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ABSTRACT: In this study, we systematically investigated the effect of micro- and nanoscale energetic materials in formulations
of aluminum microparticles (Al MPs; heat source)/aluminum nanoparticles (Al NPs; heat source)/copper oxide nanoparticles
(CuO NPs; oxidizer) on the combustion and gas-generating properties of sodium azide microparticles (NaN; MPs; gas-
generating agent) for potential applications in gas generators. The burn rate of the NaN; MP/CuO NP composite powder was
only ~0.3 m/s. However, the addition of Al MPs and Al NPs to the NaN; MP/CuO NP matrix caused the rates to reach ~1.5
and ~5.3 m/s, respectively. In addition, the N, gas volume flow rate generated by the ignition of the NaN; MP/CuO NP
composite powder was only ~0.6 L/s, which was significantly increased to ~1.4 and ~3.9 L/s by adding Al MPs and Al NPs,
respectively, to the NaN; MP/CuO NP composite powder. This suggested that the highly reactive Al MPs and NPs, with the
assistance of CuO NPs, were effective heat-generating sources enabling the complete thermal decomposition of NaN; MPs upon
ignition. Al NPs were more effective than Al MPs in the gas generators because of the increased reactivity induced by the reduced
particle size. Finally, we successfully demonstrated that a homemade airbag with a specific volume of ~140 mL could be rapidly
and fully inflated by the thermal activation of nanoscale energetic material-added gas-generating agents (i.e,, NaN; MP/Al NP/
CuO NP composites) within the standard time of ~50 ms for airbag inflation.
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1. INTRODUCTION

Energetic materials are mixtures of fuel and oxidizing materials
that rapidly release heat and gas byproducts when ignited by

A gas generator burns fuels and oxidizers to produce large
amounts of gas at lower temperatures without specific
activation impulses.'”'® The relatively low temperature allows
the generated gas to be used in various applications, including
powering turbo pumps in rocket motors and inflating airbags in
automobiles. The gas-generating materials installed in gas
generators thermally decompose into gases and residual metal
composite materials upon ignition and thermal reactions. After

external energy input.l_4 The amount of thermal energy
generated by energetic materials depends on the interfacial
contact area and degree of intermixing between the fuel and
oxidizing materials, the chemical compositions, and the size of

the reacting materials.”™ In most formulations, macro- and
microscale Al as a highly reactive and readily available material
is used for the fuel materials, and various low-cost metal oxides
(e.g, Fe,0; KMnO,, CuO, MoO;) are used for energetic

., 10-16
oxidizers.
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the thermal decomposition of the gas-generating materials, the
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Figure 1. Schematics of fabricating NaN;/Al/CuO composites and loading composites into the gas generator for airbag inflation by tungsten hot-

wire ignition.

residual metal composite materials are stabilized by reactive
coupling with various oxidizing agents.

Conventional gas generators employ various gas-generating
materials such as sodium azide (NaN,),""~** nitroguanidine
(CH,N,0,),””*" and tetrazole (CH,N,)*™*’ mlxed with
various metal oxides of copper oxide (CuO),”® iron oxide
(Fe,05),” and potassium nitrate (KNO,)*>*! in ratios that
produce the desired reaction rates and gas volumes.”””’
However, when the heat generated is insufficient, the desired
gas volume is not fully evolved because of the incomplete
thermal decomposition of the gas-generating materials. This
can cause serious malfunctions in gas-generating systems. To
provide sufficiently high temperature for the thermal
decomposition of the gas-generating materials, many studies
have been performed on the use of various propellants,
oxidants, and additives in the gas-generating material
formulations.>***

In this work, we examine the effects of the presence and size
of Al particles on the gas-generating performance of NaN;/
CuO composite powders. Highly reactive Al, CuO, and NaNj,
were employed as the fuel materials, strong oxidizers, and gas-
generating agents, respectively. Specifically, microparticles
(MPs) and nanoparticles (NPs) of Al were added as fuel to
the NaN; MP/CuO NP composites to observe the combustion
and gas-generating characteristics when ignited. Finally, a small
homemade airbag system was designed to examine the effective
operation of a gas generator installed with the NaN;/CuO/Al
composite materials.

2. EXPERIMENTAL SECTION

NaN; MPs (gas-generating agent; Sigma-Aldrich) with average
diameter of ~75 um (Figure Sla in the Supporting Information),
and CuO NPs (oxidizer; NT Base, Inc.) with average diameter of
~100 nm (Figure S1b) were employed. Al NPs (fuel; Nano-
technology, Inc.) with average diameter of ~80 nm (Figure Slc)
and oxide layer thickness of 7 nm (Figure S2a), and Al MPs (fuel; NT
Base, Inc.) with average diameter of ~10 ym (Figure S1d) and oxide
layer thickness of 12 nm (Figure S2b) were also employed.

