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Integration of the 3DOM Al/Cos04 nanothermite
film with a semiconductor bridge to realize a high-
output micro-energetic ignitert

i '.) Check for updates ‘

Cite this: RSC Adv., 2018, 8, 2552

Zilong Zheng,® Wenchao Zhang, & * Chunpei Yu,? Guogiang Zheng,?® Kefeng Ma,*
Zhichun Qin,? Jiahai Ye ®2 and Yimin Chao @ *¢

Microigniters play an important role for the reliable initiation of micro explosive devices. However, the
microigniter is still limited by the low out-put energy to realize high reliability and safety. Integration of
energetic materials with microigniters is an effective method to enhance the ignition ability. In this work,
a Al/Coz04 nanothermite film with a three-dimensionally ordered macroporous structure was prepared
by the deposition of nanoscale Al layers using magnetron sputtering on CozO4 skeletons that are
synthesized using an inverse template method. Both the uniform structure and nanoscale contact
between the Al layers and the CozO,4 skeletons lead to an excellent exothermicity. In order to investigate
the ignition properties, a micro-energetic igniter has been fabricated by the integration of the Al/Coz04
nanothermite film with a semiconductor bridge microigniter. The thermite reactions between the
nanoscale Al layer and the CozO, skeleton extensively promote the intensity of the spark, the length in

duration and the size of the area, which greatly enhance the ignition reliability of the micro-energetic
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Accepted 2nd January 2018 igniter. Moreover, this novel design enables the micro-energetic igniter to fire the pyrotechnic Zr/PbzO4

in a gap of 3.7 mm by capacitor discharge stimulation and to keep the intrinsic instantaneity high and

DOI: 10.1039/c7ral1293a firing energy low. The realization of gap ignition will surely improve the safety level of initiating systems
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1. Introduction

Microelectromechanical systems (MEMS), as a cutting-edge
technology in the 21%" century, have been widely applied in
physical, chemical, biological sensors and actuators.'” Based
on micromachining technology, MEMS devices, such as
microcombustors, microgenerators and microthrusters,®®
possess the characteristics of miniaturization, microelectronic
integration, and parallel fabrication with high precision. The
semiconductor bridge (SCB), a kind of a MEMS product, is
a typical ignition-transduction component in the system of
initiators for explosive devices. The SCB has emerged as an
initiator in military, civil and aerospace fields, since it is of
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and have a significant impact on the design and application of explosive devices.

higher instantaneity, higher safety and lower firing energy than
those of conventional bridgewires.” However, a SCB, especially
for a micro-SCB, just produces a very hot but low energy ignition
source which lasts only for microseconds instead, so it makes
providing a reliable ignition difficult. As a result, the primary
contact ordnance material with SCB must be an extremely
sensitive initiating explosive, which will drastically reduce the
safety level.

The ignition ability of SCB has been improved by the
exploitation of various trials including the introduction of
a monolayer of a metal membrane'> or nanothermites™* in
the bridge area. The exothermic reaction between the metal
membrane and oxygen or nitrogen increases the output energy
of SCB to some extent, but the amount of plasma is still too
limited to achieve ignition in a gap.'®"* Nanothermites (also
called metastable intermolecular composites, MIC) are nor-
mally composed of the nanoscale aluminum fuel and metal
oxides, such as Al/CuO, Al/Fe,O3, A/M00;, Al/Bi,O5, Al/NiO.***#
In recent years, nanothermites, which are of a large contact area
and short diffusion distance between fuel and oxidizer, have
drawn so much attentions because of their low onset reaction
temperature, high reaction rate and large heat release when
compared with micro/macro-scale thermites.'>** Both multi-
layer nanolaminates (NLs)*** and one-dimensional nanowires
(NWs)**?* have been developed to synthesize nanothermites.

