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ABSTRACT

Particle fragmentation influences thermochemical energy conversion processes in different ways and is
of significance in energy generation technologies. Different reactive material formulations trigger varied
thermal response in extreme environments such as high velocity impact. This study investigated optical
thermal response of powder gun launched intermetallic (Al:Zr) and thermite (Al:MoOs3) projectiles us-
ing pyrometry and thermography. Projectiles were launched at 1250 m/s into an air-filled chamber and
impacted a steel witness plate to create a dust explosion. The pyrometer was configured to measure
temperatures directly at the point of impact, while the thermographic system measured temperatures
throughout the explosion chamber. Results show that impact temperatures ranged between 3500 and
4000K, but that the dynamics of energy conversion were different for the intermetallic and thermite
projectiles. The intermetallic exhibited secondary reactions due to fragmented debris impacting the walls
of the chamber. The thermite exhibited greater gas generation, propelling the debris field, and producing
a more stochastic response with faster spreading and dissipation of thermal energy. Unique features such
as microexplosions within fragmented particles were also analyzed. While both reactive materials pro-
duce similar temperatures, their mechanisms of energy conversion and release are different, indicating

the potential of these materials for different ballistic applications.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

Reactive materials are solid compositions of two or more
materials, often metals or a combination of metal and metal
oxides, that are inert under standard conditions until subjected to
a sufficiently strong stimulus [1,2]. The composition of a reactive
material can be tailored to produce a desired energetic response,
and often includes aluminum as the fuel source that oxidizes and
converts chemical into thermal energy. Reactive materials can be
ignited under high velocity impact loading conditions to produce
a dust-debris cloud that reacts to produce high thermal energy
[3]. While there are many studies on aluminum particle combus-
tion in various flow environments [4], fewer studies investigate
the thermal response of aluminum fragment oxidation in debris
fields ignited by an impact event. Investigating thermal energy
conversion and dissipation upon reaction induced by high velocity
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impact conditions is critical to optimizing properties of reactive
materials for tailored ballistic applications.

A common experimental technique to study reactive material
impact events uses a high-velocity gun-launched projectile into
an instrumented catch chamber [5,6]. These systems provide the
high dynamic loading conditions required to induce projectile frag-
mentation and reaction. Postmortem analysis of recovered materi-
als from a ballistic impact experiment often includes X-ray diffrac-
tion (XRD) for species identification, analyses of fragment parti-
cle size distribution, and microscopy for evaluation of fragment
morphology. This data provides an indication of energy conver-
sion (e.g., thermochemical and kinetic energy) upon target pene-
tration, impact and fragmentation. Another approach for quantify-
ing energy conversion includes in-situ temperature measurements
during the impact event. Temperature measurement technologies
have recently become mature enough to incorporate into ballistic
experiments. For example, optical measurement techniques have
been successfully demonstrated for the high temperatures associ-
ated with aluminum particle combustion [7]| and extended to ex-
plosive fireball studies to determine detonation temperatures on
the microsecond timescale [8] that impose similar constraints as
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ballistic environments. The goal of this study is to extend current
ballistic research by adding temperature measuring diagnostics to
evaluate thermal energy resulting from a reactive material projec-
tile impact event.

Recent progress has been made in the modification of read-
ily available high-speed cameras that allow for thermographic
imaging [9,10]. Previous work characterized the limitations and
advantages of both pyrometry and thermography for visualiza-
tion of combustion phenomena during thermite reactions [11].
Densmore et al. [12] added thermography to a ballistic experi-
ment to visualize a spatial distribution of temperature through-
out the impact event. They used nickel aluminum (NiAl) and alu-
minum polytetrafluoroethylene (Al+PTFE) reactive material pro-
jectiles and measured reaction temperatures of 3600K (NiAl)
and 3300K (AI+PTFE). More commonly, researchers [13] inte-
grate point source measurement techniques such as pyrome-
try into ballistic experiments. Coupling these two energy mea-
suring technologies offers tremendous potential for resolving
energy conversion and dissipation in complex reactive flow
fields.