Figure 1 shows the schematics of fabricating the NaN; MP/CuO
NP composite powders with the addition of Al MPs and Al NPs. NaN,
was the gas-generating agent, decomposing into N, gas and Na
products when heated to ~350 °C. Al and CuO were used as the fuel
and oxidizer for supplying heat energy for sufficient thermal
decomposition of the gas-generating agents (ie., NaNjy).

Three different composite powders of NaN; MP/CuO NP, NaN;,
MP/Al MP/CuO NP, and NaN; MP/Al NP/CuO NP were fabricated
by sonication and drying processes. We performed a series of ignition
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tests for various mixing ratios of NaN;/Al/CuO reactants. For the
ignition tests, the mixing ratio of Al and CuO was always kept with
Al:CuO = 30:70 wt % because it was the optimized mixing ratio for
effectively generating heat energy when ignited.”*" Specifically, we
observed that the composites were not stably ignited in the cases of
NaN;:Al:CuO = 90:3:7 and 83:5:12 wt %. When the mixing ratio was
reached to a NaN;:Al: CuO = 77:7:16 wt %, the composite was started
to be stably ignited and actively generate gas byproducts. Thus, the
mixing ratio of reactants was fixed to a NaN;:Al:CuO = 77:7:16 wt %
in this study. Each reactant was mixed in ethanol solution for 30 min
using ultrasonication at 170 W and 40 kHz. These prepared composite
powder samples were then dried in a convection oven for 30 min at 80
°C. After fabricating each composite powder, the sample was installed
in a homemade gas generator with a closed inner volume of 90.8 mL.
The NaN;/Al/CuO composite powders were ignited by a tungsten
hot-wire. The generated gas was rapidly delivered to a small airbag
installed at the end of the gas generator.

The burn rates and ignition delay times of the composite powders
were monitored using a high-speed camera (Photron, FASTCAM SA3
120 K) at a frame rate of 5 kHz installed on the benchtop. The high-
speed camera used in this study had a minimum and maximum frame
rate of 60 and 1200 000 fps, respectively, sensor of 17.4 mm X 17.4
mm CMOS image sensor, pixel size of 17 yum X 17 pum, and operating
voltage and current of AC 100—240 V and 60 A, respectively.

The explosive force was measured using a pressure cell tester
system, in which the pressure generated by the thermal ignition of the
NaN;/Al/CuO composites was automatically measured by a pressure
sensor (PCB Piezotronics, Model No. 113A03). The distance
between the NaN;/Al/CuO composite and pressure sensor was ~2
cm. The pressure was amplified by in-line charge amplifiers (Model
No. 422E11, PCB Piezotronics) and transformed into an electric signal
by a signal conditioner (Model No. 480C02, PCB Piezotronics) with
the frequency response of 25 kHz. This signal was recorded by an
oscilloscope (Tektronix, Model No. TDS 2012B). Approximately 13
mg NaN;/Al/CuO composite powder was placed in the pressure cell
tester, and the tungsten hot-wire connected to a power transformer
was inserted. The pressure cell was completely sealed, and then voltage
was applied. The tungsten hot-wire was rapidly heated and the loaded
composite powder was ignited. After pressure was generated by the
explosion and gas evolution of the composite powder within the
pressure cell, the converted electrical signal was recorded in situ in
terms of the time-to-pressure graph in the oscilloscope.

The composite powders fabricated in this study were characterized
by various techniques including scanning electron microscopy (SEM;
Model Hitachi FE-SEM $-4700, Hitachi, Ltd.) operated at 15 kV,
powder X-ray diffractometry (XRD; Model Empyrean Series 2,
PANalytical, Ltd.) using Cu Ka radiation, and differential scanning
calorimetry (DSC; Model Labsys TGA-DSC/DTA evo, Setaram, Ltd.)
performed from 30 to 1000 °C at 10 °C/min under N, flow.
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Figure 2. SEM and EDX images of (a, b) NaN; MP/Al NP/CuO NP, (¢, d) NaN; MP/Al MP/CuO NP, and (e, f) NaN; MP/CuO NP.
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Figure 3. Snapshots, ignition delay times, and burn rates of tungsten hot-wire-ignited NaN; MP/CuO NP, NaN; MP/Al MP/CuO NP, and NaNj,

MP/Al NP/CuO NP composite powders.

