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Abstract

Chemical heat integrated power systems are of great interest for space missions where solar
energy, nuclear energy, and batteries are not available or are not practical to use. A new concept
of a power system is a metal combustor coupled with a chemical oxygen generator, where the
generated oxygen infiltrates through the metal powder or combustion products. The combustion
of lithium and magnesium powders under these conditions has not been studied yet. The present
work investigates combustion of magnesium powder and stabilized lithium metal powder (SLMP)
ignited by a laser inside a closed chamber filled with O, or CO,. It also includes experimental
studies on the reactions of SLMP with O, and CO, by using non-isothermal and isothermal
methods of thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).

The combustion of Mg and Li powders in vertical quartz tubes at natural infiltration of
oxygen has been demonstrated at atmospheric or lower pressure. It has been shown that laser
ignition of either powder leads to a counterflow combustion wave at low conversion. This process
is followed by a backward coflow combustion wave or, in some tests with Li, by a continued
reaction of the entire sample. In CO,, self-sustained combustion did not occur, apparently because
of formation of byproducts that hinder CO, transportation to the reaction zone.

During oxidation in both O, and CO, environments, Li powder reacted mainly after
melting, leading to the formation of hollow spheres. Oxidation by O, to Li,O involves transition
from a slow to a faster stage, which is explained by formation and decomposition of Li,O,. In CO,,
Li is first oxidized to Li,O, which is then converted into Li,COj;. High-pressure DSC has shown

that the increase in pressure from 10 to 30 bar promotes the conversion of the sample into Li,COs.
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Chapter 1: Introduction

As the solar system exploration rapidly increases, the technological development or
enhancement of power systems to sustain space missions is required. Specifically, where solar
energy is not available, and batteries become impractical to use. Nuclear energy is also not ideal
due to restrictions associated with launching and costs. As a result, there is a growing interest in
chemical heat integrated power systems (CHIPS) which rely on chemical reactions to provide heat
and power to spacecraft. One example of this technology is a power system in development with
the goal of surviving a cold and long lunar night, which uses lithium (Li) and sulfur hexafluoride
(SF¢) as the reactants [1-3]. This system is approximated to have a specific energy of 14.6 MJ/kg
of the reactants. Another example is the batch reactor that utilizes the reaction of lithium and
carbon dioxide (CO,) in order to produce power and to cool down a Venus lander [4]. An important
aspect that can bring more interest into this technology is the use of in situ resources, such as CO,
as an oxidizer, which leads to a higher specific energy of the system.

Recently, it was proposed to use lithium and magnesium (Mg) powders as metal fuels to
react with oxygen in order to provide large amounts of heat and power relying on a process
commonly called “filtration combustion” and used for synthesis of transition metal nitrides and
hydrides. In this process, a gaseous reactant infiltrates to the reaction zone through the bed of the
initial metal powder or the combustion products, thus enabling self-sustained propagation of the
combustion wave over the metal powder. However, the filtration combustion of lithium and
magnesium has not been studied yet. The present work focuses on the experimental validation of
the filtration combustion of Mg and Li powders in O, and CO, environments inside a closed
chamber. The process relies on the natural infiltration of the gaseous oxidizer due to a pressure

gradient that forms as a result of consuming the gas in the reaction zone.



As the oxidation process of the metal is fundamental to understand the combustion process,
the present work also includes experimental studies on the reactions of lithium with O, and CO,.
Recently, the oxidation kinetics of magnesium has been studied by non-isothermal and isothermal
methods of thermogravimetric analysis (TGA), which determined the apparent activation energy
and kinetic models of spherical and irregularly shaped Mg powders [5]. However, there are no
data on the oxidation of a stabilized lithium metal powder (SLMP), which recently became
commercially available. The present work investigates the oxidation of this powder in O, and CO,
by non-isothermal and isothermal TGA and differential scanning calorimetry analysis (DSC) at
atmospheric pressure. In addition, since the atmospheric pressure near the surface of Venus is as

high as 92 bar, the effect of pressure on the Li-CO, reaction is studied using high-pressure DSC.



Chapter 2: Infiltration-controlled Combustion of Magnesium for Power Generation in
Space
2.1 INTRODUCTION

Solar arrays and radioisotope thermoelectric generators have been used extensively to
generate power in space missions. However, many of the currently designed missions cannot rely
on these power sources, and batteries cannot replace them because of low specific energy and
limited lifetime. There is a growing interest in power systems based on the heat of exothermic
chemical reactions (the so-called chemical heat integrated power systems [1-3]). Many fuel-
oxidizer combinations have a very high specific energy as compared to those of the best batteries.
However, only some of them satisfy another important criterion: easy storage, which requires the
solid or liquid state of the reactants under normal conditions. If dense reactants can be stored for a
long time with no loss of energy, the system will have a great advantage over batteries. In addition,
since only part of heat can be converted to electric power, the combustion-based system will be
especially attractive for space missions where there is a need not only for electric power but also
for heat to maintain the required temperature regime in the lander or spacecraft.

The feasibility of using solid reactive mixtures for heat generation in power systems has
been explored previously. Specifically, the researchers studied combustion of Ti/C, Ti/B, and
Fe,03/Ti0,/Al/C mixtures, which exhibit exothermic reactions between the components and have
specific energies of 3.1,4.0, and 3.2 MJ/kg, respectively [6-8]. The advantage of this approach is
the solid state of the reactants and products. However, the specific energies of the mixtures are
relatively low. The state-of-the-art primary battery technology provides 200 — 300 Wh/kg (0.72 —

1.08 MJ/kg) [1-3]. Taking into consideration the thermal efficiency of the heat-to-electricity



conversion and the mass of structural components, the combustion of these mixtures would
provide less electric energy than modern batteries could.

One promising combustible system with condensed reactants is lithium and sulfur
hexafluoride (Li — SF¢). This system has been used in underwater propulsion systems to provide
heat for the Rankine cycle [9]. SFs can be stored as a saturated liquid with a vapor pressure of 22
bar at 294 K [10]. The reaction produces condensed compounds LiF and Li,S, which occupy less
space than the lithium did. The Li-SF; system has a rather high specific energy, 14.1 MJ/kg [11].
Recently, it has been proposed to use it as an energy source in Venus and Europa surface missions
[10-11] as well as in a lunar night survival mission [1-3]. Specifically, the lithium, stored as a
solid, will be melted before the operation and either react at the surface or pulled by capillary
forces over the wick toward the gas-phase reaction zone. The condensed compounds will sink in
the molten Li, so they will not impede the process. Note that any design for the Li-SFs system
involves gravity, which is absent or very small in many space applications.

An alternative approach is to use the combustion of metal powders with oxygen, which
could be stored in chemical oxygen generators. These devices (also called solid-state oxygen
generators, self-contained oxygen generators, or oxygen candles) are widely used in aircraft,
submarines, space stations, and fire safety applications. Chemical oxygen generators usually
contain sodium chlorate (NaClOs) or lithium perchlorate (LiCl1O,) as the oxygen source and small
amounts of a metal fuel (typically iron), a catalyst, and other ingredients [12]. They do not require
any maintenance during a long (many years) lifetime. The use of chemical oxygen generators in

long-term space missions appears to be advantageous over compressed gaseous or liquid oxygen

[13].



The combustion process in the proposed concept is the so-called filtration combustion of
metals [14, 15]. It is envisioned that a cylindrical reactor is filled with a combustible metal powder,
and a gaseous reactant is fed into the reactor from one end (“forced infiltration” [15]). The
combustion wave propagation is initiated by ignition at either the same end or the opposite one.
The former leads to the coflow regime, where the oxidizing gas infiltrates through the combustion
products, while the latter leads to the counterflow combustion, where the gas infiltrates through
the initial powder. The system can include several heat-generating cartridges, each with a chemical
oxygen generator and a metal combustor, to provide power during a long mission.