The goal of this work is to measure thermal energy associ-
ated with ballistic impact events by combining and comparing
two techniques: pyrometry and thermography. The objective is to
use four-color pyrometry and high-speed thermographic imaging
to characterize the transient temperature behavior of two different
types of reactive material projectiles. The first projectile is iden-
tified as an intermetallic composed of a mixture of two metals,
aluminum (Al) and zirconium (Zr). The second projectile is iden-
tified as a thermite composed of a mixture of a metal with a
metal oxide; aluminum and molybdenum trioxide (MoOj3). These
two formulations are commonly used in reactive material applica-
tions [14,15] and provide an opportunity to assess the two com-
plementary detection techniques in terms of response time and
range of temperature gradients measured. Results show the en-
ergy conversion process from these two formulations is very dif-
ferent and demonstrates that reactive materials can be designed
to exhibit different fragmentation patterns which lead to different
dispersions of thermal energy. These two formulations are not in-
tended to categorize reactive materials into two designated behav-
iors, but instead illustrate the canvas of possibilities for tailoring
thermal response in ballistic applications.

2. Experimental
2.1. Materials

Both reactive material projectiles were prepared by Matsys, Inc.
(Sterling, VA). The intermetallic consisted of Al:Zr at a 30:70 mass
ratio and the thermite consisted of Al:MoOs3 at a 60:40 mass ratio.
All precursor powders were spherical with average diameter rang-
ing from 10-15pm. Powders were consolidated via hot isostatic
pressing (HIP) using a proprietary processing protocol. Following
sintering to 98% of their theoretical maximum density (TMD) by
HIP, cylindrical pellets were produced by electrical discharge ma-
chining (EDM) of the consolidated billets. Further material analysis
of the composite post-HIP processing is reported by Shancita et al.
[16]. Cylindrical pellets of both materials were prepared with di-
ameter and length dimensions of 0.95cm. The pellets were placed
into a nylon jacket sabot supported underneath by a nylon wad
with the shot cup removed (model n. SG410, Ballistic Products
Inc.) and loaded into a 0.410 bore shotgun shell hull (model no.
1394176, Ballistic Products Inc.) along with 1.7 g of shotgun propel-
lent (Blue Dot, Alliant Powder) to achieve velocities of 1250 m/s.
More details on projectile preparation and loading are provided in
Cagle et al. [17].
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2.2. High-velocity impact-ignition testing systems (HITS)

The High-Velocity Impact-Ignition Testing System (HITS) is a
powder gun and catch chamber system designed for laboratory
ballistics testing and shown in Figure. The chamber has polycar-
bonate windows (Makrolon AR2, McMaster-Carr) that allow multi-
ple diagnostics to visualize the impact event and the ensuing com-
bustion cloud. Three projectiles of each material were launched
into the chamber at 1250 m/s so that three sets of temperature
data for each projectile could be processed.

After launch, projectiles impacted a 2.54cm thick A36 steel
witness plate located in the rear of the chamber (Figurea). The
chamber was instrumented with multiple diagnostics including py-
rometry, thermography, and UV-VIS-NIR spectroscopy. The green
shaded region and red shaded circle in Figureb indicate the fields
of view for the thermographic high-speed camera (Phantom v710,
Vision Research) and the 12mm collimator (RC12SMA-PO1, Thor-
Labs) used to collect light for the thermographer and pyrometer,
respectively. The divider plate located 14.4cm from the rear of the
chamber has a 3.81 cm diameter hole aligned with the projectile
flight path so that the projectile does not penetrate the plate prior
to impacting the witness plate. The plate effectively reduces the
chamber volume to the field of view of the thermography system.

2.3. Thermography

A high-speed color camera was modified for thermographic
imaging. The Bayer color filter array on the camera sensor sepa-
rates light into red, green, and blue partitions providing pixel level
color intensity information [9]. Two infrared (IR) short-pass filters
(675nm and 725nm) along with a triple-bandpass filter (633 nm,
533nm, and 451 nm, 10nm FWHM) were placed in front of the
camera lens (24-70mm EXDG, Sigma) to modify the optics so a
local cluster of pixels behaves like a three-color pyrometer [18].
Camera acquisition settings were set to 66,000 fps for a 15.15 ps
temporal resolution, and a spatial resolution of 160 x 304 pix-
els with an exposure time of 1.5 ps and an aperture f/2.8 on the
lens. Additional filtering was achieved by implementing intensity
thresholds in processing software to remove under and over sat-
urated pixels. The camera’s field of view encompasses a 14.4 x
27.4cm section of the chamber illustrated by the green shaded re-
gion in Fig. 1b.

