Combustion and Flame 187 (2018) 96-104

.

Combustion
and Flame

Contents lists available at ScienceDirect

Combustion and Flame

journal homepage: www.elsevier.com/locate/combustflame

Highly stable functionalized aluminum nanoparticles for
magneto-energetic composite fabrication

® CrossMark

Van Tan Tran?, Ji Hoon KimP, Ki-Jae Jeong?, Junyoung Kwon?, Soo Hyung Kim ",
Jaebeom Lee®*

2 Department of Cogno-Mechatronics Engineering, Pusan National University, Busan 609-735, Republic of Korea
b Department of Nano Fusion Technology, Pusan National University, Busan 609-735, Republic of Korea

ARTICLE INFO ABSTRACT

Article history:

Received 1 March 2017
Revised 23 March 2017
Accepted 12 September 2017

An effective coating strategy is employed to functionalize and protect the surfaces of aluminum (Al)
nanoparticle (NPs) from oxidation and aggregation using silanization of the oxide surface with (3-
aminopropyl) triethoxysilane (AI@APTES), followed by an amine/carboxylic exchange using glutaric an-
hydride (AI@APTES@GA). The stability of the two types of functionalized Al NPs in aqueous solution is
studied using dynamic light scattering and x-ray diffraction phase/composition identification. It is found
that AI@APTES NPs transform into bayerite (8-Al(OH);) after storage for a short period of time, while
Al@APTES@GA NPs exhibit long-term stability. Hydration of Al results in micro-sized aggregates and a
large proportion of dead weight, which reduces the particles’ energetic properties. Al-Fe30, magnetic—
energetic (Magnerg) composites are fabricated via the electrostatic interaction of oppositely charged NPs
in an aqueous solution. The high dispersity and stability of AI@QAPTES@GA NPs assure their intimate ar-
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rangement with oxidizing Fe304 NPs that facilitates mass transport between reactants.
© 2017 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

1. Introduction

Aluminum is known to be one of the best energetic metals, and
has attracted intense interest as a research topic for military appli-
cations [1,2], as well as for civilian purposes [3]. Though the use of
nanoscale Al can enhance the overall reactivity of the material, Al
nanoparticles are susceptible to aggregation and spontaneous oxi-
dation, which inhibit the formation of homogeneous and energetic
nanocomposites. Additionally, as the Al particle size is reduced, the
passivated-oxide layer that forms begins to represent a significant
portion of the particle mass. Oxidation of the particle continues
further to the inner core even after the outer passivated oxide layer
is completely formed. Various coating methods have been used
to overcome these issues using carboxylic acids [4], organosilanes
[5,6], diazonium chemistry [7], or phosphonic acids [8], organosi-
lane compounds such as trichloro-, trimethoxy- or triethoxysilanes
have been used most extensively due to their great affinity for the
metal-oxide shell. Nevertheless, these coatings are either unstable
(in the case of short alkyl chains of amino-terminated silanes) or
unfavorable in aqueous solutions (in the case of long alkyl chains
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of amino-terminated or alkyl-terminated silanes) due to solubility
[9].

Generally, oxidizers such as MoOs [10], CuO [11], Fe,03 [12],
and Co304 [13] are used in combination with fuel, i.e., Al, in or-
der to significantly enhance reactivity. The most convenient way
of creating a composite is by physically mixing solid fuel and oxi-
dizer. However, the mass transfer process in these composites may
act as a rate limiting step due to poor dispersion of the oxidizer
and fuel NPs, which inhibits the rate of energy release [14]. More
sophisticated assembly methods including sol-gel [15], electro-
spraying [11], electrostatic-directed assembly [16] and sputtering
[17] have been employed to produce controllable assembled com-
posites [11,18-21]. Polymers have also been employed as linkers to
assemble fuel into an oxidizer matrix [22]. More recently, a DNA-
directed assembly approach has been demonstrated, in which two
types of NPs were coated with single-stranded DNA molecules of
complementary sequences to produce highly energetic nanocom-
posites [23]. These different methods have allowed the generation
of micrometer-sized composites with intimate interfacial contacts
between fuel and oxidizer, resulting in enhanced energetic perfor-
mance.

