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We report the first study of gas generation and thermal wave behavior during the performance of a novel
nano-energetic system based on aluminum and bismuth hydroxide Al-Bi(OH)s. Thermodynamic
calculations demonstrate that this system is comparable to one of the most powerful known nano-
thermite systems, Al-Bi,Os, in terms of energy capacity per initial charge mass, and may generate more
than twice the gaseous products: 0.0087 mol g~1. Differential scanning calorimetry analysis shows that
homogenization of the as-received powder using mechanical activation is an essential step to reduce

Received 17th May 2016 the decomposition energy of bismuth hydroxide by 30%. This results in nano-thermite with higher
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pressure discharge abilities. The mechanical activation with energy of 450-750 kJ g~
transform micro-meter sized particles to sub-micro and nano-sized particles. The resulting nano-
thermite generated a significant pressure discharge with a value of up to 5.6 kPa m® g%,
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Introduction

Nano-thermites are energetic formulations of metallic fuel
and oxidizer particles, where at least one constituent should
be in the nano-size domain.'”* Oxidizers include traditional
metal oxides such as Co;0,, Fe,03;, CuO and MoO;, etc.,*” as
well as highly powerful nano-energetic gas generator (NGG)
components such as iodine pentoxide 1,05 and bismuth
trioxide Bi,03.>™* Aluminum is one of the most popular metals
utilized as a fuel, although Mg is also used occasionally.*>**
Although much research has been performed to investigate
the properties of metal oxide based nano-thermites,'”-** other
closely related systems based on metal hydroxides have
surprisingly been overlooked. However, these systems
undoubtedly deserve attention for several reasons. First of all,
thermodynamic calculations (performed below) show that the
energetic capacity per unit mass for Al-Bi(OH); is close to that
of Al-Bi,0;. This offers a strong indication that this system can
generate sufficient pressure discharge and overtake almost all
known nano-thermites. Furthermore, most of the methods for
the production of bismuth trioxide particles utilize sol-gel
methods, where the final product usually contains significant
amounts of Bi(OH); remnants. Thus, it is important to esti-
mate the impact that these remnants can have on Al-Bi,0O;
nano-thermite. Finally, we estimate that the AI-Bi(OH);
discharge generates twice the amount of gas per gram of initial
thermite, when compared to gases generated in the Al-Bi,O;
system. Therefore, in applications where the utilization of gas
generation with a lower average molecular weight is more
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important, then systems based on metal hydroxides can be
superior to oxide based thermites. In this work, thermody-
namic calculations, as well as pressure discharge dynamics, of
the system Al-Bi(OH); are investigated for the first time.
Moreover, the effect of oxidizer particles size through high
energy ball milling on the oxidizer decomposition and nano-
thermite pressure discharge values are studied, and the
milling energy and nano-thermite mass-pressure discharge
dependences are revealed.

Thermodynamic analysis

Thermodynamic analysis of the Al-Bi(OH); system is critical to
evaluate the energetic capacity of the stoichiometric mixture,
the adiabatic temperature, condensed phase concentrations
and the amount of gaseous products released during the reac-
tion. The thermodynamic estimation of the equilibrium
composition of multicomponent multiphase systems requires
minimization of the thermodynamic free energy (G), subject to
mass and energy balances.”® The thermodynamic calculations
were made using “Thermo” software,* which includes a data-
base containing the thermochemical properties of approxi-
mately 3000 compounds. We additionally used the thermo-
chemical computer code HSC Chemistry-7 for the prediction
of the adiabatic temperature and equilibrium compositions.
Input and output species, as well as their amounts and initial
temperatures, were defined for the calculations of adiabatic
temperature and equilibrium concentrations. Theoretical heat
balances were calculated by taking molecular amounts of the
species from the reaction equations and equilibrium calcula-
tions. HSC Chemistry-7 includes a database of over 25 000
compounds.

