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Abstract: This study examines pressure build-up and decay
in thermites upon impact ignition and interprets reactivity
based on the holistic pressure history. The thermite is a
mixture of aluminum (Al) combined with bismuth trioxide
(Bi2O3) powder. Four different Al particles sizes were exam-
ined that ranged from 100 nm to 18.5 μm mean diameter
and for each size, two different Al powder treatments were
examined: stress-altered compared to untreated, as-re-
ceived Al powder. Stress-altered Al powders have been
shown to be more reactive, such that the stress-altered Al
powder thermites offer a metric for analyzing thermite re-
activity in terms of pressure development compared to un-
treated Al powder. In a binary thermite system, multiple
phase changes and interface chemistry influence the tran-

sient pressure response during reaction. Results reveal
three key pressure metrics that need consideration specifi-
cally for thermite combustion: (1) delay time to peak pres-
sure, (2) peak pressure, and (3) decay after peak pressure.
Our experiments show that a lower peak pressure corre-
sponds with higher thermite reactivity because aluminum
consumption of oxygen generated by decomposing solid
oxidizer reduces the peak pressure. Faster rates of reaction
consume oxygen at higher rates such that pressure devel-
opment becomes more limited than less reactive thermites
and the result is a lower peak pressure. This conclusion is
opposite of traditional studies using metal fuels with a gas-
eous environment that typically show higher peak pres-
sures correspond with greater reactivity.
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1 Introduction

When metal fuel particles, such as aluminum (Al), burn in a
gaseous environment, the traditional approach to describ-
ing explosive reactivity from the pressure history data is to
quantify the peak pressure and pressurization rate within
the chamber after reaction initiation [1]. The peak pressure
is the maximum pressure achieved during the transient
event and characterizes the overall energy released by com-
bustion. Correspondingly, the magnitude for the peak pres-
sure rise is on the order of 10, considering a variation in
temperature from ambient (300 K) to the characteristic
adiabatic flame temperature (3000 K) and assuming the ide-
al gas law [2, 3]. The pressurization rate describes the re-
action rate and is often presented in terms of the def-
lagration index which includes the chamber volume [1].
These two metrics have been used to compare reactivity of
different metal fuel particles in dust combustion studies in
the obvious way: a higher peak pressure and pressurization
rate corresponds to higher reactivity [4].

The applicability of peak pressure and pressurization
rate metrics towards characterizing reactivity of thermite
systems needs more in-depth consideration. At first glance,
these metrics should also be applicable to thermites. How-
ever, a more complex reaction mechanism owing to the in-
clusion of a solid oxidizer and its interaction with the fuel
particles, and, therefore, the way pressure evolves during
reaction, may invalidate these seemingly straightforward

metrics. The current paper is a first step to progressing the
understanding of thermite reactivity and pressure achieved
in the reacting thermite system.

Thermite reactions will be defined here by a reaction
between a metal fuel, such as Al, and a metal oxide. The
global thermite reaction can be described by Reaction (1).

ð2y=3ÞAlþMxOy ! ðy=3ÞAl2O3 þ xM (1)

In Rn. (1), MxOy is the metal (M) and oxide (O) with M
valence 2y/x. The complication arises in resolving transient
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pressure in thermite systems because various condensed
phase intermediates and end products, such as oxides, sub-
oxides and alloys are formed throughout reaction and af-
fect pressure progression. For example, Wang et al. [5] ex-
amined nanoparticle mixtures of Al and Bi2O3 and showed
multiple pressure rises and decays throughout the duration
of reaction due to the multiphase nature of the combustion
process.

The transient pressure profiles generated by Wang et al.
[5] for Al+Bi2O3 were further simulated by Martirosyan
et al. [6]. Their simulation assumed all explosion energy was
released into the gas phase instantaneously and used an
explicit self-similar solution approach that was simplified
without inclusion of condensed phase species evolution.
Their results produced smooth pressure profiles with a sin-
gle peak in pressure rise followed by continuous decay and
their modeled peak pressure was a good estimate of the
highest peak pressure measured experimentally.

