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We investigated the effects of different metal oxide (MO) nanoparticles (e.g., CuO, KIO4, Fe;03) on the
combustion and gas-generating characteristics of sodium azide microparticle (NaN;3 MP; gas-
generating agent) and aluminum nanoparticle (Al NP; heat source) composite powders. The NaN; MP/
Al NP/MO NP composite powders were stably ignited using a microhotplate (MHP) heater. The addition
of CuO and KIO4 to the NaN3; MP/AI NP composite powders resulted in relatively high burn rates and high
pressurization rates upon MHP-assisted ignition. This suggests that the highly reactive CuO and KIO4 NPs

Keywords: . significantly increased the combustion of the Al NPs; as a result, sufficient heat energy was generated via
Al nanoparticle . . . . . .
Oxidizer the active aluminothermic reaction to thermally decompose the NaN3; MPs. Finally, the gas generating

properties of NaN3 MP/Al NP composite powders mixed with various MO NPs were tested using home-
made inflatable small airbags. The airbags were fully inflated within ~20 ms when CuO and KIO4 NPs
were added to the NaN3 MP/Al NP composite powders. However, the addition of Fe,O; NPs to the
NaN3; MP/Al NP composite powder resulted in a slow and only partial inflation of the airbag due to an
incomplete aluminothermic reaction, which was due to a slow combustion reaction between the Al
NPs and relatively weak oxidizer of the Fe,03 NPs. This suggests that the rapid, stable, and complete ther-
mal decomposition of NaN3 MP/Al NP composites can be effectively achieved by employing highly reac-
tive nanoscale oxidizers.
© 2020 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder
Technology Japan. All rights reserved.
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1. Introduction nEMs are activated as the critical temperature is reached. Once

they are activated, thermal reactions such as combustion and

An energetic material (EM) is any substance composed of a fuel
and an oxidizing agent that rapidly converts chemical energy into
thermal energy when ignited via an external energy input [1-3].
Nanoscale energetic materials (nEMs), in particular, have the
advantages of relatively high heat energy release rates and
improved combustion properties [4-6]. In the various nEM formu-
lations, nanosized Al is most widely used as a fuel material and
various nanosized metal oxides (MOs) such as Fe,O03, MoOs,
KMnOQy, CuO, NiO, MnO,, and WOs are used as oxidizers [7-12].
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explosions can occur. Therefore, it is important to control the igni-
tion and combustion reactions of nEMs not only for safety while
handling them, but also for diversifying their applications [13-
15]. Various heat sources such as electric sparks, flames, flashes,
and lasers have been used as external energy sources to safely
ignite nEMs. The micro-electro-mechanical system (MEMS)
technology-based microhotplate (MHP) heater is one of the various
systems that has been employed for ignition. It has the advantages
of easy miniaturization, temperature controllability, and diversifi-
cation of ignition spots [16-18].

A gas generator generates large amounts of gas via a chemical
reaction between a fuel and oxidizer. It is used in instances when
storing a pressurized gas is undesirable [19-21], and it is suitable
for the rapid inflation of airbags. Gas-generating materials have
to meet several requirements, including good performance
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reproducibility, easy and reliable ignition, low explosion tempera-
ture/heat/condensed products, and high specific energy and gas
generation capabilities. The gas-generating materials in gas gener-
ators thermally decompose into gases and residual composite
materials when they are ignited. Previous gas generators used for
the production of nitrogen gas employed various nitrogen com-
pounds, including sodium azide (NaN3), triazole (C;HsNs3), and
guanidine nitrate (CHgN403), as the primary source of gas in addi-
tion to various MOs [22-29]. When a vehicle collides with some-
thing, the gas-generating materials are activated and they begin
to thermally decompose, producing nitrogen gas and various resid-
ual compounds. However, incomplete combustion reactions fre-
quently occur in gas generators because of insufficient heat
energy. Various studies have been performed using metals (e.g.,
Al, Mg) and metal nitrates (e.g., Cu(NO3),, Sr(NOs3),) as additional
heat energy sources to achieve complete thermochemical combus-
tion between the reacting EMs [30-32].

