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Particles combustion of interaction of a microwave pulse of a gyrotron

with a mixture of metal/dielectric powders
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As a result of interaction under normal conditions in an air atmosphere of a microwave pulse of a gyrotron

with a mixture of Al/Al2O3 powders, ceramic particles of morphology microprocesses are synthesized. A

variant of a multi-stage process for the development of physical and chemical processes in a reactor, taking

into account ignition. After the end of the microwave pulse, a cloud is observed consisting of hot aluminum

oxide particles and burning aluminum particles. A certain influence of the combustion process of aluminum

particles on the products of plasma-chemical synthesis. The paper also determines the average velocity of particles

from the powder mixture, the burning time of aluminum particles, the surface temperature of the particles of

the powder mixture, and the temperature of the gaseous medium in the upper part of the plasma-chemical

reactor.
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Introduction

Physicochemical processes occurring during heteroge-

neous combustion of micro- and nanoparticles make it

possible to synthesize materials with new mechanical, ther-

modynamic, catalytic, and electromagnetic properties [1].
Of particular interest are the combustion reactions of metals

in various oxidizing media with the formation of oxides,

spinels, and nitrided particles [2].

The method of flame-spray pyrolysis (flame-spray py-

rolysis, FSP) in a gaseous [3–4] environment, in which

particulate aerosol is atomized through a burner flame or

plasma torch, is widely used. In such studies, plasma with

high gas temperature up to 104 K is generated by a high-

frequency field or electric arc in the gas flow. During

the time of particle interaction with the plasma plume —
a few ms — the particle has time to undergo phase and

morphological changes.

The main mechanism of particle formation and modifi-

cation in FSP is the process of evaporation of a small-

scale fraction of metallic particles and condensation of its

vapors on larger oxide or metallic particles [5]. When

oxidizing medium (oxygen, air) is used as a plasma-

forming gas, processes of ignition of metal particles occur

after passing the high-temperature area of the plume.

As a result, instead of evaporation, the particle surface

begins to oxidize with additional energy release, which

can significantly affect the thermo-physical parameters of

particle fusion. Therefore, it is necessary to accurately

determine the characteristic ignition times of the particles

and plasma treatment in experiments conducted in an

oxidizing medium.

Our previous works [6–8] were devoted to high-

temperature synthesis of substances in the interaction of

metal-dielectric powders with pulsed gyrotron radiation.

The synthesis conditions were similar to FSP, we observed a

layer dense enough for a low-temperature plasma (electron
density ne > 1014 cm−3) with a gas temperature of more

than 3000K, with which flying powder particles interacted

for more than 1ms. Most of our experiments with an open

upper boundary were performed in a nitrogen atmosphere

at reduced pressure, or in an air atmosphere.

When synthesized by the method presented in this work,

complex metal-dielectric particles are formed, which are

widely used in the chemical industry when used as catalysts

in various reactions involving liquid organic hydrogen

carriers. However, when particles are synthesized in an

oxidizing medium, combustion products of the initial metal

particles may be observed in the reaction products, which

will reduce the amount of synthesized material, thereby

affecting the activity of the particle-catalysts in chemical

reactions.

In the present work, we decided to investigate the ignition

and combustion of aluminum metal particles, to obtain gas

temperature values in the upper area of the reactor where

the influence of the plasma discharge is minimal, and to

perform optical measurements inside the plasma-chemical

reactor in order to obtain additional information on the

stages of plasma-chemical synthesis and on the influence

of the combustion process on the synthesis products.
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1. Materials and technique of experiment

The presence of both metal and dielectric is necessary for

the development of discharge in our experiments. Mixture

Al/Al2O3 was chosen based on the known extensive

research on the ignition and combustion of aluminum parti-

cles [9]. The high-temperature phase α-Al2O3, was chosen

as the oxide to avoid additional chemical transformations.

In experiments, a mixture of powders of metallic alu-

minium at a concentration of 20% of the total mass of

1.54 g and α-phase aluminium oxide powder was used.

The powders consisted of micron-sized aluminum particles

(GOST PA-4, linear particle size from 1 to 100µm, purity

99.5%), and aluminum oxide (nominal particle diameter

up to 50µm, purity 99.8%). The shape and size of the

particles were further investigated using a scanning elec-

tion microscope (EVO 10 from GmbH Zeiss Microscopy

(Jena, Germany)) (Fig. 1). Most aluminium particles are

irregularly shaped, whereas aluminium oxide has a spherical

shape with sharp protrusions of submicron size.

