%)
2
1=
LL
U
O
7]
i
7
>
L
ol

On the kinetics of chemical reactions at the
detonation of organic high explosives

Cite as: Phys. Fluids 34, 087113 (2022); https://doi.org/10.1063/5.0095053
Submitted: 08 April 2022 - Accepted: 19 July 2022 - Accepted Manuscript Online: 19 July 2022 -
Published Online: 10 August 2022

N. P. Satonkina and D. A. Medvedev

AN

) &S @

View Online Export Citation CrossMark

ARTICLES YOU MAY BE INTERESTED IN

Design optimization for Richtmyer-Meshkov instability suppression at shock-compressed
material interfaces
Physics of Fluids 34, 082109 (2022); https://doi.org/10.1063/5.0100100

Multi-fidelity prediction of spatiotemporal fluid flow
Physics of Fluids 34, 087112 (2022); https://doi.org/10.1063/5.0099197

Effect of rough wall on drag, lift, and torque on an ellipsoidal particle in a linear shear flow
Physics of Fluids 34, 083312 (2022); https://doi.org/10.1063/5.0093232

APL Machine Learning
Open, quality research for the networking communities

Now Open for Submissions

LEARN MORE

Phys. Fluids 34, 087113 (2022); https://doi.org/10.1063/5.0095053 34, 087113

© 2022 Author(s).


https://images.scitation.org/redirect.spark?MID=176720&plid=1828086&setID=405127&channelID=0&CID=673335&banID=520713627&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=cb450c644192f6d07e8140f14bd5be686232c949&location=
https://doi.org/10.1063/5.0095053
https://doi.org/10.1063/5.0095053
https://orcid.org/0000-0002-5894-7497
https://aip.scitation.org/author/Satonkina%2C+N+P
https://orcid.org/0000-0002-8181-7703
https://aip.scitation.org/author/Medvedev%2C+D+A
https://doi.org/10.1063/5.0095053
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0095053
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0095053&domain=aip.scitation.org&date_stamp=2022-08-10
https://aip.scitation.org/doi/10.1063/5.0100100
https://aip.scitation.org/doi/10.1063/5.0100100
https://doi.org/10.1063/5.0100100
https://aip.scitation.org/doi/10.1063/5.0099197
https://doi.org/10.1063/5.0099197
https://aip.scitation.org/doi/10.1063/5.0093232
https://doi.org/10.1063/5.0093232

Physics of Fluids ARTICLE

scitation.org/journal/phf

On the kinetics of chemical reactions
at the detonation of organic high explosives

Cite as: Phys. Fluids 34, 087113 (2022); doi: 10.1063/5.0095053

Submitted: 8 April 2022 - Accepted: 19 July 2022 -
Published Online: 10 August 2022

©

View Online

®

Export Citatior CrossMark

N. P. Satonkina"*® (% and D. A. Medvedev'?

AFFILIATIONS

Lavrentyev Institute of Hydrodynamics SB RAS, pr. ac. Lavrentyeva, 15, Novosibirsk 630090, Russia
“Novosibirsk State University, Pirogova str., 1, Novosibirsk 630090, Russia

2 Author to whom correspondence should be addressed: snp@hydro.nsc.ru

ABSTRACT

The model of electrical conductivity developed earlier allows one to use electrical properties as a tool for the diagnostics of the reaction zone
at the detonation of organic high explosives. The comparison of experimental data on electrical conductivity with both the results of
experimental research and numerical modeling using Arrhenius kinetics is carried out. The contradiction of the thermal concept of the
mechanism of the development of a chemical reaction during detonation is clearly demonstrated. An alternative based on the ideas of A. N.

Dremin, J. J. Dick, C. S. Coffey, and F. E. Walker is discussed.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0095053

I. INTRODUCTION

The detonation wave consists of the shock front, the adjacent
chemical peak (or von Neumann peak) where chemical reactions
occur, and the Taylor rarefaction wave separated from the chemical
peak by the Chapman-Jouguet point (CJ-point) where the velocity of
products is equal to the local speed of sound. In the Zeldovich-von
Neumann-Doering (ZND) theory,H the chemical reactions are com-
pleted in the CJ-point.

