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Abstract: We describe the optical and electrical analysis of a micro-explosion of silicon and micro-
thermite micro-bridges with a spectral temporal resolution within a 2 ms time range. The intensity
of peaks and their mean lifetimes are calculated to identify the contributing atomic and molecular
species. Singly ionised atoms and molecules were the main contributor to spectroscopic signature of
emission. It is shown that micro-bridges can be used to characterise small (safe) < 10 mg amounts
of energetic materials. Use of ions at low ionisation numbers of Si as well as Cu-oxides with
different metal-to-oxygen ratios allows the thermal conditions for micro-explosions and a higher
temperature of the discharge plasma to be engineered. Temperatures of 5000± 500 K (the black-body
radiation fit) were achieved with simple micro-bridge junctions of 10–30 Ω resistance initiated with
100–250 V (triggered capacitor discharge). The demonstrated approach can be applied in material
science research concerning ultra-fast melting, phase transitions, and detailed steps leading towards
detonation (exponentially growing exothermic chemical reactions).

Keywords: breakdown spectroscopy; nano-/micro-thermites

1. Introduction
Plasma research is active in all fundamentally important directions, such as future

energy generation with inertial confinement fusion (ICF) [1], as a non-linear medium
for increasing laser intensity levels beyond chirped pulse amplification (CPA) [2], the
exploration of light–matter interactions at relativistic conditions with high power, tera-
watt (TW) laser pulses [3], extreme ultra-violet (EUV) nanolithography light sources at a
wavelength of 13.5 nm, which use laser-induced breakdown (LIB) of liquid Sn droplets [4],
wakefield plasma accelerators [5,6], and plasma propulsion of spacecraft [7]. Plasma, the
4th state of matter, is the most energetic of the four states. Its creation requires enough
energy to break chemical bonds and ionise matter. Concentrated energy delivery is usually
achieved via focused laser pulses or electrical breakdown by large electrical fields in
engineered circuitry. In the case of ultra-short sub-1 ps laser pulses, material transition
from dielectric to metallic can be tailored by calculated absorbed energy delivery; hence, a
die-met [8] state of matter can be created as defined by the permittivity ε.

The largest amount of energy delivery (release) in the shortest time is sought after
for laser initiation. The explosion can be characterised by its acoustics (pressure) and
light emission signatures [9]. Time-resolved spectroscopy is the usual method of choice
for remote, non-contact detection of spectral lines of ions and excited molecules/atoms.
Laser-induced breakdown spectroscopy (LIBS) is a reliable technique to detect elements
with 1% wt. sensitivity in a remote (1.5 m) manner. The first LIBS instrument in space was
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famously the ChemCam instrument on the Mars Science Laboratory (Curiosity rover) and
others have been proposed for lunar missions [10,11]. Using short, picosecond pulses and
higher irradiation intensities, LIBS was used in combination with shadowgraphy to reveal
fast ablation/explosion dynamics [12].

Here, time-resolved spectral analysis of the optical emission from plasmas made by
large discharge currents in silicon and nano-thermite laminate micro(µ)-bridge structures
are investigated [13,14]. Voltage, current transients, together with optical emissions were
monitored as the plasma volumes evolved from tens-of-micrometers in cross-section to the
mm scale. Comparisons of the energy efficiency of micro-bridges triggered electrically and
by optical initiation of plasma can be made and are expected to converge for small sizes.
A small micro-bridge footprint is favourable to compare energy delivery to Joule heating
by current and by light. Investigation of new materials for electrical and optical initiation
of explosions is the current trend due to harmful effects of lead-based chemicals and the
challenges of safe storage [15].

2. Experimental
Micro-bridges shaped as bowties offer a controlled method for electrical decomposi-

tion by controlling the dimensions of a bridge connection between two contact pads [13].
The designs were made by standard contact photolithography of AZ1518 resist at 1.8 µm
thickness and used as a mask for etching for silicon or for sputtered and e-beam evaporated
layered nano-thermites [15]. The masks were made on an intelligent micro-patterning
(IMP) SF100 XPRESS, which uses a micro-mirror array (1024× 768) and a UV lamp for
exposure through a set of optics. This method allows for improved overlay of high-
resolution micro-bridge regions connected with large area contact pads using different
projection magnifications.