3. RESULTS AND DISCUSSION

Figure 2 shows the SEM and EDX images of three different
NaN;/Al/CuO composite powders prepared by the sonication
process. The SEM and EDX images in Figure 2a,b show the
NaN; MP/Al NP/CuO NP composite powder, in which Al
NPs and CuO NPs are strongly bound to the surface of the
NaN; MPs. The inset of Figure 2a depicts a high-resolution
SEM image of the Al NPs and CuO NPs covering the surfaces
of the NaN; MPs. The SEM and EDX images in Figure 2¢,d
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show the NaN; MP/Al MP/CuO NP composite powder, in
which the Al MPs and CuO NPs are strongly bound to the
surface of NaN; MPs. The inset of Figure 2c¢ is a high-
resolution SEM image showing the Al MPs and CuO NPs
covering the surfaces of the NaN; MPs. The SEM and EDX
images in Figure 2e,f show the NaN; MP/CuO NP composite
without Al particles, in which CuO NPs are strongly bound to
the surfaces of the NaN; MPs. The inset of Figure 2e also
indicates that the CuO NPs are strongly bound to the surfaces

DOI: 10.1021/acsami.6b00070
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Figure 4. Differential scanning calorimetry (DSC) results of NaNj
MP/CuO NP, NaN; MP/Al MP/CuO NP, and NaN; MP/Al NP/
CuO NP composite powders.
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Figure 5. Comparison of theoretically determined N, gas volume
generated with experimentally determined N, gas volume generated by
the ignition and combustion reactions of the NaN; MP/CuO NP,
NaN; MP/Al MP/CuO NP, and NaN; MP/Al NP/CuO NP
composite powders.

of the NaN; MPs. These SEM and EDX analyses suggest that
the Al MPs, Al NPs, and CuO NPs are homogeneously
deposited on the surfaces of the NaN; MPs by the simple
sonication process employed in this study.

The effect of presence and size of Al particles as heat energy
sources on the ignition and combustion characteristics of the
NaN; MP/CuO NP composite powder was examined. Figure 3
depicts snapshots taken by the high-speed camera after the
ignition of the three different composite powders aligned into
squares of 8 mm X 8 mm.

Here, the ignition delay time was defined by the time
between the moment of direct contact with the hot-wire and
the initial ignition of the aligned composite powder. The burn
rate was defined as the total length of the aligned powder
sample divided by the total time necessary for the flame to
propagate from one end to the other of the powder sample. As
shown in Figure 3, all three composite powders are successfully
ignited and the flame initiated by the hot wire is continuously
propagated. The ignition delay times were observed to be
~30.6 ms for NaN; MP/CuO NP, ~4.2 ms for NaN; MP/Al
MP/CuO NP, and ~0.6 ms for NaN; MP/Al NP/CuO NP.
This suggests that the presence of Al NP in the NaN;/CuO
composite powder can reduce ignition time because the
reactivity of the Al NPs is much greater than that of the Al
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Figure 6. XRD analyses for (a) NaN; MP/CuO NP, (b) NaN; MP/Al
MP/CuO NP, and (c) NaN; MP/Al NP/CuO NP composite powders
before and after thermal ignition and subsequent combustion reaction.

MPs. This is corroborated by observing the burn rate
characteristics. The burn rates of the composite powders are
~0.3 m/s for NaN; MP/CuO NP, ~1.5 m/s for NaN; MP/Al
MP/CuO NP, and ~5.3 m/s for NaN; MP/Al NP/CuO NP.
This demonstrates that the presence of Al particles in the NaNj
MP/CuO NP matrix enhances the combustion reaction
because the fuel metal of Al generates heat energy, which is
rapidly propagated to the adjacent reactive materials. This self-
propagating combustion is accelerated the most by adding Al
NPs to the NaN; MP/CuO NP matrix, because the high
specific surface area and reactivity of the Al NPs provide the
most effective heat source for triggering fast combustion
reactions among the tested NaN;/CuO composite materials.”®

The effect of the presence and size of Al particles on the heat
energy generation of the NaN; MP/CuO NP matrix is
corroborated by DSC analysis, as shown in Figure 4. The
three samples are initiated at ~400 °C, which approaches the
thermal decomposition temperature of NaNj;. "*** The
exothermic reaction of Al and CuO occurs continuously in
the range of 550—700 °C. The total heat energy, determined by
integrating the positive exothermic heat flow curves, is ~1119
+ 56 J/g for NaN; MP/CuO NP, ~2092 + 105 J/g for NaN;

DOI: 10.1021/acsami.6b00070
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Figure 7. Comparison of (a) pressure traces and (b) pressurization
rate of NaN; MP/CuO NP, NaN; MP/Al MP/CuO NP, and NaNj,
MP/Al NP/CuO NP composite powders.

