THE JOURNAL OF

PHYSICAL
CHEMISTRY

A JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

pubs.acs.org/JPCC

Combustion Reaction Dynamics of Nano-Aluminum and PVDF
Composites, Part I: Experimental Studies at the Microscopic Level

Erik Hagen, Daniel Olsen, Yuxin Zhou, Min Zhou, and Michael R. Zachariah*

Cite This: J. Phys. Chem. C 2026, 130, 9351-9360 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations | @ Supporting Information

ABSTRACT: In this Part I of a two-part series, we report the experimental
characterization at the microscopic level of the propagation of printed Al/PVDF
composites using high-speed microscopy and pyrometry. The focus is on
quantifying the microstructure of the flame and the heterogeneous thermophys-
ical properties of the reaction zone of materials with different loadings of
aluminum nanoparticles (Al NPs). For the analyses carried out, three different Al
NP loadings were used: 30, 40, and 50 wt %. It was found that, contrary to
common expectations, there was no noticeable increase in the burn rate or the
macroscopic flame temperature as the NP loading increased. High-speed
microscopic images showed that the flame corrugation and microscopic burn
rate also remained constant across the three loadings. The images also allowed the 0200 um

condensed-phase reaction zone to be analyzed, revealing that the zone thickness m W .
increased while the temperature gradient and the highest temperature decreased

as the Al NP loading increased. The in-operando measured thermal diffusivity in the prereaction zone was found to increase with the
Al NP loading. The observations and data obtained provide a basis for the development and calibration of a two-scale computational
model in the Part II of this series. The first scale provides explicit particle—polymer and particle—particle microstructure effects. The
second is a coarse-grained model that seeks to look at properties similar to those measured by the high-speed imaging.
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1. INTRODUCTION fluoropolymer and has been studied with Al, but it is not
Combustion of composite energetic materials, particularly readily SOI?S’}? in most commercial solvents, making it d1fﬁcu‘lt
those utilizing nanoscale metal powders as fuels with various to study. " As a result, the next best candidate is
oxidizers, is of interest for agplications in propulsion and polyvinylidene fluoride (PVDF) because it is the second
chemical warfare agent defeat."”” However, a major difficulty in highest F-containing fluoropolymer and is also readily soluble
studying combustion systems is the inherent and complicated in many commercial solvents."’
interplay of physics and chemistry during the reaction. This is This paper is Part I of a two-part study that integrates an
particularly true in systems that have significant phase changes, experimental investigation and computational simulation. This
such as those involving composite solids. Furthermore, integrated approach uses microscopic measurements of the
modeling and validation are significantly hampered by the thermal field in the first part to benchmark the multiphysics
dearth of high-fidelity experiments in terms of providing the model development and computational analyses in the second
necessary information to ascertain potential mechanisms that part. We focus on a relatively simple composite system of
must be captured, calibrated and validated. aluminum nanoparticles in an oxidizer binder, PVDEF, to
Aluminum nanoparticles (Al NPs) are widely studied due to facilitate tracking of key mechanisms in both experiments and
their high energy density and high specific surface area, which modeling. The Al/PVDF composite, with different Al loadings,
result in enhanced reactivity compared to bulk aluminum.”™ is in thin-ilm form created via ink printing. This system has

Their rapid oxidation and efficient heat release make them
ideal candidates for applications in propulsion systems and
energetic materials. The fine control over their size and
morphology allows for tailored performance in reactive
systems, further driving interest in them. The fluorination of
aluminum fuel has been shown to be 2X more energetic than
the oxidation of aluminum on a molar basis, and modern
manufacturing techniques have allowed for the study of the
interaction between fluoropolymers and fuel sources like
aluminum nanoparticles and microparticles.””” Polytetra-
fluoroethylene (PTFE or Teflon) is the highest F-containing

previously been studied,'"” in part because the mechanical
properties of PVDF lend themselves to being an excellent
binder for metal powders at both the micro and nano scale, as
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well as serving as the oxidizer for the fuel."*~'® PVDF is known
to release HF gas during decomposition, which serves as the
oxidizer for the aluminum powder and exhibits interesting
preignition chemistry between the alumina shell of the particles
and the HF gas.">"”

