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High values of electrical conductivity are obtained at the detonation of condensed high explosives with the

formula CaHbNcOd. Such values can be explained only in the framework of the contact conductivity

hypothesis. In this case, the conductivity is provided by elongated highly-conductive structures which

penetrate the whole space of the detonation wave. This work is devoted to the investigation of the

detonation soot of high explosives with a significant carbon content in order to discover elongated

structures supporting the contact conductivity hypothesis.
1 Introduction

High values of electrical conductivity s are obtained at the
detonation of condensed high explosives (HEs) with the
formula CaHbNcOd ranging from several Ohm�1 cm�1 (ref. 1) to
hundreds of Ohm�1 cm�1.2–4 Several hypotheses were proposed
to explain such high conductivity:5–8 the ionization of interme-
diate detonation products (DP), the dissociation of DP, the
thermal ionization of products and the thermal electron emis-
sion from carbon particles, the ionic conductivity, particularly
through the products of the dissociation of water. None of these
hypotheses can explain the values obtained, especially the
highest ones.9 The most realistic hypothesis of contact
conductivity was proposed in works.2,3

Using the high resolution scheme, we obtained time
dependences of electric conductivity for a broad range of HEs
and initial conditions.4,10–14 This allows us to systemize the
experimental data and to nd the regularities and the inter-
connections which explain the nature of electrical conductivity.
The correlation between the electrical conductivity and the
carbon content of the substance holds:15,16 the total amount of
carbon is essential in the chemical peak, and the amount of
carbon remaining aer the chemical reactions is signicant at
the Chapman–Jouguet point. Since, according to this model,
the amount of condensed carbon is higher inside the chemical
peak, a region of higher values is distinguished at the conduc-
tivity graph immediately beyond the front. The hypothesis
proposed earlier1,2,5,7,17 therefore points out that the region of
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high values correlates with the chemical reaction zone.18 The
numerical simulation of the carbon condensation was per-
formed in works.19,20 When the mass fraction of carbon is
greater than 0.1, the condensation directly into elongated
structures occurs bypassing the stage of individual particles.

Results supporting our conclusions were obtained in the
work21 where the formation of a carbon cluster with the
displacement of “foreign” elements was obtained numerically
in the time shorter than 1 ns. In the work,22 the conclusion was
made based on energetic considerations of the formation of
a carbon skeleton with the displacement of other elements from
the solid carbon formation.

High electrical conductivity suggests contact conductivity
provided by elongated carbon structures.14,23 At the same time,
rapid carbon condensation at the initial stage does not mean
the presence of elongated penetrating structures. The presently
prevailing point of view assumes, that individual carbon parti-
cles are formed in the chemical peak24–33 which aer the cooling
at later stages form fractal structures34 and agglomerates found
in saved detonation products (SDP).35,36 Investigation of highly
energetic compositions of carbon-based nanomaterials is
reviewed in work.37

The current state of the investigation technologies does not
allow to observe directly the “carbon wires”. The rest carbon of
SDP carries the integral information on all processes, and it
should differ by the quantity as well as by the shape from the
aggregates present directly in the detonation wave since,
besides the destructive inuence of the detonation wave and the
chemical reaction, carbon changes in the Taylor wave.42 This
complicates signicantly the search for elongated structures in
saved detonation products. One can expect however that a part
of structures are saved aer the explosion of certain HEs since
nano-object have high stability. The elongated structures are
mentioned in works.43–46
This journal is © The Royal Society of Chemistry 2020
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The contact conductivity inside the chemical peak requires
the carbon condensation at the initial stage of the chemical
reaction. The concept on the carbon condensation near the
shock front was made in the works of Anisichkin47,48 who used
the results of investigations by the isotope method. In the
work,22 the conclusion on the formation of a carbon skeleton by
the displacement of other elements from a solid carbon aggre-
gate wasmade using the energy consideration. The formation of
a carbon cluster with the displacement of “foreign” elements
faster than 1 ns at high temperature was obtained numerically
in work.21

