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HIGHLIGHTS

« Fe-7Si particles feature more difficult ignition due to the creation of a Si-rich oxide layer.

« Ignited particles oxidize in the liquid state until they reach magnetite.

« Combustion products consist of dendritic structures with a eutectic phase in the interdendritic region.

« Particles exhibit a multi-peak luminosity profile due to the formation of a Si-rich oxide layer that limits internal diffusion.
» Overall, Si increases the combustion time and modifies the combustion regime toward internal-diffusion-limited behavior.

ARTICLE INFO ABSTRACT

Keywords: The use of impure powders in the metal-fuel cycle could reduce powder production costs, enable the valorization

Renewable metal fuels of underutilized feedstocks, and limit competition with the steel industry. However, the influence of impurities on

Energy storage the combustion process remains poorly understood. Silicon is one of the potential impurities present in low-cost

Irf’" . iron sources, and the objective of this work is to investigate its impact on the combustion behavior of micron-

:;ﬁi:pamde sized iron particles. To this end, an Fe-7Si powder was studied using both single-particle and multi-particle

Impurities combustion setups, enabling in situ visualization and ex situ microstructural analysis, respectively. In the multi-
particle burner, the Fe-7Si powder featured limited conversion efficiency (0.1%—-6.2%) in the reference preheating
conditions. This efficiency increased at higher preheating temperature (26.3%-39% at 930 °C). This suggests that
Si significantly affects particle ignition, likely through the formation of a Si-rich oxide layer. Nevertheless, once
ignited, particles undergo nearly complete oxidation in the liquid state, reaching magnetite as the main oxide
phase. The resulting combustion products consist of dendritic structures. A eutectic phase is also detected in the
interdendritic region, with a Si enrichment compared to the dendrites. Its presence arises during solidification
after reaching the eutectic point associated with a complete oxidation in the liquid state. In the single-particle
burner, particles exhibit a multi-peak luminosity profile characterized by an initial small peak, likely associated
with the formation of a silicon-rich oxide layer that limits internal diffusion. This stage is followed by a second
luminosity increase during which new oxide spots appear at the particle surface, suggesting the formation of iron
oxide penetrating the previously formed oxide layer. Overall, Si increases the combustion time of iron particles
and modifies the combustion regime toward an internal-diffusion-limited behavior. However, Fe-7Si particles are
still able to burn successfully in the liquid state, provided that ignition is achieved.

1. Introduction release the stored energy, while the combustion products retain a similar

size to the introduced particles. They can subsequently be collected and
reduced back to their initial state using green hydrogen, closing the so-
called Metal-enabled Cycle of Renewable Energy (MeCRE).

To help design effective commercial burners, the study of iron par-
ticle combustion has received considerable research interest. Notably,
single-particle experimental [3-8] and numerical studies [9-13] have
significantly improved our understanding of the liquid-state combustion

The current transition from fossil fuels to renewable energy sources
requires energy storage and transport [1], on both a daily and seasonal
basis. Seasonal storage could be achieved using metal fuels [2]. Among
them, iron is a particularly attractive candidate because it is abundant,
low cost, can be transported safely over long distances, and can be stored
safely on a long-term basis. Micron-sized iron particles burn in air to
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process. Nevertheless, these studies used high-purity iron powder
(>99 wt.% Fe), whereas using low-grade iron ores or other low-cost iron
feedstocks could reduce powder production costs, allow the valorization
of unused sources, and avoid competing with steel industry. However,
those iron sources may contain a significant amount of varying impu-
rities [14]. Therefore, it is crucial to better understand the influence of
these impurities on the combustion process.

Even though it remains limited, interest in the use of impure iron
powders is growing. The impact of the presence of up to 20 wt.% of
four metal oxide impurities (Al,03, SiO,, MnO, CaO) was numerically
investigated [15], suggesting that they decrease the peak temperature
without impacting the total heat release, but also potentially create a
complex ternary oxide phase by reacting with iron oxide which may
prevent complete oxidation and reduction. The presence of 1.5 wt.% im-
purities of Mn, Al, and Si oxides in recycled mill scale powder reduced
its ignition efficiency (89-96% for the mill-scale vs. 95-97% for pure Fe)
[16], but still allowed a stable flame to form [17]. Moreover, a multi-
ple and complex evaporation process took place, with the formation of
mixed Cu, Ni, Mn, Fe oxide nanoparticles containing traces of Mg and
Ca, and individual Si and Cr oxide nanoparticles [16]. Direct reduced
iron (DRI) particles containing up to 5.2 wt.% oxide impurities (mainly
SiO,, Al,03, and MnO) were also successfully burned in an open-flame
propane burner [18]. These combusted particles showed a different pore
distribution than pure Fe due to the presence of silicon oxide which
increases the oxygen solubility of the liquid oxide, subsequently lim-
iting the oxygen gas release during solidification. Concerning metallic
impurities, the influence of 5 wt.%, 9 wt.%, and 20 wt.% Al on iron
combustion process was experimentally studied in both a single-particle
and multi-particle burner [19]. This work showed that the particles burn
in an intermediate regime between the heterogeneous surface combus-
tion of Fe and the gas-phase combustion of Al. Overall, the presence
of impurities impacts the oxidation rate, the combustion time, and the
evaporation dynamics.

