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Based on the analysis of the data on the behavior of electric conductivity at the det-
onation of condensed high explosives (HEs) with the composition CaHbNcOd and
the carbon mass fraction higher than 0.1, the conclusion was made of the presence
of long carbon nanostructures. These structures penetrate all the space of reacting
HE. The structures are formed already in the chemical peak region, and they evolve
along the detonation wave. © 2017 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4990710]

I. INTRODUCTION

Condensed carbon of different modifications is released at the detonation of high explosives
with the composition CaHbNcOd and negative oxygen balance. Ultrafine diamonds were found in
conserved detonation products (DP).1,2 Despite the serious age of this discovery, there still remain
several questions which provoke intense discussion. There is no common opinion about the shape of
carbon particles at the carbon condensation during the detonation, about the condensation proceeding,
and about the moment of formation of single particles.

In the literature, there are different viewpoints on the geometry of carbon inclusions. Results
obtained by different investigation methods lead to different conclusions. In the work,3 carbon con-
densation to single particles was simulated with further formation of fractal structures from these
particles. The mechanism restricting the growth of single particles was proposed. In the work,4

extended structures were obtained in a numerical experiment on the condensation of carbon. When
the mass fraction of carbon is higher than 0.1, the stage of single particles is absent, and the con-
densation produces directly the extended structures. The electric conductivity of these structures was
calculated which agrees well with the experimental data.

The viewpoint of the existence of single particles is shared by many authors (see for example5–10).
In the work,5 a dynamic model of carbon condensation at the detonation of trinitrotoluene (TNT)
was proposed based on the results of the electric conductivity investigation. The author of work6

considered the energy release at the condensation and obtained the growth of single carbon particles
during several microseconds. In the work9 on the behavior of the electric conductivity at the detonation
of triaminotrinirobenzene (TATB), the growth of carbon particles in the Taylor wave was considered
supposing the thermal electric conductivity mechanism.

There are several works where the data obtained using the synchrotron radiation are interpreted
as an existence and growth of single carbon particles to the size of several tens of micrometers during
several microseconds (for example, work11). On the contrary, it was found in the work12 using the
same method that at the detonation of hexanitrostilbene C14H6N6O12), single particles appeared
faster than in 0.5 microseconds, and the particle size of 2.7 nm remained constant during the whole
measurement time (3 microseconds).
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Thus, different investigation methods reveal both the extended structures which are hard to detect
by the small angle x-ray scattering, and single particles found in conserved detonation products. The
model of carbon condensation at the detonation is absent.

High pressure and temperature at the detonation of condensed HEs restrict the circle of exper-
imental investigation methods, and the interpretation of the data obtained is ambiguous. At the
present stage, comparison of the available experimental data is the most effective method. Under the
assumption of a connection of electric properties and the presence of carbon,13,14 the data on electric
conductivity is the ultimate source of information.

TNT has the highest amount of carbon among all HEs, the carbon mass fraction in molecule is
0.37, and the fraction of free carbon in the CJ point is 0.27.15 Further we will discuss that the electric
conductivity in TNT can be satisfactorily explained by carbon nets.

For other HEs such as TATB, RDX (cyclotrimethylene-trinitramine), HMX (cyclotetramethylene-
tetranitramine), and PETN (pentaerythritol tetranitrate), the relation between carbon and conductivity
was not considered until recently due to relatively small amount of condensed carbon. It was proposed
in works13,14 to explain the maximum value of conductivity by the formation of carbon structures in
the chemical peak. Hence, it was supposed that carbon is fully condensed before the CJ point, and free
carbon in detonation products is the remnant after the end of chemical reaction. In the framework of
this model, the uniform dependence was obtained for the maximum conductivity and the conductivity
in the CJ point for five HEs.

Thus, the condensation of carbon is inseparably connected to the electric conductivity. In this
paper, we discuss the most realistic hypotheses of conductivity at the detonation of condensed HEs.
It is shown that only the contact mechanism can explain the experimental data. HEe with the mass
fraction of carbon higher than 0.1 are considered (TNT, RDX, TATB).

II. EXPERIMENTAL DATA ON THE BEHAVIOR OF ELECTRIC CONDUCTIVITY
AT THE HE DETONATION

The detonation wave consists of the shock front, the adjacent chemical peak, and the Tay-
lor rarefaction wave which is separated from the chemical peak by the Chapman – Jouguet (CJ)
plane.

