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Abstract: Nanothermites are promising energetic materials (EMs) which can replace current
primary EMs, due to their high linear combustion velocities, short ignition times and high energy
density. In this work, Al/CuO compositions were prepared and tested in terms of sensitivity to
friction, impact and electromagnetic radiation, as well as in terms of its selected properties, such
as specific impulse, combustion velocity and bulk density. The results of these investigations show
the necessity of refining the method of preparing nanothermites, thereby provide a foundation for
further research.

Streszczenie: Nanotermity to obiecujgca grupa materiatow wysokoenergetycznych (MW), ktora
moze zastgpi¢c MW inicjujqce, gdyz cechuje si¢ wysokq liniowg predkoscig spalania, krotkimi
czasami zaptonu i wysokq gestosciq energii. W niniejszej pracy przygotowano i zbadano parametry
bezpieczenstwa kompozycji Al/CuO, tzn. wrazliwos¢ na tarcie, uderzenie i promieniowanie
laserowe, a takze jej wybrane wlasciwosci, tzn. impuls wlasciwy, predkos¢ spalania i gestosc.
Wyniki przeprowadzonych badan wskazujqg na koniecznos¢ dopracowania metody wytwarzania
nanotermitu, lecz dostarczajq niezbednych podstaw do dalszych prac badawczych.
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Abbreviations

CL-20 2.4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexazatetracyclo[5.5.0.03,11.05,9]dodecane
EDS Energy Dispersive Spectroscopy

EM Energetic Material

F Trust force [N]

F2311  2-[(3-Chlorophenyl)diazenyl]-1-phenylbutane-1,3-dione
g Gravitational acceleration (9.8067 m/s?)

HPMC Hydroxy propyl methyl cellulose

Iy Specific impulse s

m Mass [g]

MIC Metastable Interstitial Composition

PS Polystyrene

PVDF  Poly-1,1-difluoroethene

SEM Scanning Electron Microscopy

t Time [s]

TMD Theoretical Maximum Density [g/cm?]

1. Introduction

Nanothermites, also referred to as MICs or superthermites, are a relatively new group of EMs, composed
of at least one fuel and one oxidising agent. They function on the same basis as classical thermites, i.e. via
a reduction-oxidation reaction between a fuel and an oxidising agent [1].

Nanothermites differ from classical thermites in terms of grain dimensions — where for classical thermites
component grain dimensions are typically in the order of micrometres, whereas for nanothermites they
are in the order of nanometres. In terms of definitions, it is sufficient for grains of one of the nanothermite
constituents to have one characteristic dimension lower than 100 nm. This decrease in grain dimension
translates to a vastly higher active surface area for nanothermites than for classical thermites. The lower
grain dimensions facilitate homogenization of their components, resulting in increased combustion velocity
and heat of combustion. Despite such benefits, there are some drawbacks associated with grain size
reduction, namely elevated sensitivity to initiation by stimuli, along with increased costs and complexity of
production, compared to classical thermites [2].

The interactions between the constituents are the main factors determining the combustion mechanism and
parameters, making their choice essential, particularly in terms of potential applications of the nanothermite
[3]. Equivalence ratio is defined as the ratio of the actual number of moles of fuel in a given system
to the number of moles of oxidising agent, divided by the analogous ratio which, for a composition in
stoichiometric ratio, is an extremely important parameter [4]. The equivalence ratio allows the degree of
excess fuel in the pyrotechnic system to be assessed, which is associated with the manifestation in reality of
higher performance by systems richer in fuel in relation to the stoichiometric ratio [5].

1.1. Protocols for producing nanothermites

Nanothermites can be produced via a variety of methods. The most important methods include:

— Dry mixing: Dry mixing is primarily used to prepare classical thermites, as their insensitivity to
mechanical stimuli allows this [6]. In the case of MICs, sensitivity to friction of most compositions
prohibits employing this method. That said, there are specific instances of this approach, i.e. compositions
with significant resistance to mechanical stimuli, for which other preparation methods are problematic,
as in the case of nanothermites composed of aluminium and sulfates [7].