The unique feature of this study is the use of high-speed
microscopy and pyrometry to address gaps by providing high-
resolution insights into the thermal field of the reaction. When
these tools are applied to a conformal thin film, they enable us
to track the flame front both spatially and temporally, allowing
for a range of previously unmeasured properties and
distributions to be studied. These properties include the
extent of the corrugation and local burn vectors of the flame
front. Due to the low corrugation of the flame front (<1.5), the
thickness, temperature gradient, and peak temperatures can be
measured from the thermal wave. The data is of sufficient
fidelity to enable validation of a high-level phenomenological
model, which will be presented in the second part of this two-
paper series.'®

2. EXPERIMENTAL SECTION

2.1. Materials

Aluminum nanoparticles (Al NPs, ~100 nm, ~92 wt % active,
determined with TGA) were obtained from US Research Nanoma-
terials. Polyvinylidene fluoride (PVDF, average molecular weight:
~534,000) was purchased from Sigma-Aldrich. N,N-Dimethylforma-
mide (DMF, 99.8%) was purchased from Fisher Scientific.

2.2, Precursor Preparation and Direct Ink Writing of
Free-Standing Films

The detailed procedures for direct ink writing to fabricate films can be
found in our previous publication;'® therefore, only a brief description
is given here. To prepare the precursor solution, 375 mg of PVDF was
dissolved in S mL of DMF. Al NPs were then added to the solution
and sonicated for 30 min. After sonicating, the ink was stirred for 24
h. Just before printing, the solution was sonicated for another 30 min.
The ink was then loaded into a 10 mL syringe with a 16-gauge needle
(ID ~ 0.7 mm) and extruded onto a heated glass substrate (~75 °C)
at a rate of ~4.5 mL/h in a 3 cm X 3 cm square pad. Five layers were
deposited on the glass substrate. After cooling, the pads were removed
and cut into 1 cm X 0.3 cm sections for testing. The edges of the
square (~0.3 mm) were discarded to remove irregularities. Table 1
shows the formulation of precursors used in this work.

Table 1. Precursors for Samples

Mass Mass
Sample Al Powder  Active Al Powder PVDF Volume
Name [wt %] [wt %] [mg] [mg] DMF [mL]
A30 30% 27.6% 160.7 375 s
A40 40% 36.8% 250.0
AS0 50% 46.0% 375.0
2.3. SEM/EDS

The morphologies and compositions of the cross-section of the
printed films were characterized by scanning electron microscopy
(SEM, Thermo Fisher Scientific NNS450) coupled with energy-
dispersive X-ray spectroscopy (EDS).

2.4. High-Speed Imaging and Pyrometry

The high-speed imaging to understand flame structure and thermal
field was conducted at two magnifications using a dual-camera setup.
More information on the imaging setup can be found in our previous
publications.'” ™" Briefly, microscopic images were captured using a
high-speed color camera (Phantom VEO710L) coupled to a long
working distance microscope lens (Infinity Photo-Optical Model K2
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DistaMax, CF-4 Objective), which provides a spatial resolution of
~1.7 pm/pixel from a working distance of ~54 mm. Macroscopic
images were taken with another high-speed color camera (Phantom
Miro 110) with an aperture set at f/16. Details of the window size,
frame rate, and exposure times for the different loadings can be found
in Table S1 for the microscopic imaging and Table S2 for the
macroscopic imaging.

Details of our three-color imaging pyrometry can be found in our
previous studies.”' ~>* Briefly, the raw intensities of the three-color
channels (red, green, and blue) were extracted to construct color
images. Ratios of the intensities of the three-color channels were used
to estimate the temperature at that pixel, assuming graybody emission.
Calibration factors were obtained by the response to a blackbody
source (ThorLabs SLS201L and Micron M390). Temperatures
obtained this way are filtered through a ratio uncertainty (~0.15).
More details can be found in the supplemental material. The expected
error in the temperature is ~200—300 K.