2.4. Pyrometry

A four-color pyrometer, described previously, was used to deter-
mine impact temperatures of both the thermite and intermetallic
projectiles [11]. Light from the projectile impact was collected with
a 12mm collimator mounted to the side of the catch chamber,
aligned with the witness plate center (Fig. 1b). Light was transmit-
ted from the collimator to the pyrometer through a fanout optical
fiber (200 um, BF2LS01, ThorLabs), with the center fiber connected
to the pyrometer. The fanout fiber and collimator assembly were
used to simultaneously supply light to a spectrometer. Data acqui-
sition was achieved using an oscilloscope (Picoscope, 5442A, Pico
Technology) that provided a temporal resolution of 10 ps.

2.5. Temperature calculations

Pyrometry is defined as the derivation of temperature from ra-
diant emission applying Planck distribution predictions [19]. The
Planck distribution represents the maximum amount of radiation
emitted by a diffuse blackbody (Eq. (1)).

G

D = e (5) - 1)

(1)
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Fig. 1. a) Schematic of HITS apparatus with barrel aligned to the catch chamber. b) Side view of the catch chamber with green shaded region representing the cameras field
of view and the red shaded circle representing the pyrometer field of view through a 12 mm collimator. Flight path of projectiles indicated by purple line in both schematics.

At shorter wavelengths (i.e., in the visible region) Wien’s spec-
tral distribution, a simplification of Planck Law, can be used in
place of Planck’s Law (Eq. (2)) [20,21]. Wien’s spectral distribution
is commonly used in pyrometry measurements due to its accuracy
within 1% of Planck’s Law predictions at combustion temperatures
(2500 - 4500K) [22].

G
C.
32 (exp (34))
However, real surfaces emit at a fraction of the radiation emit-
ted by a blackbody, therefore an assumption needs to be made

about emissivity (€), the efficiency of a surfaces ability to emit like
a blackbody at wavelengths of interest (A) (Eq. (3)).

IAT)= &I, T) (3)

For combustion applications, specifically aluminum combustion,
there are three common assumptions made regarding emissivity.
The first is the gray body assumption where emissivity is con-
sidered constant across wavelengths and therefore the collected
radiative intensity is proportional to a blackbody [22]. The sec-
ond assumes emissivity varies with wavelength inversely propor-
tional to the specific wavelength (A~') and the third similarly as-
sumes wavelength varies with emissivity but with a A=2 relation-
ship [8]. A study by Kalman and Hedman [23] investigated the
legitimacy of these assumptions when analyzing aluminum com-
bustion temperatures. When aluminum oxide combustion clouds
are optically thick, Kalman and Hedman showed the gray body as-
sumption more accurately estimates emissivity. At later stages of
a reaction, when more condensed phase alumina species begin to
form and the cloud thins, they show a A~2 assumption for emis-
sivity is more applicable [24,23].

Because uncertainty is a complicated parameter to define for
these instruments, varying the functional form of the emissiv-
ity is a useful method to interpret temperature calculations. As
highlighted by Idrici et al. [13], the thermal emission signatures
from ballistic impact can be described in two stages: stage-one
occurs immediately upon impact, followed by stage-two that in-
cludes fragmentation, dispersion, and combustion of the debris
field. When the projectile impacts the witness plate, the opacity

LA T) = (2)

of the combustion cloud coincides with a gray body assumption
for emissivity. We have followed a similar methodology applied to
the pyrometer data focused on the impact event. At later times, as
the reacting material disperses and spreads throughout the cham-
ber, the emissivity of the dispersion varies proportional to A=2 as
described by Kalman and Hedman [23] and better represents the
thermography data. Woodruff et al. [25] showed that the tempera-
ture resulting from these varied emissivity assumptions can range
by as much as 1000K and is an inherent source of uncertainty in
the analysis of temperature.