Baijot et al. [7] further refined thermite pressure model
development by including phase changes such as vapor
and condensed phase reaction processes. The Baijot model
[7] more accurately described the multiphase nature of the
transient combustion process to resolve pressure variations
that are influenced by melting, boiling, decomposition, and
condensation processes. For the Al+Bi2O3 reaction, Baijot
et al. [7] showed that peak temperature does not coincide
with peak pressure and showed a succession of pressure
peaks corresponding to the decomposition or evaporation
onsets of various species. In particular, the initial pressure
rise resulted from the decomposition of Bi2O3 into molec-
ular oxygen and liquid bismuth that generated the initial
pressure peak. The peak pressure was followed by evapo-
ration of Bi which produced a gentle pressure shoulder
alongside the initial peak pressure rise.

The above experimental and modeling studies on Al+
Bi2O3 indicate that a completely different mechanism of
pressure development is responsible for the peak pressure
and pressurization rate in comparison to single fuel particle
or dust combustion studies. For Al+Bi2O3 a major con-
tribution to the pressure is created by the reaction by-prod-
ucts and succession of multi-phase decomposition and re-
action processes. Therefore, in thermites it is not
straightforward to relate a higher maximum peak pressure
or pressurization rate to enhanced thermite reactivity.

This study qualitatively analyzes the mechanism of Al+
Bi2O3 reaction by considering separate steps that are re-
sponsible for the pressure behavior during reaction. Our
analysis is based on experiments performed for Al+Bi2O3

that are a function of the Al particle size ranging from
nano-scale to micron-scale Al particle diameters. For each
Al particle size two cases were examined: as-received Al
particles that are described as untreated Al (UN� Al) and Al
particles that were annealed at 300 °C for 15 minutes then
quenched at a cooling rate of 11.14 °C/s to produce stress-
altered Al particles identified as super-quenched Al (SQ� Al).
Our previous research demonstrated SQ� Al particles exhibit

enhanced reactivity compared to UN� Al, [8, 9, 10,11] and
thus this stress-altered processing technique serves as a
baseline for studying variations in reactivity when com-
pared to UN� Al in the interpretation of the pressure meas-
urements.

Comparing SQ� Al reactions to UN� Al reactions provides
new insight on pressure evolution used to characterize re-
active behavior, not only in the conventional peak pressure
and pressurization rate sense, but also the influence of mul-
ti-phase reaction processes on pressure development from
a holistic perspective. Stress-altered SQ� Al particles are at
an elevated stress state and exhibit a unique feature of
shell delamination from the core [10]. During annealing, Al
powder is relieved of residual stresses and during fast
quench, differences in thermal expansion coefficients be-
tween the Al core and Al2O3 shell develop a permanent
stress at the core-shell interface. The shell becomes de-
laminated from the core and is theorized to fracture more
easily. The core-shell delamination in SQ� Al is a function of
Al particle size because μAl has shown 52% core-shell inter-
facial surface area delamination [9] while nAl has shown
81% core-shell interfacial surface area delamination [12].
Without support from the core, the shell more easily frac-
tures thereby enhancing diffusion controlled reactions.
Low-velocity impact testing of SQ Al was performed pre-
viously by Hill et al. [9] and showed that SQ Al+ Bi2O3 ach-
ieved higher peak pressure compared to untreated Al+
Bi2O3. An important distinction between Hill et al. [9] and
this work is that they applied various magnitudes of impact
energy for different treatments of Al to achieve the highest
pressure possible. Here, comparing unique pressure histor-
ies from SQ� Al to UN� Al reactions provides a deeper un-
derstanding of the connections between pressure develop-
ment and thermite reaction behavior.

2 Experimental

2.1 Aluminum Powders

Four aluminum (Al) powders that varied in average particle
diameter were used and identified as: 100 nm (nAl) sup-
plied from Novacentrix (Austin, TX), and three micron-scale
Al (μAl) powders including: 1.5 μm supplied from Skyspring
Nanopowder (Houston, TX), and 3 μm and 18.5 μm supplied
from Sigma Aldrich (St. Louis, MO). Volume weighted size
distributions for each powder were measured using a NiC-
omp N3000 static particle size analyzer (Santa Barbara, CA)
by dynamic light scattering (DLS) method. The size dis-
tributions were determined by suspending (3 mg) Al pow-
der in (100 ml) of distilled water solution. The mixture was
subjected to ultrasonic waves to break up agglomerates
and ensure the particles were fully suspended within the
distilled water using a Misonix Sonicator 3000. Particle size
distributions are shown in Supplementary Information, Fig-
ure S1 with the measured mean diameter and standard de-
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viation reported in Table 1 along with the label identifier for
each powder. The annealing and quenching process does
not alter the size distribution and this was confirmed pre-
viously for nAl powders in Bello et al. [12] and μAl powders
in McCollum et al. [13].