Another metallic impurity present in recycled steel is Si, with up to
6 wt.% in electrical steels [20,21]. The first single-particle experimen-
tal study of the combustion of Si-containing particles was performed by
Peng et al. [22]. They showed that the combustion of Fe-6.2Si particles
follows a multi-peak luminosity evolution. They suggest that after igni-
tion, the particle burns in an external-diffusion-limited regime until the
formation of a silicon oxide layer mitigates oxidation, creating the first
small peak. The luminosity then decreases suggesting that internal dif-
fusion is limiting the oxidation rate. Then, a luminosity jump occurs and
the luminosity rises again. A second small peak similar to the first one
may take place, leading to the same pattern. Finally, the luminosity rises
to a higher level to eventually reach a larger peak, preceded by a lumi-
nosity jump and followed by the cooling and solidification spearpoint.
The luminosity jump prior to the large peak is suggested to be associated
with a sudden inflation event potentially provoked by the presence of
hydrogen [23].

In this study, the influence of Si on the combustion process of micron-
sized iron particles is investigated using a multi-scale approach. On one
side, Fe-7Si particles are laser-ignited in a single-particle electrodynamic
levitator coupled with a color camera enabling high-resolution and high-
speed in situ imaging and a luminosity acquisition system. This allows
us to extend the experimental conditions in which Fe-Si particles are
burned (highly preheated particles burning in ambient conditions), and
to compare the measured luminosity evolution with the results of Peng
et al. [22]. Moreover, the recorded videos of the combustion provide in-
sightful interpretation about the liquid phases configuration occurring
at the particle surface. On the other side, the same Fe-7Si particles are
burned in a 5 kW multi-particle tornado burner, allowing us to estimate
the influence of Si on the ignition efficiency and to collect combus-
tion products or unignited particles to investigate their microstructure.
Together, the multi-scale approach enables the combination of in situ and
ex situ measurements to fully understand the whole combustion process
of Fe-Si particles.
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Table 1
Initial powder composition in weight percent measured by ICP and sulfur
combustion.

[wt.%] Fe Si Cu C Cr Ni Mn Co S (0]

Fe-7Si 927 7 001 001 008 002 0.08 0.01 <0.02 Bal

2. Methods
2.1. Powders

The Fe-7Si particles used in this study were produced by gas atom-
ization from cast alloys by Sandvik. They were sieved between 25 um
and 63 um before being burned in each setup. The powder composi-
tion measured using Inductively Coupled Plasma (ICP) and carbon and
sulfur combustion measurements is listed in Table 1. The uncertainty
in the composition is +3% (relative to the measured value) for ele-
ments present in quantities greater than 1 wt.% and +0.01 wt.% for
other elements. Moreover, measurements using an Energy Dispersive
X-ray Spectrometer (EDS) on particle cross-sections show small chem-
ical variations between individual particles (6.89 + 0.47 wt.% of Si
and 93.11 + 0.47 wt.% of Fe, measured on 40 particles) and within
a single particle (6.71 + 0.13 wt.% Si and 93.29 + 0.13 wt.% Fe,
measured on 6 points inside a single particle). The thickness and com-
position of the native oxide layer were also characterized using X-ray
Photoelectron Spectroscopy (XPS). The results indicate a native oxide
layer with a thickness higher than the XPS probing depth of 10 nm (see
Supplementary Materials SM1).

2.2. Single-particle levitator

The Fe-7Si particles were burned inside a single-particle electrody-
namic levitator allowing for in situ high-speed imaging and luminosity
measurement during the combustion process. Initially, each particle was
suspended within the combustion chamber by electrostatic forces gener-
ated using AC and DC electrodes (see Fig. 1), and subsequently ignited
using a CO,, laser. Upon ignition, the particle followed a downward tra-
jectory while combusting in ambient air. The combustion process was
captured by a high-speed color camera (PHANTOM T-2410) operating
at 25 kHz, coupled with a QUESTAR QM 100 teleobjective, providing a
magnification of 1.5 pm/pixel (see Fig. 2). The field of view of the cam-
era is a square of 767 x 767 pixels. Additionally, the temporal evolution
of the particle’s luminosity was measured using THORLABS PMT1002
photomultiplier tubes (PMTs). A detailed description of the experimen-
tal setup is beyond the scope of this paper; readers are referred to prior
publications for comprehensive information [8,24,25].

The snapshots recorded by the camera allow us to (1) measure the
size evolution of the particles during the combustion and (2) observe
surface phenomena between distinguishable phases, depending on their
surface emissivity. The methodology for size measurement is detailed in
Supplementary Materials SM2 and is associated with an uncertainty of
+ 1.5 um. Concerning surface emissivity, typical values for liquid iron
and liquid iron oxide between 2030 K and 2700 K are 0.35 and 0.7,
respectively [26]. As observed in our previous study [8], this gap is high
enough to distinguish the two phases. The emissivity of silicon is around
0.2 [27,28], while measurements for liquid silicon oxide are scarce. It is
only known that the liquid-state emissivity of silica lies between 0.6 and
0.8 and increases with temperature [29,30]. Therefore, the distinction
between metallic and oxide phases is also possible for Si and its oxide,
but regarding the uncertainty and the close values for iron and silicon
oxide phases, it is difficult to predict which will be brighter between the
two.

2.3. Multi-particle tornado burner

The same powder was also burned inside a 5 kW multi-particle
burner. It allows to collect the combustion products and measure their
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Fig. 1. Schematic of (a) the electrodynamic levitator (including the injection access and the 4 optical accesses) and (b) the electric lines created by the DC and AC
electrodes to compensate for the particle weight and center it, respectively. For clarity, the particle is depicted as larger than its actual size.
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Fig. 2. Schematic of the full experimental setup including the pathways of the CO, laser beam (red arrows), the LED light (blue arrows) and the radiative emissions
from the combustion (Orange arrows). (For interpretation of the references to colour in this Figure legend, the reader is referred to the web version of this article.)

oxidation state and microstructure. This burner also allows to estimate
the impact of the presence of 7 wt.% Si on powder ignition. This often
called tornado burner or MC2 burner has already been used for several
studies proving its ability to burn pure iron particles [31-33]. A suc-
cinct description of this burner follows, but the interested reader can
find more details in the mentioned publications.