This journal is © The Royal Society of Chemistry 2016
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The composition of the equilibrium products and adiabatic
temperature can be determined by minimizing the thermody-
namic potential. For a system with N(g) gas and N(s) solid
number of components, at constant pressure, the concentra-
tions of the equilibrium phases can be expressed as:

N(g) N(s)
F({m}.{ns}) = an (ln& + Gk> + Zn,G, (1)

=1 p =1

where py is the partial pressure of the 4-th gas-phase compo-
nent, while n; and G are the number of moles and molar Gibbs
free energy of the components. The adiabatic combustion
temperature, 729, is determined by the total energy balance:

No NG NG
SOH(T) =S mH (T2) + Y mH (T) (2)
i=1 k=1 =1

where the enthalpy of each component is

T
H(T) = AH?, + J pdT + Y AH,; (3)
Ty
and AH{, is the heat of formation at 1 atm and reference
temperature T, ¢, ; is the heat capacity, and AH;; is the heat of
s-th phase transition for the components.* The combination of
both the above mentioned software programs made it possible
to estimate the energetic capacity and predict the adiabatic
interaction temperature and equilibrium product composition
for the Al-Bi(OH); system, which includes multiple phases at
various temperatures. The interaction between Al and Bi(OH);
follows the reaction:

2Al + 2Bi(OH); = ALO; + 2Bi + 3H,0 + AH (—1.92kJ g ")
4)

According to the HSC-7 calculations, the energetic capacity
for the system (4) is 1.92 kJ g~ ', which is slightly less than the
energetic capacity for the system Al-Bi,O3:

2Al + Bi,O; = ALO; + 2Bi + AH (—2.12kJ g7 (5)

It is interesting to note that the energetic density calculated
per unit volume for the system (4) is 8.83 k] cm?, while the

~ T F 3000
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51 Bi(g) S
g 5
3 LOs(s)F &
3 F 1000
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e
= 1Bu04d Al(g)
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1 n (Al), (mol) 2 2

Fig. 1 Dependence of the adiabatic temperature and equilibrium
concentration of condensed and gaseous phases on the fuel
concentration during the exothermic reaction in the Al-Bi(OH)s:
system (red line is adiabatic combustion temperature).
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energetic density for the system (5) is 15.2 k] cm ™. Fig. 1 shows
the dependence of the adiabatic temperature and equilibrium
concentration of the condensed and gaseous phases during the
exothermic reaction in system (4). System (5) appears to have
a higher energetic capacity per mass and per volume. However,
if we assume that due to high temperatures of about 3000 K,
only the Bi particles (boiling point at 1832 K (ref. 26)) and water
will transform into the gaseous phase (the Al,O; boiling point is
3250 K (ref. 27)), then the gaseous products generated for
system (5) per unit mass of the initial mixture is
0.00385 mol g™, while system (4) generates twice this, at the
higher amount of 0.0087 mol g~ . This can be a very important
advantage of hydroxide systems over oxide type thermites for
applications where a high amount of gaseous products per
initial charge mass is vital, such as micro-propulsions and
micro-thrusters for space applications.”**° When the molar
ratio Al/Bi(OH); increases from 0.5 to 1, the system follows eqn
(4). However, when the ratio increases above 1, the temperature
increases to more than 2000 K, resulting in the gradual
decomposition of water into hydrogen, and the released oxygen
is consumed for excess aluminum oxidation. At a molar ratio of
2, the highest adiabatic temperature is calculated to be 2970 K,
where the products are about 1 mol solid Al,O3, 1 mol gaseous
Bi, and ~1.6 mol of a gaseous mixture of molecular H, and
atomic hydrogen. At this point, the reaction pathway becomes

2Al + Bi(OH); = ALO; + Bi(g) + 1.4H,(g) + 0.2H(g)  (6)

The further increase in the fuel to oxidizer molar ratio results
in some partial decomposition of solid Al,O; into gaseous Al,O
and gaseous Al. However the amount of atomic hydrogen quickly
decreases due to the reduction in adiabatic temperature. Thus, in
our experiments we used a molar ratio for Al and bismuth
hydroxide of 2 according to reaction (6). We also took into
account the extra oxide shell mass on the aluminum nano-
particles. In addition, we investigated the pressure discharge
dependence on the non-stoichiometric fuel to oxidizer ratio, for
comparison with the thermodynamic calculations.

