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Abstract: The thermochemical properties of Al micropowder after exposure to microwave irradiation
were investigated. The Al micropowder was exposed to microwave irradiation in air with a frequency
of 2.85 GHz, a power density of 8 W/cm?, and a pulse duration of 25 ns and 3 us. The thermochemical
parameters of the irradiated metal powders were determined by the method of thermal analysis at
the heating in air. It was found that an increase in the duration of microwave pulses and irradiation
time leads to the thermal annealing of the metal particles, and the thermal processes of melting and
sintering begin to dominate over non-thermal processes. The specific thermal effect of irradiated Al
micropowder oxidation increases from 7744 J/g to 10,154 J /g in comparison with the unirradiated
powder. The modeling of thermal heating processes of aluminum (Al) micropowder under the action
of pulsed microwave radiation has been performed. It is shown that with an increase in the duration
of microwave pulses and irradiation time, a significant heating of the Al micropowder occurs, leading
to its melting and sintering. The results of modeling on the action of microwave radiation on the Al
micropowder were compared with experimental results.
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1. Introduction

Metal powders are used in a wide range of industrial applications including 3D print-
ing technologies [1], additive technologies [2], pyrotechnics [3], and ceramics production [4].
Increasing the reactivity of metal powders in various processes contributes to lower en-
ergy costs and saving resources [5]. At present, in order to give the metal powders the
required properties, they are modified mainly by introducing various chemical additives
into them [6,7], by changing their dispersity by mechanical activation [8], or the particle
shape by spheroidization [9]. The significant disadvantages of such methods of powder
modification are the contamination of the original powder with other chemicals, or a
change in the shape of the particles and the distribution of powder particles by diameter.
Recently, a number of works have been published aimed at studying, and the technological
application of continuous microwave radiation for the melting and sintering of metal
powders [10-12]. The exposure of various materials to microwaves is accompanied by
dielectric heating and resonance absorption due to rotational excitation, while microwave
heating of metals occurs predominantly due to the magnetic field based loss effects [11,13].
In this regard, in order to simulate thermal processes in metal powders when exposed
to microwave radiation, a mathematical apparatus was developed, which is described
in detail in the works [10,14]. In addition, it was experimentally found that under the
action of short-pulse microwave radiation, metal powders change their thermochemical
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properties [15,16]. The temperature at the beginning of the oxidation of aluminum powder
decreases, the specific heat of oxidation increases, and the degree of oxidation when heated
in air increases after exposure to microwave radiation with a frequency of 9.4 GHz and a
power density of 80 W/cm? [15]. On the other hand, it was shown that with an increase in
the duration of microwave pulses and irradiation time, the thermal heating and annealing
of the protective oxide shell on the surface of aluminum particles occur, which leads to a
decrease in the specific thermal effect of oxidation. Moreover, the physical processes of
non-thermal nature in micro- and nanopowders of aluminum and iron were observed, and
the difference in the processes under the action of microwave irradiation on powders was
explained by the different structure of the oxide shells of particles of aluminum and iron
powders [16]. Thus, the use of short-pulse microwave radiation is a promising direction for
the purposeful modification of metal powders without the introduction of any additives
and without changing the dispersion.

For the further development of the method for modifying powders by short-pulse
radiation, a theoretical assessment of the thermal heating of the powder is a fundamentally
important problem. In this case, it is necessary to determine the regimes of pulsed action
under which there is no significant heating of the powder, leading to its melting and
sintering. This will make it possible to effectively use pulsed microwave radiation for
modifying metal powders by non-thermal radiation interaction mechanism.

This work aimed to carry out a theoretical estimation of the thermal effect of pulsed
microwave radiation on aluminum micropowder and determine the boundary duration of
a microwave radiation pulse, less than which it is still possible for non-thermal processes
to take place in the irradiated powder. One more goal was to verify the theoretical estimate
of the microwave pulse duration, at which the transition from non-thermal processes in the
irradiated powders to thermal ones occurs.

2. Materials and Methods
2.1. Materials

For the experimental study of the microwave radiation effect on the thermochemical
parameters of metal powders, the industrial micron aluminum (Al) powder obtained by the
melt spray [17] was chosen. Figure 1 shows scanning electron microscopy (SEM) images of
the studied metal powders.

(b)

Figure 1. SEM images of Al powder: (a) General view, (b) High magnification.

The particles of Al micropowder are not sintered and coated with a stable oxide shell
consisting only of a monovalent oxide [18]. The mean surface diameter of particles is 6.5 um.