MP/Al MP/CuO NP, and ~3214 + 160 J/g for NaN; MP/Al
NP/CuO NP. These results confirm that the presence of Al in
the NaN;/CuO matrix increases the total heat energy
generated by reacting aluminothermically. The addition of Al
NPs significantly increases the total heat energy generated from
the NaN; MP/CuO NP composite powder, suggesting that the
Al NPs are more effective heat sources for enhancing the
exothermic reaction than the Al MPs are, because of the
increased reactivity permitted by the reduced particle size.****
We also performed TGA analyses for all three different samples
(i.e., NaN; MP/Al NP/CuO NP, NaN; MP/Al MP/CuQO NP,
and NaN; MP/CuO NP) to compare the thermal decom-
position and the weight change as a function of temperature. As
shown in Figure S3 (Supporting Information), there were
commonly sharp decreases in weight at ~400 °C, which was
similarly observed in the DSC results (Figure 4). In addition,
the initial weight was significantly decreased in the order of
NaN; MP/Al NP/CuO NP > NaN; MP/Al MP/CuO NP >
NaN; MP/CuO NP. These results confirm that the presence of
Al in the NaN;/CuO matrix increases the total heat energy
generated by reacting aluminothermically. The addition of Al
NPs significantly increases the total heat energy generated from
the NaN; MP/CuO NP composite powder, suggesting that the
Al NPs are more effective heat sources for enhancing the
exothermic reaction than the Al MPs are, because of the
increased reactivity permitted by the reduced particle size.
The amount of N, gas generated by the three different
composite powders was experimentally determined by a water
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substitution method. The experimental data for the N, gas
generation volume as a function of NaN; mass in the NaN;/Al/
CuO composites are compared with the theoretically
determined values in Figure 5.

The gas generator was first sealed and the tungsten hot-wire
was used to ignite the NaN;/CuO/Al composite powders
installed in the gas generator. As the amount of NaNj increases
in the composite powders, the volume of evolved N, gas is
linearly increased both with and without Al particles in the
NaN; MP/CuO NP matrix, as expected. The volume of N, gas
generated from the NaN; MP/CuO NP composite powders is
lower than the theoretical value, because the thermal
decomposition of the NaN; MPs is incomplete without the
Al heat source. The N, gas volume is clearly increased by the
addition of Al MPs in the NaN; MP/CuO NP matrix,
suggesting that the ignition and combustion of the Al MP/CuO
NP composite provides more heat energy to promote the
thermal decomposition of the NaN; MPs. The volume of N,
gas increases further, approaching the theoretical values, when
Al NPs are added to the NaN; MP/CuO NP matrix, which
suggests that the Al NPs are important in generating sufficient
heat energy for completing the thermal decomposition of the
NaN; MPs.

To examine the reactants and byproducts of the thermal
reaction of the NaN;/CuO/Al composite powders, a series of
XRD analyses were performed before and after the ignition and
combustion reactions of the powders. The possible chemical
reaction pathways regarding the three major reactants of NaNj,
Al and CuO can be represented as follows:”'****

2NaN; — 2Na + 3N,(g) (1)
2Al + 3CuO — AL,O; + 3Cu (2)
2Na + CuO — Na,O + Cu 3)

First, the NaN; MP/CuO NP composite powder experi-
enced a phase change, following the reaction pathways of 1 and
3, after the ignition and combustion reaction. We expected to
observe the presence of Cu and Na,O after the combustion
reaction. However, CuO and NaNj remains and NaNO, is
found in the reaction products, as shown in Figure 6a. After the
ignition of NaN; MP/Al MP/CuO NP composite powder, the
formation of Al,O3, Na, and Cu occurs as shown in Figure 6b.
However, NaNj;, CuO, and Al are also observed, indicating that
the addition of Al MPs to the NaN; MP/CuO NP composite
powder provides insufficient heat energy to completely
thermally decompose the gas-generating agent.