Iron(Ill) oxide (Fe,03) has been widely used to form a classical-
thermite system with Al, which has led to the development
of various applications such as welding, portable heat sources,
pyrotechnics, and explosives [24]. In addition to Fe,03, it was
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reported that the Al-Fe304 system also exhibits a highly exother-
mic reaction when subjected to thermal and/or mechanical treat-
ments [25]. A great advantage of Fe;0,4 over other oxidizers is its
magnetic properties, which may facilitate assembly processes as
well as introduce a method of controlling the direction of an ex-
plosion. Several researchers have studied the effects of magnetic
fields on flames. In these cases, the magnetic effect has been ex-
plained by the movement of the reactants and reaction products in
the presence of a magnetic-field gradient [26-28]. However, only
minimal changes in combustion were caused by the application of
magnetic fields to these flames [29]. Nanothermites for metal cut-
ting and perforation require a highly directed or focused cutting
flame derived from the activation of a thermite charge in order to
effectively focus large amounts of energy on the desired cutting lo-
cation. In general, thermite composites release heat in an isotropic
regime that reduces the efficiency of the cutting/perforation pro-
cess. One solution that has been proposed is the use of a noz-
zle with thermite cutting torches. This nozzle directs a maximized
flow of cutting flame to the desired cutting location on a work-
piece [30]. Controlled explosions are also important in building im-
plosion since they can shorten the duration of work and reduce
costs.

In this study, Al NPs are passivated and functionalized using
silanization of the oxide surface with APTES (AI@APTES), followed
by an amine/carboxylic exchange process using glutaric anhydride
(GA) (AI@APTES@GA). The stability and dispersity of the two differ-
ent kinds of Al particles in aqueous media are investigated. Citrate-
coated and PEl-coated Fe3;04 NPs, which have negatively and pos-
itively charged surfaces, respectively, are employed to form elec-
trostatically assembled structures with the functionalized Al NPs.
We find enhanced energetic reactivity of the AI@QAPTES@GA com-
posite compared with the AI@APTES one under different assembly
durations.

2. Experimental section
2.1. Materials

Iron (III) chloride hexahydrate (FeCl-6H,0), trisodium citrate di-
hydrate (CgHsNa305-2H,0, Cit), sodium acetate (CH3COONa, NaAc),
branched polyethylenimine (PEI, average Myy ~ 25,000), glutaric
anhydride (GA), (3-aminopropyl) triethoxysilane (APTES) and ethy-
lene glycol (EG) were purchased from Sigma-Aldrich Inc. (Yong-
In, South Korea). Aluminum nanoparticles with an average size of
80 nm were purchased from NT base Inc. (Yong-In, South Korea).
Deionized (DI) water ( > 18 MQ cm~!) was used for all solution
preparations and experiments. All chemicals were analytical grade
reagents and were used as received without further purification.

2.2. Synthesis of citrate-stabilized Fe304 (Fe304@Cit) NPs

FeCl3-6H,0 (0.12 M) and trisodium-citrate dihydrate (34 mM)
were first dissolved in ethylene glycol (20 mL). Next, anhydrous-
sodium acetate (0.73 M) was added while the mixture was stirred.
The mixture was stirred vigorously for 30 min and then sealed in
a Teflon-lined stainless-steel autoclave (50 mL). The autoclave was
heated at 200 °C and maintained at this temperature for 10 h,
then allowed to cool to 25 °C. The black products were washed
with ethanol and DI water several times, then dried at 60 °C for
6 h.

2.3. Synthesis of polyethylenimine-stabilized Fe304 (Fe304@PEI) NPs
FeCl3-6H,0 (0.126 M) was first dissolved in EG (40 mlL) to

form a transparent solution. Anhydrous sodium acetate (NaAc)
(3.6 g) was then added under continuous stirring until it was

completely dissolved. The mixture was stirred vigorously for
30 min and then 1.2 g of PEI was added to the mixture. The mix-
ture was heated to 60 °C for 20 min, then sealed in a Teflon-lined
stainless-steel autoclave. The autoclave was heated at 220 °C and
maintained at this temperature for 2 h. After this, it was allowed
to cool to 25 °C. The black products were washed with ethanol and
DI water several times and then dried at 60 °C for 6 h.