Among the potential metal fuels, magnesium appears to be a promising one. The overall

reactions of NaClO; and LiClO, decomposition and Mg oxidation are described by the equations:

3 Mg + NaClO3 — 3 MgO + NaCl @2.1)

4 Mg + LiCl04 — 4 MgO + LiCl 22)

The specific energies of Mg-NaClO; and Mg-LiClO, systems are 10.3 and 11.9 MJ/kg,
respectively, i.e., they are not much lower than that of the Li-SF; system (here the enthalpies of
formation at standard conditions were taken from [16] for NaClO3 and from [17] for the other
compounds). Since the Pilling-Bedworth ratio (the ratio of the volume of a metal oxide to the
volume of the metal from which the oxide is created [18]) is 0.81 for Mg in oxygen, the magnesia
(MgO) produced by its combustion will occupy less space than the initial Mg powder did, which
enables the coflow regime and does not require additional space in the reactor. The high melting

point of MgO, 2852 °C, indicates that the combustion products will not be melted or sintered into



an impermeable mass, which would preclude the coflow combustion. For comparison, aluminum,
while advantageous energetically, has a Pilling-Bedworth ratio of 1.28, and the melting point of
ALO; is only 2072 °C.

The filtration combustion has been used for self-propagating high-temperature synthesis
(SHS) of various metallic and nonmetallic nitrides and hydrides [14.15]. An important criterion in
filtration combustion is the ratio of the characteristic time of infiltration to the characteristic time
of reaction. If the infiltration is slow, the combustion wave can propagate only if the amount of
the reactive gas in the pores is sufficient for at least partial conversion. In practice, SHS of nitrides
was conducted at pressures over 1000 bar to have sufficient nitrogen in the pores [14,15].

Modeling of the filtration combustion has revealed interesting behaviors such as
counterflow combustion with incomplete conversion of the solid reactant followed by the
backward propagation of a second combustion wave [19-21], splitting of the reaction front into
two separately propagating fronts [22-24], superadiabatic combustion temperatures [24,25], and
spinning combustion waves [26,27]. Such phenomena have also been observed in the experiments.
For example, counterflow combustion of a tantalum powder with nitrogen at pressures of 20 — 100
bar resulted in a second combustion front propagating backward [28]. It should be noted, however,
that in many modeling and experimental papers, the initial gas pressure in pores was sufficiently
high for complete conversion (of the order of 1000 bar). In the proposed combustors for space
power systems, the gas pressure is relatively low and the infiltration should be sufficiently rapid
to provide enough gas for the reaction. The combustion under these conditions has been studied
less.

The objective of the present work was to investigate the combustion of a magnesium

powder at “natural infiltration” [14], where the gas pressure in the environment is low and oxygen



penetrates because of the pressure difference caused by the consumption of oxygen in the reaction
zone. If the combustion at such a low pressure difference is possible, it can be expected that

combustion in practical devices with forced infiltration of the gaseous oxidizer will be effective.

2.2 MATERIALS AND METHODS

A magnesium powder (99.8% pure, =325 mesh) was obtained from MilliporeSigma. The
morphology of Mg particles was examined with a scanning electron microscope (SEM Hitachi S-
4800). Figure 2.1 shows the SEM images of the particles. It is seen that particles have an irregular

shape.

R PR

Figure .1: SEM images of the Mg particles.

Figure 2.2 shows the particle size distribution of the powder, determined using a laser
diffraction particle size analyzer (Microtrac Bluewave) and isopropyl alcohol as a liquid carrier.
The statistical parameters of the powder distribution are 31 pm, 23 pm, and 28 um for the volume

mean diameter, the Sauter mean diameter, and the median diameter, respectively.
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Figure 2.2: Particle size distribution of the Mg powder.

The bulk density of each sample was determined by measuring the mass and volume of the
powder in the quartz tube before the experiment. The obtained values of the porosity were in the
range from 68.3 to 73.6%. The variations of the bulk density and hence porosity were unavoidable
in the used method of loading the powder into the tube. Densification of the powder in the tube
using a shaker (Gilson SS-28 Vibra Pad) decreased the porosity to about 60%. However, in the
experiments with the densified powder, only the top layer of the powder burned. Therefore, all
combustion experiments reported here were conducted with the powder that was not densified.

The combustion experiments were conducted in a laser ignition setup, previously used for
experiments with reactive mixtures [29-32]. The setup includes a stainless-steel vacuum chamber
(volume: 11.35 L) connected to a vacuum pump and a compressed gas cylinder. It is equipped
with two window-door ports and two windows, one of which was made of sapphire to enable

infrared video recording. The ignition system includes a CO, laser (Synrad Firestar ti-60), an



infrared beam of which (wavelength: 10.55 — 10.68 ym, diameter: 2.0 + 0.3 mm) enters the
chamber vertically through a zinc selenide window in the lid. The power of the beam was measured
with a powermeter (Synrad PW-250) and controlled by a laser controller (Synrad UC-2000), while
the duration of the laser pulse was set using LabVIEW (National Instruments) software connected
to the laser controller. In the experiments reported in the present paper, the power of the beam after
passing the zinc selenide window was 32 W, while the laser pulse duration was 125 ms.

The experiments were conducted in O, (purity 99.994%, Airgas) at absolute pressures of
330 — 675 Torr (44 — 90 kPa). Higher pressures were not tested because the chamber was not
designed to exceed the atmospheric pressure (about 90 kPa in El Paso, TX). The absolute pressure
in the chamber was measured by a Pirani capacitance diaphragm vacuum gauge (Inficon PCG554).

Quartz tubes (inne’r diameter: 7 mm, outer diameter: 9 mm, length: 50 mm) were used to
hold the Mg powder during the experiment. The tube was installed vertically in a stainless-steel
holder, several alumina tubes (length: 10 mm, outer diameter: 1.0 and 1.6 mm) were installed
vertically at the bottom of the quartz tube, and a thin layer of thermal insulation paper (Fiberfrax)
was placed on top of the alumina tubes to support the metal powder. The alumina tubes were used
to locate the bottom of the powder sample above the top of the steel holder so that the whole
sample could be seen. The quartz tube was then filled with the tested Mg powder to a bed height
of approximately 38 mm, and the holder with the tube was installed on a brass pedestal inside the
chamber. The infrared beam of the CO, laser was aligned with the center of the top end of the
sample using a red beam of a laser diode pointer (Synrad), pre-aligned with the infrared beam.

Before the experiment, the chamber was evacuated and filled with argon three times. Then,

the argon was evacuated until the absolute pressure decreased to 1 — 1.5 Torr, and the chamber



was filled with O, at the desired pressure. This procedure resulted in an O, mole fraction of 0.998
—0.999 for 90 kPa and 0.995 — 0.997 for 44 kPa.

The combustion process was recorded at 500 fps with a high-speed camera (Vision
Research Phantom v1210), equipped with a lens for macro shooting (Nikon AF Micro NIKKOR
60 mm {/2.8D). An infrared video camera (FLIR SC7650E, spectral range: 1.5 — 5.1 um) was used
to observe the propagation of a thermal wave when no visible light was emitted as well as to
provide additional information on the propagation of combustion waves. The calibrations of the
camera for 0-300 °C and 300-1500 °C were used, and the recording was conducted at 50 fps.

In several experiments, one to three thermocouples (Chromel/Alumel, type K, wire
diameter: 80 um, Omega Engineering) were used to measure the temperature in the sample during
the combustion process. The thermocouples, located in two-channel ceramic insulators (outer
diameter: 1.24 mm, Omegatite 450, Omega Engineering), were inserted into the powder
perpendicularly to the axis through the holes drilled in the quartz tube. The gaps between the
ceramic insulators and quartz as well as the channels in the insulators were sealed with an
electrically resistant ceramic adhesive (2800°F-RESBOND 919, Cotronics). The thermocouples
were connected to a data acquisition system (National Instruments USB-9211) for recording at
100 Hz.