The interest in the reaction zone kinetics at the detonation of
condensed high explosives remains high for decades. In the last few
years, new calculation methods including hybrid ones arose thanks to
the intensive development of computation tools. These methods are
able to predict some technically important properties. However, the
details of the kinetics are still questionable.

At present, the theoretical description of the state of matter in
the reaction zone of the detonation wave is complicated. It is not a
solid, not a liquid, not a gas, and not a plasma. The material with a
density of about 3 g/cm”’ is under the pressure of several tens of
GPa and the temperature of 3000-4000 K. The concentration of
atoms is about 3/(M¢/N,) =~ 10?* cm >, the average interatomic
distance is 1cm/V 103~ 2 x 107% cm. If free electrons exist in
such a medium, their mean free path would be 4 ~ 3 X 1078 cm,
which is nearly the interparticle distance. The De Broglie wave-
length for an electron is h/mV ~ 1077 cm. Hence, there are no
small parameters that could be neglected in the description of the

detonation wave. Under such conditions, it is hard to single out
the defining processes, and the first-principles simulation looks the
most promising.

According to the generally accepted understanding, the chemical
reaction in a detonation wave starts within the multiple local non-
uniformities with elevated temperatures, usually called hot spots.”

Among the various mechanisms capable of generating hot spots
under shock impact, the collapse of pores is regarded as one of the
most probable scenarios.” ” In a number of papers, such collapse is
treated numerically, usually starting from geometrically regular voids.
In order to understand the physics of the collapse, experimental and
numerical studies of void deformation in an inert material (PMMA)
were performed for shocks of a different magnitude—from weak ones
to those typical for detonation waves.”’ In Ref. 19, the reaction in voids
in TATB (triaminotrinitrobenzene) and HMX (cyclotetramethylene-
tetranitramine) was modeled at different shock pressures Ps. The
dependence of critical pore size on Pg was obtained.

Other non-uniformities can be considered as hot spot precursors
as well. A review of the influence of the crystal defects on the sensitiv-
ity of the energetic materials is presented in Ref. 15. In Ref. 16, struc-
tural non-uniformities were considered, which can lead to ignition
under shock waves. In Ref. 17, shocks in TATB were modeled using
molecular dynamics. Nanometer-scaled shear bands were found in
which the reaction barrier was somewhat lower, which should favor
the ignition. In Ref. 18, to describe the initiation of the explosive, a
multiscale model was proposed incorporating the range from the
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molecular level to macroscale, taking the material structure into
account. Other multiscale models were considered in Refs. 7 and 9.

The kinetics is interesting, first of all, from the practical point of
view, to predict such an important property of high explosive (HE) as its
sensitivity. This sensitivity depends on several factors such as the struc-
ture of molecule and grain size. The proposed kinetics is often verified by
the known properties of the shock-wave sensitivity or impact sensitivity.

In Ref. 21, the impact sensitivity was simulated using the quan-
tum approach. The thermal explosion is calculated for PETN (pentaer-
ythritol tetranitrate), HMX, RDX (cyclotrimethylene trinitramine),
and TNT (trinitrotoluene) with good agreement with experimental
data. Similar results on the impact sensitivity were obtained in Ref. 22.
Using the nonstationary theory of the density functional, the mole-
cules of RDX, HMX, CL-20 (hexanitrohexaazaisowurtzitane), PETN,
and LLM-105 (2,6-diamino-3,5-dinitropyrazine-1-oxide) were investi-
gated in the basic singlet state after the electron excitation. In Ref. 23, a
simple way was proposed to estimate the impact sensitivity from the
chemical formula and the formation enthalpy of HE. The theoretical
approach was proposed in Ref. 24 to quantitatively estimate the impact
sensitivity based on the criteria obtained for the solid state, including
the inception pressure, the average number of electrons per atom, the
crystal morphology, the energy content, and the melting temperature.
Twenty four substances were considered, and the scatter was about
20%. A thorough investigation was performed in Ref. 25 to elucidate
the sensitivity mechanism of PETN with the groups —-CH, -CNH,,
—CNH;X, -CCH3, and -PO implanted into the molecule. The results
were used to carry out reactive molecular dynamic simulations. The
authors note that the anisotropy of the shock-wave sensitivity of a
PETN single crystal is determined not only by dislocations and unhin-
dered slips in certain directions but also by the important role of
hydrogen bonds in crystals. In Ref. 26, the transition to detonation
was investigated by reactive molecular dynamic simulations with a
semi-empirical description of interatomic bonds at low load pressure.
The speed of the transition to a thermal explosion was obtained for
ETA (erythritol tetranitrate), ETN (erythritol tetranitrate), PETN,
RDX, and HMX as a function of the initial temperature and pressure.

