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Abstract—The use of aluminum borides is a promising direction in the development of modern propellant
compositions and aerial vehicles. We present experimental data on the kinetics of oxidation of microscale
powders of aluminum, amorphous boron, and the aluminum borides AlB, and AlB, in air upon heating at a
constant rate of 10°C/min and the results of laser-assisted ignition of high-energy materials that contain these
metal powders and are based on ammonium perchlorate, ammonium nitrate, and an inert binder or an ener-
getic combustible binder. We show that the use of the boron-containing powders enables us to lower the onset
temperature of oxidation and the temperature of intense oxidation, while increasing their oxidation effective-
ness, compared to pure aluminum. The dependences of ignition delay time on the heat flux show that the
AlB, and AlB;, powders are the most effective metal fuel components for solid propellants based on ammo-
nium perchlorate, ammonium nitrate, and an energetic binder: they display the shortest ignition delay time

and require the lowest heat input for ignition.

DOI: 10.1134/S1063784221060104

INTRODUCTION

Powered metals are high-energy components of
modern composite solid and hybrid propellants [1]
used in solid-propellant rocket engines and aerial
vehicles. Aluminum powders with different degrees of
dispersion are the most common metal fuel compo-
nents in high-energy materials (HEMs) used in the
aerospace industry [2]. Presently, seeking ways to
increase the heat of combustion of HEMs by intro-
ducing boron-containing components is an important
task. The specific heat of combustion of boron is
58.1 MJ/kg [3], which is considerably higher than that
of aluminum (31 MJ/kg) [3, 4]. However, upon heat-
ing, when boron particles ignite, a compact layer of
B,0O; oxide is formed on their surface [5], which pre-
vents their complete oxidation at relatively low tem-
peratures. Theoretically, the mass gain in complete
oxidation of boron is around 218%. Thermal analysis
shows that the mass gain observed on heating boron in
oxygen to a temperature of 1000°C is ~140% [6], while
heating boron in air to 1500°C yields a mass gain of
~160% [7]. The oxidation reactions, thus, involve no
more than 75 and 82 wt % of the initial boron mass,
respectively.

The use of different alloys based on Al—B (alumi-
num borides) [8—10] or aluminum/boron mechanical
mixtures with different ratios between components
[11—13] is a promising possibility to overcome draw-

backs of boron and aluminum powders. Due to the
development of new propulsion systems and aerial
vehicles, it is relevant to use aluminum borides as
combustible components of HEMs. These metal fuels
are characterized by high density (2.50—2.84 g/cm?),
and their specific heat of combustion (43—54 MJ/kg
[3]) is similar to that for boron. In addition, aluminum
borides have been shown to display a superior reactiv-
ity on heating and during combustion process because
of the presence of aluminum and boron in their com-
position and the absence of a refractory layer of Al,O;-
oxide on the particle surface [12—14]. The use of alu-
minum borides may find broad application in high-
energy composite propellants, because the extent of
AlB, oxidation is ~80%, while that of the initial pow-
dered boron and aluminum is ~20 and ~67%, respec-
tively [15]. The specific heat of combustion of metal
borides is 40—70% higher than that of pure aluminum
[3]. Additionally, the combustion efficiency of com-
positions based on potassium perchlorate and polytet-
rafluoroethylene with the nanoscale powder AlB, was
5—20% higher than that of a composition with
microscale aluminum diboride powder, as was estab-
lished experimentally in [16]. We also note that inter-
action between Ti, Al and boron results in the release
of a large amount of energy, which is foundational to
self-propagating high-temperature synthesis (SHS) in
boride metals [17, 18].
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Table 1. HEM compositions under study