The extent of conversion was determined by the measurements of the initial and final
masses of the sample with a balance, assuming that the extent of conversion is equal to 1 when the
ratio of these masses is equal to the ratio of molar masses of Mg and MgO (in the tested powder,
the mass of the oxide film is negligible compared to the mass of the particle). The combustion

products were analyzed with the aforementioned scanning electron microscope.
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2.3 RESULTS AND DISCUSSION

Figure 2.3 shows images of a typical combustion process at 90 kPa. In the first image (Fig.
2.3a), the laser heats the top layer of the powder. After the ignition, the combustion front
propagates downward, but only over a short distance. Figure 2.3b shows where the front stopped.
The quenching can be explained as follows. With the abundant O, near the top surface, the
combustion of the top layer generates very high temperatures (the adiabatic flame temperature of
the stoichiometric Mg/O, mixture well exceeds the MgO melting point, 2852 °C). This leads to
the melting and sintering of underlying Mg particles into an impermeable layer, which was
confirmed by analysis of a quenched sample. The combustion of the top layer sucks oxygen from
the pores between the underlying particles, but at the tested gas pressures, the amount of oxygen
in the pores is very small, so the combustion is ceased quickly. Since the pressure inside the sample
dropped, oxygen penetrates into the tube through a gap between the tube and the holder, and then
through the supporting structure at the bottom of the tube. The pressure difference pushes the
powder upward, and a gap appears between the powder and the supporting material (Figs. 2.3b

and 2.3¢).
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Figure 2.3: Combustion of Mg powder in oxygen at 90 kPa. Time is relative to the laser pulse.

Meanwhile, a heat wave propagates downward over the powder and the quartz tube. This
propagation is clearly seen in the infrared images shown in the top row in Figure 2.4. It should be
noted that the infrared recording in the present work was not used for the determination of actual
temperatures, the emissivity was simply assumed to be 1, and the temperature values shown in
Fig. 2 4 differ from the actual temperatures. The temperature rise at the bottom leads to the ignition
in the gap (Fig. 2.3d). Next, the combustion wave forms and slowly propagates upward (Figs. 2.3e
and 2.3f) until it reaches the top layer of the sample, which has already been oxidized. The upward
propagation of the combustion wave is also clearly seen in the infrared images (Fig. 2.4, the bottom

Tow).
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Figure 2 .4: Infrared images of heat propagation after laser ignition (top row) and after ignition at
the bottom (bottom row) during combustion of Mg powder in oxygen at 90 kPa.

Analysis of the infrared video records clearly shows a spinning propagation of the
combustion front upward: the zone of the highest temperature travels along a helical path. This
indicates an oscillatory instability of the planar front. It is known that, depending on the dimensions
and geometry of the sample, the oscillatory instability of the planar combustion wave can result in
different propagation modes such as one-dimensional pulsations, a spinning wave, and multi-point

combustion. For example, in the work [33], the origin of the spinning wave was attributed to
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asynchronous one-dimensional pulsations of different parts of the front. The spinning combustion
waves have been observed for powdered transition metals such as titanium, zirconium, hafnium,
and tantalum, compacted and ignited in a nitrogen environment. The first experiments were
conducted at nitrogen pressures as high as dozens of bars, but later the experiments were also
performed at pressures lower than 1 bar [34-38]. All those experiments were conducted with
pressed cylindrical samples, where the nitrogen infiltrated through the lateral surface
(perpendicularly to the axis) and the reaction occurred mainly in the surface layer. The formation
of spinning combustion waves under such conditions was simulated in a three-dimensional
mathematical model of filtration combustion [24,25]. However, to our knowledge, the oscillatory
instability of the flame front has not been observed yet for metal powder samples with an
impermeable lateral surface where the gaseous oxidizer is a deficient component that enters the
sample at the end and infiltrates along the axis.

In the present work, the penetration of oxygen from the bottom end was confirmed in the
experiments where the bottom of the tube was closed by a 10 mm layer of the same ceramic
adhesive that was used for sealing the thermocouple ports (the adhesive was placed instead of the
alumina tubes, see Figure A1). In this case, only the top layer burned.

The propagation of the thermal wave downward followed by the propagation of the thermal
wave upward was also confirmed by temperature measurements with three thermocouples inserted
into the powder at 10, 20, and 30 mm from the top surface of the powder. Figure 2.5 shows that
each temperature profile has two peaks. The first peak indicates propagation of the thermal wave
downward, while the second peak is caused by the upward propagation of the second thermal
wave. The maximum temperature of the first peak slightly exceeds the melting point of Mg (the

cooling part of the temperature profile also indicates solidification at 650 °C). Such a relatively
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low temperature explains why no light emission is seen in the high-speed video images shown in

Fig.2.3.
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Figure 2.5: Temperature profiles measured by three thermocouples during combustion of Mg
powder in oxygen at 90 kPa. Time zero corresponds to the laser pulse.

There are three possible sources of heat for the thermal wave that propagates downward:
the laser pulse, the combustion of the top layer of the powder, and the oxidation of the powder in
that wave. The energy delivered by the 125 ms laser pulse is 4 J, and only part of this energy is
adsorbed by the powder. According to the mass measurements and estimates, the energy released
by the top layer of the powder is of the order of 1 kJ, i.e., three orders of magnitude higher than
that of the laser pulse, while the energy consumed by heating and melting the Mg particles is 0.7
— 0.8 kJ. To examine the particles after the propagation of the thermal wave downward, in one
experiment at 90 kPa the oxygen environment was quickly replaced with argon right after the
ignition started at the bottom. Figure 2.6 shows the SEM images of the quenched particles. It is

seen that they are similar to the initial Mg particles shown in Fig. 2.1, which implies that only a
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thin surface layer of the particle was oxidized. The oxide layer apparently maintained the shape of
the particles during melting and prevented their sintering. Indeed, the sintering of Mg powders in
oxygen-containing environments is known to be unfeasible because a thin stable oxide layer of 3—
5 nm on the particle surface strongly inhibits sintering [39]. However, the oxidation of even a small
amount of Mg could release a significant amount of heat, which contributed to the propagation of
the thermal wave. The approximate constancy of the maximum temperature and acceleration of
the front (as seen in the temperature profiles in Fig. 2.5) indicate that the counterflow combustion
at a rather low conversion may occur. This is not surprising as it is known that the counterflow

combustion waves can propagate at incomplete conversion [19-21, 28].

Figure 2.6: SEM images of Mg particles quenched after the first thermal wave.

In contrast, the maximum temperatures in the second wave exceeded the boiling point of
Mg (1080 °C at 90 kPa) and destroyed the K-type thermocouples (the melting points of Chromel
and Alumel are 1420 and 1399 °C, respectively). We have calculated the adiabatic flame
temperature of an Mg/O, mixture at 90 kPa, using THERMO (version 4.3) software, which is
based on the Gibbs free energy minimization and contains a database of approximately 3000
compounds [40]. The Mg/O, mole ratio in the initial mixture corresponded to the extent of
conversion, 0.61, observed in this experiment. The obtained adiabatic flame temperature is as high

as 3044 °C. Because of heat losses, the actual maximum temperatures were way below the melting
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point of MgO, 2852 °C, since no melting or sintering of the products was observed, but still above
the upper limit for the K-type thermocouples. It should be noted that during the coflow combustion,
the infiltration of the gas through the hot products increases the temperature in the reaction zone,
which may partly compensate for the cooling due to heat losses through the lateral surface.

The scanning electron microscopy of the combustion products provides additional
evidence of Mg boiling and vapor-phase combustion. Figure 2.7 shows a typical SEM image,
where it is seen that most particles are 1 —2 pum in size. The particles have an irregular shape, often
with flat surfaces and sharp edges. A prior SEM study of the combustion products of Mg/pyroxylin
mixtures, where vapor-phase combustion of spherical Mg particles (mean volume diameter: 2,
11.6, and 76 pm) took place, showed that most product particles were cubes slightly smaller than
1 um [41,42]. The particles formed in the present work look similar, which indicates that they
formed via homogeneous condensation of MgO, produced by the gas-phase reaction of Mg vapor

with oxygen.

\. - AR
Figure 2.7: SEM image of the combustion products.

The experiments at pressures of 67, 53, and 44 kPa have shown the same behavior: two

thermal waves. At 67 and 53 kPa, the second wave propagated upward over the entire sample.
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However, in the experiments at 44 kPa the upward propagation of the combustion wave stopped
after a short distance.

