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ARTICLE INFO ABSTRACT
Keywords: The present experimental study focuses on the determination of the oxidation progress and internal structures
Metal fuel

during the combustion of single iron particles using combined in-situ optical measurements and ex-situ material
examination of rapidly quenched particles. Narrowly sieved iron particles with a mean diameter of 49 ym
are ignited and burn in the hot exhaust of a premixed CH,/O,/N, flat flame with remaining 20vol% O,,
provided by a laminar flow reactor with well-defined thermal and flow boundary conditions. During particle
combustion, key parameters of oxidation progress are determined optically in a time-resolved manner, such
as the time-resolved particle surface temperature and the reaction time relative to the instant of the particle
peak temperature. Furthermore, individually burning particles are rapidly quenched at different combustion
stages and then extracted from the exhaust gas using an isokinetic extraction probe. The bulk composition of
the quenched particles with respect to a-Fe and its three oxides FeO, Fe;0,, and Fe,0; is determined using
Wide-angle X-ray Scattering and>”Fe Mdossbauer Spectroscopy. Combining the information obtained from in-
situ and ex-situ measurements, it is shown that iron particles oxidize rapidly to FeO during the initial stage
of combustion, followed by a much slower oxidation to Fe;O, as the particles cool down. The peak particle
temperatures are measured during the fast initial oxidation. Finally, particles sampled from representative
positions of the oxidation process are analyzed by Energy-Dispersive X-ray Spectroscopy and Focused Ion
Beam Scanning Electron Microscopy, revealing different particle morphology and internal structures. For the
first time, the clear presence of an oxide shell and iron-core structure in quenched particles suggests that
liquid iron and liquid iron oxide are layered during liquid phase combustion, if the particle remains within
the miscible gap.

Inner particle structure
Liquid phase iron oxidation
Single iron particle oxidation

1. Introduction and multi-scale computational fluid dynamic (CFD) simulations are

needed. To overcome the present limitation in prediction, one build-

Iron powder has been proposed as a promising carbon-free en-
ergy carrier due to many inherent advantages, e.g., abundance, high
specific energy, and potential recyclability [1]. It has the potential
to overcome the intermittency and geographical dispersion of clean
power produced by solar, wind, and hydro power. The retrofitting
of coal-fired power plants with iron powders paves a way for the
reliable generation of green electricity on demand. Attributed to the
non-volatile characteristic of iron particle combustion, iron dust flames
exhibit unique features, such as low sensitivity of reaction wave ve-
locities to equivalence ratio [2]. A comprehensive understanding and
quantitative prediction of pulverized iron flames are essential to devel-
oping industry-scale combustion devices, for which multi-dimensional
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ing block is a more detailed understanding of high-temperature iron
particle oxidation. Due to the well-defined boundary conditions, as a
first step, fundamental studies of single iron particle oxidation emerged
as an important research approach. In addition, understanding the
changes in the particle’s structure upon oxidation is a useful step
towards improving the recyclability of the fuel.

A number of fundamental studies have advanced considerably the
understanding of single iron particle combustion, by focusing on the
global oxidation time scales [3,4], temporal particle temperature evolu-
tion [5,6], and ex-situ morphological analysis [7,8]. Also, the influence
of CO onto the reaction of iron particles combusting in premixed
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methane flames have been investigated, indicating that even very
small levels of CO increase the probability of micro-explosions for iron
particles up to 50pm [9]. However, detailed investigations into the
oxidation progress and internal structures during single iron particle
combustion are rarely conducted. The first attempt to characterize the
internal structures and oxidation levels of combusted iron particles was
reported by Choisez et al. [10]. Ex-situ material characterization of iron
oxide particles collected from a turbulent burner was performed. Com-
plex morphology, microscopic structure, and different oxidation levels
were observed. Despite the rich details revealed from that work, the
oxidation state at the different stages of iron particle combustion still
remains elusive due to the challenges of accurately quenching particle
combustion at the desired location and reaction time in a turbulent
flow. To this end, the rapid termination of the combustion process and
the extraction of quenched particles under well-controlled thermal and
fluid dynamical conditions, e.g., isothermal and laminar, are highly
desirable. Previously, rapid quenching of burning metal particles was
demonstrated to be a powerful technique to in-situ freeze the oxi-
dation progress, enabling sophisticated ex-situ characterization of the
oxidation state and internal structure of the particles [11].

In this work, we performed in-situ rapid quenching and sampling of
micron-sized iron particles at different oxidation stages under precisely
controlled conditions. At the sampling position, the reaction progress
of the particles was characterized by time-resolved two-color pyrome-
try measurement of the particle temperature. The composition of the
sampled particles was quantified using >’Fe Mdssbauer spectroscopy
(MS) and Wide-Angle X-ray Scattering (WAXS). The morphology of
the quenched particles was examined by Focused Ion Beam - Scanning
Electron Microscopy (FIB-SEM). The combined in-situ and ex-situ diag-
nostics allow a detailed characterization of the micro-structures and the
oxidation states during the tens of milliseconds combustion process of
micron-sized iron particles. To the best of the authors’ knowledge, this
is the first report on the time-resolved oxidation progress of burning
single iron particles.