2.2 Powder Annealing and Quenching Treatments

An Al powder annealing temperature of 300 °C held for 15
minutes was previously identified as effective, but the
quenching rate applied to the annealed particles can sig-
nificantly alter the microstructure of the core-shell particle
[9]. The stress-altered Al particles studied here were an-
nealed to the constant temperature of 300 °C for 15 mi-
nutes and quenched at a relatively fast cooling rate of
11.14 °C/s identified as ‘super-quenched’ (SQ� Al). This
quenching rate deliberately induces delamination at the
core-shell particle interface and has been shown to pro-
mote diffusion reactions [8].

Powder quenching was achieved using (250 mg) of Al
powder loaded into a sealed, steel chamber that is well de-
scribed by Hill et al. [9]. A thermocouple monitored the
transient powder temperature during annealing and
quenching using LabVIEW and National Instruments (NI)
data acquisition hardware. Heating at a rate of 10 °C/min to
300 °C was achieved in a Vulcan multi-stage programmable
furnace. The chamber was held at the annealing temper-
ature of 300 °C for 15 minutes then removed and sub-
merged in a quenching fluid composed of water, Dawn
dish soap, simple green cleaner and sodium chloride de-
scribed in detail previously [9]. The cooling rate was moni-
tored by the thermocouple and is 11.14 °C/s.

2.3 Strain Measurement

The dilatational strain for each Al particle size was meas-
ured at the Synchrotron X-ray Diffraction (XRD) Advanced
Light Source facility at Lawrence Berkeley National Labo-
ratory on beamline 12.3.2 using a micron focused synchro-
tron X-ray beam. Measurements from this beamline that
quantify dilatational strain have been reported previously
[9,13,14,15,16,17]. In a similar procedure, glass slides were
coated with various μAl powder samples. The powder sam-
ples were scanned under the X-ray beam (either poly-

chromatic or monochromatic) while a diffraction pattern
was collected at each step using a DECTRIS Pilatus 1 M de-
tector. While the polychromatic (Laue) patterns provide the
shear components of the strain, the measurement of en-
ergy of one indexed reflection provides the missing dilata-
tional component. Data were processed using XMAS soft-
ware and details of the experimental setup and synchrotron
XRD capabilities are described elsewhere [18,19].

The dilatational strain for all nAl powders was also
measured using Synchrotron XRD at the same facility. In
contrast to above measurements on μAl powder, data on
nAl particles were taken with a 10×2 μ 12 keV mono-
chromatic beam because the size from the white beam fo-
cus (around 1 μm) was not sufficiently small to resolve the
nAl particles. For the nAl particles, data were taken in pow-
der diffraction pattern mode and dilatational strain was de-
rived from the shifts in 2θ values of the powder rings with
respect to their unstrained positions. Powder patterns were
taken with the detector at an angle of 50° and distance of
18 cm from the powder sample. Similar to the μAl powders,
data were processed using XMAS software.

2.4 Mixture Preparation

All Al powders were mixed with bismuth(III) oxide (Bi2O3) to
an equivalence ratio of 1.3 (i. e., slightly fuel rich). The Bi2O3

powder was obtained from Sigma Aldrich and ranged from
90–210 nm spherical particle diameter. Mixtures of up to
1.5 grams were prepared by sonicating the fuel and oxi-
dizer particles in a 120 ml sample cup using 90 ml of ace-
tone as the carrier fluid. The Misonix Sonicator 3000 en-
ables programmed processing cycles of 10 seconds on and
off for 2 minutes and this process breaks up agglomerates
while maintaining ambient temperatures during mixing.
The mixture was poured into a Pyrex dish and dried in a
fume hood for 24 hours. The powder was reclaimed
through a 325 mesh sieve to further break up soft agglom-
erates before further experimentation.

2.5 Pellet Assembly

A Parr pellet press punch and die assembly was used with
shims to achieve a constant volume for each pellet. The in-
ner diameter of the die was 6.4 mm and the pellet height
was 0.80 mm. To prepare the pellet, the die and holder was
filled with 185.8 mg of Al+Bi2O3 mixture. The pellets were
pressed to 90% of its theoretical maximum density (90%
TMD) with an actual density of 7.3 g/cm3.