Herein, we examine the effects of MOs on the gas-generating
performance of NaN; and Al composite powders. Specifically,
NaN3 microparticles (MPs) are used as gas-generating materials,
highly reactive Al nanoparticles (NPs) are used as a fuel, and vari-
ous MOs, including CuO, Fe,03, and KIO,4, are used as oxidizing
agents. The combustion and gas-generating characteristics of the
NaN3; MP/Al NP composite powders are observed by varying the
type of oxidizer NPs before ignition. The composite powders were
ignited using a specially designed MHP heater manufactured using
MEMS technology. The MHP heater was also used with an airbag
system to observe the gas-generating and airbag inflating perfor-
mance of the powders.

2. Experimental
2.1. Material fabrication

The MHP heater was fabricated via a metal lift-off process, as
illustrated in Fig. 1a. An ~1.4-um-thick photoresist mold (PR;
AZ5214, Clariant) was formed on an oxidized silicon substrate
through a standard image reversal (IR) photolithography process.
The IR process is useful for producing negatively sloped sidewalls
in a PR mold, which makes the subsequent lift-off process easier.
The PR was spin-coated on the oxidized silicon substrate at
4000 rpm for 35 s and soft-baked on a hotplate at 95 °C for
5 min. The PR layer was then exposed to ultraviolet (UV) radiation
with an intensity of ~20 mW/cm? through a photomask using a
commercially available mask aligning system (MDA-400M, Midas
System). The UV-exposed region of the PR layer was cross-linked
by further baking it on a hot plate at 115 °C for 2.5 min. Subse-
quently, the processed PR layer was fully exposed to UV radiation
without a photomask to solubilize the non-cross-linked region.
Finally, the PR mold patterns were produced by dissolving the
noncross-linked region using a developer (AZ300 MIF, Clariant).
An ~150-nm-thick Au layer was then deposited on the prepared
mold substrate containing a Cr adhesion layer (~10-nm thick)
using a thermal evaporation technique. Finally, serpentine-
shaped MHP patterns were defined by selectively removing the
unnecessary portions of the deposited Au thin film in an ultrasonic
bath containing acetone.

NaN; MPs (average diameter (D)) = ~80 pm, Sigma-Aldrich) and
Al NPs (NT Base Inc.) were used as the gas-generating and fuel
materials, respectively, without further treatment. Commercially
available CuO NPs (NT Base Inc.) and Fe,O3 NPs (Sigma-Aldrich)
were used as oxidizers. The KIO, NPs were fabricated using a
spray pyrolysis method [33-35]|. Specifically, 0.4 g of KIO4
(Sigma-Aldrich) was dissolved in 100 ml of deionized water.

Aerosol droplets containing the KIO, precursor were generated
using a standard atomizer operated using compressed air at 35
psi. The aerosol droplets were then passed through a silica-gel
dryer followed by a tube furnace heated at 180 °C. The KIO4 NPs
were finally collected using a membrane filter with 200 nm pores.
Fig. 1b shows a schematic of the fabrication of the NaN3; MP/AI NP/
MO NP composite powders. Three different composite powders of
NaN3; MP/Al NP/CuO NP, NaN; MP/Al NP/Fe,03 NP, and NaN3; MP/Al
NP/KIO4 NP were fabricated using simple sonication and drying
processes. The mixing ratio for the composite powder was fixed
as NaN3:Al:MO = 77:7:16 wt%. The resulting fuel-to-oxidizer ratio
in the composites was calculated to be ~1.90 for Al/Cu0, ~1.27 for
Al/Fe,03, and ~1.37 for Al/KIOy, respectively. This ratio enabled the
composite powders to be stably ignited and to actively generate
gaseous byproducts. It is noted that applying different amount of
fuel and oxidizer could strongly affect the evolution rate of heat
and pressure and eventually gas production rate. Specifically, each
reactant was mixed in an ethanol solution for 30 min via ultrason-
ication at 170 W and 40 kHz. These prepared samples were then
dried in a convection oven for 30 min at 80 °C to prepare the
NaN3/AI/MO composite powders. They were then deposited on
the surface of the MHP for realizing gas generators. When a specific
voltage was supplied to the MHP, a resistance heat was generated
and the composite powders were ignited.