2.5. Flame Corrugation and Micro Burn Rate Measurement

In order to quantify the properties of the flame front at the
microscopic level, it first needs to be located from the video frames.
Color images were created from the demosaiced Bayer images in each
frame. For each row of the image, the pixel intensity of the red
channel was searched from right to left until a threshold was reached.

To assess how stretched a flame front is, we define a corrugation
factor (right side of eq 7), which is the ratio of the stretched flame
front (L,) to the length of the unstretched flame front (L,). L, was
determined by connecting the points drawn by the previously
determined flame front. A flat flame front was determined for each
frame by fitting the points of the current flame front to a straight line.
The length of the flat flame front was determined by finding the
length of the fitted line that would lie in the image window. Figure
la—b show the diagram of this process, and Figure 4 shows the
corrugated and flat flames.

We will consider the burn rates at two scales. The macro burn rate
is the nominal burn rate measured by determining the regression rate.
The micro burn rate is the local velocities measured by tracking the
movement of the flame front at the pixel level, as shown in Figure 1b—
c. Once the flame front profiles at two successive times are
determined (the red line and blue line in Figure 1c), vectors (blue
arrows) connecting the two flame fronts are constructed in such a
manner that the vector lengths represent the shortest distances
between the two fronts at their respective locations. The vector
directions represent the local flame propagation, and the vector
lengths are divided by the time period between the successive frames
to yield the microscopic local flame front velocities. Thus, at each
time, the “blue ladder” shown in Figure lc comprises a set of micro
velocities from which a histogram can be constructed later in Figure S.

2.6. Flame Thickness and Temperature Gradient
Measurement

To determine the properties of the condensed phase reaction zone,
the zone must first be identified. It is important to note that in all
videos, the flame propagated from left to right in the frame. To
determine the reaction zone width in the horizontal direction, the
light intensity of the red channel was extracted from the demosaiced
color images. In each image, there may be multiple peaks due to
ejections of post-products; as a result, the rightmost peak was chosen
and assumed to be the end of the reaction zone. To determine the
onset of the reaction zone, the spatial gradient of the light intensity
(in the horizontal direction) is used to determine when the gradient
approaches zero. This point is assumed to be the onset of the
reaction. An example of the reaction zone can be seen in Figure 2a,
where the temperatures determined with three-color pyrometry
within the reaction zone are shown as black dots. It should be
noted that not all temperatures within the reaction zone estimated
with pyrometry are within the uncertainty tolerance. As a result, an
effective emissivity (e,y) to relate light intensity and temperature was
estimated for each run. To generate the €. pixels with both an
intensity and a temperature inside each reaction zone were extracted.

https://doi.org/10.1021/acs.jpcc.6c00579
J. Phys. Chem. C 2026, 130, 9351-9360
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Figure 1. (a) Depiction of corrugated (white) and flat (red) flame fronts. (b) The white boxes represent the pixels associated with the flame front.
The blue line, going from center to center of the pixels, is the length of the flame. (c) Calculation of the micro velocities.
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Figure 2. Measured temperature profile: (a) Intensity profile across the row of a single frame. The dark red line is the reaction zone. The black dots
are the temperatures obtained from ratio pyrometry. (b) A fit of the emissivity constant. The black dots were obtained from ratio pyrometry.

Then, using the Stefan—Boltzmann law (eq 1), an €. was determined
as

T4

I (1)

where, I is the intensity of the red channel and T is the temperature
from three-color pyrometry. The determined €.4 was applied to the
intensity curve of the reaction zone to yield the temperature profile.
This enables us to measure temperature directly from the calibrated
light intensity. With this definition, the €,; would behave as the
inverse of the real emissivity; however, given that this is simply a tool
to extract temperature, €. is not used to extract an absolute
emissivity.