The fabricated bridges were glued into a printed circuit board (PCB) and wire bonded
using a F&S Bondtec wirebonder with a 25 µm diameter 99% Al-1% Si alloy wire from
Heraeus Group with a DeWeyl Tool Company CCNVE-1/16-1′′-45-C-2020-M bond wedge.
The Al wires were attached to the contact pads of bridges using the standard process and
they were optimised for the best mechanical and electrical contact.

Standardisation of the wire bonds between the bridge contacts and PCB was essential
step to establish reliable and repeatable conditions for optical and acoustic characterisation.
Figure 1a shows the PCB with electroless nickel immersion gold (ENIG) contacts with
mounted and bonded bridges in between, and Figure 1b shows a developed micro-bridge
pattern before etching or layered deposition of different thermite materials B, Al, Cu, or
Cu-oxides top. CuO can be deposited with a controlled Cu-to-O ratio using O2 in the
plasma deposition step (b) bottom. For investigation of initiation of energetic chemicals,
Si micro-bridges were loaded with boron potassium nitrate (BKNO3), a common igniter
compound, using drop casting.

The electrical discharge setup was conceptually the same as described in a previous
study [16]. A capacitor at a set voltage was discharged across the µ-bridge, causing Joule
heating of the silicon or thermite. Simultaneously, current and voltage transients were
recorded using a differential probe connected parallel to the bridge and a current clamp
meter over the positive lead. In some experiments, high-speed video, integrated spectra,
high-speed spectra, and acoustic pressure signature were also recorded.

Spectral characterisation was carried out with a portable setup based on a Ocean
Optics (Ocean-FX-VIS-NIR-ES, spectral resolution ∼2.5 nm) portable spectrometer and
laptop computer. Each acquisition consists of the integration time plus a fixed readout
and processing time of 211.25 µs. Hence, with a minimum integration time of 10 µs,
the spectrometer achieves a maximum of ∼4500 scans per second. The plasma emission
during the rising stage and the decaying part are complex but can usually be fitted by
an exponential dependence of the number density of emitters, the excited ions/atoms:
N(t) = N0 exp (−λt), where N0 is the initial density at t = 0 and λ is the exponential
decay constant; τ = 1/λ is the mean lifetime for of emitters decaying to the 1/e ≈ 36.8%
of initial level.
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Figure 1. (a) µ-bridge (lithographically defined silicon or nano-thermite layers) glued and wire-bonded in a PCB mount
with accessible contact pads at either end. A capacitor is discharged across the contacts with the voltage measured in parallel
using a differential probe and current measured with a clamp meter. (b) Top: optical micrograph of one of the designs
of the µ-bridge defined in the AZ1505 resist after exposure and development; the typical width of the bridge connection
was ∼50 µm. Etching of the silicon was performed using such resist patterns on the substrate (glass or Si) as was the
deposition of nano-thermites. Bottom: CuO films deposited with varying proportions of O2 in the Ar carrier gas during
plasma sputtering.

