data obtained, the chemical compo-
sition of the initial surface of the samples is calculated,
and the main chemical compounds are presented in Ta-

ble 5. The nitrogen observed on the panoramic spectra
seems to correspond to the adsorbed nitrogen.

The oxidation of boron samples is studied by means
of differential scanning calorimetry (DSC method) and
thermogravimetry (TG method) with linear heating
(Fig. 7). Table 5 presents the main oxidation parame-
ters: Tp is the onset temperature of intense oxidation,
Q is the heat release during the sample oxidation, and
Am is the increment in the mass of the sample upon
oxidation to a temperature of 1100°C. The noticeable
oxidation of sample Nos. 1 and 4, accompanied by a
mass gain, is observed at a temperature above 600°C.
At ~700°C the mass increasing rate drops both due
to the liquid oxide layer thickness growth followed by
the slowing of the diffusion rate and the oxide cover-
ing evaporation [42]. The evaporation rate stronger de-
pends on temperature than the oxidation one, and at
certain point the mass increasing process becomes lin-
ear [43,44]. The recorded dependences of the heat re-



Comparative Analysis of Boron Powders Obtained by Various Methods. I 457

Am, % (a)

250

200

Sample No.

150 1 —o— 1
—e— 2
—0— 3
—_0 — 4

100

T T T T T T
400 600 800 1000 T, °C

Q W/g (b)
100

50

T T T T T T !
400 600 800 1000 T, °C

Fig. 7. Oxidation of boron samples during linear heating in an air flow: (a) sample masses vs.
temperature (TG method); (b) heat dissipation rates vs. temperature (DSC method).

lease rate (DSC) and changes in the sample mass (TG)
are obviously integral dependences, which reflect the
kinetic laws of the oxidation and evaporation of boron
oxide. A similar trend is observed in the oxidation of
sample Nos. 2 and 3: oxidation period at a significant
rate (starting at about 750°C) is replaced by a period of
slow, practically linear increase in the mass. The com-
parison of the temperature of the start of intense oxida-
tion of powders shows that, at ~600°C the samples of
amorphous 1 and crystalline 4 boron begin to oxidize,
and samples 2 and 3, where aluminum or magnesium is
present in a significant amount, are oxidized at ~150°C
later. From the comparison with the results of the mi-
crostructure analysis, it is determined that the degree
of boron crystallinity, its particle size, or the thickness
of the oxide layer are not factors determining the value
of Tp. A common feature of sample Nos. 1 and 4 is the
presence of the suboxide BgO and virtual absence of im-
purities on their surface. A common feature of sample
Nos. 2 and 3 is the presence of the BoO3 oxide and a
significant fraction of impurities on the surface.

The high content of boron oxide on the surface of
sample No. 2 (over 40%) apparently prevents oxidation
of these particles at T" < Ty. In addition to boron ox-
ide (16%), the surface of the particles of sample No. 3
contains almost 40% of aluminum hydroxide A1(OH)s,
which at 7" > 575°C decomposes with the formation of
an oxide. Amorphous alumina in the shell undergoes
phase transformations [45]. The density of the amor-
phous oxide is p = 3050 kg/m3, y-AlO3 is formed dur-
ing crystallization at 550-600°C with a higher density
p = 3660 kg/m3, and then the polymorphic transition
is realized at ~750°C: 7-AlsO3 — 6, 8§ — a-AlO3 (p =
3990 kg/m3). As a result of phase transitions of alu-

minum oxide, there are structural changes in the shell
with a partial loss of protective properties, which initi-
ate the active oxidation of boron (the “core” of parti-
cles).