Once the reaction zones and the temperature profiles are measured,
thermal wave thicknesses, temperature gradients, and peak temper-
atures of the reaction zone can be evaluated. The thermal wave
thickness was determined by finding the length of the reaction zone
on the image and then multiplying it by the distance-to-pixel ratio
(~1.7 pm px'). The temperature gradient was determined by
performing a linear regression to fit a first-order polynomial on the
position and corresponding temperatures. The slope of this fit gives
the temperature gradient. The effect of filtering temperature gradients
by an R? value can be seen in Figure S16. There was no noticeable
variance, and an R? of 0.9 was chosen here. The onset and maximum
temperatures are assessed directly from the measured temperature
profile.

2.7. Preheat Zone Thermal Diffusivity Measurement

Ceft =

Flame propagation requires thermal transport from the flame to the
preheat zone. Thermal diffusivity was determined under the
assumption that no reaction takes place in the preheat zone, as
stated in our previous publication.”” In short, the thermal diffusion
equation (eq 2) can be rewritten by substituting t = x/rp; where ry is
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the burn rate, with the assumption of a steady-state propagation rate.
If it is also assumed that in the prereaction zone, that there is an
exponential relationship between temperature and position (eq 3),
then, by taking the proper derivatives eq 2 can be rearranged as eq 4.

ot o> ()

Where T is temperature, t is time, o is the thermal diffusivity, and x
is the position.

T(x) = A X exp(bx) (3)
b is the exponential coefficient.

]
b 4)

Details on the effect of an R* value can be seen in Figure S17. In
this study, an R2 value of 0.5 was used. Going to higher values
removes more than 80% of the measured values, concentrating the
remaining points on an isolated value. The chosen threshold balances
the goodness of fit with the retention of sufficient data for reliable
trends.

3. RESULTS AND DISCUSSION

3.1. Al-PVDF Film Combustion

Three Al/PVDF thin-film composites were made by direct ink
writing, with 30, 40, and 50 wt % Al NPs. Films with a loading
below 30 wt % Al NPs could not be imaged with the
microscopic camera, as during combustion, the films expand
and move outside of the focal plane of the camera. Films with a
loading exceeding 50 wt % Al NPs could not be printed. We

https://doi.org/10.1021/acs.jpcc.6c00579
J. Phys. Chem. C 2026, 130, 9351-9360
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Figure 3. (a—c) Macro-scale images of the Al-PVDF film combustion for 30, 40, and SO wt % Al NPs, respectively. The left-hand image is a color
image, and the right-hand image is a false-color temperature map. d) Comparison of the average burn rate and flame temperature for the three

films.

attribute the printability issue to the interparticle spacing.
More discussion is available in the Supporting Information
regarding the interparticle spacing (Section S6). Assuming the
overall combustion follows eq 5 it was determined that the
equivalence ratio of these films is fuel-rich ranging from ~1.4—
3.3. SEM/EDS was used to investigate the cross-sectional film
thickness and Al NP dispersion in the PVDF matrix. SEM
(Figure S7-1) images show that the thickness of the films is
~60—100 ym. EDS mapping of Al and F indicates a consistent
dispersion of Al nanoparticles throughout the PVDF matrix,
with no significant agglomerations observed (Figure S7-2 and

3).
2nAl + 3(C,EH,), — 2nAlE +3nH,+6nC (5)

The burn rate and flame temperature were analyzed with
high-speed imaging (Phantom Miro M110) and three-color
pyrometry. Snapshots of the combustion captured with this
camera can be seen in Figure 3a—c. The films were ignited by a
resistively heated NiCr wire and burned in an argon
environment. The macroscopic burn rate was estimated by
tracking the leading edge of the burn front across multiple
frames. The pixel distance was converted to centimeters using
the camera’s spatial resolution, and then position vs time
scatters were fit to a straight line. The slope of this line was
assumed to be the burn rate.