897

HEM Components, wt % o
composition AP (size, im) AN (size, llm) Binder Metal, type
1-1 69.0 (165—315, <50) - 16.0, SKDM-80 15.0, Al 0.50
1-2 74.0 (165315, <50) - 11.0, SKDM-80 15.0, B 0.50
1-3 71.4 (165—315, <50) - 13.6, SKDM-80 15.0, AIB, 0.50
1-4 73.2 (165315, <50) - 11.8, SKDM-80 15.0, AIB,, 0.50
2-1 21.3 (165-315) 49.8 (50—100) | 13.9, SKDM-80 15.0, Al 0.50
2-2 22.5 (165-315) 52.5(50—100) | 10.0, SKDM-80 15.0, B 0.48
2-3 21.9 (165-315) 51.3(50—100) | 11.8, SKDM-80 15.0, AIB, 0.50
2-4 22.5 (165-315) 52.5(50—100) | 10.0, SKDM-80 15.0, AIB,, 0.50
3-1 15.0 (160—315) 35.0 (<100) 20.0, MPVT-ASP 30.0, Al 0.66
3-2 18.0 (160—315) 42.0 (<100) 25.0, MPVT-ASP 15.0, B 0.65
3-3 15.6 (160—315) 36.4 (<100) 23.0, MPVT-ASP 25.0, AIB, 0.57
3-4 17.7 (160-315) 40.3 (<100) 25.0, MPVT-ASP 17.0, AIB,, 0.63

*q, is the coefficient showing the excess of oxidizer.

The aims of this work are (i) to determine the
parameters of oxidation of microscale aluminum pow-
der, amorphous boron, and aluminum borides (AlB,
and AlB,,) from experimental data of thermal analysis;
(ii) establish the ignition/combustion behavior; and
(iii) determine the effect that boron, as part of an
HEM composition, has on the ignition delay time in
radiant heating of a propellant sample.

1. MATERIALS AND METHODS
1.1. HEM Compositions

In preparing HEM compositions, we used
microscale powders of aluminum (mean particle
diameter dy; = 10.8 pm), amorphous boron (dy; =
2.0 um), and the aluminum borides AlB, (d,; = 6.2 um)
and AlB,, (d,; = 2.3 um), which were obtained by SHS
in an inert environment at the Research Institute for
Applied Mathematics and Mechanics, Tomsk State
University. The Al and B components taken in the
specified ratio were compacted into cylindrically
shaped samples using a hydraulic press and placed in
an argon-filled SHS reactor. The metal samples sin-
tered during SHS process were ground in a ball mill for
30 min. The phase composition of aluminum borides
in the resulting powders, i.e., the final products, was
analyzed on a Shimadzu XRD-6000B X-ray diffrac-
tometer with the result of 55.5 wt % Al and 44.5 wt %
B in AlB, and 17.2 wt % Al and 82.8 wt % B in AlB,,
[3]. To study the ignition behavior of HEM composi-
tions, three-component compositions were prepared
(Table 1), which contained ammonium perchlorate
(AP) and grade SKDM-80 butadiene rubber resin
(composition 1); AP, ammonium nitrate (AN), and
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SKDM-80 (composition 2); and AP, AN, and grade
MPVT-ASP methyl polyvinyltetrazole (composition 3).

1.2. Experimental Units

The oxidation of powdered metals in air was inves-
tigated using an STA 449 F3 Jupiter thermal analyzer
(Netzsch), which combines a thermogravimetric
(TG) analysis and a differential scanning calorimetry
(DSC). In carrying out thermal analysis, a sample of a
powdered metal (with a weight of 5—8 mg) was placed
in ceramic crucible. The sample was heated in the fur-
nace from 30 to 1200°C at a liner rate of 10°C/min,
while the air flow rate was 150 mL/min.

The key parameters characterizing the ignition of
HEM compositions were determined on a test stand
that included a continuous wave RLS-200 CO, laser
with an operational wavelength of 10.6 um and a max-
imum power of 200 W, an electrical power supply,
cooling systems, and systems for recording the ignition
parameters. The diameter of the laser beam exiting a
half mirror of CO, laser was approximately equal to the
sample diameter. HEM samples containing powdered
metals had a diameter and height of 10 and 30 mm,
respectively, and were fabricated by through-feed
pressing followed by hardening in a dry oven; before
experiments, they were cut into 5-mm-high tablets.
The density of hardened HEM samples was 1.76—
1.78 g/cm?. The experimental unit has been described
in detail elsewhere [10]. Ignition delay time £,, for a
test HEM composition was determined from the dif-
ference in electrical signals from the photodiodes reg-
istering the time moment at which the sample was ini-
tiated (opening of the electromagnetic valve) and the
time moment at which flame appeared near to the
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Fig. 1. (a) TG and (b) DSC curves for Al, B, AlB,, and AlB, powders recorded at a heating rate of 10°C/min in air.

propellant surface. In experiments, the heat flux inci-
dent on the end side of a sample was varied in the
range of ¢ = 60—220 W/cm?. The output power of laser
beam was adjusted by means of the control system of
pulse pumping parameters and the high-frequency
power of discharge electrodes of the laser head block.
The relative error of scattering of delay time #,, was in
the range of 5—15% at a confidence level of 0.95.