This journal is © The Royal Society of Chemistry 2018
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When the nanothermites of the NLs structure are integrated on
the bridge area, the SCB can produce great energy and high
spark with the help of thermite reactions,**?® but the multilayer
structure increases both the complexity and cost of the fabri-
cation process and difficulty to scale up.'® As for NWs, the Al and
metal oxide possess such a large contact area for an intimate
touch that their activation energy can be lowered quite a lot.*****
However, it is inevitable to have metal oxide film in such
a microscale thickness within this structure of NWs that Al can
be prevented from contacting very well with metal oxide film,
thus dramatically affecting the application. Although the
aforementioned studies suffered from certain defects, the
introduction of nanothermites seems an efficient approach to
tackle the low output energy of SCB.

A new class of nanothermites (e.g. Al/Fe,03,> Al/Mn,03;,* Al/
NiFe,O,4 (ref. 29) and Al/NiO*) with a three-dimensionally
ordered macroporous (3DOM) structure, in which a layer of Al
is cladded on both the external and internal surfaces of the
3DOM metal oxide skeleton using an inverse template method,
has been successfully developed.*** Such interconnected
porous structure can make the contact area between fuel and
metal oxide increased so greatly as to get the mass and heat
transfer distance dramatically reduced and result in a signifi-
cant energy release as well. Furthermore, the in situ synthesis
process of the 3DOM nanothermites is well compatible with the
MEMS technology.”” Based on the advantages listed above, the
3DOM nanothermites are quite promising to integrate into the
bridge area of SCB, which will increase the output energy with
a thermite reaction.

In this study, Al/Co;0,4 nanothermites has been selected due
to their high theoretical reaction heat of 4236.1 J ¢”" and an
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adiabatic reaction temperature of 3201 K from the thermite
reaction between Al and Co;0,, which is one of the most
exothermic thermite reaction, as shown in eqn (1) below.*?

8AI + 3C030, — 4A1L,0; + 9Co; AH =4236.1J g™ (1)

Here, a 3DOM film of the Al/Co;0, nanothermites has been
prepared based upon a 3DOM Co3;0, skeleton, which will be
integrated with various thicknesses of nanoscale Al layers by
magnetron sputtering. Morphology, phase and exothermicity of
the Al/Co;04 nanothermites film have been investigated care-
fully using field emission scanning electron microscope (FE-
SEM), fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), energy dispersive X-ray spectrum (EDS) and
differential scanning calorimetry (DSC). Furthermore, the best-
performing Al/Co;O0, nanothermites film within all achieved
here is integrated with SCB to get a micro-energetic igniter,
which can boost the ignition ability with the help of a thermite
reaction. In addition, the promoted ignition performance, gap
test and critical characteristic parameters of the micro-energetic
igniter are discussed in detail.

2. Experimental section
2.1 Materials

Phenylethylene, sodium p-styrene sulfonate, sodium bicar-
bonate, sodium hydroxide, potassium persulfate, citric acid
monohydrate, ethyl alcohol, ethylene glycol, hydrochloric
acid, methanol and cobalt nitrate hexahydrate were all
purchased from Sinopharm Chemical Reagent Co. Ltd. All the
chemicals and materials was analytically pure and applied

PS spheres/Co;0,
precursor composite

Calcination

3DOM Co;0, skeleton

Fig. 1 The schematic for the preparation process of the Al/Coz0O4 nanothermites film and micro-energetic igniter.
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without further treatment. Deionized water was used in all
experiments.

2.2 Preparations of the Al/Co;0, nanothermites film

The preparation process of the Al/Co;0, nanothermites film is
shown in Fig. 1, whose specific procedures are described as
follows. Monodispersed polystyrene (PS) spheres were prepared
by the reported emulsifier-free polymerization technology.*
The vertical deposition method was employed to prepare the
colloidal crystal template (CCT) of PS spheres on the treated
glass slide substrate.**** The inverse template method was used
to prepare the 3DOM Co3;0, skeleton as described in our
previous work.”” The difference here was just to alter the
constituents of the precursor solution for a mixture of cobalt
nitrate hexahydrate, citric acid, methanol and ethylene glycol. A
nanoscale Al layer was then deposited onto the 3DOM Co30,
skeleton by magnetron sputtering to synthesize the Al/Co;04
nanothermites film. In order to obtain a desired heat release
from the fabricated Al/Co;0, nanothermites film, three kinds of
films were prepared here for different aluminizing times of 10,
20 or 30 min, respectively.