— Mixing in liquids: Mixing in liquids is the most common method, due to its simplicity and low cost.
Components of the nanothermite are mixed in a liquid, using a magnetic stirrer or ultrasound to ensure
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uniform dispersion of the constituents. The liquid is then removed using a drying oven. Because a liquid
is used, surface forces are reduced, resulting in a lower tendency for particles to agglomerate, resulting
in overall better homogeneity of the finished product [8]. Liquids for mixing are mainly organic with
a high dipolar moment, such as acetonitrile, acetone, hexane and cyclohexane. To be suitable, they need
to meet certain characteristics, namely:

(i) low boiling point to speed up the evaporation,

(ii) good dispersive properties for the best homogeneity,

(iii) possibly high chemical stability,

(iv) lowest possible toxicity for safety in production,

(v) lowest possible price,

(vi) high market availability.

— Sol-Gel method: The Sol-Gel method (Figure 1) works on the basis of initial formation of “sol”,
meaning nanoparticles suspended and dispersed in solvent. Furthermore, the suspension is transformed
into a 3D solid network, with liquid occupying empty pores, known as “gel”. This transition can be
achieved in a number of ways, including manipulation of temperature and pH, use of gelling agents
or ionic strengthened solutions. The last step of the process is removal of the solvent through slow
evaporation or by supercritical extraction with CO, [9].

S

& e |

Precursors + Solvents

— J
. ; fee?e —
Sol Formation Connected porous D’h}z Final Products
(Colloidal Structures in Sol)  structure (gel) <& o "
Cryogel
& 2 y
L y )L y | v iR ¢ \ J
Step: 1 (Hydrolysis)  Step: 2 (Condensation) Step: 3 and 4 (Aging & Drying) Step: 5 (Calcination)

Figure 1. Sol-Gel method diagram [10]

Nanothermites prepared by the Sol-Gel principle tend to form micron-sized spheres made up of
nanoparticles of their constituents. In a study concerning the production of Al/CuO composite, it was
determined that MICs produced in this way release up to 1.5 more heat during combustion than those
prepared by simple mechanical mixing [11].

— Electrospray method: Electrospray method, also called deposition via electrohydrodynamic
atomization, works on the principle of charged drops of solution or suspension. Droplets are deposited
on a flat, conductive surface, like a steel plate, from a syringe with a steel needle. Both plate and
needle are connected to a high voltage, where one acts as the anode and the other as the cathode, to
form a Taylor cone. Additionally, there should be enough space between electrodes, to let the solvent
evaporate and to achieve the most uniform and controlled conditions [12, 13].
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Figure 2. Schematic diagram of electrospinning (a), electrospray process with Taylor cone, emitted jet

and broken-up droplets (b) and comparison of dispersion of particles assembled by electrospray
method and mechanically mixed (c) [14]

In this technique, a precursor has to be prepared beforehand. In the case of nanothermites, this is
done by the creation of a suspension of fuel and oxidising agent particles in a fluid medium, with
earlier ultrasonication to break particle agglomerates. This way, other compounds like nitrocellulose,
ammonium perchlorate or CL-20 [15-17] can be sprayed together with the MIC, to adjust its parameters.
A different approach within this topic is electrospinning, where drops don’t fom into a Taylor cone, but
electrostatic force is used instead to stretch the solution during its solidification. The transition between
electrospinning and electrospraying is dependent on liquid viscosity, conductivity and volatility, as well
as nozzle geometry and the voltage difference between the electrodes [18].

3D printing: 3D printing is a relatively new method in the manufacture of nanothermites, allowing the
creation of complex structures using prepared inks or filaments, depending on the technique employed,
e.g. direct ink writing (DIW), fused-deposition modelling (FDM), stereolithography (SLA), digital light
processing (DLP) [19, 20], with additives in the form of various polymers, to decrease sensitivity and
agglomerate formation [21]. Some examples of binders include: polyvinylidene fluoride (PVDF) [22]
free-standing energetic composites with loading of up to 90 wt% Al-CuO were fabricated by 3D printing.
A polymer hybrid of 3 wt% hydroxy propyl methyl cellulose (HPMC, hydroxy propyl methyl cellulose
(HPMC) [22]free-standing energetic composites with loading of up to 90 wt% Al-CuO were fabricated
by 3D printing. A polymer hybrid of 3 wt% hydroxy propyl methyl cellulose (HPMC, polystyrene (PS)
[22]free-standing energetic composites with loading of up to 90 wt% Al-CuO were fabricated by 3D
printing. A polymer hybrid of 3 wt% hydroxy propyl methyl cellulose (HPMC and fluorinated rubbers
(e.g. F2311) [21].
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In this work, we have investigated the validity of a recently reported protocol [23] for the preparation of
core-shell structured nanothermites, as well as the claim of high particle size and composition homogeneity
of the product using this protocol.