The upward propagation of the second wave is possible owing to the infiltration of oxygen
from the bottom end through the formed MgO products, i.e., the coflow combustion occurs. While
the porosity of the tested Mg powder was insufficient for effective infiltration of oxygen and
counterflow propagation of the combustion front at a high conversion, the lower volume of MgO
resulted in a greater porosity of the products (theoretically 77% at full oxidation of a powder with
a porosity of 71% and Pilling-Bedworth ratio of 0.81). This increase in porosity enabled the coflow
propagation.

To determine the axial velocity of the combustion front propagation, the video record of
combustion in each experiment was thoroughly analyzed using the Phantom Camera Control
application, which uses image filtering algorithms to smooth, emphasize, enhance, or isolate
certain aspects of the images. Specifically, we used the Edge Hipass 5-by-5-pixel transition filter,
which enhances in a high-frequency detail the edges of a figure in the images, such as the boundary
between the combustion front and the unburned powder. Figure 2.8 shows the original and filtered
images at four points of the propagation process at a pressure of 67 kPa. The initial, unsteady stage
of the propagation (first 10 s in Fig. 2.8) is followed by a relatively steady propagation (next 72 s
in Fig. 2.8). The average axial velocity of the combustion front was determined based on the length
of steady propagation, i.e., the initial part of the process was not taken into account. To convert
the pixels of the image to the distance, the axial velocity of the front u was calculated using the

formula:

_AYD
T AXt

(2.3)
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where AY is the distance traveled upward by the front based on the pixels coordinates, AX is the
outer diameter based on the pixels coordinates, D is the outer diameter of the tube, and t is the

time.

62s 98s 134 s
(b) (c) (d)

Figure 2.8: Original and filtered images of the combustion wave propagation. Time is relative to
the laser pulse.

Figure 2.9 shows the extent of conversion vs. the average axial velocity of the combustion
front in the experiments at 53, 67, and 90 kPa. Six tests without thermocouples were conducted at
each pressure. The data obtained in seven tests with thermocouples, conducted at 90 kPa, were not
taken into account because, as mentioned above, oxygen could penetrate into the powder in the
places where the thermocouple wires were inserted, and heat losses to the thermocouple wires and
the ceramic insulators could also increase the experimental uncertainty. It should be noted that the
plot shows large variations of the combustion front velocity in the experiments conducted under

the same conditions. Possible causes are discussed later in the paper.
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Figure 2.9: The extent of conversion vs. the average axial velocity of the front during
combustion of Mg powder at 53, 67, and 90 kPa.

No clear effect of pressure is observed in Fig. 2.9. However, it is seen that a higher velocity
of the front resulted in a lower extent of conversion. This is apparently associated with the fact that
the propagation of the combustion front is controlled by two factors: conductive heat transfer from
the front to the reactants and the infiltration of oxygen from the bottom end of the tube to the front.
Interestingly, the modeling of counterflow combustion has also shown that the propagation at
incomplete conversion leads to the inverse relationship between the front velocity and the extent
of conversion: an increase in heat losses decreases the front velocity but increases the extent of
conversion [21]. However, the author predicted full conversion during coflow combustion [21].
Apparently, in the present experiments, heat losses through the lateral surface and cooling of the
formed MgO by the infiltrating oxygen play an important role. Driven by the thermal conduction,

the front moves forward at an incomplete conversion if the oxygen infiltration is not sufficiently
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rapid to fully oxidize the particles in the reaction zone. Without heat losses, the reaction zone
would continue down to the bottom end, and all the metal would eventually be oxidized. In reality,
the temperature decreases with increasing the distance from the front edge of the wave, and at a
certain distance, the reaction becomes too slow.

It should be noted that the two-dimensional modeling of the combustion with infiltration
of the oxidizer and heat losses has simulated the backward combustion wave that forms after the
initial counterflow combustion wave with incomplete conversion has reached the open end [43].
It was shown that in the backward wave, the conversion could be complete along the central axis
of the sample but incomplete near the lateral surface, where the heat is removed. This result
supports the explanation that the coflow combustion at incomplete conversion is possible because
of heat losses.

To get an additional insight into the mechanism of the combustion wave propagation, the
flame thickness, i.e., the thickness of the bright zone as shown in Fig. 2.8, was determined in the
middle of the relatively steady propagation in each experiment. Figure 2.10 shows the obtained
values at different average axial velocities of the front. It is seen that the flame thickness is

proportional to the front velocity.
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Figure 2.10: The flame thickness vs. the average axial velocity of the front during combustion of
Mg powder at 53, 67, and 90 kPa.

It is difficult to quantify the observed rotation of the combustion wave. Often a single hot
spot travels along a helical path, but sometimes two hot spots form, move in the opposite
directions, and merge. Sometimes two hot spots propagate in the same direction. The
transformation of one regime to another during the propagation was also observed. Yet, to obtain
some quantitative information on the spinning propagation, the infrared video records from several
experiments were analyzed with FLIR Altair software. Three experiments at 53 kPa with the
lowest average axial velocities and three experiments at 90 kPa with the highest average axial
velocities were taken for this analysis. In the images, 30 one-pixel points were selected along the
vertical axis of the sample a constant distance apart. The software generated the temperature-time
profile for each point. Figure 2.11 shows the temperature-time profiles obtained in one experiment

at 53 kPa, where a successive propagation of two hot spots was observed (see Figure A2). The
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initial part of the propagation at temperatures below 700 °C is not shown in this plot. It should be
noted again that the temperatures were obtained at an emissivity of 1, so they are not actual
temperatures. The five peaks correspond to five cases where the hot spot crossed the vertical line
with the points. The number near each peak indicates the point where the temperature was the
highest. It is seen that the first hot spot crossed the line in points 3, 12, and 21, while the second
hot spot crossed it in points 17 and 27. Using the obtained data, the pitch, the axial velocity, and
the tangential velocity were determined for each of the three rotation periods (the tangential
velocity was determined for the outer diameter of the powder sample, i.e., the inner diameter of

the quartz tube, 7 mm).
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Figure 2.11: Temperature — time profiles in 30 points located along the vertical line 0.434 mm
(seven pixels in the IR image) apart. Time relative to the laser pulse.
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The analysis of the six selected experiments has revealed 14 rotation periods in total. The
pitch was in the range of 2.7 — 6.5 mm, with no correlation to the axial velocity. Similarly, the
frequency of rotations was in the range of 0.1 — 0.9 Hz, with no clear trend. Figure 2.12 shows the
tangential velocity as a function of the axial velocity for the 14 rotation periods. It is seen that there
is a linear relationship between these parameters, and the tangential velocity is approximately five
times higher than the axial one. Note that the axial velocity here is local (related to a single rotation

period), i.e., different from the average axial velocity shown in Figs. 2.9 and 2.10.
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Figure 2.12: The tangential velocity vs. the axial velocity of the spinning propagation of the
combustion wave at 90 kPa and 53 kPa.

The observed variations of the front velocity and the extent of conversion (see Fig. 2.9)
may be associated with the variations of porosity. Indeed, a decrease in porosity increases thermal
diffusivity, which accelerates the thermal wave. However, at the same time, it decreases the
permeability, which decreases the oxygen flux and results in a lower extent of conversion. To

verify that the observed effects were caused by the variations of porosity, we looked at potential
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dependencies of the average axial velocity of the front, the average flame thickness, and the extent
of conversion on the measured porosity. Table 2.1 shows these values. Unfortunately, this analysis
has not resulted in clear dependencies, which may be related to experimental uncertainties such as
a non-uniform porosity of the sample and fluctuations of the velocity and thickness of the front
during the propagation. The analysis of the instant velocities indeed shows significant fluctuations.
Further, the penetration of oxygen into the sample through the supporting structure at the bottom
(see Section 2.2) could not be controlled, so the random variations of the permeability of that
structure could affect the oxygen flow rate and hence the combustion characteristics. However, as
noted in Section 2.2, in the experiments with the powder densified to about 60% porosity, only the
top layer burned, and no self-sustained combustion was observed. Therefore, the decrease in

porosity from 68-74% to 60% had a strong effect.
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Table 2.1: The combustion characteristics and the porosities of powder samples.