3. Results and Discussion
3.1. Optical Signature of Electrical µ-Thermite’s Breakdown

The Joule heating in a resistor of resistance, R [Ω], for an ideal case when the electrical
current, I [A], is all consumed through heating is defined by the power P = U · I =
I · R2 = U/R2, where U [V] is the applied voltage. By applying direct current (DC) of
capacitor discharge [16], bridges of R = 4− 1000 Ω made of different material layers were
initiated. A typical time-resolved emission of an electrically triggered bridge is shown
in a map (Figure 2a) with the highest intensity spectrum (t = 623 µs) shown in Figure 2b.
The temporal resolution was 312 µs with an integration time of 100 µs. The experimental
spectrum is overlaid with theoretical LIBS spectrum for the chemical elements used on
the bridges [17]. The NIST spectra at typical conditions, i.e., a vacuum, 1 eV temperature,
and 1017 cm−3 density, were used. It is known that atmospheric conditions can cause
stronger background emission in LIBS [18]. Some of the strongest Cu I atomic emission
lines match the spectral lines in the 510–530 nm spectral window. Theoretical LIBS spectra
for K I emission was to found match the strongest doublet line at 767 and 770 nm within
1 nm (Figure 3a). Furthermore, the intensity ratio between the peaks was qualitatively
reproduced; see the inset in Figure 3a.

The time evolution of the optical emission has rising and decaying sections, which can
be visually enhanced using lg(t) scale (Figure 2a). Apparently, the strongest K I and Al I
lines (from chemical explosive, thermite, and wire bond components) can be seen from the
very first recorded spectra. Figure 3b shows a single exponential fit to the decay side of the
emission. It had a time constant of 0.125 ms. Spectral shift and broadening due to thermal
velocity of the emitting atoms and ions was not expected to change the spectra. Indeed,
the Doppler shift is ω = ω0 × (1± vT/c), where ω0 = 2πc/λ0 is the cyclic frequency at
rest, c is speed of light, vT is the thermal velocity of emitter, and λ0 is the wavelength for
atom/ion emitting at rest; the sign ” + ” corresponds to the source moving towards the
detector (blue-shifted), while ”− ” is the source departing from detector (red-shifted). The

thermal velocity of emitters causes spectral broadening ∆λ
λ = 2

√
2 ln 2 kBT

m0c2 , where kB is the
Boltzmann constant, and m0 is the rest mass of the emitter at the temperature (absolute)
T [K].
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Figure 2. (a) Temporal evolution of emission inducedby electrical breakdown of a silicon bridge with BKNO3 on the PCB
substrate. The integration time was 100 µs with a sampling interval of 312 µs. The intensity and time are presented in
log-scale. (b) Spectra at time slice t = 623 µs overlaid with atomic emission lines of Cu I, Si I, N I Al I (data from NIST
database for light breakdown spectroscopy LIBS; I indicates atomic spectra, and II indicates single ionisation spectra). Each
intensity plot has different counts and is presented for better visualisation of the overlap of peaks.
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Figure 3. (a) Emission of thermitePCB 168-4b (same as Figure 1b) overlayed with K I emission from LIBS (NIST database [17]).
The inset shows match between the predicted spectral positions of the K I (I for the neutral element) lines and experimentally
measured thermite emission. For illustration of molecular spectral shape, the emission of the molecular N+

2 ion at 4000 K is
shown (Specair 3.0). (b) Temporal evolution of the 393 nm band (matching peak emission of Al I from the µ-thermite and
N+

2 from the loaded chemical BKNO3). The one-exponential fit with τ = 0.125 ms (dashed line).

Electrical discharge and breakdown of a micro-bridge with a thermite-layered struc-
ture and silicon with explosive chemicals on top progresses over several stages. After
heating, melting, and evaporation driven by electrical current, the further steps progress
via an ionisation and electrical discharge arc through the expanding electrically conductive
plasma, which is fed by consumption of the thermite or BKNO3. These complex dynamics
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depend on properties of electrodes, their surface, the amount of fuel, and the ambient
environment. Surface charge movement and air ionisation can be modelled with high accu-
racy [19]. Once the gap between electrodes is opened, the density of ion species is defined
by the power Pabs absorbed by the discharge gap (the formula for a plasma thruster) [20]:

nions =
Pabs

euBS0εT
=

Pabs

e3/2
√

Te/MS0εT
, (1)

where uB =
√

eTe/M is the Bohm velocity, M is the ion mass, Te is the electron temperature,
e is its charge, S0 is the effective area from which an ion–electron pair is lost, εT is the total
energy lost per electron–ion pair leaving a plasma arc. This shows the basic scaling that if
high-energy electrons are leaving the cross-sectional region of the arc discharge, there is
lesser absorbed energy and reduced production of ions.

