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Abstract
In this study, the behavior of the high-nitrogen compound TKX-50 in model
thermobaric formulations was investigated. The addition of 10% Al to TKX-50
reduces the heat of detonation by approximately 90 J/g. Despite this, Al reacts
with the detonation products of TKX-50 in an exothermic manner, and the
energy contribution was calculated to be approx. 375 J/g. In addition, the
overpressure in the explosion chamber filled with argon after detonation of
aluminized TKX-50 charges containing 27% Al is approx. 20% higher than in
the case of neat TKX-50. Also the maximum temperature of the TKX-50/Al
explosion products in the argon filled chamber is higher by 370 K than that of
measured after detonating TKX only. What is more aluminum oxynitride
with a low nitrogen content has been identified in the solid detonation prod-
ucts of aluminized TKX-50, but only for detonations in argon. Of course,
charges made of TKX-50/Al mixture generate significantly higher over-
pressure and radiant temperature values in a confined space when they are
detonated in an air atmosphere. It all means that burning aluminum in nitro-
gen provides little energy, and even if the concentration of nitrogen in the
post-detonation products is much higher than that of oxygen, aluminum ox-
ides are preferentially formed.
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1 | INTRODUCTION

Current state-of-the-art thermobaric explosives (TBXs)
contain high explosives (usually RDX or HMX), metal
powders (mainly Al and/or Mg), an additional oxidizer
(NH4ClO4 or NH4NO3) and a binder (usually plasticized
HTPB) [1]. During the explosion of TBX charges, a sig-
nificant part of the metallic additive burns using oxygen
from the air. This process occurs in the expanding deto-
nation products which are released. The energy and gas-
eous products released in these reactions cause a slower

drop in the pressure and temperature in the vicinity of
the epicenter of the explosion to occur, thus increasing
the blast performance. The advantage of thermobaric
ammunition is primarily due to the fact that the war-
head carries mainly high-energy combustible compo-
nents, and the oxygen needed for their combustion is
taken from the atmosphere surrounding the explosion
site.
Despite the simplicity of this idea, creating an effec-

tive TBX is not a trivial task. It is necessary to find a suf-
ficiently reactive (prone to oxidation) metal, which as a
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powder will ignite even before oxygen from the air
appears in the detonation products. In order for this to
occur, the metal powder must participate in exothermic
reactions with primary decomposition products of an ex-
plosive compound, i. e. primarily with water and carbon
oxides, as well as possibly also nitrogen. All these gases
are very inactive oxidizers, and in addition, at this stage
of the explosion, the metal is still in the condensed phase
and its contact with gaseous oxidizers is very limited
(also due to the oxide coatings on the surface of the met-
al particles). In order to increase the concentration of
oxygen and nitrogen oxides in the post-detonation anae-
robic stage of combustion reactions, modern TBXs must
contain up to 30% of additional oxidizers. However, this
means a reduction in the quantity of the explosive com-
ponent is necessary, and a lowering the detonation pa-
rameters is consequently observed.
A possible strategy to eliminate this drawback of oxi-

dizer-containing TBXs could be the replacement of con-
ventional high explosives (RDX, HMX) with high-nitro-
gen explosives. This promising approach aims to reduce
the amount of oxidizer which is necessary, and to partly
convert the metallic fuel into aluminum nitride (AlN). If
NH4ClO4 or NH4NO3 do not have to be added to the TBX
formulation, then the same mass of formulation is able
to contain a higher mass percent of a N-rich high ex-
plosive than the oxidizer-containing TBX.
In this work, the energy contribution of the Al mi-

cron particles to the heat of detonation and the confined
explosion parameters of dihydroxylammonium-5,5’-bis-
tetrazole-1,1’-diolate (TKX-50) was investigated. Calori-
metric measurements of the heat of detonation of neat
TKX-50 and its mixtures with Al powder (10%) were
performed under identical conditions. In addition, the
overpressure and radiant temperature histories in the ex-
plosion chamber filled with air or argon were measured
after detonation of 50 g charges prepared from TKX-50
passivated with 3% of paraffin, as well as from mixtures
composed of 70% TKX-50, 27% Al powder and 3% paraf-
fin. Solid detonation products recovered from the bomb
calorimeter and the explosion chamber after detonations
performed in air and argon were also analyzed.