In previous studies, it was shown that increasing the active
Al content from ~15—50 wt % increased the burn rate from
~2—10 cm s%.'® The burn rate was also unaffected by the
thickness of the film. The films presented in this study,
however, did not show an increase in velocity with Al loading.
The average burn rate of the films went from ~4.5 to 4.7 cm
s”" as the loading of active Al increased from ~28—4S wt %
active Al (Figure 3d). Part of this overall decrease in reactivity
is attributed to the wide distributions of diameters in the Al
powder used in this study compared to that used in previous
studies.”* SEM of the powder used in this study shows that
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there are many micron-scale particles in the powder (Figure
S10). However, this trend is likely better explained by the
porosity (P) of the composites. In this case, the porosity of the
films increases from ~0.2—0.4 (Table S4), which is the
opposite trend reported by other direct ink writing methods.*®
This would cause the effective thermal diffusivity to not scale
as quickly as expected, retarding heat transfer and, in turn, the
burn rate. Table 2 shows measured thermal diffusivities (@)
and reaction zone thicknesses (5), which can be used to
estimate the expected trend of the burn rate.

h, ~

a
) (6)

Table 2. Averages and Standard Deviations Measured
Thermo-Physical Properties

Temperature Max Thermal
Thickness Gradient [K ~ Temperature Diffusivity

(um] pm] K] (107° m* s']
A30  95.8 £212 15.8 £ 5.7 2354 + 209 65+ 13
A40 1382 % 25.5 87 +£29 2219 + 212 72 +£20
AS0 1416 + 3.6 39+ 19 1927 + 197 7.7 £ 12

Normalized values for measured burn rates and values
calculated with eq 6 can be seen in Figure S15. The two trends
for these normalized burn rates have a close relationship,
suggesting that the burn rate flatness is associated with the
physical properties of the system.

While the burn rate did not show the same trend, the flame
temperature is consistent with prior work. Both show no
change with loading and remain constant at ~1500—1700 K
(Figure 3d). These temperatures agree well with previous
publications” estimations of the adiabatic flame temperature.*®
A more detailed discussion and comparison is outlined in
Section 3.3.

https://doi.org/10.1021/acs.jpcc.6c00579
J. Phys. Chem. C 2026, 130, 9351-9360
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Figure S. (3, ¢, e) Microscopic snapshots of the flame front of 30, 40, and S0 wt % Al NPs, respectively. The blue lines are burn vectors. The red
line represents locations where a burn vector could not be determined. (b, d, f) Distributions of micro velocities for the corresponding particle
loading. The blue line represents a log-normal fit. The black line corresponds to the average of the distribution, and the red line corresponds to the

RMS of the distribution.

3.2. Microscopic Flame Structure Analysis

High-speed microscopy (Phantom VEO710L, K2 DistaMax)
revealed three different modes of combustion for the three
loadings of the Al NPs. At the lowest loading (A30), no

dispersed or condensed-phase products are observed, as seen
in Figure 4a,d. Instead, the products stay attached to the
reaction zone and leave behind a stretched-out, fibrous, black
product (Figure S9). The A40 and ASO samples both had

https://doi.org/10.1021/acs.jpcc.6c00579
J. Phys. Chem. C 2026, 130, 9351-9360
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Figure 6. (a) Micro flame front properties. (b) Comparison of the measured and estimated burn rates.

ejections from the reaction zone. A40 shows that large flakes
break off in large chunks from the burning surface, while the
ASO sample shows smaller, more frequent ejections. Examples
of the microscopic images can be seen in Figure 4b,e for A40
and Figure 4¢,f for ASO.

Studies assessing the stretching of the flame, the corrugation

factor, and the micro burn rate (rémicm)) of the flame front have
been done in the past, enabling a connection between the

observed global burn rate and the microscopic properties eq
20,27,28
7. > ’

rb(global) ~ rlgcalculated) — r{Smicro) % i
L, (7)

(global)

where 7, is the measured burn rate from macroscopic

. . (calculated)
imaging, and r,

assumption that the local burn rate times the flame length
should yield a value close to the observed macro burn rate.

Thus, here we define rémim)

L, is the corrugation factor, where L, is the length of the
stretched flame front, and L, is the length of the unstretched
flame front.