The temperature of the plasma can be estimated from the black body radiation fit of
a broad spectrum (the linearised form Emission× λ2 ∝ h̄ω [eV] [21]. See Appendix A for
more detail.) and, more precisely, from a fit of the rotational manifold of molecular spectra,
e.g., N2, N+

2 in flame plasma [22] or electrical discharge plasma [23] (see the N+
2 spectral

signature in Figure 3a). The rate of chemical reactions, convection, and charge injection
(electrical discharge) can generate plasmas with species out of thermal equilibrium with
different temperatures characterising vibrational and rotational degrees of freedom [22].

3.2. Electrical Signature of Plasma Formation
Figure 4a,b compares the time evolution of a 220 µF U = 100 V capacitor discharge

through a micro-bridge in free space and loaded with <10 mg BKNO3. The ignition event
was triggered and monitored on an oscilloscope connected to the ENIG contacts (Figure 1a).
In both cases, the time span from 0.1–1 µs shows the initiation of discharged triggered by
a TTL 5 V signal at a time moment of ±10 ns, representing 0 (Figure 4). The oscillations
during the first ∼2 µs are artefacts caused by the load-matching and RC-constant of the
electronics used. Similar oscillations are seen when a purely restive load was used. In the
free space case, Joule heating of the micro-bridge occurs within the first 3 µs as determined
from high-speed video (frame interval 1.54 µs). During this time, the silicon melts then
vaporises and subsequently ionises into a plasma as the current heats the vapour. The
sharp drop in voltage at 2.3 µs could be indicative of this transition. As the plasma plume
expands, current begins to flow between the wire bonds, causing them to ionise and fuel
the plasma. The drop in voltage at 4 µs and the subsequent increase in the zoomed high-
speed video mean pixel intensity at 5 µs indicates when this occurs. The plume continues
to expand until it bridges the electrical contacts, causing the large increase in current as
the effective cross-section of the conductive pathway increases, resulting in the capacitor
discharging at an increased rate.

For the BKNO3 case (Figure 4b), a fine micro-powder was mixed with a polymer
binder in ethanol, drop-cast onto the bridge, then dried in an oven at 50 ◦C overnight. This
procedure, which is aimed at using minute amounts energetic material on a µ-bridge, was
tested in this preliminary study. As before, Joule heating occurs, but there is no appreciable
change in voltage in the 2.3–4 µs range and only a slight increase in current. This suggests
that a plasma is not formed at that time due to the additional thermal mass from the
BKNO3, which has an ignition point of just under 450 ◦C [24]. There is an extended plateau
in both voltage and current until ∼40 µs, after which the voltage begins to fluctuate and
current begins to increase. During this time, it can be inferred that all the energy is being
dissipated into the BKNO3. After ∼40 µs, the high-speed camera pixel intensity begins to
increase, coinciding with a jump in current. As this stage, the BKNO3 over the bridge area
is ejected and the plasma becomes visible to the camera. Preliminary burn rate tests showed
that BKNO3 burned at a rate of ∼16 mm/s in free space (0.64 µm in 40 µs), indicating
that the electrical discharge is the dominant form of energy sustaining the reaction. The
sharp voltage drop and current rise at 250 µs is indicative of the stage when the ENIG
contacts are bridged. The sharper current drop could be due to the lower remaining charge
in the capacitor or a drop in conductivity of the ionised material, which decayed single
exponentially with the time constant τ = 0.125 ms (Figure 3b). This series of events can
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also be seen in the time-series spectra shown in Figure 2, albeit a different bridge and
event. In the initial time slice (t = 312 µs with a 100 µs integration time and a 312 µs total
processing time), the Al I and K I lines are clearly visible, showing that the Al wire bonds
have been vaporised along with elements of the BKNO3. The Cu I emission lines between
510–530 nm (Figure 2a) are not evident, suggesting that ENIG pads have yet to be bridged
in this case. In the next time slice, t = 648 µs, the Cu I lines are very intense, along with
even stronger Al I and K I lines. This indicates that the ENIG has been bridged and the
pads are vaporising. It is at this stage that there is a maximum emission and the reaction
is at its height. As the plume size increases over time, the Al I lines fade much quicker
than both the Cu I and K I since the total mass of Al is much lower than the Cu in the
ENIG pads and the K in the BKNO3. This typical scenario of (1) thermal breakdown of
the bridge during the fast heat-up stage, (2) plasma initiation, (3) ENIG contact ionisation,
and (4) decay were repeated for different compositions of µ-bridges with and without
explosive loading. The inset in Figure 4 shows ∼10 mg BKNO3 burning when contained
inside an aluminium holder (see the Supplementary Material for the evaluation of energy
release). Optical imaging at different positions of the spark might be required for detailed
characterisation of the dynamics and its spectroscopic signatures.
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Figure 4. Plots showing the time evolution of current I and voltage V transients for (a) a silicon bridge in free space,
R ≈ 18 Ω, including mean pixel intensity of high-speed camera video in both a narrow, zoomed field-of-view focused on
the bridge and a wide field-of-view focused on an area highlighted with the white dotted circle in Figure 1a (the wide
view was from another bridge fired under the same conditions) and (b) a silicon bridge loaded with <10 mg BKNO3,
R ≈ 54 Ω, including the mean pixel intensity from a wide field-of-view. The inset shows a phone-captured frame of the
explosion event triggered by a µ-bridge loaded with <10 mg BKNO3. The video was taken from another bridge fired under
similar conditions. The PCB was mounted in a 3D printed holder for a fixed position to record high-speed video (HSV) and
spectroscopic data.