The experimental setup (Fig. 2) consists of a powerful

pulsed gyrotron, a plasma chemical reactor where particle

synthesis takes place, microwave diagnostics and optical

diagnostics consisting of a set of spectrometers, a photode-

tector and fast cameras.

1.1. Gyrotron

The plasma chemical reactor uses pulsed microwave

radiation from a gyrotron to initiate the synthesis of

new particles. Gyrotron (manufacturer GICOM, Nizhny

Novgorod, Russia) generates microwave radiation at a given

frequency of 75.0 GHz with a power up to 600 kW, the

duration of one microwave pulse can be set from 1 to 20ms.

The beam intensity distribution at the output window of the

gyrotron is approximated by a Gaussian. After the output

window of the gyrotron, the microwave radiation enters the

100 mm

Al O2 3 Al

Figure 1. SEM images of initial aluminum and aluminum oxide

particles in α-phase

.
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Figure 2. Experimental setup for plasma chemical synthesis

of substances by interaction of microwave gyrotron pulse with a

mixture of powders: Microwave detectors recording incoming (in),
passed (tsm), and reflected (re f ) radiation power, SP-1 and

SP-2 — spectrometers, ADC — analog-to-digital converter

.

tap, where a small part of the microwave power of the

beam is reflected to the diagnostic detector (mw in, Fig. 2).
The tap is a quartz cube with a mica quarter-wave plate

placed in the center at an 45◦ angle. After passing the tap,

the beam hits the mirror and is focused onto the bottom

window of the reactor. The diameter of the Gaussian beam

arriving at the bottom quartz plate of the reactor is 5 cm.

After the reactor, the microwave radiation enters a section

with ceramic absorbers, in the center of which is located

a microwave detector of the elapsed radiation (mw tsm,

Fig. 2). In the case of discharge initiation, part of the

microwave energy of the beam will be reflected towards the

beam into the tap, from where it will fall on the microwave

detector of reflected radiation (mw re f , Fig. 2).

1.2. Reactor

The plasma chemical reactor includes two units. The first

unit consists of a duralumin hexagonal housing with a height

of 100mm with a cylindrical cutout in the center with a

diameter of 120mm, in the bottom and top of the housing

there are quartz windows for input and output of the

microwave pulse of the gyrotron. The two side faces of the

casing have optical quartz windows 35mm in diameter, one

of which does not transmit ultraviolet radiation (< 300 nm),
as well as two nozzles for gas inlet and pumping.

The second unit is a quartz cylindrical tube with a height

of 70mm and a diameter of 70mm and a quartz substrate

with a cut-out concentric slot for fixing the cylinder. The

initial mixture of powders is poured onto a quartz substrate,

closed with a quartz cylindrical tube and pressed by means

of a Teflon ring inside the block 1.
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2. Diagnosis

2.1. Microwave diagnostics

To determine the incident and reflected microwave beam

power, three D-407 microwave sensors (mw detector, Fig. 2)
are used, which operate in linear mode. The microwave

radiation power arriving at each measuring detector does

not exceed 10−4 W.

2.2. Optical diagnostics

Under our conditions there are two characteristic areas:

near the powder surface, where the plasma discharge is

maintained, and at the top of the reactor, where the flying

particles are located, so in the present work we used two

spectrometers, one aimed at the bottom of the reactor in

the area of the upper surface of the SP-1 powder mixture,

and the other — in the upper part of the SP-2 reactor.

Using SP-1, we estimate the temperature of particles

in the powder backfill during microwave irradiation and

plasma discharge irradiation [10,11]. The particle surface

temperature is estimated using Planck’s method. The

spectral intensity of particle thermal emission is described

by the formula

I = εC1λ
−5/[exp(C2/λT ) − 1],

where ε — spectral emission coefficient,

C1 = 37418W·µm4/cm2, C2 = 14388µm·K, λ —
wavelength, [µm], T — object temperature, [K]. If

the maximum temperature of the object falls within the

Wien area C2/λT ≫ 1, the formula is converted:

ln(λ5I) − ln(εC1) = −C2/(λT ).

When using the
”
grey“ model of the ε(λ, T ) = const

body, the particle surface temperature will be determined

by the slope of the straight line in the guilt coordinates.