2.3 Characterizations of Al/Co;0, nanothermites film

The morphologies of the as-synthesized 3DOM Co;0, skeleton
and Al/Co;0, nanothermites film were observed under FE-SEM
(Hitachi, S-4800). XRD (Bruker, D8 Advance) patterns were
collected to analyze the sample composition using a Cu Ko
radiation (2 = 0.15406 nm) operated at 30 kV. FTIR (Thermo
Fisher, Nicolet IS-10) spectra were acquired to confirm the
sample composition in the range of 400-3000 cm™' using
potassium bromide tableting at room temperature. The EDS
test was performed to determine the actual molar ratios of Al to
Co30, in the nanothermites film. The heat releases of three
kinds of the Al/Co;0, nanothermites film were measured by
DSC (Netzsch, STA449C) in the scan range from 100 to 900 °C
under the N, atmosphere at a heating and flowing rate of
10 °C min~" and 20 mL min ', respectively. Prior to XRD, FTIR,
and DSC characterizations, the samples had to be scraped from
the glass slide substrate.

2.4 Fabrications of micro-energetic igniters

The SCB chip based on silicon was prepared using a traditional
procedure for a complementary metal oxide semiconductor
(CMOS) including the silicon thermal oxidation, polysilicon
define and electrode define, as detailedly described in the

® Al/Co;0, nanothermites film
Silicon substrate Electrode

Silica

Polysilicon

Fig.2 (a) The schematic diagram of the SCB chip (a plan view). (b) The
cross sectional view of the micro-energetic chip, the Al/CozO4
nanothermites film which is coated onto the surface of the SCB chip.
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literature.*® Phosphorus was doped into a polysilicon layer with
a doping concentration of 7 x 10" atoms ecm™? to achieve
a resistance 1 £ 0.2 Q. As shown in Fig. 2, the bridge area was
formed in a typically double V shape.

After a SCB chip array was obtained, a stainless steel mask
with many rectangular holes (0.7 x 1 mm) was covered on its
surface. The rectangular holes were right on the bridge area,
which made the bridge area exposure to the atmosphere to
deposit the PS spheres. The size of the mask, whose thickness
was 10 pm, should match with the SCB chip array. The as-
covered SCB chip was then used as a substrate to prepare the
Al/Co30,4 nanothermites film for a 20 min aluminization by the
aforementioned method. The micro-energetic chip (cross
sectional view shown in Fig. 2b) was finally obtained after the
mask was moved.

Subsequently, the two chips were encapsulated in a ceramic
chamber, as described as follows. Firstly, epoxy resin adhesive
was used to combine the chip with ceramic chamber. Secondly,
the bonding technology was adopted to connect the chip elec-
trode and leg wire.® In addition, the bonding wire was protected
with a silver slurry. Finally, the two chips were processed into
the SCB microigniter and micro-energetic igniter, respectively,
as shown in Fig. 1.

2.5 Ignition performance tests of the micro-energetic
igniters

The two igniters were initiated by a capacitor discharge stimu-
lation with the test circuit shown in Fig. 3 and test method
described below. The tantalum capacitor was employed as an
energy storage tool because of the advantages of small volume,
small leakage current and high precision. First, the capacitor
started charging when the switch joint 1 and 2 were connected
together. Second, the switch was turned from joint 2 to 3 after
a given voltage was attained in the capacitor. The sample
(igniter) was ignited at the condition of a capacitor discharge
stimulation. A high speed camera (Redlake HG-100K) was
utilized to record the whole firing process. Meanwhile, a high-
speed digital storage oscilloscope (LeCroy WaveSurfer44Xs)

DC stabilized power supply

2

=T

Capacitor

m Iginter

Oscilloscope

) e
: 20 5
. e /
e [
= bl
0e0e /

Redlake HG-100K

ki

High-speed camera

L

Fig. 3 The circuit diagram of the capacitor discharge test. 1, 2, 3-
ignition switch; 4-oscilloscope voltage probe; 5-oscilloscope current
probe.