2.4. Stabilization of aluminum NPs

Amino-functionalized Al NPs (AI@APTES) were prepared
through silanization of the aluminum surface with APTES. Al
NPs (500 mg) were dispersed in absolute ethanol (50 mL) by
sonicating for 10 min, followed by adding APTES (1.17 mL). The
reaction was allowed to proceed under vigorous stirring for 4 h
at 25°C. After that, the mixture was refluxed at 90°C for 1 h. The
product was washed several times with ethanol, and then dried
at 30°C in a vacuum oven. In order to functionalize the Al NPs
with carboxylic groups, AI@APTES NPs (40 mg) were dissolved
in ethanol (20 mL) and mixed with GA (0.2 M in ethanol,
20 mL). This mixture was stirred for 12 h at 25 °C to produce
carboxyl-functionalized particles. The product was washed several
times with ethanol then dried at 30 °C in a vacuum oven.

2.5. Fabrication of Magnerg composites

In a typical procedure, aqueous solutions of AI@APTES and
Fe30,4@Cit NPs were prepared separately with a concentration of
10 mg mL-!. The aqueous dispersion of AI@APTES NPs was ad-
mixed into that of Fe30,@Cit NPs at 25°C at a volumetric ratio of
1:1. The mixture was vigorously shaken at 200 rpm for different-
time durations: 30 min, 2 h, and 8 h. Finally, the product was
washed with DI water with the help of a magnet, and then dried
at 30 °C in a vacuum oven.

2.6. Explosion experiment

Open burn tests were performed to evaluate the energetic
performance of Magnerg composites. Briefly, Magnerg composites
(10 mg) in the form of loose powder were placed on the ignition
stage. The Al-Fe;04 composite powders were ignited by a heated
tungsten wire coupled with an external-power supply. The entire
process of burning the composites was recorded, using a high-
speed camera (Photron, Model No. FASTCAM SA3 120 K) at a frame
rate of 30 kHz.

2.7. Characterizations

The morphologies of the NPs and their assemblies were charac-
terized via high-resolution transmission electron microscopy (HR-
TEM) (JEOL, JEM-3010, Japan), and field-emission scanning elec-
tron microscopy (FE-SEM) (S-4700, Hitachi, Japan). Samples for
TEM analysis were prepared by drop-casting a dilute solution of
NPs onto ultrathin carbon-coated copper grids. The surface prop-
erties of the NPs were characterized via Fourier transform infrared
(FT-IR) spectroscopy (JASCO, FTIR6300, Japan). TGA (TGA, SCINCO
1000, Korea) was performed in an N, gas environment (flow rate:
10 cm® min~!) in a temperature range of 35-500 °C, at a heat-
ing rate of 10 °C min~!. The surface potential and particle size
distribution were measured using a zeta-sizer (ZS Nano, Malvern
Instruments, UK). Magnetic measurements were performed using
a superconducting quantum interference device (SQUID) magne-
tometer (MPMS XL-7, Quantum Design, Inc., San Diego, CA). X-ray
diffraction (XRD) was performed on a PANalytical Empyrean X-ray
Diffraction System with a Cu target (A = 1540598 A) at a genera-
tor voltage of 40 kV, a generator current of 30 mA, and a scanning
rate of 0.1° min~1.
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Fig. 1. SEM and TEM (inset) images of pristine Al (a), Fe30,@Cit (b) and Fe304@PEI (c) particles and size distribution histgrams (d) and magnetic hysteresis curves at 300 K

(e) of magnetic particles. Zeta potential of AI@QAPTES and AI@APTES@GA NPs (f).

3. Results and discussion
3.1. Surface modification and characterization of Al NPs

Pristine Al NPs with an average diameter of 80 nm with a thin
alumina-shell are observed in Fig. 1(a). Fe304 NPs used as an oxi-
dizer and stabilized with citrate and PEI are synthesized via a sim-
ple one-pot solvothermal method. Typical SEM and TEM images of
Fe30,4@Cit and Fe304@ PEI particles isare shown in Fig. 1(b) and
(c). Both kinds of Fe304 NPs appear to be similar in size with
uniform-size distribution. Indeed, as shown in size distribution his-
togram in Fig. 1(d), Fe30,@Cit and Fe304@PEI NPs are highly uni-
form with the hydrodynamic size of 288 nm and 284 nm, respec-
tively. The magnetic properties of the Fe;04 NPs were character-
ized using a superconducting quantum interference device (SQUID)
and Fig. 1(e) shows typical hysteresis curves at 300 K of the mag-
netic NPs. Both of the NPs show superparamagnetism and satura-
tion magnetization of 68 emug~! and 63 emug~! for Fe;0,4@Cit
and Fe304@PEI NPs, respectively.