2.2. Method

The experimental setup for studying the effect of microwave radiation on the prop-
erties of metal powders is shown in Figure 2. It consisted of the following parts: the mi-
crowave radiation source (1), which based on the magnetron oscillator; the antenna-feeder
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system, which included ferrite valve (2), directional coupler (3), waveguide channel (5); the
horn antenna (7); the anechoic chamber (6) with the absorption coefficient of electromag-
netic radiation 26-27 dB; the oscilloscope DS 091204 A (4) for control and measurement of
pulse parameters. The object of research was a thin layer of Al micropowder (thickness
of ~2 mm) (8) located on the dielectric substrate (9) made of aluminum oxide. Aluminum
oxide is transparent material for short-pulse microwave radiation. The layer of Al microp-
owder was placed in the working area of the chamber at a distance of up to 0.5 m from the
horn antenna.

——3p| Oscilloscope

Microwaye Ferri Directional
radiation erlrlte g
source SRV B
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chamber anienna
Radiation

W
. Object
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Figure 2. Scheme of an experimental setup for studying the effect of microwave radiation on
metal powders.

The PO-1 meter (PO Box M-5664, Nizhny Novgorod, Russia) was used to measure
the power flux density in this work. The oscilloscope DS 091204 A (Agilent Technologies,
Inc., Santa Clara, CA, USA) was used for measurements of pulse duration. The surface
temperature of the powder samples was monitored using a thermal imager Fluke TiR10
(Fluke Corporation, Everett, WA, USA). The samples were treated with microwave radiation
in two modes, the parameters of which are presented in Table 1. The duration of microwave
irradiation was 5 s.

Table 1. Experimental conditions.

Power Flux Density Frequency Pulse Repetition Rate

Mode (W/em?) Pulse Duration (GHz) (Hz)
1 8 25ns 2.85 25
2 8 3us 2.85 25

2.3. Characterization

The irradiated samples of metal powders were characterized by studying their ther-
mochemical parameters [19,20]: the oxidation onset temperature T,y (°C); specific thermal
effect of oxidation AH (kJ/mol); the degree of oxidation « (%). The differential thermal
analysis (DTA) was performed with a heating rate of 10 °C/min, from 20 to 1200 °C in air
using SDT Q600 thermogravimetric analyzer (TA Instruments, New Castle, DE, USA).

3. Estimation of Thermal Effects of Short-Pulse Microwave Radiation

The estimation of the thermal effect of pulsed microwave radiation on Al powder
was performed for the case of a plane electromagnetic wave incident on a powder layer,
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and heating this layer with it. The amplitude of the incident wave in the calculation
corresponded to the power flux density in the experiments (80 W/cm? for 9.4 GHz (X-
band) radiation and 8 kW /cm? for 2.85 GHz (S-band) radiation). Al micropowder with
the following parameters was chosen as a model powder: mean surface particle diameter
d = 6.5 pm, dielectric layer thickness I = 0.03 pm, and particle volume fraction p = 0.6.

The thickness of the powder layer was taken to be ~A/4 (0.44 and 1.27 mm for the
frequency of 9.4 and 2.85 GHz, respectively), so that the intensity profile along the layer of
irradiated powder was approximately uniform,

The electromagnetic wavelength is much larger than the average particle diameter
of Al micropowder (~6.5 um), as a result the wave can penetrate much deeper into the
powder layer than in the case of bulk aluminum metal. Thus, the aluminum powder
layer can be considered as a dielectric layer with average values of the magnetic and
dielectric permittivity s and e, The effective medium method was used to calculate
these values, used to describe the macroscopic properties of composite materials from metal
powders [10]. For instance, according to this method, the value of ¢,y is defined as follows:

(D) = %/‘/D(r)dr: %/Vs(r)E(r)dr:sefon. (1)

where (D) is electrical induction averaged over the volume V of the particle, Ej is external
electric field strength, D(r), E(r), €(r) are the local values of the electrical induction, electric
field strength and dielectric constant.

To calculate the effective parameters of metal powders, expressions that take into
account the effect of the oxide film on the parameters were taken [21]:

Hp — Heff Hg — Heff
P -t~ )
pﬂp + 2ptefs Mg + 2peff
€p — Eeff €g — Eeff
_ =0 3
p€p+2€eff + P €g+288ff ®)

The values of e and pi. are found by solving Equations (2) and (3), where
up = poko, €p =e2b, (4)

1—(n/n)’FE . 1—(e/e2)k

F=2 , = 5
2T Ty (r1/72)°F¢ ' 2+ (e1/e2)Fo ©)
—ycosy +siny
F =
o) 2ycosy—siny+yzsiny ©)
For highly conductive non-magnetic metals:

=1+i)r/s, 6= 2 (7)
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Here r; is the radius of the metal core of the particle, ; is the particle radius, &1 and &
are the dielectric permeability of the metal core and oxide film, ¢; and 4 are the dielectric
and magnetic permeability of the powder gas medium, ¢ is the skin depth of the metal
core, gy and Ly are the electrical and magnetic constants, ¢ is the electrical conductivity of
the metal core, w is the frequency of the radiation, i is the imaginary unit. According to
the # 7 equation, the calculated skin depth J for the Al particles at given frequencies are
3.84 um (2.85 GHz) and 2.09 um (9.4 GHz), respectively. The dielectric permeability for the
oxide film of the Al particles was taken as e, = 10 + 0.01i [22].
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The calculated effective parameters for the Al powder at given frequencies are shown
in Table 2.