This journal is © The Royal Society of Chemistry 2018
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Shell
SCB chip
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Fig. 4 The schematic of the gap test device.

was applied to acquire the current and voltage signals of the
initiation process.

A gap test was conducted to illustrate the ignition ability of
two igniters as shown in Fig. 4. The specific testing process was
described below. Zr/Pb;0, pyrotechnic (60 mg) was pressed into
an inner sleeve with a pressing pressure of 60 MPa. The inner
sleeve was put on the top of igniter and fixed by a perforated
nut. The distance [, was controlled by a mould with a location
pillar. The distance [, from the chip surface to the top face of the
ceramic plug was 0.7 mm. As a result, the ignition distance
should be value of [, + I,.

3. Results and discussion

3.1 Morphology, phase and exothermicity of the Al/C0;0,
nanothermites film

The monodispersed PS spheres are orderly distributed on
a glass slide to form a CCT (eight layers) in Fig. 5a. The CCT
presents a face-centered honeycomb structure with approxi-
mate hexagons because of their strong capillary adsorption
forces.*” The average diameter of the PS spheres is ca. 320 nm.
After the Co;0, precursor solution is infiltrated into the void of
the PS spheres under the capillary force, the 3DOM Co3;0,
skeleton will be formed in the complete removal of the PS
spheres eliminated by a calcination in muffle furnace (Fig. 5b).

f"‘\f"\("’gr’\f‘vf

Y YVl at rﬂ,«’x»f'\mr
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It is obvious that the skeleton is a perfect reverse replication of
the PS spheres in terms of structure. Pore walls are composed of
double-layer nanoparticles with an average wall thickness of
37 nm. Due to some shrinkage from the CCT of PS spheres
during the process of a calcination,”® the pore diameter has
reduced averagely upto ca. 190 nm, which is corresponding to
a pore shrinkage rate of 40.6%. Since macrospores connect next
to each other with a pore window, the whole space is inter-
connected so as to favor the deposition of the Al layer. The
3DOM Al/Co;0, nanothermites film is manufactured after the
Al layer is deposited on both external and internal surfaces of
the 3DOM Co;0, skeleton by means of magnetron sputtering.
The FE-SEM image of the Al/Co;O, nanothermites film after
a 20 min aluminization shows that the ordered array is still
maintained as shown in Fig. 5c. The average wall thickness
increases to 137 nm but average pore size decreases to 83 nm.
The Co30, skeleton is tightly coated by a nanoscale Al layer. The
sectional view in Fig. 5c shows that the Al infiltrates into the
3DOM Co;0, skeleton. When the aluminizing time decreases to
10 min, the pore windows still exist and the average wall
thickness decreases to 95 nm (Fig. S1a in ESIT). However, pores
are found out to be nearly clogged without an ordered array by
an external Al layer when the aluminizing time increases to
30 min (Fig. S1bt).

The FTIR spectrum of Co;0, skeleton exhibits two distinctive
bands at ca. 552.4 and 656.4 cm ™", both of which originate from
the stretching vibrations of the metal-oxygen bonds (Fig. 6a).
The band at 552.4 cm™* should be related to the BOB; vibration
in the spinel lattice, where B denotes the Co** ions in an octa-
hedral position. The other band at 656.4 cm™" results from the
AOB; vibration, where A denotes Co*' ions in a tetrahedral
position.*® The appearance of these two bands significantly
confirms the formation of the Co;0, spinel phase. No detected
feature is associated with impurities, which indicates a high
purity of the product. The XRD pattern of the 3DOM Co3;0,
skeleton in 20 min aluminization (the black curve of Fig. 6b)
shows diffraction peaks at 19.00°, 31.27°, 36.85°, 44.81°, 59.35°
and 65.24°, which correspond to crystal planes (111), (220),
(311), (400), (511) and (440) of the cubic spinel Co;0, structure,
respectively (JCPDS 42-1467). No other feature is observed either
from the diffraction pattern, which reveals that a neat spinel
phase is obtained. The XRD pattern of the Al/Co;0, nano-
thermites film (the red curve of Fig. 6b) displays four diffraction

Fig. 5 The FE-SEM images of (a) the CCT of PS spheres, (b) the calcined 3DOM Co3z04 skeleton, and (c) the Al/CozO4 nanothermites film for

20 min aluminization. The inset is section view.