2. Experimental section
2.1. Utilised materials

Aluminium powder (in the form of flakes) 99.7% purity grade, acrodynamic particle size 11 um was
obtained from Alfa Aesar. Ethyl alcohol 96 wt.% aqueous solution and ammonia 25 wt.% aqueous solution
were obtained from Chempur. Copper(Il) nitrate hemi(pentahydrate), 98% purity grade was obtained from
Sigma-Aldrich.

2.2. Methods
2.2.1. Preparation of core-shell structured nanothermite

It was decided to prepare a composition with an equivalence ratio of 1.0, i.e. equivalent to the stoichiometric
ratio of fuel to oxidant. Preparation was carried out in small portions, following literature, in order to
achieve the core-shell structure required [24]although they are commonly fabricated as powders, films,
multi-layers and other heterostructures which desire an effective interface between reactive components but
are not colloids and typically immobile. Little information is available in the literature on fabrication and
characterization of standing-alone and mobile core-shell MIC micro-particles. In this paper, we report on

a wet-chemistry method to synthesize micron-sized spherical colloids of Al/CuO with a core-shell structure.

Scanning electron microscopy (SEM:

1. From the ammonia 25% solution, a 15% solution was prepared by adding distilled water.

2. To a beaker (25 cm?® volume) 1 g of Cu(NOs),-2.5H,0, 10 ml of 96% ethyl alcohol solution and 2 cm?
of 15% ammonia solution were added.

3. To abeaker (250 cm?®) 0.5 g of flaked aluminium and 100 cm? of 96% ethyl alcohol solution were added,
forming a suspension, which was then mixed using a magnetic stirrer with a rotational speed of 450
revolutions/min for 15 min.

4. The mixture from point 2 was added to the suspension of aluminium powder.

5. The sample was covered with paraffin film and left mixing at a rotational speed of 450 revolutions/min
for 24 h.

6. The sample was gravity filtered and placed on a ceramic plate, which was then put into a laboratory
dryer for 144 h at 150 °C.

2.2.2. Sensitivity to electromagnetic radiation

Tests concerning sensitivity to laser radiation were conducted using a wavelength of 520 nm and power in
the range 25-320 mW. 15 mg samples of the composition were placed in copper shells of outer diameter
4.85 mm, wall thickness 0.2 mm and depth 4.3 mm, which were then placed inside a carrier so that laser
radiation could fall on the material. The area of the laser spot was equal to 2 mm?. The power of the radiation
was tested with a radiation power meter before each power change. The laser impulse time of 60 s, was
constant for all tries. Reaction of the samples was recorded with a digital oscilloscope Rigol MS05104,
connected with photodetectors for wavelengths of 380-800 and 900-1600 nm.

2.2.3. Sensitivity to impact and friction

Impact sensitivity of the composition was tested in accordance with standard PN:EN-13631-4:2004, via
the BAM Impact Test. Friction sensitivity of the composition was tested in accordance with standard
PN:EN-13631-3:2006, via the BAM Friction Test.
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2.2.4.Bulk density measurements

Bulk density measurements were conducted as follows: a copper shell of known volume (153.3 mm?®) was
weighed. The nanothermite sample was funnelled into the shell until a small build-up of material over
the edges became visible. Excess material was removed using a smooth spatula and the filled shell was
weighed. For each determination, the procedure was repeated 15 times, with each repetition using a new
portion of sample.

2.2.5. Thrust measurements

Tests and calculations of thrust parameters of the composition were based on literature [25]relatively low
peak pressure, smaller thrust output, and incomplete combustion represent some of the potential problems
associated with nanothermites. In this study to improve the combustion performance of nanothermites,
varying quantities of nitrocellulose (NC. The test system consisted of a heavy, steel base for stability,
connected to a force sensor, further connected to the carrier holding a copper shell of outer diameter 4.85
mm, wall thickness of 0.2 mm and depth of 4.3 mm. The carrier was closed with a nozzle (cylindrical or
convergent-divergent) integrated into a nut. The top edge of the shell was touching the bottom edge of the
nozzle to achieve a configuration similar to a microthruster (Figure 3).