2 | EXPERIMENTAL

2.1 | Materials

Dihydroxylammonium-5,5’-bistetrazole-1,1’-diolate (TKX-
50) was synthesized according to our previously published
procedure [2–4]. Al powder was purchased from Alfa-Ae-
sar (Cat. No 11067), and was used as obtained. The purity
was higher than 99.5%, with particle size less than 43 μm
(325 mesh).
When measuring the heat of detonation, it is neces-

sary to use TKX-50 of high purity. Therefore, for calori-
metric measurements, charges containing no binder
were prepared, despite the fact that they are charac-
terized by low mechanical strength [5]. The powdery
samples were pressed (at 100 MPa) into approx. 5 g cyl-
inder pellets of 25 mm diameter. The detonated charges
were composed of 5 pellets, so that the mass of the
charge was approx. 25 g.
Samples which were used for testing in the explosion

chamber contained 3% paraffin. Paraffin (delivered by
ROTH, Art. No CN49.2) was dissolved in chloroform,
and the solution in the designed ratio, was added to a
pre-weighed sample of neat TKX-50 or TKX-50/Al mix-
ture. The resulting putty-like substance was kneaded/
rubbed to obtain a powdery consistency. The resulting
granulates were then dried to constant weight, before be-
ing pressed into charges with a diameter of 30 mm. TKX-
50 is a relatively insensitive explosive, so a 5 g booster of
wax-passivated RDX (RDX/wax 94/6) was pressed into
the bottom of the charge. The total weight of each
charge detonated in the chamber was approx. 50 g,
which included 45 g of the explosive being tested.
All of the charges were weighed and measured in or-

der to enable calculation of the densities. Results are
shown in Table 1.

2.2 | Calorimetric measurements

A spherical steel bomb with an internal volume of
5.6 dm3 was the main component of the water

T A B L E 1 Composition and density of the tested charges.

Explosive Charge diameter [mm] Average density [g/cm3]

TKX-50 25.0 1.50�0.03

TKX-50/Al (90/10) 25.0 1.52�0.02

TKX-50/Paraffin (97/3) 30.0 1.48�0.03

TKX-50/Al/Paraffin (70/27/3) 30.0 1.55�0.01
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calorimeter used for the measurements. The bomb was
placed in a polished stainless-steel calorimeter bucket
that held 27000�1 g of water. The bucket was sur-
rounded by a constant-temperature jacket, the temper-
ature of which was maintained at 20.0�0.1 °C. The ther-
mal equivalent of the instrument, determined by
burning certified samples of benzoic acid with purified
oxygen at a pressure of 2.0 MPa, was found to be 163.7�
1.2 kJ/K. The error of �0.73% indicates the ultimate pre-
cision of the instrument.
The 25.0 g TKX-50 or TKX-50/Al charges were deto-

nated in the bomb calorimeter which was filled with ar-
gon to a pressure of 2.0 MPa. Standard military deto-
nators were used to initiate detonation. The detonator
consisted of primary and secondary explosives enclosed
in an aluminum cup with mass of approximately 1.6 g.
To estimate the energy released by the detonator, TNT
charges of different masses were detonated in the argon-
filled bomb. Assuming that the heat of detonation of the
fuse does not depend on the mass of the TNT charge
(i. e. the degree of reaction that occurs between alumi-
num and the detonator explosion products with the gas-
eous products of TNT is independent of the TNT mass),
the dependence of the total heat effect on the TNT mass
should be linear. This assumption enabled the heat re-
leased by the fuse to be determined as being 11.4�
0.45 kJ. To calculate the heat of detonation of an ex-
plosive, the difference between the measured total heat
effect and the heat released by the fuse was divided by
the mass of the tested charge. Three measurements were
performed for the tested explosives, and the results (J/g)
were averaged and rounded to the nearest ten.