The burner consists of a gas flow control system, a powder disper-
sion system, a combustion chamber, and a cyclone collector (see Fig. 3).
First, the gas flow control system is used to manage the incoming gas
flows injected into the combustion chamber, ambient air in this case.
Second, the dispersion system consists of a bottle that stores the powder
which is agitated by a vibrator to release powder into a carrier gas flow.
Then, the combustion chamber is a cylinder (50 cm long with a diam-
eter of 13 cm) made of a Pyrex tube with a stainless steel tube inside.
It is surrounded by electric heaters and insulation to preheat the gas
mixture before the test to a sufficient temperature to ensure powder ig-
nition. To create a cyclonic flame, ensuring good particle circulation and
increasing their residence time, the main flow containing the powder is
injected at the top center, while two swirling flows of air are injected tan-
gentially. Finally, the combusted powder and flue gases are drawn into
a cyclone collector located at the bottom of the combustion chamber

which separates the particles from the hot gas stream. A gas analyzer
and a nanoparticle filter are also placed in the exhaust tube prior to the
cyclone collector.

Visualization of the flame below the injection port is possible as a
piece of insulation has been removed to create visual access. It is used
by both a camera and a spectrometer which provide an estimate of the
flame temperature. Three thermocouples are also used, located at the
top, center and exhaust of the combustion chamber, respectively. The
top thermocouple controls the radiant heaters by turning them off when
the threshold preheating temperature is reached.

As the presence of Si may influence the ignition temperature, two
tests each with around 100 g of powder sieved between 25 pm and
63 um were conducted. The first was done with a preheating temper-
ature of 810 °C, corresponding to the predicted ignition temperature of
pure iron particles [34] which is similar to what has been used before in
this setup [32,33]. For the second test, the preheating temperature was
increased to 930 °C, the highest temperature achievable by the setup.
They will be denoted LT (810 °C) and HT (930 °C), respectively. For both
tests, the main and swirl flow rates are 20.5 Ly/min and 25.5 Ly/min,
respectively, leading to a swirl number of 11. The powder injection rates
are 0.71 g/s and 0.68 g/s, respectively. These flow rates lead to an
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Fig. 3. Picture and schematic of the MC2 burner and its associated flows and components.

Table 2
Experimental conditions used in the MC2 burner for both Fe-7Si particles (Test
LT and HT) and pure Fe particles [32,33].

Parameters Test LT Test HT [32] [33]
Tpmhw [°C] 810 930 800 810
Vewin [Ly/min] 25.5 25.5 25.4 59.5
Vipain [Ly/min] 20.5 20.5 20.5 14.7
tpoger [8/5] 0.71 0.68 0.5-0.8 0.6

excess air coefficient of 0.8 (based on oxidation from Fe to Fe30,), cor-
responding to rich conditions. The experimental conditions of the two
tests are summarized in Table 2 along with those used for previous pure
Fe experiments in the same burner [32,33].

The combusted particles were collected both from the cyclone col-
lector and from the walls of the combustion chamber, denoted for each
test with the subscripts ‘cycl’ and ‘wall’, respectively. The collected sam-
ples were embedded and polished to be analyzed by Scanning Electron
Microscopy (SEM) coupled with EDS to measure the internal phase com-
position of individual particles and visualize them. X-ray Diffraction
(XRD) was used to identify the phases formed in the combusted powders,
using a D8 Advance from Bruker with LynxEye detector, equipped with
a cobalt target operating at 30 kV and 30 mA. The powders were previ-
ously crushed for the X-rays to penetrate to the center of the combusted
powders. Rietveld refinement was conducted using Bruker TOPAS v5.0
software to quantify the phase distribution in the combusted powders.

3. Results
3.1. Single-particle combustion results

A total of 16 Fe-7Si particles were successfully burned in the single-
particle burner, with an initial size varying between 28 and 44 microns.
Similar to the previous study by Peng et al. [22], a multi-peak lumi-
nosity evolution is observed for the combustion of Fe-7Si particles (see
Fig. 4). However, all the tested particles here follow the same mode of
combustion with one small peak followed by a larger peak. Combustion
snapshots are included in Fig. 4(a), while the influence of temperature on
luminosity can be qualitatively analyzed by normalizing the luminosity
signal with the size evolution (see Fig. 4b). A quantitative analysis would

not be possible here because luminosity is also influenced by surface
emissivity, which changes as presented below and as seen in Fig. 4(a).
As in our previous study [8], the impact of changes in the distance be-
tween the particle and the luminosity acquisition system is considered
negligible. This is justified by the fact that the particles leave the cam-
era’s field of view at its bottom, limiting the horizontal displacement to
below half of its width (~0.5 mm), which is negligible compared to the
distance of 12 cm between the center of the combustion chamber and
the PM tubes.

After laser heating, during which ignition and melting occur, the
particles reach a first peak, called ‘small peak’. It is followed by a de-
crease in luminosity from 0.7 ms to 1.1 ms, paired with the darkening
of the particle surface (see Fig. 4a). During this luminosity decrease, the
particle size slightly decreases (from 38.2 um at the peak to 36.8 um
at the bottom), although this decrease falls within the size uncertainty
range (1.5 pm). Therefore, no conclusion about the size evolution can
be drawn. However, as the particle surface remains homogeneous, but
only darkens, the decrease in luminosity is suggested to result from a
temperature decrease.