Axial velocity Flame thickness Extent of conversion Porosity
mm/s mm %
Pressure: 90 kPa
0.128 6.7 0.72 68.9
0.152 9.5 0.72 714
0.178 10.6 0.63 73.6
0.251 11.3 0.63 704
0.258 12.9 0.62 69.8
0.312 15.7 0.60 70.7
Pressure: 67 kPa
0.084 5.6 0.74 68.3
0.137 8.6 0.70 713
0.150 9.1 0.66 70.1
0.191 11.5 0.65 71.2
0.218 10.1 0.65 70.8
0.246 14.3 0.63 719
Pressure: 53 kPa
0.099 8.9 0.73 72.4
0.103 7.1 0.73 72.1
0.118 9.0 0.69 71.7
0.157 10.5 0.65 71.1
0.209 10.9 0.66 719
0.234 11.9 0.66 70.2

It is remarkable that the axial velocity of the front in the conducted experiments was rather
low, of the order of 0.1 mm/s. Such low velocities are rarely seen in combustion systems, but they

are typical for chemical oxygen generators [29,44].
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2.4 CONCLUSIONS

Combustion of a magnesium powder at natural infiltration of oxygen has been studied
experimentally. The powder sample, placed in a vertical quartz tube, was ignited at the top by an
infrared laser beam in oxygen environments at pressures of 44 — 90 kPa. After rapid combustion
of the top layer, a thermal wave propagated downward, followed by ignition at the bottom and
propagation of a second wave upward. The second wave propagated at an axial velocity of the
order of 0.1 mm/s in the coflow combustion regime at incomplete conversion.

For the first time, an oscillatory instability of the flame front, specifically a spinning
combustion wave, was observed for metal-gas systems where the gaseous oxidizer is a deficient
component that infiltrates along the sample axis. The tangential velocity of the spinning
propagation was approximately five times higher than the axial velocity.

The results demonstrate that if a metal with a low Pilling-Bedworth ratio is used, the coflow
combustion regime is possible. The combustion characteristics are sensitive to the availability of
the infiltrated oxygen. An increase in the axial velocity of the combustion wave is accompanied

by an increase in the flame thickness and a decrease in the extent of conversion.
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Chapter 3: Oxidation and Combustion of Stabilized Lithium Metal Powder (SLMP)
3.1 INTRODUCTION

In many future space missions, the use of solar or nuclear energy will be unfeasible or
impractical. Thus, there is a need for power systems based on combustion, which potentially offer
high specific energies and long storage times as compared to the best batteries. Recently, we have
proposed to develop power systems where a metal powder burns with oxygen supplied by a
chemical oxygen generator such as those used in aircraft, submarines, and space stations [45].
Since potential metal fuels burn with CO,, in the missions to Venus and Mars the atmospheric CO,
could be added to the oxygen flow, thus increasing the specific energy of the system.

Specifically, we propose to fill a cylindrical reactor with the metal powder and feed the
oxygen into it. The ignition at one end will trigger the propagation of a self-sustaining combustion
wave over the powder. Such a process, commonly called filtration combustion, has been used for
self-propagating high-temperature synthesis (SHS) of various metallic and nonmetallic nitrides
and hydrides [14,15]. Depending on the location of the ignition source relative to the oxidizer inlet,
two propagation modes are possible in the filtration combustion. In the coflow mode, the oxidizing
gas infiltrates through the combustion products, while during the counterflow combustion the gas
infiltrates through the initial powder.

Prior experimental and modeling studies of the filtration combustion have been conducted
primarily at so high pressures of the reacting gas that the density of the gas in the pores between
the particles is comparable with that of the metal fuel. In the proposed combustors for space power
systems, the gas pressure is relatively low, so the infiltration should be sufficiently rapid to provide

enough gas for the reaction. The combustion under these conditions has been studied less.
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Recently, we have investigated combustion of a magnesium (Mg) powder placed in a
quartz tube inside a closed chamber filled with oxygen at pressures of 44-90 kPa [45]. The oxygen
could infiltrate into the powder from both ends. The infiltration was caused by the consumption of
oxygen and hence a decrease in pressure in the reaction zone (“natural” infiltration [14]). Laser
ignition at the top resulted in the propagation of a counterflow combustion wave at low conversion
followed by a second ignition near the bottom and the backward propagation of a coflow wave.
This has demonstrated that if a metal with a low Pilling-Bedworth ratio (product/metal volume
ratio, 0.81 for Mg) is used, coflow combustion is possible. For comparison, aluminum has a
Pilling-Bedworth ratio of 1.28, so the produced alumina would prevent oxygen infiltration and
coflow combustion.

Compared to Mg, lithium (Li) has a lower Pilling-Bedworth ratio and a higher specific
energy: 0.57 vs 0.81 and 20 MJ/kg vs 15 MJ/kg, respectively (it is assumed here that Li is oxidized
to L1,0). Therefore, Li could be advantageous over Mg in this application. However, until recently,
lithium powders were not commercially available. Currently, a stabilized lithium metal powder
(SLMP®) is available from Livent, Inc. It consists of spherical particles coated with lithium
carbonate (Li,CO;) to make the powder non-pyrophoric in a dry air environment [46]. Figure 3.1a
shows a typical SEM image of an SLMP particle (diameter: 29 pm), while Figure 3.1b shows the
protective coating detached from an electrochemically reacted particle. The contents of Li and
Li,CO; are 97 wt% minimum and 0.5 wt% minimum, respectively [47]. This powder has the

potential to improve Li-ion batteries [46] and enable the development of Li-metal batteries [48,49].
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Figure 3.1: SEM images of (a) an SLMP particle and (b) a broken edge of the
reacted SLMP particle [46].

coating on a

To our knowledge, there is no information on the high-temperature oxidation and
combustion of SLMP. The objective of the present work was to fill this gap and study oxidation
of SLMP in O, and CO, environments using thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) at atmospheric and higher pressures as well as its combustion with O,
and CO, at natural infiltration of the oxidizing gas. An additional application of the present work
is fire safety during technological procedures that involve SLMP. The information on Li oxidation
and combustion in CO, could also be of interest for the recently proposed concept of using lithium

as a recyclable metal fuel for energy storage in solar and wind power plants [50,51].

3.2 EXPERIMENTAL
The SLMP was received in argon-filled containers from Livent, Inc. and used as is.
According to the manufacturer, the tested powder lot contains 97.8 wt% atomic Li and 0.5 wt%
Li,COs; all particles are smaller than 129 pm, and the median diameter is 50 um. Oxygen (99.994
% pure), argon (99.999% pure), and carbon dioxide (99.999% pure) were obtained from Airgas.
For the TGA tests, a small (0.5-0.9 mg) sample of the powder was uniformly spread over

the bottom of an alumina crucible (diameter: 6 mm, volume: 85 pL) inside an argon-filled
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glovebox. Next, the sample was transferred in a closed container to a thermogravimetric analyzer
(Netzsch TG 209 F1 Iris) to be heated under a continuous gas flow (O,/Ar or CO,). Isothermal
tests were performed at 300, 350, 400, and 450 °C. In non-isothermal tests, the sample was heated
at 1,2.5,5, and 10 K/min. The thermocouple, attached to the holder of the crucible, was calibrated
for each heating rate by using the melting points of four metal standards (In, Bi, Al, and Ag) and
the c-DTA® (Netzsch) technique.

To obtain more information on the reactions of SLMP with CO,, differential scanning
calorimetry (DSC) was used. The samples (0.5-0.7 mg), prepared using the same procedure as for
the TGA tests, were heated in a calibrated differential scanning calorimeter (Netzsch DSC 404 F1
Pegasus) at rates of 2.5 and 10 K/min in CO, flow for atmospheric pressures and in a high-pressure
DSC (Netzsch DSC 204 HP Phoenix) at 10, 30 and 50 bar with a heating rate of 10 K/min in a
CO, environment.