Nano-sized metallic particles generally possess a high-surface
energy and hence are more susceptible to the formation of ag-
gregates in order to minimize their free energy. Though the pas-
sivated oxide layer provides a barrier to further oxidation, signifi-
cant oxidation can still occur under prolonged exposure to air or
aqueous media [31]. Therefore, in order to protect the particles
from rapid oxidation and functionalize their surfaces with amino
groups, the Al NPs are stabilized with APTES through a silaniza-
tion reaction under reflux at 90 °C (Fig. 2(a)). Al NPs dispersed
in a neutral-aqueous solution exhibit a thin Al,03 shell (as seen
in Fig. 1(a) inset) at which bare atoms of Al and O on the parti-
cle surface adsorb OH- and H*, respectively, to produce OH-rich
surface. The -OH on the surface can react with APTES via the for-
mation of silicon-oxygen-heteroatomic (Si-O-Al) bonds [32]. Zeta-
potential measurement clearly shows that AI@APTES NPs are pos-
itively charged with a surface potential of +36.7 mV due to an

abundance of amino groups anchored on the NP surface (Fig. 1(f)).
The amine/carboxylic exchange was successively performed us-
ing GA, which resulted in functionalizing the particle surface
with carboxylic groups (Fig. 2(a)). A negative-surface potential of
—27 mV indicates the presence of carboxylic groups on the NP
surface (Fig. 1(f)). Via TGA measurements in air, the contents of
active aluminum in pristine Al, AI@APTES, and AI@APTES@GA sam-
ples were estimated to be 41.3%, 42.76%, and 39.7%, respectively,
indicating that the stabilizing process has minimal impact on the
oxidation state of NPs (Fig. S1). The dispersity of the functionalized
Al NPs was investigated by dynamic-light scattering using zeta-
sizer measurements (Fig. S2). The hydrodynamic size of AI@APTES
NPs mostly ranges from 100 to 300 nm with a peak at ca. 164
nm, indicating that the NPs form nanoaggregates of 2-3 NPs. In
the case of AI@RAPTES@GA NPs, the hydrodynamic size ranges from
59 to 200 nm, with a peak at ca. 91 nm, which indicates that
most of the NPs are isolated. The higher dispersity and uniformity
of AI@APTES@GA NPs (lower standard deviation and polydispersity
indexes) compared to those of AI@APTES NPs is shown in the table
in Fig. S2(c).

Analysis of FT-IR spectra confirms different surface stabilization
of the NPs. Figure 2(b) shows the FT-IR spectra of the AI@APTES
and AI@APTES@GA NPs. APTES is absorbed on the Al NPs surfaces
by Al-O-Si bonds whose presence is proven by the stretching vi-
bration at 1052 cm~! [33]. The strong band at 1100 cm~! is char-
acteristic of Si-O-Si vibrations. Bands at 882 cm~! and 1329 cm™!
are ascribed to the bending vibration of the -NH, group and
stretching vibration of the C-N bond. The alkyl chain present in
APTES molecules results in the appearance of typical bands at
2856, 2925, and 2970 cm!, attributed to CH stretching and a band
at 1450 cm~! due to CH,-CH, stretching. After amine/carboxylic
exchange with GA, the FTIR spectrum shows a characteristic car-
bonyl stretching vibration at 1745 cm~!, indicating the presence of
a carboxyl group on the surface. The band at 1611 cm~! is char-
acteristic of amide peaks and confirms that the exchange process
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Fig. 2. Schematic illustration of stabilization of bare Al with APTES and GA (a). FTIR spectra (b) and TGA curves (c) of functionalized Al NPs.