The structure of this work is as follows: In Section 2 the experimen-
tal setup and the iron particles used are presented and characterized.
The measurement techniques are then described: two-color pyrometry,
MS, WAXS, (FIB-)SEM, and energy dispersive X-ray spectroscopy (EDX).
In Section 3, first the results of the overall oxidation progress are
presented and discussed. Hereafter, the oxide-resolved composition
of the quenched particles is presented and discussed, followed by a
discussion of the observed morphology at selected sampling positions
(SP). Next, the oxidation trajectory is mapped onto the Fe-O phase
diagram and interpreted. The final Section 4 concludes the results of
this work.

2. Experimental methodology
2.1. Reactor and operational conditions

To study the iron oxidation progress in hot oxidizing flows, as
shown in Fig. 2, combined in-situ measurement methods including
rapid quenching, sampling, and optical thermometry were applied for
micron-sized iron particles at different combustion stages in a laminar
flow reactor (LFR). A premixed CH,/0,/N, flat flame was stabilized
on a ceramic matrix burner, generating a hot laminar oxidizing atmo-
sphere for particle ignition and combustion. A residual oxygen volume
fraction of 20 %,, in the exhaust gas was determined using 1D free-
propagation flame simulations in Cantera. The burner was enclosed by
a fused silica chimney, providing well-characterized gas velocities and
temperature profiles along the burner center line [12].

Isolated particles were introduced into the LFR using a carrier
gas of pure N, through a particle dispersion unit. In this unit, an
impeller creates a particle dispersion. A small N, gas stream carries
individual particles from the dispersion through a D,,,, = 0.8mm
injection tube into the LFR. The seeding rate can be adjusted by the
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Fig. 1. Particle size distribution (Q3) of the investigated iron particles.

impeller speed, the particle loading and by slight changes in the gas
flow rate through the injection tube. The terminal gas velocity in the
LFR was approximately 1.67 m/s. The gas temperature in the center of
the burner was measured previously using quantitative laser-induced
fluorescence of the OH radical (OH-LIF) combined with absorption
spectroscopy [12]. The initial gas temperature was determined to be
1877K at 2.5mm height above the burner (HAB), which decreased to
1760K in the beginning of the region shown in Fig. 5(b)(—11 ms) and
cooled further towards the end of the shown region (30 ms).

Particle extraction at different stages of combustion was precisely
adjusted by positioning the extraction probe at different HABs. The
composition of the partially oxidized particles probed at different HAB
was then independently analyzed ex-situ using several material char-
acterization techniques. The temperature trajectory of the particles
was determined using two-color pyrometry, accomplished after remov-
ing the extraction probe. The individual parts of the experiment are
described in more detail in the next sections.

2.2. Characterization of the used iron particles

Iron particles produced by inert gas atomization from Eckart TLS,
Germany, with a purity of 99.8 % were used. The particles were chosen
due to their near-spherical shape and the lack of visible pores making
them easier to model from a CFD perspective. The particles were sieved
(sieve size: 45-50 pm) and the mean particle size Q3 was determined
to be 49 um using static laser diffraction analysis (HELOS QUIXEL). The
particle size distribution after sieving is shown in Fig. 1. The oxygen
content of the virgin particles was below the detection limits of WAXS
or MS. A SEM image of the educt particles is shown in Fig. 7 (0).

2.3. Particle quenching and sampling

Particles were rapidly quenched and extracted from the hot oxidiz-
ing environment by adding an isokinetic particle extraction probe to
the LFR. The LFR was moved to sample at different locations which
were selected based on the luminescence of the particle streaks with
refined increments near the maxima and are as follows: 25, 28, 33, 38,
43, 48, 88, 137 and 186 mm HAB.

The extraction probe is based on a modified design used by Tarlinski
et al. [13] as illustrated in Fig. 2(a). Using a vacuum pump, burning
particles were extracted together with the exhaust gas, which is then
diluted by a nitrogen flow (3.8—4 m3 /h) to contain below 1.7 %, O, and
cooled down with an integrated water cooling system. The particles
were collected by a polyethylene (PE) filter (nominal pore size 5pm)
installed at the end of the 900 mm (d;) long probe. To ensure isokinetic
sampling and to minimize the residual oxygen inside the extraction
probe, the sampled exhaust gas was highly diluted by adjusting the
nitrogen flow rate so that individual particles were slightly decelerated
just upstream of the probe inlet.



