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ABSTRACT

The combustion behavior of nanothermite composites is governed by the coupled effects of chemical kinetics and transport (heat and
mass). In this study, we investigated the role of thermal properties on the propagation of six nanothermite systems with distinct product
morphologies. In particular, we manipulate the intrinsic thermal diffusivity by incorporating carbon fiber (CF). High-speed three-color
imaging pyrometry combined with infrared thermography was employed to obtain complete temperature profiles during combustion
extending from the pre-heating through the reaction zone. These data enabled us to extract in-operando thermal diffusivity via solution to
the heat-equation. We find that while the CF, which is inert, did not alter the measured peak combustion temperature, it could be used to
alter both the thermal diffusivity and propagation velocity. The nanothermite composites were classified based on the combustion product
morphology observed by real-time imaging during combustion. Composites exhibiting dispersed phase products including Al/MnO,, Ti/
MnO,, and B/Bi,0;, where CF intercepts ejected agglomerates and increases heat feedback to the pre-heating zone, thereby enhancing the
burn rate. In contrast, for the composites with continuous phase products including B/MnO,, B/Fe,03, and B/Fe;0O,, enhanced thermal
diffusivity by CF increases energy dissipation from reaction zone, leading to reduced burn rate. Simulations reproduce the observed burn
rate trends with CF addition, confirming that heat feedback plays a key role in the propagation of nanothermite composites. An in-oper-
ando methodology is developed to extract effective thermal diffusivity directly from experimentally measured combustion temperature
profiles, enabling quantitative characterization of heat flux during combustion propagation.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0341574

. INTRODUCTION

Nanothermite composites offer high energy density and reac-
tivity by exploiting the reaction of nanoscale fuels and oxidizers."”
After ignition, the combustion proceeds as a self-sustained wave
governed by complex interaction of chemical kinetics, heat and
mass transfer in the reaction, pre-heating, and product zones.™’
These regions can be conceptually distinguished from the steady-
state temperature profile during combustion. The reaction zone is
where exothermic reactions occur, and the temperature rapidly
rises from the reaction initiation (ignition) temperature to the adi-
abatic flame temperature. In practice, the measured flame temper-
ature is generally lower primarily due to heat losses and
incomplete reaction resulting from particle agglomeration and
reactive sintering. Upstream of this region lies the pre-heating
zone, where heat conducted from the reaction front elevates the

temperature from ambient to the reaction initiation temperature.
Downstream is the product zone, where the temperature gradually
decreases as thermal energy is dissipated to surroundings. Efforts
to enhance combustion performance have focused on tailoring
both reaction kinetics and heat transfer properties. Wang et al.
investigated Al/CuO nanothermite laminates fabricated by direct
writing and showed that decreasing bilayer thickness increases
burn rate by shortening the oxygen diffusion distance.” Marin
et al. enhanced reactivity in Al/CuO nanolaminates by incorporat-
ing a thin Cu interfacial layer, which promoted reactivity and burn
rate by lowering the effective melting temperature of Al through
Al/Cu alloy reaction.” Wang et al. used an unzipping polymer
which generates low molecular weight fragments to reduce the
nanoparticle agglomeration and result in burn rate and flame tem-
perature increase.” Beyond modifying chemistry reactivity, studies
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have demonstrated an important role of heat feedback in modulat-
ing propagation speed. Egan et al. examined different heat transfer
mechanisms during combustion of nanothermite composites
numerically and suggested that conduction, convection and radia-
tion may not provide enough heat feedback for reaction propagation
and the movement of condensed phase material should be consid-
ered in future models.” This hypothesis was tested when small
amount of CuO additions enabled stable propagation in Al/I,Os
composites by forming condensed Cu species that improved heat
feedback.” Similarly, Si additives in Al/KClO, composites increased
burn rate by increasing particle residence time on the burning
surface, thereby enhancing heat feedback to the pre-heating zone."’