Manipulating Eq. (2) allows temperature to be extracted as the
slope of the linear relationship between wavelengths and corre-
sponding collected intensities shown in Eq. (4) [22]. Substituting
Eq. (3) into Eq. (4) results in Eq. (5), where temperature is a func-
tion of collected raw intensity, emissivity, and wavelength.

Y
r= InC; — In A5, )
T G/ (5)

InC; — InA3l/¢e

For the specific emissivity assumption of A2, Eq. (5) takes the
form of Eq. (6). Temperature calculations for thermography were
performed using Eq. (6) for every pixel in each frame of high-speed
video data and follow a similar multi-spectral radiation thermom-
etry model as described by Weng et al. [26].

G/

I= InC; — InA71

(6)
2.6. Calibrations

Calibration factors (x=measured/published) were derived for
both the pyrometer and thermographic camera using a tungsten-
halogen lamp (SLS201L, ThorLabs). A lamp source is a cost-effective
way of producing combustion temperatures (2500 - 4500K)
needed for calibrating the temperature measurement diagnostics
[27]. The additional complexity of the high-speed thermographic
camera requires further calibration steps to account for sources of
error such as emission overlap between neighboring pixels. Pixel
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Fig. 2. Spectra from the intermetallic (top) and thermite (bottom) projectile impacts with blue bars representing pyrometer bandpass wavelengths and red bars representing

the camera triple bandpass filter values.

correction factors were achieved using equations developed by Mc-
Nesby et al., by directing monochromatic 625 nm and 530 nm light-
emitting diodes (LEDs) into the camera [18]. Further details on the
calibration process are described in previous work [11,25].

2.7. Spectroscopy

In order to ensure the reaction produces no emissions at wave-
lengths of interest that would cause error in temperature calcula-
tions, spectra from both the intermetallic and thermite projectiles
were captured. Representative spectra collected by a UV-VIS-NIR
spectrometer (200-1025nm, Insight FX-XR1, Ocean Optics) at an
integration time of 825 ps are illustrated in Figure. Along with the
spectra, bars representing wavelengths monitored by the pyrome-
ter (blue) and thermographic camera (red) are plotted.

In Fig. 2, two of the filtered regions raise concern for interfer-
ence. The first is the 500 nm channel for the thermite. This chan-

nel intersects with the tail of a peak at 480nm that is associ-
ated with AIO emission [28]. However, temperature calculations in-
cluding this channel reported no erroneous temperature measure-
ments that would raise concern. Additionally, the r-squared values
collected from the linear temperature extraction in Eq. (5) never
fell below 98%, suggesting limited AlO emission at 480 nm. The
other concern arises from the camera’s 451 nm bandpass chan-
nel. For both the intermetallic and thermite, an emission peak
can be observed at 430 nm, as shown in Fig. 2. In this case, tem-
peratures reported when using all three channels of the camera’s
triple-bandpass filter resulted in unrealistic temperatures and r-
squared (R2) values as low as 73%. Thus, camera-based tempera-
ture calculations were performed using data from the 633 nm and
533 nm channels only. While the data in Fig. 2 is useful for iden-
tifying wavelengths of concern, these data should be used with
caution. The spatially and temporally integrated spectrum does
not always capture the transient features of interest that can be
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suppressed by the mostly thermal continuum of hot condensed
phases.

3. Results and discussion
3.1. Flame temperature simulations

Measured flame temperatures were compared to theoretical
values for the intermetallic and thermite reactions using thermal
equilibrium simulations. The calculations were performed using
thermochemical equilibrium software CHEETAH [29] and applying
a constant pressure assumption. Simulations indicate theoretical
maximum temperatures in excess of 4500K and 4000K for the in-
termetallic and thermite, respectively and provide a threshold for
anticipated temperature measurements.