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (a) The FTIR spectrum of the 3DOM Coz0,4 skeleton. (b) The
XRD patterns of the 3DOM Coz04 skeleton (black curve) and the Al/
Co304 nanothermites film (red curve).

peaks at 38.47°, 44.74°, 65.13° and 78.22°, which are attributed
to planes (111), (200), (220) and (311) of Al, respectively (JCPDS
04-0787). The characteristic peaks of the cubic spinel Coz0,
absolutely remain without any impurity peak so that no obvious
pre-reaction happens during the deposition of Al.

The EDS test is used to determine the actual molar ratios of
Al to Co30, in the nanothermites film. As shown in Fig. 7,
besides the peaks of Al and Co, the Si peak and Au peak are also
found from the glass substrate and the process of gold spraying
for improvement in conductivity. According to the results of
EDS, the atomic percentages of Al and Co element in the Al/
Co304 nanothermites film at different aluminizing times of 10,
20 and 30 min are 43.40%, 62.08%, 86.95% and 56.60%,
37.92%, 13.05%, respectively. As a result, the molar ratios of Al
to Co;0, in the nanothermites film are 2.30, 4.91 and 19.99 at
different aluminizing times of 10, 20 and 30 min. The results are
listed in Table 1, which show that the molar ratios of Al to Co;0,
increases with increasing aluminizing time. The stoichiometric
ratio of Al and Co30, is 2.67, so Al is inadequate for a 10 min
aluminization, slightly excessive for a 20 min and severely
excessive for a 30 min aluminization, all of which are consistent
with the characterizations of SEM.

Fig. 8 shows the DSC curves of the Al/Co;0, nanothermites
film at different aluminizing times of 10, 20 and 30 min,

2556 | RSC Adv., 2018, 8, 2552-2560
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Fig. 7 The EDS patterns of the Al/CosO4 nanothermites film at
different aluminizing times of (a) 10 min; (b) 20 min, (c) 30 min.

respectively. The 10 min aluminization just leads to a small
exothermic peak with a heat release of 782.4 J g~ * (see Table
S1t), so it seems to be seriously inadequate amount of the
deposited Al. Three obvious peaks emerge at 569 °C, 679 °C and
741 °C for the nanothermites film of 20 min aluminization in
Fig. 8. The onset temperature of the first peak is 431 °C, which is
far below the plasma temperature of SCB (~5230 K),° so the
nanothermites is able to be ignited in theory. Furthermore,
a heat release of 1325.9 J g~ (see Table S1t) for the first
exothermic peak is larger than that for the nanothermites of
10 min aluminization. It further confirms that 10 min is inad-
equate for aluminization. A relatively small and obvious endo-
thermic peak at 679 °C is corresponding to the melting process

Table 1 Elemental compositions of the Al/Coz0O4 nanothermites film
at different aluminizing times

Atomic percentage
of the elements (%)

Aluminizing time Molar ratio

(min) Al Co of Al to Coz0,
10 43.40 56.60 2.30
20 62.08 37.92 4.91
30 86.95 13.05 19.99

This journal is © The Royal Society of Chemistry 2018
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Fig.8 The DSC curves of the Al/Coz0O,4 nanothermites film at different
aluminizing times of (a) 10 min; (b) 20 min; (c) 30 min.