Table 2. The calculated values of the dielectric and magnetic permeabilities of Al micropowder at
various frequencies.

Frequency, GHz Heff €off
2.85 0.49 + 0.20i 777.80 + 0.88i
9.40 0.37 + 0.14i 777.84 + 0.94i

Table 2 shows that the greatest contribution to the heating of the medium is made by
the electric component of the field. However, according to the data in Table 2, the values
of the coefficient ¢,y for the frequencies of 2.85 GHz and 9.4 GHz are almost the same.
Therefore, the treatment of Al micropowder by microwave radiation of these frequency
ranges will lead to the same intensity of heating of the powder.

Using the finite-difference method, the temperature distribution along the powder
layer was calculated after irradiation with two types of pulses: 9.4 GHz with a duration
of 3 us (Figure 3a) and 2.85 GHz with a duration of 25 ns (Figure 4a). The temperature
boundary condition was taken to be T = 20 °C. The heat distribution along the powder
layer is calculated from the following expressions:

Q2) = Qe(2) + Qu(z) = gr (eegs" [e(2) + sy I (2)) ©)

h(z) = hy exp(—iwt + ikz) + hy exp(—iwt — ik(z — d)) (10)

e(z) = %hl exp(—iwt + ikz) + %hz exp(—iwt — ik(z — ) (1)
By = 2]’10(1 + ‘ueffw/ck) (12)

(1+ yeffw/ck)Z —(1- yeffw/ck)Z exp(2ikd)
2ho(1 — pesrw/ ck) exp(ikd)
hy = — 5 5 : (13)
(1 + pefrw/ck)” — (1 — ppppw/ ck)” exp(2ikd)
k= %\/seffl/‘eff (14)
It can be seen from Figures 3b and 4b that the pulse duration should not exceed 150 ps
for the X-band (9.4 GHz) and 3 us for the S-band (2.85 GHz). With a longer pulse duration,
the powder temperature will reach the aluminum melting point and will lead to powder
sintering. Thus, these values of the pulse length are the boundary values of the duration
microwave pulses at which nonthermal processes take place. Obviously, the processes of
non-thermal nature in the powder particles can occur with a longer pulse length, but due
to the heating, melting, and sintering of the powder the processes of non-thermal nature
will not appear.

Figures 3¢ and 4c show the characteristic cooling time of the Al powder after exposure

to microwave radiation; it does not exceed several seconds.
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Figure 3. Thermal effect for microwave radiation of 9.4 GHz (X-band): (a) temperature distribution
along the quarter-wave layer of the powder; (b) temperature dependence on the pulse duration;
(c) temperature cooling dependence on time under the absence of irradiation.
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Figure 4. Thermal effect for microwave radiation of 2.85 GHz (S-band): (a) temperature distribution
along the quarter-wave layer of the powder; (b) temperature dependence on the pulse duration;
(c) temperature cooling dependence on time under the absence of irradiation.

4. Thermal Analysis Results

To verify the theoretical estimate of the microwave pulse duration, at which the
transition from non-thermal processes in the irradiated powders to thermal ones occurs,
the Al powder was experimentally treated with microwave radiation with the frequency of
2.85 GHz and the pulse duration of 25 ns and 3 ps.

Figure 5 shows the thermogram of Al micropowder after exposure to microwave
radiation with the frequency of 2.85 GHz and the pulses duration of 25 ns.

651.7°C Residue: |
0.182°C-min/mg N——9.782mg |
(187.1%) |
651.7°C Sl
o 233.5Jlg Y% . I

5 I
5 02+-10
555.8°C e Tl
84 O i [
5 1.042°C-min/mg o E"’
£ o 2
£ 557.6°C 2°C § 04415 3
o [ w
g 1231J/g : =
7 § I 4
[
S 0620
3 '3
6 I
L~ -08--25
_ . I
 008279mg  0.4295mg / 021.4°C \\\/goozoc »
=l X —_— 3.653°C-min/mg 8923J/ig T -
) 200 400 600 800 1000 1200
Exo Up Temperature (°C)

Figure 5. Thermogram of Al micropowder after exposure to microwave with a pulse duration of 25 ns.