A. Sperling et al.

(a) Thermocouple |

- 77*
|
. Ny — Vacuum !
Cooling PEFilter "pymn | &
Water | 5um | £
Extraction Probe :§
o—OD =30 mm I
Fused Silica ID =13 mm e
Chimney ™y :
[ Mlag=10mm)
_________ (X
= |
° I
e o
I = 1FOV =
121 I
Flat Flame ~{ Bmd I
)
y : iR
b | | Ceramic
b Matrix
Z X T T
Flat Flame Inlet | — CH,/N,/O,
Particle Inlet — N,
(b)
HH
Pyrometry g Laminar
Camera 2 -?. | Flow Reactor
Lens N
| I— Beam Spliter
I ==0—C0D 0.6 ND Filter
i \.e(
0|50 ﬂm F\\
8% b—Lens
Pyrometry
Camera 1

X
YLZ
Fig. 2. (a) Schematic setup used to extract the particles from the LFR. (b) Optical

setup of the two-color pyrometry measurements (without extraction probe) for particle
temperatures and velocities’ in the FOV marked in (a).

2.4. Characterization of the particle extraction

Particle extraction was conducted for one hour at each sampling
location, yielding 80-100 mg of partially oxidized iron particles. The
particle number density just before the probe inlet was monitored
with a high-speed camera to ensure that the inter-particle distance was
larger than 10 particle diameters. Therefore, the oxidation of a single
particle is independent of the influence of other particles and inter-
particle collisions are unlikely. An exemplary photograph of the particle
streaks is given in Fig. 3.

A type K thermocouple (TC) positioned directly in front of the filter
indicated a constant gas temperature below 354K in the filter. To
determine the quenching conditions, the internal gas temperature along
the center line of the particle extraction probe was determined using
another type K TC in an additional measurement. This TC had an outer
diameter of 3 mm. Central alignment was ensured with a distance holder
added to the TC. Three measured center line temperature curves are
shown in Fig. 4 together with a cross section of the extraction lance
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Fig. 3. Exemplary photographs of particle streaks. The methane flat flame and the
tip of the extraction lance can be seen. The edges of the extraction lance are
highlighted. The extraction position is at 186 mm HAB. The exposure time is 1/40 s.
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Fig. 4. A cross section and the corresponding gas temperatures determined on the
center line of the extraction probe with a thermocouple during operation are shown.
The different temperature curves result from different extraction conditions used for
particle extraction. The quench position of 10 mm is indicated.

tip. A change in the temperature gradient was observed in the gas
temperatures 10 mm downstream the inlet due to the entrance of the
quench gas. It is indicated in Figs. 2 and 4 as quench position (d,). Fur-
ther downstream the gas temperature was below 473 K. The distance
between the burner surface and this change in temperature gradient
was defined as the relevant HAB for sampling and was assumed to be
the distance at which particles were quenched. The deviations in the
three temperature curves result from slight changes in the extraction
conditions used to achieve a similar particle deceleration at the inlet
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of the extraction probe. Considering the measured initial quench gas
temperature and the gas mass flow, the initial average quench gas
velocity was up to 17 m/s leading to a significant particle acceleration
during quenching.

The cooling rate of a 49 pm particle was estimated to be in the order
of 1 x 10° K/s assuming constant material properties for solid FeO at
a constant intermediate particle temperature of 1600 K. For the used
particles size of 35 to 60 um, the estimated cooling rate was between
2 x 10° K/s and 7 x 10* K/s. Therefore, the particle oxidation is
considered to be rapidly terminated within the extraction probe.

To examine the overall reproducibility of the sampling and subse-
quent phase determination, three samples were additionally collected
at a selected sampling position and their oxide composition was de-
termined with WAXS and MS. The standard deviation of the detected
oxide composition was determined to be 8 %, for WAXS and 5 %,
for MS.

To determine the sensitivity of particle oxidation to the gas com-
position within the extraction probe, one measurement was performed
by adding 1 %,,, O, to the quench gas, and another one was performed
by exposing the particles to the (warm) quench gas in the filter for
additional two hours. The variation found in the different oxides was
in the order of one standard deviation of the overall reproducibility
or even less and is therefore considered insignificant. Therefore, the
probing is considered insensitive to small variations in the quench gas
composition, and to the residence time of the sampled particles in the
filter during the extraction.

2.5. Two-color pyrometry

To correlate the ex-situ determined oxidation state with the com-
bustion progress, the particle temperature evolution was measured
in-situ using a two-color pyrometry system shown in Fig. 2(b). The
system mainly consisted of a 50:50 beam splitter cube and two time-
synchronized high-speed cameras (Photron SA-X2). Each camera was
equipped with a macro objective lens (Sigma 105mm f/2.8). The
equally split thermal radiation emitted from the isolated burning par-
ticles was filtered by 850 + 25 nm and 950 + 25 nm interference filters
and then recorded by the cameras, respectively. Since the cameras were
more sensitive at around 850 nm, a neutral density filter (OD = 0.6)
was used to balance the pixel intensities at a similar level when the
particle reached its peak temperature. To avoid camera saturation and
maximize the optical signal, the images were defocused by moving
the LFR 3 mm away from the focal plane and identical exposure times
(40 ps) were empirically selected for both cameras. The field of view
(FOV) of the pyrometer was aligned axially with the burning parti-
cle streaks. The integrated radiative intensities of the particles were
reconstructed by binning at least 50 connected background-subtracted
pixels constituting the particle images, reducing the influence of noise
(average background corrected noise level on each sensor of 1.6 counts)
onto the determined particle luminosity. The ratio between the radia-
tive intensities at two wavelengths are related with the particle surface
temperature by

i - rel (5_1> <ﬁ>5 e/ 4T) _ | o
Sy, £ A ) ele/uT) — 1’

where S, ¢; are the radiative intensity and emissivity at wavelength
A; and surface temperature T, respectively, ¢, is the second radiation
constant, I'*? is the instrument factor that was determined by calibra-
tion. A single burning iron particle is treated as a gray body and it
is assumed that €, /e, = 1. The particle temperature was obtained by
solving Eq. (1) iteratively following the approach in [14].