The basic premise behind eq 7 is that the microburn rate is
more closely associated with the local chemistry and transport
lengths, which are most closely associated with composition.
This parameter can be thought of in a manner analogous to the
laminar flame speed in premixed gas flames. The flame stretch,
then, is a parameter that is more closely related to the
architecture of the system. The product should thus give the
observed macroscopic burn rate or, in keeg)ing with the gas-
phase analogue the turbulent flame speed.””*”*"

The length of the unstretched flame was calculated from a
linear fit of the stretched flame front inside the window, which
was used to measure the corrugation factor. Figure 4a—f shows
example images of L, and L,. Using this new approach, the L./
L, was found to be constant with time for each of the three
loadings. Taking the averages, L /L, appeared to increase from
~1.05—1.15, resulting in a 1.07X increase. This increase is

similar to that of rlggldml) which is 1.05X. First, this low
corrugation factor is another good indicator of homogeneously
dispersed Al NPs in the PVDF matrix, further confirming what
was shown with the EDS maps. Heterogeneity in the
dispersion of Al NPs would have caused pockets of particles
that would have increased the corrugation factors by creating

is the calculated burn rate based on an

as the local microvelocity, and L,/
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local hot spots.”” Second, the small increase in rlfgk)bal)

is likely
attributed to this corrugation factor.

The microburn rates r;fmicm) were measured by finding the

closest points between subsequent flame fronts. Unphysical
burn vectors (going backward, touching the edge of the frame,
etc.) were not considered when generating distributions. Due
to the high number of points, distributions of the magnitude of
the velocities have been plotted and fitted to log-normal
distributions for each of the loadings. Previous publications
studying microflame velocities have seen similar trends.”””® In
Figure S, the left-hand column of images are snapshots of A30,
A40, and ASO with the local velocity vectors of the flame fronts
overlaid. The right-hand column of images shows the
corresponding distribution for that run. Figure 6a shows the
averages of multiple runs of the microscopic flame front
properties measured.

Previous publications have reported averages (r,,) of these

distributions as rémicm)

relating the global and microscopic properties. When the
average was used, the calculated burn rate was always
underpredicted. It was found for this system that the root-

with varying degrees of success in

mean-square velocity (rRMS) of the distribution as rémjcro))

shows a better estimation of régk’bal). Figure 6b shows the
calculated burn rate using both r,, and rpyg velocities from the
distributions. As the loading of the Al NPs increased, both r,,
and rpy appear to stay consistent.

3.3. Thermo-Physical Properties

The burn rate is a relatively easy metric to measure
experimentally for model calibration; however, more informa-
tion can be extracted from the high-speed microscopy images.
Due to the flame front being relatively flat, we can assume that
this experiment is quasi-1D. As a result, a condensed phase
reaction zone can be located for each row on an image and
probed for useful properties in order to validate the results in
Part II'* of this study. From these, flame thicknesses (&),
temperature gradients (VT), and peak temperatures (T,,,) of
the reaction zone can be determined, as well as thermal
diffusivities () of the prereaction zone. In order to do this,
reaction zones were located, and an effective emissivity (€.q)
was used with eq 1 to estimate temperatures along the reaction
zone. With this definition, the €. prescribed in eq 1 would go
as the inverse of the real emissivity; however, given that this is
simply a tool to extract temperature €. is not used to extract

https://doi.org/10.1021/acs.jpcc.6c00579
J. Phys. Chem. C 2026, 130, 9351-9360
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Figure 7. (a, b, c) A30, A40, and ASO samples, respectively. 1) Microscopic snapshots of the reaction zone. The white lines represent the bounds of
the reaction zone. Propagation goes from left to right. 2) Temperature maps of the reaction zones using the emissivity fit. 3) Intensity profiles of a
single row inside the red boxes in 2. The dark red line is the reaction zone. The blue dots show the fitted temperatures, and the black dots show the

pyrometry temperatures.

an absolute emissivity. The real emissivity depends on many
variables, including but not limited to temperature, surface
roughness, wavelength, composition, etc, and cannot be
evaluated using methods described here.”*" Distributions
of € for single runs can be seen in Figure S4. Figure 7a—c,1
shows color images of the A30, A40, and ASO reaction front,
and Figure 7 a—c,2 shows the corresponding temperature
maps. Black portions of the temperature maps are points either
outside of the reaction zone or where reaction zones could not
be located. Figure 7a—c,3 shows single reaction zones with
both the temperatures from three-color pyrometry and the
temperatures from the fitted €4 are shown and appear to have
good agreement with each other.