2.3 | Pressure and temperature history
measurements

In order to determine the quasi-static pressure after det-
onation of the tested explosives in a closed volume, the
charges were placed in a steel chamber with volume
150 dm3 (Figure 1), and filled with air or argon under
0.1 MPa pressure. A charge was hung in the center of
the chamber. A standard electric detonator and a 5 g
RDX/wax booster were used to initiate detonation of the
45 g charges of TKX-50/paraffin and TKX-50/Al/paraffin
formulations. The former is hereafter designated as
TKX50ph, the latter as TKX50ph/Al. Charges of RDX/wax
weighing 50 g were also tested for comparison. Three
tests were performed for each explosive in the chamber
filled with air or argon. Signals of overpressure from two
piezoelectric gauges (PCB Piezotronics, model 102B) lo-
cated at the chamber wall were recorded by a digital
storage scope. To limit the influence of the gas-

dynamical processes on the averaged overpressure
history, the gauges were placed in special pockets (Fig-
ure 1).
To measure a light intensity spectrum, a fiber optic

sensor was placed in the wall of the chamber in a such
way as to be directed to the charge. Light from the fire-
ball was sent to a spectrometer USB2000+ via an optic
fiber cable. Spectra were collected in the visible and in-
frared range of wavelengths (from 300 nm to 1100 nm).
Radiation intensity was recorded using a 2048-element
linear silicon CCD array. A single measurement was
made by integrating the intensity over 1 ms. After this
time, the data was transferred to the computer. The data
transfer rate was 2 ms. Thus, the frequency of spectrum
measurement was performed at about 330 Hz.

2.4 | Purification and analysis of the
solid detonation products

The solid detonation products which were extracted
from the bomb calorimeter and explosion chamber after
the detonation of three charges of aluminized TKX-50,
were sieved through a 250 μm sieve and then introduced
into 20% hydrochloric acid. The suspension which was
obtained was heated at 60 °C for 8 hours under reflux, af-
ter which time, the remaining precipitate was filtered
off, washed with distilled water and ethanol and dried to
constant weight. During leaching of the detonation prod-
ucts recovered from the argon filled chamber with HCl
(aq), intense evolution of hydrogen was observed, in-
dicating the presence of a high metallic aluminum con-
tent. After purification, the mass of the sample decreased
by 43.2%, while the mass reduction of the products of air
explosions was almost twice lower (22.0%).

F I G U R E 1 Schematic diagram of the 150 dm3 chamber: A1,
A2 – pockets with pressure gauges, B – fiber optic sensor, 1 – a PCB
gauge, 2 – gauge socket, 3 – Teflon seal, 4 – steel diaphragm with a
3 mm hole.
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X-ray powder diffraction patterns were recorded us-
ing a Rigaku SmartLab 3 kW diffractometer equipped
with a Detex250 line detector and working in Bragg-
Brentano geometry (2-theta range of 10–90° and a step of
0.02°). A Cu lamp with Ni filter was used, and the volt-
age and current were 40 kV and 30 mA respectively. The
samples under investigation were placed on a Si510
monocrystal. The ICDD standard database type PDF4+

2022 was used to identify the phases.

3 | RESULTS AND DISCUSSION

3.1 | Heat of detonation results

Results of the heat of detonation measurements are
shown in Table 2.
The heat of detonation of TKX-50/Al=90/10 mixture

is lower than that of neat TKX-50 by 90 J/g. Despite this,
Al reacts with the detonation products of TKX-50 in the
post-detonation stage in an exothermic manner, because
the difference between the heat of detonation of the mix-
ture and the heat of detonation of pure TKX-50 (4185 J/g
that is 90% out of 4650 J/g) corresponds to 375 J/g
(4560� 4185=375). Thus, the energy contribution, given
in the last column in Table 2, is the energy released due
to reactions of Al with TKX-50 detonation products.
The initial detonation products of TKX-50 contain