Because propagation reflects coupled chemistry-transport
dynamics, many investigations have attempted to infer reaction
kinetics and thermal properties of composites from spatial and tem-
poral temperature measurements during combustion.'’ Classical
approaches, such as embedding thermocouples directly within the
reactive bed, have provided valuable insight into bulk heat transfer
and reaction timing, but suffer from practical limitations for ener-
getic composites: as thermocouples can perturb the sample, are diffi-
cult to deploy at the microscale, and cannot withstand the very high
temperatures encountered in many thermite systems.'” Noninvasive
optical diagnostics provide an attractive alternative: For example,
multi-color pyrometry under a gray body assumption has been
widely applied for particle temperature measurements but is gener-
ally unapplicable at low temperatures due to reduced thermal emis-
sion."” Infrared (IR) thermography has been used to characterize
pre-heating zones at lower temperatures. Cha et al. used infrared
imaging to study how particle-interface morphology influences mac-
roscopic burn rate and reported that improved reaction homogeneity
lowers the reaction onset temperature and increases burn rate."*

In our previous study, we systematically investigated the
effect of carbon fiber (CF) additive on the burn rate of six nano-
thermite composites.'” We found that Al/MnO,, Ti/MnO,, and
B/Bi,O; composites produce dispersed phased products where
burning particles detach from the burning surface. In these cases,
adding CF increased the burn rate. High-speed microscopic
imaging showed that the ejected burning particles were intercepted
by the CF, holding them near the reaction front and thus, through
a much increased residence time, significantly increased heat feed-
back and thus burn rate (and power). This mechanism has also
been exploited in an aluminized ammonium perchlorate/hydroxyl-
terminated polybutadiene (AP/HTPB) propellant to increase the
burn rate, as well as in mesoparticle composites to modulate com-
bustion behavior.'™'” Conversely, when CF was added to compos-
ites that produce continuous phase reaction products that remain
attached to the unburnt sample (B/MnO,, B/Fe,03, and B/Fe;0,),
we observed a reduction in burn rate. In this case, the CF presum-
ably acts to blead energy away from the reaction front to both the
pre-heating and post-flame zones. Implying that an increase in
thermal diffusivity was actually a detriment. Recent work has high-
lighted the importance of product morphology in controlling flame
stability and combustion propagation in nanocomposites.'®
However, quantitative determination of the effective thermal trans-
port properties during propagation remains challenging.

To test this hypothesis in this paper, we combine color
camera imaging pyrometry and IR imaging to capture the
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combustion temperature profiles spanning the reaction zone and
into the pre-heating zone. From these spatially resolved tempera-
ture profiles, we extracted both the flame temperature and the
reaction initiation (ignition) temperature for samples with and
without CF. The measured flame and initiation temperatures were
comparable between CF doped and undoped samples, supporting
the assertion that the low amount of CF additive is chemically
inert with respect to the primary nanothermite chemistry, and that
observed burn rate changes are dominated by thermal property
alterations. We then fit the temperature profile in the pre-heating
zone to solutions of the heat diffusion equation to extract effective
thermal diffusivities. These diffusivities increased consistently with
CF additive. Coupling these experimental diffusivities to transient
heat transfer simulations reproduces the observed decrease in burn
rate for the continuous phase systems, confirming that enhanced
heat dissipation into the pre-heating zone is the primary driver of
the CF-induced burn rate suppression. This work introduces a
robust, noninvasive methodology for measuring full combustion
temperature profiles in nanothermite composites and for extract-
ing in situ thermal properties during reaction. The combined
experimental-computational framework clarifies how nonreactive
additives that alter transport properties (rather than chemistry)
can produce qualitatively different effects depending on the mor-
phology of reaction products. These findings provide design rules
for tailoring propagation behavior in energetic composites
through controlled microstructure and additive selection.