According to the measurement of Kobatake et al. [15], the spectral
emissivity of liquid iron has a weak negative wavelength dependence
and negligible temperature dependence in the range of 780-920nm
(measurements only conducted in this range). This measurement agrees
very well with the calculation of the Drude model. Based on this model,
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the emissivity of liquid iron at 850nm and 950 nm are 0.38 and 0.37,
respectively. The neglection of the difference between emissivity in the
two-color pyrometry causes a 50 K overestimation for the melting point
of iron (1809K). During liquid phase combustion, the outer surface
of the particle is likely covered by a layer of liquid iron oxide, as
suggested by the morphology of quenched particles (see Section 3.4).
However, due to the lack of information on the spectral emissivity of
liquid iron oxide, the error in the surface temperature measurement,
introduced by the graybody assumption, cannot be estimated. Based
on the good agreement between the archived solidification temperature
of liquid iron oxide with the pyrometric measurement using graybody
assumption [5] the wavelength dependence of the emissivity of liquid
iron oxide is likely not significant.

The instrument factor I'“?' was calibrated using a NIST-certified
tungsten lamp over a wide temperature range, 1346-2915 K. For a given
lamp temperature Tj,,, the signal intensity S, at around 850nm (4,)
and 950nm (4,) were obtained by binning pixels within a 10 x 10
window located at the center of the imaged lamp strip. The spectral
emissivity of tungsten ¢; at A; reported in [16] was used to calculate
the theoretical emission intensity of the tungsten strip lamp based on
Planck’s law. Substituting the corresponding S, and ¢; at multiple 7,
into Eq. (1), I = 1.15 was obtained by the least-squares fitting. The
95% confidence interval of the fitting is 0.002, corresponding to an
absolute error less than 25K at a temperature below 3100 K.

More than 300 burning particles were imaged using the two-color
pyrometry system, providing the temporally and spatially resolved
histories of the filtered particle luminosities at around 850 and 950 nm.
Thereafter, the particle temperatures were derived as a function of
residence time and also HAB. The determined temperatures and cor-
responding residence times of the particles along HAB were binned
within 1 mm width of HAB. At a fixed HAB, particles with temperatures
exceeding +3 times the standard deviation were considered as outliers
and removed, corresponding to a maximum of 2% of the determined
number of particles measured at a single HAB. This particle-binning
procedure gives an average particle temperature history as a function of
HAB and also as a function of time with the reference time #, defined at
the peak of the particle-averaged temperature. The particle temperature
could only be determined for the peak temperature region due to a low
signal-to-noise ratio afterwards.

2.6. °7Fe Mdssbauer spectroscopy

MS was performed at room temperature using a home-built setup
consisting of a velocity drive unit from Halder instruments, a propor-
tional counter as detector, a preamplifier, an amplifier, and a CMCA-
500 unit (Wissel) for discrimination and data acquisition. The 57Co/Rh
source had an initial activity of 100 mCi and was continuously kept at
room temperature. The source was moved in a triangular waveform. A
25 pm thick a-iron foil was used as calibration standard. Fitting of the
experimental data was performed with the MossA software package,
solving the full transmission integral [17], resulting in the fitting
parameters given in Table S1. Uncertainties in compositions were deter-
mined from fitting errors. Conversion of spectral area to relative sample
composition was achieved with Lamb-Mossbauer factors as presented
in Spielmann et al. [18]. Measured Mdossbauer spectra are given in
Fig. S2. Sample loadings were in the range of 35 to 45mg/cm?. Sin-
gle measurements were performed for samples split from the probed
particles at each HAB.