In the present work, we consider our electronic microscopy
data. The structures are found which conrm the possibility of
contact conductivity through carbon allotropes. The account of
the fast condensation and the elongated shape of inclusions
will affect signicantly our conceptions on the chemical reac-
tions and the energy release. Therefore, this work is useful for
constructing the model of kinetics at the detonation of
condensed HEs.
Fig. 1 Top: graphs of electrical conductivity at the detonation of HEs
with different carbon content. For good visualization, the profiles are
shifted horizontally by 0.5 ms. (offset by half-microsecond increments,
for clarity). Bottom:maximum value of the conductivity smax vs. carbon
mass fraction rc.

Table 1 Carbon content in different HEs: rc –mass fraction of carbon
in the molecule, rCJ – mass fraction of condensed carbon at the
Chapman–Jouguet point. Rounded values of thermodynamic calcu-
lation data for individual HEs are taken from work,38 for the emulsion
HE from works,39–41 OB – oxygen balance

HE formula rc rCJ OB, % P, GPa T, K

EmHE mixturea 0.06 z0 �12 1 2000
RDX C3H6N6O6 0.16 0.08 �22 30 3600
TATB C6H6N6O6 0.28 0.21 �56 26 2700
BTF C6N6O6 0.29 0.13 �38 31 4100
TNT C7H5N3O6 0.37 0.27 �74 20 3400

a 76.9% NH4NO3 + 15.2% H2O + 3.9% paraffine + 4% oil emulsier.
2 Electrical conductivity at the
detonation of condensed high
explosives

The high resolution scheme was used to obtain the time
dependence of the electrical conductivity. The scheme is
described in works10,11 and in ESI.† The electrical conductivity
tracks the detonation wave with the resolution better than
several nanoseconds.14

At the top of Fig. 1, the graphs of conductivity at the deto-
nation of emulsion HE, cyclotrimethylene–trinitramine (RDX),
triaminotrinitrobenzene (TATB) and benzotrifuroxan (BTF) are
shown, the graphs are shied for clarity. The bottom of Fig. 1
shows the maximum electrical conductivity vs. the mass frac-
tion of carbon in the HE molecule. The connection between the
maximum value smax and the carbon fraction in the substance
rc is clearly seen (Fig. 1, bottom graph) despite the signicant
difference in the kinetics and in the thermodynamic parameters
(Table 1). The key role of carbon for conductivity is obvious.

The question of the phase state of carbon both in the
chemical peak and in the rarefaction wave remains open. Note,
however, that most of the allotropic forms of carbon are
conductive (for instance, graphite, graphene,49 nanotubes50,51),
as well as the liquid phase.52 The conductivity of the highly-
oriented graphite is metallic.53

The highest values of electric conductivity are observed at the
detonation of trinitrotoluene (TNT)2–4 which has the highest
carbon content. Noted in previous work,3 that the percolation
does not explain the observed values, and the existence of
elongated structures with almost metallic conductivity is
necessary. Carbon can play this role. A rod of graphite with the
mass equal to one contained in 1 cm3 of TNT has the electrical
conductivity of z220 Ohm�1 cm�1. This value does not differ
much from the one obtained in our experiments, and practically
coincides with the value of 250 Ohm�1 cm�1 from the work.3 If
nanotubes are added to a dielectrics in an amount of 2% by
This journal is © The Royal Society of Chemistry 2020
mass, the electrical conductivity increases to several
Ohm�1 cm�1.54 Since the mass fraction of carbon for traditional
HEs is higher than 10% (Table 1), the existence of elongated
carbon structures in the detonation wave can produce the
experimentally observed values of conductivity.
RSC Adv., 2020, 10, 17620–17626 | 17621
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Fig. 2 TEM micrographs of detonation soot, TATB – left, TNT – right.

Fig. 3 TEMmicrographs of the rest carbon after the detonation of TATB (left) and TNT (right), elongated solid branching structure is highlighted
in red.