For particles in volume, we will be interested in the gas

temperature of the flame of burning aluminium particles, the

emission from which is mainly due to rotational-vibrational

transitions in the two-atom molecule AlO. For this purpose,

we calculate the intensity of the AlO molecular bands for

the transition B2
−X26 (460−530 nm) and fit the calculated

spectrum to the experimental spectrum by varying the

temperature using the least-squares method [12,13]. The

emission intensity in the molecular band I j′ j′′ is found by

the formula

I j′ j′′ = Cem
SJ′,J′′qv′,v′′

Qrotv ′
(vJ′,J′′)4e−F ′J′hc/kTrot e−G′v′hc/kTvib ,

where Cem — emission factor, SJ′,J′′ — Holn-London

factor, qv′,v′′ — Franck-Condon factor, vJ′,J′′ — vibrational

transition wave number (v ′, v ′′), Qrot — rotational statistical

function, F ′ and G′ — vibrational and rotational terms, Tvib

and Trot — vibrational and rotational temperatures.

A photodetector with a wavelength range of 300 to

550 nm located near the side window of the reactor was

used to determine the integral luminosity inside the reactor

over time. The bandwidth of the photodetector in the

experiments was 80 kHz.

The photo detector and microwave sensors were con-

nected to an ADC (ADC1250, Pulse electric) with a

sampling rate of 50MHz and a bit rate of 12 bit.

The particle scatter is captured on a Phantom VEO710

high-speed camera operating at 7,400 frames per second

and shutter speeds up to 1µs. The chamber is located at

a distance of 50 cm at an angle of 60◦ relative to the plane

of the upper window of the reactor. In our geometry, the

scale of the image is 185µm/px. To obtain particle velocity

projection information, the images were processed using an

original program based on the principle of superimposing

two images and tracking the bi-dimensional autocorrela-

tion peak shift of the selected area for two consecutive

superimpositions. A Contrastech MARS640-815uc fast

color camera operating at 500 frames per second was also

installed at the same location to visualize the processes

taking place in the reactor throughout the experiment.

3. Results and discussion

The experiment consisted of 15 consecutive microwave

pulses of 300 kW power and 6ms duration, the powder

backfill was not replaced throughout the experiment. Char-

acteristic images were chosen to describe the processes

inside the reactor, which correspond to the general picture

of the dynamics of discharge development and particle dis-

persion throughout all experiments. Fig. 3 shows sequential

photographs taken from the color fast camera. The time

interval between frames is 2ms with a shutter speed of

500µs. Since the camera has no synchronization with

the beginning of the UHF pulse, the T0 time corresponds

to the first frame after the beginning of the UHF pulse.

The blue color (λ < 500 nm) is characteristic of the initial

stage of discharge development on the surface of the

metal-dielectric powder mixture regardless of the mixture

composition. The emission spectrum in this case consists

of aluminum atomic lines and molecular bands N2, CN,

O2, and continuum. As the powder is heated, the intensity

of thermal emission increases, as well as the emission of

alkali metal lines (NaI, KI), which corresponds to bright

yellow emission (λ > 550 nm). In the frame corresponding

to 60 ms after the start of the first frame, the yellow cloud

of moving particles inside the quartz cup of the reactor is

clearly visible. A sharp luminescence boundary is observed,

which disappears with time of the order of 120ms. The

characteristic time of particle cooling down, when there are

no bright spots in the image, is of the order of 200ms.

At camera exposure time 5µs (Fig. 3, b1−b4), the

beginning of discharge development can be observed. At

time T0, a spot with a diameter of 30mm is observed to

glow. After 2ms the luminescence intensity increases and

the size of the luminous spot area reaches 50mm, which

corresponds to the diameter of the microwave beam. It
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Figure 3. a1−a4 — luminous cloud of scattered particles in the air atmosphere (exposure time — 500 µs); b1−b4 — development of

discharge over the powder surface during the microwave pulse (exposure time — 5ms).
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Figure 4. a1−a4 — luminous cloud over the surface of the powders during the microwave pulse (exposure time — 5µs); b — image

synthesized from 250 sequentially superimposed frames from 6 to 38ms after the onset of the microwave pulse

.

can be observed that when the microwave pulse ends at

the moment T0 + 6ms, the plasma discharge is no longer

sustained.