2.7. Wide-angle X-ray scattering

WAXS is a measurement method for a qualitative and quantitative
phase analysis which is based on the interaction of X-rays and matter. In
a crystalline material, this interaction leads to diffraction phenomena,
known as X-ray diffraction. The experiments were conducted using a
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laboratory SWAXS beamline, a Xeuss 2.0 Q-Xoom (Xenocs SA, Greno-
ble, France). X-rays were generated by an X-ray source (GeniX 3D Cu
ULD) that emits Cu-K, radiation. The wavelength of the X-rays used in
this study was 1.5406 A. The (unmilled) powder sample, consisting of
oxidized iron particles, was placed on an adhesive polyimide foil allow-
ing the controlled exposure of the sample to the collimated beam. The
sample-to-detector distance was maintained at 80 mm throughout the
experiments. The diffraction patterns obtained from the Pilatus3 R 300k
detector were utilized for further analysis. In this way, characteristic
Bragg peaks in the diffraction pattern were identified and analyzed to
extract the averaged mass fraction of each crystalline phase identified
in the powder samples. For the evaluation of the interference peaks, the
IR method was applied, which is discussed in previous work [19]. Here,
it has also been shown, that, compared to X-ray diffraction (XRD), all
necessary Bragg-peaks are detected in the WAXS setup. The diffraction
patterns measured in the work are presented in Fig. S3. The peaks
used for the particle evaluation are marked. Independent measurements
were conducted for three sub-samples split from the particles extracted
at each HAB. The measurement uncertainty was then determined as the
standard deviation of the three measurements.

2.8. Microscopy and atomic distribution

To gain insights into the morphology of the partially oxidized
particles, a scanning electron microscope (FEI Helios G4) equipped
with focused ion beam (FIB) was utilized. Using FIB, selected particles
were cut precisely to expose cross-sectional areas, allowing for the
analysis of the internal structures of the particles. Energy-dispersive X-
ray spectroscopy (EDX) was employed to differentiate between the iron
and iron oxide phases.

3. Results and discussion
3.1. Overall oxidation progress

Fig. 5(a) shows the O:Fe mole ratio (ny/ng.) of the sampled par-
ticles, derived from the composition measured by MS and WAXS. For
reference, the O:Fe mole ratios of (3) pure FeO (ng/ng, = 1), (2) Fe304
(ng/ng, = 1.33), and (1) Fe,03 (ng/ng, = 1.5) are marked by horizontal
dotted lines. In addition, the position of the particle peak temperature
is marked (vertical dot-dashed lines) with its corresponding standard
deviation (vertical dashed lines). Notably, a significant increase in the
O:Fe mole ratio occurs in the early stages up to about 50 mm HAB,
which levels off at a ratio corresponding to Fe;0,4. Similar reaction
characteristics have been described for low-temperature oxidation be-
fore [20]. Both WAXS and MS show similar trends in the overall
oxidation progress.

Fig. 5(b) zooms into the region with the fastest increase in O:Fe
mole ratio and correlates the oxidation rate with the reaction time
t, relative to the peak temperature, instead of HAB. For reference,
the corresponding HAB at a given reaction time, relative to the peak
temperature, is provided on the top x-axis. Additionally, averaged gas
Ty, and particle Ty, temperatures are depicted, emphasizing on the
region of elevated particle surface temperatures and a rapid reaction
progress The measured particle temperatures are averaged for a given
HAB and the system detects all micron sized particles. This results in a
lower average peak temperature and a flatter temperature profile. No-
tably, the peak of T}, is reached at a ratio of close to FeO (ng/ng, =
1), but an exact correlation cannot be made due to measurement
uncertainties. Due to the weak signal at low particle temperatures, the
particle velocities were measured only up to 140 mm. Therefore, the
conversion of the spatial domain into a time domain was limited to 7, =
172 ms. Thus, it was not possible to convert the entire spatial domain
into a time domain. Therefore, HAB is consistently used throughout the
following discussion.
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Fig. 5. (a) Overall oxidation progress shown as oxygen-iron ratio compared to the
ratio the pure oxides (horizontal dashed lines). Position of the peak temperature is
given as a vertical dashed line. (b) Particle surface and gas temperatures are given in
correlation to the overall oxidation progress relative to time and HAB. Gas temperatures
are taken from [12].

The particle temperature and reaction times were determined in
absence of the extraction probe. The influence of the extraction probe
on the particle sampling is minimized but likely present. One the one
hand, the likely reduced oxygen content in the first 10 mm of the
extraction probe and the lower gas phase temperature reduces the
particle reaction rate. Therefore, the resulting particle compositions
correspond to lower HABs. On the other hand, the probe slightly
reduces particle velocities, which is associated with increased residence
times. This effect causes particle compositions corresponding to slightly
higher HABs. The extent to which these opposing effects balance each
other out remains an open question.

3.2. Phase resolved oxidation progress

Fig. 6 shows the overall mass fractions of a-Fe, FeO, Fe;0,, and
Fe,O5 within the sampled particles at different HABs, determined by
WAXS and MS, independently. Again, peak particle temperature and
its standard deviations are indicated for reference. The corresponding
mean reaction time relative to the peak temperature is indicated at
the top. Due to the specific characteristics of the methods used, the
error bars given for the MS measurements represent fitting errors,
while those for the WAXS data indicate the standard deviation of the
determined oxide composition of three subsamples of the same sample.

The progresses of each phase follow a distinct pattern. First, ele-
mental iron undergoes complete oxidation and disappears above a HAB
of 48 mm. Along with the Fe consumption, the FeO content increases
and peaks first among all oxides, followed by the appearance of the
Fe;0,4 peak. At an even later stage, Fe,O5 is formed first in the sample
extracted at 137 mm HAB. Notably, the peak of FeO formation is close
to the region of highest particle surface temperature, indicated by the
vertical dashed lines. The peak T}, is slightly shifted relative to the FeO
peak, however, a reasonable alignment between both is still evident
considering measurement uncertainties.