2.2. Combustion and explosion characterization of NaNs/Al/MO
composite powders

The burn rate and total burning time of the NaN3/Al/MO com-
posite powders were measured using a high-speed camera (Model
FASTCAM SA3 120 K, Photron) at a frame rate of 5 kHz. The high-
speed camera had a 17.4 mm x 17.4 mm CMOS image sensor with
a minimum and maximum frame rate of 60 and 1,200,000 fps,
respectively, and a pixel size of 17 um x 17 pm, with an operating
voltage and current of AC 100-240 V and 60 A, respectively.

The pressure traces of the ignited composite powders as a func-
tion of time were measured using a pressure cell tester (PCT) sys-
tem. The PCT consisted of a pressure cell with constant volume of
13 ml, pressure sensor (Model 480C02, PCB Piezotronics), signal
conditioner (Model 480C02, PCB Piezotronics), signal amplifier
(Model 422E11, PCB Piezotronics), oscilloscope (Tektronix, Model
TDS 2012B), and power supply. Approximately 13 mg of composite
powder was spin-coated on the surface of the MHP installed inside
the pressure cell. The powder was then ignited by the MHP-
generated heat energy and the pressure was automatically mea-
sured using the pressure sensor connected to the pressure cell.
Simultaneously, the detected pressure signal was amplified and
transformed into a voltage signal using a combination of an in-
line charge amplifier and a signal conditioner. Finally, the con-
verted electrical signal was detected and recorded using a digital
oscilloscope.

2.3. Material characterization

The fabricated NaN3/Al/MO composite powders were character-
ized using various techniques, including field emission scanning
electron microscopy (FE-SEM; Model S4700, Hitachi, Ltd.) per-
formed at ~15 kV, scanning transmission electron microscopy (S-
TEM; Model JEM-2100, JEOL, Ltd.) performed at ~200 kV, X-ray
diffractometry (XRD; Model Empyrean Series 2, PANalytical, Ltd.)
using Cu Ko radiation, and differential scanning calorimetry
(DSC; Model Labsys TGA-DSC/DTA evo, Setaram, Ltd.) performed
at temperatures ranging from 30 to 1000 °C at a heating rate of
10 °C/min under N, flow.
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Fig. 1. (a) Schematic of MEMS-based processes for fabricating microhotplates (MHPs), and (b) schematic of fabrication and MHP-assisted ignition of NaN3 MP/Al NP/CuO NP,

NaN3; MP/Al NP/Fe,03; NP, NaN3 MP/Al NP/KIO, NP composite powders.

3. Results and discussion

Fig. 2 shows the SEM and EDX images of three different
NaN3/AI/MO composite powders. Fig. 2a and b present the SEM
and EDX images of the NaN3; MP/AI NP/CuO NP composite powders,
in which spherical Al and CuO NPs were bound to the surface of
NaN; MPs with an average diameter of ~80 pum. Fig. 2¢ and d pre-
sent the SEM and EDX images of the NaN3 MP/Al NP/Fe,O3 NP com-
posite powder, in which spherical Al and Fe,03 NPs were bound to
the surface of NaN3 MPs. Fig. 2e and f present the SEM and EDX
images of the NaN3; MP/Al NP/KIO4, NP composite powder, in which
spherical Al and KIO4 NPs were bound to the surface of NaN3; MPs.

