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Laser Systems for Distant Monitoring of Nanopowder Combustion
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Abstract—The paper discusses the application of laser illumination and brightness amplification
techniques for studying the process of high-temperature combustion of aluminum and iron nanopowders
and their mixtures. The laser equipment for visualization based on solid-state laser illuminator,
brightness amplifier on copper bromide vapors and high-speed camera is considered. These approaches
allow the increase of monitoring distance to 50 cm, which is important for high-temperature processes
imaging. The video images allow studying the surface morphology changes during high-temperature
combustion identifying the main stages of combustion, spreading of the heat waves and cooling.

1. INTRODUCTION

Nowadays the keen interest of scientists is concentrated in the nanoparticle industry, connected
with materials combustion [1]. Particularly, aluminum-based materials obtained by high-temperature
combustion of nanopowders in air offer a number of interesting and potentially high impact commercial
opportunities [1-9]. Combustion of aluminum and iron nanopowders and their mixtures proceeds at
temperatures above 2000°C and is accompanied by a bright gloving and the scattering of combustion
products in some cases [10, 11]. Moreover, the combustion of nanopowders is a fast process with a flow
rate of a few millimeters or centimeters per second. These factors make it difficult to study combustion
using visual methods.

Opportunities for observing high-temperature high-speed processes, in particular, nanopowder
combustion processes, appear with the use of laser radiation and high-speed video recording [10-17].
When an observation object is illuminated by narrow-band laser radiation, a part of the radiation is
reflected from the surface. If the intensity of the reflected radiation is higher than the intensity of the
flame, it can be filtered and recorded by the camera [11]. If the intensity of the reflected radiation is
comparable to the radiation of the flame, it should be amplified in brightness, and then recorded.

Gaseous metal vapor active media have unique characteristics such as narrow natural bandwidth
of amplification, high single pass gain, high pulse repetition frequency, operation in the visible spectral
region, high average power and ability to control laser radiation parameters [18-26], which make them
appropriate for use as brightness amplifiers in laser monitors. These imaging systems allow observation
through the flame or plasma and visualization of the processes shielded by intensive background lighting.
In particular, they can be used to perform diagnosis of the substance surface burning with high intensity
of light emission during the combustion or plasma induced processes [10-12,27-30]. For the first time,
an active optical system with brightness amplification was used to study the aluminum nanopowder
combustion in [12].

In this work, we discuss the application of laser illumination and brightness amplification for
studying the process of high-temperature combustion of aluminum nanopowder and its mixture with iron
nanopowder. In particular, the laser equipment for visualization based on solid-state laser illuminator,
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brightness amplifier on copper bromide vapors and high-speed camera is considered, and the results of
combustion visualization are presented.

2. EXPERIMENTAL DETAILS

During the experiments, the nanopowder in the form of the sample of rectangular elongated shape
was placed on a 4 mm thick aluminum substrate. The sample weight was more than 3 g to provide the
combustion duration enough for visual diagnostics. The samples had approximately the same dimensions
20 x 5 x 3mm? (0.3 cm? volume) and were prepared manually using the mold. Therefore, the density of
the sample was ~ 10g/cm®. We studied the combustion of pure nanoAl powder and nanoAl+nanoFe
mixture in the percentage volume proportion of 60/40. The particle size distribution of the powders
was close to the logarithmic normal with the maximum of 80 nm for Al nanopowder and 110 nm for Fe
nanopowder. Fig. 1 presents the photomicrographs of the initial nanoAl and nanoFe particles obtained
using a scanning transmission electron microscope Jeol 2100. Fig. 2 shows the typical view of the initial
samples and combustion products. We can see that nanoAl+nanoFe powder has a distinct dark color
compared to nanoAl powder. Moreover, the presence of iron gives a yellow color to the combustion
products.

The temperature during the combustion of aluminum-based mixtures can reach 2500°C and cause
the intensive broadband light emission according to the Wien’s displacement law. This intensive
background lighting interferes the visual monitoring. Figs. 3 and 4 present the frames of video recording
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Figure 2. The typical view of the initial samples of (a) nanoAl and (b) nanoAl+nanoFe, and the
combustion products of (¢) nanoAl and (d) nanoAl+nanoFe.
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Figure 3. Frames of the nanoAl combustion imaging in its own light at different moments of time,
relative to the moment of ignition start.

Figure 4. Frames of the nanoAl+nanoFe mixture combustion imaging in its own light at different
moments of time, relative to the moment of ignition start.

of nanoAl and nanoAl+nanoFe combustion in its own light. We see that the combustion ignition and
burning of nanoAl run smoothly and evenly (Fig. 3). Combustion of nanoAl4+nanoFe mixture runs
almost similar to the combustion of nanoAl with the exception of the initial stage. There is a thermal
explosion at the beginning (Fig. 4). The recording of the combustion in its own light (without laser
monitor or laser illumination) was realized by means of USB digital camera ELP-USBFHDO1M-MFV.
To prevent the camera saturation, a low-pass filter was installed.