In Ref. 27, the discrete Boltzmann method was used to simulate
unsteady detonation. In Ref. 28, the improved thermodynamically
consistent model of a reactive flow was proposed for the investigation
of the hydrodynamic detonation of solid high explosives. The model
reproduces well the important parameters of detonation flows. In Ref.
29, the reaction zone at the nitromethane detonation was simulated by
EXPLO5. Two reaction stages were observed: the fast reaction
(5-10ns) that is followed by a slow decrease in pressure and the slow
reaction that terminates after about 50-60 ns at the Chapman-Jouguet
point. In Ref. 19, the influence of five global kinetics models on the hot
spot dynamics was investigated. The hot spots are produced by the
collapse of voids in HMX. It was shown that the question of the appro-
priate kinetics model remains unsolved.

The course of a chemical reaction and the sequence of the bond
breaking in a molecule of HE is determined by many factors. For
instance, the breakup of a N-NO, bond in the molecule of RDX with
a formation of a single NO, radical is a primary act under the action
of laser radiation with minimum power.””' Under a powerful action
on the molecule, a fast breakdown of the ring is a prevailing act with a
breaking of C-N bonds despite the fact that the breaking of the
N-NO, bond is energetically more favorable.”**

scitation.org/journal/phf

Interesting results were obtained in Ref. 33 where first principles
reactive molecular dynamics simulations of high-velocity bimolecular
collisions of PETN were performed. The authors conclude that chemi-
cal reactions are controlled by the dynamics, which include mechani-
cal deformations, steric effects, thermal oscillations (in the case of the
C-H bond breakup), and the non-thermal excitations localized in
oscillation modes.

While being in good agreement with experimental data, different
models contradict each other in detail. It is impossible to explain in
the framework of one available model the whole complex of physical
phenomena, such as the anisotropy of the shock-wave sensitivity of a
HE single crystal, the non-monotonic dependence of the shock-wave
sensitivity on the grain size,”* the distribution of the electrical conduc-
tivity, and the rapid formation of penetrating conductive structures.
The detailed kinetics of the reaction zone was proposed in Refs. 35
and 36, as shown in Fig. 1, top. Using the simulation of macropara-
meters, the authors developed the reaction sequence where the forma-
tion of water, CO,, and N, occur simultaneously, and the formation of
condensed carbon finishes the reaction. In the bottom part of Fig. 1,
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FIG. 1. Top: Unsteady ZND kinetics model of Tarver.”® Bottom: Kinetics model of
Anisichkin based on the investigation by the tracer atoms method and the behavior
of organic substances at the shock load.””
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the kinetics is shown developed by the tracer atom method.”” In con-
trast with the model of Tarver, the release of “free” carbon atoms
occurs immediately after the front. In Ref. 38, quantum molecular
dynamic simulations were performed. The two-stage reaction mecha-
nism at the detonation of the RDX crystal was obtained. The forma-
tion of N, and H,O takes place at 10 ps and is accompanied by the
delay in the formation of CO molecules. The growth of a carbon clus-
ter after the shock was obtained.

Thus, the contradictions listed above demonstrate the absence of
a commonly approved kinetics model and essential method difficulties
with the experiment. This is caused mainly by the absence of an exper-
imental tool suitable for the detailed investigation of the reaction zone.
The aggressive medium of the chemical peak together with the short
duration of the process restricts significantly the circle of available
methods. The analysis of preserved detonation products or the method
of tracer atoms’” provides only integral information. The interferome-
ter investigations™ are not related to the chemical state of the sub-
stance. The results of the ultrafast absorption spectroscopy'’ are hard
to interpret.

The main requirement for the development of the detonation
kinetics of condensed HE is the availability of adequate precise infor-
mation. The only source of such information is the experiment. In this
paper, the novel diagnostic method through electrical conductivity is
used as an experimental method sensitive to the chemical state and
provides information in process.