Typical electric conductivity profile is shown in Fig. 1. There is a fast growth to the maxi-
mum value, then a decrease with a gradient dependent on the explosive type, and after the inflection
point, a slow variation in the Taylor wave with a small value. Maximum conductivity σmax corre-
sponds to a region inside the chemical peak. The inflection point σCJ at the σ(t) graph is related
to the CJ point.13,14 The Zeldovich-von Neumann-Döring theory assumes that at the CJ point,
chemical reactions are completed. Thus, in Fig. 1, the chemical reaction takes place at 0 < t < 0.05
microseconds.

FIG. 1. Graph of conductivity at the detonation of RDX.



085101-3 N. P. Satonkina and D. A. Medvedev AIP Advances 7, 085101 (2017)

TABLE I. Data on electrical conductivity, critical diameter, thermodynamic and mechanical characteristics of TATB, RDX,
TNT.

ρ, σCJ , σmax ,
N HE g/cm3 TCJ , K PCJ , kbar rCJ Ohm�1cm�1 rc Ohm�1cm�1 dcr , mm

1 TATB 1.8 2762 267 0.208 10.0 0.279 19.1 6.3516

( ρ≈ 1.7)
2 TNT 1.0 3398 71 0.128 8.9 15.0 3÷517

( ρ≈ 1.51)
3 TNT 1.6 3434 191 0.260 26.8 0.370 ∼100 1618

( ρ= 1.62)
4 RDX 1.2 3964 148 0.030 0.4 1.8 2 ÷ 417

( ρ≈ 1)
5 RDX 1.6 3675 252 0.066 1.25 0.162 4.2

Despite the absence of a complete conductivity theory, it is possible using the experimental
data to exclude conductivity mechanisms which are not decisive for the electric properties of the
detonation wave, and to mace some conclusions about the geometry of carbon inclusions.

In the Table I, the data for HEs based on TATB, TNT, and RDX are presented. The notation is
following: ρ is the initial density, TCJ , PCJ and rCJ are temperature, pressure and the mass fraction
of condensed carbon in the CJ point, rc is the carbon fraction in molecule, σCJ and σmax is the
conductivity in the CJ point and the maximum conductivity, correspondingly, dcr is the critical
diameter from works.16–18 Temperature, pressure and mass fraction of condensed carbon in the CJ
point were obtained numerically in work.15

All the HEs chosen are well known and intensely investigated. They have drastically different
characteristics such as sensitivity, temperature and pressure in the detonation wave. The parameters
of the detonation wave for HMX are close to those of RDX and PETN.

Presently, the most popular viewpoint is that in HEs with a slightly negative oxygen balance
(PETN, RDX, HMX), the conductivity in the chemical peak could be related to the chemoionization
analogous to the process of combustion19 where free electrons with high mobility appear as a result
of chemical reaction. In the work,17 besides the chemoionization, the ionization of intermediate
detonation products (DP), the dissociation of PD, and the thermal emission from carbon particles
are listed as a source of charge carriers. The conductivity both in the chemical peak and in the
Taylor wave are explained by the thermal emission. The existence of a correlation between the
conductivity σ at the CJ point and the amount of condensed carbon was shown in works.20,21 There
exist also works where the value of σCJ is explained by the ionic conductivity22 and by the thermal
ionization.9

Let us consider different conductivity mechanisms from the standpoint of the experimental data
presented.

III. DISCUSSION

A. Chemoionization

It was established by the comparison of experimental data on the duration of the reaction zone
and the region of high conductivity that the maximum value of conductivity σmax is reached inside
the reaction zone.19,22,23 Chemoionization is thought to be the most probable cause of conductivity
in the chemical peak region. The concentration of charge carriers n due to chemoionization is by
definition connected with the number of reacted molecules. For the densities lower than the critical
one, the speed of decomposition is maximal in the shock front and then monotonically decreases.24

Following the argument of chemoionization, conductivity should be the higher the faster the initial
substance decomposes, that is the maximum of conductivity σmax should be close to the detonation
front. According to our data for HEs with well defined conductivity peak, σmax is reached at about
the half of duration of the zone of increased conductivity,4,19,22,25–27 i.e., far from the front which
contradicts to the relation of the conductivity σ and the intensity of reactions.
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On the other hand, the number of elementary chemical reactions per unit time increases with the
decrease of the duration of the reaction zone, and, according to Hariton’s principle, the duration of
the reaction zone is proportional to the critical diameter. Overall speed of chemical decomposition in
RDX is close to that in TNT (see Table I). The conductivity in TNT is however higher by an order of
magnitude σmaxTNT2 ≈ 8σmaxRDX4. For TATB based HE, the conductivity has an intermediate value
σmaxTNT2 > σmaxTATB > σmaxRDX4 whereas the critical diameter is larger. Thus, the data of Table I
show the absence of the dependence of maximum conductivity on the critical diameter.