TEM and STEM analyses were performed to observe fuel and
oxidizer NPs. Fig. 3 shows that Al NPs and various MO NPs (i.e.,
CuO, Fe,03, and KIO4) with spherical shapes were bonded to each
other at the nanoscale due to Van der Waals attraction forces.
The average sizes of the Al NP/CuO NP, Al NP/Fe,0; NP, and Al
NP/KIO4 NP were ~158 + 11.4 nm, ~43 + 1.2 nm, and ~59 £ 1.4 n
m, respectively.

A series of MHP-assisted ignition tests were performed to eval-
uate the effect of MO on the combustion and explosion of NaN3/Al
composites. Fig. 4 shows the sequential still images of MHP-
assisted ignition and flame propagation of NaN3/Al/MO composite
powders observed using a high-speed camera. It is noted that the
first still images were set to 0 ms just before the ignition of each
composite, and then the following still images were arranged by
time elapsed after the ignition of each composite. All three com-
posite powders were successfully ignited via MHP initiation. The
process started with localized ignition and the flame generated

was then propagated to the adjacent composite powders in series.
The resulting burn rates of the composite powders due to MHP
ignition were experimentally determined to be ~60 + 3.6 m/s for
NaN; MP/Al NP/CuO NP, ~6.3 + 0.5 m/s for NaN3 MP/Al NP/KIO,
NP and ~3.8 + 0.3 m/s for NaN3 MP/Al NP/Fe,03; NP. The burn rate
of the composite powders was determined as the total length
(10 mm) of the aligned powder sample divided by the total time
necessary for the flame generated during ignition to propagate
from one end to the other of the powder sample. The total burning
time of the NaN3 MP/AI NP/CuO NP, NaN; MP/Al NP/KIO4 NP and
NaN3; MP/Al NP/Fe,03; NP composite powders via MHP ignition
was found to be ~8.3 £ 0.4 ms, ~41.3 + 2.5 ms and ~62.3 = 3.4 ms,
respectively. The total burning time was calculated as the time
from the beginning of ignition to the end of the burning process.
The most effective oxygen providers for the self-propagating com-
bustion of the NaN; MP/Al NP composite powders were as follows:
CuO NPs > KIO4 NPs > Fe,03 NPs.

DSC analyses were performed to investigate the effect of MO
on the thermal properties of the NaNs/Al composite powders.
Fig. 5 shows the results of the DSC analyses, in which the effect
of MO on the total heat energy generated by the exothermic reac-
tion of NaN3/Al was examined. The exothermic reactions for NaN3
MP/Al NP/CuO NP, NaN; MP/Al NP/KIO, NP, and NaN; MP/Al
NP/Fe,03 NP composite powders were initiated at ~380 °C,
~390 °C, and ~410 °C, respectively. In general, NaN3 thermally
decomposes at 350-400 °C [36,37], and the exothermic reactions
for the Al NP/CuO NP, Al NP/KIO4 NP, and Al NP/Fe,0; NP pow-
ders occur at 450-600 °C [12,32]. However, the NaN3/Al/MO com-
posite powders began to generate heat energy at lower initiation

t-
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Fig. 2. SEM and EDX images of (a, b) NaN3 MP/Al NP/CuO NP, (c, d) NaN3 MP/Al NP/Fe,03 NP, (e, f) NaN; MP/Al NP/KIO4 NP composite powders.

emperatures of 380-410 °C. This suggests that the exothermic
reactions of Al NP/MO NP were initiated by the heat energy gen-
erated by the thermal decomposition of NaN; MPs. By integrating
the exothermic curves, the amount of total heat energy released
during the thermite reaction in the composite powders was

determined to be ~3214 ]J/g for NaN3 MP/Al NP/CuO NP,
~2307 ]/g for NaN3 MP/Al NP/KIO, NP, and ~683 J/g for NaN;
MP/Al NP/Fe,03 NP. This suggests that the most effective oxygen
providers were as follows: CuO > KIO4 > Fe,O3; hence, the ther-
mal reactions occurred accordingly.
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Fig. 3. TEM/STEM images and particle size distributions of (a) NaN;3 MP/Al NP/CuO NP, (b) NaN3; MP/Al NP/Fe,03 NP, and (c) NaN3 MP/Al NP/KIO4 NP composite powders.