Experimental methods and procedures

The aluminum nanoparticles with an average particle size of
100 nm (87%, covered with 13% Al,03) used for nano-thermite
preparation were purchased from Sigma Aldrich Co and stored
under nitrogen (99.98%) to avoid any contamination and
oxidation. Bismuth hydroxide (99%) was purchased from Acros
Organics. Bismuth trioxide, Bi,O;, was purchased from Sigma
Aldrich (99.9%, 10 um).

The Bi(OH); particles were milled in a High Energy Ball Mill
(HSF-3, MTI Co) machine for up to 15 min. In the milling media,
the ball to powder weight ratio was 10 : 1. The powder batch mass
was 0.01 kg. We homogenized the Bi(OH); using high-energy ball
milling for up to 15 min with 5 min time increments, to control
the effect of the mechanical activation on the particle size
reduction, decomposition energy of bismuth hydroxide, and
oxidizing activity in the Al-Bi(OH); nanostructured system.

RSC Adv., 2016, 6, 66564-66570 | 66565
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The milling energy applied during the mechanical activation
decreases the particle size of the bismuth hydroxide particles.
We calculated the energy dose transferred to the powder batch
using the method described in ref. 31. The effects of the milling
time and treatment energy of the Al-Bi(OH); system on the
pressurization rate were determined.

Al-Bi(OH); nano-thermite formulations were prepared with
various mass ratios, which are fuel rich to compensate for the
presence of the aluminum oxide shell on the metal nano-
particles. While the stoichiometric mass ratio was 1.1: 8.9,
a ratio of 2 : 8 was found experimentally as the best ratio to
obtain the highest pressure discharge value.

The thermite was mixed using a roller ball mill in an alumina
jar with zirconia balls (5 mm in diameter) under a hexane
environment for 9 h, and was then dried under vacuum for 12 h.
The resulting nano-thermite powder was placed into a cylin-
drical charge holder with a volume of 0.4 cm® (the bulk density
was ~0.6 ¢ cm ™) for the charge of 0.2 g mass (for another set of
experiments, the mass was increased up to 0.5 g to observe
pressure discharge dependence on nano-thermite mass). The
holder was placed into a Parr Instrument High Pressure Cylin-
drical Reactor with a volume of 0.342 L. The detonation was
electrically triggered using a Ni-Cr micro-wire, the pressure
signals were received by a piezoelectric transducer with rated
pressure/voltage values (omega) and the signals were amplified
and recorded through an omega DAQ-3005 Data Acquisition
board with a signal acquisition frequency of 1 MHz.

Thermo-gravimetric analysis (TGA) was performed using
a Differential Scanning Calorimeter (DSC) with a sensitivity of
0.1 nug (Q-600, TA Instruments). The measurements were made
under a nitrogen atmosphere (99.98% purity).

A Nicolet iS5 FTIR spectrometer (Thermo Scientific) with an
ID-5 accessory was used to perform Fourier Transform Infrared
(FTIR) spectroscopy on a small quantity (~5 mg) of powder that
was pressed to obtain a flat surface. The measurement was
performed in the wavenumber range of 4000-400 cm ™.

XRD analysis was performed using a Bruker D-2 Phaser with
a Cu K, anode, in the 26 range of 20-60, where the main peaks
of bismuth hydroxide and oxide are distributed. The scans were
taken with a @ precision of 0.02° and the sample was rotated at
15 rpm to statistically increase the number of particles
contributing to the XRD signal intensity. To avoid statistical
variation in the experimental parameters such as the amount of
powder, surface flatness and number of particles in preferred
directions, etc., the peak intensities are given with relative
intensity values, represented as a ratio between the intensity of
the peaks to the intensity of the highest peak for each sample.