Il. EXPERIMENTAL
A. Materials

Aluminum nanoparticles (Al, 100 nm, 92 wt. % active), boron
nanoparticles (100 nm, 85wt.% active), titanium nanoparticles
(Ti, 30-50 nm, 75 wt. % active), manganese dioxide nanoparticles
(MnO,, 50 nm), and bismuth oxide nanoparticles (Bi,Os, 80 nm)
were purchased from US Research Nanomaterials. Iron (III) oxide
nanoparticles (Fe,Os, <50 nm) and iron (II, III) oxide nanoparti-
cles (Fe;04, <50 nm) were purchased from Sigma Aldrich. Carbon
fiber [CF, Polyacrylonitrile (PAN)-based, diameter: 7 um, length:
3 mm] was purchased from Composite Envisions. METHOCEL™
F4M hydroxypropyl methylcellulose (HPMC) and poly(vinylidene
fluoride) (PVDF) were purchased from Dow Chemical Co. and
Sigma Aldrich. N,N-dimethylformamide (DMF, 99.8%) was pur-
chased from Fisher Scientific.

B. Direct writing ink preparation and nanothermite
composite fabrication

Detailed direct writing ink compositions and samples fabrica-
tion procedure are described in our previous publications.'*"’
Briefly, 4 wt. % PVDF, 6 wt. % HPMC, and 90 wt. % of fuel and
oxidizer nanoparticles at equivalence ratio (® = 1) were mixed in
DMF to form high loading inks and printed into free-stranding
sticks. For samples with CF, an additional 2.5 wt. % CF was added
to the inks and printed using the same process. After drying to
remove solvent, the composites were cut into ~20mm free-
standing sticks with cross-sectional area of ~1 x 1 mm?>.
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FIG. 1. Experiment setup of the combustion tests. (Note: the combustion chamber was not shown and the objects were not drawn to scale.)

C. Combustion experiment system

The free-standing samples were taped on sapphire windows
(330 um, University Wafer, Inc.) at one end and mounted inside
the testing chamber with the same sapphire window. The samples
were ignited by a resistively heated nichrome wire (diameter:
250 um, Ted Pella, Inc.) at the opposite terminus where the
samples were mounted. All tests were performed in argon except
B/Fe;0, and B/Fe;0,/CF samples, which were tested in air since
combustion could not propagate in argon. The combustion pro-
cesses were imaged by a color camera and an infrared (IR) camera.
The IR camera was positioned normal to the sample surface while
the color was mounted above the IR camera at ~30° tilt (Fig. 1).

D. Color camera imaging, burn rate, and burning
particle temperature measurement

The combustion processes of all samples were recorded by a
color camera at a resolution of ~35um per pixel (Miro M1100,
Vision Research, with AF Micro NIKKOR 105 mm lens, Nikon).
The working distance between the lens and the sample was main-
tained at ~8 in. during pyrometry calibration and experiments to
ensure consistent magnification and imaging conditions.
Composites with dispersed phase products and continuous phase
products were recorded at 5000 and 2000 frames per second, expo-
sure time were set at 40 and 200 us, respectively. Burn rates were
calculated from the measured burn distance in the center region
(~15mm) divided by the burn time to eliminate edge effects. The
color camera was calibrated using a blackbody source (Mikron
M390) to enable its use as a three-color imaging pyrometer, as
described in our previous work.””*" Visible emission was recorded
by a Bayer-filtered detector (spectral response ~400-700 nm, RGB
channel bandwidths of ~100 nm FWHM). Under the gray body
assumption, ratio pyrometry from the RGB channels was used to
evaluate the spatial and temporal temperatures by comparing the
measured RGB intensity ratios with theoretical blackbody radia-
tion, with an estimated uncertainty of +200 K. Emission spectro-
scopy was performed to verify that no significant AIO or BO,
molecular emissions were present within the wavelength range
used for three-color pyrometry (supplementary material discus-
sion). This method was limited to temperatures above 1000 K and

could, therefore, only be applied to the reaction zone during nano-
thermite combustion.