XRD measurements were performed before and after the com- 2Na + CuO — Na,0 + Cu
bustion reactions of the composite powders to examine the reac-
tants and products of the three composite powders, as shown in
Fig. 6. In the case of the NaN; MP/Al NP/CuO NP composite powder,
strong peaks from NaNs, CuO and Al were observed before com-
bustion (Fig. 6a). After the thermochemical reactions of the
NaNs3/Al/CuO reactants, various products can be expected to be 2NaN; — 2Na + 3N,
generated as follows [38,39]:

INaNs — 2Na + 3N, 8Al + 3KIO; — 4Al,05 + 3KI

Strong indicators of Na,0, Al,03, and Cu were clearly observed
after the combustion of NaN3 MP/Al NP/CuO NP composite powder
(Fig. 6a). In the case of NaN3 MP/Al NP/KIO4 NP composite pow-
ders, various products can be formed as follows [40,41]:

2Al + 3Cu0 — AlLO; + 3Cu 8Na + KIO; — 4Na,0 + KI
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NaN3; MP/Al NP/KIO4 NP, and NaN3; MP/AI NP/Fe,03 NP composite powders.

We observed that Na, KI, Na,0, and Al,05; phases were clearly
formed. However, peaks indicating unreacted NaNs; were also
observed, as shown in Fig. 6b.

2NaN; — 2Na + 3N,
2Al + Fe203 — A1203 + 2F8203

2Na + Fe,0;3 — Na,0 + 2Fe

In the case of the NaN3 MP/Al NP/Fe,03; NP composite powders,
Fe, Na,0, and Al,05; were expected to be formed after the combus-
tion reaction, but the reactants of Al, Fe,O3, and NaN; remained
unreacted, as shown in Fig. 6¢. This suggests that the NaN3/Al com-
posite with CuO NPs thermochemically reacted in the combustion
process under sufficient exothermic heat energy, while the
NaN3/Al composite with KIO, and Fe,05 partially reacted due to
lack of sufficient heat energy; thus, unreacted chemicals remained
even after the combustion processes.

The three composite powders were ignited in a pressure cell in
which the pressure traces were measured. As shown in Fig. 7a, the
maximum pressure generated by the combustion reaction was in
the following order: NaN3 MP/Al NP/CuO NP > NaN; MP/Al

NP/KIO4 NP > NaN3 MP/Al NP/Fe,03 NP. This was mainly due to
volume expansion triggered by the thermal decomposition of
NaN3 MPs. This suggests that the thermal decomposition of NaN3
MPs was effectively made due to the oxidizers containing CuO
and KIO4 rather than Fe,0s. Fig. 7b shows the pressurization rate,
which is determined by calculating the ratio of the maximum pres-
sure to the rise time. Steeper slopes in the time-pressure graphs
indicate higher pressurization rates. The addition of CuO or KIO,4
NPs in the NaN; MP/Al NP matrix composite powder resulted in
a higher pressurization rates, suggesting that rapid thermal
decomposition of NaN3 was effectively achieved owing to the pres-
ence of strong oxidizers of CuO and KIO,4.