Particle morphology, composition and size distribution
analyses were performed using a JEOL 7800F Field Emission
Scanning Electron Microscope, equipped with an Electron
Dispersive X-ray Spectroscopy system (EX-37270VUP).

Results and discussion
Bismuth hydroxide particle characterization

Thermo-gravimetric analysis and differential scanning calo-
rimetry of the as-received and mechanically activated bismuth

66566 | RSC Adv., 2016, 6, 66564-66570
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hydroxide powders are essential to estimate the amount of
absorbed humidity and observe the decomposition character-
istics of the oxidizer, Bi(OH);. We expect that upon heating,
bismuth hydroxide decomposes into bismuth oxide according
to the following simplified reaction pathway:

2Bi(OH);(s) — BiyO3(s) + 3H,0(g) (mass reduction 10.4 wt%)
(7)

The decomposition of bismuth hydroxide is complicated and
includes several steps. Fig. 2a represents the heat flow and
weight change dependence on temperature for the as received
Bi(OH); powder. The blue line represents the weight change
(wt%), the green line shows the heat flow (W g~ ), and the red
line indicates the points through which the heat flow peaks are
integrated to estimate the energy required for decomposition
(J ¢ 1). The DSC was pre-calibrated for heat flow curve integra-
tion. The decomposition of bismuth hydroxide starts at around
390 °C with a degradation energy of 28.8 ] g~ *. The second mass
loss starts immediately at around 502 °C with a corresponding
decomposition energy of 78.5 J g~ for the last step. The
decomposition is essentially complete at around 590 °C. The
energy required for all steps of the decomposition process is
around 107 J g *. Beyond 600 °C, no weight loss or thermal
effect is recorded until 700 °C is reached, where only the pure
Bi,O; phase is present. The overall mass loss is about 9.7 wt%,
close to the theoretical estimation from eqn (7). Thus, the as-
received powder contains a very small amount of Bi,O; (the
XRD measurements below confirm the presence of trace
amounts of Bi,03).

Milling bismuth hydroxide for up to 10 min results in 3-step
mass loss and significantly reduces the energy required for
complete decomposition. Fig. 2b presents the DSC results for
Bi(OH); treated for 10 min in a high energy ball mill. The weight
loss starts at around 395 °C with an energy consumption of
25.1 J g~ for the first step and a significant energy decrease
from 78.5] g~ ' t0 50.4 ] ¢~ ' is then observed for the second step,
resulting in a new endotherm with an energy of 6.5 ] g~ at the
end. This might be due to increased defects in the crystal
structure, and the weight loss is also stretched and delayed in
this case. Thus, the energy required for the complete decom-
position is about 82 J g7, i.e. 23% less than that for the as-
received Bi(OH);. Apparently, the milling not only reduces the
particle size to the sub-micrometer domain (see particle
morphology characterization below), but also creates multiple
defects in the crystallographic structure, thus reducing the
decomposition energy.

Further milling of the particles does not bring significant
changes to the overall decomposition energy. For the particles
milled for 15 min, the first step consumes 23.8 ] g~ of energy,
the second endotherm decreases to an energy of 41.5 J g
(Fig. 2¢) and the energy for the last step increases to 11 J g~ .
The overall decomposition energy is about 76 J g ', which
is 29% less than that for the as-received powder. The compar-
ison of the decomposition energies is especially important,
because in nano-thermite a fraction of the energy released
from Al-Bi(OH); will be consumed by the oxidizer particle

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Heat flow and weight change dependence on the temperature
Bi(OH)z; (d) Al-Bi(OH)s mixture; (e) Al-Bi,Oz mixture.

decomposition. Thus, a lower decomposition energy of the
oxidizer is beneficial for the nano-thermite pressure discharge
ability. Therefore, we expect that a 15 min treatment of Bi(OH);
should give thermite an increased discharge energy. Further
milling of bismuth hydroxide particles does not reduce the
overall decomposition energy as presented in Fig. 3, thus for

110 1000
[
) )
= 100 | 5
- <
g 5
g — S 5
90 - =1
=] <4}
£ =
8 =
S 80 A b=
[=}
3
[a]
70 - 0
0 300 600 900

Time, (s)

Fig. 3 The decomposition energy and milling energy dependence on
the milling time for the Bi(OH)s particles.