E. Infrared camera imaging

To evaluate the lower temperature pre-heating zone, we
employed an IR camera with spectral range from 3.0 to 5.4 um and
spatial resolution of ~30um per pixel (FAST M3K with 1x lens,
Telops). The samples were imaged using three calibrated ranges to
obtain the completed temperature profile (low range: 415-680 K,
middle range: 571-1113 K, and high range: 716-1801 K, the man-
ufacturer specified temperature accuracy is 2% of the measured
temperature). The exposure times were set at 20 us and the frame
rates were the same as color camera imaging. The temperature
profile in each range was extracted along the centerline and frame
averaged. The effective emissivity of nanothermite composites was
estimated by fitting the temperature profile in the high range from
the IR measurement to the color pyrometry results by 0.05 incre-
ments in emissivity value, and the effective emissivity was
assumed to be temperature independent. The same value was then
applied to the middle and low temperature ranges. The transmit-
tance of a single sapphire window was measured as 88% by a spec-
trometer (Nicolet iS50R, Thermo Fisher) in the 3-5um
wavelength range (Fig. S1 in the supplementary material), and the
total transmittance is 77% for the optical system consists of two
sapphire windows.

F. Burn rate simulation

A transient heat transfer model was implemented using the
COMSOL Multiphysics 6.3 package to study the effect of thermal
properties of products and reactants on the burn rate of compos-
ites with continuous phase products. The governing equation used
to solve the transient temperature profile for the combustion wave
was expressed as”’

PT oT
kl 5= rxn — Weonv — y:_C, 1
( W) + Qun = Quow = Q = 506, )
where k is the thermal conductivity, p is the density, and C, is the
heat capacity. Q. and Q, are the convection heat and radiation
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heat loss to the ambient. Heat release from the reaction (Q,,,) was
defined as

T(local temperature) > Reaction initiation temperature,

E,
= pAHA(1 — == 2
e @
T < Reaction initiation temperature, Qu, = 0,

where AH is the heat of reaction, A is the Arrhenius factor, 7 is
the fraction of product phase, E, is the activation energy, and R is
the gas constant. The reaction was initiated by applying the igni-
tion temperature (T* > Reaction initiation temperature) at right
boundary, convection and radiation heat losses were included at
the other boundaries.

To understand the relationships of the various parameters
on propagation velocity, we nondimensionalize the problem with
Ref. 23,

. T . k - t . AH -X : E
T:_) k:_) tI—) AH:—) = > E: a)
T 2 r 1 T x TR
3)

where k* is the reference thermal conductivity and the characteris-
tic time and length scales,

*7exp(1'3a) . Kt
= YR x—”pcp. 4)

The governing equation (1) after nondimensionalization,

(PT : . ar
k(ﬁ) + ern - Qconv - Qr - Ea (5)

where the nondimensional heat release from reaction (Q,,) is
given as

ern = AI_IAF(I - VI)eXP<— E_,;) . (6)

The nondimensional heat transfer by convection ( Quony) and
radiation heat loss ( Q, ) to ambient are

. hconvt* (T - TO) . oeTHt" (T4 — TO 4)
Qconv = (= Qr = s (7)
pCP PCp

where To is the nondimensional ambient temperature, o is the
Stefan-Boltzmann constant, and ¢ is the effectivity emissivity
determined experimentally. It should be noted that the purpose of
the burn rate simulation is to evaluate the trends of how thermal
property changes affect the burn rate of composites, but not to
quantitatively reproduce the full experimental temperature profile
or absolute burn rates as many fundamental parameters such as
reaction rate are unknown. The model employs simplified one step

ARTICLE pubs.aip.org/aip/jap

reaction kinetics and does not account for complex nanothermite
processes such as nanoparticle sintering phase transformation.