of Al according to a previous study.*® The third exothermic peak
at 741 °C with an onset temperature of 708 °C and a heat release
of 498.0 ] g " possesses a steeper upslope namely for a rapider
thermite reaction rate than that of first exothermic peak. Two
reasons may contribute to such a fast reaction rate of the second
exothermic peak. On the one hand, a high temperature for the
second exothermic peak undoubtedly can accelerate the ther-
mite reaction rate. On the other hand, before the nanoscale Al
layer melts, its relatively small contact area with Coz;0, in solid
state (see Fig. 9) is supposed to result in a slow upslope curve.
However, since the solid-state 3DOM Co;0, skeleton is sur-
rounded by the liquid Al above the temperature of 685 °C, each
Co30,4 nanoparticle surface is a reaction interface as shown in
Fig. 9. It is undoubted that the reaction interfaces of the liquid-
state Al with the Co;0, nanoparticles should be much greater

Before Al melting

@ Co,0, nanoparticle () Solid-state Al
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than that of the solid-state Al. Therefore, the exothermic reac-
tion rate is expected to accelerate after Al melts. When the
aluminizing time extends to 30 min, only a small exothermic
peak appears before Al melts, which is smaller than that of the
nanothermites for 20 min aluminization. This can be attributed
to excessive Al (Fig. S1b¥) for a complete fill-up in the space of
the film skeleton. If the Al layer is too thick, it will restrain the
solid-solid reaction between Al and Coz;O, based upon the
results of a previous study.”® When Al starts melting, the reac-
tion will be accelerated remarkably with high intensity for
a steep exothermic peak in the DSC thermography, which can
also be explained as mentioned above. In order to study the
effect of the aluminizing time on the DSC results, the heat
release before and after Al melts, and total heat release of the Al/
Co3;0,4 nanothermites film are listed in the Table S1.f When the
aluminizing time is 20 min, the exothermic performance of the
nanothermites film is favorable with a heat release upto 1740.4 J
g~ '. The maximum heat release accounts for 49.0% of the actual
theoretical value of 3548.9 J g~

3.2 Ignition performances of micro-energetic igniters

On the basis of the above studies, a novel micro-energetic chip
has been realized by the replacement of the glass slide substrate
with a SCB chip array. The micro-energetic igniter is manufac-
tured by the encapsulation of a micro-energetic chip into
a ceramic chamber, as shown by a schematic illustration in
Fig. 1. The SCB microigniter is also fabricated without inte-
grated nanothermites using the same encapsulating method to
compare with the micro-energetic igniter. In order to study the
effects of nanothermites film on SCB, the two igniters have been
stimulated by a capacitor discharge to be recorded with fire
images by a high-speed camera. A series of high-speed
photography images are shown for the SCB microigniters
(left) and micro-energetic igniters (right) which are discharged
in 47 pF and different voltages (30, 40, 50 and 60 V) (Fig. 10). The
point-in-time of each first collected picture is considered as an
initiation of two igniters. The sampling frequency is 30 000
frames per second in test with no more than 33.33 ps of the

After Al melting

[~ Liquid-state Al O reaction interface

Fig. 9 The schematic illustrations for exaggerated perspectives to demonstrate reaction interfaces before and after Al melts.

This journal is © The Royal Society of Chemistry 2018
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maximum error. In comparisons of the images in Fig. 10b with
6f, the maximum spark height of the micro-energetic igniter is
6.3 mm, which is 2.6 mm higher than the maximum value of the
plasma generated by the SCB microigniter. Not only its spark
duration of 66.67 us is longer, but also spark area is larger than
the corresponding value of the SCB microigniter. Moreover,
similar comparative results can be found at all other voltages.
The videos of two igniters, which are discharged in 47 uF/50 V,
are recorded in the ESL{ At this discharge voltage, the
maximum spark height in this work is estimated about 8 mm,
which is 0.4 mm higher than that of similar work in the same
ignition condition.*® However, the spark duration is shorter
than the value of that work. The main reason for this result is
that the self-propagating reaction does not occur for the Al/
Co3;0, nanothermites film.