Il. TOOL FOR THE REACTION ZONE DIAGNOSTICS
AT THE DETONATION

The method of experimental investigation of electrical conductiv-
ity is described in Refs. 41 and 42 and is contained in the supplemen-
tary material.

Time profiles of the electrical conductivity are qualitatively the
same for all investigated HEs of composition C,H,N O, except for
the cases of high-density TNT* and TATB-based HEs."" Figure 2
shows the typical electrical conductivity profile in the example of
PETN with the density p = 1.72 g/cm”. There is an increase behind

10 r Omazx
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0 1 1 " )
0 0.25 0.5 5
x, mm

FIG. 2. Time profile of electrical conductivity at detonation of PETN with density
p = 1.72 glem?®, and duration of high conductivity zone 0 < t < t(a¢,) is 38ns.
Data related to marks are listed in Table I.
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the front to the maximum value denoted as ¢,,,, followed by a rapid
decrease to the point denoted as g, which we relate to the end of the
reaction zone (CJ-point). Then, the decrease becomes less steep, which
is related spatially to the Taylor rarefaction wave. The gradients in the
reaction zone and in the Taylor wave differ by two orders of magni-
tude allowing us to easily distinguish the boundary between zones.
The coordinate of the profile x is related to the time ¢ measured from
the moment of the passage of the front by the ratio x = D¢, where D is
the detonation velocity.

In Refs. 45-53, based on a large database of experimental data on
electrical conductivity, the contact mechanism of conductivity by car-
bon structures is proved. These structures are formed immediately
behind the detonation front in the chemical peak region and then
evolve due to chemical reactions with carbon.

The method of conductivity is able to measure ¢(x) with the res-
olution on par with the most precise methods.””*”*** In Refs. 49 and
57, the jump of conductivity occurring in less than 6 ns was registered.

The model of electric conductivity agrees with the data on the
fast carbon condensation and the early formation of diamond nuclei
obtained in Refs. 37 and 59-62. The author of Ref. 63 writes about the
formation of the carbon skeleton with the simultaneous displacement
of “alien” elements. The presence of carbon fibers in preserved detona-
tion products is confirmed by the results of Refs. 64-67. In carbon-
rich HEs, elongated conductive carbon fibers were found and structure
bifurcation points.”® In Refs. 69 and 70, the reconstruction was per-
formed of fractal aggregates consisting of detonation nanodiamond
(DND) particles of different sizes. The simulation by the Monte Carlo
method was carried out with the distribution of DND size obtained by
the high-resolution transmission electron microscopy. The results on
the intensity of one-dimensional small-angle x-ray scattering were also
taken into account. Branched carbon structures were obtained.

Hence, electrical conductivity is a sensitive tool for the diagnos-
tics of the chemical state of the matter in the detonation process.

11l. COMPARISON WITH EXPERIMENTAL
AND SIMULATION DATA

A. Comparison of the electrical conductivity profile
with the data of different experimental methods

It is interesting to compare different methods with the electrical
conductivity, which reflects the evolution of the conductive form of
carbon. Table I shows the results of the investigations of the detona-
tion of PETN with different charge structures: agitated, single crystal,
pressed to different densities, and powder.”””***°*”""> The numbers
correspond to the marks in Fig. 2. In Refs. 54-56, only the duration of
the reaction zone is given. For the sake of correctness, we recalculate
the duration to the width using the formula X; = (D — (U))t;. Here,
(U) is the average mass velocity inside the chemical peak, D is the det-
onation velocity, and ¢; is the duration of chemical reaction. The width
corresponding to mark 1 is close to the increase in ¢(x), and it can be
related to the reaction stage indistinguishable by some experimental
methods. The inflection point ¢, which we relate to the CJ-point is
close to marks 2, 3, and 4.

In the experimental data presented, a large variation is observed
in the duration of the reaction zone—from 3 to 95 ns. This may be due
to different charge structures that affect the chemical peak. In this
case, the annotated one, as highly homogeneous, should have a dura-
tion close to that observed for a single crystal. However, the difference
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TABLE I. Duration of chemical reaction t, at detonation of PETN with different charge structures.