2.6 Impact Testing

The drop-weight impact tester is fully described in Hill et al.
[9], but will be summarized here for completeness. The de-

Table 1. Particle size distributions including mean diameter and
standard deviation.

Particle size Mean diameter Standard deviation

100 nm 96.7 nm �11.8 nm
1.5 μm 1.6 μm �0.27 μm
3 μm 3.1 μm �0.5 μm
18.5 μm 18.6 μm �3.2 μm
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vice consists of a pressure cell shown in Figure 1(a)–(c),
along with the impact test frame that includes a carriage
holding weights that fall along vertical guide rails onto the
pressure cell in Figure 1(d). As the carriage falls, it strikes
the steel pin shown on the right side of Figure 1(c) that im-
pacts the sample. Adjusting either the weight or height of
the carriage provides adjustment for the amount of energy
delivered to the pressure cell. Although the weight of the
carriage may vary by adding or removing constituent cylin-
drical weights, the weight from test to test is held constant
for this purpose, for a total weight of 4.37 kg, including the
weights and carriage. The height of the carriage is fixed at
63.2 cm for every test. The pellet itself has a volume of
25.5 mm3 and the internal volume of the chamber is
55.3 mm3, resulting in a pellet to chamber volume ratio of
0.461.

Pressure data were acquired using a PCB Piezotronics
pressure transducer (model 101 A06) having a sensitivity of
1.45 mV/kPa. A PCB signal conditioner (model 480 C02) am-
plified the signal for data acquisition and a PicoScope 5000
series was programmed to collect data at 100 kHz. All ex-
periments were performed in triplicate for repeatability.
Raw data from each event was filtered using a low pass fil-
ter cutoff at 4 kHz for clear display and analysis.

3 Results and Discussion

3.1 Strain Measurements

Table 2 presents the strain measurements for the four Al
particle sizes. In terms of particle size, nAl shows consid-
erably higher strain than its larger sized counterparts that
are essentially equivalent because the data fall within a de-
gree of uncertainty given the wide distribution. The UN� Al
particles show negligible dilatational strain for all particle
sizes. In fact, the measured dilatational strain for UN� Al par-
ticles was too small for accurate resolution (i. e., <10� 7)
from the Synchrotron XRD instrumentation.

3.2 Pressure Data

There are two main variables examined in this study: (1) the
influence of stress-altered treatment on Al combustion and
(2) the influence of Al particle size on combustion. The

Figure 1. Drop-hammer impact test apparatus including (a) the assembled pressure cell, (b) the cell interior where the pellet is placed, as
well as the pressure transducer and the optical fiber probe ports extruding from the cell, (c) the disassembled pressure chamber compo-
nents, and (d) the completed setup where the weights of the carriage fall along the guide rails onto the cell.

Table 2. Synchrotron XRD strain measurements and standard devi-
ation in measured values for SQ� Al particle sizes indicated.

Particle Size Strain

100 nm 40×10� 5�15×10� 5

1.5 μm 4×10� 5�20×10� 5

3.0 μm 3×10� 5�26×10� 5

18.5 μm 10×10� 5�19×10� 5
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Bi2O3 particles remained the same throughout all testing as
well as the stoichiometry and pellet bulk density.

Figure 2 shows the influence of stress-altering the Al
particles on pressure profile for the Al+Bi2O3 reaction. The
data focuses on the first ms of reaction but the same graph-
ics extended to longer time scales are included in Supple-
mentary Information. For each Al particle size, the SQ� Al
thermite continuously produced a lower initial peak pres-
sure followed by a similar decay. The delay time from start
of reaction until peak pressure, considered to occur when
pressure rises to 2% of the peak, is also shown in Table 3.

Figure 3 further shows the pressure history for all ther-
mites with UN� Al or SQ� Al particle sizes examined at the
same 1.0 ms time scale as shown in Figure 2. Consistently,
the 18.5 μm diameter Al particles exhibit the lowest pres-
sure response throughout reaction and the 1.5 μm diameter
Al particles exhibit the highest pressure response through-
out reaction.