3.3. Scaling Insights from Analytical Formulae and Applications
The use of µ-thermite based on layered metal (Cu, Al), semi-metal (Zr, Si), and metal

oxide, placed on different substrates, e.g., large surface areas such as black-Si [25,26], can
tune the oxygen deficiency of energetic materials placed on top. This, in turn, can facilitate
faster energy deposition from the thermite to the explosive (See Appendix B for energy
balance calculations [27,28]). The ohmic conductivity of plasma can be estimated from the

electron scattering and ion of atomic number Z (protons), which becomes σ = 3(kBT)3/2

2πe2Z
√

m/3
,

where kB is the Boltzmann constant, T [K] is the absolute temperature, and e is the electron
charge [29]. This is derived from the Coulomb ion–electron collision cross-section σei =

πr2
0 = πZ2e4

m2v4 when the θ = 90◦ degree scattering events dominate (as established by
experiments), where v is the velocity of the electron (mv2/2 = kT/2), m is its mass, and
r0 is the impact distance. The collision frequency of electrons and ions of density ni is
νei = niσeiv = 3−3/2πe4neZ√

m(kBT)3/2 , with ne being the electron density. Thereafter, the conductivity

is defined by the mobility µ and σ = neeµ, while µ = e
m τei = e

m ×
1

νei
; here, τei is the
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time constant of the e–i scattering. The more precise formulae accounting for different
scattering angles θ and to the quantum correction when the impact distance r0 should
be compared with the de Broglie wavelength of electron are all available [29]. However,
the formulae presented above show the main scaling rules. Interestingly, the plasma
conductivity σ is independent of the plasma density ne since σ ∝ neµ ∝ ne/νei ∝ ne/ne = 1.
The conductivity is strongly dependent on the temperature ∝ T3/2 and is smaller for
heavier atoms (larger Z). However, the plasma can be compared to the highly conductive
metals only at temperatures of T ∼ 100 eV encountered in the exotic internal confinement
fusion and astronomical plasmas.