N 0 g/cm3 d x L, mm t;, ns P¢;, GPa State Ref.
1 1.53 913.6-25 x 5-30 3 25.63 PETN/binder 83/17 54
1.53 9120 x 40-100 4 23.2 PETN/binder 83/17 71
1.65 932 x11 72 26.1 0.6 PETN/binder 95/5 56
1.74 240 x 80 <5 ~30 Agated 55
1.76 025.4 x 10 <5 31.5 Pressed 35
2 1.77 20-30 x 50 ~ 50 ~30 Pressed 72
3 1.73 240 x 40 80 £20 30.5 Pressed 55
4 1.77 014 x6-14 95 28 Single crystal (100) 39

between these two measurements is maximal, which indicates sig-
nificant methodological difficulties in studying the reaction zone
with “mechanical” characteristics. For pressed charges with a close
density (p = 1.73-1.77 g/cm?), there is also a significant difference
from 5 to 80 ns. A possible explanation for this discrepancy may be
the assumption that different stages of the chemical reaction were
taken as the end of the reaction zone, which is reflected in the elec-
trical conductivity profile.

B. Duration of a chemical reaction. Comparison

of experimental data on the electrical conductivity
with the results of simulations based on the Arrhenius
kinetics

Here, we perform the comparison of the duration of the high
electrical conductivity zone with the results of the most known
chemical-kinetics models based on the Arrhenius kinetics for the case
of detonating HMX.

Figure 3 presents the data on the reaction zone duration 7 vs
the hot-spot temperature Tj,; according to the simulation data of

Brill-Yetter-Schweigert 7-step —1—
Henson-Smilowitz 1-step —@2— "3
Henson-Smilowitz 9-step 3

5 Tarver-Nicols 3-step —@—
Menikoff 1-step —@&— -3

105¢

"3

Refs. 19 and 73-76. The dependence is of a sharp exponential type
1=4 exp B/RTis (A and B are model constants). The whole possible
temperature range is covered. For comparison, the experimental data
are shown on the duration of the high conductivity zone 7,y and
Temax at the detonation of HMX with densities from the powder one
to the maximum obtained by pressing, the region between them is
shaded. Table II presents the data on 7, vs density p, for different
grain sizes and the estimate of pressure according to the formula
Pg; = pyD?/4. One can see that the duration 7, only slightly depends
on density, temperature, and pressure but is sensitive to the grain size
(d). With the increase in density, the substance becomes more uni-
form; therefore, the duration of the reaction zone becomes close to the
one for a substance of powder density with small grains. Thus, the
concentration of hot spots influences the reaction zone more strongly
than the values of pressure and temperature.” The influence of the
grain size on the chemical peak was obtained in Refs. 72 and 77-81.
The relation between the grain size and the sensitivity is known.”* **
In Ref. 85, the critical thickness decreased to very small values
(700 um for TATB, 20 um for sensitive benzotrifuroxan) for a planar
layer of HE produced by the thermal vacuum sublimation, i.e., with
heterogeneities at the nanoscale.

In our opinion, the development of an alternative for the avail-
able kinetics is necessary to explain the dependence of the reaction
zone on the concentration of hot spots under a weak influence of
pressure.

i TABLE II. Duration of the high conductivity zone (z,,) (average value) at density po,
~ 2 pressure Pg,, and temperature T¢, in CJ-point, correspondingly, (d)—average HE
=10 grain size, date from the works.>*** 777
100 HE poglem®  (d),um  PgGPa T K (1,),ns
RDX 1.2 11 12 4000 31
) RDX 1.2 160 12 4000 56
10 ‘ ‘ ‘ RDX 1.7 160 31 3550 48
800 1200 1600 2000 2400 L3 51 15 3950 34
Ths, K HMX 1.3 430 15 3950 63
HMX 1.8 430 34 3500 42
FIG. 3. Dependence of the reaction zone duration z on the hot-spot temperature in
HMX, simulation results: Henson-Smilowitz one-step model,” Menikoff one-step PETN 11 80 o 4100 29
model,”* Tarver-Nichols three-step model,”® Henson Smilowitz nine-step model,”® PETN L1 260 9 4100 92
and Brill-Yetter-Schweigert seven-step model;"® z,—range of the duration of the PETN 1.7 260 29 3700 44
high conductivity zone in detonating HMX of density from 1.3 to 1.9 g/cm®.
Phys. Fluids 34, 087113 (2022); doi: 10.1063/5.0095053 34, 087113-4
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IV. DISCUSSION

The mechanism responsible for triggering a chemical reaction in
a detonation wave can also manifest itself during the transition from
shock to detonation.