3.2. Thermography

Temperatures calculated for each frame of high-speed video
are reported in Fig. 3(a) and (b). In order to represent the data
more clearly, a moving average was performed to reduce the total
data down to 100 points. Standard deviations determined through
this averaging are shown with the maximum (red) and minimum
(blue) data surrounding the average (black) temperature data in
Fig. 3(a) and (b). The temperatures are reported per frame and
plotted as a function of time. Also reported is the normalized in-
tensity of the 633 nm channel for each frame (Fig. 3c). The ther-
mite (solid line) emitted at a higher intensity than the inter-
metallic (dashed line). The thermite and intermetallic intensities
in Fig. 3(c) were normalized to the maximum intensity reported
for the thermite to better compare the dramatic difference in light
emission.

Fig. 3 shows that both the thermite and intermetallic projectiles
react upon impact and burn at similar temperatures, with averages
around 2800K. This is an interesting result and suggests that for
both the intermetallic and thermite, the average flame temperature
may be best represented by aluminum oxidation that is molecu-
larly abundant in both materials. However, the intermetallic has
a larger standard deviation with upper limits consistent with the
higher AFT anticipated from the intermetallic reaction simulation.
The multiple reaction pathways for the intermetallic projectile in-
clude metal oxidation but also intermetallic reactions may be the
cause of the higher standard deviation than for the single metal-
based thermite reaction.

The intermetallic data has an inflection around 150 ms where
the signal to noise ratio decreases resulting in inaccurate peak
temperatures beyond 150 ms. The thermite data shows a similar
inflection, but at a later time (i.e.,, 250 ms). The inflection repre-
sents a transition in burning behavior, resulting from diminished
light intensity (Fig. 3c). As the reaction begins to extinguish, the
signal to noise ratio appreciably decreases [11]. Fig. 3c confirms
the intermetallic emission intensity plateaus past 150 ms, coincid-
ing with the inflection in peak temperature from Fig. 3a. Further
illustrated in Fig. 3c is that at 250ms, thermite intensity data
approaches the intermetallic, consistent with decreased signal-to-
noise as reactions extinguish.

Still frames and calculated thermographic images for both the
intermetallic and thermite projectiles are shown in Fig. 4. Frames
were selected at arbitrary time stamps to highlight interesting be-
haviors in the combustion clouds. The brightness and contrast of
the raw images were increased for illustrative purposes. The last
frames from Fig. 4 show that emission from both materials con-
siderably decays and confirms that low emission causes error in
temperature measurements (see late times in Fig. 3).

Fig. 4 illustrates the difference in thermal performance between
the two projectiles. Previous groups have shown that metal-based
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reactive material projectiles release a majority of their energy after
the projectile fragments and experiences secondary impacts with
the chamber walls [30]. The secondary impacts cause ignition, ob-
served in the still frames of the intermetallic, specifically in the
frames captured at 4.21ms and 7.85ms. At these two times, in-
termetallic particles rebound and impact the plate (right side of
image) and re-impact the witness plate (left side of image). Note
the brightness intensifies at the edges of the frame, corresponding
with edges of the plate and witness plate. Further, at later stages
of combustion (e.g., 130ms and 318 ms), hot particles can still be
observed lingering within the chamber.

The thermite is primarily aluminum combustion with some
solid oxidizer, so increased gas generation is expected compared
to the intermetallic [31]. This increased gas generation is evident in
frames 0.30-28.95 ms (Fig. 4), where more chamber volume is oc-
cupied by hot combustion gasses. Further, unlike the intermetallic
projectile, the thermite produces a combustion cloud that expands
throughout the chamber quickly after impact. Visual and thermal
images of the cloud expansion are shown in the first three still
frames of Fig. 4 all occurring within 0.67 ms of impact. The unique
thermal data compared in Fig. 4 from both intermetallic and ther-
mite materials indicate that even under high impact dynamic
loading conditions, materials can be selected for specific thermal
responses.