The boosted spark should be attributed to the integration of
the Al/Co3;0,4 nanothermites film on the SCB bridge area. The film
is ignited to form flying particles under the action of a weak shock
wave from the high temperature plasma that is generated by the
SCB. Subsequently, the thermite reaction of Al with the flying
particles of Co30, in the air produces a large spark and great
energy. In addition, both the spark height and duration increase
with increasing voltage, as analyzed detailedly in the ESL}

In order to further verify the ignition abilities of two igniters,
gap tests have been conducted to fire the pyrotechnic Zr/Pb;0,
using a capacitor discharge stimulation. The high temperature
plasma generated by a SCB fires pyrotechnic through micro-
convection in accordance with the ignition mechanism,* but

View Article Online

Paper

this process is strongly influenced by the gap size. After the Al/
Co030, nanothermites film are integrated onto the surface of
SCB, the thermite reaction between Al and the flying particles of
Co30, in the air uplifts the output energy. The initiation gap of
the micro-energetic igniter reaches to 3.7 mm, whereas the SCB
microigniter is able to initiate the pyrotechnic when the gap is
not more than 0.7 mm. It indicates that the ignition ability of
the micro-energetic igniter is stronger than that of SCB micro-
igniter. As an enhanced ignition-transduction component, the
micro-energetic igniter is promising to be applied in a gap
ignition system to improve the safety level.

In order to investigate the instantaneity and ignition energy
of the igniters, the voltage and ignition energy (calculated from
current) of two igniters during the process of ignition have been
recorded by a high-speed digital storage oscilloscope. The
ignition time is defined by the second voltage peak where the
plasma starts to form (see Fig. S2 of ESIf) while the ignition

ot
energy is calculated by the formula of E:J UIdt.** Corre-
0

sponding data are listed in Table S2 and S3,} respectively, and
plotted in Fig. 11. Here, the ignition energies of the two igniters
are almost same in Fig. 11b, which should be contributed to the
fixed size, density and atomic weigh of the polysilicon bridge area.
As a consequence, the liquefaction and vaporization energies are
not expected to be changed too much.* Therefore, the ignition
energy of the micro-energetic igniter is supposed not to be
affected by the nanothermites film and discharging voltage. The
ignition time curves of the two igniters are almost too close to

(e)
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Fig. 10 The high-speed photography images of the SCB igniters (left frame) and micro-energetic igniters (right frame), which are discharged in
47 uF at (a, ) 30V, (b, ) 40V, (c, g) 50 V and (d, h) 60 V, respectively. In the (g) and (h) images, the sparks are too high to show entirely.
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Fig.11 (a) The ignition time and (b) corresponding ignition energy of the SCB igniter and micro-energetic igniter discharged in 47 uF at 30, 40, 50

and 60 V, respectively.

overlap in Fig. 11a. It indicates that the Al/Co;0, nanothermites
film has no distinct influence on the high instantaneity and low
firing energy of the micro-energetic igniter.

4. Conclusions

The Al/Co;0, nanothermites film has been successfully
prepared to be a uniform and interconnected 3DOM structure,
in which a 3DOM Co;0, skeleton is densely coated by a nano-
scale Al layer. Owing to a large contact area and short mass
transfer distance between fuel and metal oxide, the nano-
thermites lead to a low onset temperature, which makes it
possible to be ignited by a hot plasma. The 20 min aluminiza-
tion could be favorable for the ratio adjustment of Al in order to
optimize the exothermicity of the nanothermites film. Based
upon the excellent Al/Co;0, nanothermites, we have developed
a novel micro-energetic igniter by the integration of the Al/
Co3;0, nanothermites film with a SCB chip. The thermite reac-
tion of the nanoscale Al layer with the Co;0, skeleton makes the
spark height, duration and area of micro-energetic igniter all
much greater than these of the corresponding SCB micro-
igniter. As a result, the micro-energetic igniter can fire Zr/Pb;0,
in a large gap of 3.7 mm. Furthermore, the high instantaneity
and low firing energy of the micro-energetic igniter are still
maintained under the integration of the Al/Coz;O, nano-
thermites film. Such strengthened ignition technology is suit-
able for a noncontact ignition and quite promising to be applied
in military and civilian fields, especially in MEMS systems, e.g.
micropropulsion and microcombustor devices.
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