Fig. 4 shows footage captured with a Phantom VEO710

high-speed camera with 133µs exposure and a capture rate

of 7300 fps. Pixel intensities are hardware enhanced to bet-

ter represent particle motion. The camera is synchronized

with the onset of the microwave pulse. In 500µs−2ms

after the onset of the microwave pulse, a local bright point

appears on the frames, from which the luminous cloud

expands in all directions. From the point of discharge

initiation, the particles start to fly away, while the plasma

layer continues to form over the surface of the powder

mixture. Full formation of the plasma layer occurs 2ms after

discharge initiation. Particle dispersion is predominantly

vertical. From the tracks of particles (Fig. 4, a1−a4) we

can estimate their mean ascent velocity, which ranges from

2 to 5m/s. In this case, the intensity of the pixels is not

related to the intrinsic luminescence of the particles, but is

proportional to the time from the beginning of the pulse, so

that the darkest points correspond to 6ms and the brightest

to 38ms.

Fig. 5 shows a view of the time dependence of the

microwave detector voltage (tsm) for the elapsed microwave

power component and the photodetector for each of the 15

pulses, scaled relative to 2V (right coordinate axis). In

Technical Physics, 2023, Vol. 68, No. 9
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.

addition, Fig. 5 shows the time dependence of the surface

temperature of the SP-1 powder mixture. The obtained

spectra from the lower(SP-1) and upper (SP-2) parts of

the plasma-chemical reactor, normalized to the maximum

intensity in a series of pulses and corrected for the sensitivity

of each spectrometer, are shown in Fig. 6, 7.

Based on the experiments performed and the results

obtained, the following conclusions can be drawn. The

whole particle synthesis process can be divided into three

characteristic phases, which are defined by key physico-

chemical processes (phase A, B and C in Fig. 5). All times

are from the beginning of the microwave pulse.

Phase A (0−1ms) is characterized by physical processes

only: absorption and scattering of microwave energy

on powder mixture particles, initiation of surface plasma

discharge.

The signal drop of the past microwave detector (tsm)
is due to the absorption of microwave beam power in

the plasma discharge. The characteristic delay time before

discharge initiation is of the order of 500µs for the first

7−8 pulses. The increase in the delay in the other pulses is

due to the processes of reduction of the metallic phase in

the powder mixture, due to which a longer pulse duration

is required to fulfil the conditions of discharge ignition.

Heating of the powder mixture starts at the centers of

discharge initiation and spreads throughout the powder

(Fig. 3).

The phase B (1−6ms) is characterized by active physic-

ochemical transformations: melting of powder mixture

particles, ignition of metal particles, transfer of matter

between individual particles.

After initiation of the discharge it is necessary time for

heating of powder particles, which we can estimate by the

beginning of growth of the photodetector signal, which on

average lags by 500µs from the beginning of absorption of

microwave energy in the discharge. During this time, the

surface temperature of the powder mixture reaches values

between 1850 and 1950K. These temperatures are well

above the melting point of aluminium 950K, but remain

less than the melting point for aluminium oxide 2310K.

However, it is known that the phase transition temperature

can be underestimated if nanoparticles [14] are heated.

Thus, the temperature maximum in the powder can be

limited by the processes of vaporization of the metallic

phase and melting of the oxide phase. From 3ms after

the beginning of microwave pulse, the complete absorption

of microwave power of gyrotron (Fig. 5) is observed up

to the end of pulse, it means that the whole energy of

microwave pulse can be transferred to powder mixture

through plasma discharge. At the same time, the particle

surface temperature starts to decrease as the absorption

of radiation in the discharge increases. In such a case,

the only way to cool the powder mixture is to fly the

particles from the upper layers. Accordingly, in the process

of maintaining the discharge, we can distinguish two areas:

the first contains the discharge and the powder mixture,

and the second — the heated particles flying out. In this

case, heated metal particles after overcoming the discharge

area fall into a strongly oxidizing medium, which in our

experiment is air at atmospheric pressure. The metal

particles are ignited in this environment. The characteristic

calculated flame temperature of aluminium particles (Fig. 8)
in the upper part of the SP-2 reactor corresponds to the

range from 3500 to 4000K both during and after the end

of the microwave pulse.

In contrast to the original particles, the particles inter-

acting with the discharge consist mainly of either rounded

Al2O3 particles (Fig. 9, b, c), or agglomerates of oxide and

metal microparticles (Fig. 9, a). The size of metal inclusions

in the agglomerates ranges from 1 to 10µm.

Since no metallic particles outside the agglomerates

were detected in the synthesis products, we conclude

that almost all of the flying aluminium particles undergo

ignition.