mainly nitrogen, carbon oxides, water and small
amounts of nitrogen oxides and free oxygen. All of these
gases can react with Al in exothermic reactions in the
post-detonation stage. The heats of combustion of alumi-
num in O2, CO2, CO, H2O and N2 are: 31.00 kJ/g,
14.07 kJ/g (CO2 reduced to CO), 11.59 kJ/g, 8.02 kJ/g
(H2O(g)) and 6.41 kJ/g, respectively [6]. So that thermody-
namically, reactions between Al and oxygen or carbon
oxides are preferred, while kinetically, reactions with ni-
trogen are preferred, because its concentration in the
detonation products is the highest. From the values for
the heats of combustion of Al given above it follows that
375 J of energy is released by burning 12.8 mg of Al in
oxygen, or 58.5 mg of Al in nitrogen. In a 1 g sample of
TKX-50/Al (90/10) there is 100 mg of Al present, which
means that under the conditions used for the calori-
metric measurements, the percentage of Al which reacts
with the decomposition products of TKX-50 ranges from

12.8% to 55.8%. The amount of oxygen present in 0.9 g
of TKX-50 is sufficient to oxidize 24.9 mg of Al. Con-
sequently, increasing the Al content in the mixture
should result in an increase in the heat of detonation.
Unfortunately, TKX-50/Al mixtures which contain more
than 10% Al are not able to detonate after initiation with
only a standard detonator.

3.2 | Quasi-static pressure results

Six overpressure profiles were recorded for each of the
tested compositions both in argon and air atmospheres.
Figures 2 and 3 show overpressure histories recorded for
the TKX50ph and TKX50ph/Al charges in the chamber
when filled with air and argon, respectively. The over-
pressure records have an oscillating nature caused by
shock reverberations at the chamber wall and vibrations
of the measuring system. Placing the sensor in the socket
caused the average overpressure to increase in the initial
phase. To determine the quasi-static pressure (QSP), the
measured dependence of overpressure on time was ap-
proximated by the function:

Dp ¼ a 1 � e� bt
� �

þ ce� dt (1)

where a, b, c and d are constants, and t is time. The first
term in Eq. (1) indicates the growth in the average

T A B L E 2 Average results obtained from detonation calorimetry performed in an argon atmosphere of 2 MPa.

Explosive
Average heat
of detonation [J/g]

Standard
deviation

Energy contribution
of Al [J/g]

TKX-50 4650 50 –

TKX-50/Al (90/10) 4560 35 375

F I G U R E 2 Overpressure histories recorded after detonation
of the TKX50ph and TKX50ph/Al charges in the chamber filled with
air, as well as the approximated overpressures (solid line).
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overpressure which was caused by the shape of the
socket and afterburning of the detonation products. The
second term describes the small decrease observed in the
average overpressure histories during the recording time
(80 ms). Approximations of the overpressure histories
according to Eq. (1) are shown in Figure 2. Function (1)
reaches a maximum value Δpmax for a time tmax calcu-
lated from the equation:

tmax ¼ ln
ab
cd

� �
1

b � d (2)

Values of Δpmax determined on the basis of the re-
corded overpressure histories are given in Table 3. The
parameter Δpmax was defined as the quasi-static pressure
for the tested explosives.
To estimate the theoretical overpressure in the cham-

ber, thermochemical calculations were performed using
the CHEETAH code, [7] with modified BKWS library of
the detonation products [8]. The overpressure Δpcal was
calculated for an explosion at constant volume for a
charge, and in which air or argon were present in the
chamber. Thermochemical equilibrium was assumed in
these calculations. The overpressures ΔpinAl were also

calculated with assuming chemical inertness of Al. The
results of these calculations are presented in Table 3.
As can be seen in Table 3, the values of Δpmax are

lower than the calculated Δpcal values for all of the
charges detonated in air. The ratio Δpmax/Δpcal is 65% for
TKX50ph, and slightly higher (71%) for the aluminized
charge. This means that the mixing of the detonation
products with air in the chamber, as well as their ther-
mochemical equilibrium are not perfect. The over-
pressure and degree of afterburning of detonation prod-
ucts in the air-filled chamber are higher for RDXph than
for TKX50ph. The reason for this appears to be the higher
heat of detonation of the former (5340 J/g [9]) compared
to the latter (4650 J/g). The overpressure Δpmax for
TKX50ph is lower than that of TKX50ph/Al, suggesting
that Al reacts with the detonation products of TKX-50
and with oxygen from the air. This conclusion is con-
firmed by comparing the measured Δpmax with calculated
QSP values assuming Al activity (Δpcal) and Al chemical
inertness (ΔpinAl). Similar relationships are observed in
Table 3 for the explosion parameters in the argon-filled
chamber, but the measured and calculated overpressure
values are much lower in this case.