Then, the luminosity increases again, with two successive sections
with convex and concave shapes, respectively. During the convex
section, a different phase from the one already present progressively
appears at the surface, replacing the former phase. At first, small cir-
cular spots of the new phase arise over the entire surface (see Fig. 4a).
Then, they progressively grow in size and coalesce, until finally becom-
ing a single phase. The distinction between this newly created phase
and the former one is still visible until the end of the convex part, where
the particle surface becomes fully covered by the new phase. Although
temperature is expected to increase as luminosity increases again, the
change in surface emissivity due to the creation of a new phase prevents
drawing any conclusion about an increase in temperature.

During the concave section, the rate of increase of the size evolu-
tion is constant while that of the luminosity increases progressively (see
Fig. 4b), and the particle surface remains homogeneous while becoming
brighter. Accordingly, no sudden surface emissivity change as observed
during the convex section occurs due to the appearance of another phase
at the surface, and the particle temperature increases at an increasing
rate. The concave section ends when reaching the second peak, called
‘large peak’, which occurs when the peak luminosity is reached. Just
before that large peak, a sudden luminosity jump takes place, which is
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(a) Luminosity evolution and combustion snapshots of a 44 pm Fe-7Si particle.
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(b) Size-normalized luminosity evolution of a 40 pm Fe-7Si particle.

Fig. 4. Multi-peak luminosity evolution observed during the single-particle combustion of (a) a 44 um Fe-7Si particle including combustion snapshots and (b) a 40 um
Fe-7Si particle including size-normalized luminosity evolution. After laser heating, the particles reach a first small peak, followed by a decrease in luminosity, during
which temperature decreases. The second rising part to the large peak is then constituted of two parts with a convex and concave shape, respectively. During the
convex part, a new oxide phase is created and grows at the surface, while the surface is homogeneous during the concave part. The increase in temperature during
this concave section becomes more significant when approaching the large peak, reached after a sudden luminosity jump associated with an instantaneous inflation,

and followed by cooling until solidification.

attributed to a sudden particle size increase (see Fig. 4b), suggested to
result from the creation of internal gas [23].

After the large peak, the particle cools down until it reaches solidifi-
cation. Although solidification is usually identified by a luminosity jump
[3] due to a sudden temperature increase after the solidification of a su-
percooled iron oxide droplet, it is here replaced by a luminosity drop
(see Fig. 4a). The latter is due to a decrease in size during solidification
caused by the sudden ejection of a gas (see Supplementary Information
SI3), potentially the gas created just before the peak. This is justified by
the fact that other Fe-7Si particles without sudden inflation before the
peak show a luminosity jump at solidification, proving that the solidifi-
cation of a supercooled iron oxide droplet still takes place. Nevertheless,

while it is usually paired with a size increase due to the temperature
jump [3], if the created gas is ejected, the impact on the particle size
may be bigger than that of temperature. Therefore, whether solidifica-
tion manifests as a luminosity jump or drop depends on the amount
of gas released (leading to a size decrease) relative to the temperature
increase.

Due to the decreasing luminosity level during cooling and the im-
possibility of collecting burned particles from this single-particle setup,
no information about the reached oxidation level and combustion prod-
ucts’ microstructure can be obtained. This limitation is mitigated by the
results obtained with the multi-particle setup, as described in the next
section.
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Fig. 5. Flame visualization inside the multi-particle burner during (a) test LT
(810°C) and (b) test HT (930°C). Only few ignited particles are visible during
test LT, while an established and stable flame was present during test HT.

3.2. Multi-particle combustion results

3.2.1. Flame analysis

Two combustion tests with the same Fe-7Si powder were conducted
inside a multi-particle burner with two different preheating tempera-
tures: 810°C (test LT) and 930°C (test HT). As illustrated in Fig. 5, a
stable tornado-shaped flame was observed during test HT, while only lo-
calized ignition occurred during test LT (fewer red and bright particles).
This highlights that ignition was barely achieved during test LT.

Subsequently, the gas temperature measured by the three thermo-
couples (top, center, exhaust) and the O, concentration follow a differ-
ent evolution between the two tests (see Fig. 6). During test LT, the gas
temperature at the center of the chamber decreases below the defined
temperature of 810°C after powder injection, while it increases above
930°C during test HT. The increase in temperature above the defined
preheating temperature in that case implies that the powder at least
partially ignited. The following evolution of the top and center temper-
atures is irregular, likely due to a heterogeneously distributed ignition
inside the particle flow. This leads to a heterogeneous distribution of the
temperature along the combustion chamber as observed by the exhaust
temperature being lower by several hundred degrees. The difficult ig-
nition during test LT is also consistent with the oxygen concentration
measured by the gas analyzer at the exhaust: the concentration barely
shifts from the initial concentration during test LT, while it decreases
more significantly during test HT.

3.2.2. Collection of the combusted products

As illustrated in Fig. 7, the proportion of large agglomerates
(>140 pm) in the combustion products is larger for the powders collected
on the walls, especially for test HT at 22.57 wt.% compared to 1.94 wt.%
for agglomerates collected from the walls and the cyclone collector. Also,
the proportion of powder sticking to the burner walls is higher for test
HT (85.5 g) than for test LT (38.3 g). These formed agglomerates were
already observed in previous studies using the same burner [17,33].
Yet, the influence of Si on sintering and sticking tendency should be
specifically analyzed in a dedicated study.