The combustion experiments were conducted in a laser ignition setup, previously used for
experiments with reactive mixtures [29-32] and recently in the study on filtration combustion of
Mg [45]. The setup includes a stainless-steel vacuum chamber (11.35 L) connected to a vacuum
pump and a compressed gas cylinder. It is equipped with two window-door ports and two windows.
The absolute pressure in the chamber is measured by a Pirani capacitance diaphragm vacuum
gauge (Inficon PCG554).

The ignition system includes a CO, laser (Synrad Firestar ti-60), an infrared beam of which
(wavelength: 10.55-10.68 ym, diameter: 2.0 + 0.3 mm) enters the chamber vertically through a
zinc selenide window in the lid. The power of the beam was measured with a powermeter (Synrad
PW-250) and controlled by a laser controller (Synrad UC-2000), while the duration of the laser

pulse was set using LabVIEW (National Instruments) software connected to the laser controller.
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In the experiments reported in the present paper, the power of the beam after passing the zinc
selenide window was 32 W, while the laser pulse duration was typically 0.25 s (in some tests where
ignition did not occur, a duration of 0.5 s was used).

Quartz tubes (length: 40 mm) were used to hold the metal powder during the experiment.
The tube was installed vertically in a stainless-steel holder, several alumina tubes (length: 10 mm,
outer diameter: 1.0 and 1.6 mm) were installed vertically at the bottom of the quartz tube, and a
thin layer of thermal insulation paper (Fiberfrax) was placed on top of the alumina tubes to support
the metal powder (Fig. 3.2). The alumina tubes were used to locate the bottom of the powder
sample above the top of the steel holder so that the whole sample could be seen.

Powder

Quartz tube

Thermal insulation paper
Alumina tubes

Tube holder

Figure 3.2: Schematic of the sample installation.

The quartz tube was filled with the tested powder in an argon-filled glovebox. The holder
with the tube was then transferred to the setup in a closed container and installed on a brass pedestal
inside the chamber. The infrared beam of the CO, laser was aligned with the center of the top end
of the sample using a red beam of a laser diode pointer (Synrad), pre-aligned with the infrared
beam. The combustion process was recorded at 250 fps with a high-speed video camera (Vision
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Research Phantom v1210), equipped with a lens for macro shooting (Nikon AF Micro NIKKOR
60 mm {/2.8D).

The condensed products of oxidation and combustion were examined with scanning
electron microscopy (Phenom ProX G6 Desktop SEM). X-ray diffraction analysis (Bruker D8
Discover XRD) of the products formed during the TGA and High-pressure DSC in CO, flow was

also conducted.

3.3 RESULTS AND DISCUSSION
3.3.1 Oxidation of Li in an O,/Ar environment

In the TGA tests on the oxidation of SLMP particles by oxygen, the samples were heated
in a 60 mL/min O,/Ar (10% O,) gas flow.

Figure 3.3 shows the thermogravimetric curves obtained at heating rates from 1 to
10 K/min. The total mass gain is close to the value for full conversion of Li to Li,O (115%). The

curves are not smooth; there is a distinct transition from the first stage to a faster second stage.
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Figure 3.3: TGA of Li oxidation in O,/Ar flow at heating rates of 1 — 10 K/min.
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Figure 3.4 shows the SEM images of oxidized SLMP particles from a non-isothermal TGA
test (heating rate: 1 K/min). It is seen that the particles are hollow spheres. In many of them, a hole
in the shell is clearly seen. The formation of hollow shells is explained by the fact that the oxidation
rate becomes significant only after melting of Li (180.5 °C), while the shell consists of solid
products. Apparently, during the oxidation the molten lithium spreads outward through the pores
in the shell and reacts with oxygen at the outer surface. Simultaneously, a cavity forms and grows

inside the droplet. What caused the rupture of the shell remains unknown.

P

SEM images of oxidized Li par‘&éfés.

Figure 3.5 shows the TGA curves from isothermal oxidation tests at temperatures varying
from 300 to 450 °C. The mass gain during the initial temperature ramp (50 K/min) was negligible.

Unexpectedly, the mass gain in the tests at 300 and 350 °C exceeded the value for conversion to
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Li,0. This indicates that at these temperatures lithium peroxide (Li,O,) formed along with Li,O
(the mass gain for conversion of Li to Li,O, is 231%). In the isothermal tests at 400 and 450 °C,

only Li,O forms because Li,0O, decomposes within the temperature range of 300—400 °C [52-54].
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Figure 3.5: TGA of Li oxidation in O,/Ar flow at temperatures 300 — 450 °C.

To verify the formation of Li,O,, a test was conducted where after 600 min of heating at
300 °C the temperature was raised at a rate of 50 K/min up to 450 °C. As shown in Fig. 3.6, this
resulted in the loss of mass down to the value that corresponds to full conversion to Li,0O, which
is explained by the decomposition of Li,0O,. The observed small difference from the full conversion

can be partly related to the fact that the tested Li particles include the Li,CO; coating.
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Figure 3.6: TGA of Li oxidation in O,/Ar flow at 300 °C with a rise to 450 °C after 600 min.

During the non-isothermal tests, the decomposition of Li,0,, formed during the first stage
of oxidation, accelerates the reaction because the product layer becomes more porous (the Pilling-
Bedworth ratio is 76% for Li,0, layer vs. 57% for Li,0). This may explain the transition to a faster
oxidation observed in the TGA curves shown in Fig. 3.3.

Figure 3.7a shows the SEM images of the particles after 600 min heating at 300 °C, while
Figure 3.7b shows the particles that were then exposed to a temperature of 450 °C. It is seen that
this temperature increase changed the microstructure. The shells in Fig. 3.7a have a multi-layer
structure with cracks, while that in Fig. 3.7b consists of submicron grains, and the multi-layer
structure is not clearly seen (the particle looks similar to those in Fig. 3.4). Apparently, this change

in the microstructure is a result of Li,O, decomposition.
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Figure 3.7: SEM images of Li particles after (a) isothermal oxidation at 300 °C and (b)
isothermal oxidation at 300 °C followed by a temperature rise to 450 °C.

3.3.2 Combustion of Li at natural infiltration of O,

The combustion experiments in oxygen were conducted at pressures 13—90 kPa. The inner
diameter of the quartz tubes was varied from 2 to 7 mm (the wall thickness: 1 mm). Based on the
measured mass and volume of each powder sample and the true particle density, the relative
densities and the porosities were determined; the average values are 60.4 = 4.7 and 39.6 + 4.7,
respectively.

In the tests with the smallest sample diameters (2 and 3 mm) at a pressure of 90 kPa, only
the top layer burned. At sample diameters 4—7 mm and 90 kPa, a self-sustained propagation of the
combustion wave was observed. For 7 mm samples, the combustion wave was observed over the
entire range of pressures, and the combustion was so vigorous that the tubes were damaged
(thermite reaction between Li and quartz apparently took place).

Figure 3.8 shows the images of a typical combustion process for a 4 mm sample. After the
laser pulse, the top layer burns, emitting a lot of light (Fig. 3.8b). Simultaneously, the particles
near the bottom move up, i.e., the powder is compressed, and a large gap forms near the bottom.
Next, the combustion wave propagates downward (Figs. 3.8c—3.8d). After the combustion wave

has reached the end of the now compressed sample (Fig. 3.8e), it continues to emit light for a
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significant time. Next, the brightness decreases from both ends (Figs. 3.8f — 3.8¢g), and eventually

all the sample becomes dark.

O0s 1s 16s 31s 33s 55s
(a) (b) (©) (d) (e) ()
Figure 3.8: Combustion of Li powder (sample diameter: 4 mm) in oxygen at 90 kPa. Time is

relative to the laser pulse.

Average velocities of the combustion wave, determined by the technique described in the
paper on magnesium combustion [45], were in the range of 0.2—0.3 mm/s for tube diameters of 4—
6 mm and pressure of 90 kPa. As noted in [45], such low velocities are rarely seen in combustion
systems.