The characteristic combustion products of aluminium

particles are translucent spheres (Fig. 9, b), on the surface of

which cracks in the oxide shell are also observed (Fig. 9, c),
the size of such particles is comparable to the size of the

original aluminium particles and ranges from 10 to 80µm

(Fig. 9, b, c).
Particle combustion is a negative factor affecting the

amount of synthesis products. In this case, particle

combustion is an exothermic reaction, which in turn

can contribute to the melting of metal particles to form

agglomerates (Fig. 9, a). In order to show that the

energy put into the plasma discharge is sufficient to

melt aluminium particles, we make the following esti-

mate.
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The specific energy transferred by a microwave pulse

during 6ms for a 50mm diameter beam is E = 37.5 J/cm2.

Let us take into account that the microwave energy

absorption in the powder mixture is small because most

of it is made up of aluminium oxide particles.

Then the power invested in the discharge will corre-

spond to the power in the microwave beam. To heat

one aluminium particle of diameter 10µm from 300 to

950K, taking into account the constancy of density, heat

capacity and phase transition energy during melting, it

is necessary to expend an amount of energy equal to

3 · 10−6 J. Let us assume that the coefficient of conversion

of microwave energy into thermal energy by means of

plasma discharge corresponds to 0.1 (this value is chosen

on the basis of works [15,16]), then in recalculation of

microwave beam energy on the cross-section of the particle

Technical Physics, 2023, Vol. 68, No. 9
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we obtain the value of the invested energy equal to

1.8 · 10−6 J, which by order of magnitude corresponds to

the necessary energy for complete melting of the aluminium

particle.

Since particle motion is observed in our experiment,

it is also necessary to estimate the formation of metal

microdroplets on the oxide surface resulting from the

crushing of large (more than 10µm) aluminium droplets

as they rise vertically through the Weber and Ognesorg

number ratio. The viscosity and density for aluminium at

a melting point of 950K can be taken from the work [17]
for a liquid aluminium particle of diameter 10µm moving

in a medium of temperature T < Tmel at a velocity of

5m/s. The calculated value of Weber number is We ≪ 1

with Ognesorg number Oh = 0.004. Consequently, a large

droplet undergoes only slight deformations [18] (an increase

in linear size of less than 5%) and cannot break into smaller

droplets.

Technical Physics, 2023, Vol. 68, No. 9
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The phase C (> 6ms) is characterized by relaxation of

combustion processes and radiative cooling of particles in

the reactor.

After the microwave pulse, the signal intensity from

the photodetector decreases exponentially and is less than

10% of the maximum intensity at 14−20ms after discharge

initiation. This can be explained by a decrease in the fraction

of burning particles, resulting in a decrease in the intensity

of molecular bands, which is also confirmed by the results

of the SP-2 spectrometer (Fig. 7). The reduction time of the

photodetector signal, the intensity of molecular bands on

SP-2, and the integrated intensity on the high-speed camera

frames correspond to a time range of 10 to 20ms.

These times correspond to the duration of combustion

of aluminium particles of size 10−100µm in the air

atmosphere, which, according to [9], ranges from 10 to

100ms. It is also worth noting, that at this point, the

calculated flame temperature has a value above 3000K,

which also indicates that the particles continue to burn in the

upper part of the reactor. After 100ms only heated oxide

particles remain in the upper part of the reactor, which can

hang in the volume for some time, precipitate on the walls

of the quartz cup, or return to the surface of the powder,

forming a new top layer.

Conclusion

The interaction process of microwave gyrotron pulse with

a mixture of Al/Al2O3 powders under normal conditions in

an air atmosphere has been experimentally investigated. All

stages of development of this process — from initiation of

plasma discharge to particle dispersal are considered.

The ignition effect of micro-sized aluminium particles in

interaction with a plasma discharge was found. It is shown

that the conditions of particle ignition in our experiment

weakly affect the temperature and duration of combustion.

The combustion products of aluminium, which return to

the surface after dispersal, reduce the amount of initial metal

in the powder mixture, which affects the initiation of the

plasma-chemical discharge by reducing the amount of metal

particles.

The particles interacting with microwave radiation consist

mainly of more rounded compared to the original particles

Al2O3 (10−80µm). It was shown that among them,

characteristic products of aluminium combustion in an air

atmosphere were found to be hollow translucent spheres

with the presence of cracks in the oxide shell. In addition,

large particles (more than 200µm) of complex shaped

aluminium oxide with micro-sized inclusions of metallic

aluminium (less than 10µm) located on its surface were

found.
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