3.2.3. Microstructural analysis
XRD measurements. The phase distribution of one sample from each
test and collection zone (four samples in total) reveals differences in
oxidation levels between tests, and between the cyclone and combus-
tion chamber (see XRD measurements in Fig. 8 and Table 3). Current
XRD results can be analyzed using a conversion efficiency, which is de-
fined based on the oxidation level reached by the particles, assuming
that 100% oxidation is associated with Fe,O5 and SiO, (while 90% cor-
responds to Fe;0, and Fe,SiO4 and 66% to FeO, based on the energy
released).

Consistent with the temperature and oxygen concentration data (see
Fig. 6), powders from test LT exhibit low oxidation, especially for the
particles collected from the cyclone (0.2 wt.% oxidized to FeO). Particles
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Fig. 6. Evolution of the temperature (upper graph) measured by the three
thermo-couples inside the multi-particle burner and of the O, concentration
(lower graph) measured by the gas analyzer during the two tests, represented by
blue and Orange lines for HT and LT, respectively. (For interpretation of the ref-
erences to colour in this Figure legend, the reader is referred to the web version
of this article.)

Fig. 7. Global SEM images of combustion products collected after the two
tests inside the multi-particle burner from both the cyclone collector and the
walls. Agglomerates are more prevalent for the powders collected on the walls,
especially for test HT.

collected from the chamber walls show higher oxidation (0.1 wt.% FeO
+ 2.3 wt.% Fe304 + 1.6 wt.% Fe,SiO, + 2.6 wt.% Fe,03). No SiO,
phase is detected by XRD, likely due to its vitreous, non-crystalline state,
and metallic Si remains alloyed with a-Fe. Traces (<3 wt.%) of a fay-
alite phase (Fe,SiO,) are, however, observed. For test HT, oxidation is
higher in both collection locations, though a substantial fraction of a-Fe
remains (70.5 wt.% from the cyclone and 57.8 wt.% from the walls).
Again, powders collected from the walls show a higher oxidation level,
with a marked increase in Fe,O5 content (+9.3 wt.%).

The resulting conversion efficiency can be compared with the results
obtained with pure Fe particles (see Table 3). The conversion efficiency
ranges between 0.1% and 6.2% for test LT and between 26.3% and 39%
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Fig. 8. XRD curves of combusted Fe-7Si powder in the tornado burner during
the LT and HT tests collected from the walls and the cyclone.

Table 3

Phase composition and resulting conversion efficiency of the collected samples
from the cyclone collector and from the walls for each test measured using XRD.
The conversion efficiency of the powders collected on the walls is higher due to
their higher residence time at high temperatures. Similar results obtained with
pure Fe particles have been added for comparison.

Phase [wt.%] LT,y LT, HT,,, HT, [32] [33]
Fe 99.8 93,5 70.5 57.8 4 9

FeO 0.2 0.1 2.1 0.8 - 4
Fe,0, - 2.3 225 27.1 50 42
Fe,Si0, - 1.6 1.9 2 - -

Fe, 04 - 2.6 3 12.3 46 45
Conversion eff. 0.1% 6.2% 26.3% 39% 91% 85.4%

for test HT. This is much lower than the efficiency obtained in pure Fe
experiments (>85%) using the same burner and similar experimental
conditions [32,33].

The higher oxidation level observed on powders collected from the
walls is primarily due to solid-state oxidation, as demonstrated by the
larger hematite content in the powders collected from the walls, which
can only form by solid-state oxidation. Particles adhering to the walls
remain longer at elevated temperatures (>810°C for LT, >900°C for HT),
allowing oxidation to proceed regardless of whether they were ignited.
The extended residence time may also improve conversion efficiency,
contributing to the higher overall oxidation.

SEM analysis.  The XRD results suggest that most particles remain unig-
nited, even in test HT. Nevertheless, the measured iron content in the
XRD analysis comes not only from the non-ignited particles, but also par-
tially from the unburnt iron core inside quenched particles (see Fig. 9).
Yet, beyond those quenched particles still containing unburnt iron, the
majority of oxidized particles are fully constituted by an oxide phase.

While non-ignited particles, recognizable by their random shapes, as
they did not reach the liquid state, from test LT exhibit a homogeneous
metallic surface (see Fig. 10a), those from test HT display darker spots
on the metallic surface (see Fig. 10b). These spots correspond to an Si-
enriched oxide phase relative to the initial composition.

Fuel 431 (2027) 141936

Fig. 9. Mapping of cross-section of the combustion products collected in the cy-
clone from test HT. It shows fully oxidized particles (grey), non-ignited particles
(white), and quenched particles (white spherical iron core with a grey oxide
layer). (For interpretation of the references to colour in this Figure legend, the
reader is referred to the web version of this article.)

Ignited particles can be identified and analyzed, particularly in test
HT. While non-ignited particles exhibit a smooth surface, sometimes
with darker spots, ignited particles display dendritic structures on their
surfaces (Fig. 11a and c). Dendritic microstructures are also observed in
cross-sections (Fig. 11b and d). The volumetric distribution of dendrites
and interdendritic phases depends on the composition of the liquid be-
fore solidification, while the particle cooling rate influences the number
of dendrite nucleation points and their thickness, explaining observed
variations in dendrite morphology. Additionally, a eutectic phase is vis-
ible within the interdendritic regions (see magnified images in Fig. 11b
and d), indicating that the liquid reached a eutectic point during cooling
and solidification.