1. RESULTS AND DISCUSSION
A. Combustion temperature profile measurement

Three-color pyrometry is a reliable temperature probe for
high temperatures (>1000 K), but thermal emission intensity drops
rapidly with temperature decrease according to the Stefan-
Boltzmann law. Consequently, extracting pre-heating zone profiles
from visible wavelength pyrometry is difficult, necessitating
moving to the IR to extend the temperature measurement below
1000 K. Although the nanothermite loading is 90 wt.% in the
composites, the polymer matrix still generates gas during combus-
tion. To prevent hot gas from obscuring the IR measurement,”
the composites were taped to a sapphire window at the opposite
end to the ignition point, thereby reducing interference from gas
release. The rough surface of the composites ensured only loose
contact with the sapphire window. The intrinsic burn rate of com-
posites with different product morphology and samples with CF
additive is plotted in Figs. 2(a) and 2(b). The burn rates of intrin-
sic samples and with CF showed the same morphology-dependent
trends observed previously for free-standing samples (Table S1 in
the supplementary material),”” confirming that the sapphire
windows do not influence burn rate. The high, uniform IR trans-
mittance of sapphire in the mid-wave IR wavelength allowed tem-
perature profile measurements with the IR camera, while also not
affecting the visible ratio pyrometry results under gray body
assumption. Figure 2(c) demonstrates the procedure used to
obtain combustion temperature profile for B/MnO, composites.
The solid (green) line represents the measurement from color
pyrometry, and the scatter lines represent the IR measurement
from different temperature ranges. The IR measurements were
corrected for total transmittance (77%) along the light pass, and
the effective emissivity was estimated by adjusting the emissivity
with 0.05 increments until the IR profile at high temperature
range showed the best match with the color pyrometry results.
The cross-sectional images of samples showed that most of the CF
remained embedded within the composites during the direct
writing process.'” Since the IR camera measures the surface radia-
tion from the composites, the CF additive has minimal interfer-
ence with the temperature measurement. The estimated effective
emissivity was between 0.7 and 0.8 regardless of CF additive. The
temperature profile can be divided into two regions for further
analysis. The reaction zone (after O um position) is defined to be
where chemistry takes place, and results in the rapid temperature
rise in this region. The pre-heating zone is located before the reac-
tion zone (before 0 um position), and it is assumed there is no
chemical reaction, with the temperature profile reflecting heat
transfer from the reaction zone. The combined combustion tem-
perature profile in Fig. 2(c) shows an inflection point (at 0um
position), determined from the departure of the semi-log plot of
normalized temperature (Fig. S2 in the supplementary material).”
This point represents the conceptual boundary between the pre-
heating zone and the reaction zone during nanothermite propaga-
tion. The combined combustion temperature profile of other
samples is plotted in Fig. S3 in the supplementary material.
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FIG. 2. Effect of burn rates change with CF addition. (a) Adding CF increases the burn rate of composites with dispersed phase products. (b) CF decreases the burn
rate of composites with continuous phase products. Green and red annotations denote burn rate increase and burn rate decrease, respectively. Data points above the
bisector correspond to increased burn rate, while data points below the bisector correspond to decreased burn rate. (Burn rates were measured using free-standing
samples taped to sapphire windows for IR measurements.) (c) Combustion temperature profile of B/MnO, composites measured by color camera and IR camera. The

combustion wave propagated from right to left.
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B. Flame temperature and reaction initiation
temperature

The flame temperature of the nanothermite composites was
determined by color imaging pyrometry. Figure 3(a) shows
Al/MnO, composites in left column as an example of composites

(a) Composites with dispersed phase product

with dispersed phase products along with its color pyrometry
results below, the images in right column are composites with CF
additive. B/MnO, results are shown in Fig. 3(b) to represent com-
posites with continuous phase products. Figures 3(c) and 3(d)
show results for flame temperatures for the dispersed and
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FIG. 3. (a) Color pyrometry results of AI/MnO, samples and with CF additive representing composites with dispersed phase products. (b) Color pyrometry results of
composites with continuous phase products, example: B/MnO, and with CF addition. The top row shows the high-speed color camera images, and the bottom row
shows the corresponding three-color pyrometry temperature maps. (c) Flame temperature of composites with dispersed phase products and (d) composites with contin-

uous phase products. The propagation direction is from right to left.
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FIG. 4. Reaction initiation temperature of (a) composites with dispersed phase products and (b) samples with continuous phase products determined from temperature

profile during combustion.