2. RESULTS AND DISCUSSION
2.1. Thermal Analysis

TG and DSC analyses registered the variation of rel-
ative mass (Fig. 1a) and the specific heat flux (Fig. 1b)
for Al, B, AIB,, and AlB,, powders.

Upon heating a sample of microscale Al powder in
air, the oxidation process occurs in two stages. The
first oxidation stage takes place before the aluminum
melts in the temperature range of 560—640°C and is
accompanied by a slight increase in sample mass
(~2%). The aluminum powder melts endothermically
at 660°C (Fig. 1b), at 800—1060°C which is followed
by a marked increase in the sample mass (up to 34%;
the second stage) and, simultaneously, intense heat
release (O, = 11.9 W/g).

Upon heating amorphous boron or aluminum
boride powders, the oxidation process occurs in one
stage (Fig. 1). For a sample of amorphous boron pow-
der, intense oxidation occurs in the temperature range
of 560—800°C and the maximum specific heat flux is
Omax = 27.7 W/g, with the boron mass increasing by
140% (relative to the initial mass of amorphous boron
sample; Fig. 1a). Upon heating the boron powder in
air further, to a temperature of 1200°C, the process
becomes less intense, and the sample mass gradually
increases by ~10%.

TG and DCS curves for AlB, powder (Fig. 1) show
that the diboride oxidation is shifted toward higher

temperatures as a result of its large aluminum content
(compared to AlB,, and B). The AIB, powder under-
goes intense oxidation in the temperature range of
880—1120°C, and the maximum specific heat flux is
10.6 W/g, with the sample mass increasing by 108%.
The presence of two peaks on the DSC curve for AlB,
powder at temperatures of 960 and 1010°C (Fig. 1b)
may suggest that it is unstable and undergoes decom-
position at a temperature above 900°C to yield alumi-
num and AlB, or other boride phases and boron and
aluminum alloys, as was observed in [19, 20].

As does amorphous boron, aluminum dodeca-
boride powder (AlB,,) oxidizes in one stage (Fig. 1),
but its intense oxidation occurs at higher tempera-
tures, i.e., 750—950°C, and the maximum heat flux is
28.9 W/g. Upon heating to 1200°C in air, the mass of
the AlB,, sample increases by 118%.

Experimental data obtained from TG—DSC analy-
ses of the considered metal powders enabled us to
determine onset temperature 7, of intense oxidation,
mass gain Am, total heat Q of the oxidation, and oxi-
dation rate v, (Table 2).

Amorphous boron powder displayed the highest
heat of oxidation in air (Q = 21 550 J/g), among the
other powders under study. AlB;, powder displayed
the highest oxidation rate in the temperature range of

780—870°C: v,, = 0.624 pg/min.

Earlier calculations of oxidation kinetic parameters
[21] showed that the activation energy of aluminum
and aluminum diboride powders reach the highest val-
ues (300—370 kJ/mol) at an oxidation conversion of
0.10—0.25, while the activation energy for boron and
aluminum dodecaboride powders varied in the range
of 50—200 kJ/mol at the same degree of conversion.
The activation energy of Al powder in the range of
degree of conversion of 0.4—0.8 is much higher (300—
450 kJ/mol) than activation energy for amorphous
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Table 2. Parameters of oxidation of metal and boron pow-

ders
o Am, V.., mg/min (in the
Powder| 7,,, °C ,J 0x>
OWAer] Ton wt % Q.1/e temperature range, °C)
Al 800 34 3680 0.119 (970—1040)
B 560 150 | 21550 0.534 (650—750)
AlB, 880 108 5230 | 0.306 (1000—1080)
AlBy, | 750 118 |20270 0.624 (780—870)

boron, AlB,, and AlB,,, which fall in the ranges of
120—350, 200—250, and 50—90 kJ/mol, respectively.

In the range of degree of conversion of 0.2—0.8,
aluminum dodecaboride (AlB;,) powder displays the
lowest activation energy of oxidation compared to Al,
B, and AIB, powders. However, at the degree of con-
version of 0.1—0.2, which is more adequate to the pro-
cess of powder ignition, the activation energy value for
AlB, is lower than for powdered boron.