Similarly to the micro velocities, distributions of each of
these properties can be generated, and sample distributions for
A30 can be seen in Figure 8 and similar distributions can be
seen in Figure S2 and Figure S3 for A40 and ASO, respectively.
Averages and average standard deviations of multiple
distributions (multiple runs) can be seen in Table 2. When
looking at the distributions, , VT and a all appeared to have a
log-normal distribution, while T, showed a more normal
distribution. While it is not totally understood why this is the
result, some conclusions can still be drawn; namely, the
relationship between the RMS velocity and a. For a premixed
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gas flame, it is known that laminar flame velocity is
proportional to the square root of the thermal diffusivity
(S) « a).>>7** If it is assumed that the system operates on
the averages of these thermo-physical properties and follows a
similar trend when relating the local velocity and the @, then it
is reasonable to assume that the RMS velocity should better

represent ™",

Looking at the averages of these properties, it can be seen
that @ and 6 both increase with increased powder loading,
while T,,,, and VT decrease. Values of a for both the solid and
liquid phases of Al have been reported previously.*” The values
of the measured « in this study show good agreement with the
a of solid Al reported in®® suggesting that the Al has not begun
to melt in the prereaction zone. The increase in @ in the
composite is attributed to the increase in Al loading. This
increase allows for better heat feedback to the unreacted zone,
resulting in an increase in reaction zone thickness, 6. The
temperatures reported for T, are much higher than the
temperatures reported in Figure 3c. This is due to the spatial
resolution limitation of the macroscopic camera. While the
microscopic camera allows for around 60—80 pixels for each
reaction zone, the macroscopic camera has around 3—4 pixels.
This means that one pixel for the macroscopic camera is seeing
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a wider distribution of temperatures and, as a result, reporting
approximately the average temperature of the reaction zone.

Thermochemical calculations have been done previously for
an Al/PVDF system, the details of which are presented in
another study.”® Ornek et al. estimated the heat of formation
(AH®) of PVDF to be ~—480 kJ/mol using a group-
contribution method.*®,**™** This estimation led to temper-
atures ranging from ~1925—1625 K as the loading of active Al
changed from ~25—40 wt %, agreeing well with the
macroscopic temperature measured. For this study, the AH®
was estimated using group additivity.*****’ Chains of —CF,—
CH,— were generated, and the heat of formation was
estimated from 1 to 15 monomers. Due to the nature of the
estimation, there were two extra H atoms for each input. This
yielded a AH® & —426kJmol™" (#of Monomers)™" (Figure SS),
which is very similar to previously estimated values. Using this
heat of formation, Cheetah was used to carry out chemical
equilibrium calculations. This resulted in temperatures of
~2250—1750 K across ~25—45 wt % Al (Figure S6).
Interestingly, these temperatures are much closer to T
Regardless of which A;H® is correct, the decrease in Ty, is
attributed to the composite becoming more fuel-rich. It can
also be seen from these calculations that the production of AIF
gas increases, and the production of HF gas decreases with
increasing Al (Figure S6). From the decrease in VT it can be
seen that the change in reaction zone thickness plays a bigger
role than the change in temperature across the reaction zone.

As stated previously, there is a temperature uncertainty of
+300 K, and as a result, an uncertainty quantification of
temperature-sensitive properties is considered here. Since the
thickness was not measured using temperature, it was excluded
from this analysis. To do this, an offset temperature (AT)
ranging from —300 K to +300 K was applied to the pyrometry
measurements (TP ) to compute an uncertainty-biased
emissivity.

yro
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4
_ (T, + AT)

el i 8)

€4 was applied to the red intensity field, as before, to enable
an assessment of its effect on temperature uncertainty. The
method used to estimate the thermal diffusivity of the
prereaction zone is not sensitive to variations in the effective
emissivity, as demonstrated in Section S10. This insensitivity is
a result of the specific approach for determining « and does
not imply that the thermal diffusivity is independent of
temperature in a physical sense. Rather, it reflects a limitation
in the current experimental setup, where the temperature
dependence of a cannot be precisely quantified at this stage.
Nevertheless, the temperature gradient and maximum temper-
atures remain important variables to analyze.