The used micro-thermite with a defined area of ∼10 × 10 µm2 can be easily overlaid
on a micro-thermocouple or micro-bolometer deposited by sputtering or evaporation for
characterisation of temperature evolution at a specific location on the substrate from the
“ground zero” [30]. In addition to the fast heating, the small micro-volume of µ-thermites
also provides a fast thermal quenching required to capture non-equilibrium phases of
materials as was demonstrated for the retrieval of the amorphous phase of bio-crystalline
silk [31]. The interfacial heat conductivity changes around the melting point of 1 ng of
indium were measured using a micro-heater [32]. The combined spectral, thermal, and
acoustic evolution of fast ∼1 µs events triggered by/on electrically driven µ-thermites,
which are engineered with nano-layered energetic metal, semi-metal, and oxides using
physical deposition, provides a versatile research toolbox. The most simple projection
lithography or direct writing techniques are required for the definition of the µ-thermites.

4. Conclusions and Outlook
The time-resolved spectra of electrically initiated thermites made from layers of dif-

ferent materials and loaded with explosive chemicals are presented herein. Working with
micro-bridges that are initiated electrically rather mechanically, as is the case with conven-
tional methods, makes it more safe. The layered metallic electrically conductive materials
can be made optically non-reflective (black) using a combination of dielectric and metallic
layers [33]. This could be envisaged as yet another application of meta-materials for optical
primers [15]. It is shown here that micro-thermites with and without loading with explo-
sive chemicals can be safely operated with total load below 1 g. Further miniaturisation
in energetic material characterisation can be envisaged due to the availability of micro-
spectrometers [34]. Space–time imaging techniques based on computational holography
using pinhole arrays are expected to be especially applicable to bright and dynamic events
such as micro-explosions and sparks [16].

The creation of twice-ionised species of gases, dications, by electrically or optically
triggered breakdown can open new energy harnessing routes as predicted for the He2+

2
reaction with hydrogens (H2, H+

2 , H), which can release from 18 eV to 43 eV of energy after
being supplied with extra energy to surpass the barrier [35]. For dication in the lowest
vibrational state, a large kinetic energy is released in a Coulomb explosion-type reaction:
He2+

2 + 1.28 eV = 2He+ + 10.15 eV. This is more than 10 times larger than the energy released
by the oxidation of hydrogen: H2 + 1

2 O2 = H2O + 2.52 eV. High-intensity ultra-short laser
pulses are one of the most established methods to produce multiply charged ions [36].
Since the molecular ions are compact, as is evident from the radius of the nth Bohr’s orbital
rn = h̄

mecα ×
n2

Z , here, Z is the atomic number, α is the fine structure constant, c is speed of
light, and h̄ is the small Plank’s constant, and me is the electron mass. Molecular ions can
enter solid state hosts as is demonstrated in hydrogen uptake in palladium (H+

2 in Pd) [37].
A solid state matrix could be required for reactions with dications.
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Appendix A. The Black-Body Radiation Temperature
Figure A1 shows analysis of the Si µ-thermite without any chemical loading. Time

integration of micro-explosion was followed in time with averaging spectra over 10 µs
windows. The spectra analysed had the highest intensity, which was usually coincident
in time with the peak current flow. The best fit of the emission spectra to the black body
emission is achieved for the T = 5220 K. The linearised fit provides an estimate of the
temperature from the micro-explosion site. Light emission from the expanding plasma
region with different density will have spectral intensity profiles affected by re-absorption.
The estimate shown in Figure A1 can only serve as a qualitative measure and is based on the
short-wavelength part (high photon energy hν) of emission which can pass through higher
density plasma regions. The fit is made through the baseline regions of the characteristic
atom/ion peaks. Such a fit is more representative of the black-body emission. Consequently,
according to the Wien’s displacement law λpeak = b/T, where the Wien’s displacement
constant b = 2898 µm·K the wavelength of the emission maximum is at λpeak = 555 nm
at T = 5220 K. With loaded energetic chemicals, just a slightly higher temperatures were
obtained since the maximum of emission was at a shorter wavelength λpeak ≈ 500 nm
(Figure 3a).
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Figure A1. Si µ-thermite (bridge). Estimation of the black body radiation temperature, T, from the
linearised log-lin emission intensity, I, plot Iλ2 ∝ hν, where ν is the photon energy ν = c/λ. The
black-body radiation is modeled with A/[exp( hν

kT )− 1] function, here A is a fitting amplitude which
adjust the vertical shift of the fit-line. The best fit is achieved at kT = 0.45 eV or T = 5220 K (the
dashed line is for the 580 K lower temperature). Right panel shows the oscilloscope transients for the
voltage U = 250 V and current.