The extent of conversion was determined for each test based on the initial and final mass
of the sample assuming that the product is Li,O. The obtained values are 43+4%, 58+6%, and
63+10% for tube diameters of 4, 5, and 6 mm, respectively (based on five tests for each diameter
at pressure of 90 kPa). It is worth mentioning that the propagation of the counterflow combustion
wave at incomplete conversion was predicted in the theory of filtration combustion [19] and
observed in the experiments on combustion of tantalum with nitrogen [28] and magnesium with

oxygen [45].
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In order to understand from what end the oxygen infiltrates during the combustion wave
propagation, additional tests were conducted where the bottom end was closed with a 10 mm layer
of a ceramic adhesive (Resbond 919, Cotronics). In these tests, the combustion of the top layer led
to the motion of the particles and the formation of the gap near the bottom but not to the combustion
wave. These results indicate that in the successful tests, the combustion wave propagated because
oxygen infiltrated from the bottom. The motion of particles and formation of the gap near the
bottom are explained by the reduced pressure in the sample due to the consumption of oxygen that
was initially in the pores.

Apparently, the penetration of oxygen from the top was hindered by the formation of
impermeable products. Indeed, Li,O melts at 1438 °C, so the combustion of the top layer forms
liquid lithium oxide, which prevents any oxygen penetration.

As noted in the Introduction, in the recent experiments with a magnesium powder, the
counterflow combustion wave led to the ignition at the bottom followed by the propagation of the
coflow combustion wave upward [45]. The temperature in the first wave was slightly higher than
the melting point of Mg (650 °C), while the second wave involved vapor-phase combustion and
much higher temperatures. The backward wave was possible because of the low extent of
conversion in the first wave. In the experiments with SLMP, the counterflow combustion
apparently generated very high temperatures, and the conversion was significant. In some
experiments, a second wave did propagate upward (see Figure A3), but the first wave was still

dominant.
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3.3.3 Reactions of Li with CO,
3.3.3.1 TGA and DSC at atmospheric pressure

In the TGA and DSC tests on the oxidation of SLMP particles by CO,, the samples were
heated in a 30 mL/min CO, gas flow at heating rates of 2.5 and 10 K/min up to 900 °C. Figure 3.9
shows the obtained TGA and DSC curves. It is seen that the reaction starts at the melting point of
Li and sharply accelerates at approximately 400 °C. At about 135%, the mass gain stops but soon
starts to increase again, eventually exceeding 400%. Once the temperature reaches the melting

point of Li,CO; (723 °C), the mass loss begins.
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Figure 3.9: TGA and DSC of Li in CO, flow at heating rates of 2.5 and 10 K/min.

At the first stage of the reaction, lithium can react with CO, according to the equations:

2Li1+ CO, — Li,0 + CO 3.1

4Li + CO, — 2Li,0 + C (32)
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10Li + 2CO, — 4L1,0 + Li,C, (3.3)

The absence of an endothermic peak at the melting point of Li,C, in the DSC curves
indicates that the reaction described by Eq. (3.3) does not occur. The mass gain would be 115%
and 158% according to Egs. (3.1) and (3.2), respectively. Therefore, the comparison with the
experimental values (ca. 135%) indicates that the formation of carbon does occur though some
amount of CO may also form.

Next, the formed lithium oxide starts to react with CO, producing Li,CO;. This is clearly
seen in the XRD patterns of the products obtained by heating up to 500 and 600 °C (Fig. 3.10).
The Li,CO4/L1,0 intensity ratio, determined for the highest peaks of the two phases, is equal to 0.2
at 500 °C and 3.0 at 600 °C. It should be noted that Li,C, was not detected in the XRD pattern
shown in Fig. 3.10a. The detection of lithium penta-aluminum oxide (LiAlsOs) in Fig. 3.10b

indicates that some interaction with the alumina crucible took place.
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Figure 3.10: XRD patterns of products obtained during heating up to (a) 500 °C and (b) 600 °C.

In a recent study on the combustion of molten lithium with CO, in a batch reactor [4], it

was suggested that the reaction of lithium oxide with CO, follows the equation:

Li,0 + CO, — Li,CO; (34)

and the overall reaction of Li with CO; is:
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4L1+ 3CO, — 2L1,CO; + C (3.5)

The mass gain in this reaction pathway is 476%. The experimental values of the maximum
mass gain in the TGA data shown in Fig. 3.9 were 454% at a heating rate of 2.5 K/min and 429%
at 10 K/min. The presence of the carbonate coating on the SLMP particles cannot explain such
large deviations from the theoretical value. The lower mass gain may be caused by the reverse

Boudouard reaction, which occurs at sufficiently high temperatures:

C+CO,— 2CO (3.6)

The overall reaction of Li with CO, in this case is:

2L1 + 2CO, — Li,CO5 + CO (3.7)

and the resulting mass gain is 432%. Thus, in the experiment, the overall reaction apparently
generates both C and CO.

The final loss of mass is explained by the decomposition of lithium carbonate, which starts
after its melting [55,56].

Interestingly, the experiments with Li particles dropped into a vertical tube furnace have
shown that their combustion in CO, includes a short vapor-phase burning stage, which produces
Li,0 and CO, followed by a long surface-burning stage, which generates Li,CO; [50]. The present
TGA results also show first the formation of Li,O and then its conversion into Li,COjs, but both

stages involve surface reactions.
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The Li-CO, combustion experiments were conducted at a pressure of 90 kPa. In contrast
with the experiments in oxygen, a self-sustained propagation of the combustion wave over the Li
powder was not achieved in a CO, environment. The reaction was observed only in the top layer
of the sample (see Figure A4). This may be explained as follows. If the reaction described by Eq.
(3.7) occurs, the produced CO will effectively prevent the infiltration of CO, through the pores
between the particles. On the other hand, if the reaction described by Eq. (3.5) takes place, the
condensed products form a barrier for the reaction (the product/metal volume ratio is 1.45). This
was observed in the experiments with batch reactors [4], where the condensed products at the
molten lithium surface terminated its reaction with CO,, leading to a low combustion efficiency.

To investigate the reaction stages of Li in CO, at atmospheric pressure, we took SEM
images of the samples quenched at different temperatures, specifically at 465 °C (after the 15 DSC
peak at 2.5 K/min), at 525 °C (after the 2" peak), at 695 °C (before the melting of Li,CO;) and at
800 °C (after the melting of Li,CO;), see Figure 3.9. The SEM images of these samples are shown
in Figs. 3.11a,3.11b, 3.11c, and 3.11d, respectively. The previously reported XRD data showed a
significant increase in the Li,CO/Li,O ratio with increasing the temperature from 500 to 600 °C.
In Fig. 3.11a, we observe the formed Li,O grains. In Fig. 3.11b, the formed Li,COs; layer has a
smoother outer surface. In Fig. 3.11c, a spiky morphology is observed. Lastly, Fig. 3.11d shows
the molten Li,CO; along with whisker-like crystals, which apparently consist of Li,O formed as a

result of Li,CO; decomposition.

44



Figure 3.11: SEM images of samples quenched at (a) 465, (b) 525, (c) 695, and (d) 800 °C.

3.3.3.2 Detailed studies of the two stages of Li,O-CO; reaction

It has been shown above that the 2" stage of Li-CO, reaction is the reaction of the formed
Li,0 with CO,. To prove that all lithium powder was oxidized during the 1* stage of the reaction,
heating and cooling DSC tests were conducted. In one test, lithium powder was heated up to 230
°C,i.e., 50 °C above the melting point of Li but two hundred degrees below the first stage of the
reaction in CO,. Figure 3.12 (top) shows the melting and solidification peaks in the DSC curve of
Li powder. In a second test, lithium powder was heated up to 480 °C, i.e., after the first stage of
the reaction but before the second stage. Figure 3.12 (bottom) shows no solidification peak in the
cooling section of the DSC curve obtained in this test. This confirms full oxidation of Li during

the first stage of the reaction.
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Figure 3.12: Heating (red) and cooling (blue) DSC tests of Li-CO, heated up to 230 °C (top) and
480 °C (bottom).