continuous phases, respectively. The flame temperature of composites
with dispersed phase products were calculated as the mean of the
particle temperatures, while for the composites with continuous
phase products, the flame temperature was taken as the average of the
maximum temperature along the axial profile during combustion.
Pyrometry measurements of other composites are shown in Fig. $4
in the supplementary material. The key feature of these results is that
while flame temperature differences exist due to changes in thermite
composition, the addition of small amount of CF does not alter the
flame temperature significantly regardless of phase of product, even
though CF addition clearly manipulates the burn rate.

Since IR imaging extends the temperature profile into the pre-
heating zone, the reaction initiation temperature can be defined as
the temperature at the inflection point (an imaginary boundary
between reaction zone and pre-heating zone) and is plotted in Fig. 4.
The reaction initiation temperatures for intrinsic samples are compa-
rable with CF doped samples and again support the conclusion that
adding small amounts of CF does not significantly alter the intrinsic
combustion process and heat release in the reaction zone.

C. Extracting thermal transport properties from the
temperature profile

Since the flame temperature and reaction initiation tempera-
ture were not significantly affected by CF addition, we may conclude
that the primary role of CF can be attributed to modifying thermal
transport, specifically the effective thermal diffusivity of the com-
posites. Under the assumption that heat release in the pre-heating
zone is minimal, we can apply the heat diffusion equation [Eq. (8)],

dT aT
a - (W)’ (®)

where oy is the effective thermal diffusivity of the sample in the
pre-heating zone in operando. Since the burn rate (v) of samples
were constant during combustion, Eq. (8) can be simplified by sub-
stituting x = vt yielding Eq. (9),

o () ©)

dx v \dx

where v is the burn rate of composites shown in Figs. 2(a) and 2(b).

%T and % can be numerically evaluated by applying exponential

fitting the measured temperature profile in the pre-heating zone
[Fig. 5(a)]. The measured effective thermal diffusivities for intrinsic
composites and samples with CF additive are plotted in Figs. 5(b)
and 5(c) and clearly show that CF addition increases the effective
thermal diffusivity as expected. The different increment in o4
among different nanothermite composites may be influenced by dif-
ferences in particles size, particle number density, and microstruc-
ture within the printed samples. We attribute the variation in the
different increase in o, primarily to the differences in the interac-
tion between burning particles and CF during combustion.'” For
example, Al burns as liquid droplets and can establish thermal
contact with CF by Al-C bond formation.”® In contrast, Ti particles
show fractal morphology during combustion, while B particles were
covered by a viscous liquid boron oxide layer at measured flame
temperature which exhibits different contact characteristics with
fibers.”” These differences can influence how efficiently heat is trans-
ferred through the CF into the pre-heating zone during propagation.
The increase is quite significant, especially given that CF addition is
only 2.5wt. %. Data for thermal properties, particularly nanoparti-
cles in a packed form, are largely unavailable. The thermal diffusiv-
ity of different PAN-based CF is measured to be ~2 x 107> m*/s”*
and of course higher than the thermal diffusivity of the polymers
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FIG. 5. (a) Example of extracting effective thermal diffusivity from the pre-heating zone temperature profile for the B/MnO, sample. Dashed line represents the exponen-
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and oxidizers used in this study when based on bulk material. The
thermal diffusivities of bulk metal are ~107>m?/s; however, the
metal nanoparticles have a native oxide shell surrounding the metal
core, whose thermal diffusivities are an order of magnitude lower
than bulk metal and CF. (Bulk values were listed in Table S2 in the
supplementary material.)”” Consequently, the high-aspect-ratio CF
which are aligned parallel to the propagation direction during
printing can form thermal conductive pathways and increase a5
effectively.””’" These values are obtained in operando from IR mea-
surements at elevated temperatures and represent effective proper-
ties during combustion. As such, they are not directly comparable
to values obtained from steady states.