For the case of the NaN; MP/Al NP/CuO NP composite
powder, Na, Cu, Na,O, and Al,O; phases are observed as
byproducts of the ignition and combustion reaction, as shown
in Figure 6¢, which confirms that the addition of Al NPs to the
NaN; MP/CuO NP composite powders effectively provides
sufficient heat energy to complete the thermal decomposition
and chemical reaction of the composite. This also suggests that
the use of highly reactive Al NPs as fuel sources enables a
significant increase in the interfacial contact area among the
reactants, and thus the aluminothermic reaction is actively
promoted to enhance the reactivity of the components.

Figure 7a shows the pressure traces of the three reactant
mixtures ignited in the closed pressure-cell tester system. When
Al NPs are added to the NaN; MP/CuO NP composites, the
magnitude of the pressure rise is 3.5 and 5.4 times greater than
that of the pressure generated by the ignition of the NaN; MP/

DOI: 10.1021/acsami.6b00070
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Al MP/CuO NP and NaN; MP/CuO NP composite,
respectively. This suggests that the thermal decomposition of
the NaN; MP is effectively triggered by the heat source of the
Al NP-based composites, such that the volume expansion
occurs rapidly. Figure 7b shows the pressurization rate, which is
determined by calculating the ratio of the maximum pressure to
the rise time. Steeper slopes in the time-pressure graphs
indicate larger pressurization rates. The NaN; MP/CuO NP
composite powder without Al particles has the lowest pressure
and pressurization rate. The NaN; MP/CuO NP composite
powder with Al MPs has a slightly higher maximum pressure
and pressurization rate, indicating that the presence of Al MPs
are not fully effective in generating heat for the thermally
decomposition of NaN; MPs in the composites. The NaN,
MP/Al NP/CuO NP composite powder has the highest
pressure and pressurization rate, suggesting that a rapid thermal
decomposition of NaNj is effectively achieved by the presence
of highly reactive Al NPs.

The potential application of gas generators installed with
NaN; MP/CuO NP, NaN; MP/Al MP/CuO NP, and NaNj,
MP/Al NP/CuO NP composite powders was observed for the
inflation of small airbags, as shown in Figure 8a. The three
composite powders were ignited using a tungsten wire in the
gas generator, and then the airbags expanded by the gaseous
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products of the combustion reactions of the composites. Figure
8b shows the snapshots of airbag expansion for the three tested
powders. The time until each airbag reaches full expansion is
observed to be ~135 ms for NaN; MP/CuO NP, ~72 ms for
NaN; MP/Al MP/CuO NP, and ~40 ms for NaN,;/Al NP/
CuO NP. In addition, the airbag inflation rates were ~0.6 L/s
for NaN; MP/CuO NP powder, ~1.4 L/s for NaN; MP/Al
MP/CuO NP powder, and ~3.9 L/s for NaN;/Al NP/CuO
NP powder.

Here, the airbag inflation rate is obtained by calculating the
ratio of the maximum amount of gas generation to the time
required to fill the airbag. The gas generators filled with NaNj;
MP/CuO NP and NaN; MP/Al MP/CuO NP composite
powders achieved incomplete airbag expansion because the
volume of N, gas generated by the combustion of reactants was
insufficient. Notably, full airbag expansion was only achieved by
the NaN; MP/Al NP/CuO NP composite within ~40 ms,
suggesting that the designed volume of N, gas was rapidly
generated by the strong aluminothermic reaction occurring
because of the presence of nanoscale energetic materials in the
form of Al NPs in the NaN; MP/CuO NP composites. This
confirms that nanoscale Al fuel is much more effective than
microscale Al fuel to obtain sufficient gas-generating properties
by decomposing NaNj in the gas generator.

DOI: 10.1021/acsami.6b00070
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4. CONCLUSIONS

In this work, we examined the effect of the presence and size of
Al particles as heat energy sources on the combustion and gas-
generating properties of NaN; MP/CuO NP composite
powders, which were used as gas-generating agents/oxidizers,
respectively, for gas generators. The NaN; MP/Al NP/CuO
NP composite powders showed the highest exothermic energy
and fastest gas-generating properties of the tested composite
powders. This suggests that the use of highly reactive Al NPs as
fuel sources in the NaN; MP/CuO NP matrix enabled a
significantly increase in the interfacial contact area among the
reactants, and thus the aluminothermic reaction occurred
effectively and significantly enhanced the combustion reactivity
of the gas-generating and oxidizing agents. Finally, the full
expansion of a small airbag in less than ~40 ms was successfully
demonstrated by employing Al NPs in a NaN; MP/CuO NP
composite fuel installed in the gas generator, suggesting that the
rapid, stable, and complete thermal decomposition of NaNj
MP/CuO NP composites can be effectively achieved by
employing Al NPs of high reactivity.
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