Moreover, both methods provide similar results for capturing the
oxidation progress, namely, the average degree of oxidation changes
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Fig. 6. Mass fraction of a-Fe (a) and its oxides (b-d). Error bars for the MS results
indicate the fitting error. For WAXS the error bars indicate the standard deviation of
three sub-samples analyzed from the same sample. Points are shifted slightly from each
other in horizontal direction for better visibility. Numbers in (a) indicate the positions
from which particles were analyzed with SEM (see Fig. 7). Mean reaction time relative
to the peak temperature (vertical dashed line) is indicated at the upper x-axis.

qualitatively in a similar manner over HAB. However, the phase com-
position, from which the degree of oxidation is determined, has some
distinct differences that will be discussed below.

3.3. Differences between WAXS and MS measurements

At low heights, both measurements indicate the presence of residual
iron in the particles. This is confirmed by the FIB-SEM images and
EDX in Fig. 7 (2a, b), showing individual particles with an enclosed
iron core. Despite the decreasing trend of Fe evidenced by both mea-
surement methods, WAXS measurements quantitatively identify smaller
mass fractions of iron (and correspondingly higher mass fractions of
FeO) compared to the phase analysis using MS. This difference is
likely due to the particle size and the heterogeneous structures of
the oxides. A 40-50 um partially oxidized particle exhibits a core-shell
structure, in which an iron core is enclosed by an oxide shell. When
X-rays interact with this structure, according to the Beer-Lambert law,
a portion is absorbed. Dependent on the linear absorption coefficient,
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Fig. 7. SEM images of the sampled particles. Sampling positions are: (0) original, (2a—
d) 28 mm, (5) 43 mm, and (8a-b) 137 mm HAB. (2b, d) are sections of the particles (2a,
c) cut with FIB. The numbering of the images indicates the sampling position in Figs. 6
and 8.

the radiation is attenuated exponentially over the penetration depth of
the X-rays. In case of the present WAXS setup, which utilizes Cu-K,
radiation (E = 8.047 keV), pure iron has a mass absorption coefficient
of 228.5cm? g=! [21]. This results in a transmission of approximately
16.5 % at a penetration depth of 10 um and approximately 1.1 % at 25 pm,
which is roughly half the particle diameter. Since only the transmitted
portion of the radiation leads to measurable scattering effects, the
interior of a particle is underrepresented in WAXS. Given a heteroge-
neous structure such as the observed core-shell structure, the scattering
effects of the shell dominate, leading to a systematic deviation at lower
HABs. In contrast, MS utilizes electromagnetic radiation at shorter
wavelengths (E = 14.413 keV), resulting in a smaller linear absorption
coefficient and greater transmission over the penetration depth. This
allows for a better accessibility to the core and thus the larger Fe mass
fractions at lower HAB. Nevertheless, further investigations with re-
gards to the deviations observed in different measurements are desired,
especially for the deviation in Fe,O5; mass fraction at higher HAB.

3.4. Morphology and inner structure

SEM images were recorded for the original iron particles and for
partially combusted particles at different HAB. The influence of the
cooling onto the visible morphology needs to be considered in the
analysis of the images.
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An influence of the cooling rate on the morphology is described
in the literature but quantitative cooling rates are sparse. The authors
are not aware of reported cooling rates for combusting iron parti-
cles. Dreizin shows that slow cooling of combusting Zi particles with
a rate of about ~10% K/s lead to the formation of oxygen rich and
oxygen poor regions and small voids in the particles. Those were not
visible for particles cooled with a fast rate of about ~10° K/s and
must have been formed during the cooling [11]. Muller et al. shows
that for burning iron rods with a diameter of 3mm, the solidified
boundary between the oxygen depleted liquid iron phase (L1) and the
oxygen enriched liquid iron phase (L2) is smooth for slowly quenched
rods whereas it is wrinkled for rods quenched faster by interaction
with a copper plate [22]. This indicates a smoothing of the interfacial
boundary during slow cooling.

The cooling rate achieved in this work of ~1 x 10° K/s is in between
the two rates reported by Dreizin for Zi particles but similar to that
reported by Dreizin for ~250pm Cu particles [11,23]. Here, Dreizin
reports the formation of an oxide layer during combustion and the
formation of spherical oxide inclusions in the copper core, due to a
slow cooling rate leading to a partial separation between Cu and its
oxides. Notably, the particle has burned at a temperature above the
miscibility gap and therefore it has been in a single liquid phase during
combustion.