Direct recording of combustion in its own light allows to judge the process generally but does not
allow to study the surface of the sample, especially during the second high-temperature stage. In order
to visualize the surface of the sample, it is necessary to provide that the light reflected from the object
surface be much more intense than the light emitted by the flame of the burning sample. The flame
emits intense radiation in a wide spectral region, while the spectral brightness of the flame is orders
of magnitude less than the spectral brightness of the laser. Therefore, to visualize the surface of the
burning sample, we propose to use laser illumination and laser monitoring. The surface of the aluminum
nanopowder has a reflection of ~ 10%, the reflection of the surface of the nanoAl+nanoFe mixture is
~ 2%. Thus, when using laser illumination, it is necessary to ensure bright enough for the camera to
register the image on the one hand, and to exclude the influence of the illumination radiation on the
ignition and combustion on the other hand. Unlike laser illumination, a laser monitor is a projection
microscopic system that gives magnification allowing micro details visualization. In addition, this system
amplifies the brightness of the image, allowing recording significantly lower reflected radiation.

The first laser techniques used in our work was using a compact laser monitor built based on the
laboratory-made copper bromide brightness amplifier. Fig. 5 shows the scheme of the laser monitor.



88 Li et al.

11 10 9
8
12 -||-| “ | —
(] “  —
£ SYNC LOCK T
< 15 LK 46
TRIG T

14
13 @ 17
DATA

Figure 5. Scheme of the laser monitor. 1 — igniting laser, 2 — mechanical shutter, 3 — lens, 4 —
object, 5 — stage, 6 — concave mirror, 7 — lens, 8 — brightness amplifier, 9 — gray filter, 10 —
objective, 11 — band-pass filter, 12 — high-speed camera, 13 — PC, 14 — start button, 15 — control
unit, 16 — pumping circuit, 17 — pulse generator, 18 — USB-camera, 19 — objective, 20 — band-pass
filter.

12

e

Figure 6. Scheme of imaging using laser illumination. 1 — illuminating laser, 2 — mechanical shutter,
3 — beam expander, 4 — diffuser, 5 — object, 6 — stage, 7 — protecting glass plate, 8 — band-pass
filter, 9 — objective, 10 — high-speed camera, 11 — PC, 12 — start button.

The gas-discharge tube of the brightness amplifier had the aperture of 1.5c¢m and the length of the
active area of 50 cm. The tube generated 20-pJ pulse amplified spontaneous emission (ASE) at 510.6
and 578.2 nm wavelengths operating at 20 kHz pulse repetition frequency. The image of the object 5 in
this scheme was formed by a concave mirror 6 and lens 7 (Fig. 5). It was amplified by the brightness
amplifier § and recorded by a high-speed camera 72. We used monochrome camera Photron Fastcam
SA1, which was operated in external sync mode to provide synchronization with the pulses of ASE.
Camera triggering was provided simultaneously with opening of the mechanical shutter. Objective
10 with filters 9 and 11 served for image scaling and attenuation. The mirror-based scheme of laser
monitor was suggested in [31], we proposed a scheme of a laser monitor in which the image was formed
by a mirror and an objective carried out the coupling with a high-speed camera. To focus the radiation
on the object of study, we used a mirror with a radius of curvature of 3m. The use of a 1-meter focal
length lens 7 made it possible to collimate the beam of ASE, reducing the focal length of the projection
system up to 0.5 meters and diameter of the observation area up to ~ 4 mm. The nanopowder sample
was placed on the stage equipped with a linear translator to adjust the focus of the system. The
observation area of the laser monitor envelops the place of laser ignition.

The ignition of the combustion process was provided by 532 nm continues wave radiation of DPSS
laser. According to [32], ablation and ignition should occur at a certain threshold fluence. The threshold
value for 532 nm radiation was 50 MBT of continuous wave radiation focused on the sample by 9.5 cm
focus lens. Therefore, the ignition was conducted by the average output power 200 mW focused on the
sample to provide the certain combustion ignition. It was enough to provide the certain combustion
ignition from one side, and did not lead to ablation from the other side.
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The second scheme of high-speed imaging used in this work was the scheme with laser illumination.
We used the scheme with laser illumination early with 532 nm wavelength and 5 mW power continuous
DPSS laser in [11]. It was shown that the method of visualization with external laser illumination is
good for panoramic view of the processes. It allowed estimating roughly stages and velocity of processes,
and characterizing the behavior of the sample combustion. The drawback of the technique used in [11]
was a speckle structure of images. The size of speckles reached ~ 0.2 mm and did not resolve the detailed
study of the sample surface. In the present work, we increased the illumination power to 50 mW and
installed x10 beam expander to provide the uniform illumination of the sample surface. Fig. 6 shows
the scheme of imaging with laser illumination. An open fire from a match ignited the combustion. The
532nm band-pass filter with 10 nm bandwidth was used to block the wideband background lighting of
the flame. We used the same monochrome camera in these experiments, which was operated in internal
sync mode.

3. RESULTS

The frames of the high-speed imaging of the combustion process of nanoAl and nanoAl+nanoFe powder
mixtures using the laser monitor are shown in Figs. 7 and 8. In Figs. 9 and 10 we present the frames
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Figure 7. Frames of the nanoAl combustion imaging obtained by the laser monitor at different moments
of time from the ignition start.