3.3. Pyrometry

The pyrometer is more effective at capturing the large temper-
ature variations seen directly post-impact due to its enhanced dy-
namic range when compared to the thermographic camera system
[25]. The fiber collimator captures light centered at the witness
plate to observe the projectile impact event. Applying Eq. (5) with
a gray body assumption to the pyrometer data results in repre-
sentative temperature curves for intermetallic and thermite com-
bustion, shown in Fig. 5. The high r-squared values resulting from
the temperature curve fit to Eq. (5) (blue curve) and the low stan-
dard deviation (shaded gray region) at the early stages of data col-
lection (i.e.,, < 100ms) indicate reliable temperature calculations.
From 100 ms onward, the standard deviation increases, and the r-
squared values fluctuate, attributed to the diminishing light from
the reaction, represented by the normalized intensity data from
the 850 nm channel (green curve). However, even with the larger
standard deviations, temperatures are still below the AFT from
simulations.

Fig. 5a shows intense emission upon impact followed by a drop
coincident with a momentary decrease in temperature. Similarly,
the still frame images of Fig. 4 indicate high emission upon im-
pact followed by a drop for several ms duration. The video data
in Fig. 4 complement the pyrometry data in Fig. 5a and elucidate
that the intermetallic releases significant thermal energy after the
fragments experience secondary impacts with the chamber walls
[30].

Fig. 5b shows the thermite temperature at impact, but with a
shorter timescale. The shortened timescale is due to the thermite
reaction quickly expanding away from the witness plate and out
of the pyrometer’s field of view. In the thermal data, the expan-
sion outside the pyrometer’s field of view manifests as an increase
in standard deviation and a fluctuation of the r-squared value
after ~ 1ms, corresponding with the drop in reported 850 nm
channel intensity. The temperatures average ~ 3800K until 1.2 ms,
where the standard deviation begins to exceed theoretical AFT
for the thermite. These measured peaks remain within 200K of
theoretical AFT. The average trend in temperature between 1.2-
2ms fluctuates around the 3800 K temperatures seen earlier in the
data.
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Fig. 3. a) Intermetallic data from thermographic high-speed video with maximum (red), minimum (blue), and average (black) temperatures reported for each frame. b)
Thermite data from thermographic high-speed video with maximum (red), minimum (blue), and average (black) temperatures reported for each frame. c) Normalized

intensity from 633 nm channel for each mixture, note that data were normalized to maximum intensity reported by the thermite due to higher intensity for that material
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)



C. Woodruff, S.W. Dean, C. Cagle et al.

Intermetallic

26.94 ms

0.06 ms

4.21ms 7.85 ms

International Journal of Heat and Mass Transfer 187 (2022) 122565

130.00 318.20 ms

4000

3500
-
(]
=
Thermite @
3000 o
0.06 ms 0.30 ms 0.67 ms 28.95ms 246.02 ms 318.20 ms g
@
z
2500
2000

Fig. 4. Still frame and reconstructed thermographic images of the intermetallic (top) and the thermite (bottom) at selected times during combustion event. Projectile impact
velocities are 1250 m/s. Note that frames from different times are shown for the two impacts.

3.4. Dissipation

An advantage to incorporating high-speed thermographic imag-
ing with ballistic applications is the ability to obtain information
on thermal dissipation rates. By quantifying how many pixels are
reporting a temperature for each video frame, an area can be
calculated indicating spatial variations within the chamber con-
taining hot particles. Because the area is determined as a func-
tion of time, the dissipation rate defines the rate at which the
area affected by hot particles cools. While this method provides a
spatial understanding of thermal dissipation, the analysis is two-

dimensional, and the depth variations associated with a three-
dimensional asymmetrical cloud would need multiple camera per-
spectives to fully realize.

Calculations were performed for both materials from high-
speed videos and the resulting thermal dissipation curves are pre-
sented in Fig. 6. Distinct features in the dissipation curves are
noted with corresponding still frame images visualizing these fea-
tures. Thermal dissipation rates provide a supplementary perspec-
tive of behavior beyond the temperature graphs in Fig. 3.