The composition of the eutectic phase has been measured using EDS
(see Fig. 12). The spatial resolution of EDS (~1 pm?3) is not sufficient to
resolve the very fine eutectic microstructure; however it gives the av-
erage composition of the liquid undergoing the eutectic transformation.
To improve the reliability of these measurements, they were repeatedly
conducted on four particles, with the three other particles showing val-
ues consistent with the one presented in Fig. 12 (see Supplementary
Materials SM4). For both the dendrites and the eutectic phase, the mea-
sured EDS signal shows an oxide with both Fe and Si, with Si enrichment
in the eutectic microstructure (between 7.5 wt.% and 9.7 wt.% Si, not
accounting for point 7 in Fig. 12 as it shows slightly higher Si concen-
tration compared to all other points). This enrichment is visible in SEM
images of Fig. 11 as Si oxide appears darker than Fe oxide. As EDS is not
a good tool to measure light elements quantitatively, it is mainly used
here to compare Fe with Si and to find possible enriched zones while
providing qualitative measurements of oxygen. This explains the lower
oxygen content measured by EDS relative to the expected value corre-
sponding to the Fe;O4 phase (~28 wt.%) measured by XRD. Therefore,
the phase obtained for the dendrites is likely magnetite.

4. Discussion
4.1. Influence of preheating temperature on conversion efficiency

Combustion tests in the multi-particle burner show that 7 wt.% Si sig-
nificantly hinders the conversion efficiency. Using the same conditions
as for pure iron (preheating temperature of 810°C), the conversion effi-
ciency is limited to 0.1%-6.2%, compared to more than 85% for pure Fe
particles. This suggests that the presence of Si prevents a proper powder
ignition, as also evidenced by the unstable character of the formed flame.
Increasing the preheating temperature by 120°C enabled an increase in
the conversion efficiency (to 26.3%-39%), suggesting that ignition of a
larger fraction of particles was reached, forming a stable flame.
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Fig. 10. Non-ignited particles collected from the walls during tests (a) LT and (b) HT. For the particle from test HT, the surface chemical composition shows Si-rich

darker oxide spots on top of a metallic surface.

Fig. 11. SEM images of the ignited particles collected after the HT test, both
from the (a-b) cyclone collector and (c-d) the walls. The surface of ignited par-
ticles shows dendrites, which can also be found in their internal microstructure.
In addition, a eutectic phase is present inside the interdendritic phase (yellow
arrows). (For interpretation of the references to colour in this Figure legend, the
reader is referred to the web version of this article.)

As non-ignited particles show Si-rich surface spots (see Fig. 10b), Si
oxidation plays a key role in the ignition behavior. Previous observations
of Fe-Si oxidation between 900-1050°C [35] also showed that the pres-
ence of Si induces the formation of an intermediate mixed Fe-Si oxide
layer, and that a thin silica layer in contact with the metal is typically
formed.

The migration of Si from the core to the surface during solid-state
oxidation likely results from the preferential oxidation of silicon, which
has a higher oxygen affinity than iron [36]. Then, the limited diffusion of
silicon within silica allows iron cations to diffuse faster, forming a mixed
oxide layer [35]. However, iron diffusion through silica (1013 cm?/s) is
much slower than through iron oxides (108 cm?/s) [37,38], strongly
reducing oxidation kinetics compared to pure iron combustion. This
mitigated oxidation rate likely contributes to poor powder ignition.

Given that an increase in preheating temperature improved the con-
version efficiency, higher temperatures are expected to improve it even
more. By increasing the temperature, iron diffusion through the silica

layer would be accelerated, promoting ignition. This is also expected
due to the successful ignition observed when using laser heating in the
single-particle setup, which heats the particles to a much higher temper-
ature (above the melting point). Moreover, dedicated ignition analysis
should be conducted to better understand the effect of Si on the solid-
state oxidation kinetics, for example using thermogravimetric analysis
at different preheating temperatures.

4.2. Combustion regime

In the single-particle setup, laser heating overcomes the difficulties
of powder ignition, enabling the study of liquid-state combustion. As
observed by Peng et al. [22], a first luminosity peak occurs shortly after
ignition, followed by a rapid decrease in luminosity and temperature.
Their hypothesis that this drop results from the formation of a Si-rich
oxide layer reducing the oxidation rate is consistent with the higher
oxygen affinity of silicon compared to iron [36] and the low diffusion
coefficients of Fe and Si within a Si-rich oxide layer [39].

Assuming a diffusion coefficient of approximately 10> cm?/s for
iron in liquid silica (consistent with experimentally determined Fe diffu-
sion coefficients in molten oxide/silicate systems at high temperatures
[40,41]) and considering the 0.7-1.1 ms duration of the luminosity de-
crease, the corresponding diffusion thickness is around 1.2 pm to 1.5 pm.
Regarding the thickness of a few pm measured on quenched particles
collected in the cyclone after test HT (see Fig. 13), the formation of a
Si-rich oxide layer of this thickness is plausible and could explain the
observed drop. For those particles, the spherical shape of the inner iron
core suggests that ignition and melting occurred, but the particles likely
quenched before fully oxidizing in the liquid state. Nevertheless, the ox-
idation state of this created Si-rich oxide phase remains uncertain, while
single-particle results for pure Si combustion suggest that the formation
of SiO is favored over SiO, [42].

During the luminosity drop following the initial small peak, the par-
ticle surface darkens and its size decreases, indicating a temperature
decrease likely caused by a reduced oxidation rate due to the formation
of a Si-rich oxide layer. Peng et al. [22] proposed that the particle burns
in an internal-diffusion-limited regime, but no additional evidence from
this study allows for confirmation of that mechanism.