Tests were carried out using a Rigol MS05104 digital oscilloscope, signal conditioner PCB Piezotronics
480E09, force sensor PCB Piezotronics 208C02. Each test was carried out using 30 mg portions, which
were put in the copper shell, which was then placed inside the carrier and closed with the nut. Samples were
initiated with chromonickel resistance wire of 40 um diameter and resistance of 309 Q/m, powered with
a 5A laboratory power supply.

Nut with convergent-divergent nozzle BE

Copper shell

Hull

Top connector
Force sensor
Bottom connector
Base

Figure 3. Schematic depiction of the experimental system used for thrust measurements
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Data was analysed with an emphasis on the calculation of maximum thrust force (F), specific impulse (/)
and working time, following the equation:

_ ([t
Iyp = J, | Fdt 0

where: t; — end burning time (in s), #, — initial burning time (in s) and F — generated thrust (in N).

3. Results and discussion
3.1. Sensitivity to electromagnetic radiation

The results of sensitivity to electromagnetic radiation measurements (Table 1) reveal that the produced
nanothermite samples are insensitive to irradiation with A = 520 nm, for optical power values below 320
mW. This suggests that the system has a relatively high ignition temperature, as the absorption spectrum of
CuO extends through most of the visible light range [26].

Table 1. Sensitivity of Al/CuO composition to electromagnetic radiation

Nominal power [mW] | Measured power [mW] liflsouilltﬁ(t’i’::il(t)ﬁ,t,l::ﬁ(g)
1000 320
944 300
782 250
620 200
457 150 05
295 100
133 50
52 25

3.2. Sensitivity to impact and friction

The Al/CuO samples tested exhibited slightly higher sensitivity to impact (Table 2) than other nanothermites,
including other Al/CuO nanothermites [27]. This is probably caused by our use of flaked aluminium rather
than the more commonly used atomised aluminium.

Table 2. Sensitivity of Al/CuO composition to impact (Bruceton analysis)

Energy|J] Test 1 Test 2 Test 3 Test 4 Test 5 Test 6
10 N* - - - - -
15 N - - - - -
20 N - - - - -
25 N - - - - -
30 N - - - - -
35 N - - - - -
40 N N [*%) - - -
35 N N I — - -
30 N N N N N I
25 N N N N N N

* N —no initiation; ** I — initiation
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Composition shows much higher sensitivity to friction (Table 3), with upper insensitivity limit of 18 N, than
other Al/CuO MICs and can be classified as sensitive [27].

Table 3. Sensitivity of Al/CuO composition to friction (Bruceton analysis)

Force [N] Test 1 Test 2 Test 3 Test 4 Test 5 Test 6
42 1% — — — — —
36 1 — — — — —
32 I - — - — —
24 1 — — — — —
20 N**) N I — — —
18 N N N N N N

*) | — initiation; ** N — no initiation

3.3. Bulk density

The test compositions were produced to exhibit an equivalence ratio of 1.0, which translates to a theoretical
maximum density (TMD) of 5.61 g/cm®. The measured bulk density of the samples (Table 4) is in the order
0f 3.33% TMD. Interestingly, the spread of bulk density across the tested samples is relatively high (approx.
18% of the average), indicating limited homogeneity, possibly related to deviations in grain shape, which is
the main parameter affecting particle loading and, hence, bulk density.