3.3 | Fireball spectra analysis and
temperature results

Figure 4 shows typical light intensity spectra which were
recorded using the spectrometer after detonation inside
the explosion chamber. The continuous part of the spec-
tra was used to derive the fireball temperature by the
method described in detail in [10]. The wavelength inter-
val considered was between 500 and 850 nm. The spec-
tral radiation intensity was obtained from the raw signal
by multiplying the experimental intensity with the sensi-
tivity factor.
As can be seen in Figure 4, in the spectra of the

TKX50ph/Al explosion products there are also sharp ab-
sorption and emission peaks. The sharp lines at
589.1 nm (absorption) and 819.5 nm (emission) are at-
tributed to sodium cations and atoms [8]. They are

T A B L E 3 Measured and calculated values for the maximum overpressure in the chamber.

Parameter

TKX50ph TKX50ph/Al RDXph

Air Ar Air Ar Air Ar

Δpmax [MPa] 0.63 0.48 0.81 0.58 0.79 0.64

Δpcal [MPa] 0.97 0.70 1.14 0.92 1.04 0.79

Δpmax/Δpcal [%] 65 69 71 64 76 81

ΔpinAl [MPa] – – 0.76 0.49 – –

Δpmax/ΔpinAl [%] – – 107 118 – –

F I G U R E 3 Overpressure histories recorded after detonation
of the TKX50ph and TKX50ph/Al charges in the chamber filled with
argon, as well as the approximated overpressures (solid line).
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intense, because TKX-50 may contain up to 0.5% of the
sodium salt of 5,5’-bistetrazole-1,1’-diol, which is the di-
rect precursor in the synthetic route [1–3]. The peaks ob-
served at 766.5 nm and 769.9 nm indicate emission of ra-
diation by potassium ions. These peaks were present in
all of the spectra which were obtained – also in the case
of RDXph.
Figure 5 shows the radiance obtained for the

TKX50ph/Al charge. The peaks resulting from the pres-
ence of sodium and potassium impurities were omitted
(the emission was approximated by a straight line seg-
ment).
The temperature was estimated by a non-linear poly-

chromatic fitting of the spectral radiance variation with
the wavelength using Planck’s law [8].
The changes in temperature with time for the

TKX50ph and TKX50ph/Al charges detonated in the air at-
mosphere are shown in Figures 6 and 7. Only moderate

differences in the temperature/time profiles were
observed for the same explosive from measurement to
measurement.
Adding aluminum to TKX-50 significantly increases

the maximum temperature of the explosion products in
the chamber (by 700 K), and almost triples the duration
of time at which a temperature exceeding 1600 K is
maintained (Figure 7). This is the reason for the increase
in Δpmax which is observed for aluminized TKX50ph
charges detonated in air (Table 3). Plateau visible in the
temperature profiles at 2100–2200 K (Figures 7 and 8), is
most likely the result of intense combustion of alumi-
num particles in the air.
A comparison of the temperature variations for the

tested charges detonated in the chamber filled with air
and argon are presented in Figures 8 and 9, respectively.
As expected, the temperatures measured in the air at-

mosphere are significantly higher than those recorded in

F I G U R E 5 Spectral radiance derived from the recorded light
intensity of a TKX50ph/Al charge in air.

F I G U R E 6 Temperature profiles for TKX50ph charges
detonated in the chamber filled with air.

F I G U R E 7 Temperature profiles for TKX50ph/Al charges
detonated in the chamber filled with air.

F I G U R E 4 Light-intensity spectra for an TKX50ph/Al charge
in air.
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argon. Also, the duration of time the elevated
temperature in the post-explosion cloud is maintained is
much longer in the former case. It is noteworthy that the
temperatures measured for RDXph are higher than those
obtained for TKX50ph, which corresponds well with the
results obtained from QSP measurements (Table 3).