Figure 8. Frames of the nanoAl+nanoFe mixture combustion imaging obtained by the laser monitor
at different moments of time from the ignition start.
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Figure 9. Frames of the high-speed imaging of nanoAl combustion obtained with laser illumination at
different moments of time from the ignition start.

Figure 10. Frames of the high-speed imaging of nanoAl+nanoFe combustion obtained with laser
illumination at different moments of time from the ignition start.

of the high-speed imaging of the combustion process of the same powders using laser illumination. In
comparison with [10,11], the area of observation of laser monitor in the present work is larger. It
allows monitoring the agglomerate formation; however, it is not well suited for low-temperature stage
control. Because of the additional optical element present in the scheme, we have Newton’s rings
disturbing the observation of the first combustion stage which accompanied by slight surface changing
only. The advantage of this scheme is revealed in study of the second high-temperature combustion
stage. Brightness amplification fully suppresses the intensive background lighting emitted by the burning
sample allowing the control of the surface reflection. As a result, even small changes like deepening,
dimples, or bulges are possible to be detected. The laser monitor scheme can be designed with the proper
magnification, required for the particular task. In [10], the agglomerates with the size of 5-30 pm were
observed with Navitar DO-5095 objective lens. The laser monitor in the present work resolved the
agglomerates observation with the size more than 25 um.

External laser illumination in combination with narrow-band filtering also makes it possible to
suppress the intense background lighting of the burning sample. However, it is extremely difficult to
see the first wave of combustion of aluminum nanopowder or its mixture with iron nanopowder. This
is because the filter is chosen so as not to light the camera matrix up during the entire combustion
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process. In fact, the filter is chosen for the brightness of the second high-temperature wave of
combustion. In addition, on the first combustion stage, the reflection coefficient and surface morphology
of aluminum nanopowder changes only slightly [10], and it is difficult to distinguish these changes
without brightness amplification. The advantage of the laser illumination method is the possibility of
panoramic observation of the entire sample, which is important for getting general information about
the nature of combustion. The aluminum nanopowder burns evenly to form the smooth structure of
white color (ideally). Combustion of the mixture of nanoAl+nanoFe spreads in separate bands, resulting
in a yellowish structure with white stripes. In this case, the ignition method significantly affects the
appearance of the sample and the behavior of combustion. When using laser ignition in the central
part of the sample, a ring of aluminum-containing products is formed at the ignition site (Fig. 2(d)).
When being ignited by open fire at the edge, the product structure is striped. The white stripes are
products of combustion of aluminum nanopowder; yellow ones are products of the combustion of iron
nanopowder.

In contrast to the laser projection system with brightness amplification, the laser illumination
method does not provide complete suppression of background lighting, which makes it possible to
estimate visually the surface temperature. Observing the burning of aluminum nanopowder in this way,
the bright glow in the cracks is noted, which indicates a higher temperature inside them (Fig. 8). The
front of the second wave of combustion also has a higher temperature. Observing the combustion of
nanoAl+nanoFe mixture, the bright luminescence at the moments of flashes at the beginning of the first
wave of combustion (0.5 second in Fig. 9), in the cracks and at the combustion front, draws attention.

4. CONCLUSION

The results of monitoring the high-temperature combustion of nanoAl and nanoAl+nanoFe powders are
presented. Observing with laser illumination, we can monitor the whole sample and observe structural
surface changes. During combustion of aluminum nanopowder, we can estimate the propagation velocity
of the first and second combustion waves, the shape of the combustion front in different parts of
the sample, the appearance and propagation of cracks associated with the formation of agglomerates
of combustion products and the shrinkage of the surface. During the combustion of a mixture of
nanoAl+nanoFe, combustion heterogeneity is clearly observed, leading to the formation of strips with
different structures on the sample surface. The shape of the combustion front for the nanoAl4+nanoFe
mixture differs from the shape of the combustion front of nanoAl. The catalytic effect of the addition
of iron nanopowder and the combustion rate of aluminum nanopowder when adding iron nanopowder
increased from 8.6 to 10.6 mm/sec should also be noted.

The video images obtained with a copper bromide laser monitor allow monitoring the main stages of
the combustion process including starting of combustion, spreading of the heat waves and cooling. The
laser monitor combines a microscopic scheme, an illuminator, and a narrow-band brightness amplifier.
Due to this, laser monitors allow investigation of the object surface despite the intensive background
lighting. This allows more detailed observation of the agglomeration of products during combustion, the
appearance of cracks and discontinuities. When combining the observation area with the laser ignition
area, the laser monitor allows observing the ignition process. The laser monitor is a narrow-band system,
so the igniting laser radiation does not affect the images of the laser monitor, no matter how bright the
igniting radiation is.

Application of a mirror-based scheme has the advantage of observing the surface of burning
materials at a considerable distance from the optical elements (50 cm in this work). It makes this system
suit for observing the combustion of thermite mixtures and others accompanied by the scattering of
products. For the complex analysis of the combustion processes, it is suggested to use both techniques.
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