Table 4. Bulk density of Al/CuO composition

Mass Density Mass Density Mass Density Averi'lge
[mg] lg/cm?] [mg] [g/em’] [mg] [g/em’] density
[g/em?]
28.8 0.188 28.2 0.184 26.1 0.170
26.5 0.173 31.2 0.204 28.1 0.183
31.1 0.203 28.8 0.188 29.7 0.194
. +0.
27.5 0.179 28.2 0.184 29.1 0.190 0.187:+0.01
30.2 0.197 27.8 0.181 30.5 0.199
28.8 0.188 28.2 0.184 26.1 0.170
3.4. Thrust

Some samples initiated only after several ignition attempts, coinciding with the earlier evidence towards
the relatively high ignition temperature of this nanothermite. The observed high variation of the results
(Table 5) probably stems from the limited homogeneity of the nanothermite, indicating that the core-shell
structure of the nanothermite particles, postulated in literature for the utilised method, is not achieved to
the extent that Ref. [24]although they are commonly fabricated as powders, films, multi-layers and other
heterostructures which desire an effective interface between reactive components but are not colloids and
typically immobile. Little information is available in the literature on fabrication and characterization of
standing-alone and mobile core-shell MIC micro-particles. In this paper, we report on a wet-chemistry
method to synthesize micron-sized spherical colloids of Al/CuO with a core-shell structure. Scanning
electron microscopy (SEM implies.
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Table 5. Thrust parameters of Al/CuO composition

Test No. Mass [mg] Ma?;;ﬂ:?{;;;u“ I, [s] Worl[(::llsg] time
! 543.4 4.4 303
2 1142.0 10.2 46.3
3 1193.9 9.1 552
4 253.0 2.8 452
5 403.4 4.8 435
6 003 3368.3 34.5 313
7 234.3 4.2 93.0
8 376.9 5.0 492
9 281.7 1.8 93.2
10 1930.4 15.2 374

3.5. SEM analysis of nanothermites

Figure 4 shows SEM-EDS images of the obtained nanothermite. In the images, there is no CuO core coating
observed. Both components of nanothermite occur as practically separate nanometric agglomerates of
particles. CuO constitutes a separate phase and the shape of the particles does not allow the assumption that,
as a result of the work, a core-shell structure was created, which could separate from the core during drying
or after preparation of the sample.

Figure 4. Result of SEM-EDS analysis for Al/CuO composition: SEM picture (a), EDS map (b), EDS map
for Al (c), EDS map for Cu (d) and EDS map for O (e)
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SEM-EDS analysis combustion products visible in Figure 5 together with their mapping show that the
whole of the MIC reacted and produced dispersed Al,Os particles together with copper spheres. Figure 5
shows products of combustion, as a result of complete combustion reaction, the formation of sinter-textured
products occurred. Mapping displays higher agglomeration of CuO particles, compared to images from
before reaction.

Figure 5. Result of SEM-EDS analysis for combustion products of Al/CuO composition: SEM picture (a),

4,

EDS map (b), EDS map for Al (¢) EDS map for Cu (d) and EDS map for O (e)

Conclusions

Preparation of an Al/CuO nanothermite was successful, as SEM images show nanometric cop- per(Il)
oxide particles. However, the obtained MIC does not resemble a core-shell structure, contrary to work
described in the reference publication. It can be stated that these procedures require surface modification,
e.g. in the direction of activating the core surface to improve CuO adsorption.

Tests of sensitivity to electromagnetic radiation concluded that the composition is completely insensitive
to radiation of wavelength 520 nm, below a power of 320 mW, which is associated with the maximum
absorbance of constituents being in different wavelength ranges.

Impact and friction tests results show higher sensitivity than values found in literature, which can
be affected by the long drying time during preparation, as nanothermites tend to age quicker at high
temperatures. Another factor concerning sensitivities can be the flaked aluminium powder used.

Thrust measurements have shown, that the composition in its current state cannot be used in
microthrusters, due to inconsistency in initiation and generated thrust, as in many instances samples
were initiating only after 2-3 attempts and all parameters describing propelling abilities strongly differed
with each run.
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¢ The results indicate that the reaction follows a mechanism similar to a sintering reaction. However,
it should be noted that in the incomplete reaction of the composition, both spherical and flat particles
of unreacted fuel, spherical particles of metallic copper and spindle-shaped combustion products are
visible. At the same time, the figure 5 shows complete combustion of the composition and a more
even distribution of components. This most likely indicates the insufficient homogenization of the
composition and discrepancies between the synthesized batches.

References

(1]

(2]

[15]

Wu T., Lahiner G., Tenailleau C., Reig B., Hungria T., Esteve A., Rossi C. Unexpected Enhanced
Reactivity of Aluminized Nanothermites by Accelerated Aging. Chem. Eng. J. 2021, 418 paper
129432; https://doi.org/10.1016/j.cej.2021.129432.