‡ All presented photos are available in high resolution online. The transmission
electron microscopy micrographs database is available by the link
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The shape of the electrical conductivity graph in Fig. 1, top
corresponds to the following model: elongated carbon struc-
tures are formed in the chemical reaction region, these struc-
tures produce the maximum conductivity inside the reaction
zone; later, oxidative chemical reactions with carbon take place
leading to the thinning and the partial breaking of the struc-
tures which results in the decrease of s(t). Thus, the thin region
of high values of conductivity corresponds to the chemical
reaction zone.18

This region is hard to recover for TATB and TNT. These HEs
have rather low thermodynamic parameters (Table 1), but they
contain a lot of carbon and they have a signicant negative
oxygen balance. We relate the slow decrease of s(t) to the
signicant fraction of condensed carbon in the Taylor wave
sufficient to preserve conductive structures. This also points
indirectly to their preservation in the detonation products.

Thus, based on the link between the maximum of the elec-
trical conductivity with the conductive forms of carbon in the
17622 | RSC Adv., 2020, 10, 17620–17626
chemical peak, it is reasonable to search for the conductive
structures in SDP of carbon-rich HEs.
3 Detonation soot, data of
transmission electron microscopy

Since diamond is usually searched in SDP,55 products are
subject to an aggressive chemical purication. As a result,
carbon is preserved mainly in the diamond and amorphous
state, and the conductive phase – graphite – is removed. In this
work, we show the transmission electron microscopy (TEM)
micrographs of SDP without the purication.‡

Fig. 2 shows the TEM micrographs of brous structures
discovered in detonation products of carbon-rich HEs: TATB –
http://ancient.hydro.nsc.ru/srexpl/detcarbon

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Bifurcation points in detonation products of TNT (left) and TATB (right).
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le, TNT – right. The resolution is quite low to examine details,
however, one can state the presence of bers with the length of
about 50 nm and the diameter less than 10 nm.

At larger magnication, the elongated structures are clearly
seen at the TEM micrographs of SDP Fig. 3: le – TATB, right –
TNT. For TNT, a complex bifurcating structure with well
distinguishable layers is outlined by red. The individual ber
can be traced which buckles and bifurcates. The bers are
arranged in a haystack-like manner which somewhat compli-
cates the interpretation and the separation of the individual
ber. The average distance between layers in TNT is about
0.36 nm, slightly larger than in TATB. This can be related to the
irregularly bent structure and to the sticking of atoms of other
elements on the carbon structure. This distance is close to the
distance between graphite layers, and it gives us grounds to
assert that the structures presented at the micrograph are
conductive.

In the works,44,45 similar aggregates are named graphite
ribbons with the width of 4 nm. Similar structures were
discovered both in the detonation products and in the soot of
Fig. 5 Photographs of rest compact carbon particles in detonation prod

This journal is © The Royal Society of Chemistry 2020
the TNT combustion.43 In that work, they were named the stack
of layers which however does not form graphite crystallites
since they are bent irregularly. Similar structures were observed
in SDP of HNS56 which is close to TNT by the thermodynamic
parameters and the carbon content but has lower amount of
hydrogen.

In the recent work,57 interesting structures were obtained at
the detonation of a gas mixture. These structures were investi-
gated by the methods of SEM and TEM. This allowed to deter-
mine for certain the allotropic forms in the saved products. The
micrographs have high quality and bright contrast. The
distance between planes is 0.379 nm for hollow particles and
0.386 nm for graphene nanosheets which is larger than the
values obtained by us for SDP of condensed HEs.

A necessary element of the contact conductivity is the
structure which is not only elongated but also branched since
an individual ber can not have the macroscopic length. The
bifurcation points found in the detonation products of TNT and
TATB are circled in Fig. 4. A separate well distinguished layer
can be easily traced prior and beyond the branching.
ucts of BTF.