There are at present two concepts of the explosion inception
under the impact: thermal and non-thermal.” In the non-thermal the-
ory, the cause of the initiation is the activation and the breaking of
chemical bonds due to the relative shear of the molecules, the breaking
of chemical bonds due to the plastic deformation,”*” the overheating
of translational degrees of freedom in the shock front and the conse-
quent bond breaking,” and the atomization of HE molecules in the
narrow (20-100 A) shock front region due to high gradients of pres-
sure and velocity.”””’ Despite the difference in detail, the authors agree
with the opinion that the breaking of chemical bonds occurs not due
to heating but the high-intense impact. According to the thermal con-
cept, the mechanical impact leads to the collapse of pores and point
heating up at the inhomogeneities.” '"'* " The thermal destruction
then leads to the inception of fast chemical reactions. The same mech-
anism is used for explaining the course of reaction during the detona-
tion process: there is a compression of matter in the detonation wave
leading to heating and the chemical reaction.”” Thus, a high tempera-
ture is the starting mechanism. The comparison of the simulation
results based on the thermal mechanism and the experimental data of
electric conductivity listed in the previous paragraph demonstrates
irreducible discrepancies.

Let us consider the development of the reaction at the shock-
wave impact on a structured dense medium.

In the investigation of HE single crystals, anisotropy of the
shock-wave sensitivity was observed for PETN,**’! RDX,”
HMX,” and TATB.” For PETN, this anisotropy is most
pronounced.

Table I1I shows the results of the investigations of Dick et al
Yoo et al,”" and Cawkwell et al.”” on the shock-wave sensitivity, and
the distance of the detonation inception 4 is listed. The initiation pres-
sure for highly and low sensitive directions of the PETN single crystals
are 4.2 and 19.5 GPa, correspondingly. The values of pressure differ by
the factor of 4.6, which exceeds sufficiently the experimental error.
Dick claims in Ref. 96 that at the shock loading of a PETN single crys-
tal, a uniaxial compression occurs. A two-wave conﬁguration is
observed, which degenerates to a single-wave one at the increasing
impact—at the detonation. Dick explains the high sensitivity of a

TABLE IIl. Reaction development in PETN in different crystal states.

N p, g/cm3 Condition P, GPa Orientation Notes Ref.

1 1778 Singlecrystal 395  (110)  No detonation 86

2 1778  Single crystal =~ 4.2 (110) Transition 86
to detonation

3 1.778  Single crystal 19.5 (100)  No detonation 86

4 1774  Single crystal 354 (100) Detonation 71

5 1.72 Pressed powder 2 Transition 30

to detonation

ARTICLE scitation.org/journal/phf

PETN single crystal in the (110) direction by breaking the chemical
bonds due to the steric hindrance to shear at the molecular level. At
the porosity of 3.26% (line 5 of Table I1I) and chaotic crystal orienta-
tion, the necessary initiation pressure decreases twofold compared to
the highly sensitive direction (line 2 of Table III). This means that
there is a strong dependence on the hot-spot concentration similar to
Table II, and there are no hot spots in an ideal single crystal.

References 39 and 71 mention different shapes of the mass veloc-
ity profile reflecting the reaction course at the detonation of single
crystals in different directions. Dick measured the mass velocity at the
shock impact and its profiles depended on the single crystal orienta-
tion.”” The different reaction velocity in different directions was
observed even in a slow deflagration process.”’

From the ZND model," >” one can estimate the density of deto-
nating substance at the moment of maximum compression, i.e., in the
von Neumann peak. According to the data of Ref. 71, the maximum
pressure at the detonation of PETN single crystals with the initial den-
sity p, = 1.774 g/cm’ is equal to Py = 35.4 GPa, and the detonation
velocity is D = 8.3 km/s. This gives us the density in the von Neumann
peak py expressed through the initial one as

1Y
iy

1— =
poD?

~ 1.41p,.