This journal is © The Royal Society of Chemistry 2016

for: (a) as received Bi(OH)s; (b) 10 min milled Bi(OH)s; (c) 15 min milled

further experiments Bi(OH); particles milled for up to 15 min
were used.

To compare the heat released in the systems Al-Bi(OH); and
Al-Bi,03, we performed DSC analysis of these systems (Fig. 2d
and e). Both mixtures were prepared under the same conditions
(9 h mixing in hexane). The Al-Bi(OH); system shows a475J g "
energy release at around 576 °C (Fig. 2d), which is about 8% less
than the exothermic peak in the Al-Bi,O; system at around
560 °C (516 J g~ ', Fig. 2e). We should mention that before the
vigorous exothermic reaction, the Al-Bi(OH); composition
experienced a stepwise weight loss of about 7.8 wt%, as due to
the slow heating rate (20 °C min "), the OH groups partially
escaped.

It is important to note, that Al-Bi(OH); is practically stable
up to 200 °C, losing only about 1.4 wt% due to the evaporation
of residual solvents and absorbed moisture. However, at
temperatures above 200 °C, we see gradual mass reduction up to
the ignition point of nano-thermite at 550 °C.

The XRD measurements for the as-received particles and the
powder milled for 15 min are presented in Fig. 4a. The initial

RSC Aadv., 2016, 6, 66564-66570 | 66567
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Fig. 4 (a) XRD patterns for as-received Bi(OH)sz and 15 min milled
Bi(OH)z, (b) FTIR absorption for as-received Bi(OH)s, 15 min milled
Bi(OH)z, and Al-Bi(OH)z prepared mixture using 15 min milled Bi(OH)s.

powder has sharper peaks, due to coarser particles with sizes of
up to 100 pm (see SEM characterization below). The crystallite
size was estimated to be 270 A, using Sherrer's formula.* The
milling of the particles reduces the average particle size to the
sub-micrometer and nano-size domain, and the crystallite size
is reduced to 170 A, and as a result broader peaks appear (15
min milled particles). The traces of bismuth oxide also disap-
pear in the process of homogenization through the milling
processes.

Fig. 4b presents the FTIR measurements for the as-received
particles of Bi(OH);, the Bi(OH); particles milled for 15 min,
and the nano-energetic mixture Al-Bi(OH);. The absorption
peaks at 600-800 cm ™' correspond to Bi-O-Bi bonds, while the
peaks at 1100-1400 cm™ " correspond to Bi-OH groups.*> The
reaction product did not exhibit significant absorption in the IR
region.

The particle size and morphology observations using SEM
show that the as-received particles are coarse with particle sizes
of up to 100 pm, as shown in Fig. 5a and b. Milling for 10 min
critically reduces the portion of micrometer-sized particles and
produces mostly those of sub-micrometer size, as well as nano-
meter sized particles, as shown in Fig. 5c¢ and d. The increased
milling time of up to 15 min results in a higher amount of
submicron and nano-meter sized particles (Fig. 5e and f).
Further increasing the milling time beyond 15 min does not
result in a significant reduction in particle size.

66568 | RSC Adv., 2016, 6, 6656466570
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Fig. 5 SEM images for (a, b) as received Bi(OH)s; (c, d) 10 min milled
Bi(OH)s; (e, f) 15 min milled Bi(OH)s.

The SEM image of nano-thermite Al with bismuth hydroxide
(milled for 15 min) is presented in Fig. 6a. The small (~100 nm)
Al nanoparticles are well distributed in the sub-micrometer
sized Bi(OH); media. The image of higher magnification
shows individual Al nanoparticles surrounding Bi(OH); parti-
cles (Fig. 6b). The EDS mapping of elemental Al and Bi for

———— 3.0 pm Bi M

‘ 3.0 pm Al K

Fig. 6 (a, b) SEM images of Al-Bi(OH)z (15 min milled) nano-thermite,
bar length 1 pm and 100 nm, respectively; (c, d) EDX mapping for Al
and Bi elements for the region shown in (a).