The subsequent luminosity increase after a few milliseconds indicates
that iron oxidation continues. This rise coincides with the appearance of
a new, bright oxide phase on the particle surface. The brief luminosity
drop can thus be explained by slower oxidation and limited diffusion to
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Fig. 12. EDS analysis of the composition of the dendrites and the eutectic phase observed in combusted Fe-7Si particles. It shows that for both the dendrites and the
eutectic phase, the measured EDS signal indicates an oxide containing both Fe and Si, with Si enrichment in the eutectic microstructure.

Fig. 13. SEM images of the cross-section of quenched Fe-7Si particles collected
from the cyclone after test HT. The spherical shape of the inner iron core proves
that ignition and melting occurred, but they did not fully oxidize, likely due to
quenching. Regarding the thickness of 3 pm to 5 um of the oxide layer, this is
in the same order of magnitude as the estimated minimum thickness of Si-rich
oxide layer created at the beginning of the combustion.

the surface, while the following increase may result from the growing
coverage of the bright phase and possibly from a temperature rise, al-
though the latter cannot be confirmed. The initial convex portion of this
rise is therefore attributed primarily to changes in surface emissivity, as
the new phase appears more rapidly at the surface at the beginning.

Once the particle surface is fully covered, the convex portion of
the luminosity evolution transitions into a concave shape. The slope
of the luminosity increases with time while particle size continues to
grow steadily, suggesting a rise in particle temperature that likely be-
gan during the convex section. However, the lower slope compared to
the initial post-ignition rise indicates that the rate-limiting mechanism
now involves not only external oxygen diffusion to the surface but also
internal diffusion of metallic species.

A notable difference from Peng et al. [22] is the absence of inter-
mediate jumps between small peaks in our luminosity data, previously
attributed to intermediate solidification and re-melting. This discrep-
ancy is likely due to particle size: particles in the current study range
from 25 um to 63 um, whereas those in the previous study had a mean
diameter of 119 pm. Larger particles experience greater heat loss during
the luminosity drop, allowing their temperature to fall below the solid-
ification point, whereas smaller particles maintain temperatures above
solidification until the final reactive cooling phase.

4.3. Phases created

The combustion products of ignited particles consist mostly of
magnetite, with hematite also present for the most oxidized ones. This

indicates that once the ignition barrier is overcome, Fe-7Si particles can
fully oxidize in the liquid state. Although no microstructural analysis
was conducted in previous experiments with pure Fe particles using the
same burner [32,33], the eutectic phase observed within the interden-
dritic matrix (see Fig. 11), whose interdendritic character has already
been linked to the presence of SiO, [18], is a novel trait that was not
observed for pure Fe particles [43]. We suggest that it results from the
rapid solidification of an Fe-Si-O liquid phase, as detailed below.

All the phases expected in the system Fe-Si-O were detected by
XRD (see Table 3), ie., metallic a-Fe, wiistite Fe , O, magnetite
Fe;0,4, hematite Fe,O5 and fayalite Fe,SiO,. The only missing phase is
tridymite/cristobalite SiO,. Yet, the presence of glassy SiO, (instead of
crystalline tridymite/cristobalite) was previously reported after quench-
ing of Fe-Si-O oxide liquid phase at the end of a combustion process [18].
Therefore, it would not be surprising if XRD did not detect the presence
of SiO,. According to the thermodynamic simulation of adiabatic com-
bustion of Fe-7Si [14], the microstructure expected at the end of the
combustion of a fully oxidized liquid Fe-Si-O phase is (i) the formation
of Fe;0,4 dendrites (from 1776 K), followed by (ii) a eutectic transforma-
tion of the remaining oxide liquid phase, enriched in Si, into a mixture of
Fe30,4 and SiO, (at 1713 K). Further solid-state oxidation will gradually
transform Fe; 0, into Fe,O3. This prediction fits well with the observed
microstructure of the ignited particles, composed of a majority of Fe-
rich oxide dendrites (see Fig. 12), and with the XRD measurements (see
Table 3), which detect Fe;0, as the main stabilized oxide. In the inter-
dendritic region, a eutectic microstructure is observed, composed of a
fine mixture between a dark Si-rich oxide phase and a phase of similar
contrast to the dendrites, i.e.,, probably magnetite.

The Fe-Si-O system contains 5 invariant points associated with a fast
solidification process that could produce a fine microstructure such as
the one observed in the interdendritic region [44]. The solidification
path chosen by the liquid oxide phase will depend on its composition
at the onset of solidification, while the composition of the final fine
microstructure is fixed for each invariant point. For increasing Si con-
centration of the invariant point, the phases formed are: (a) Liquid +
Fe304 + SiO, (reported between 7.4 wt.% Si and 9 wt.% Si); (b) Liquid
+ Fe,Si04 + Fe( O + Fe (10.5 wt.% Si); (c) Liquid + Fe,SiO4 +
Fe(1.x0 + Feg0, (12.2 wt.% Si); (d) Liquid + Fe,Si0, + SiO, + FezOy
(15.3 wt.% Si); (e) Liquid + Fe,SiO, + Fe + SiO, (17.3 wt.% Si).
Local EDS measurements of the fine interdendritic microstructure es-
timated local concentrations varying between 7.5 wt.% Si and 9.7 wt.%
Si. These measurements should be used with caution as the interden-
dritic region approaches the limits of the spatial resolution of EDS (~1
um?) and because EDS does not quantify light elements such as oxygen.
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A characterization of the local phase at the nanometric scale is required
to formally identify the phases within the interdendritic region, which
is outside the scope of the present study. Nevertheless, the qualitatively
low concentration of Si in the interdendritic region indicates that it
probably corresponds to the invariant point (a), i.e., the eutectic trans-
formation thermodynamically predicted when the Fe-7Si particles are
fully oxidized in the liquid phase. The presence of Fe(;_,,O and Fe,SiO,
indicates that some particles could also follow the invariant point (b),
corresponding to particles quenched before their full oxidation in the
liquid state. It should be noted that both Fe;_,,O and Fe,SiO,4 could also
form during the solid-state oxidation of non-ignited particles.