was successful. The broad-absorption band at 3304 cm~! can be
attributed to O-H stretching modes. The presence of surfactants at
the surfaces of the Al NPs was also revealed by thermogravimetric
analysis (TGA), which was performed in nitrogen to prevent oxi-
dation of aluminum. As shown in Fig. 2(c), bare Al NPs exhibit a
small-weight loss of 2.3% probably related to removal of adsorbed
water. The thermal profile of the AI@APTES sample shows three
distinctive weight loss regions, the first in the 30-230 °C range due
to the removal of adsorbed water, the second from 230 to 272 °C
and the third from 272 to 433 °C, ascribed to the first and sec-
ond steps of APTES decomposition [34]. The total weight loss of
ca. 8% from the AI@APTES sample indicates that the mass ratio of
APTES anchored on the Al surface is ca. 5.7%. On the other hand,
there are four weight loss regions observed in the thermal profile
of the AI@QAPTES@GA sample. The new weight loss region from 160
to 230 °C is attributed to the decomposition of GA, which triggers
rapid weight loss around its boiling point (150 °C) [35]. The other
weight loss regions are exactly the same as those in the profile
of the AI@APTES sample. Greater weight loss of this sample (8.9%)
also confirms the success of amine/carboxylic exchange process.

3.2. Stability of functionalized Al NPs

To evaluate the effect of coating layers on stability in aqueous
media, suspensions of AI@APTES and AI@APTES@GA NPs were pre-
pared in DI water. The size distributions of the colloids were mea-
sured using the zeta-sizer after storing the NPs at 25°C for 0, 6

and 12 h. As described above, the average sizes of the positively
and negatively charged Al NPs right after dispersing by sonication
(0 h) are 180 nm and 129 nm, respectively. The number of big ag-
gregates (>500 nm) is insignificant in both cases. However, after 6
h of storage, though the color of the suspension has little change
(Fig. S3(a)), the number of big aggregates (from 400 to 2300 nm)
of AI@APTES increases remarkably. The peak in histogram exhibits
a decrease in intensity and a shift in size from 164 nm to 220 nm.
After 12 h of storage, a strong peak arises at 1281 nm, while the
intensity of the smaller-size peak decreases and shifts to 295 nm
(Fig. 3(a)). A transition in color from the original deep gray/black
to white reveals a phase transformation (Fig. S3(a)). The color tran-
sition was accompanied with the occurrence of bubbles in the sol-
vent, presumably from the evolution of hydrogen gas, indicating an
oxidation process via electron donation from Al metal to H [36].
In contrast, the suspension of AIRAPTES@GA NPs shows almost no
change in its size distribution curves and in the color of the sus-
pension after 6 h or 12 h (Figs. 3(b) and S3(b)). An extensive
study of the long-term stability of different functionalized Al NPs
was performed in an aqueous solution at different storage tem-
peratures. The zeta size and zeta potential of aqueous AI@APTES
and AI@APTES@GA colloids stored at 40 and 60 °C are shown in
Fig. 3(c) and (f). At 60 °C, the absolute-zeta potential of AI@APTES
colloids rapidly decreases from 42 to 11 mV within 40 min, while
their hydrodynamic size increases from 150 to 837 nm, accom-
panied with a color transition of the suspension. This indicates
a fast-oxidation process (Fig. 2(e)). Though the colloids remain
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AI@APTES@GA NPs after 12 h of storage at 25 °C (c).

stable after storage at 40 °C for 40 min, sudden changes in the
absolute-zeta potential and hydrodynamic size to 4 mV and 842
nm, respectively, accompanied by a color transition were observed
after 90 min (Fig. 2(c)). Meanwhile, the absolute-zeta potential
and hydrodynamic size of the AI@RQAPTES@GA sample are nearly un-
changed after storage for 7 days at 40 °C (Fig. 2(d)). After 7 days
of storage at 60 °C, small decreases and increases of the absolute
zeta potential (from 29 to 27.2 mV) and hydrodynamic size (from
131.5 to 221 nm), respectively (Fig. 2(f)), also indicate far better
stability of AI@RQAPTES@GA sample.

The morphologies of AI@APTES and AI@APTES@GA NPs after
12 h of storage at 25 °C in DI water are shown in Fig. 4(a) and
(b). AI@APTES@GA NPs maintain the same morphology as pristine
Al, while AI@APTES NPs appear completely different. There are no
spherical particles remaining after complete oxidization (Fig. 4(a)).