Figure S13 shows histograms for single runs, similar to
Figure 8(b) and (d). Figure S14 shows curves of both the
temperature gradient and max temperatures vs AT. Each
property, at all loadings, increased monotonically with AT and
is nearly linear. To assess the effect of the temperature
uncertainty, two metrics were defined. The first, Sy (eq 9), is
the difference in the average values at AT, , =300 K and AT,
= —300 K. An example of J can be seen in Figure S14.

B, = X(AT = +300K) — X(AT = —300K) ©)

Where X is either VT or T,,,. The second, 5)((30’40) and

5}({40,50) , represent the average differences between 30—40 wt %
nAl and 40—50 wt % nAl, respectively, evaluated across AT.

é)((30,40) — ; fATmaX (X40(AT) - X30(AT))
AT .. — AT, JAr,

d(AT) (10)
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@oso) _ L A (X,o(AT) — X,0(AT))
X T AT AT 0 0
d(AT) (11)

As such, if # < £ then this property is more sensitive to the
nAl loading than the temperature uncertainty, and if the
opposite is true, then the property is more sensitive to the
temperature uncertainty. Values for fx and both &y’s can be

seen in Tables 3 and 4 respectively. For VT, both 563}]’40) and

Table 3. Values of fix

Sample Byl K pm™'] br, 1K
A30 6 825
A40 3 810
ASO 1 700

Table 4. Values for 5&30’40) and 5)((40’50)

5(30’40)[K] §(40y50) K]

Tmax Tmax

110 + 4 290 + 30

o K pm']

9+ 1

&7 IK um™]
405

5&4}”5") , are greater than VT near their respective loadings,
while for T,y fT .y is greater than both & (3040) 3nq é (40,50)

Tmax Tmax

This means that the temperature gradient is more sensitive to
the loading of the nAl in the composite, which is also the case
for the thickness of the thermal wave. On the other hand, the
max temperature appears to be heavily influenced by the
temperature uncertainty f rather than the aluminum loading.
Overall, these results establish that the temperature uncertainty
impacts the max temperature, while the gradient in the
temperature is predominantly controlled by the nAl loading.
This distinction is critical for interpreting the experimental
data and provides necessary trends and uncertainty for Part IT
of this work.

4. CONCLUSION

The burning of Al NPs in a PVDF oxidizer/binder has been
studied using high-speed imaging and high-speed microscopy
to relate bulk properties to microscopic properties and to
develop a data set that is useful for developing and validating
models of the AI-PVDF reaction. It was found that the burn
rate and flame temperature were not significantly affected by
the loading of Al NPs, despite the fact that the system’s overall
stoichiometry was changed. High-speed microscopy found that
the small change in burn rate can be attributed to the
corrugation of the flame front and not the microscopic burn
rates. Distributions of the microburn rates were shown to be
mostly log-normal. It was also found that the thermal
diffusivity and the front thickness increased with powder
loading, while the temperature gradient and the maximum
temperature decreased with solid loading. Due to the
relationship between the thermal diffusivity and the micro-
scopic velocity, it has been shown that the RMS velocity is a
good candidate for eq 7. The increase in the thermal diffusivity
is attributed to the increase in the loading of Al NPs, which
consequently increases the thickness of the reaction zone. The
decrease in the temperature gradient signifies that the thickness
of the reaction zone is affected more than the change in
temperature as the loading of Al NPs increases. Uncertainty
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analysis showed that the temperature gradient is sensitive to
the nAl loading, while the maximum temperature is sensitive to
the temperature uncertainty. These results provide both a
process to analyze thermal waves of thin-film combustion as
well as statistical analysis relating flame front microstructure
and global properties of a system that can be used to validate
computational experiments of combustion systems.
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