3.4 | Phase composition of solid
detonation products

XRD patterns of the detonation products recovered from
the explosion chamber and calorimetric bomb after three
measurements both in air (red, detonations only in ex-
plosion chamber) and in argon (black, detonations in the
chamber; blue detonations in the calorimetric bomb) are
shown in Figure 10. Only in the case of detonations per-
formed in an argon atmosphere, is aluminum oxide

nitride (AlON) with formula Al2.811N0.435O3.565 the
dominating phase. The reflexes for AlON in the deto-
nation products recovered from the explosion chamber
are (as expected) much more intense than those ob-
served for the products recovered from the calorimetric
bomb. This is explained by the fact that the charges deto-
nated in the chamber contained 27% Al, while the heat
of detonation was measured for a TKX-50/Al composi-
tion containing only 10% Al. In addition to AlON, dia-
oyudaoite (NaAl11O17, 01-079-2288) was also identified in
the detonation products from tests performed in an ar-
gon atmosphere.
The main components of the detonation products re-

sulting from the detonations performed in air are co-
rundum (04-004-5434) and aluminum oxide with for-
mula Al3O3.76 (04-016-0538). The phases corresponding to
aluminum oxynitrides are essentially not observed in the
detonation products of TKX-50/Al mixtures obtained in
an air atmosphere. This shows that in the presence of
oxygen aluminum does not react with nitrogen, even if
the concentration of nitrogen is very high. It can also be
assumed that in the aluminum-nitrogen compounds
formed in the anaerobic phase, nitrogen is displaced by
oxygen when atmospheric oxygen occurs in the expand-
ing detonation products.

4 | CONCLUSIONS

Mixtures of TKX-50 with micron-sized aluminum pow-
der (containing 10% and 27% Al) have been prepared
and the influence of Al addition on the heat of deto-
nation as well as on the confined explosion parameters

F I G U R E 8 Comparison of temperature histories for the
charges detonated in the explosion chamber filled with air.

F I G U R E 9 Comparison of temperature histories for the
charges detonated in the explosion chamber filled with argon.

F I G U R E 1 0 XRD patterns of the detonation products of
aluminized TKX-50 obtained in an argon atmosphere (black and
blue) and in an air atmosphere (red).
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in argon and air atmospheres has been investigated. The
following conclusions were obtained.

(1) The heat of detonation of TKX-50/Al=90/10 mix-
ture is lower than that of neat TKX-50 by 90 J/g. De-
spite this, Al exothermically reacts with the deto-
nation products of TKX-50 in the post-detonation
stage and the energy contribution equals to 375 J/g.

(2) The maximum overpressure for TKX-50ph (TKX-50/
Paraffin=97/3) measured in an air atmosphere is by
approx. 30% lower than that of TKX50ph/Al (TKX-
50/Paraffin/Al=70/3/27), which suggests that Al re-
acts with the detonation products of TKX-50 and
with oxygen from the air. Similar relationships are
observed for the explosion parameters in the argon-
filled chamber, but the measured overpressure val-
ues are much lower in this case (by 25–30%).

(3) Adding aluminum to TKX-50 significantly increases
the maximum temperature of the explosion products
in the chamber (by 700 K in an air atmosphere), and
almost triples the duration of time at which a tem-
perature exceeding 1600 K is maintained. As ex-
pected, the temperatures measured in an argon at-
mosphere are significantly lower than those
recorded in air, but still aluminized TKX-50 per-
forms better than neat TKX-50 (by 370 K).

(4) Only in the case of detonations performed in an ar-
gon atmosphere, is aluminum oxide nitride with for-
mula Al2.811N0.435O3.565 the dominating phase. The
phases corresponding to aluminum oxynitrides are
essentially not observed in the detonation products
of TKX-50/Al mixtures obtained in an air atmos-
phere.

In conclusion, burning aluminum in nitrogen pro-
vides little energy, and even if the concentration of nitro-
gen in the post-detonation products is much higher than
that of oxygen, it is not able to compete with it.
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