Instead, many micro-sized aggregates of various sizes and shapes
are observed. XRD was used to investigate the compositions of the
samples, which can reveal chemical processes taking place in the
aqueous solution of AI@APTES NPs. XRD plots of as-received Al
(pristine), AI@APTES and AI@APTES@GA NPs after 12 h of stor-
age at 25 °C are shown in Fig. 4(c). Both the as-received and
Al@APTES@GA samples present similar XRD patterns that indicate
the existence of pure Al and y-Al,03 phases. This is consistent
with the TEM image, where a thin layer of oxide was observed
covering an Al core. However, the XRD pattern of the AI@APTES
NPs shows that there no Al or Al,03 phases remaining in the sam-
ple after 12 h of storage. Instead, all peaks correspond to bayerite
(Al(OH)3). The transformation of Al NPs to Al(OH); in DI water is
attributed to hydration reactions. Some simple potential aluminum
hydration reactions in water are as follows [36,37]:
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The superior stability of AI@APTES@GA NPs compared to
AI@APTES in water is believed to be due to their bi-layer struc-
ture of stabilizer that effectively prevents diffusion of ions from
water to the Al surface. It was reported that alkanesilane films
can act as a water barrier [38]. The molecular structure of silane,
processing protocol and the nature of the metal substrate all can
affect the water-barrier performance, which critically governs the
stability of Al NPs. Ng et al. and Grassi et al. have investigated
the effects of the chain length and terminal functional groups of
SAMs on their stability and protective properties [9,38]. They found
that amino-terminated SAMs are very unstable if the alkyl chain
is short (three carbon atoms long) but stable if the alkyl chain
is long (eleven carbon atoms long). Hydrogen bonding between
the hydrolyzed APTES molecules and aluminum oxide and among
the hydrolyzed APTES molecules is believed to contribute to the
instability of SAMs with short alkyl chains ((CHy)3) [9]. On the
other hand, alkyl-terminated SAMs are very stable regardless of
their alkyl chain length. However, the water-barrier effect of these
alkyl-terminated SAMs is significantly enhanced when the chain
length increases [38]. Though hydrophobically terminated SAMs
were proven to be more effective in enhancing hydrolytic stability
than hydrophilically terminated ones [39,40], they are inapplica-
ble in aqueous media and do not facilitate the assembly process.
If the alkyl chains of hydrophilically terminated SAMs are long
(e.g., C18), they can add a strong hydrophobic layer to the NPs,
which prevents proton diffusion to the particle surface, resulting
in a reduction in surface potential [41]. In short, choosing a proper,
moderate-length (C8 or more) surfactant for stabilization of Al NPs
could both protect particles from hydrolysis and maintain a rea-

sonably high surface potential. This could enhance dispersity and
offer a great opportunity for applications in aqueous media.

3.3. Fabrication and performance of Magnerg composites

In order to assess the effect of functionalization on the reactiv-
ity of nanoenergetic materials, the Magnerg composites are fabri-
cated through electrostatic interactions of oppositely charged par-
ticles, i.e., the negatively charged Fe;0,@Cit with the positively
charged AI@APTES, or the positively charged Fe;O4@PEI with the
negatively charged AI@APTES@GA. The morphologies of the Mag-
nerg composites composed of Fe3O4@PEI and AI@APTES@GA af-
ter 2 h and 8 h assembly at 25 °C are shown in Fig. 5(a) and
(b). In 2h-assembled sample, Fe;04 and Al are quite frequently in
close contact with each other due to strong electrostatic interac-
tion. However, a completely different morphology is observed in
8 h-assembled sample. There is a layer that fully covers each par-
ticle, which has been confirmed to be Al(OH)3 (Fig. 5(b)). On the
other hand, the 8h-assembled sample composed of AI@APTES@GA
exhibits identical morphology with the 2h-assembled sample of
AI@APTES (Fig. 5(c)). TEM image in Fig. 5(d) clearly shows that
high-interfacial contacts between the Fe;04 and Al NPs have been
achieved. This further indicates high stability of AI@RAPTES@GA NPs
even in intimate contact with oxidizers.