A linear fit was applied to the shaded green region between 50
and 180ms in Fig. 6a for the intermetallic projectile, providing a
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dissipation rate of 0.9 cm?2/ms. Fig. 6b shows that the intermetal-
lic particle cloud remains suspended in the chamber, therefore a
low dissipation rate in Fig. 6a is reasonable. The dissipation curve
of the thermite in Fig. 6¢ follows more of a stochastic trend be-
cause the thermite reaction is more dependent on convective gas
flows than the reaction associated with the intermetallic projec-
tile. The stochastic behavior is attributed to sintered particles pro-
pelled around the chamber, in and out of the field of view of the
camera. Additionally, fragment micro-explosions within the com-
bustion cloud are observed. These micro-explosions can be seen in
Fig. 6d in the first still frame as large bright points enclosed in the
green boxed regions. Other notable features present in Fig. 6¢ in-
clude a steep drop to a low point labeled as point 4 and then an
increase in reported temperatures up to point 5. This phenomenon
is attributed to the fragments settling in the bottom of the cham-

ber (Fig. 6d: 71.05 ms), but as combustion continues hot gasses rise
back up into the camera field of view (Fig. 6d: 208.00 ms). The only
section of the curve that can be analyzed as steady dissipation is
the green shaded region between 200 and 270 ms with a rate of
3.1 cm?/ms.

3.5. Particle fragment analysis

The high-speed thermographic imaging system also allows in-
vestigation of discrete burning particles. The high spatiotemporal
abilities of the camera inherently allow particle tracking. By mod-
ifying the high-speed visual imaging for thermography, it is pos-
sible to monitor both particle position and temperature. This ca-
pability is illustrated in Fig. 7 where a representative frame from
the thermite reaction is analyzed. Four particles (A-D) are tracked,
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13.89 ms 33.43 ms

44 12 ms 71.05ms 208.00 ms

Fig. 6. Dissipation curves of the (a) intermetallic impacts with a dissipation rate calculated for the green shaded region and (b) frames of interest numbered in red. (c)
Thermite impacts with a dissipation rate calculated for the green shaded region and (d) frames illustrating behavior of dissipation curve numbered in red on the plot and
corresponding image frames. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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[

3500 K
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2000K

Fig. 7. Thermographic image from the thermite impact with particles A-D extracted and average temperatures reported. Temperature calculations were performed with

different emissivity assumption shown from left to right.

and average temperatures are reported. Additionally, to emphasize
the influence that emissivity assumption has on calculated temper-
atures, the three common emissivity assumptions previously dis-
cussed were applied (i.e., ¢ ~ const., ¢ ~ A~1, and ¢ ~ A72).

The particles in Fig. 7 are likely oxidizing aluminum, as the
reported temperatures are consistent with aluminum combustion
[27]. Looking at the enlarged particle images, it is evident that

thermographic analysis grants fine spatial detail of the transient
temperature behavior of these particles. Each pixel seen in the
images represents a 0.9 x 0.9 mm spatial area. Further, to affirm
correct selection and importance of emissivity assumption, rang-
ing emissivity values were applied for agglomerate temperature
analysis. The temperatures vary by almost 1000K between emis-
sivity assumption. When applying a gray body assumption (i.e.,
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e=1, third column in Fig. 7), the particles report temperatures
near 3800K, approaching AFT calculations.

4. Discussion

Thermite and intermetallic projectiles were launched into a
steel witness plate in the back of a catch chamber at ~ 1250 m/s.
Both pyrometry and high-speed thermography were implemented
to resolve thermal behavior during the impact, fragmentation, and
reaction events. Results indicate that both materials burn at similar
temperatures at impact and during reaction.

Impact temperatures reported by the pyrometer were calcu-
lated under the gray body assumption resulting in temperatures
between 3500K and 4000K (Fig. 5) for both materials. The post-
impact intermetallic fragments linger within the chamber for a sig-
nificant amount of time. In contrast, the thermite violently dis-
perses and spreads away from the pyrometer field of view, located
at the anvil impact site.