2.2. Ignition Delay Time

For the considered HEM compositions, which
contain metal powders, the ignition delay time was
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determined as a function of heat flux upon initiation of
samples with a laser pulse (data points in Fig. 2).
Snapshots from high-speed video recording of ignition
of HEM composition 3 (contains AP, AN, and
MPVT-ASP) that was initiated by radiant heat with
flux g = 68 W/cm? are presented in Fig. 3. The values
for fitting parameters for power-law dependence £,,(q)
and coefficient K, the latter being the ratio between
the ignition delay time of Al-based HEM and the igni-
tion delay time of the HEM containing B, AlB,, or
AlB,,, are summarized in Tables 3 and 4.

The analysis of our experimental data shows that
composition 1, which is based on AP/SKDM-80/Me,
has the shortest ignition time, whereas composition 3,
which is based on AP/AN/MPVT-ASP/Me, has the
longest ignition time under the same ignition condi-
tions and for the same content of metal fuel compo-
nent. The ignition delay time for composition 1-1,
which contains pure Al, is 3.0—4.1 times shorter than
t,,, for composition 3-1 (Fig. 2a), meaning that the
presence of an energetic binder in the HEM consider-
ably increases the heating and ignition time compared
to a HEM containing an inert binder. Substituting the
mixture of oxides AP/AN (composition 2-1) for pure
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Fig. 2. Ignition delay time as a function of the heat flux for HEM compositions: (a) 1-1, 2-1, 3-1 with Al; (b) 1-2, 2-2, 3-2 with

B; (c) 1-3, 2-3, 3-3 with AIBy; and (d) 1-4, 2-4, 3-4 with AIB 5.
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Fig. 3. Snapshots from high-speed video recording of ignition of HEMs based on AP/AN/MPVT-ASP and containing (a) Al, (b)

B, (c) AIB,, and (d) AIB,. Conditions: g = 68 W/cm?.

AP (composition 1-1) in the HEM composition based
on the inert binder SKDM-80 makes time #,, longer
by a factor of 1.1—1.7 under the same ignition condi-

tions.

With amorphous boron substituting for Al powder
in all the HEM compositions under study, the ignition
delay times became shorter in the entire g range. That
being so, the ratio of #,, for composition 3-2, which is
based on AP/AN/MPVT, to £, for composition 1-2,
which is based on AP/SKDM-80 and contains pure
boron, is 2.5—2.9, depending on specific g values
(Fig. 2b).

The ratio of #,,, for composition 2-2, which is based
on AP/AN/SKDM-80, to #,, for composition 1-2,

which is based on AP/SKDM-80 and contains boron,
is .4—2.1.

In the presence of AlB, in composition 1-3, which
is based on AP/SKDM-80, #,, become shorter by a
factor of 1.2—1.9 and 1.4—1.8 compared to compositions
2-3 (AP/AN/SKDM-80) and 3-3 (AP/AN/MPVT),
respectively (Fig. 2¢). A typical situation was observed
for HEM compositions 1-4, 2-4, and 3-4, which con-
tain the AlB, (Fig. 2d).

For HEM compositions based on SKDM-80 buta-
diene rubber resin, AP, or AP/AN (compositions 1
and 2), substitution of aluminum borides AlB, and
AlB,, for Al leads to ignition delay time £,, being lon-
ger by 2—20% at heat flux densities ¢ < 110 W/cm?
(Table 3). For g > 160 W/cm?, the ignition delay time

Table 3. Values a and b of the fitting equation #,,(q) = aqg~? for HEM compositions containing metal powders

HEM | 1-1 1-2 1-3 1-4 2-1 2-2 2-3 2-4 3-1 3-2 3-3 3-4

ax 1074 692 | 277 | 183 | 58.1 187 | 140 | 199 385 142 | 321 | 100 | 874
b 151 | 145 | 170 | 197 | 164 | 165 | 215 | 228 | 183 | 172 | 145 | 187
TECHNICAL PHYSICS Vol. 66 No. 6 2021
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Table 4. Coefficient K, calculated for HEM compositions depending on heat flux
HEM Kign
composition 1 7 3 1 7 3 1 7 3
2 Al , B Al , AIB Al /B,
9, W/cm ting/ting ting/ting ? ting/tiné
70 1.92 1.38 2.76 0.85 0.80 2.75 0.84 0.73 1.93
110 1.87 1.39 2.63 0.93 1.01 2.31 1.03 0.98 1.96
150 1.83 1.39 2.54 0.98 1.18 2.05 1.19 1.19 1.99
210 1.80 1.39 2.45 1.05 1.40 1.80 1.39 1.48 2.02
of the indicated HEM composition becomes shorter. CONCLUSIONS

We note that, in the presence of amorphous boron in
compositions 1 and 2, the ignition delay time of the
SKDM-80-based HEMs become shorter by a factor of
1.9 and 1.4, respectively, in the entire range of heat flux
density.