46



In order to confirm carbon formation during the 1% stage of Li-CO, (at about 400 °C), TGA
tests were performed where the products formed in that stage were heated in O, flow. It was
expected that carbon would be oxidized to form CO,, which would be detected by mass
measurements in the TGA. The Li powder was heated in CO, flow up to 460 °C. The sample was
then cooled down to room temperature, and the system was evacuated to remove the remaining
CO.,. Next, O, flow was established, and the products were heated up to 800 °C. Figure 3.13 shows
the obtained TGA curve. It is seen that instead of decreasing, the mass increased close to 60%.

Apparently, O, reacted with both C and Li,O, producing Li,COs.
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Figure 3.13: TGA of the products of the 1* stage of Li-CO, reaction heated in O, flow.

As all Li powder reacts during the 1% stage, the simulation of the 2™ stage was performed
with TGA and DSC. The Li powder was initially oxidized in O, before being exposed to CO,.
Figure 3.14 shows the TGA and DSC curves of the obtained Li,O heated up to 800 °C in CO, flow
at a heating rate of 5 and 10 K/min. TGA data is similar to the data obtained for the reaction of

Li,O with CO, in [56]. A slow reaction starts at about 200 °C and accelerates after 500 °C. Both
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TGA and DSC have shown that the fastest reaction was at 707 °C, which correlates with the peak

in the DSC curve of Li in CO, at a heating rate of 2.5 K/min (see Figure 3.9).
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Figure 3.14: TGA and DSC of Li,0-CO, reaction at a rate of 5 and 10 K/min
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3.3.3.3 Li-CO, reactions at high pressures

The pressure in the CO, tank is equal to the saturated vapor pressure of CO,, which is about
60 bar at room temperature. This limits the pressure in high-pressure DSC tests. For this reason,
they were conducted at gauge pressures of 10, 30, and 50 bar (the atmospheric pressure was
approximately 0.9 bar). The samples were heated at a heating rate of 10 K/min up to 600 °C, which
is the maximum temperature allowed by the used instrument. Figure 3.15 shows the DSC curves
obtained at gauge pressures of 0, 10, 30 and 50 bar. In this figure, the curve at O bar represents the
10 K/min DSC curve at atmospheric pressure shown in Figure 3.9. The temperature of the peak

ranges from 431 °C to 443 °C, which is comparable to the previously measured temperature of the

DSC peak at atmospheric pressure (431 °C at 10 K/min).
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Figure 3.15: DSC curves of the Li-CO, reaction at gauge pressures of 0, 10, 30 and 50 bar.
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Figure 3.16 shows additional tests at 10 and 30 bar with peak temperature ranging from
426 to 450 °C. Note that the peak at 50 bar in Fig. 3.15 is within this range. The results indicate
that there is no apparent effect of pressure on the DSC peak temperature.
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Figure 3.16: DSC curves of the Li-CO, reaction at gauge pressures of 10 and 30 bar.
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The condensed products were examined with XRD analysis. Figure 3.17 shows the XRD
patterns of the products obtained at 10 bar and 30 bar. It is seen that at 10 bar, both Li,O and
Li,COs are present, like in the tests at atmospheric pressure (see Figure 3.10). However, at 30 bar
Li,COs is the only product. Note that the maximum temperature was 600 °C, while in the TGA at
atmospheric pressure, a temperature of about 700 °C was required for the full conversion into
Li,COs; (see Fig. 3.9). The XRD pattern of the products obtained at 50 bar has also shown that
Li,COs is the dominant phase. Although two peaks were not identified, there is no lithium oxide
in the pattern. Therefore, the increase in pressure to 30 or 50 bar has promoted the conversion of

the sample into Li,CO;.
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Figure 3.17: XRD patterns of the products of the Li-CO, reaction at 10, 30, and 50 bar.
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Figure 3.18 shows the SEM images of the products obtained after the DSC tests at gauge
pressures of 10 and 30 bar. Cracked spherical shells and compressed shells are seen in both images.
Note that cracked shells were previously observed in the products obtained in the DSC tests at

atmospheric pressure (see Figure 3.11a).

Figure 3.18: SEM images of the products of the Li-CO, reaction at (a) 10 and (b) 30 bar.

3.4. CONCLUSIONS

Oxidation of SLMP in an O,/Ar environment has been studied by non-isothermal and
isothermal TGA. The non-isothermal tests have shown a transition from the first stage to a faster
second stage. The isothermal tests have revealed the formation of Li,O, at temperatures below
400 °C, along with Li,O. At higher temperatures, only Li,O forms. The transition in the non-
isothermal TGA curves is apparently caused by the decomposition of initially formed Li,O,. The
oxidized particles are hollow shells, which implies that the oxidation process includes the growth
of a solid oxide layer on the surface of the lithium droplet and the simultaneous growth of a cavity
inside the droplet. The decomposition of Li,O, changes the microstructure of the shell.

Combustion of SLMP in vertical quartz tubes with two open ends has been studied in a
closed chamber filled with oxygen. Laser irradiation of the top surface of the sample results in
vigorous combustion of the top layer accompanied by the motion of particles and formation of a

gap near the bottom; then a counterflow combustion wave propagates downward. After this wave
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has reached the bottom, the entire sample continues to emit light for a significant time. In some
tests, a second (coflow) combustion wave propagated upward.

Non-isothermal TGA and DSC of SLMP in CO, flow have revealed a multi-stage process,
which begins after melting of lithium. In the first stage, Li is fully oxidized to Li,0O, forming Li,0O/C
shells. The second stage converts them into Li,COs shells. The overall reaction also forms C and
CO byproducts. High-pressure DSC tests showed no effect of pressure on the peak temperature of
the reaction of Li with CO,, but XRD analysis revealed that full conversion to Li,CO; at 30 and
50 bar occurs at a lower temperature than at 10 bar or atmospheric pressure.

No self-sustained combustion of SLMP was achieved in a CO, environment. Apparently,

the formed products hinder the transport of CO..
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Chapter 4: Conclusions

The combustion of Mg and Li powders in vertical quartz tubes at natural infiltration of
oxygen has been demonstrated at atmospheric or lower pressure. It has been shown that laser
ignition of magnesium powder at the top of the sample leads to a downward propagation of the
counterflow combustion wave at low conversion followed by an upward propagation of the coflow
combustion wave. The downward propagation of the coflow combustion wave immediately after
the laser ignition does not occur because of sintering of the products during combustion of the top
layer. Similarly, the ignition of lithium powder resulted in a downward propagation of the
counterflow combustion wave, followed by either continued reaction of the entire sample or
upward propagation of the coflow combustion wave. These results prove that a low Pilling-
Bedworth ratio of Mg and Li (0.81 for Mg and 0.57 for Li) enables their coflow combustion with
infiltrating oxygen. In CO,, self-sustained combustion did not occur, apparently because of
formation of impermeable product layers (MgO/C and Li,CO;/C) and CO, which hinder CO,
transportation to the reaction zone.

Oxidation of stabilized lithium metal powder (SLMP) powder in O, and CO, has been
investigated. In both cases, Li powder reacted after melting, leading to the formation of hollow
spheres. Oxidation of Li powder by O, in non-isothermal tests have shown a transition from a slow
to a faster stage. Isothermal tests revealed the formation and decomposition of Li,O, causing the
transition. Non-isothermal TGA and DSC of SLMP in CO, flow have revealed a multi-stage
process. In the first stage, Li is fully oxidized to Li,O, forming Li,O/C shells. The second stage
converts them into Li,COs; shells. The overall reaction also forms C and CO byproducts. High-
pressure DSC has shown that the increase in pressure from 10 to 30 bar promotes the conversion

of the sample into Li,CO;.
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Appendix

Os 6s 25s 75s

115 s 142 s

Figure A1: Combustion of Mg powder in oxygen at 90 kPa. Bottom end sealed with ceramic
paste.

Figure A2: Hot spots captured by infrared recording during upward combustion of Mg and O,.
Images of video recording section of 26 s.
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0s 3s 17 s 41 s 72's 86 s 94 s 122's

Figure A3: Combustion of Li powder in oxygen at 90 kPa with upward combustion wave.

Os 6s 12s 23s 73 s

Figure A4: Combustion of Li in CO, at 90 kPa. Time relative to laser pulse.
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