There are three major points seen in Figures 2 and 3: (1)
the time delay between the reaction initiation and the peak
pressure is nearly the same in all thermites studied; (2) the
peak pressure value is constantly higher in the UN� Al ther-

mites compared to the SQ� Al thermites; (3) the pressure
decay after the peak is similar in all thermites. An analysis of
these three components of the pressure history allows one
to suggest the controlling mechanism for pressure build-up
in thermites.

As it is well-known, the major contribution to pressure
development during the thermite reaction resides with the
decomposition of oxidizer (e.g., Bi2O3 in our system), and
the measured pressure can be assumed to be caused by

Figure 2. Pressure as a function of time for UN� Al (red curves) and SQ� Al (blue curves) mixtures of Al+Bi2O3 for various Al particle sizes
indicated on the graphs.

Table 3. Reaction delay times (td) in ms and peak pressure in MPa
for UN� Al and SQ� Al thermite reactions with the standard deviation
(σ) in measured values for each case.

Al
Particle
Size

td (ms)
UN-Al
+Bi2O3

σ
(ms)

td (ms)
SQ-Al
+Bi2O3

σ
(ms)

P
(MPa)
UN-Al
+Bi2O3

σ
(MPa)

P
(MPa)
SQ-Al
+Bi2O3

σ
(MPa)

100 nm 0.18 0.09 0.12 0.02 7.20 1.92 5.34 0.19
1.5 μm 0.14 0.04 0.17 0.05 7.05 0.39 6.72 0.56
3.0 μm 0.23 0.05 0.19 0.04 6.22 0.74 5.46 0.99
18.5 μm 0.16 0.06 0.14 0.03 5.73 0.45 3.69 0.78
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the oxygen pressure [7]. When considering oxygen from the
environment, the O2 concentration remains constant in the
contained pressure cell across tests thus is assumed to be a
negligible contribution for the differences in reactions ob-
served. Then, besides the solid surface reaction that is re-
sponsible for initiation, oxidation of Al particles by the
formed oxygen from the oxidizer is also possible. Oxygen
consumption by Al leads to conversion of intermediate and
product oxides that reduce pressure. When oxygen li-
berated from the oxidizer is consumed, a higher rate of
combustion will coincide with a lower system pressure. As a
result, the higher peak pressure will correspond to the ma-
terial with the lowest metal-oxygen particle reactivity. For
example, in the Al and Bi2O3 reaction, if oxygen is liberated
in large quantities, pressure will increase; but, if the oxygen

liberated is instantaneously consumed by reaction, a lower
peak pressure indicates faster conversion of liberated oxy-
gen to intermediate and product species. Therefore, the
thermites containing SQ� Al exhibit lower peak pressure
than UN� Al thermites such that SQ� Al demonstrates great-
er reactivity in the thermite (see Figure 2).

Not only do SQ� Al particles exhibit greater reactivity un-
der impact ignition conditions [9], but SQ� Al particles have
also been examined in dust combustion [11] and single par-
ticle combustion experiments [8]. Williams et al. [11]
showed that SQ Al particles demonstrated higher combusti-
bility in oxygen compared with UN� Al particles. Similarly,
when Al particles were individually ignited by a CO2 laser in
an air environment, SQ� Al particles exhibited reduced igni-
tion delay times and burn times compared with UN� Al [8].
Studies on SQ� Al combustion under impact ignition, dust
cloud, and as single particles thermally ignited in an oxidiz-
ing gaseous environment all show SQ� Al facilitates dif-
fusion oxidation reactions because delamination at the
core-shell interface resulting from stress-altering the par-
ticles weakens the shell and promotes diffusion. Therefore,
the SQ� Al thermite pressure response in Figure 2 indicates
lower peak pressure corresponds to higher reactivity.