The actual amount of gas generated for the three different com-
posite powders was experimentally determined via a water substi-
tution method. The experimental data for the volume of N, gas
generated as a function of the NaN5; mass in the composites were
compared with theoretically determined values, as shown in
Fig. 8. The gas generator was first sealed and an MHP was used
to ignite the three composite powders in the gas generator. As
the amount of NaNjs increased in the composite powders, the vol-
ume of generated N, gas increased linearly with the addition of MO
to the NaN3/Al matrix. The actual volume of N, gas generated from
the NaN3; MP/Al NP/Fe,03; NP composite powder was much lower
than the theoretical values, because the process of thermal decom-
position of the NaN; MPs was incomplete. However, there was a
clear increase in the volume of N, gas with the addition of CuO
and KIO4 NPs to the NaNs/Al matrix, suggesting that the ignition
and combustion of the Al NP/CuO NP and Al NP/KIO4 NP composite
provided more heat energy to promote the thermal decomposition
of the NaN3; MPs.

The potential application of gas generators with NaN; MP/Al
NP/CuO NP, NaN3 MP/Al NP/KIO4 NP and NaN; MP/Al NP/Fe,03
NP composite powders was tested for the inflation of small airbags,
as shown in Fig. 9a. The three different composite powders were
ignited using an MHP in the gas generator and the airbags
expanded owing to the gaseous products of the combustion reac-
tions of the composites. Fig. 9b shows snapshots of the airbag
expansion for the three tested composite powders. The small air-
bags were made of rubber-coated cloth to prevent gas leakage
and the total volume of the small airbag was ~150 ml. The amount
of NaN3 MPs added to the composite powders was fixed
at ~308 mg, which was theoretically expected to generate ~159 ml
of N; gas to fully inflate the small airbag. The airbags with the NaN3
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MP/Al NP/CuO NP and NaN3; MP/Al NP/KIO4 NP composite powders
took ~10 ms and ~16.7 ms to fully expand. However, the airbag
with the NaN3; MP/Al NP/Fe,0; NP composite powder did not fully
inflate even after ~20 ms. Gas generators with CuO and KIO4-added
NaNs3/Al matrices achieved complete airbag expansion because a
sufficient amount of N, gas was generated by the combustion of
the reactants. Full airbag expansion was only achieved for the
CuO and KIO4-added NaN3 MP/Al NP composite within ~20 ms,
suggesting that the required volume of N, gas was rapidly
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generated by the thermal decomposition of NaN; in addition to
the heat energy generated by the strong aluminothermic reaction
between Al NPs and strong oxidizers of CuO and KIO4 NPs. This
confirms that CuO and KIO,4 are more effective than Fe,O for gas
generation by decomposing NaN3 in the gas generator.
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subsequent combustion reaction of NaN3 MP/Al NP/CuO NP composite powder (full inflation), NaN3 MP/Al NP/KIO4 NP composite powder (full inflation), and NaN; MP/Al

NP/Fe,03 NP composite powder (partial inflation).

4. Conclusions

We investigated the effects of various oxidizing agents of CuO,
KIO4, and Fe;03 NPs on the combustion and gas-generating perfor-
mance of NaN3; MP and Al NP composite powders. The NaN3/Al/MO
composite powders were ignited using MHPs, which can be used
for miniaturized and versatile gas generators. Among the various
composites tested, CuO and KIO4 NP-added NaN; MP/Al NP com-
posite powders released relatively high exothermic energy and
had rapid gas-generating properties in the ignition and combustion
reactions. This suggests that the use of highly reactive CuO and
KIO4 NPs as strong oxidizers will result in a significant increase
in the combustion reaction of Al NPs; as a result, the active alu-
minothermic reaction occurs to provide heat energy for thermally
decomposing the NaN3; MPs as a gas-generating material. Finally,
the NaN3; MP/Al NP composite powders were successfully demon-
strated to fully inflate a small airbag in less than ~20 ms by
employing CuO and KIO4 NPs. However, when Fe,03; NPs were
added to the NaNs3/Al matrix, the small airbag was inflated very
slowly and only partially owing to the incomplete aluminothermic
reaction of the Al NPs generated by the relatively weak oxidizer of
the Fe,03 NPs. This suggests that rapid, stable, and complete ther-
mal decomposition of NaN3; MP/Al NP composites can be effec-
tively achieved by employing highly reactive nanoscale oxidizers.
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