The time of existence of free electrons in the chemical peak can play a significant role. If elec-
trons produced in chemoionization are immediately captured by atoms forming ions, they have no
time to make a contribution into conductivity, and the conductivity would be an ionic one. The
mobility of ions is however insufficient to produce experimentally observed conductivity.28 In the
case of a large time of existence of free electrons, the concentration of charge carriers and, hence,
the conductivity would increase in the course of chemical reaction. In the detonation wave, pres-
sure and density reach maximum values near the front and then decrease monotonically.17,24,29,30

When pressure and density decrease, the intensity of recombination decreases,31 the mobility of
electrons increases, and the concentration of reacting component decreases. From this, one would
expect that conductivity would at least not fall at the decrease of pressure and density which is not
observed.

Hence, we can conclude that chemoionization does not explain the experimental data. There is no
relation between the speed of chemical decomposition and the maximum valueσmax. The explanation
of highly nonuniform conductivity distribution is also absent.

In the works,13,14 the correlation between the maximum value of conductivity σmax and the
carbon content in a molecule rc was demonstrated based on experimental data for five HEs. The
increase of the maximum value σmax with the increase of the HE density with the same grain size
was observed. We suppose that this fact is related to the increase of the density of carbon, and it is a
crucial factor for the conductivity.

In our opinion, the conductivity inside the chemical peak region is provided by carbon nanos-
tructures which are produced at the destruction of molecules displacing other atoms into the space
between structures.32,33 The data of Table I show the dependence of the maximum conductivity σmax

on the mass fraction of carbon rc, and the absence of relation with the critical diameter and the
chemoionization.

B. Relation between electric conductivity and temperature

In many works, the conductivity at the detonation is related to the high temperature. Temperature
is however the most badly defined among all detonation parameters. Results of both calculations
and experiments give sometimes even qualitatively different behavior of T (ρ). Nevertheless, it is
commonly accepted that the temperature at the detonation of TNT is lower than one at the detonation
of RDX, HMX, and PETN.

The relation between temperature and conductivity can be provided by thermal ionization and
thermal emission. Thermal ionization is the appearance of charge carriers (free electrons and ions)
due to the high temperature. Thermal emission is the emission of free electrons from the surface
of carbon particles. The temperature dependence of the ionic conductivity is qualitatively the same
as of the electronic one. In the case of the same concentration of ions and electrons, the electronic
conductivity would dominate due to higher mobility of charge carriers. Hence, we consider here
electrons as charge carriers.

The temperature dependence of the conductivity for both the thermal ionization and thermal
emission is exponential σ ∼ ne ∼ exp(− E

kT ) with the activation energy of order of several eV.34 The
multiplier dependent on pressure, concentration of carriers, etc. changes for different HEs only
slightly.

It was obtained experimentally that for three of listed in Table I HEs, the conductivity increases
with the increase of density.4,19,22,25–27 The behavior of temperature is more complex. Figure 2 shows
the temperature in the CJ point for different density of HE.15 For RDX, HMX and PETN, temperature
decreases slightly with the increase of density. For TNT, the dependence T (ρ) is non-monotonous
given the same values of T at different densities (Table I, TNT2 and TNT3). Since the mobility
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FIG. 2. Temperature at the CJ point, based on data from work.15

of electrons increases and recombination processes slows down at the decrease of pressure and
density31 (in our case for TNT2), it could be expected that σ2 should be larger than σ3. Experiments
give however thatσCJ2/σCJ3 = 1/3,σmax2/σmax3 ≈ 1/6, the values for smaller density are lower. This
contradicts to the assumption of the thermal nature of conductivity.

The increase of conductivity with the increase of density can not be explained by temper-
ature which is lower for RDX at higher density. This also supports the non-thermal origin of
conductivity.

Besides, the temperature for RDX is higher than the one for TNT by ∼ 450 K at significantly
lower values of σ. For TATB based HE, the temperature is lower than the one for TNT by ∼ 500 K
which does not produce a strong exponential dependence in experimental data (Table I).

It was noticed earlier in work28 that the estimate of the degree of thermal ionization by the Saha
formula,31 i.e., the ratio of the number of ionized atoms to the total number of atoms gives the value
of ∼ 10−6 which does not explain the experimental data on conductivity.