Heat release in the boron oxidation reaction con-
tributes to the evaporation of an oxide layer, and the
experimentally recorded integral result is determined by
a balance between the boron oxidation (mass gain of
the sample) and evaporation of boron oxide (mass loss
of the sample). As a result, the mass gain of sample
Nos. 1 and 3 from room temperature to 1100°C dur-
ing heating is almost the same despite the differences
in the crystalline modifications of boron and chemical
compositions of the surface. A much smaller mass gain
is observed in sample No. 4, while the content of boron
therein is much higher as compared to other samples.
Thus, the dependences of the DSC and TG signals on
temperature for boron (unlike, for example, aluminum)
cannot serve as a criterion of completeness of oxidation.
An example of an incorrect estimate of completeness of
boron oxidation by mass gain when it is heated in oxy-
gen is an experimentally observed paradoxical increase
in the “reaction completeness” with an increase in the
particle size of boron [15].

Analysis of the results obtained shows a close
relationship between the synthesis method, physico-
chemical structure, and character of oxidation, which
allows predicting the features of the behavior of boron
samples in formulations.

Thus, the boron powder 1 synthesized by the crack-
ing of borohydrides, is characterized by the homoge-
neous distribution of particles with a shape close to
spherical. In view of the maximum boron content, the
small amount of impurities, and the absence of a no-
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ticeable oxide layer, the sample can be named “pure”
boron, and its oxidation could be taken as a reference.
However, the results of the physicochemical analysis and
experiments on thermal desorption (not shown) suggest
the presence of bound hydrogen on the particle surface,
which can negatively affect the stability of the compo-
sitions.

The boron samples obtained by the metallothermic
method with the addition of magnesium and aluminum
contain these metals in the form of oxide and hydrox-
ide. This state of the surface is evidenced by the XPS
data, while the analysis of the crystalline phase of the
“volume” of particles reveals only a small amount of Al
and Mg bound to boron in a ratio significantly smaller
than 1 : 2 or 1 : 12. It is obvious that the introduc-
tion of metals into these samples does not contribute to
activating the boron ignition in a combustion wave.

However, the unexpected effect of the Al and Mg
oxides included in the surface layer on the sample ox-
idation is revealed. It begins much later than “pure”
amorphous boron. It is possible that this effect can
lead to changes in the combustion of particles in a two-
chamber direct-flow engine and ensures the “delivery” of
non-reacted and non-agglomerated boron particles from
the gas generator to the combustion chamber [46]. Note
that sample No. 4 contains a mixture of MgFy, which
slightly changes the oxidation character of the powder
compared with “pure” boron. However, it is known that
metal fluorides are catalysts for combustion of energy
condensed systems, so the possible influence of MgFy
on the combustion of compositions requires a separate
study.

CONCLUSIONS

The analysis of the boron samples synthesized by
various methods used in the industry is described. An
interdisciplinary approach was applied based on the re-
sults obtained by various physical and chemical meth-
ods: x-ray phase analysis, electron microscopy, photo-
electron spectroscopy, and thermoanalytical measure-
ments.

The search for factors that affect the oxidation pa-
rameters of boron powders, obtained by different meth-
ods, shows that the determining effect on the tempera-
ture of the start of intensive chemical oxidation is pro-
duced by the chemical composition of the surface layer
of the particles. In particular, the presence of the B5O
suboxide on the particles of amorphous and electrolytic
boron leads to a high chemical activity of these samples
in the oxidation reaction and a decrease in the tem-
perature of the start of intense oxidation by 150°C as
compared to the samples obtained by the metallother-

Pivkina et al.

mal method, containing a significant amount of B3Og
or Al,O3 oxides on the surface.

The maximum mass gain and the amount of heat
release during the oxidation of boron powders are
practically independent of the microstructural features,
crystalline state, chemical composition of the particles,
and thickness of their oxide layer and cannot serve as
indicators of the completeness of boron oxidation upon
heating. Heat release and completeness of the reaction
are determined by the superposition of the kinetic laws
of boron oxidation and boron oxide evaporation.

The work was carried out with partial financial
support of the Russian Foundation for Basic Research
(Grant No. 16-29-01055; RFNC, RFA) and at the
expense of a grant for executing the state task on
the topic 0082-2018-0002, AAAA-A18-118031490034-6
(SEM, STA).
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