Figure 3 shows the variation in pressure evolution as a
function of Al particle size. Under thermal or equilibrium re-
action conditions, Al particle ignition and reaction are con-
trolled by diffusion of fuel or oxygen through the shell. This
is opposite in the impact ignition tests (Figure 2 and 3) that
induce rupturing of the protective shell and direct exposure
of the metal core to oxygen from the solid oxidizer. In im-
pact ignition, the shell is not a pathway for the diffusion re-
action mechanism. In the case of impact ignition, there are
two process for reaction between the solid fuel and oxidizer
particles. The first process is related to the reaction be-
tween Al and Bi2O3 particles, which leads to pressure in-
crease due to oxygen liberation from Bi2O3. The second
process is related to the reaction between the liberated
oxygen and Al particles, which leads to the pressure de-
crease due to the oxygen consumption. Since the effects on
pressure are opposite between these two processes, the re-
sulting pressure appears to be relatively size independent
and a stronger function of aluminum particle treatment
(i. e., stress altered versus untreated). However, using Fig-
ure 2 as a guide for key features signifying heightened re-
activity, the largest SQ� Al particle size, 18.5 μm diameter,
exhibits the lowest peak pressure (Figure 3) suggesting that
the largest particles may be most influenced by stress alter-
ing because they exhibit the greatest reactivity in compar-
ison to all other Al particle sizes. Both 3 μm and 100 nm Al
particles exhibit similar pressure development and 1.5 μm
Al has the highest peak pressure suggesting this size range
may not benefit as significantly from stress altering. In fact,
the peak pressure for 1.5 μm Al is nearly the same for
UN� Al as for SQ� Al (Figure 3). For UN� Al the variation in Al
particle size has little effect on thermite reaction under im-

Figure 3. Pressure as a function of time for varied Al particle sizes in
the Al+Bi2O3 reaction. The Al particle processing condition is in-
dicated on the graphs (super-quenched Al, SQ and untreated Al,
UN). Reactivity is a stronger function of particle size for SQ-Al+
Bi2O3 than for UN-Al+Bi2O3.
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pact conditions as evidenced by similar peak pressure and
overall pressure development (Figure 3).

The pressure decay after the peak needs separate atten-
tion. The pressure decay is due to the oxygen consumption
in aluminum combustion. The decay rate is expected to be
dependent on the Al particle burn rate, and, therefore, on
the Al particle size. However, in the consolidated thermite,
Al particles cannot be considered as individually burning.
Indeed, as soon as the system temperature reaches the Al
melting point upon impact: Al melts, Al2O3 shells fracture,
and instead of individual metal particles, molten Al coa-
lesces and a film is formed from molten metal that will
burn. The burn rate of that film, and, correspondingly, the
rate of the pressure drop does not depend on the original
Al particle size. In fact, the pressure decay seen in Figures 2
and 3 is not a function of particle size and consistent with
the theory of Al melting followed by metal film formation.
The formed metal film wets Bi2O3 particles, which prevent
further oxygen release from the solid oxidizer, and, there-
fore, stops the pressure rise. Then, surface wetting may be
responsible for variations in pressure peak, i. e., the pressure
peak occurs at the moment of nearly complete wetting.
This film melting and oxidizer wetting mechanism may ex-
plain an unforeseen observation that the peak pressure oc-
curs at about the same time delay after reaction initiation
regardless of Al particle size. Indeed, if wetting is respon-
sible for the stoppage of pressure build-up, then the wet-
ting time rather than the reaction rate is the major factor
determining the time delay. The wetting time depends nei-
ther on the Al particle stress-dependent reactivity nor on Al
particle size, which explains a nearly exact delay time (Ta-
ble 3) in all our experiments. Based on these observations
(Figures 2 and 3), processes at the interface of particles
such as wetting should be considered in developing a de-
tailed thermite reaction model.

4 Conclusions

Pressure development in a consolidated thermite under im-
pact ignition conditions cannot be interpreted by the same
metrics as Al powder combustion. Our experiments show
that a lower peak pressure corresponds with higher ther-
mite reactivity because consumption of oxygen upon alu-
minum reaction reduces the peak pressure. Faster rates of
reaction consume oxygen at higher rates such that pressure
development becomes more limited than less reactive ther-
mites and the result is a lower peak pressure. Generally, the
pressure histories show nearly the same response for as-re-
ceived, untreated Al powder thermites regardless of Al par-
ticle size indicating burning rate is independent of particle
size for the Al size range investigated. Under impact igni-
tion, the consolidated powders melt and flow into a film as
opposed to individual particle burning. The molten film
may wet the surrounding solid oxidizer, thereby limiting
oxygen release. This mechanism is consistent with all re-

sults for all thermites investigated that show similar delay
times to peak pressure and pressure decay behavior. Over-
all, this study shows the multiphase processes at the inter-
face of particles effects their reactivity and should be con-
sidered when developing thermite combustion models.
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