A series of open burn tests were conducted to examine the ex-
plosive reactivity of the composites. Schematic illustration of com-
bustion test setup is shown in Fig. 6(a). The ignition and explo-
sion of the composites were monitored using a high-speed cam-
era. Snapshots of the progress of ignition and explosion of three
different Magnerg composites are shown in Fig. 6(b). The burn
rates of the composites were calculated based on these snap-
shots. Here, the burn rates of samples were determined by tak-
ing the ratio of total propagation distance of the flame front
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Fig. 6. Schematic illustration of combustion test setup (a) and high-speed camera snapshots for the control sample and two different Magnerg composites after 2 h assembly
at 25 °C (b).
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Fig. 7. High-speed camera snapshots of ignition and explosion progress of Magnerg composite composed of Fe;0,@Cit with AI@APTES and Fe;04@PEI with AI@APTES@GA:
assembly time 30 min and 8 h.
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moving on the sample surface along the axis of sample length di-
rection (i.e., total length of aligned powder) to the total time of
flame propagation. A control sample composed of bare Al NPs was
prepared by mixing two alcoholic suspensions to minimize elec-
trostatic interaction. The burn rates of electrostatically assembled
composites are remarkably higher than that of the control sample
(~2.5 times for AI@APTES and ~3 times for AI@APTES@GA). This
can be attributed to the well-arranged structure of Al-Fe3O4 com-
posites prepared via the electrostatically induced assembly process.
The self-propagating reaction of a mixed magnetite and aluminum
powder produces iron and alumina, which is described by the re-
action:

8Al + 3Fe304 — 9Fe + 4A1203

It was reported that the reaction takes place immediately upon
the melting of the Al core and involving the diffusion of aluminum
ions onto the surface of the Al particle to come in contact with the
surrounding oxidizers [42]. Therefore, the strong binding forces be-
tween Fe304 NPs and Al NPs resulted in shorter distances between
Al NPs and Fe;04 NPs and enhanced mass diffusion between Fe304
NPs and Al NPs so that the energetic reaction of the composites
was more active. The lowest burn rate of the control sample com-
pared to that of other samples can be attributed to poor disper-
sion of Al and Fe304 NPs. Also, the AI@APTES@GA sample exhib-
ited a higher burn rate than AI@APTES sample. The higher stability
of the suspension of AI@APTES@GA when compared to AI@APTES
in DI water results in a better dispersion of Al and Fe;04 NPs. The
higher burn rate can also be attributed to the stabilizing layer of
Al@APTES@GA preventing oxidation of Al particles during an as-
sembly in an aqueous medium at 25 °C. The duration of the elec-
trostatically induced assembly process was extended to 8 h in or-
der to examine the effect of hydration of Al NPs on their explosive
reactivity. In the case of the AI@APTES sample, because all Al have
transformed to Al(OH); phase, it is not surprising that the burn
rate of the composite is zero. Meanwhile, there is a slight decrease
in the burn rate (from 5.1 to 4.3 m/s) of the AI@APTES@GA sample
assembled over 8 h (Fig. 7). Though assembly over a shorter pe-
riod of time might diminish the oxidation effect, it results in an in-
complete assembly process. Indeed, the burn rates of the AI@APTES
and the AI@APTES@GA composites assembled over 30 min are 0.4
and 3.8 m/s, respectively, that are remarkably lower than those of
composites assembled over 2 h (Fig. 7). Consequently, in addition
to stability of Al NPs during assembly, relevant assembly duration
is crucial to obtain optimal-energetic performance.

4. Conclusions

A simple and effective coating method was used to functional-
ize and protect the surfaces of Al NPs from oxidation and aggre-
gation. It was found that APTES-functionalized Al NPs were unsta-
ble in an aqueous medium because of a hydration process, while
GA-functionalized Al NPs exhibit long-term stability at elevated
temperature. The superior stability of GA-functionalized Al NPs is
ascribed to the bi-layer structure of their stabilizer. By increas-
ing the intimacy between the fuel and oxidizer via electrostatic
self-assembly, mass diffusion between the reactants and hence en-
ergetic reactivity was significantly enhanced. As a result of high
stability and high dispersity of AI@APTES@GA NPs, their Magnerg
composite exhibited highly energetic reactivity even after prolon-
gated assembly process. Because of inherent magnetic property,
the Magnerg composite and the direction of its explosion are ex-
pected to be manipulated by an external magnetic field, which
could be promising for civil applications such as nanothermite cut-
ters, building implosion or under-liquid explosions, as well as mil-
itary applications. Further studies on combustion properties and

magnetic field-directed explosion of the Magnerg composites are
in progress and will be presented in a forthcoming paper.
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