. 99 . —10
The detonation wave passes a molecule of PETN™ is £ = 22x10-

~ 10715, which is comparable to the oscillation period of intermo-
lecular bonds. Thus, the uniaxial compression of a molecule by 40% in
a time of a single atomic oscillation leads, in our opinion, to the strong
deformation of intramolecular bonds along the selected direction.
Such deformation brings the molecules out from the equilibrium state.
For a metastable substance, such as HE, this should lead to the incep-
tion of the chemical reaction.

The strong compression can also lead to the formation of inter-
molecular bonds similar to the observed polymerization of hydrocar-
bons with benzene rings at pressures of tens of kilobars."” The
diamond formation from pyrolytic graphite resulting from the bond
rearrangement during the action of a shock wave was obtained in Refs.
101 and 102 with the necessary pressure larger than 20 GPa. The rela-
tion between the orientation of graphite and the final state of nanodia-
monds was revealed in Ref. 103.

The mechanism responsible for the reaction development in a
single crystal of HE under the shock-wave impact may be operational
also at the propagation of detonation. It is not the only one, but it
makes a decisive contribution to the reaction course in polycrystal
media.

Thus, under a high-intensity impact on a single crystal, uniaxial
compression occurs, and the substance is compressed in the selected
direction by about 50%, which leads to the destruction and rearrange-
ment of intra- and intermolecular bonds. This process is accompanied
by the energy release with initiates the chemical reaction in the mate-
rial. The bonds normal to this direction are less affected and are par-
tially preserved.

The assumption of incomplete destruction of HE molecules was
made in Refs. 83, 104, and 105. In Ref. 88, the assumption was made
that translational degrees of freedom are overheated in the shock front
leading to the concentration of energy in the most stiff bonds, which
leads to only their breakup. The author of Ref. 63 claims that the total
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destruction of HE molecules does not occur, and the construction of a
carbon skeleton proceeds with a gradual displacement of alien ele-
ments, which cover the surface of the carbon skeleton. The existence
of such an “envelop” is beyond the doubts. There are experimental
data in Refs. 59 and 106-111 on the presence of bonds between the
carbon of nanodiamonds and the atoms of N, O, H, and functional
groups. We assume that these are fragments of HE molecules and not
the result of a chemical reaction in the detonation wave.

In a porous inhomogeneous matter, a polycrystalline powder, the
rearrangement of chemical bonds starts at the points of grain contact,
where the zones of locally increased pressure are formed. The reaction
incepts at the surface where the HE molecules are in the dedicated
position relative to inner ones.

Thus, the description proposed is in agreement with experi-
mental data on the anisotropy of the shock-wave sensitivity with
the results of the investigation by the tracer atoms method, with
the experimental data on the impact load of HEs of different struc-
tures, and with the analysis of preserved detonation products.
Using this kinetics, it is possible to explain the formation of pene-
trating conductive structures in tens of nanoseconds and the fol-
lowing decrease when the high conductivity region corresponds to
the reaction zone.

In the framework of this hypothesis, the hot spots’ do not occur
in voids. Instead, they are generated at the places of the contact of
microcrystals, where elevated local pressure is produced in the shock
front which is sufficient to initiate the chemical reaction. This is con-
firmed by the data of Refs. 112 and 113, where it was obtained that the
chemical reaction in the HMX single crystal develops from hot spots
generated mainly at sharp angles and at the contacts between grains,
i.e., in the zones of the local pressure increase. The authors of Ref. 33
conclude based on the simulated collision of two PETN molecules that
the key role is played by mechanical processes and not by the tempera-
ture increase during the compression along the shock adiabatic. With
such a mechanism of reaction development, there should be a strong
dependence of the duration of the reaction zone on the grain size,
which is indeed observed (Table II).

V. CONCLUSION

Experimental data on the study of the reaction zone of deto-
nating condensed explosives are compared with the data on the
electrical conductivity. The discrepancy in the duration of the reac-
tion zone obtained from the mechanical parameters can be
explained by fixing different stages of the chemical reaction. A
comparison of the results on the electrical conductivity and the
numerical experiment clearly shows that in order to explain this
rapid response, it is necessary to involve a non-thermal concept of
reaction development under shock.

SUPPLEMENTARY MATERIAL

See the supplementary material for the description of an experi-
mental scheme for investigating the electrical conductivity of detonat-
ing condensed explosives.
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