Once the thermal diffusivity is determined, we can now
reevaluate the thermal profile to estimate the heat flux (gq) from
reaction to pre-heating zone and can be calculated from the tem-
perature profile at the boundary by Eq. (10),

dr daT

where p and C, are density and specific heat capacity of the nano-
thermite composites, respectively. In addition, %T is the slope of
the tangent line [dotted line in Fig. 5(a)] at the reaction initiation
point. Since only small amounts of CF were used as an additive,
we assume the specific heat capacity of the composites was cons-
tant, and the density of the composites measured by dividing the
mass of the composites by the volume in our previous study also
shows no significant change by small amount of CF additive."” We
define a heat flux ratio to assess the amplification effect of CF
addition by Eq. (11),

Heat flux ratio = (AwICE_ 100. (11)

intrinsic

The heat flux ratios all show an increase upon CF addition
regardless of the nature of the product morphology [Figs. 5(d) and
S5 in the supplementary material]. For composites with continu-
ous phase product, the effectivity thermal diffusivity in the
product zone can also be calculated by Eq. (4) and plotted in
Fig. S6 in the supplementary material. Since the CF structure is
thermally stable at the measured flame temperature and remains
embedded in the product, the effective thermal diffusivities in the
product zone also show an increase.'™'” Therefore, the heat fluxes
from the reaction zone to the product zone for composites with
continuous phase product can also be calculated using Eq. (5) and
the results show that the heat flux increases with CF addition
[Fig. 5(e)]. With all the heat fluxes acquired, we can comment on
the mechanism by which CF addition can actually decrease the
burn rate of composites with a continuous phase product. Since
the temperature in the reaction zone remains unchanged by small
amount of CF addition, increasing thermal diffusivity apparently
leads to greater energy dissipation into both the pre-heating and
product zone.”>”* For composites with dispersed phase products,
the CF increases the residence time of agglomerates at or on the
burning surface by intercepting the ejected particles increasing
heat feedback to reaction front.

ARTICLE pubs.aip.org/aip/jap

D. Burn rate simulation

To further explore the issues raised by the experiments on the
role of thermal transport on flame propagation, we perform
COMSOL simulations. To parameterize the problem systemati-

cally, we define IT = ’;— as the ratio of the dimensionless thermal
P

conductivity of reactant over product. For this simulation, k, is

varied from 1 to 10 reflecting the experimental observed increase

in effective thermal diffusivity in the pre-heating zone by CF addi-
tive, while k}, was kept constant at 1. Figure 6(a) shows simulated
dimensionless temperature profile under steady propagation for
different values of IT. With increasing II (i.e., increasing k, relative
to kp ), the temperature profile widens in the pre-heating zone
(below reaction initiation temperature). The dimensionless burn
rates (vs = v,t*/x*) are the positional evolution of the reaction ini-
tiation point and are plotted in Fig. 6(b) as a function of IT along

with the dimensionless heat flux (qd,-]} =k * dd—;‘;) at reaction initi-

ation point. The simulated dimensionless burn rate decreases with
increasing k, while the dimensionless heat flux to the pre-heating
zone also increases. This is consistent with our experimental result
that adding carbon fiber to a continuous phase product increases
the heat flux but decreases the burn rate [Figs. 5(c) and 5(d)]. The
effect of exothermic heat release is shown in Fig. S6(a) in the
supplementary material. For the same value of I, increasing AH
increases the burn rate.