Polis M., Stolarczyk A., Glosz K., Jarosz T. Quo Vadis, Nanothermite? A Review of Recent Progress.
Materials 2022, 15(9) paper 3215; https://doi.org/10.3390/ma150932151-38.

Dombroski D.M.B., Wang A., Wen J.Z., Alfano M. Joining and Welding with a Nanothermite and
Exothermic Bonding Using Reactive Multi-Nanolayers. A Review. J. Manuf. Process. 2022, 75: 280-
300; https://doi.org/10.1016/j.jmapro.2021.12.056.

Chamberland D., Defence R. Fullerene Derivatives and Aluminum-Based Nanothermites as Potential
New Ammunition Primers. Defence Research and Development Canada, 2014; https://apps.dtic.mil/
sti/citations/AD1016921 [retrieved 30.10.2024].

Comet M., Martin C., Schnell F., Spitzer D. Nanothermites: A Short Review. Factsheet for
Experimenters, Present and Future Challenges. Propellants Explos. Pyrotech. 2019, 44(1): 18-36;
https://doi.org/10.1002/prep.201800095.

Johnson C.E., Higa K.T., Tran T.T., Albro W.R. Thermite Initiation Processes and Thresholds. MRS
Online Proc. Libr. 2012, 1405: 44-49; https://doi.org/10.1557/0pl.2012.21.

Comet M., Vidick G., Schnell F., Suma Y., Baps B., Spitzer D. Sulfates-Based Nanothermites: An
Expanding Horizon for Metastable Interstitial Composites. Angew. Chemie Int. Ed. 2015, 54: 4458-
4462; https://doi.org/10.1002/anie.201410634.

Piercey D.G., Klapotke T.M. Nanoscale Aluminum - Metal Oxide (Thermite) Reactions for
Application in Energetic Materials. Cent. Eur. J. Energ. Mater. 2010, 7(2): 115-129.

He W, Liu P.J., He G.Q., Gozin M., Yan Q.L. Highly Reactive Metastable Intermixed Composites
(MICs): Preparation and Characterization. Adv. Mater: 2018, 30(41) paper ¢1706293; https://doi.
org/10.1002/adma.201706293.

Bokov D., Turki Jalil A., Chupradit S., Suksatan W., Javed Ansari M., Shewael I.H., Valiev G.H.,
Kianfar E. Nanomaterial by Sol-Gel Method: Synthesis and Application. Adv. Mater. Sci. Eng. 2021,
2021 paper 5102014; https://doi.org/10.1155/2021/5102014.

Wang Y., Zhang X., Xu J., Shen Y., Wang C., Li F., Zhang Z., Chen J., Ye Y., Shen R. Fabrication
and Characterization of AlI-CuO Nanocomposites Prepared by Sol-Gel Method. Def. Technol. 2021,
17(4): 1307-1312; https://doi.org/10.1016/j.dt.2020.06.029.

Bock N., Dargaville T.R., Woodruff M.A. Electrospraying of Polymers with Therapeutic
Molecules: State of the Art. Prog. Polym. Sci. 2012, 37(11): 1510-1551; https://doi.org/10.1016/j.
progpolymsci.2012.03.002.

Wang H., DeLisio J.B., Jian G., Zhou W., Zachariah M.R. Electrospray Formation and Combustion
Characteristics of lodine-Containing Al/CuO Nanothermite Microparticles. Combust. Flame 2015,
162: 2823-2829; http://dx.doi.org/10.1016/j.combustflame.2015.04.005.

Chen L., Ru C., Zhang H., Zhang Y., Wang H., Hu X., Li G. Progress in Electrohydrodynamic
Atomization Preparation of Energetic Materials with Controlled Microstructures. Molecules 2022,
27(7) paper 2374; https://doi.org/10.3390/molecules27072374.

Dai J., Wang C., Wang Y., Xu W., Xu J., Shen Y., Zhang W., Ye Y., Shen R. From Nanoparticles to

Copyright © 2024 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



54

S. Wojak, M. Polis, A. Stolarczyk, T. Jarosz

[16]

[17]

(18]
[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

On-chip 3D Nanothermite: Electrospray Deposition of Reactive AI/CuO@NC onto Semiconductor
Bridge and Its Application for Rapid Ignition. Nanotechnology 2020, 31(19) paper 195712; https://
doi.org/10.1088/1361-6528%2Fab6fds.