According to the results of thermal analysis, after exposure to microwave irradiation
with a pulse duration of 25 ns, the specific thermal effect of Al micropowder oxidation
increases by 31.1 £ 1.8% (up to 10,154 J/g) in comparison with the unirradiated powder. In
this case, the onset temperature of powder oxidation decreases to ~346 °C, and the content
of sorbed water slightly increases (up to ~1.5%). A similar result was obtained when the
Al powder was irradiated with microwave radiation at the frequency of 9.4 GHz and the
pulse duration of 3 us [16]. The increase in the specific thermal effect of oxidation in [16]
was explained by the increase in the permeability of the oxide shell to the oxidizer due to
ionization processes in the particle core under the action of microwave radiation and its
electrostatic charging. There was also a partial reduction of the metal in the oxide shell, the
dissociation of water on the particle surface, and the formation of a double electric layer
with pseudocapacitance.

Figure 6 shows the thermogram of the Al micropowder after microwave irradiation
with the frequency of 2.85 GHz and the pulse duration of 3 us. According to the theoretical
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estimation, at this pulse duration, the thermal effect of microwave radiation is significantly
appeared in the powder.
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Figure 6. Thermogram of Al micropowder after exposure to microwave radiation with a pulse
duration of 3 ps.

According to thermal analysis data, the increase in the specific thermal effect of
oxidation (from 7744 J/g to 7872 ] /g) of the Al micropowder was less than the error of
the method (less than 1.6%). The onset temperature of oxidation decreased by 20 °C (to
~460 °C) in comparison with that of the unirradiated powder. Thus, this indicates that
the processes of aluminum reduction in the oxide shell began to occur in the powder. At
the same time, there was no significant decrease in the onset temperature of oxidation,
probably due to the beginning of the powder thermal annealing and the accompanying
oxidation of the reducing aluminum. In addition, the amount of sorbed water decreased to
0.8 wt%, which also indicates the beginning of thermal annealing of the powder.

It is believed that electroexplosive metal nanopowders, due to the high nonequilibrium
of their production processes, contain a certain amount of the so-called “excess energy”,
which some researchers also call “stored energy” [23,24]. In [24], the authors show that the
stored energy effect is a thermodynamically highly nonequilibrium state of a material, as a
result of which its chemical activity can vary by many orders of magnitude. The authors [24]
also conclude that, in addition to the “stored energy” associated with nonequilibrium
conditions for obtaining nanopowders and the high curvature of their surface, they can
additionally store energy due to various defects using hard high-energy effects (neutron
irradiation, gamma-ray radiation). The mechanisms of stabilization of a part of the radiation
energy in a substance and its subsequent relaxation in the form of “excess” or “stored
energy” require further study. In [25,26], we studied the effect of synchrotron radiation
and the effect of an electron beam on the thermochemical characteristics of aluminum
nanopowder, and showed a significant increase in the thermal effect.

5. Conclusions

According to theoretical estimates, there is no significant thermal heating of the Al
micropowder when it is exposed to microwave radiation with a frequency of 2.85 GHz
and a pulse duration of 25 ns. Consequently, the powder annealing does not occur during
irradiation. Under microwave radiation with such short pulse duration, only non-thermal
processes may occur. At the pulse duration of 3 s, the effect of heating the powder by
microwave radiation begins to appear in Al micropowder, thus, thermal annealing of the
powder begins. This result is in good agreement with the experimental data.
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According to the experimental results of our previous work, at the pulse duration of
3 us and the microwave radiation frequency of 9.4 GHz, the thermal effect of Al microp-
owder increases. There is no significant heating in this exposure mode, according to the
theoretical estimations carried out in this paper. Based on the comparison of the estimation
results with the experimental results on the effect of microwave radiation on Al powder
obtained in this work, as well as those obtained earlier, short-pulsed irradiation is most
effective for modifying the physicochemical properties of micron aluminum powder. With
an increase in the duration of microwave pulses and irradiation time, thermal annealing of
aluminum particles occurs, and the thermal processes of melting and sintering begin to
dominate over non-thermal processes, which was found experimentally in this work and
explains the previously obtained results.

The results obtained in this work show that the use of pulsed microwave radiation, sim-
ilarly to the use of the electron beam and synchrotron radiation, makes it possible to solve
the problem of modifying dispersed metals to give them new functional properties—energy
storage and changes in the structure of the passivating shell. The stored energy in irradiated
metal powders makes it possible to increase the energy of inorganic synthesis processes
by combustion, sintering, oxidation, and combustion processes, due to an additional
exothermic effect associated with the release of stored energy.
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