Thermographic high-speed videos indicate both materials have
an average reaction temperature around 2800K (Fig. 4). As previ-
ously mentioned, a A2 assumption was applied for emissivity treat-
ment to compensate for the much larger and spatially resolved
field of view of the camera where combustion products spread out
more thinly throughout the chamber. For aluminum heating a sim-
ilar emissivity assumption was previously established to show the
highest accuracy in temperature prediction for both oxidized and
unoxidized aluminum [26]. The intermetallic reported peak tem-
peratures of 3500K and the thermite reported 3000 K. This is to be
expected considering the intermetallic contains zirconium, a much
hotter burning metal. The average temperatures are similar likely
because aluminum oxidation dominates for most of the reaction.

Though the materials perform similarly from a temperature
perspective, the temperatures are generated by different mecha-
nisms. The intermetallic exhibits temperature increases associated
with fragments from secondary impacts, a feature previously re-
ported with intermetallic reactive materials. As fragments rebound
around the chamber, newly formed intense areas are observed in
still frame images while corresponding spikes are observed in the
number of pixels reporting temperatures for those time intervals
(Fig. 6b). The thermite burns with a more stochastic nature as
the material quickly produces hot particulates and gasses through-
out the chamber (Fig. 6a). Additionally, micro-explosions of frag-
mented particles are observed with the thermite. Fig. 7 shows
average agglomerate temperatures range from 2700-2900K, con-
sistent with aluminum oxidation. The differences in thermal be-
havior and propagation of combustion between the intermetal-
lic and thermite while producing similar temperature regimes
highlights the potential of these materials for different ballistic
applications.

For the thermite, there is significantly more post-impact gas
generation than the intermetallic. The thermite includes MoOs, a
gas generating solid oxidizer, however the thermite is almost en-
tirely aluminum with very little solid oxidizer relative to the fuel.
Zhang [32] explains that MoO3 may facilitate reaction by provid-
ing interface discontinuities that promote fragmentation and alu-
minum particle combustion through hot spot formation. Further-
more, aluminum particle combustion is a vapor phase process
when reacting with oxygen gas from the environment. Vapor phase
aluminum will envelope a burning particle, creating a gap between
the flame and the condensed phase droplet [33]. This burning pro-
cess is multi-phase, whereas zirconium oxidation occurs in the
condensed phase [34]. Additionally, zirconium is a refractory metal
and zirconium and zirconium oxide have sublimation tempera-
tures sufficiently high to absorb the entirety of the oxidation en-
ergy without vaporizing. Specifically, the sublimation point of both
zirconium metal and zirconium oxide is above 4500K, which is
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greater than the temperatures produced in these reactions. There-
fore, vapor phase species are more likely in the thermite reaction
than in the intermetallic. The differences in combustion and ther-
mal behavior between the intermetallic and thermite, while also
producing similar temperatures, highlight the potential of these
materials for different applications.

5. Conclusion

Combining pyrometry and thermography provides more com-
plete insight into the thermal behavior of the impact event. While
the pyrometer is more accurate at evaluating temperature at the
initial impact due to its enhanced dynamic range, it lacks spatial
resolution and is constrained to measuring temperatures within
a narrow field of view. High-speed video analysis has been a
common diagnostic in characterizing energetic material reactions
but incorporating thermography into ballistic applications is more
novel. The combination of the high spatial and temporal resolu-
tion from high-speed video, alongside temperatures at locations
and times of interest, provides useful insight into the thermal per-
formance of different reactive materials in ballistic applications.

The intermetallic reported peak temperatures of 3500K and
the thermite reported 3000K. The intermetallic fragments linger
within the chamber while the thermite violently disperses upon
impact. The intermetallic contains zirconium, a much hotter burn-
ing metal and increases the peak measured temperature beyond
the thermite. The average reaction temperatures for both materials
are 2800K and similar because aluminum oxidation dominates for
most of the reaction.

Though the materials perform similarly from a temperature per-
spective, the temperatures are generated by different mechanisms.
The intermetallic exhibits temperature increases associated with
fragments from secondary impacts. For the thermite, there is sig-
nificantly more gas generation than the intermetallic and burning
appears more stochastic as the material produces hot particulates
and gasses throughout the chamber with micro-explosions of frag-
mented particles. The differences in combustion and thermal be-
havior between the intermetallic and thermite, while also produc-
ing similar temperatures, highlight the potential of these materials
for different applications.
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