A number of studies have been performed, in which iron particles
have been sampled and analyzed before showing that collected particles
contain cracks and porosities [10,24] or that they form a hollow shell
at later combustion stages [7,8,25]. Different explanations have been
proposed for the formation of these porosities. They were described as
either shrinkage holes, the results of different gas species (O,, N5, CO,
CO,) diffusing into the molten particle during combustion or caused
by the evaporation of small portions of iron from the center of the
particle [8-10,24]. Here, they form gas bubbles, which may nucleate
and lead to either nano-particles, cracked shells or inflated shells.
Notably, it is known that more O, can be dissolved in L2 at higher
temperatures, which might lead to the outgassing of excess oxygen and
the corresponding formation of O, filled pores during cool down [26].
Impurities in the iron particles may also react and contribute to the
porosities [8].

Exemplary results for the iron particles extracted in this work are
shown in Fig. 7, originating from the corresponding sampling positions
(SP) highlighted in Fig. 6(a) with numbers. Original iron particles
depicted in Fig. 7 (0) are predominantly spherical in shape with some
attached smaller particles and dent-like structures. For the particles
extracted at SP 2 of 28 mm HAB, shown in Fig. 7 (2a-d), the particles
exhibit a spherical structure, indicating that they have been melted.
This is supported by the measured particle temperature of ~2730K.

Notably, two distinct particle types are identified: those with a core
surrounded by a smooth shell in Fig. 7 (2a, 2b) and those with a
more rough surface without detectable core in Fig. 7 (2¢, 2d). FIB
cutting of these particles reveals their inner structures in Fig. 7 (2b, 2d),
respectively. In Fig. 7 (2b), a shell encapsulates a spherical core that is
asymmetric with respect to the particle center, and in particular there
is a gap between the core and the shell, but no porosity in either the
shell or the core. Using qualitative EDX, the composition of the shell is
determined to be an iron-oxygen mixture, and the composition of the
core is determined to be almost pure iron. Considering the measured
particle temperature of around 2730K at the sampling location and the
very small Biot number, the particle was fully molten and separated
into two liquid phases, suggested by the two-phase region, consisting
of L1 and L2, of the Fe-O phase diagram (see Fig. 8, Region L1+L2), in
which SP 2 is positioned. During cooling, first L1 solidifies to §-Fe due
to the higher solidification temperature, forming the core. Afterwards
the L2 solidifies. As a small negative temperature gradient along the
particle radius is expected, the exterior of the L2 phase may solidify
first, forming a shell. Considering the results from Muller et al., the
surfaces of the core and the shell might have smoothed during the
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cooling [22]. Since the volume of L2 shrinks during solidification, the
later solidification of interior L2 probably creates a porosity, apparent
as the gap in Fig. 7 (2b). Dissolved gas species, formed bubbles and
small amounts of evaporated L1 and L2 inside the particle may also
contribute to the formation of the gap. Due to surface tension, L2 could
contract towards one side before and during solidification, forming a
naturally open shell visible in Fig. 7 (2a, 2b). In addition, the particles
experience a significant acceleration at the quench gas inlet in the
extraction probe which may also contribute to the asymmetry of the
shell and the core with respect to the particle center.

The presence of the core-shell structure in the quenched particle
suggests that L1 and L2 are layered during liquid phase combustion. At
SP 2 the mean particle temperature is 2730K, which is above the
experimentally validated composition of the Fe-O phase diagram of
around 2300 K. The calculated binodal curve indicates a required tem-
perature of more than 2900 K with respect to the determined oxygen
concentrations at SP2 to leave the miscibility gap and form a single
liquid. Less than 3% of the measured particle temperature trajecto-
ries exceeded this temperature. Therefore, the core-shell structure has
likely formed already during oxidation and is not considered to be a
result of the particle cooling. To our knowledge, such iron-core and
oxide-shell structures were observed for rapidly quenched, partially
oxidized iron particles for the first time.

The second type of particles that are observed and exemplified in
Fig. 7 (2¢) contain porosities, as detailed in Fig. 7 (2d). EDX reveals its
composition as iron-oxygen mixture. The differences between these two
particles are likely caused by slight differences in the reaction times. A
similar porous structure was reported by Choisez et al. [10], which was
explained either by the volume shrinkage or internal gas release during
solidification of the particles.

Particles extracted at a HAB of 43 mm, shown in Fig. 7 (5), have a
spherical shape and a much smoother surface compared to Fig. 7 (2c).
Some particles exhibit a core-shell structure or might have been de-
formed by collisions with the extraction probe. Such particles with large
pores have been reported in literature before [10,24,25]. Advancing to
137 mm, particles shown in Fig. 7 (8) resemble those from 43 mm. In-
terestingly, fewer particles displayed large holes in the shell compared
to Fig. 7 (5). The different surface structures compared to samples
in Fig. 7 (2) is probably caused by different resolutions between the
devices used for SEM and FIB-SEM.

3.5. Mapping oxidation trajectory onto Fe-O phase diagram

The Fe-O equilibrium diagram was created using FactSage 8.3 [27].
Here, the phase diagram was calculated using the Phase Diagram
module and the following solution phases: gas, Fe-liq, BCC-A2, FCC-
Al, A-Lig(Matte/Metal), A-Monoxide, A-Spinel, Fe203(s). Character-
istic points in the diagram were compared to experimental values
reported by Hidayat et al. [28]. Experimental data are only reported
up to around 2300K and, therefore all data for temperatures above this
are computed only.