The thermal emission was investigated in detail in the work.28 Following phenomena influenc-
ing the thermal emission were considered: the growth of carbon particles with time, the increase of
the work function with the increasing size of a carbon particle, the decrease of the work function
due to interaction with dense ambient products. The interaction of electron with surrounding posi-
tively charged carbon particles was also taken into account. It was obtained that the concentration
of free electrons in the Taylor wave in TNT can be as high as 1019 cm�3 due to the thermal emis-
sion. This value is ten times lower than the one estimated from experimental value of conductivity
2� 4 Ohm�1cm�1. It was noted that the value obtained from experiments is close to the value estimated
based on the thermal emission. It was impossible to make a choice between the thermal emission
and the contact mechanism. In the works,20,22,35 maximum conductivity at the detonation of TNT
was 100 � 250 Ohm�1cm�1 which is two orders of magnitude higher than the value obtained in the
work.28 The values of conductivity in the work28 were underestimated due to imperfect experimental
method. Thus, necessary concentration of electrons should be 1022 cm�3, and the thermal emission
can not be a satisfactory explanation. Such a high concentration of electrons is not present at the
detonation.

Hence, thermal ionization and thermal emission are certainly present in the detonation wave but
they are not the determining factor for the conductivity. Table I shows that the increase of density
and carbon fraction influence the conductivity more strongly than the value temperature.

C. Contact mechanism of electric conductivity

The relation of the conductivity with carbon can be considered using the carbon density, its
volume and mass fraction. Each parameter has its advantages. The density gives the objective estimate
of the amount of carbon, and it reflects most fully the influence of the conduction along carbon nets.
The volume fraction was shown in the works4,40 to give an analytic relation under certain assumptions.
The mass fraction is however always known, and it does not depend on the compression along the
detonation wave.
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In the works of Gilev,35,36 the maximum value of conductivity at the detonation of TNT was
estimated from a percolation model. It was obtained that even the total amount of carbon is not
sufficient to explain observed values, and highly conductive elongated structures need to exist already
in the chemical peak region.

Let us estimate the conductivity of a cube with side 1 cm with a content of carbon equal to that
in TNT of maximum density, i.e., mC = ρmax ·V · rc = 1.6 · 0.37= 0.6 g (V = 1 cm3). The conductivity
of carbon varies in a broad range, from dielectric diamond to almost metallic one for highly-oriented
graphite. Conductivity of graphite depends on the modification of the crystal lattice and on the
crystallographic orientation, and it varies from ∼ 244 to 1250 Ohm�1cm�1.37,38 The conductivity
of highly-oriented graphite can be as large as 20000 Ohm�1cm�1.39 The liquid state of carbon is
possible at the detonation10 which has conductivity ∼ 1000 Ohm�1cm�1.39 A carbon rod with a
mass of 0.6 g and a length l = 1 cm with a conductivity of carbon σC ≈ 1000 Ohm�1cm�1 (work34)
has effective conductivity σ ≈ 240 Ohm�1cm�1 which is close to the experimental data. This value
describes the process better than the estimates based on the thermal emission. These calculations
support the hypothesis on a contact origin of conductivity at the detonation of condensed HEs with
electric current along penetrating carbon nanostructures both in the chemical peak and in the Taylor
wave.

1. Model of carbon condensation

To illustrate the model, consider the conductivity profile of Fig. 1. Before the arrival of the
detonation front, HE is a dielectrics, and carbon is bounded in molecules. The increase of conductivity
to maximum values σmax corresponds to the destruction of HE molecules with simultaneous growth
of carbon nets. The decrease of conductivity from σmax to σCJ reflects the transition of carbon
into a non-conductive phase which can be explained by oxidation reactions leading to thinning and
partial destruction of conductive structures. Between 50 and 100 ns, the gradient of σ(t) is lower
which can be related to the lower speed of oxidation reactions due to the decrease of concentration
of reactants. The region of t > 0.1 microsecond corresponds to the Taylor wave and single carbon
particles. It follows from this model that σmax and σCJ are the characteristics of the same structure
at different moments of time, the change of conductivity reflects the evolution of carbon nets, and
the aggregation of carbon atoms into structures of different scale occurs already in the reaction
zone.

Thus, the condensed carbon considered in calculation is not released at the CJ point. On the
contrary, this carbon is the remnant of structures formed in the region of chemical reaction.

2. Discussion

Molecular dynamics simulations show that the details on interparticle interaction do not influence
significantly the time of coagulation. Aggregation of carbon atoms is determined by diffusion and
proceeds in picoseconds.33,40 At thermodynamic parameters characteristic for the detonation, the
state of carbon corresponds to the condensed phase,7,10 in contrast to other substances (N, N2, H2O,
H, O, CO, CO2, etc.). Probability of aggregation at a collision of two carbon atoms is close to 100%,
whereas reactions of gaseous substances under the detonation conditions require of order of 1000
collisions for one elementary reaction.29

In the works,4,40 it was obtained that at the carbon mass fraction higher than 0.1, the coagu-
lation of carbon proceeds immediately to branched nanostructures and not to single particles with
further formation of fractals as supposed in the work.3 The already present in an HE molecule united
carbon atoms will enhance this process (for example, benzene ring in TNT or cross-like structure
in PETN).