RSC Adv., 2020, 10, 17620–17626 | 17623
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Fig. 6 Elongated structures of large scale in detonation products of BTF.
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Bifurcation points are also present at other photographs, hence,
they are not rare.

Among the carbon-rich HEs, BTF stands out. SDP of BTF
differ from SDP of all other investigated HEs by the record size
of diamonds,46,58 the presence of massive formations with
complex inner structure and different phase composition,
morphology and size (Fig. 5–7).

It was assumed earlier that the formation of massive aggre-
gates and large nanodiamonds is due to the very high temper-
ature in the detonation wave the values between 5000 K and
7000 K were obtained in calculations which corresponds to the
liquid state at the phase diagram of carbon. However, it was
shown in the work,60 that the temperature at the detonation of
BTF does not differ signicantly from the values obtained for
other HEs (Table 1). This however does not exclude the liquid
phase state. It is noted in the works25,29 that the size of particles
is important, smaller particles have lower melting temperature.

In the work,61 the size of the nanodiamonds of BTF is
explained by the absence of hydrogen. In our opinion, the large
Fig. 7 TEM micrographs of a structure with three branches, detonation

17624 | RSC Adv., 2020, 10, 17620–17626
size of carbon structures is caused by the high speed of the
carbon condensation due to the absence of hydrogen at the
rapid decomposition of the initial HE. We observed the
conductivity jump to the value close to the maximum one in less
than 6 ns.14 To this moment, penetrating carbon structures are
already formed, and the thermodynamic parameters are close to
maximum. This promotes the effective coagulation of liquid
carbon into large structures.

Since the maximum electrical conductivity for BTF is close to
the value for TATB with the close carbon fraction, we can
conclude that carbon in the region of the chemical peak is in the
conductive phase for both HEs despite the temperature differ-
ence of 1400 K. Note that the electrical conductivity of the liquid
carbon is about 1000 Ohm�1 cm�1 (ref. 53) which is close to the
value of graphite.

Fig. 6 and 7 show the branched structures in SDP of BTF of
different scale: from nanometers to microns. In Fig. 6, le, one
can see the preserved net of carbon structures – amorphous
carbon enveloped by graphite-like layers. The size of the
products of BTF.

This journal is © The Royal Society of Chemistry 2020
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branched structure in Fig. 7, right is larger than several
hundreds of nm, the size in Fig. 6, right is larger than one
micron. The distance between layers (in Fig. 6 here and in ESI†
where the scale allows to make measurements) is about
0.335 nmwhich is lower than for structures in SDP of other HEs.
The work56 presents SDP of DNTF (C6N8O8, furoxane) with lower
carbon content than that in BTF (0.23 and 0.29, respectively).
Saved products have spherical shape and small size, the
distance between layers is 0.334 nm same as in our case. It is
possible that the sticking of hydrogen atoms between layers
occurs in other HEs which increases the distance.

Such diversity of the scale of carbon grains is related to the
different unloading conditions at the center and the periphery
of the charge. Thus, the work59 shows the inuence of the
external conditions on the morphology and the size of particles
in SDP of the Composition B (TNT/RDX alloy).

Thus, the structures are present in SDP of BTF which can
provide the observed electrical conductivity both in the liquid
state and through the conductive graphite envelope formed on
all particles. The large amount of the branched structures is
characteristic for SDP of BTF, the branching can be traced from
nanometer to micrometer scale.

The elongated carbon structures demonstrated above are, in
our opinion, an argument supporting the contact conductivity
hypothesis. The connection between the conductivity and the
conductive form of carbon allows one to investigate experi-
mentally the chemical processes in real time and to trace the
evolution of carbon structures even in the chemical reaction
zone.

4 Conclusion

The existence of elongated structures expected from the elec-
trical conductivity measurements is conrmed by the elongated
branched structures found in the saved detonation products of
carbon-rich HEs.

This work can be used to develop the chemical kinetics at the
detonation of condensed HEs.
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