The determined overall mole ratio and the temperature of the
particle sampled at different HAB are mapped onto the Fe-O equilib-
rium phase diagram. Due to the lack of temperature information at
HAB > 50 mm, only a temperature range is given for SP 7-9, which
is estimated to be between the extrapolated gas temperature and the
farthest downstream particle temperature measured at SP 6. The SP
with their corresponding HAB are summarized in Table 1.

Fig. 8 shows that SP 1-3 are all in the two-phase region, consisting
of L1 and L2, followed by the particles from SP 4-6 in the L2 region. El-
emental a-Fe can be detected up to SP 5, as observed consistently in
Fig. 6. In addition, significant amounts of FeO can be found in SP 1-7
(see Fig. 6). This suggests that during the fast cooling process of the
quenched particles, metastable FeO was formed, which is consistent
with the observation reported in [28]. Fe,O5 is detected in particles
from SP 8-9, with slight variations in particle composition due to
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Fig. 8. Equilibrium phase diagram of Fe-O created with FactSage [27]. The in-situ measured particles temperatures are combined with ex-situ mole ratios determined with MS
and WAXS. Due to temperature measurements limited to positions up to SP 6, for SP 7-9, only temperature ranges can be estimated, indicated by dotted lines. The corresponding

HAB for each sampling position are summarized in Table 1.

Table 1
Sampling positions with corresponding heights above burner.

Height above burner (HAB)

Sampling position (SP)

educt

25mm
28 mm
33 mm
38 mm
43 mm
48 mm
88 mm

ONOU A WN~O

186 mm

different trajectories with respect to SP 8 for WAXS. This is consistent
with the phase diagram findings that cooling particles sampled at SP
8-9 below ~1100K yields a fraction of Fe,O3 in the particles.

The found core-shell structure and the mapped positions of the SP
1-3 in the miscibility gap of L1 and L2 in the Fe-O phase diagram
support the concept of a core-shell structure during liquid phase com-
bustion. Such a core-shell structure during liquid phase combustion
has been assumed before, e.g by Fujinawa et al. [29]. However, the
experimental observations also show deviations from point-symmetric
core-shell structures and the formation of pores with complex topolo-
gies. These findings are relevant for refining modeling or iron particle
combustion in the future.

4. Conclusions and outlook

The oxidation progress of single micron-sized iron particles during
combustion in a hot atmosphere with 20 %,,; O, was studied under well-
defined thermal and aerodynamic boundary conditions. The particles
were sampled with an extraction probe that rapidly quenched the par-
ticles to prevent further oxidation. This allowed to combine the in-situ
measured combustion parameters, including gas temperature, particle
surface temperature, and particle residence time, with the internal
particle properties determined ex-situ such as oxide composition and
particle morphology. It was shown that the particle oxidation can be
divided into two phases, an initial phase with fast oxidation followed
by a second much slower oxidation phase. During the initial fast phase,
the particles heated up to the peak temperature, and the Fe was almost
completely consumed. In the quenched particles, the FeO peak was
observed during the initial phase, followed by a Fe;0,4 peak during the
slower oxidation phase. Formation of Fe,O5 started at the end of the
involved residence time.

Two types of morphologies were observed on the SEM images taken
from particles during the initial rapid heating phase. First, a core-shell
structure was identified with a smooth shell consisting of iron oxide and
a smooth spherical core consisting mainly of iron. Second, a particle
without a visible core was observed at the same position, but with a
much rougher surface, probably due to slight differences in oxidation
levels. For particles extracted in the second, slower oxidation phase,
particles with open holes in the shells were more frequently observed
at lower HAB, depending on the sampling position.

This work provides valuable data for the CFD modeling of single
particle oxidation by the combination of in-situ measured time resolved
particle temperatures and ex-situ measured particle oxidation progress
in a well defined hot gas environment. In addition, the seen particle
morphology of an iron oxide shell around an iron core indicates that
single particles initially burn in a shell structure. Deviations from spher-
ical symmetry of the core-shell structure, along with the formation of
pores, were also noted.

These findings provide important insights for future model im-
provements. For example, investigating whether internal flows, induced
by slip velocity, contribute to the observed asymmetry between core
and shell. Additionally, understanding the transport properties of ions
within liquid iron oxide could offer deeper insights into the oxida-
tion process of core-shell particles. Including pore formation during
combustion may also enhance current models. To better validate such
models, a more extensive statistical analysis involving a larger number
of particles is needed.

In addition, measurements of wide emission spectra of iron particles
and iron oxide particles at temperatures above 2300K will provide
valuable information on the wavelength dependence of the emissivity.
This information can then be used to improve the two-color pyrom-
etry measurements and further quantify the impact of the graybody
assumption, for example by applying the method described by Long
et al. [30].
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Appendix A. Supplementary material

The corresponding MS fitting parameters and spectra, and the WAXS
diffraction pattern are provided in the supplementary material.
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