Appendix B. Energy Balance
Example of TNT (C7H5N3O6) is analysed here. The energy released in a chemical reac-

tion is the heat of explosion ∆E = ∆E f (reactant)− ∆E f (products), where ∆E f is the heat
of formation, which is −54.39 kJ/mol for TNT with a molecular weight of M = 227 g/mol.
For an exothermic (energy release) reaction ∆E > 0. Products of reactant are calculated
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following the priority rule: (1) M+O metal oxides, (2) C+O, (3) 2H+O (gas), (4) CO+O,
(5) excess O, N, H is counted as fraction of O2, N2, H2 gases. This shows that depositing
metals onto µ-thermites is a promising strategy for formation of energetic materials (the
priority rules starts with M + O reactions), however, oxidiser should be provided. The
very same argument holds for porous Si, which is widely used as energetic material. Mag-
netron sputtering or evaporation by physical vapor deposition (PVD) at different oxygen
pressures, is one way to control amount of oxygen in metallic coatings as shown for Cu
(Figure 1b). The oxygen deficiency is defined later in this section.

The products from TNT explosion then have 6CO (C+O; step-2 rule), 3/2N2 (from 3N;
step-5 rule), and similarly 5/2H2 (from 5H) while one C is not consumed. The CO,CO2
and H2O are assumed to be in the gaseous form while ∆E f for N2, H2, O2 and all other
elements are all zero. Then the reactant-to-product list for the TNT is C7H5N3O6 →
6CO(−111.8) + 5/2(0) + 3/2(0) + 1(0) = −670.8 kJ/mol, where the heat (enthalpy) of
formation of CO is ∆E f = −111.8 kJ/mol. Finally, the heat of reaction for TNT is
∆E = −54.4 + 670.8 = 616.4 kJ/mol or 2715 J/g of energy. It is equivalent to energy mgh
for m = 55 kg drooped from h = 5 m height; g = 9.8 m/s2 is the gravity constant. This
explains why characterisation of small amount of energetic materials is of paramount
importance form safety of testing prospective.

Efficiency of energy release is mainly controlled by the amount of oxygen available for
main oxidation reactions. When there is no sufficient oxygen to react with the available C
and H, the explosive is considered to be oxygen deficient and vice versa. The quantitative
measure of this is called the oxygen balance OB = −MW(O)/MW(reactant)×(2C + 1

2 H +
M − O) %, where the molecular weight of oxygen MW(O) = 16 g/mol, C, H, M, O are
the number of moles of carbon, hydrogen, metal and oxygen, respectively. For the TNT,
OB = −(16/227)[2(7) + 5/2 − 6] = −72% shows that it is oxygen deficient. The optimal
performance with maximum energy release is when OB = 0%.

The conversion of the heat of explosion ∆E into a mechanical work is determined
by the amount of product gases available for expansion. In the case of TNT, 10 moles
of gas are produced for each mole of explosive. The Berthelot approximation is used to
compare different chemicals. It states that the relative explosive strength RS of an explosive
(compared to TNT) is calculated as RS = 840∆n∆E/M2

W %, where ∆n is the number of
moles of gas per mole of explosive and the factor of 840 accounts for the units and values
of ∆E and ∆n for TNT.

The calculated RS is of a limited use and there are number of standard tests to directly
measure the work performed. The presented analysis and definitions can be used to
compare reactivity of different materials, production of gaseous products and to estimate
oxygen deficiency in a smaller and scalable method.
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