Because the burn rate is governed by the interplay of reaction
generated heat release, and thermal transport to the pre-heating
zone, it is instructive to evaluate a thermal Damkohler number
(thermal Da) defined as

Thermal Da = qri = M (12)
qdiff qaiff
In this case, the chemical reaction rate is essentially the
dimensionless burn rate (v;) from which the heat release rate is
evaluated for the numerator. The dimensionless heat flux in the
denominator is evaluated as the heat flux at the pre-heat boundary.
The calculated thermal Da number > 1 for all simulated conditions
indicated that the burn rate is thermal transport limited. This con-
clusion was further supported by analyzing the temperature gradi-
ent obtained from the simulated temperature profile [Fig. S8(b) in
the supplementary material]. Since there was no heat release below
reaction initiation temperature in the simulation (corresponding
to no reaction taking place in pre-heating zone), the temperature
gradient calculated from the slope of the tangent line at reaction
initiation temperature is nearly constant regardless of AH with
same k,. As thermal Da number decreases, the heat flux into the
pre-heating zone becomes increasingly comparable to reaction
heat generation and can be inferred from the sensitivity of burn
rate. Sensitivity analysis was performed for k, and v, by Eq. (13),

din(vs)

S= (13)
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ferent [T with different AH . (d) Absolute value of sensitivity coefficient (S) increases with decreasing AH .

The evaluated sensitivity coefficients obtained from the linear
fitting of In(v,) and In (k,) with different AH were plotted in

Fig. 6(d). The absolute value of sensitivity coefficients increases
with decreasing AH suggesting that burn rate becomes more sen-
sitive to thermal conductivity of reactant in systems with lower
reaction enthalpy, corresponds with the thermal Da number
decreasing with AH indicating that heat feedback become more
dominating with relative insufficient heat release in reaction zone.
While the simulations are not intended to fully replicated the mea-
sured temperature profiles, it demonstrated that increased heat

dissipation can reduce the burn rate in composites with condensed
products, supporting the experientially observed behavior.

These results reinforce the experimental findings: in continu-
ous phase products systems, CF increases effective thermal diffusiv-
ity, leading to greater heat loss and slower burn rate. In composites
with dispersed phase products, additional energy feedback from
burning agglomerates compensates for the enhanced diffusivity,
resulting in increased burn rate. Together, experiments and simula-
tions provide a coherent mechanistic framework for understanding
how thermal transport and kinetics can be modulated by additives
such as CF influences nanothermite composite burn rate.
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IV. CONCLUSIONS

This study establishes a method to obtain a complete com-
bustion temperature profile of nanothermite composites by com-
bining color imaging pyrometry and infrared imaging. The
measured temperature profiles revealed a clear transition between
these zones and allowed extraction of thermal properties from pre-
heating zone in operando. Measurements on six different nano-
thermite composites, which were classified based on the combus-
tion product morphology observed by real-time imaging into
dispersed phase products (Al/MnO,, Ti/MnO,, and B/Bi,O3) and
continuous phase products (B/MnO,, B/Fe,O;, and B/Fe;0,)
showed that adding CF has no significant effect on the flame tem-
perature and reaction initiation temperature of composites, con-
firming that small amount of CF additive is chemically inert to the
thermite reaction. However, CF consistently increases the effective
thermal diffusivity of the composites. For composites with contin-
uous phase products, this enhanced thermal transport increases
energy dissipation into the pre-heating and product zones and
decreases the burn rate. While for samples with dispersed phase
products, CF intercept the ejected particles from the burning
surface and increase the residence time of burning agglomerates,
leading to faster propagation. Simulations replicating the experi-
mental conditions reproduce the observed burn rate trends with
CF addition, confirming that heat feedback plays a key role in the
propagation of nanothermite composites. This study provides a
novel method to extract thermal diffusivity and heat flux from
combustion temperature profile and demonstrates the modulation
of burn rate of nanothermite composites through manipulating
the heat transfer during propagation.

SUPPLEMENTARY MATERIAL

The supplementary material includes more details on experi-
mental configuration and calibration. Temperature profiles for all
compositions and tabulated values for burn rate and extracted
thermal diffusivities.
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