Dail.,WangF.,RuC., XuJ., Wang C., Zhang W., Ye Y., Shen R. Ammonium Perchlorate as an Effective
Additive for Enhancing the Combustion and Propulsion Performance of Al/CuO Nanothermites.
J. Phys. Chem. C 2018, 122: 10240-10247; http://dx.doi.org/10.1021/acs.jpcc.8b01514.

Chen L., Ru C., Zhang H., Zhang Y., Chi Z., Wang H., Li G. Assembling Hybrid Energetic Materials
with Controllable Interfacial Microstructures by Electrospray. ACS Omega 2021, 6(26): 16816-
16825; https://doi.org/10.1021/acsomega.1c01371.

Teo W.E., Ramakrishna S. A Review on Electrospinning Design and Nanofibre Assemblies.
Nanotechnology 2006, 17(14): R89-R106; https://doi.org/10.1088/0957-4484/17/14/r01.

Gebler M., Schoot Uiterkamp A.J.M., Visser C. A Global Sustainability Perspective on 3D Printing
Technologies. Energy Policy 2014, 74: 158-167; https://doi.org/10.1016/j.enpol.2014.08.033.

Saadi M.A.S.R., Maguire A., Pottackal N.T., Thakur M.S.H., Ikram M.M., Hart A.J., Ajayan P.M.,
Rahman M.M. Direct Ink Writing: A 3D Printing Technology for Diverse Materials. Adv. Mater.
2022, 34(28) paper e2108855; https://doi.org/10.1002/adma.202108855.

Mao Y., Zhong L., Zhou X., Zheng D., Zhang X., Duan T., Nie F., Gao B., Wang D. 3D Printing of
Micro-Architected Al/CuO-Based Nanothermite for Enhanced Combustion Performance. Adv. Eng.
Mater. 2019, 21(12) paper 1900825; https://doi.org/10.1002/adem.201900825.

Shen J., Wang H., Kline D.J., Yang Y., Wang X., Rehwoldt M., Wu T., Holdren S., Zachariah M.R.
Combustion of 3D Printed 90wt% Loading Reinforced Nanothermite. Combust. Flame 2020, 215:
86-92; https://doi.org/10.1016/j.combustflame.2020.01.021.

Kabra S., Gharde S., Gore P.M., Jain S., Khire V.H., Kandasubramanian B. Recent Trends in
Nanothermites: Fabrication, Characteristics and Applications. Nano Express 2020, 1(3) paper
032001; https://doi:10.1088/2632-959X/abbce7.

Zhang Y., Sui H., Li Y., Wen J.Z. Energetic Characteristics of the Al/CuO Core-Shell Composite
Micro-Particles Fabricated as Spherical Colloids. Thermochim. Acta 2020, 689 paper 178656; https://
doi:10.1016/j.tca.2020.178656.

Fahd A., Baranovsky A., Dubois C., Chaouki J., Wen J.Z. Superior Performance of Quaternary
NC/GO/AI/KCIO, Nanothermite for High Speed Impulse Small-scale Propulsion Applications.
Combust. Flame 2021, 232 paper 111527, https://doi.org/10.1016/j.combustflame.2021.111527.
Naveena D., Logu T., Dhanabal R., Sethuraman K., Bose A.C. Comparative Study of Effective
Photoabsorber CuO Thin Films Prepared via Different Precursors Using Chemical Spray Pyrolysis
for Solar Cell Application. J. Mater. Sci. Mater. Electron. 2019, 30 paper 561572; https://doi.
org/10.1007/s10854-018-0322-4.

Petre C.F., Chamberland D., Ringuette T., Ringuette S., Paradis S., Stowe R. Low-Power Laser
Ignition of Aluminum/Metal Oxide Nanothermites. Int. J. Energ. Mater. Chem. Propuls. 2014, 13(6):
479-494; https://doi.org/10.1615/INTJENERGETICMATERIALSCHEMPROP. 2014011402.

Received: August 30, 2024
Revised: December 05, 2024
First published on line: December 20, 2024

Copyright © 2024 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