In the presence of AIB, and AIB,, aluminum
borides in composition 3, the ignition delay times of
HEMs based on an energetic binder and AP/AN
became considerably shorter compared to HEMs con-
taining pure Al—by a factor of 1.8—2.8, depending on
q values.

According to our infrared imaging data, a dramatic
rise in the temperature across the entire area of the end
surface and an increase in the rate of removal of reac-
tion products occurred at the moment when the
decomposition products were removed from the sur-
face of a propellant sample and flame emerged, which
was due to additional heat flux from the chemical
reaction zone in the gas phase. The decomposition
products carry powder particles off the surface of reac-
tion layer, which creates additional heat flux due to
exothermic oxidation of metal particles. We note that
the heat-up period and the formation period of fuel
reaction layer for the HEM containing pure aluminum
is fairly long compared to other HEM compositions
containing boron or the aluminum borides and that a
major fraction of the heat supplied from the radiation
source is consumed for conduction heating of the sur-
face layer, decomposition of the components, and
melting of aluminum particles located close to the
sample surface. The presence of a considerable frac-
tion of coarse particles in the Al powder and a refrac-
tory oxide layer at its surface contribute to an increase
in the onset temperature of its intense oxidation com-
pared to amorphous boron or AlB,,, which results in
reduced ignition stability of the sample and less heat
released due to oxidation of particles near the propel-
lant surface. Additionally, we hypothesize that the
boron powder increases the absorbing capacity of the
propellant surface, thereby shortening the ignition
delay time of a HEM.
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We performed TG—DSC analyses of microscale
aluminum, boron, and aluminum boride powders in
the temperature range of 30—1200°C in air. From the
thermal analysis data, we determined the onset tem-
perature of oxidation, the mass gain, the heat of oxida-
tion reaction, and the maximum oxidation rate of the
metal and boron powders. The oxidation of aluminum
proceeds in two stages. The first stage occurs below the
melting point of aluminum and does not make a sig-
nificant contribution (the mass gain is ~2%). The
main process of aluminum oxidation occurs in the
temperature range of 800—1060°C. Boron and the alu-
minum boride powders undergo a single-stage oxida-
tion. We note that a small endothermic peak is
observed in the case of aluminum diboride, which is
related to the process of AlB, decomposition and the
formation of other boride phases and aluminum-—
boron alloys at air temperatures of 965 and 1013°C.

Amorphous boron powder and aluminum dodeca-
boride powder have the highest specific heats of oxida-
tion (21.6 and 20.3 kJ /g, respectively), which are much
higher than those of Al (3.7 kJ/g) or AlB, (5.2 kJ/g).
The highest oxidation rate was registered for AlB,,
which was 15% higher than the value for B and
exceeded the values for AlB, and Al powders by a fac-
tor of 2.0 and 5.2, respectively.

Our experimental investigation of ignition process
of HEM compositions containing Al, B, AlB,, or
AlB, showed that the presence of AP/AN double oxi-
dizer and the MPVT-ASP energetic binder in HEM
composition makes the ignition delay time longer
compared to HEM based on AP and SKDM-80 buta-
diene rubber resin.

The substitution of amorphous boron for
microscale aluminum leads to shorter ignition delay
time for all the considered HEM compositions. The
highest effectiveness due to the substitution of AlB,
and AlB, for Al was found for the HEM composition
based on the double oxidizer and an energetic binder
(i.e., AP/AN/MPVT-ASP), which improved ignition
stability and shortened the ignition delay time by a fac-
tor of 1.8—2.8, provided that the heat flux was the
same. For the HEM compositions with AlB, or AlB,,
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and an inert binder (i.e., AP/SKDM-80 and
AP/NA/SKDM-80), the heat-up time and ignition
delay time of the propellants become shorter at heat
flux of ¢ > 160 W/cm?.
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