Although the addition of Si increases the theoretical heat release of
Fe-Si particles (32.4 MJ/kg for Si — SiO,, compared with 6.7 MJ/kg for
Fe — Fe30,4 and 7.4 MJ/kg for Fe — Fe,03), the actual energy output
is strongly constrained by the low conversion efficiency. At the highest
conversion efficiency obtained in this study (39% for HTwall), the heat
release reaches only 3.4 MJ/kg, which remains well below the 6.9 MJ/kg
obtained with pure iron under similar multi-particle burner conditions
[33]. Assuming oxidation of Fe and Si to Fe;0,4 and SiO,, respectively,
a conversion efficiency of at least 81.2% would therefore be required
for Fe-7Si particles to match the specific heat release of pure Fe parti-
cles. At 100% conversion efficiency, the theoretical heat release would
reach 8.5 MJ/kg. These results highlight the importance of achieving
high conversion efficiency to fully exploit the energy potential of Si-
containing iron powders, which requires ensuring sufficient ignition.
However, achieving a higher ignition efficiency may require higher air
preheating temperatures, which introduce an additional energy penalty.
To assess whether this penalty is offset by the additional heat released
through Si oxidation, the two effects can be compared by considering
complete oxidation of Fe and Si to Fe;0,4 and SiO,, respectively, and a
stoichiometric amount of air heated from ambient temperature to the
required preheating temperature. Under these assumptions, the addi-
tional heat release provided by the 7 wt.% Si in Fe-7Si compensates for
the additional energy required to preheat the air up to approximately
1663°C. Thus, from an energy-output perspective, Fe-7Si particles re-
main potentially advantageous over pure Fe provided that sufficiently
high conversion efficiency can be achieved. Nevertheless, the higher
preheating temperature may introduce an economic trade-off between
the potential savings associated with lower-cost iron-based feedstocks
and the additional energy required for preheating. A detailed techno-
economic assessment of this trade-off is beyond the scope of the present
study and is left for future work.

4.4. Expected influence on reduction

Concerning the reduction of oxidized Fe-7Si particles, Si oxide
impurities are expected to adversely affect the reduction kinetics of com-
busted Fe oxides, primarily due to the low reducibility of the complex
ternary oxide phases that form [45,46]. Even if SiO, doping in hematite
pellets initially increases porosity [47,48], which enhances the reduc-
tion rate, it is decreased at reduction temperatures above 1300°C due
to local melting [49,50]. During reduction, SiO, reacts with Fe oxides
to form silicates (e.g, Fe,SiO,), which are less reducible and decrease
porosity [45,47,48,50]. Si-rich phases can also form dense surface or
interfacial layers that significantly hinder reduction [51].

Furthermore, Si can be considered within an open-system frame-
work. For instance, when recycled Si-containing steel scrap is used as
a fuel source, the resulting oxidized powder can be reduced in blast
furnaces, where SiO,-rich slags are routinely processed.

5. Conclusion

This study advances the understanding of the combustion behavior
of micron-sized Fe-7Si particles. First, in situ high-speed imaging and lu-
minosity measurements during single-particle combustion showed that
liquid-state oxidation rapidly becomes limited, which is suggested to re-
sult from the creation of a Si-rich oxide layer mitigating the internal
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diffusion of Si and Fe toward the surface. After a short moment during
which the temperature likely decreases while oxidation continues, a new
Fe-rich oxide phase arises at the particle surface and progressively covers
the former phase. Combustion thereafter continues and the temperature
increases until it reaches a large peak, followed by reactive cooling and
solidification.

The tests conducted inside the multi-particle burner highlighted that
the presence of 7 wt.% Si limits the conversion efficiency (0.1%-6.2%)
when preheating the gases to the same temperature as for pure Fe
(810°C). Ex situ analysis of non-ignited particles revealed that Si-rich
oxide spots were created at the particle surface, potentially mitigat-
ing the internal diffusion and so the oxidation rate. Nevertheless, an
improved conversion efficiency (26.3%-39%) was reached by increas-
ing the preheating temperature to 930°C. Examination of the solidified
products revealed that they are mostly composed of magnetite, with the
potential presence of fayalite. Microstructure analysis showed that the
combusted particles are made of a dendritic microstructure surrounding
a Si-enriched eutectic phase inside the interdendritic matrix. The mea-
sured composition of this phase suggests that full oxidation in the liquid
state is reached prior to reaching the eutectic point during cooling and
solidification.

These findings indicate that silicon alters the rate-controlling mech-
anism of combustion, shifting it toward enhanced internal diffusion and
thereby extending the overall combustion time compared with pure iron.
Yet, they also prove that ignited particles reach a high oxidation degree.
Future studies should be dedicated to understanding the solid-state oxi-
dation kinetics close to the ignition temperature of such particles and to
the design of efficient ignition system.
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