Following works confirm the fast aggregation of carbon atoms. Authors of the works32,33,41,42

assert that the aggregation of carbon occurs already in the reaction zone. V. F. Anisichkin obtained in
work41 that carbon components of molecules of fine-grained mixture HEs completely mix before the
oxidation, i.e., inside the reaction zone, and the oxidation occurs later. O.N. Breusov demonstrated
from energy considerations32 that the formation of carbon clusters is related to the partial breakup
of chemical bonds in molecules and to the formation and growth of carbon skeleton. In the work,33

the clustering of carbon at the heating of molecules of TATB, HMX and PETN was simulated by
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the molecular dynamics. Carbon nanostructures in the reaction zone were obtained. Filamentary
structures of the diameter of 10–40 nm found in conserved detonation products43,44 can be the
remnants of fractal structures formed at condensation in the region of chemical peak.

Carbon is able to condense in elongated structures with fractional dimension. Foam-like struc-
tures were obtained in inert atmosphere at low pressure.45,46 In the work,47 formation of nets with a
dimension 2.2 was observed, the formation of carbon clusters at combustion and detonation of gas
mixtures was investigated, and clusters of different modifications we obtained, from fullerene-like to
long branched carbon structures.

Below a certain fraction of carbon, the formation of penetrating structures becomes impossible
due to the lack of sufficient amount of conductive substance. In the works,4,40 the threshold volume
fraction of carbon at which the formation of connected nets in DP is possible was obtained in
numerical experiments to be about 0.07. Carbon however influence the conductivity even at the
fraction lower than 0.07.13,14 In such case, the existence of another carbon-related conductivity
mechanism is possible, for example, highly-conductive carbon inclusions in a medium with low
conductivity. When the carbon fraction and the contact conductivity decrease, the role of the ionic
mechanism increases.

In an extreme case of the detonation of gas mixtures, a great progress in understanding the electric
properties was made. In the work,48 the conductivity model due to thermal ionization was considered,
the improved by considering quantum-mechanical effects model of work28 was proposed, and a good
agreement with experimental data was obtained. The model used is based on the presence of free
electrons in detonation products. The formula applied was derived under assumption of rare collisions
which is valid for gas detonation but not applicable for condensed HEs with three orders of magnitude
higher density. Despite the external similarity of the detonation process in gases and in condensed
HEs, the nature of electric properties of these media is different, and the values of conductivity differ
by three orders of magnitude.

Let’s summarize. Under extreme conditions, carbon in organic compounds tends to aggregate
in elongated structures. Atoms of nitrogen, oxygen and hydrogen chemically bound with carbon are
present at the surface of such structures.49

With the present state of investigation technology, it is impossible to directly observe elongated
carbon structures during the detonation process directly due to the very short duration of the process
and the aggressive media. The later factor hinders the revealing of such structures since they get
thinned and broken in a chemically active media. Only conserved detonation products are available for
investigation which provide only an overall information. Thus, the analysis of the electric properties
measured at the detonation process seems to be a very promising and so far an ultimate investigation
method.

The results of the present work are useful not only for the study of detonation and kinetics of HEs.
The investigation of the behavior of media under extreme conditions characteristic for the explosion
is rather restricted in methods, and the explosion becomes an ultimate approach. The results are useful
for the fast developing interdisciplinary science, the abiogenesis50 (formation of organic compounds
at the early stage of the origin of life at young Earth, abiogenic formation of organic molecules
characteristic for living organizms). Under high pressure and temperature, the formation of carbon
chains and hydrocarbons occurs. The skeleton of all organic molecules is made of carbon-carbon
bonds. Since carbon is one of the indispensable components of the living matter, the condition of
explosion can model the conditions of meteoritic impacts, planetary depths, volcanos. Hence, the
work was useful for astrobiology51 and geochemistry.

IV. CONCLUSION

Experimental data on the electric conductivity are used as the diagnostic tool and the indicator
of the state of organic compounds under high pressure and temperature. The consideration of the
most realistic hypotheses of conductivity shows that only the contact mechanism can explain high
conductivity values obtained in experiments. This leads to the conclusion of existence of spatial
carbon structures which form a connected nets. Such nets penetrate all the volume of reacting media
and enable the flow of electric current when voltage is applied. Chemical reactions lead to the thinning
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and disruption of the structures producing individual carbon formations which are found in conserved
detonation products.
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