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 Discharge pressure dependence on time for Al-Bi(OH)s ther-
mites prepared with as received, 10 and 15 min mechanical treated
Bi(OH)z, with 20 wt% Al, and thermite prepared with 15 min treated
Bi(OH)s and different weight percentages of Al.

the same area shown in Fig. 6a is presented in Fig. 6¢c and d,
respectively. The bar on the left side of the maps represents the
relative concentration of each element. The distribution of Al
and Bi atoms is consistent with the corresponding particle
locations.

Pressure discharge

Al-Bi(OH); thermite was prepared using Al nanopowder with an
average particle size of 100 nm and bismuth hydroxide (as
received, and milled for 10 or 15 min) at various fuel to oxidizer
ratios. Fig. 7 presents the pressure vs. time plot for Al-Bi(OH);
thermites prepared with the as received and treated Bi(OH);
powder for up to 10 or 15 min with different weight percentages
of Al. The highest pressure obtained for the thermite prepared
with the as-received Bi(OH); was 3.33 MPa for 0.2 g thermite,
while the value for the Bi(OH); treated for 10 min was 3.71 MPa
(11% pressure rise) and that for the Bi(OH); treated for 15 min
was 4.34 MPa (30% pressure rise). For all cases the pressure
fluctuates near the peak value for about 20 microseconds. The
nano-thermites prepared with bismuth hydroxide that were
milled for a longer time (up to 20 min) exhibit identical
performance to the powder milled for 15 min. The 20 wt% Al
and 80 wt% Bi(OH); thermite generates the highest pressure of
4.34 MPa compared to 2.67 MPa for 15 wt% Al and 2.41 MPa for

8_
_ y = 14.44m + 0.6669
<6
[a
= R2=0.989
§4- a
2 PV
22 i ?=5.6kPa-m3/g
o
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Fig. 8 The pressure dependence on thermite weight for Al-Bi(OH)s
nano-thermite.
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25 wt% Al containing thermites, for a 0.2 g nano-thermite
charge mass.

Fig. 8 presents the pressure discharge dependence on the
nano-thermite loading charge mass. This thermite was
prepared via a conventional roller mixing method, using the 15
min treated Bi(OH); and 20 wt% Al in a hexane environment
with a mixing time of up to 9 h. The specific multiplication
factor for this thermite was ~14.44m + 0.6669 (i.e. a 1 g loading
charge would generate a 15.1 MPa pressure in a volume of 0.342
L). The pressure x volume (PV) value for this powder per mass
was 5.6 kPa m® g~ ', which is comparable to one of the highest
values reported in the nano-energetic literature.”

Conclusions

Al-Bi(OH); is a novel and powerful nano-energetic system with
pressure discharge values comparable to one of the most
powerful systems, Al-Bi,O;. According to thermodynamic
calculations, this mixture exhibits twice the gas generation
abilities when the fuel to oxidizer stoichiometric molar ratio is
near 2 : 1, compared to the Al-Bi,O; system, which is important
for applications that require high amounts of gaseous products
such as micro-thrusters. The homogenization of the bismuth
hydroxide micro-sized particles in a high energy ball mill for 15
min converts the particles to the sub-micrometer and nano-
sized domain, and reduces the decomposition energy by
about 30%. The resulting bismuth hydroxide powder is highly
reactive, and mixing with aluminum forms nano-thermite
generating pressure x volume values of up to 5.6 kPa m® g .
The best mass ratio for generating the highest pressure
discharge value is 2 : 8 fuel to oxidizer. Metal hydroxides are
promising components for nano-thermites, which may generate
a vigorous amount of gaseous products and have extreme
pressure discharge abilities.
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